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[…] 

Though wise man at their end know dark is right, 

Because their words had forked no lightning they 

Do not go gentle into that good night 

[…] 
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Abstract  

 

In this Thesis, metal sulfides were synthesized through water-based and ligand-free synthetic routes. 

A simple batch approach was successfully employed for the synthesis of ZnS, CuS, PbS, MnS and Ag2S 

in a crystalline form at a temperature near 0 °C without employing ligands or stabilizing agents. 

Particles dimension, crystal structure, surface composition and susceptibility to oxidation phenomena 

of these materials were assessed. In the case of the batch synthesis of ZnS, a SAXS (Small Angle X-Ray 

Scattering) in-situ study was also performed to elucidate the dimensional evolution of the obtained 

NPs (nanoparticles) as function of time. Moreover, for ZnS, the behavior in water suspension and the 

interaction with probe molecules at the liquid/solid interface were also assessed.   

Microfluidic and CHFS (Continuous Flow Hydrothermal Synthesis) approaches were employed for the 

synthesis of pure and doped ZnS NPs. In the case of the pure samples, the synthesis conditions were 

varied in order to gain insights on the growth mechanism of the NPs and to analyze the potential over 

the control of dimensional and structural properties of the samples. For the doped samples, the uptake 

of dopants was determined and their inclusion in the ZnS matrix discussed. The functional properties 

of selected samples were assessed. In particular, the catalytic activity for the HER (Hydrogen Evolution 

Reaction) was studied for pure ZnS NPs, while PL (Photoluminescence) was measured in the doped 

ones. Cytotoxicity assays on doped ZnS NPs obtained with the microfluidic route were also performed 

in view of bioimaging applications.  

The effect of thermal treatment and oxidation phenomena on ZnS NPs as a function of the NPs size 

was also in-depth analyzed. The study addressed the variations of size, morphology, structure, 

composition of the nanostructures and their effect on the photocatalytic activity. 

The characterization strategy relied on the complementary use of different techniques. XRD (X-Ray 

Diffraction) and TEM (Transmission Electron Microscopy) analyses were performed to assess mainly 

dimensional and structural features of the materials, while the surface composition was analyzed 

combining XPS (X-ray Photoelectron Spectroscopy) and FTIR (Fourier Transform Infrared 

Spectroscopy). The characterization of the materials was also complemented by Raman spectroscopy. 

The results showed the potential of the proposed methods to control relevant features of different 

materials, even without the use of stabilizing agents, and allowed to assess the surface chemistry of 

the synthesized naked particles.  
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Abstract  

 

In questa tesi sono stati sintetizzati solfuri metallici utilizzando metodi in soluzione acquosa che non 

prevedono l’uso di leganti. In particolare, ZnS, CuS, PbS, MnS e Ag2S sono stati ottenuti in forma 

cristallina ad una temperatura prossima a 0 °C e senza l’uso di leganti mediante un semplice metodo 

batch. Sono stati studiati la dimensione, la struttura cristallina, la composizione e i fenomeni di 

ossidazione delle particelle ottenute. È inoltre stato eseguito uno studio SAXS (Small Angle X-Ray 

Scattering) in-situ risolto nel tempo relativo alla sintesi di ZnS per valutarne la crescita nella miscela di 

reazione durante la sintesi batch. Sono inoltre stati studiati il comportamento in sospensione acquosa 

di particelle di ZnS e la loro interazione con sonde molecolari all’interfaccia liquido/solido. 

La sintesi di nanoparticelle di ZnS pure e drogate è stata eseguita mediante un metodo microfluidico 

ed uno CHFS (Continuous Flow Hydrothermal Synthesis). Nel caso di ZnS puro, le condizioni di sintesi 

sono state variate per ottenere informazioni sul meccanismo di formazione del materiale e valutare le 

potenzialità dei metodi utilizzati per controllare le proprietà dimensionali e strutturali delle 

nanoparticelle. Nel caso di ZnS drogato, l’incorporazione dei droganti nel materiale è stata quantificata 

e discussa. Le proprietà funzionali di alcuni campioni selezionati sono state studiate. Nel caso di ZnS 

puro è stata quantificata l’attività fotocatalitica per la HER (Hydrogen Evolution Reaction), mentre per 

il materiale drogato sono state misurate le proprietà di fotoluminescenza. È inoltre stata determinata 

la citotossicità di alcuni campioni ottenuti per via microfluidica in vista di potenziali applicazioni nella 

diagnostica per immagini. 

È stato eseguito uno studio approfondito sull’effetto di trattamenti termici e fenomeni di ossidazione 

sulle proprietà dimensionali, morfologiche, strutturali e composizionali delle nanostrutture e sui loro 

effetti sulla di attività fotocatalitica di nanoparticelle di ZnS di diversa dimensione. 

La strategia di caratterizzazione si è basata sull’uso complementare di tecniche diverse, quali l’XRD (X-

Ray Diffraction) e la microscopia TEM (Transmission Electron Microscopy) per lo studio di proprietà 

dimensionali e strutturali, mentre XPS (X-ray Photoelectron Spectroscopy) e FTIR (Fourier Transform 

Infrared Spectroscopy) sono state usate per la determinazione della composizione superficiale. La 

caratterizzazione dei campioni è stata completata dalla spettroscopia Raman. 

I risultati ottenuti hanno mostrato la potenzialità dei metodi di sintesi proposti nell’ottenere il controllo 

di importanti proprietà dei materiali senza sfruttare l’uso di leganti superficiali, e hanno consentito lo 

studio della chimica della superficie esposta delle nanoparticelle sintetizzate.  
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Chapter 1. 

Introduction 

 

The field of nanotechnology is one of the main driving forces for the scientific and technological 

development of humankind in the last 30 years, or more. Its existence as new scientific field has been 

formally announced in July 1990, during the International Symposium in Nanoscience and 

Nanotechnology in Baltimore. However, the story of nanotechnology and nanoscience surely starts 

before its formal recognition. To many, the father of the fundamental concepts of this discipline was 

the Nobel Prize winner Richard Feynman. With his famous talk There's Plenty of Room at the Bottom1 

in 1959, he surely produced the spark that flared up the scientific community and inspired countless 

ground-breaking achievements during the following decades. At that time, however, this new and 

exciting space for scientific development didn’t earned already its own name. The world 

nanotechnology appeared for the first time only in 1974, introduced by the Japanese scientist Norio 

Taniguchi to describe his work on semiconductors processing.2 From the time of their origin, the 

meaning of the world nanotechnology and the scope of the relative field were gradually shaped and 

consolidated. Nowadays, the accepted use of the term is associated to the dimensions of the studied 

objects, as it was established that at least one of the three spatial dimensions of the considered system 

must lie in the 1 – 100 nm range.3  

This rather narrow interval is the one that bridges the atomic-realm with the world of macroscopic 

objects, resulting in the appearance of size-dependent properties originated from quantum effects. 

Consequently, nanosystems often displays functional properties that differ from their bulk 

counterparts, such as (opto)electronic, spectroscopic, photochemical, magnetic and/or electric 

features.4,5 Among all materials studied at nanoscale, a fundamental role was played by the 

semiconductors. Fundamental studies on their properties led to the forge of the word nanotechnology 

itself in 1974, and the scientific interest in this class of nanomaterials has nothing but grown since then. 

Of course, one of the main issues and opportunities related to semiconductors is the control of their 

dimension, and consequently their size-related properties. Among others, the chemical bottom-up 

approach to the problem has received increasing attention due to the tight control on size, morphology 

and composition achieved.6 The chemical synthesis of nanocrystalline semiconductors has been widely 

reviewed already in many dedicated articles and books.7–14 Among all the developed methods, some 

gained a large popularity thanks to their outstanding capabilities to achieve significant control over the 
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final properties of the final product. A common feature of these methods is the central role played by 

surfactants or capping molecules to precisely control the nanomaterials size since their very early 

stages of growth from solution, providing not only narrow final size distributions and highly uniform 

morphologies, but also controlling surface properties and enhancing functional properties such as 

photoluminescence.10 The fundamental theory that provided the basis to design and rationalize many 

advanced synthetical approaches was formulated by LaMer and Dinegar in 1950.15 While 

heterogeneous nucleation processes are very difficult to control, as the nucleation may occur on 

variety sites of unknown nature, the homogeneous process described by LaMer ideally allows 

simultaneous and controllable nucleation of the material.  

 

Figure 1.1 LaMer burst nucleation stages visualized as the time evolution of an ideal solute 

concentration and described by different kinetic equations. Adapted from Chu et. al.16 

 

LaMer based his model on the description of a solute concentration profile over the course of time 

during particles formation. The final single particle is viewed as a concerted assembly of individual 

building blocks represented by the solute, as portrayed in Figure 1.1. The three stages he identified 

were: I. the initial growth of solute concentration, as it is provided to the solution over its solubility 

limit into a metastable state of supersaturation; II. the fast nucleation (burst), consisting in the 

formation of a massive amount of small individual particles nuclei in a short timeframe; III. the growth 

of particles starting from the formed nuclei until the saturation concentration of the solute is reached. 

Nanoparticles (NPs) dimension may also evolve further by Ostwald ripening17 or coalescence18, but 

these were not regarded in the LaMer model. This qualitative model was validated by many 

experimental reports19–21 and was employed to attempt the quantitative kinetic description of the 

process. The main contribution to the latter was firstly provided by Sugimoto,22,23 and very recently 

refined by Chu et al.16 These authors started from a straightforward interpretation of the kinetic 
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equation describing the consumption of the solute 𝐶(𝑡) overtime, accounting for three concurring 

factors: solute supply, nucleation rate and growth rate.  

 

(1.1) 

 

      (1.2) 

 

In equation (1.1) 𝑄 is the solute supply rate per volume, 𝑛 ∗ is the critical nucleus size, 𝐽 is the 

nucleation rate, 𝑝𝑇 is the number of post-critical nuclei per unit of volume and 𝐺 is the growth rate. 

The definition of nucleation rate is provided by equation (1.2) as the rate of formation of post-critical 

nuclei. By solving equation (1.1) is theoretically possible to model the final average size and size 

distribution formed in each homogeneous burst nucleation reaction. However, several approximations 

are needed, that of course limits the validity and the predictive power of the obtained results. The 

most advanced elaboration of this problem is the one provided by Chu et al.,16 who assumed that the 

growth rate G was size and concentration independent, that the 𝑑𝐶/𝑑𝑡 term vanishes, and that the 

nucleation rate variation is zero (𝑑𝐽/𝑑𝑡 = 0) when the solute concentration reaches its maximum 

value. From these assumptions, Chu derived that i. the total number of generated nuclei (and therefore 

their final size) depend from the ratio 2𝑄/𝐺, thus it is counterintuitively independent from the 

nucleation rate; ii. the particle size distribution is governed by the nucleation rate 𝐽, since it controls 

the critical time and concentration at the supersaturation burst. This interpretation established the 

theoretical background to validate the qualitative but sound concept of nucleation – growth 

separation. Intuitively, to obtain small monodispersed nanocrystals, the nucleation burst producing 

the initial nuclei needs to be temporally separated by the growth. This allows the nuclei to further 

evolve simultaneously and in principle with the same growth rate, thus leading to a unique final size. 

If, on the contrary, the two processes are both relevant in the same timeframe, different nuclei will 

grow for a different time until the saturation concentration of the solute is reached, leading to a 

polydispersed population of particles. Following this simple concept, many synthetic approaches were 

developed, employing the self-regulating nature of the homogeneous nucleation. Indeed, in 

homogeneous nucleation a very high energy barrier needs to be surpassed before the process 

commences, and therefore a high level of supersaturation is required. After the initial burst, the 

nucleation rapidly terminates itself, leaving the growth process to consume the excess solute.11 

  

𝑑𝐶

𝑑𝑡
= 𝑄 − 𝐽𝑛 ∗ −𝐺𝑝𝑇 

𝑑𝑝𝑇
𝑑𝑡

= 𝐽 
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    (1.3) 

 

For spherical particles, the energy barrier for the homogeneous nucleation can be calculated as the 

free energy change ∆𝐺𝑁 in equation (1.3), where ∆𝐺𝑉 is the change in free energy per unit volume, 𝛾 

is the particle interfacial energy, and 𝑟 is the radius of the formed particle.24 

Two of the most popular approaches suited for the synthesis of small monodispersed semiconductors 

NPs surely are the hot-injection and the heat-up methods.11 Hot-injection is widely applicable to a wide 

variety of materials, and consists in the rapid injection of the precursors in a hot (often 300 °C or higher) 

solution containing surfactants. The high temperature leads to a rapid decomposition of the precursors 

with the related fast supersaturation of the solution and consequent nucleation of nanocrystals. The 

surfactants added to the solution prevent NPs agglomerations and provide steric colloidal stability to 

the product. In the heat-up approach, the precursors are already introduced in the same solution of 

the surfactants, and the solution is gradually heated until the decomposition of precursors 

commences.11 Noticeably, the heat-up approach is not specifically designed to produce a simultaneous 

nucleation of the nanocrystals, but it was successfully employed to produce monodispersed particles 

of a variety of materials.11 

 

 

Figure 1.2 TEM micrographs of quaternary metal chalcogenides nanocrystals obtained from (a) heat-

up and (b) hot-injection syntheses. Adapted from Kovalenko et. al.10 

 

In this Thesis, the synthesis of metal sulfides is considered, as a sub-class of emerging and important 

semiconductors showing a variety of structures, properties and applications. Metal sulfides are 

extremely relevant for the development of quantum dots,25–27 in particular for the field of bioimaging 

devices28 or the development of LEDs28 and solar cells.28 Among the synthesis methods applied to metal 

sulfides, the hot-injection has achieved a high stage of development, allowing a size control that 

reached the single layer of surface atoms.29 An example of an advanced but general method for the 

∆𝐺𝑁 =
4

3
𝜋𝑟3∆𝐺𝑉 + 4𝜋𝑟2𝛾 
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synthesis of metal sulfides can be found in the recent work of Hendricks et al.,29 who exploited the 

linear relationship, described by Chu et al.,16 of the final NPs size with the solute supply rate to develop 

a library of substituted thiourea molecules with specific decomposition kinetics for the release of sulfur 

precursor in solution. Consequently, the supply rate of the sulfur precursor was finely tuned allowing 

a tight size control over a wide variety of nanosized metal sulfides. 

Despite this extremely high level of development, these methods commonly share some relevant 

drawbacks. The syntheses are often performed at relatively high temperature (from 200 to over 350 

°C), in high boiling organic solvents (e.g. octadecene30 or oleylamine31), often employing specifically 

synthetized precursors (e.g. thioureas,29 thiocarbamates30 and metal oleates29), and with the 

employment of one or more surfactants (e.g. amines, carboxylates, and phosphonates29). All these 

conditions are clearly and profoundly misaligned with to the principles of the green chemistry,32 as a 

rather large amount of special derivatives and waste is produced, while hazardous chemicals are often 

employed along with a considerable amount of energy.33 Even leaving the environmental issues aside, 

other limitations can be considered the relatively high complexity of the synthetic protocols, often 

requiring a glove-box or specialized labware, and the difficulty of scaling up these methods to an 

industrial level. Another limitation, often underestimated, is the inherent complexity of studying the 

surface properties of these materials, with relation of the true properties of the naked surface and not 

to the properties related to the adsorbed ligands. Indeed, these syntheses produces NPs having tightly 

bound molecules on the surface that cannot be easily removed. Calcination treatments, for example, 

are commonly employed in materials chemistry to release organics from the surface, but their 

employment also lead to the alteration of the NPs features like size, crystal structure and 

composition.34 Consequently, the surface chemistry of nanocrystals is often regarded as the chemistry 

of their capping ligands and the influence they have on functional properties, more than the properties 

of the pristine exposed surface.35 

In this Thesis, a very different approach to the problem of the synthesis of nanosized metal sulfides 

were explored, accepting the challenge of studying the obtainment of nanosized metal sulfides 

employing a radically simplified and green-oriented method, while considering its limitations and 

advantages. Since no surfactants were used, the obtainment of uncapped particles also disclosed the 

opportunity to evaluate the surface of the material, and in particular to study the effect of oxidation 

phenomena on sulfides.  

To tackle this challenge, the synthetic approach was firstly redesigned starting from the simple water-

based precipitation of the material, while aiming to gain a high level of control over the reaction 

conditions without further adding ligands or surfactants. This approach was firstly developed for ZnS, 

that was chosen for its relevance, and then extended to other metal sulfides. To pursue further control 
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over the reaction conditions and pave the way to the scale up of the processes, two different flow 

chemistry approaches were also developed. By using microfluidics, a better degree of control over the 

room temperature mixing of the precursors was specially investigated, while a continuous 

hydrothermal setup was designed and realized to explore the influence of different temperature, 

pressure and chemico-physical properties of water as a solvent on the crystallization process of the 

material. Moreover, the inclusion of dopants was also studied with these synthetic approaches to 

disclose the possibility to obtain luminescent functional materials for potential applications. 

A wide array of different characterization techniques was identified to provide a detailed description 

of the obtained samples from the compositional, dimensional, morphological and structural points of 

view. These techniques provided a detailed evaluation of the effects of the different synthetic 

strategies over the final features and properties of the samples. Moreover, being the obtained particles 

ligands-free by design, a detailed assessment of the surface chemistry was carried out along with a 

study of the effects of oxidation phenomena on the materials. These analyses were mainly based on 

the complementarity of different spectroscopic techniques (XPS, FTIR and Raman) to gain a sound 

description of the studied surfaces. In the case of ZnS, the obtainment of ligand-free water suspensions 

and the interactions occurring at the unhindered solid/liquid interface were also thoroughly assessed 

by ITC. Finally, selected functional properties (i.e. photocatalytical activity and luminescence) were 

studied to elucidate the possible presence of correlations with the obtained features of the synthesized 

samples, and in view of application of the optimized nanomaterials. 
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1.1  Water-based synthesis of metal sulfides

 

The field of aqueous synthesis of nanostructured metal sulfides was fundamentally started by the 

efforts of Prof. Arnim Henglein and coworkers.32 One of the earlier recognized and more 

straightforward advantages of water-based approaches was not only the greener choice in comparison 

to the nonaqueous counterparts, but also the easier scale-up for larger productions and a better cost-

effectiveness. Moreover, the usage of water allowed an easier solubilization of the precursors and a 

considerable extension of the choice of available capping ligands and surfactants, enabling the 

inclusion of relevant biomolecules that paved the way for applications of nanocrystals to the 

biomedical field.36 The development of a water-based route is however complicated by the acid-base 

properties of water, that extends the amount of parameters that kinetically and thermodynamically 

need to be considered. Water itself, due to its polarity, heavily influences the nucleation and growth 

stages of the material, altering the dynamics of precursors and eventually affecting structural and 

functional features of the NPs (e.g. favoring the formation of surface traps in quantum dots).36  

Table 1.1 HSAB chart for the water-based synthesis of metal chalcogenides proposed by Jing et al.36 

Hard Borderline Soft 
 Acids  

H+, Na+, In3+, Mn2+, Ln3+ Cu2+, Zn2+, Pb2+ Cu+, Ag+, Cd2+, Hg2+ 
 Bases  

Cl−  H2S, HS−, S2− 

H2O, OH−, O2−   RSH, RS− 

ROH, RCOO−, RO−  Se2−, Te2− 

NO3−, ClO4−   

NH3, RNH2, N2H4   

 

From a thermodynamic point of view, three main parameters play a fundamental role in the synthesis 

of metal sulfides from water: the solubility constant, the oxygen affinity of the metal (either to water 

or to the hydroxyl ion) and the solution pH. In the common case of a ligand or surfactant-assisted 

synthesis, the binding affinity of these moieties towards the metal and the formed NPs also plays a 

central role. In this framework, the hard and soft (Lewis) acids and bases theory (HSAB)37,38 can be used 

as a harmonized but qualitative approach to estimate the influence of each of the aforementioned 

thermodynamic parameters in determined chemical environment. HSAB theory classifies Lewis acids 

and bases in hard, which are non-polarizable, weak electron-pair acceptors and donors and mainly 

interacts through electrostatic interactions, and soft, which are polarizable, strong electron-pair 

acceptors and establish interaction dominated by a covalent character. From here, the general 
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tendency of forming hard-hard and soft-soft interaction can be considered when evaluating the 

possible interaction occurring during a synthesis. An additional class was also introduced for those acid 

and bases that did not display a clear preference to interact with either hard or softs counterparts, 

referred as borderline. 

Considering S2−, Se2− and Te2−, the HSAB theory correctly predicts the low solubility constant of many 

metal chalcogenides, as many metal ions behave like soft or borderline acids, depending on the 

oxidation state. Therefore, the formed bonds will be characterized by a relevant covalent character 

(coherently with the semiconducting properties of the compounds). The stabilization provided from 

these formed bond more than compensates the lost hard-soft interactions of the solvated ions. On the 

other side, typical salts used as precursors for the synthesis of these compounds in water, such as 

metal nitrates or Na2S, are made of hard-soft combinations of ions. This accounts for their great 

solubility in water and the relative minor interference of counter ions in the formations of the metal 

chalcogenides, both usually desirable for a good precursor. 

Other than the solubility, another important parameter is represented by the pH of the solution.39 

Since OH- is a hard base, by principle, the higher the solution pH is, the more the formation of 

hydroxides compounds or soluble complexes will be favored. Thus, a high pH generally introduces the 

problem of the competition of the desired sulfide with these compounds. This gets more relevant the 

harder the considered metal ion is. For example, lanthanides are known for their oxophilicity, and 

indeed they are regarded as hard acids in the HSAB theory, as also showed in Table 1.1. Thus, the 

obtainment from water solutions of the lanthanides sulfides may represent an issue. Considering 

borderline metals like Zn2+ and Cd2+, on the basis of the HSAB theory, a proper control on the pH would 

be predicted to be necessary to avoid the formation of hydroxides. Indeed, the issue of Zn(OH)2 

formation was reported for the synthesis of zinc chalcogenides.40,41 In the case of soft metals, the 

influence of the pH can be often ignored in its thermodynamic contribution. 

From a methodological point of view, the synthesis of metal sulfides in water can be almost always 

seen as an easy precipitation starting from the precursors ions Mn+ and SH- in solution, normally 

assisted by the presence of ligands to stop the growth of the particles in the nanorange. While in the 

case of the metal precursor simple inorganic salts are often employed, the choice of the sulfur 

precursor can be either the direct supply of SH- through a soluble salt or the formation of these ions 

in-situ through the decomposition of a sulfur-bearing molecule. The second case can be generally 

regarded as way to control the supply of SH- to the solution. In water solution is sufficient to account 

for the presence of SH-, since the S2- ion cannot play a role, as its presence in water solutions was ruled 

out over 30 years ago.42 Despite this, its occurrence can still be found reported in thermodynamic 

charts43 as well as in countless research articles. This was caused by the widespread of overestimated 
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values for the SH- acid dissociation constant determined in the early years of the last century.42 The 

current accepted pKa estimation of the acid dissociation of SH- is ≥ 17, while May at al.44 also 

demonstrated the absence of S2- even in hyper-concentrated basic solutions of NaOH and CsOH. 

Historically, H2S was also a largely employed source for the sulfur ions, but this strategy was later 

mostly abandoned due to the difficult handling of the gaseous compound and the severe health risks 

associated with accidental exposures.45 

To control the syntheses, a wide variety of molecules was employed, but the more recurrent choices 

were sulfur-based ligands such as thioglycerol (TG), thioglycolic acid (TGA), 3-mercaptopropionic acid 

(MPA) and glutathione (GSH).36 The choice of a sulfur interacting moieties is related to the stability of 

the ligand-NP interaction predictable using the HSAB theory. The role of these moieties goes beyond 

the size control of the product and the colloidal stability of the obtained suspension, as functional 

properties can be also strongly affected, e.g. dramatically increasing the quantum yield of quantum 

dots.46,47 

 

Figure 1.3 CdSe anisotropic nanocrystals obtained with different choices of organic surfactant 

molecules. Reprinted from Li et. al.48 

 

To describe the growth of NPs in solution the LaMer theory is generally considered.15 The growth 

phase, after the nucleation one, can be modelled in two ways, depending on the realized synthesis 

conditions: diffusion-controlled growth49,50 or reaction-controlled growth.51–53 In the first, the growth 

is controlled by the diffusion of a monomer (either the solvated ions or more complicated species) 

towards the NPs. In the second, precipitation and dissolution equilibria of the monomer exist, which 

eventually control the growth kinetics. While the first is regarded as a size-focusing process (i.e. it leads 

to a relatively monodispersed distribution of NPs), the second often generates a wider polydispersity. 
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 Talapin et al.51 developed a theoretical framework for these phenomena, accounting for the 

simultaneous occurrence of both during the precipitation of NPs. In his work, the rate of change of a 

growing particle depends from both processes, where the relative contribution of the two is ultimately 

regulated by the dimensionless parameter 𝐾.  

      (1.4) 

 

According to Talapin et al.51 𝐾 is defined as in equation (1.4), where 𝛾 is the surface tension of the NP, 

𝑉𝑚 represents the molar volume of the solid, 𝐷 is the diffusion coefficient of the monomer and 𝑘𝑔
𝑓𝑙𝑎𝑡

 

is the first-order reaction rate constant for the addition of a monomer at a flat surface. For 𝐾 > 100 

the growth can be considered fully reaction-controlled, while for 𝐾 < 0.01 the diffusion regime 

prevails. Thus, the estimation of this parameter can be employed to understand the kinetic regime in 

a synthesis, and to further refine the experimental conditions to drive the reaction toward the 

formation of an ensemble of small monodispersed NPs. In the case of a diffusion-controlled regime, 

such as the direct addition of the metal precursor to SH- (or vice versa) where the reaction between 

the precursor is extremely rapid, the monomer is almost immediately depleted and the growth process 

enters in the Ostwald ripening regime.51  

In the kinetic control of the growth process, ligands can play a twofold role. The 

attachment/detachment dynamics of ligands influences the attachment of monomers on the growing 

NPs,54,55 but also influences the later Ostwald ripening regime.51 As different NP facets can display 

different binding affinity towards the same ligand, the choice of the latter can also lead to different 

competing dynamics on different facets. Consequently, the NPs growth may occur differently towards 

different crystallographic directions, leading to anisotropic NPs.54  

𝐾 =
𝑅𝑇

2𝛾𝑉𝑚

𝐷

𝑘𝑔
𝑓𝑙𝑎𝑡
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1.2  Continuous flow methods for NPs synthesis

 

While chemistry has immensely evolved in the last centuries, the evolution of the standard equipment 

of a chemist in the lab has proceeded at a much slower pace, as the focus was put in the flask content 

rather than on the flask itself. Considering the results, this approach can indeed be considered 

extremely successful. However, outside the lab, and particularly in the chemical industrial production, 

a very different approach has established to meet analogously different needs: the flow chemistry.56 

At the cost of a more elaborate setup with respect to a simple stirred vessel, flow methods can disclose 

several important advantages.57 Flow processes are more easily automated, generally safer, and allow 

a better reproducibility of the reaction conditions, making the process more reliable. Indeed, the 

control over reaction time and temperature, along with the control of reactants concentration and 

mixing, can be easily assured.57 Using a batch approach, the molar ratio of the precursors is ultimately 

determined by the volumetric ratio of the solutions employed. In the flow techniques, the flow rates 

also determine the precursors relative amounts at the mixing points. The discontinuous nature of the 

batch process also limits the production, as syntheses needs to be cyclically repeated to accumulate 

the product, while in a continuous synthesis the product is simply accumulated in any reasonable 

amount just by maintaining the setup operative for enough time. The concept of reaction time also 

differs. In batch it can be simply considered as the time interval that separates the mixing of the 

precursors from the end of the reaction. In a flow method the reaction time reflects the residence time 

in the reactor, that is determined by the ratio of the reactor volume and the total flow rate, the latter 

given by the sum of the individual flow rates of solutions fed in the reactor.57 This also establishes a 

precise time-space correlation, in which different reaction times are accessible simply considering a 

different length of the reactor after the point where the reaction starts (usually the mixing point). 

Therefore, it is possible to probe different reaction times simply moving across the reactor length. This 

concept was proven extremely powerful to perform in-situ time-resolved studies, especially to access 

extremely short reaction times.58,59 The time-space correlation can also be used to develop multi-step 

processes, where different reactants are added in successive steps, or different reaction conditions are 

employed. At the cost of an intensive optimization of the set-up, this advantage discloses the 

opportunity to transform a long and elaborate multi-step synthesis, involving the isolation of the 

intermediates, to a single input-output process that already delivers the final product. 
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In recent times, reactors miniaturization towards meso- (500 µm to few mm) and microfluidic (10 – 

500 µm)57,60 setups has not only made the flow chemistry more compatible with the lab scale, but has 

greatly improved the control over heat transfer and reactants mixing. Moreover, high temperature 

and pressure methods were also developed, allowing even normally time-consuming process like 

batch hydro- and solvothermal synthesis, to be performed in-flow and with shorter reaction time. The 

latter technique is generally referred as Continuous Flow Hydrothermal Synthesis (CHFS).61 

In this Thesis, microfluidic and CHFS approaches were employed to test the transition toward flow 

techniques of the synthesis of metal sulfides, and in particular of ZnS, starting from both a pre-designed 

simple batch and the available literature. 

 

1.2.1 Microfluidic synthesis 

 

Microfluidics is the science and the technology of handling small amount of fluids in channels with 

dimensions ranging from 10 to 500 µm.57,60 Initially developed mainly for analytical purposes, 

microfluidics has already found many successful applications to design flow synthesis methods,60,62–64 

even at the industrial scale.60 The main advantage of a microfluidic approach is the superior control 

over mass and heat transfer granted by the small dimension of the employed reactors. Thus, the 

reduced size represents the key factor, since it allows the device to operate maintaining a laminar flow 

regime with a Reynoldsa number below 250. This consents a regular parallel flow of the liquids in the 

channels, that are mainly mixed just by lateral diffusion. The absence of turbulence and the fast flow 

rate also inhibits back-mixing phenomena.60 The rapid mixing of the reactants is achieved due to the 

small size of the channels, or alternatively it can be induced employing a dedicated mixing sections. A 

wide variety of microfluidic mixing techniques have already been developed, since the small scale 

allows to simply design and realize special mixers tailored for specific pourposes.65,66 Compared to a 

batch process, the microfluidic mixing strategies allow a high level of control and a remarkably higher 

homogeneity. The improved control over the reaction temperature and the stable flow conditions 

allow the abatement of concentration and thermal gradients in the reaction mixture, ultimately 

ensuring stable reaction conditions.65,66 In the view of NPs synthesis, and considering the LaMer 

model15,16,23 of a homogeneous nucleation reaction, these advantages can be exploited to achieve 

highly defined and reproducible nucleation conditions, promoting the nucleation-growth separation 

and resulting in the improvement of final NPs size distribution.63 Moreover, following the Sugimoto23 

 
a The Reynolds number (Re) is an adimensional quantity that quantifies the relative contribution of inertial and 
viscous forces in a flowing liquid. With a circular cross section: Re < 2300 laminar flow; 2300 < Re < 4000 
transitional flow; Re > 4000 turbulent flow. 



1.2 Continuous flow methods for NPs synthesis 

23 

 

and Chu16 theories, the controllable flow rate can also be employed to tune the supply rate of the 

precursors, affecting the final size of NPs. The time-space correlation in a flow technique, associated 

with the small and versatile setup and the high flux rate, constitute a unique occasion to introduce 

many in-line analytical techniques like UV,67 IR68,69, Raman68,70 or NMR71 spectroscopies (Figure 1.4). 

This unlocks the unique advantage of simplifying in-situ studies, allowing an easier optimization of the 

synthesis.60 

The small size of the channels may induce into thinking that the scale-up of a microfluidic is, in fact, 

impossible, as any increase of the device size may lead to the loss of the optimized reaction parameters 

and ultimately to the loss of the advantages that makes microfluidic devices unique. 

 

 

Figure 1.4 Schematic of a droplet‐based microfluidic setup for the kinetic study of the synthesis of PbS. 

The setup is equipped with both online absorbance and fluorescence detections. Reprinted from 

Lignos et al.72 

Indeed, a different approach was necessary to enlarge the production capabilities of the microfluidic 

technology while maintaining the reduced sizes of the singular channels. Instead of simply creating a 

larger system, like in the regular batch scale-up approach, the strategy of numbering-up was 

introduced. Many individual devices can work in parallel, allowing to keep the microfluidic conditions 

and simultaneously multiplying the product output.60 In the view of making chemistry greener, this 
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technology grants the reduction of energy consumption thanks to the optimized heat transfer, and the 

intensification of the production in unit of space. Moreover, as a multistep process is concerned, the 

elimination of steps for the purification and isolation of intermediate products also allows a significant 

reduction of the chemicals employed, connected with a waste reduction of the overall process, in 

compliance of the green chemistry paradigms.33 

The initial development of the microfluidic approach applied to the synthesis of nanocrystals has to be 

attributed to the pioneeristic work of Andrew J. DeMello and coworkers, initially focused on the 

synthesis of CdS quantum dots.73  

 

Figure 1.5 (a) Adsorption and emission spectra of CdS NPs synthesized at 280 °C at different residence 

times, using the oleylamine-assisted technique employed by Yang et. al.74 (b) TEM micrographs of the 

same NPs CdS synthetized at 160 s. Reprinted from Yang et. al.74 

 

In his original work, a simple water-based approach was used, but the potentiality of in-line monitoring 

of the reaction product was immediately exploited, making the team capable to recognize that the 

final polydispersion of the quantum dots was directly connected with the flow rate employed in the 

device. To now, the potentiality of the method was extended to many crystalline NPs, pursuing a high 

degree of structural, morphological and compositional control. Successful development of these NPs 

synthesis techniques was obtained for metals (e.g. Ag, Au, Co), oxides (e.g. TiO2, SiO2, FexOy) and 

chalcogenides (e.g. CdS, CdSe, InP). More complex structures like core-shell NPs were also successfully 

obtained.73  

In this Thesis a microfluidic approach was employed to test the synthesis of pure and doped ZnS NPs 

using a simple ligand-free precipitation strategy.  

(a) (b) 
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1.2.2 Continuous flow hydrothermal synthesis 

 

Continuous flow hydrothermal synthesis (CHFS) was developed to couple the unique features of the 

high-temperature high-pressure hydrothermal approaches with the advantages of a flow synthesis.61 

These reaction conditions made the transition rather technologically challenging. Nonetheless, CHFS 

now almost celebrates 30 years of development and can be considered an established approach of 

both scientific and industrial interest.61 Despite both organic solvents and water can be in principle 

used with little variations of the setups, the second is a more widely studied and generally preferred 

alternative that allows greener processes. In CHFS, water is pumped at high pressure (up to 30 MPa) 

and pre-heated at high temperature (up to 500 °C). Since the critical point of water is reached at 374 

°C and 22.1 MPa, this approach normally exploits supercritical water. In this physical state, profound 

variations of the physico-chemical properties occur. The hydrogen bond network formed in liquid 

water breaks down when the critical point is reached. As consequence, the density decreases from 1 

g ml-1 in regular conditions to 0.332 g ml-1, while the viscosity is also strongly reduced.61 At the same 

time, water autoprotolysis increases, making approximatively a 30-fold increase in [H+] and [OH-] ions 

concentration.61 The dielectric constant drops from 80 to only 2 at 500 °C,75 making water in these 

conditions turning from a polar solvent to a nonpolar one, thus making electrolytes far less soluble in 

the solvent as the solvation sphere of ions is destroyed.75 The latter effect is of primary importance in 

this technology, as the nearest neighbors of cations (before solvated) became constituted by anions 

instead of water molecules.75 This causes a rapid association of opposite ions from their fast 

dehydration, ultimately leading to nucleation and growth of the materials. Therefore, in the framework 

of the LaMer theory,15 the supersaturation is here obtained altering the solvent properties rather that 

quickly providing a solute to the solution. To obtain a clean and fast nucleation, the precursors solution 

is not pre-heated, but instead is kept at room temperature and later mixed with supercritical water 

though an engineered mixer. This causes the abrupt supersaturation of the solution, leading to the fast 

nucleation needed to contain NP polydispersity. 

An important role in the process is interpreted by the mixer design, as the mixing fluid dynamics alters 

the time and temperature of exposure of the precursors to the supercritical water.76 One of the main 

problems that needs to be addressed through a competent design of the mixer is its clogging, mainly 

caused by the pre-heating of the precursors solution before the contact with supercritical water is 

made.76 Different designs characterized by a different complexity were proposed, ranging from simple 

T-junctions to more complex counter-current mixers (or nozzle reactors) and confine jet mixers.   
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The main advantage of the last design is the flexibility towards different flow rates, that can be varied 

in a wide range while allowing the good contact of the precursors with supercritical water and short 

mixing time.77 The scale-up of a CHFS systems can be achieved increasing the size of the apparatus, 

often requiring the re-design or re-adaptation of technical parts and synthesis protocols. The necessary 

size increase to obtain a pilot-plant is limited in comparison to the scale-up of a batch process, since 

the increased productivity can also be obtained increasing the flow rates.77  

Compared to a batch hydrothermal approach, in CHFS heating time is highly reduced, allowing to reach 

supersaturation conditions in a shorter time. The cool-down time is also greatly reduced, as the 

reaction mixture is flowed through a cooler after a certain residence time, providing the fast 

abatement of the temperature below the boiling point of water to allow the reaction product to be 

collected at ambient pressure.  

The CHFS method was firstly developed for the synthesis of nanostructured metals oxides, which 

largely benefits from the supercritical conditions, but it was extended to an extremely wide variety of 

other compounds61 such as sulfides78, silicates79 and phosphates.76 Syntheses can be performed either 

by directly mixing the precursors salts to supercritical water or introducing more additives, like 

oxidizing or reducing agents to control the final oxidation state of the products. 

 

 

Figure 1.6 (a) CHFS setup developed by Dunne et. al.78 for the synthesis of ZnS, CdS, PbS, CuS, Fe(1−x)S 

and Bi2S3. (b) Fe(1−x)S NPs obtained from the same setup employing two synthesis methods.  

The CHFS of sulfides was pioneered by Dunne et. al.,78 who obtained nanocrystalline ZnS, CdS, PbS, 

CuS, Fe(1−x)S and Bi2S3. In his approach, the sulfur precursor was introduced in the reactor as thiourea, 

that was quickly thermally decomposed upon contact with supercritical water releasing SH- in 

solution.80 From this strategy, Dunne et. al.78 develop two distinct methods (Figure 1.6a). In the first, 

thiourea was mixed with the metal salt precursor to from a single solution. This solution was then 

(a) 

(b) 
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mixed to supercritical water causing thiourea to decompose in the presence of the metal ions, leading 

to the NPs nucleation and growth. In the second method, thiourea was directly dissolved into the 

heated water flow, causing its decomposition prior to be mixed with the metal precursors solution. 

While the first method was found to require a temperature of at least 400 °C to allow a sufficient SH- 

formation from thiourea prior to the quenching of the reaction mixture, the second allowed him to 

explore reaction temperatures from 250 °C to 400 °C, that led to the obtainment of particles of 

different sizes.  

In this Thesis, the approach proposed by Dunne et. al.78 was modified by developing a double mixer 

strategy that was employed to test the synthesis of pure and doped ZnS NPs. 
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1.3  Functionalization of colloidal transition metal sulfides 

nanocrystals: a fascinating and challenging playground for 

the chemist 

 

The reliable functionalization for nanosized metal sulfides represents one of the most challenging tasks 

in the field of the inorganic nanomaterial. The surface modification is an important step for many 

applications. As example, to develop quantum dots for in vivo applications in the bioimaging field, NPs 

need to be dispersible in a physiological solution, to be stable against coagulation and often to be 

capable of selectively recognize a target tissue. All these features can be obtained employing a proper 

functionalization procedure.81 While this was largely studied and can be considered established for 

many metals and metal oxides NPs,82 still many open questions remain unanswered when metal 

sulfides are concerned. The reason might be related to a gap in the knowledge about the surface 

chemistry of metal sulfides, which prevents the development of reliable functionalization strategies. F 

The study of pure metal sulfides was one of the main reasons that inspired the synthesis of organic-

free uncapped metal sulfide NPs in this Thesis. Indeed, the surface composition was analyzed, and the 

oxidation sensitivity of the obtained materials was discussed. Moreover, a study focused on the size-

dependent oxidation phenomena, focusing on dimensional, structural, compositional and functional 

(photocatalytic activity) properties. 

Here, the state-of-the-art in colloidal metal sulfides NPs functionalization was reviewed in relation to 

the current knowledge about the surface chemistry. 
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Chapter 2. 

Low temperature batch synthesis and characterization 
of uncapped ZnS NPs 
 
In his comprehensive review of synthesis of nanostructured semiconductors from water solution, Jing 

et al.36 refers to the presence of ligands as stabilizing agents as indispensable, due to their influence 

on particles growth and to their role in providing colloidal stability to the NPs. In the same review, 

however, the door is left slightly open to alternatives by suggesting that these species could be, in 

some examples, not needed. However, in the same comprehensive work, these examples are not 

reported and the literature in general lacks recent investigations on the topic. The synthesis of 

uncapped NPs allows to prepare samples where the surface is left exposed, possibly allowing 

fundamental studies on their surface chemistry, which is still vastly unexplored. Since the surface 

properties may be size-dependent, a method that simultaneously leaves the surface exposed and 

allows the size control over the final product is particularly desirable. This, of course, represents a 

challenge, as the capping agents are one of the major tools to control the synthesis. 

Following these guiding principles, an easy water-based synthesis approach was employed for the 

precipitation of ZnS. Common and inexpensive salts were used as precursors, namely Zn(NO3)2 for the 

metal and Na2S (sample ZnS1) and NaHS (sample ZnS2) for sulfur. In the most common approaches for 

the synthesis of metal sulfides NPs, the sulfur precursor solution is quickly added to the metal 

precursor one. This allows the sudden increase of the concentration, necessary to separate nucleation 

and growth. Here, this approach was inverted, as both the zinc and the sulfide solutions were cooled 

down with an ice bath, and the metal precursor was added dropwise to the stirred sulfide solution. 

This was chosen for several reasons. ZnS is known to precipitate quantitatively very quickly ( < 10 µs),58 

therefore, instead of focusing on achieving a single sudden supersaturation event in the solution 

(which is quite difficult to achieve with such high reaction rates), a multi-step addition was preferred, 

while maintaining the reaction mixture conditions as stable as possible. A 2:1 S:Zn molar excess was 

chosen, in order to maintain a sulfur-rich environment and limit the change of pH over the course of 

the metal precursor addition. The low temperature was instead chosen as a simple thermostat for the 

reactions, in order to avoid the formation of temperature gradients. Low temperature might also play 

a role in limiting the oxidation of the growing material, as temperature promotes the oxidation of ZnS 

(see Chapter 6).   
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2.1 Size, structure and morphology 

 

The presence of crystalline ZnS was firstly assessed by XRD (Figure 2.1). The patterns showed broad 

reflections compatible with the cubic ZnS phase sphalerite (ICSD N. 98-065-1457, space group F-34m). 

No other phases or contaminants were detected, excluding the possible formation during the reaction 

of crystalline ZnO, Zn(OH)2 or other crystalline contaminants, which was reported to sometimes occur 

in the water synthesis of zinc chalcogenides.40,41  

For both ZnS1 and ZnS2 samples, the collected TEM micrographs (Figure 2.1) shoed rounded 

aggregated NPs having low polydispersity. The formation of aggregates was expected, since in the 

absence of capping ligands or surfactants NPs can get in close contact. To disperse the NPs for the TEM 

analysis, a 1 mM solution of oleylamine in hexane was used (see Chapter 8.2) to obtain a better 

separation of single NPs and allowing an easier segmentation procedure for the execution of the 

statistical analysis on the images. This preparative technique was observed to result in the 

encapsulation of NPs in nano- or micro- droplets directly seen on the TEM-grid, that allowed a partial 

disaggregation of the aggregates. In the case of ZnS1, smaller particles were obtained, having an 

average diameter D0,1 of 7.8 nm, while the ZnS2 NPs showed an average D0,1 diameter of 18 nm. The 

obtained size distributions were fitted employing a log-normal distribution, that normally allows a 

satisfactory fit of distributions displaying a tailing towards larger dimensional values, like the ones 

herein reported. Relevant statistical descriptors for both raw and fitted size distributions are reported 

in Table 2.1. 

 

 
 
Figure 2.1 XRD diffraction pattern of samples ZnS1 and ZnS2 with indication of the reflection ZnS 
sphalerite (stick plot) 
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Figure 2.2 TEM micrographs of NPs retrieved in the samples ZnS1 (a, b) and ZnS2 (d, e). Fitted 

equivalent spherical diameter distributions obtained from the statistical analysis of the micrographs 

for sample ZnS1 (c) and ZnS2 (f). 

Table 2.1 size distribution descriptors obtained from TEM population of sampled particles, from TEM 

distribution fitting and from the refinement on XRD data. The result obtained applying the Scherrer 

formula on the (111) reflection is reported for comparison with the indication of the variation with 

respect to the value obtained from the TEM analysis. GoF = goodness of fit; SF = stacking faults. 

 ZnS1  ZnS2 

  TEM TEM-fitted Refined Scherrer   TEM TEM-fitted Refined Scherrer 

D1,0 (nm)b 7.8 8.4 8.1   18 19 17.9  
Std. dev. (nm) 1.2 (16%) 1.2 (14%) 0.7 (9%)   4 (22%) 4 (21%) 2.7 (15%)  
D3,2 (nm)b 8.1 8.7 8.2   20 21 18.7  
D4,3 (nm)b 8.3 8.9 8.2 4.7 (-42%) 21 22 19.1 12 (-33%) 

Skewness 0.1 0.4 0.3   0.4 0.7 0.5  
Kurtosis 0.5 0.3 0.1   0.2 0.8 0.4  
          
GoF   1.6     1.7  
SF probability  0.04     0.01  

 
b Average diameter values are referred as Dn,m, being the ratio of the nth over the mth moments about zero of 
the considered distribution. D1,0 = numeric average; D2,3 = surface-weighted average, D4,3 = volume-weighted 
average. 

(c) 

(f) 
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The analysis of the size distribution was extended with the calculation of several descriptors not only 

as a more detailed analysis of the retrieve size distribution, but also to allow the comparison with other 

techniques (like microstructural information obtained from the XRD analysis), that provides different 

averages in respect to the number-weighted one D1,0. The difference between different averages is 

increased as the size distribution get wider, thus it is generally important to compare the correct values 

unless the size distribution is particularly sharp. 

Noteworthy, despite the absence of any added capping ligand to control the final size and 

polydispersity, small NPs were straightforwardly obtained with only a relative standard deviation of 

16% (ZnS1) and 22% (ZnS2) for the distribution of diameters. Even though these particles cannot be 

referred as monodisperse, for which a relative standard deviation below 5% is generally required,10 

the obtained size distribution with no influence of capping ligands still indicates a good degree of 

control over the size dispersion. In the framework of the growth theory described by Talapin et al.,51 

this can be interpreted as a prevalence of the diffusion-controlled growth regime. The two samples 

also clearly displayed two different average sizes. Since the only difference between the two samples 

was the sulfur precursor (Na2S for ZnS1 and NaHS for ZnS2), the reason of this effect can be attributed 

to the different pH of the 0.2 M sulfide solutions employed in the synthesis (13.0 to 11.3 respectively). 

This indicates a pH-dependent growth of the particles, that was also previously reported in ligand-

aided synthesis of the same material.83 This result suggests the opportunity to control the final average 

NPs size in the range from 18 to 8 nm by simply tuning the relative concentration of the two precursors 

in the sulfide precursor solution. Moreover, adjusting the pH to values higher than 11.3 by adding an 

acid could allow to obtain even larger NPs.  

Since the TEM analysis implicitly offers a limited view of the samples, being the micrographs typically 

limited to few hundreds of particles, microstructural information was also assessed by the refinement 

of the obtained XRD patterns, using the software MAUD.84 In this approach, the whole pattern is fitted, 

allowing the extraction of microstructural data mainly from reflections broadening, and therefore 

assessing the properties of the whole bulk of the samples. In particular, the line profile fitting 

developed by Popa and Balzar was employed.85 The structural model employed in the fitting was 

provided from data available in the literature for bulk ZnS.86 More details on the fitting procedure is 

available in Chapter 8.1. Like many II-VI and III-V semiconductors, ZnS has a remarkable tendency to 

from planar defects like stacking faults.87,88 This is likely due to the presence of two polymorphs, a cubic 

one (sphalerite) and a hexagonal one (wurtzite). These structures shares the same tetrahedral unit 

ZnS4, but having staggered or eclipsed configuration respectively, that have a minimal energy 

difference.88 
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Figure 2.3 Refined XRD profiles of samples (a) ZnS1 and (b) ZnS2. Comparison on a same frequency 

scale of the log-normal diameter distributions obtained from TEM and XRD fitting (ZnS1: b. ZnS2: e). 

The presence of such defects in these samples can also be qualitatively inferred by the marked 

asymmetry of the (111) reflection and from the anomalous broadening of the (200) reflection, that 

became almost a shoulder of the (111) reflection in the case of the ZnS1 sample (Figure 2.3a). Since 

the presence of planar defect alters both the profile and position of XRD reflections non-

monotonically, their presence was included in the model employing the Warren model.89 The obtained 

fittings reported in Figure 2.3 visually shows the good quality of the model, as also indicated by the 

GoF (goodness of fit) values of 1.6 and 1.7 for ZnS1 and ZnS2, respectively. Being the GoF close to unity, 

very little room for improvement of the model is left, as introducing new parameters may result in the 

overparameterization of the problem if the data quality is not improved by using more advanced 

equipment for the diffraction experiment.90 From both the distributions reported in Figure 2.3b,e, and 

the relative descriptors reported in Table 2.1, a very good agreement between the results obtained by 

TEM and XRD analysis was evident. To better show the quality improvement of such analysis in 

comparison with the routinely employed91–95 Scherrer formula, the results (to be compared with the 

D4,3 average) obtained from the latter is also reported in Table 2.1. By neglecting the implicit limitations 

of using the just Scherrer formula, a strong underestimation of the crystallite size (here likely 

equivalent to the NP geometrical size) of -42% and -33% was obtained. In other words, limiting the 

(a) (b) 

(c) (e) 
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analysis to the application of the Scherrer formula, the true average size could be almost double the 

estimated size, possibly providing misleading result, and compromising also further analyses (e.g. the 

interpretation of size-dependent properties). This limitation can be especially dangerous for samples 

like the ones here analyzed, since aggregation phenomena may prevent a reliable dimensional analysis 

from TEM micrographs. The stacking faults probability obtained from the Warren model was 0.04 for 

ZnS1 and 0.01 for ZnS2. This is of course coherent with the larger error obtained from the Scherrer 

formula in the case of ZnS1, as the larger presence of stacking faults contributes more to the 

broadening of reflections with respect to ZnS2. Significantly different unit cell length was also obtained 

for the two samples. The value a = 5.4157 Å was retrieved for ZnS1, while for ZnS2 a = 5.3962 Å. The 

size-dependent shrinkage of the unit cell of ZnS NPs was explained by Khalkhali et al.96, that described 

the NPs structure with a 3-phase model, where the external layers of materials are deformed as 

consequence of the under-coordination of atoms exposed to the surface. As a consequence, a 

macrostrain (i.e. a variation of the size of all the unit cells in the material) is induced on the internal 

crystalline core. Being surface-dependent, this macrostrain is also size-dependent and its magnitude is 

expected to increase with the specific surface area (SSA) of the particles. Therefore, for NPs having a 

size smaller than roughly 10 nm, the size-induced macrostrain effect is expected to be found. 

The performed analysis indicated that the pH of the employed solution did not only resulted in 

different NPs average size, but also played a role in the regularity of the crystal structure, as an 

increased probability of stacking faults was retrieved in the case of the smaller ZnS1 NPs. The presence 

of these planar defects also strongly influences the broadening of XRD reflections, making the 

assessment of the crystallite size by the employment of the Scherrer formula inherently inaccurate. 

Interestingly, the higher stacking faults probability was retrieved in the sample having the smaller size. 

This may be related to the decreasing difference in energy between the cubic and the hexagonal 

polymorph of ZnS as NPs size decreases.97 

 

2.2 Surface analysis

 

An important step in the characterization of ZnS, and of metal sulfides in general, deals with the surface 

of the material. Metal sulfides are known to be easily oxidized (see Chapter 6), so it is important to 

check if the synthetic approach employed is suitable to obtain the pure unoxidized material. This is 

especially important in view of applications that rely on the interaction of the material with the 

surrounding environment, like catalysis of for the development of functionalization strategies for 

biomedical applications98 (see Chapter 1.3). Since the NPs here synthetized were free of capping 
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ligands, these samples also offer the opportunity to study the surface composition without 

interference. 

 

Figure 2.4 XPS survey spectra of samples ZnS1 (a) and ZnS2 (b). 

Table 2.2 Observed peaks position in the XPS spectra of ZnS samples. 

Peak ZnS1 ZnS2 Reference99 

 (eV) (eV)  

Zn2s 1196.6 1197.4 1196 

Zn2p3/2 1021.7 1021.9 1021.7 - 1022.0 

Zn3s 139.8 139.8 141.5 - 139.9 

Zn3p 86.6 88.6 88.4 

Zn3d 10.2 10.2 9.8 -10.7 

S2s 226.2 226.2 225.6 - 226.3 

S2p 161.5 161.5 161.9 - 162.2  

ZnAP-2p3/2,L3M45M45(1G) 2011.4 2011.4 2011.3 - 2011.9 

 

 

Figure 2.5 Fitting of the XPS Zn2p3/2 (a) and S2p (b) peaks of the ZnS1 sample. Fitting of the XPS 

Zn2p3/2 (c) and S2p (d) peaks of the ZnS2 sample. 

XPS was chosen as a surface-sensitive technique, to analyze the surface composition of the samples. It 

is worth to mention that, due to the small size of the NPs, in the case of sample ZnS1 XPS also gives 

information on the bulk composition. From the survey spectra (Figure 2.4), only the presence of Zn, S, 
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C and O was evident. The presence of peaks of C and O resulting from adventitious surface 

contamination is commonly observed for samples that were not synthetized and stored under special 

high vacuum conditions.100 The presence of the C1s signal was used to correct XPS spectra for charging 

effects on the calculated BE by assigning to the peak the value of 284.6 eV.98 The position of the O1s 

peak, found at 532.0 eV for ZnS1 and 532.2 eV for ZnS2, cannot be attributed to surface ZnO (found at 

530 eV, see Chapter 6) but is likely to arise from surface-adsorbed water molecules. The semi-

quantitative analysis based on the Zn2p3/2 and S2p peaks provided a Zn:S atomic ratio of 1:0.9 for both 

samples, that lies close to the stoichiometric expected value of 1:1. This slight deviation from the 

stochiometric ratio could be related to presence of sulfur vacancies, as previously reported for ZnS.101 

The presence of a cation-rich layer on the surface was also reported as a common feature for many 

small semiconductor NPs synthetized in water.36 The modified Auger parameter (AP) was also 

calculated to further confirm the proposed interpretation of the spectra, using the Zn2p3/2 and the 

ZnL3M45M45 peaks. The resulting value of 2011.4 eV is compatible with literature values for ZnS.99 The 

presence of Zn2+ was confirmed by the presence of the Zn2p3/2 peak at 1021.7 eV for the ZnS1 sample 

and 1021.9 eV for the ZnS2 sample (Figure 2.5a,c), while the peak at 161.5 (Figure 2.5b,d) is typical of 

the S2p signal of S2-.102 Noteworthy, no further components in the S2p region were observed, ruling 

out the presence of a relevant surface oxidation for both samples, despite the synthesis were carried 

out in water, and without employing special degassing procedure other than the simple use of milliQ-

quality water.  

 

Figure 2.6 (a) FTIR spectra of samples ZnS1 and ZnS2. (b) Raman spectra of samples ZnS1 and ZnS2 

compared to a reference spectra of 21 nm ZnS NPs. 

The identification of surface moieties or adsorbed species on ZnS NPs was carried out by employing 

FTIR spectroscopy (Figure 2.6a). In both spectra the presence of adsorbed water was evident from the 

presence of the characteristic broad HOH stretching peak (ZnS1: 3219 cm-1, ZnS2: 3348 cm-1) and the 

(a) (b) 
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HOH bending peak (ZnS1: 1626 cm-1, ZnS2: 1623 cm-1). A shift towards lower wavenumbers of the 

maximum of the HOH stretching peak was observed for sample ZnS1 in comparison with sample ZnS2. 

Considering it was calculated that this peak shifts at lower wavenumber as the binding strength with 

the ZnS surface increases, a size-dependent binding strength of the adsorbed water can be inferred.103 

In particular, water appears to bind the surface more strongly as the NPs size decrease. Alternatively, 

the same effect can be explained as a reduced water coverage in sample ZnS1.103 In the spectrum of 

ZnS2 two peaks at 1012 cm-1 and 1141 cm-1 were visible, that were possibly related to sulfates formed 

on the NPs surface. It was possible to rule out the presence of sulfites, as this moiety produces a set of 

peaks ranging from 1000 to 1100 cm-1 having a peculiar line shape.104 From the position of the 

observable peaks, the geometry of interaction of sulfates can be inferred, thanks to the different point 

symmetry associated with different interaction modes.105,106 In the ZnS1 spectra, the sharp peak at 

1016 cm-1 can be attributed to the non-degenerate (single) symmetric stretching mode of the sulfate, 

while the broader signal at 1134 cm-1 can be attributed to the overlap of three non-degenerate (single) 

asymmetric stretching modes. Indeed, the presence of three overlapping components was observed 

from the line shape of the peak at roughly 1068, 1122 and 1157 cm-1. This pattern can be attributed to 

sulfates having a C2v symmetry, which is possible with two interaction modes: mononuclear or 

binuclear (bridging) bidentate. To distinguish between the two, a comparison with sulfate metal 

complexes was done, suggesting that the binuclear (bridging) bidentate coordination was preferred.104 

Since the presence of sulfates was not detected by XPS analysis, the concentration of this species on 

the surface was below the XPS detection limit of 0.1% at. Therefore, only traces of sulfates were found 

on ZnS2. On the contrary, ZnS1 sample showed the complete absence of sulfates by both XPS and FTIR 

analysis, confirming the complete lack of bulk and surface oxidation on the sample. In the ZnS1 sample, 

a peak at 1380 cm-1 was visible, that was also found in the spectra of the ZnS2 sample as shoulder of 

the HOH bending peak at around 1408 cm-1. These signals may be attributed to carbonates interacting 

with the surface.107 As it was established that CO2 is not capable of a direct interaction with the ZnS 

surface, and no ZnO was retrieved by the analyses, the formation of carbonates was likely related to 

the interaction of atmospheric CO2 with the adsorbed water molecules.103 In both spectra no peaks 

belonging to -SH or -OH moieties was observed, in opposition to the infrared characterization carried 

out by Hertl on bulk ZnS samples.108 The strong peak visible at low frequencies (ZnS1: 638 cm-1, ZnS: 

623 cm-1) was identified as the overtone of the transversal optical mode TO at the X critical point of 

the Brillouin zone of the ZnS structure.109 

To complement the FTIR analysis, Raman spectroscopy was performed on the samples (Figure 2.6b). 

For ZnS1, the expected first and second order Raman spectra of cubic ZnS were observed (Table 2.3). 

Additionally, a sharp peak at 989 cm-1 was also seen, which can be attributed to the Raman-active 

asymmetric stretching mode of surface sulfates.104 However, the intensity of the peak was also 
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observed to increase during the analysis. Therefore, sulfates are likely to form during the analysis, 

because of the laser-induced sample heating. Indeed, ZnS was found to be susceptible to oxidation 

even after exposure to moderately high temperatures, as discussed in Chapter 6. Comparing the 

Raman spectrum of sample ZnS1 with the reference spectrum obtained from ZnS NPs of 21 nm 

obtained using an established hydrothermal approach,103 an increase in the relative intensity of the TO 

mode at 258 cm-1 was observed. The first order LO and TO peaks also showed a shift towards lowers 

values, as reported in Table 2.3. This phenomenon was generally referred as phonons softening and 

was associated to quantum confinements effects arising from the small size of the NPs.109,110 A shoulder 

to the LO mode was also visible, that might be generated by surface phonons (SO modes). Surface 

phonons are similar to their bulk counterparts, but they are generated by the peculiar vibrational 

properties of the sub-coordinated topmost surface atoms. As the intensity of SO modes depend on the 

specific surface area available, their presence was found in small ZnS NPs as an effect of the increase 

of surface to volume ratio.110,111 Another visible size-related phenomenon was the broadening of the 

phononic peaks due to the relaxation of selection rules for the Raman scattering.110 

Table 2.3 Peaks attribution of the Raman spectra of ZnS1 and ZnS2 samples compared with reference 

sample (ZnS 21 nm NPs) and values from the literature. 

Peak ZnS1 ZnS2 ZnS 21 nm References109,112 

 (cm-1) (cm-1) (cm-1) (cm-1) 

TO 258 258 264 278, 275 

LO 342 346 347 354, 350 

2(0) on W 216 - 218 218, 219 

TO+LA 396 - 399 401, 386 

TO+LA 417 - 421 424, 422 

2(0) on W 442 - 449 458, 448 

2(TO) 611 612 612 618, 612 

2(TO) 636 639 641 643, 636 

2(TO) 667 671 671 677, 665 

 

The Raman spectrum of the ZnS2 sample was dominated by the presence of orthorhombic sulfur S8.113 

Its presence on the sample might be related to the excess of sulfur precursors employed in the 

synthesis, or it can be a result of photodegradation of the sample due to the laser irradiation. Sulfur 

peaks were found unaltered recording the Raman spectra either at low or high laser power. A similar 

phenomenon was observed for the MnS sample synthetized with the NaHS precursor (Chapter 3.3) 

and in some Raman spectra of ZnS NPs synthetized via CHFS (Chapter 5.1). The presence of ZnS was 

revealed by the TO peak at 346 cm-1 and the LO peak at 258 cm-1, and by a group of second order 

signals ranging from 570 to 700 cm-1.109,112 
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From the surface analysis, the complete absence of oxidation was retrieved for the ZnS1, while only 

minor traces of sulfates were observed for sample ZnS2, despite the syntheses were performed in 

water and without degassing the solvent. This indicates that the simple ligand-free method here used 

allowed a good control over both NPs size and composition. The complete lack of oxidation was 

remarkable, as it indicates a rather strong chemical resistance of the ZnS surface under conventional 

storage conditions, as samples were not stored under inert atmosphere. The observed stability against 

oxidation at room temperature might be related to the relatively abundant presence of water, that 

can significatively alter the surface reactivity of ZnS,103 and may act as a passivating layer. Indeed, it 

was noticed as the sample showing a stronger bonding with water molecules, on the basis of the FTIR 

analysis, was also the one not showing any trace of oxidation. The surface of the NPs was found to be 

Zn-rich, as commonly reported for many metal chalcogenides synthetized by water-based 

approaches.36 

 

2.3 Time resolved in-situ SAXS analysis

 

In-situ techniques offers many opportunities to study wet-chemistry approaches for the synthesis of 

NPs, as they allow to shed light on the time evolution of the studied system, overcoming many 

limitations of typical ex-situ characterization techniques. To study the evolution of the ZnS NPs 

synthesized with the proposed ligand-free approach, Small Angle X-Ray Scattering (SAXS) was chosen, 

as it allows to assess many relevant features of NPs like size and size distribution, shape and 

aggregation state.114  

 

Figure 2.7 Schematic representation of the realized setup for the in-situ SAXS analysis. 

The experiment was conducted at the SAXS beamline of Elettra Sincrotrone Trieste. The employed 

setup consisted in a thermostated reaction vessel equipped with a common magnetic stirring plate, a 



Chapter 2  Low temperature batch synthesis and characterization of uncapped ZnS NPs 

80 

 

syringe pump to allow a controlled introduction of the second precursor solution and a flow system 

that allowed the circulation of the reaction mixture through a measuring quartz capillary. The flow 

system was using a peristaltic pump capable and the total residence time was of 6 s. X-rays extracted 

from the synchrotron ring were monochromated at 16 eV and focused with a double toroidal mirror 

on the measuring quartz capillary. The final reciprocal space window available ranged from 0.1 to 6 

nm-1. SAXS profiles were collected with a 10 s time step with 8 s acquisition time. Water flowed through 

the measuring capillary was used as background. The zinc precursor was injected in the reaction vessel 

at a rate of 2 ml/min while keeping a vigorous stirring to simulate the procedure commonly employed 

during the synthesis of sample ZnS1.  

 

Figure 2.8 (a) Evolution of the SAXS profile followed in-situ during the ZnS batch synthesis. (b) 

Simulation of the SAXS profile of diluted spheres having an analogous size dispersion (inset) to the 

one retrieved for the ZnS1 sample. 

The obtained SAXS profiles (Figure 2.8a) evidenced the increase of scattering intensity immediately 

after the injection of the zinc precursors. This was expected, as the formation of ZnS in water from Zn2+ 

and SH- was previously observed to occur with virtually no induction time in a sub-10 µs time frame.58 

Therefore, it is safe to state that a 10 s time step allowed to consider a complete formation of NPs with 

the complete consumption of the zinc precursor. The obtained profile was remarkably linear in the 

range from 0.1 to approx. 0.5 nm-1. Comparing these profiles with the one simulated for spherical NPs 

having an average D1,0 diameter of 8.1 nm and a relative standard deviation of 20% (i.e. analogous of 

the size distribution obtained ex-situ by for the ZnS1 sample) reported in Figure 2.8b, it is evident how 

the plateau expected at low-q (the Guinier region) was missing. This feature was interpreted as the 

effect of aggregation on the primary NPs in the reaction mixture. The linearity observed towards low 

q values indicates the formation of fractal aggregates.115 Fractals are irregular geometric structures 

originally introduced by Mandelbrot.116,117 With his non-Euclidian geometry, Mandelbrot described 

fractals as defined by two fundamental concepts: self-similarity and fractal dimension D. The first 

reflects the absence of a characteristic length-scale associated with the structure, while the second 

(b) (a) 
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can be interpreted as the space-filling capability of the structure. This approach was applied to the 

description of irregular aggregates since they are commonly found in many colloidal systems, to 

characterize aggregation phenomena.115,117 Depending from the nature of the system, and 

consequently from the observed scattering behavior, two different types of fractals can be 

distinguished: mass and surface fractals. While the second is typical of a dense object having a rough 

surface, the first can be described as irregular 3D networks originated from linked repeating building 

blocks. In this case, ZnS NPs can be interpreted as the building block that were assembled into 

disordered superstructures (the aggregates), therefore the system was correctly described as mass 

fractals. The fractal dimensions D assumes the value D = 3 for a homogeneous object completely filling 

the space, while for a mass fractals a value D < 3 is found, as the structure leaves some empty 

regions.118 The D value is obtainable from the slope of the linear fractal region in the log-log plot of the 

SAXS profile. The time evolution of the fractal dimension D is showed in Figure 2.9c. 

 

 

Figure 2.9 Time evolution of (a) Porod invariant, (b) estimated average D4,3 diameter from the 

correlation length and (c) fitted fractal dimension D during the in-situ SAXS experiment. (d) 

comparison of the linear fit (red line) and the exponential fit (blu line) of D against the reaction time 

in the post-injection regime. 

(b) 

(c) 

(a) 

(d) 



Chapter 2  Low temperature batch synthesis and characterization of uncapped ZnS NPs 

82 

 

To evaluate variations in concentration and size of nanoparticles, an approach based on integral 

quantities was employed. Integrated intensity was calculated together with the Porod invariant119 

(Figure 2.9). From the ratio of the integrated intensity of the scattering profile and the Porod invariant, 

the correlation length was obtained. This last quantity is related to the D4,3 average of the underlying 

NPs distribution.120 The whole SAXS profile of the system is required to accurately calculate the D4,3 

value, but the presence of large aggregates made of small NPs led to a diffraction profile that exceeds 

the available q-range. Therefore, a precise determination of D4,3 was not achievable, but rather an 

indication of the size of NPs and its variation as function of time was obtained. 

Table 2.4 fitting parameters for the time evolution of the fractal dimension D during the reaction (10 

s – 500 s) and after the reaction (540 s – 1690 s). 

Time window Fitting parameters  

 A B C 
 Linear fit: 𝑦 =  𝐴 +  𝐵𝑥  

10 s – 500 s 2.4302 (0.0024) 3.62·10-4 (0.08·10-4) 

 
Exponential fit: 𝑦 = 𝐴 + 𝐵𝑒𝑥𝑝(−𝐶𝑥) 

540 s – 1690 s 2.840 (0.018) -0.323 (0.014) 5.6·10-5 (0.6·10-5) 

 

The particle concentration is proportional to the Porod invariant (Figure 2.9a), as the latter depends 

only on the electron density contrast factor of the scatterers with respect to the continuous media (in 

this case the solution), and their volume fraction, but not on the geometrical configuration of the 

particles. During the injection time, the concentration of particle increased as expected. After the 

injection, the values of the Porod invariants stabilized as no more particles are expected to be formed. 

The absence of relevant particle growth with increasing reaction time was expected because of the 

aforementioned fast kinetics of ZnS formation. A different profile of the estimated D4,3 value was 

instead obtained (Figure 2.9b), showing that particles grown to their final size rapidly after the initial 

part of the injection, and no relevant variations occurred afterwards. However, in the first part of the 

curve, after the first acquisitions during the injection, a slight increase in size was evidenced. This 

suggests that, in the first steps of the synthesis, smaller NPs were formed, while the addition of more 

zinc precursor led to a size increase until a certain equilibrium average size was reached. Despite the 

proposed primary nanoparticle size provided only an estimation, the obtained value lies close to the 

one expected based on the TEM and XRD analysis, suggesting that the final equilibrium average size 

corresponds to the one retrieved for the sample after the post reaction work-up. In other words, the 

obtained particles did not display a tendency to indefinitely grow after the reaction was concluded, 

right after the full injection of the precursors. The time evolution of the formed aggregates was also 

obtainable from the fractal dimension values (Figure 2.9c). The value of the fractal dimension D for 
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each SAXS profile was obtained from the corresponding slope of the linear fractal regime. The slope 

was obtained performing a linear fit of the region. On the available timescale, aggregates were formed 

simultaneously with primary particles, in agreement with the observation of Schmidt et al,58 as the 

SAXS profiles immediately showed a clear linear fractal regime at the log-log plot (Figure 2.8a). 

Aggregates were determined to have an initial fractal dimension of 2.57. During the injection of the 

precursor, a linear increase of the fractal dimensions was observed, indicating that NPs in the 

aggregate were gradually assuming a more compact configuration. A second increase in the fractal 

dimension was also observed after the injection was completed. In the latter case, the observed rate 

was abruptly reduced after the end of the injection, and the resulting time evolution deviated from 

linearity (Figure 2.9c). Assuming the system evolved towards a final fractal dimension value, an 

exponential behavior was assumed. A comparison of the performed exponential fit with a linear one 

is proposed in Figure 2.9d, showing a better adherence to the observed trend of the first. The 

coefficients obtained from the linear fit and the exponential fit of the two regions are resumed in Table 

2.4. From the exponential fit, the predicted final value for the fractal dimension of the aggregates was 

2.84. The system is expected to reach the value of 2.80 after roughly one hour the reaction began. The 

two different behaviors observed may be associated to changes in the reaction media while the 

precursors are being added, and in particular to the decrease in concentration of HS- ions from 0.20 M 

to 0.05 M due to the combined effect of the increase in the total volume of reaction (doubled at the 

end of the injection) and the reaction with Zn2+. Related to this concentration change, the pH also 

decreased from 13.0 to 12.6. Since both pH and presence of SH- ions showed to be relevant to 

determine the stability of ZnS NPs colloids (see Chapter 2.4 and Chapter 4.1), their variations during 

the reaction, together with the simple numerical increase of ZnS NPs in the reaction mixture are likely 

to destabilize the initially formed colloid aiding the aggregation phenomena that ultimately leads to 

the coagulation of the product. 

Overall, the in-situ SAXS analysis confirmed that the precipitation of ZnS NPs was much faster than the 

injection time, as no relevant increase in scatteres concentration from the Porod invariant was 

observed after the zinc precursor was entirely added to the reaction mixture. The estimated size of the 

NPs during the reaction was close to the one obtained ex-situ, but a small size increase was observed 

in the initial part of the reaction. This suggested that smaller ZnS NPs were formed initially, possibly 

opening new opportunities for modified approaches to obtain even smaller ZnS NPs with respect to 

the one here synthesized. The NPs were not found to be individually separated in the suspension, as 

expectable from the absence of surfactants or ligands, but they were forming fractal aggregates. The 

aggregates got denser over the course of time, but without reaching the limit of a continuous big solid 

particle (D = 3), as a final fractal dimension of 2.84 was estimated.  
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2.4 NPs behavior in water suspension

 

The formation of a stable colloid is a mandatory condition for numerous applications, ranging from 

catalysis (e.g. hydrogen evolution reaction from ZnS suspensions) to the manufacturing of thin film 

(e.s. spin-coating or spray-coating). To pursue colloidal stability, the surface functionalization or the 

inclusion of a surfactant is often required (see Chapter 1.4). 

In the case of ZnS samples obtained using the described batch synthesis, during the workup of the 

product, the formation of a stable suspensions was observed. After one or two washing cycles of the 

product (as described in Chapter 7), an incomplete sedimentation of the product was observed even 

after centrifugation time and speed up to 30 min and 12500 rpm. The formation of a clear opalescent 

water suspension was observed instead. By including a ultrasonication step, the obtainment of more 

concentrated colloids was possible, reaching values up to 3.4 mg/ml. The obtained colloids were stable 

for several days, or even weeks, without noticeable changes to a visual inspection, leaving a wide time 

window of stability for further use. Once the product was dried, the NPs were not dispersible in water 

again. 

The pH of a water (milli-Q quality) suspension obtained from the dried samples was determined to be 

a slightly acidic, having a typical pH range of 4 – 6. The latter suspension was not stable and rapidly 

coagulate. On the contrary, suspension obtained during the workup had a pH typically varying in the 

range 12 – 10. Since the sulfide precursor was used in excess (S:Zn molar ratio of 2:1), the stabilization 

and the effect on pH was ascribed to the adsorption of excess SH- on the surface, thus providing 

electrostatic stabilization. A similar phenomena was described by Tienmann et al., who described as 

the increase of the S/Zn molar ratio led to a gradually increase of negative charge on the particles 

surface.121 This behavior was also in line with the Zn excess retrieved by the XPS analysis, possibly 

leading to the formation of a positive charge on the surface that needs to be balanced by the 

adsorption of negative ions. In this framework, the non-dispersibility of dried NPs may be explained as 

the loss excess SH- simply by volatilization as hydrogen sulfide. Similar dispersibility issues were 

observed also for suspension after repeated ultrasonication cycles, after dilution or upon exposure to 

open air. Indeed, all these conditions leads to dilution or loss of SH- due to the existing equilibria 

involving SH- (either its binding with the ZnS surface or the equilibria with gaseous H2S). 
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Figure 2.10 (a) Picture of a stable colloid obtained from the ZnS1 sample. (b) Number distribution 

obtained by DLS analysis on a diluted stable suspension formed during the workup of sample ZnS1. 

The presence of an excess negative charge adsorbed on the NPs was confirmed by ζ potential 

measurements on the suspension at autogenous pH. In the case of the stable suspension, a ζ potential 

value of -41 mV was found, while for NPs re-suspended after being dried the valued of -20 mV was 

obtained. Since -30 mV is the commonly accepted ζ potential value to achieve electrostatic stabilization 

in low ionic strength conditions, its increase up to -40 mV for the as-synthetized suspension explains 

the observed stability.122 To evaluate the size of the dispersed particles, a DLS characterization was 

performed on clear ultrasonicated suspension diluted from 10 to 100 times with milliQ water (Figure 

2.10). The obtained number-weighted dimensional distributions were typically centered on 100 nm, 

with a tendency of shifting towards larger values overtime. The latter value was incompatible with the 

primary NPs size but confirmed the presence of aggregates obtained from the in-situ SAXS analysis.  

All together, these results underlined that this synthetic approach was not only useful for the synthesis 

of small ZnS NPs, but it also led to the formation of stable colloids without the addition of surfactants. 

The adsorbed SH- ions were easily removed by drying the product, as indicated by XPS measurements 

(vide supra), since the surface analysis pointed out a slightly Zn-rich surface. The absence of residual 

excess sulfide was also indicated by the non-dispersibility of dried NPs. Both SAXS and DLS results 

indicate that in the obtained stable suspension NPs were not individually separated, but it was rather 

composed of aggregates of roughly 100 nm. 

  

(a) (b) 
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2.5 ITC characterization of the liquid/solid interface

 

The binding affinity of NPs surface towards different moieties plays a fundamental role for a wide 

number of applications and is of special importance for the development of functionalization strategies 

(see Chapter 1.3). Interaction occurring at gas/solid or vacuum/solid interfaces with different species 

are already accessible with different techniques (e.g. in-situ FTIR spectroscopy), that were already 

applied to study the properties of ZnS NPs.103 However, many applications rely on colloidal systems 

rather than dried nanomaterials. Despite the importance of the liquid/solid interface for many 

applications, a quantitative approach to the problem of its study is still unestablished. To probe the 

interaction of nanostructures with the colloidal environment using a quantitative method, a titration 

can be employed. Titrations are widely employed in fields like supramolecular chemistry or 

biochemistry,123 but were rarely applied to the study of dispersed nanocrystalline inorganic compound. 

All these techniques rely on successive addition of a titrant solution (i.e. a ligand or the molecular 

species) in a second solution containing the analyte (normally another molecular or macromolecular 

species). The interaction is followed through the variation of a suitable and accessible physical quantity 

which has a known relation with either the amount of free titrant, the amount of interacting titrant or 

both. The binding constant is then determined fitting the obtained binding isotherm by mathematically 

modelling the interaction.123 In principle, the same approach can be applied to study colloids where, 

however, the definition of a the analyte concentration (ideally the molar concentration of the available 

surface binding sites) is far less straightforward. A few examples of this kind of approaches can be 

found in the literature.124–130 Among all the possible techniques that can be applied to follow this type 

of titrations (e.g. UV-Vis spectroscopy, NRM spectroscopy, fluorimetry),123 the isothermal titration 

calorimetry (ITC) offers some unique advantages. Since it is a calorimetry-based method, no special 

properties of the titrants are necessary (i.e. luminescence or spin active nuclei), noticeably extending 

its applicability to many molecular probes. Moreover, it also allows the simultaneous determination of 

the binding constant and of the enthalpy of the binding process, in principle unlocking the access to a 

complete picture of binding phenomena thermodynamics.123 

To prepare a sample suitable for an ITC measurement, a stable colloid with a known composition must 

be obtained. The isotherm resulting from the titration must be properly modelled and fitted to retrieve 

the thermodynamic parameters on the underlying process occurring during the measurement. All the 

relevant contributions to the detected heat transfer must be considered. The ideal sample should be 

made only of the dispersed analyte material and the dispersing solvent, since any other substance in 

the sample media in a relevant concentration level is in principle source of interference. Therefore, 
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the absence of any surfactant or surface functionalization is beneficial. Since this was obtained with 

the batch method described, the opportunity to study the fundamental surface chemistry of ZnS NPs 

at the liquid/solid interface emerged. The optimized ZnS1 synthetic approach was employed to probe 

the interaction of ammonia, methylamine, pyridine, methanol, and furan, used as probe molecules 

characterized by different interacting moieties. The probe molecules were used as titrants for ITC 

experiments on the water-based suspension of ZnS NPs obtained. ZnS1 was preferred instead of ZnS2 

due to the larger available surface area, related to the smaller dimension of the NPs. 

From the titrations, a clear adsorption isotherm was only obtained for pyridine, while excessively poor 

interaction (ammonia, methylamine, methanol) or the interference of unidentified side phenomena 

disturbing the thermogram (furan) were observed for the other molecules.  

 

Figure 2.11 (a) ITC thermograms. Up: pyridine 100 mM in water. Down: pyridine 100 mM in 0.87 mg/ml 

bare ZnS suspension in water. (b) Binding isotherm obtained from the thermogram. 

In figure 2.11a the ITC thermogram obtained from the titration of a 0.87 mg/ml ZnS NPs suspension 

with a 100 mM water solution of pyridine is reported. From the thermogram, the isotherm of Figure 

2.11b was obtained. The isotherm is reported against the ratio between the pyridine concentration 

and the total available concentration of exposed surface Zn cations. The latter quantity was estimated 

considering spherical NPs of 7.8 nm assuming that the NPs surface only exposed the (110) facet.103 The 

simplest and most used approach to fit isotherms for the liquid/solid interface is the employment of 

the Langmuir isotherm.128,131 This approach is based on the following assumptions: i. no multilayer 

adsorption; ii. homogeneous surface with identical binding sites; iii. no interaction between adsorbed 

molecules.131,132 To now, however, no satisfactory fit of the data could be obtained with such model, 

and the development of alternative approaches has yet to be completed. Similar limitations were also 

encountered by other authors.125,126 However, from the shape of the isotherm, it is still possible to 

obtain insights on the observed adsorption phenomena. In particular, the shape of the isotherm was 

(a) (b) 
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readily recognizable as an S-type isotherm of the Giles classification.133 This isotherm is typical of 

adsorption phenomena having a high activation energy in the exchange equilibrium with solvent 

molecules adsorbed to a surface, thus resulting in a cooperative adsorption mechanism. In this case, 

the adsorbate tends to pack in rows or clusters on the surface, rather that forming individual molecule-

surface interactions. This adsorption mechanism is known to be typical of monofunctional solutes 

competing with a strongly adsorbed solvent. Interestingly, the last description matches the nature of 

pyridine as a ligand and the description of the ZnS surface capabilities previously elaborated using a 

hybrid experimental and theoretical approach for the gas/solid interface.103 The high affinity of 

pyridine with respect to other moieties was also previously observed experimentally, as ZnS was 

proposed as pyridine-sensitive material for the development of dedicated sensors.134  

Overall, despite the limitations arising from a still weak theoretical development of the field, using the 

ITC technique it was possible to obtain a confirmation of the pyridine binding capabilities on the ZnS 

surface. From the isotherm shape, it was also possible to obtain qualitative evidence of high impact of 

the water desorption in the pyridine interaction mechanism, as the first constitutes a high-energy-step 

that needs to be overcome before establishing the interaction, that is supposedly obtained via a 

cooperative interaction of the pyridine molecules.
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Chapter 3. 

Uncapped metal sulfides: a simplified wet-chemistry 
approach to CuS, PbS, MnS and Ag2S 
 

The simple batch precipitation method employed to the synthesis proposed in Chapter 2 was found to 

be successful to control the size of ZnS NPs despite the complete absence of surfactants or stabilizing 

agents. This stimulated a wider assessment on other metal sulfides, to evaluate the potentialities of 

the approach. On one hand, it is generally known that mixing a sulfide solution and with a transition 

metal solution generally leads to the precipitation of a solid due to the more than established very low 

solubility product of these compound.45 On the other hand, little information can be retrieved on the 

actual features of such reaction products when crystallinity, size and morphology of the obtained 

particulate are regarded. Therefore, the method employed for ZnS was used as a reference approach 

to a more systematic study of the reactivity of different metal ions and to the synthesis of different 

organics-free NPs with a very simple and echo-friendly approach. This study was also extended to the 

surface chemistry of the obtained materials, as a interestin chance to assess their surface composition 

and behavior toward oxidation phenomena without the influence of other species. Overall, the studied 

metal ions were Cu2+, Pb2+, Mn2+, Ag+, Ni2+, Co2+, Cr3+, Fe2+, Sn2+, Ti4+, Nd3+, Yb3+, Gd3+, Eu3+. From these, 

pure crystalline compounds were obtained for Cu2+, Pb2+, Mn2+ and Ag+. For the other ions, secondary 

compounds, or amorphous and/or highly oxidized materials were generally obtained. Different ionic 

sulfur precursors were considered to explore the effect of a different reaction pH, as reported in Table 

3.1. In all the syntheses a double fold excess of SH- was employed, while keeping the sulfur precursor 

solution at 0.2 M and adjusting the concentration of the metal precursor depending on the expected 

stoichiometry of the corresponding target meal sulfide. 

Table 3.1 Metal ions tested for the water synthesis of metal sulfides and the sulfur precursors 

employed. 

Sulfur precursor pH (0.2 - 0.05 M) Tested metal ions 

Na2S 13.0 - 12.6 Cu2+, Pb2+, Mn2+, Ni2+, Sn2+, Ag+ 

NaHS 11.3 - 10.6 Cu2+, Pb2+, Mn2+, Ni2+, Cr3+, Fe2+, Sn2+, Ti4+, Nd3+, Yb3+, Gd3+, Eu3+  

(NH4)2S 9.2 - 9.2 Ti4+, Gd3+, Nd3+ 

 

The obtained samples are referred as CuS1, PbS1, MnS1 when Na2S was used, while CuS2, PbS2 and 

MnS2 indicates the employment of NaHS. AgS was synthetized using Na2S. 



Chapter 3  Uncapped metal sulfides: a simplified wet-chemistry approach to CuS, PbS, MnS and Ag2S 

90 

 

 

3.1 Copper sulfide - CuS

 

Copper sulfides Cu2-xS (0 < x < 1) is a class of materials characterized by a wide variety of possible 

stoichiometries and crystal structures.135 They had attracted scientists’ attention for their peculiar p-

type semiconducting properties and for wide possibilities of technological applications ranging from 

the development of sensors and photovoltaic devices to theranostics136 and bioimaging 

applications.135,137,138 The diversified structural and compositional properties on Cu2-xS NPs allowed a 

wide tunability of the optical properties, that combined with the known nontoxic nature of the 

material and the NIR absorption properties in the 800- 1400 range due to the formation of free charge 

carriers, made this material the ideal choice for many in-vitro and in-vivo biomedical applications.137,139 

Indeed, nanostructured copper sulfides were used as contrast agent in photoacoustic tomography 

(PAT) of deep tissues140 and for the thermal ablation of tumor cells.138 Copper sulfides are also used in 

applications such as cathode material for lithium batteries,141 as infrared sensors142 and as catalyst for 

the colorimetric estimation of human blood glucose level as substitute to the enzyme peroxidase.143 

Many synthetic routes were proposed for Cu2-xS NPs, such as solvothermal144, hot injection145,146, 

microwave-assisted,145,146 sonochemical,147 microemulsion148–150 and miniemulsion151 methods. In this 

work the synthesis of CuS covellite was pursued, which is a semiconductor having a 1.2 – 2.0 eV 

bandgap152 that also displays an anisotropic metallic electrical conductivity (resistivity 10-6 Ωm).152,153 

Covellite NPs were obtained using the simplified ligand-free method, allowing a more in depth study 

of the surface composition and susceptibility toward oxidation phenomena.  

 

Figure 3.1 Examples of crystal structured for Cu2-xS: (a) the low-chalcocite (monoclinic), (b) 

highchalcocite (hexagonal), (c) cubic-chalcocite (cubic), (d) djurleite, (e) digenite, and (f) Anilite. 

Reprinted from Xu et al.151 
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3.1.1 Crystal structure, size and morphology 

 

 

Figure 3.2 XRD diffraction pattern of CuS1 and CuS2 samples with indication of the reflection CuS 

covellite (stick plot). 

The precipitation method employed led to the formation of a dark green powder. The XRD patterns 

acquired (Figure 3.2) was compatible with the CuS covellite (ICSD 98-004-1911, space group P 63/m m 

c), despite strong variations in the relative intensities of reflections were evident. Anisotropic 

broadening was also evident especially in sample CuS1 (see the (103) and (006) reflections) suggesting 

the presence of anisotropic crystallites. No further crystalline phases were detected, ruling out the 

presence of possible crystalline oxides or other spurious phases. 

The TEM analysis showed the presence of nanosized platelets-like particles. By employing an 

oleylamine-aided dispersion on the TEM grid, particles tended to acquire a radial orientation with 

respect to the obtained nano/micro-sized oleylamine droplet. This caused a coffee-stain effect, and 

NPs were typically found to decorate the inner border of the droplets (Figure 3.3). NPs also displayed 

a tendency to stack along the short direction (Figure 3.3a, inset). Due to the NPs’ plate-like shape, at 

least two parameters were necessary to describe their dimensional features. A cylindrical geometrical 

description was used, thus requiring one diameter and one height value. The latter was not accessible 

from the micrographs, as no indication about the tilt of the displayed 2D projection was obtainable. 

On the other side, assuming a circular cylindrical, the base diameter was accessible as the maximum 

Feret diameter (or caliper diameter), being the maximum distance measured between two points 

inside a single projection. A D1,0 average diameter of 17 nm was measured for the CuS1 sample, with 

a standard deviation of 4 nm (21%).  
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Figure 3.3 TEM micrographs of Cus1 (a,b) and CuS2 (c,d) samples. In the inset of picture (a) a 

magnification was provided to show the stacking effects on the NPs. The images were background-

subtracted to remove the contribution of the oleylamine bubble-like structure. 

 

Figure 3.4 (a) Refined XRD CuS1 profile. (b) Crystallographic direction employed to evaluate the 

anisotropic crystallite dimension. (b) Equivalent crystallite shape obtained employing the Popa model 

for anisotropic crystallites.  

(a) 

(b) (c) 
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For CuS2, a D1,0 average diameter of 19 nm with a standard deviation of 6 nm (31%) was retrieved. In 

the case of CuS2, the presence of larger platelets was also evident, suggesting a relevant 

polydispersion. Overall, while a comparable morphology was obtained in the two cases, for CuS1 

smaller and less polydispersed particles were obtained. 

Starting from the information obtained with the TEM analysis, the CuS1 XRD pattern was refined. To 

account for particle anisotropy, the model developed by Popa et al. was employed for the size 

broadening of the reflections.154 As platelets often assumes a stacked configuration, the presence of 

texture (i.e. preferred crystallographic orientation) was considered by using a spherical harmonic 

model. From the fitting procedure on CuS1 (Figure 3.4a), a plate-like crystallite was obtained. Thickness 

and diameter of the average nano-platelet was estimated as the obtained D4,3 average size along [h k 

0] directions, while the thickness was estimated along the [0 0 l] direction. A D4,3[h k 0] value of 27 nm 

was obtained, together with a D4,3[0 0 l] value of 6 nm. The obtained equivalent average crystallite 

matched the TEM observation of a plate-like structure, as depicted in Figure 3.4c from the 

reconstructed symmetrized shape obtained from the spherical harmonics employed in the Popa 

model.154 From these two descriptors, an aspect ratio (the ratio of the diameter over the height) of 4.5 

was obtained. The average spherical crystallite diameter obtained (i.e. the size of the spherical 

crystallite having the same volume of the anisotropic one) was 14 nm. A direct comparison of the D4,3 

[h k 0] value with the Feret diameter obtained from the TEM micrographs indicates an asymmetric size 

distribution having an extended tail towards larger values. In other words, the size distribution is 

influenced by the presence of a relatively small number of larger particles. 

 

Figure 3.5 Detail of the anomalous reflection intensities observed in the sample CuS2, with reference 

of the intensity of the (102) reflection. The blue arrow indicates the unknown reflection at 23°. 

In the case of sample CuS2, peak intensities could not be properly fitted accounting for crystallite 

anisotropy and texturing, or even refining the atoms positions and the possible deviations from the 

stoichiometry (i.e. the presence of vacancies). In particular, the (102) reflection appears to be 

anomalously intense. An unknown weak reflection was also visible at 23° (Figure 3.5), which could be 
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related to the observed variations of the crystal structure, or it could be attributed to an instrumental 

artefact. A more fundamental refinement of the unit cell would be necessary, possibly performed on 

high quality data obtained from a synchrotron source, to clarify these observed features. Since the 

observed pattern is very close to the one expected for covellite, the actual crystal structure is likely to 

be closely related to it as well. The presence of structural variability in copper sulfide is not surprising, 

since many crystalline phases are known for this class of compounds.135 

 

3.1.2 Surface composition 

 

To assess the surface composition of the samples, XPS analysis was carried out. To distinguish between 

spectral features arising from crystalline covellite and signals originated from surface oxidation or 

contaminations, a consolidated ionic model for the crystal structure is helpful, if not strictly necessary. 

 

Figure 3.6 (left) XPS survey spectra of the CuS1 (a) and CuS2 (b) samples. (right) Unit cell of the covellite 

crystal structure showing the tetrahedral (Td) and trigonal (T) sites of Cu atoms, and the presence of 

(S2)2- and S2-. 

Table 3.2 Observed peaks position in the XPS spectra of CuS1 and CuS2 samples. 

Peak CuS1 CuS2 Reference99 

 (eV) (eV) (eV) 

Cu2s 1096.4 1096.6 - 

Cu2p1/2 932.1* 932.0* 932.2 - 932.2 

Cu2p3/2 951.9* 952.0* 952.3 

Cu3s 122.0 121.4 121.4 

Cu3p 75.6 75.0 74.6 

S2p 161.7 161.7 161.0 

S2s 226.0 226.2 225.5 

(*) referred to the asymmetric peak position of the Cu(I) component using the asymmetric profile approach.  

See Table 3.3. 
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To assess the surface composition of the samples, XPS analysis was carried out. To distinguish between 

spectral features arising from crystalline covellite and signals originated from surface oxidation or 

contaminations, a consolidated ionic model for the crystal structure is helpful, if not strictly necessary. 

However, such unambiguous description of covellite is not available yet, as the appropriate ionic model 

to describe CuS covellite is still a matter of debate in the scientific community. While the stoichiometry 

suggests a simple Cu2+ S2- model, and covellite is sometimes regarded as the copper(II) sulfide,155 the 

crystal structure alone clearly shows a very different situation. Cu is found in two sites having a 

different coordination: one trigonal site and two tetrahedral sites (Figure 3.6 right). In a trigonal site, 

Cu is only binding S2- ions, while in a tetrahedral sites Cu is bonded to three (S2)2- ions and one S2- ion. 

This led to the use of a Cu2S · CuS2 model that reflected the two different coordination environment of 

Cu.156 To explore the valence state of the metal in the different sites, many physico-chemical 

assessment have been performed, often resulting in non-resolutive or even contradictory results. 

EPR157 and XPS158,159 generally pointed to the presence of only Cu(I) in the structure with no Cu(II) 

character at all, indicating either a (Cu+)3(S2
2–)(S–)153 or a (Cu+)3(S2–)(S2

–)160 formula. The presence of a 

Cu(II) was instead pointed out by in XAS and XES experiments161 and further supported by theoretical 

calculations on electron density topology of the covellite structure.162 Therefore, the presence of Cu(II) 

suggested a ionic model having the formula (CuTd)+(CuT)+(CuTd)2+(S2)2−(S)2− (Td = tetrahedral site, T = 

trigonal site). In the latter case, the evidence of identical Td sites from crystallographic evidence may 

be justified with the presence of static disorder. Alternatively, assuming charge delocalization between 

the Td sites, an alternative description was employed: [(CuTd)2]3+(CuT)+(S2)2−(S)2−. In this case two 

identical CuTd having a fractional 1+1/2 oxidation state each was obtained.161,162 Alternatively, a ionic 

model (Cu1.3+)3(S2
2–)(S–)153 with all three Cu atoms sharing the same 1+1/3 oxidation state was proposed 

on the basis of XPS and nuclear quadrupole resonance (NQR) analysis.163 Recently, Cabrera-German at 

al. performed an in-depth quantitative XPS analysis on amorphous and crystalline covellite.164 From 

the analysis a Cu(I)/Cu(II) ratio of 1:1 for the crystalline compound was obtained. The XPS fitting was 

however complicated by oxidation phenomena occurring after a calcination step employed to promote 

the crystallization of the sample. The analysis here performed started from the one proposed by 

Cabrera-German et al., who adopted the traditional peak-fitting based approach to the analysis of the 

Cu2p region. It is worth to mention that the available literature rarely refers to the possibly relevant 

contribution of the phenomena of the multiplet splitting.165 In the common interpretation of XPS 

spectra, a single electron excitation is generally considered. However, this approximation often breaks 

down for 2p electrons in atoms having partially filled 3d orbitals. Therefore, as the presence of copper 

having an oxidation state higher that Cu(I) is suspected, a rigorous approach to the description of this 

region should be performed according to more advanced approaches like the charge transfer multiplet 

(CMT) theory.166 
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The obtained XPS survey spectra (Figure 3.6 left) pointed out only the presence of Cu, S, C and O, 

confirming the high purity of the samples. The complete list of the retrieved peak positions for Cu and 

S is reported in Table 3.2. As no organic compounds were employed in any stage of the synthesis, the 

presence of C resulted from common adventitious contamination.100 No charge effect was observed, 

likely thanks to the metallic conduction properties of CuS.153 From the semi-quantitative analysis 

performed on the spectra, a Cu:S atomic ratio of 1:0.8 was found for CuS1, while 1:0.9 was found for 

CuS2, both close to the expected 1:1 Cu:S stoichiometry. 

 

Figure 3.7 Comparison of the asymmetric-profile approach with the double-doublet approach for 

samples CuS1 (a,b) and CuS2 (c,d). Color scheme: red = main Cu(I) peak, yellow = possible Cu(I+) peak, 

blue = energy loss peak. 

The interpretation of the Cu2p region was made difficult by the possible presence of oxidation 

phenomena together with the still undetermined ionic model. Moreover, the asymmetric profile of 

the main photoelectron peaks may arise not only from the presence of smaller peaks at higher binding 

energy (such as Cu(II), either as part of the covellite structure or as a result of oxidation phenomena), 

but may also be explained as the excitation of electron near the Fermi level typical of conductors158,167 

or from the presence of surface contaminations and interfacial bonding.168 It may also noticed that the 

presence of asymmetry does not automatically exclude the presence of components at higher binding 
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energy, as the two might occur simultaneously. To account for both possibilities, the Cu2p 

photoelectron peaks was fitted by using two doublets or by a single asymmetric doublet, as two limit 

situations (Figure 3.7). 

Table 3.3 Fitting parameters emplyed from the application of the asymmetric-profile approach and the 

double-doublet approach to samples CuS1 and CuS2. Cu(I+) indicates an oxidation state higher than 

Cu(I). GL (%) refers to the mixing of Gaussian and Lorentzian contributions in the pseudo-Voigt profile. 

Peak   Position (eV) Area FWHM (eV)% GL (%)   Position (eV) Area FWHM (eV)% GL(%) 

CuS1 - double doublet     CuS1 - asymmetric profile  

Cu(I) 2s 3/2 932.1 60871 1.9 32  932.0 98553 1.6 36 

 2s 1/2 952.0 30436 2.6 3  951.9 49276 2.2 1 
           

Cu(I+) 2s 3/2 934.3 15235 1.9 36      

 2s 1/2 954.6 7617 2.6 1      
           

Energy-loss 962.9 4088 4.7 100  944.6 7080 3.7 100 

  942.2 8176 4.7 100  949.4 10898 3.7 100 

  943.9 8650 4.7 100  954.7 8573 3.7 100 

  942.2 8176 4.7 100  942.2 9327 3.7 100 

  962.9 4088 4.7 100  962.9 4663 3.7 100 

CuS2 - double doublet     CuS2 - asymmetric profile  

Cu(I) 2s 3/2 932.1 4558 1.6 45  932.1 6305 1.6 50 

 2s 1/2 952.0 2279 2.4 3  951.9 3152 2.1 50 
           

Cu(I+) 2s 3/2 933.8 945 1.6 45      

 2s 1/2 954.1 473 2.4 3      
           

Energy-loss 942.8 598 4.5 64  942.5 637 7.3 13 

  948.7 906 4.5 64  949.6 775 7.3 13 

  955.9 987 4.5 64  954.5 1117 7.3 13 

 

The presence of multiple energy-loss peaks was needed to be included in order to correctly obtain the 

1:2 area ratio for p1/2 and p3/2 photoelectron peaks. As starting guess for these components, the same 

secondary peaks used by Cabrera-German at al.164 were considered, while minimizing the total number 

of peaks in the fitting. Five energy-loss peaks were necessary for the CuS1 sample, that indeed showed 

a more complex structure between the two photoelectron components, while only three were used 

for the CuS2. The fitting parameters obtained are reported in Table 3.3. The 2p3/2 photoelectron peaks 

were found around 932 eV, as typical of Cu(I), while in the case of the double-doublet approach, the 

secondary components were found at around 934 eV, that is a value compatible with Cu(II).165 In the 

CuS1 sample, the photoelectron lines displayed a more asymmetric profile in comparison with the 

same components of the CuS2 sample. Moreover, the satellite components were more intense in the 

CuS1 sample. Indeed, the two additional peaks added in the CuS1 were found at higher binding energy 

to the 2p1/2 and 2p3/2 photoelectron lines respectively, and this might be related with the expected 
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presence of satellites for Cu(II). Since the presence of the shack up peaks is a typical feature of Cu(II),165 

from a qualitative point of view is possible to assume that a Cu(II) character may exist in CuS1. For 

CuS2, energy-loss components were barely visible from the spectra profile alone. Comparing the 

quality of the two fitting approaches, using an asymmetric line-shape allowed to obtain better results, 

with particular reference of the high binding energy side of the 2p3/2 peak. Therefore, it is possible to 

hypothesize that the correct line shape for the 2p3/2 components was the asymmetrical one. The more 

pronounced Cu(II) character in the CuS1 spectrum (more asymmetric profile of the 2p3/2 peaks and the 

increased intensity of satellites between them) might, at this point, be related to the presence of 

surface oxidation instead of being related to an intrinsic feature of the material surface. 

 

Figure 3.8 Fitted S2p (a) and O1s (b) XPS regions of sample CuS1, and S2p (c) and O1s (d) XPS regions 

of sample CuS1. 

The fittings of the S2p region were entirely performed using the expected doublets for p photoelectron 

lines. Three sets were employed for CuS1, while two sets were used for CuS2. Both S2- and (S2)2- were 

obtained,169 as expected from the crystal structure. In the case of CuS1, the additional doublet at 168.2 

eV is compatible with the presence of sulfates.169 Therefore, in the case of CuS1, a detectable surface 

oxidation was found, while no oxidation was visible for CuS2. This evidence supports the mentioned 

possible presence of Cu(II) in the CuS1 sample as results of surface oxidation. The presence of sulfates 

in CuS1 was also confirmed by the presence of a small peak at 533.5 eV in the O1s spectrum. Apart 

from this additional signal, only a single peak was found in the O1s regions, related to the common 

adventitious contamination. This also ruled out a detectable presence of oxide on the surface for both 

samples, as the O1s component for copper oxides was commonly reported to be around 529 eV.164 

Overall, the XPS analysis revealed that the obtained samples were free of relevant surface 

contaminations, except for the presence of a small concentration of sulfates on CuS1. From the Cu2p 

analysis, it was not possible to confirm or disprove the presence of a Cu(II) character as related to the 

crystal structure alone. However, the best results were obtained assuming asymmetric peak shapes, 

suggesting that the formula (Cu1.3+)3(S2
2–)(S–) could be best suited as a ionic model to describe the 

samples. A more advanced approach to the XPS analysis is advisable to achieve a better understanding 
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of the Cu2p region of the covellite, like the charge transfer multiplet (CMT) approach.166 Meanwhile, 

from the obtained results, it is possible to hypothesize that a relevant intensity (more than what 

observed for sample CuS2) of the satellites’ structure between the two Cu2p peaks could be used 

qualitatively as an indication of the presence of detectable surface oxidation on the CuS covellite 

surface. 

  

 

Figure 3.9 Relevant regions of the FTIR spectra of samples CuS1 (up) and CuS2 (down) recorded after 

different times: (a) freshly synthesized, (b) one month, (c) two months. 

The assessment of the surface properties of the samples was complemented by FTIR spectroscopy, to 

detect possible adsorbed moieties or functional groups. The spectra were characterized by a strong 

background with weak IR peaks intensities in the analyzed range. The background was interpolated 

with a cubic spline function to reduce the possibility of generating artifacts. A first spectrum was 

obtained on the freshly synthetized samples, then they were analyzed again after one month and two 

months while normally storing them in closed vials with no special precautions. In all the obtained 

spectra, the sample-related signals showed negative intensities, i.e. they would correspond to 

wavelength where the sample were absorbing less radiation with respect to the background. Any 
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contribution from an erroneously subtracted background was excluded and observed line shapes and 

positions are compatible with the observation of Dunn and Muzenda.170 The phenomenon was 

interpreted as a distortion related to the employment of the ATR setup equipped with a diamond 

crystal for the analysis of this material. Further investigations are ongoing. The interpretation was 

carried out as the peaks assumed the corresponding positive intensity, as this interpretation was 

confirmed by previous report on oxidation phenomena of CuS covellite.170 

In the as-synthetized CuS2 sample, only a weak broad signal at 3317 cm-1 was observed, related to the 

presence of adsorbed water molecules on the surface. An analogous but more intense broad peak was 

observed in the CuS1 samples at 3394 cm-1, indicating an increased presence of water molecules with 

respect to CuS2. Moreover, a peak at 1124 cm-1 was found, having two shoulder components at 1126 

cm-1 and 1068 cm-1. These peaks were compatible with the presence of sulfates, as also detected by 

XPS.106,170 The presence of three visible components indicates the splitting of the ν3 triple degenerate 

asymmetric stretching mode, caused by a lowering in symmetry from the Td point group. Such 

symmetry perturbation is likely to be small, as the ν1 symmetric stretching mode (that is not IR active 

in the Td symmetry) is still not distinguishable. Therefore, sulfates are likely to only weakly bind the 

surface of the material. An alternative explanation would be the formation of a small amount of bulk 

sulfates that was not detectable with the XRD analysis. In CuS1, a weak signal centered at 652 cm-1 was 

also observed. This peak was described as diagnostic of the formation of Cu2O.170 On the fresh sample 

(red spectra, Figure 3.9) the presence of -CHx stretching signals around 2900 cm-1 was attributed to the 

presence of traces of organic cleaning solvents on the ATR crystal. 

Spectra acquired after one and two months showed an overall increase in the intensity of signals 

originating from oxidation phenomena, together with an increase of the signal arising from adsorbed 

water molecules. In CuS1 both the sulfate and the Cu2O signals became more intense, while an increase 

in water absorption was also evident. Moreover, a peak at 3496 cm-1 appeared, that is likely related to 

the formation of isolated -OH moieties on the surface related to the oxide formation. In sample CuS2, 

a peak centered at 1105 cm-1 became visible, having two shoulders at 1059 cm-1 and 1689 cm-1. This 

signal is compatible with the presence of sulfates also in the aged CuS2, however having a different 

geometry of interaction due to the different observed line shape. It is hypnotizable that the sharper 

central peak observed in this case was originated by a double degenerate ν3 degenerate asymmetric 

stretching mode of sulfates having the C3v symmetry, and therefore interacting as monodentate.106,170 

Overall, these results indicate that, with the exception of a minor amount of interacting water 

molecules, no functional groups were found on the pure surface (e.g. no native -OH or -SH groups). 

CuS NPs are however susceptible to oxidation at room temperature. Oxidation was found to produce 

sulfates and Cu2O in accordance with previous reports of oxidation experiments on covellite.170 Since 
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the oxidation proceeded to a faster rate on the smaller NPs of the CuS1 sample, it is likely that the 

phenomenon was size-dependent. This suggests that the reactivity of the material is altered as NPs 

size is lowered. Therefore, in the case of small NPs, it highly advisable to store the material under inter 

conditions and to use freshly made samples if a clean pristine surface is required or desirable. 

 

Figure 3.10 Raman spectra of the CuS1 (a) and CuS 2 (b) samples. 

The FTIR analysis was complemented with Raman spectroscopy (Figure 3.10). In both spectra a strong 

peak was found at 470 cm-1 corresponding to the A1g mode, referred as the S-S stretching in the crystal 

structure.171 A second peak was found at 280 cm-1 for CuS1 and at 263 cm-1 for CuS2. This signal is 

commonly attributed to the Cu-S stretching in the structure.171 While the S-S peak did not display a 

significant shift between the two samples, a relevant difference was found for the Cu-S signal. The 

position observed for CuS2 is indeed very close to the literature values,171 while, in CuS1, the peak is 

significantly broadened and shifted toward higher frequencies. 

From the surface assessment of the as-synthesizes samples, the absence of oxidation was retrieved for 

sample CuS2, while the formation of sulfates was observed for CuS1. The FTIR analysis indicated the 

appearance of sulfates for both samples and the formation of Cu2O on the surface of the CuS1 after 

one month of air exposure. Therefore, CuS covellite showed to be sensitive to oxidation even at room 

temperature if not conserved under proper protected conditions. As smaller NPs sizes were retrieved 

in sample CuS1 in comparison to sample CuS2, it is plausible that the observed surface oxidation was 

size-dependent, indicating an increased reactivity of the smaller NPs. 
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3.2 Lead sulfide - PbS

 

Lead sulfide is a semiconductor having a band gap of 0.41 eV.172 By reducing the size of the material 

down to the range of the nanostructures, the bandgap can be tuned from the NIR to the visible part of 

the spectrum, in the range 0.8 - 1.8 eV.173 For this reason, PbS found many applications in photodevices 

that operated in the infrared range, like infrared detector, photoemitter, nonlinear element, and 

sensor.174 Moreover, PbS is also a candidate light-harvesting additive in photovoltaic cells,175–177 not 

only for the absorption properties in the visible spectrum, but also for the favorable conversion of the 

excess energy absorbed to extra hole-electron pairs (carrier multiplication phenomenon).178,179 

However, these attractive properties were also observed to be spoiled by the rapid oxidation of the 

NPs, that gradually reduces the size of the PbS phase, leading to the blue shift of the light adsorption.180 

Therefore, an increasing interest in the characterization of oxidation phenomena of PbS NPs is now 

emerging181,182 as the protection of the PbS surface by employing passivating ligands was found to be 

not sufficient to protect the NPs.182  

The most common synthetic methods of PbS nanoparticles relies on a colloidal organic-solvent based 

approaches and normally requires the employment of organometallic precursors for Pb,183,184 while in 

the reports of syntheses carried out in water employed common salts as precursors and where aided 

by the addiction of stabilizing agents.185,186 Here, the ligand-less batch approach was successfully 

applied to PbS, pursuing both the obtainment of NPs and the study of oxidation phenomena.  

 

3.2.1 Crystal structure, size and morphology 

 

The obtained crystal structure was assessed XRD. For both PbS1 and PbS2 samples only the pattern of 

PbS galena (ICSD 98-003-8293, space group F m -3 m) was retrieved, indicating the material was free 

of crystalline contaminations. 
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Figure 3.11 XRD patterns retrieved for the PbS1 and PbS2 samples. 

 

 

Figure 3.12 TEM micrographs from samples PbS1 (a) and PbS2 (b). Equivalent spherical diameter 

distribution obtained from the segmentation procedure for samples PbS1 (c) and PbS2 (d). 

From the TEM micrographs (Figure 3.12), squared NPs were observed. As no capping ligands or 

surfactants were employed during the synthesis, particles displayed the tendency to aggregate on the 

TEM grid. Since a squared shape was observed, the dimensional analysis was performed by segmenting 

the individual particles with rectangles, obtaining a long a and a short dimension, along with the 

projected area. From the measured dimensions, aspect ratio and equivalent spherical diameter (i.e. 

the diameter of a sphere projecting the same area to a measured particle) were calculated. 

(c) (d) 
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 Table 3.4 Size distribution descriptors obtained from TEM population of sampled particles, from TEM 

distribution fitting and from refined XRD data. AR = aspect ratio. 

 TEM    TEM-fitted Refined 

  Major  Minor Avg. AR Eq. Diam Eq. Diam Eq. Diam 

Sample PbS1       

D1,0 (nm) 34 26 1.3 30 31  

Std. dev. (nm) 10 (30%) 7 (27%)  8 (27%) 5 (19%)  

D3,2 (nm)    35 33  

D4,3 (nm)    38 34 26 

Skewness 1.5 1.3  1.4 0.6  

Kurtosis 2.3 2.9  2.9 0.6  
       

GoF      1.3 

Sample PbS2       

D1,0 (nm) 36 29 1.3 32 35  

Std. dev. 10 (27%) 7 (23%)  8 (23%) 8 (21%)  

D3,2 (nm)    36 38  

D4,3 (nm)    38 40 33 

Skewness 0.8 1.0  0.6 0.7  

Kurtosis 2.3 1.0  1.3 0.8  
       

GoF      1.2 

 

 

Figure 3.13 Refined XRD profile for samples PbS1 (a) and PbS2. (b) Inset: equivalent crystallite shape 

obtained employing the Popa model for anisotropic crystallites. 

The equivalent spherical diameter was employed to obtain the relative diameter distribution to 

approximate a description based on a single dimensional descriptor. The obtained spherical diameter 

distribution was fitted using a lognormal distribution. The retrieved descriptors are reported in Table 

3.4. Both PbS1 and PbS2 showed almost equal D1,0 sizes of 31 nm and 32 nm. The polydispersion 

retrieved was limited, as the retrieved standard deviation was 8 nm in both cases, corresponding to a 

relative standard deviation of 27% and 23% respectively. In general, standard deviation values for the 

calculated parameters was comprised between 20% and 30%. The average aspect ratio of 1.3 for both 

samples indicates a similar average shape, being slightly deviated from the proportion expected for a 

(a) (b) 
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perfect cube. Overall, little difference was evident from the TEM analysis between the two samples 

with regards to size and morphology.  

The dimensional and morphological analysis was complemented by refining the obtained XRD 

patterns.84 The model developed by Popa et al.154 was employed to model reflections broadening 

accounting for the observed anisotropy of the NPs. From the fits, the equivalent isotropic diameter 

D4,3 (i.e the diameter of the spherical particle producing the analogous non-anisotropic pattern of the 

one recorded) obtained was 26 nm and 33 nm for the PbS1 and PbS2 respectively. Therefore, the 

analysis confirmed that, using Na2S as precursor instead of NaHS, a sensibly smaller average particle 

size was achieved, similarly to ZnS and CuS. It can be assumed that the batch synthesis here employed 

allows to tune the final average NPs size by properly mixing the two sulfur precursors, even though the 

explorable NPs size range would be, in this case, minimal. By constructing the crystallite shape from 

the spherical harmonics used in the Popa model to account for crystallite anisotropy, a squared shape 

was obtained (Figure 3.13 inset), as expected from the NPs morphology observed with the TEM 

analysis. Comparing the estimated average values with the D4,3 averages obtained from the TEM 

analysis, a relevant underestimation is evidenced. This is likely to be related to instrumental 

contributions in the reflections broadening, and a more accurate calibration of instrumental 

broadening effect might be required.  

 

3.2.2 Surface composition 

 

The surface composition of the samples was studied using XPS spectroscopy. From the survey spectra 

(Figure 3.14) only Pb and S were detected, apart from C and O originated from adventitious 

contamination.100 From the semi-quantitative analysis, a Pb:S atomic ratio of 1:0.9 was retrieved, 

indicating that the surface shares the same stoichiometry of the bulk. A precise attribution of the 

higher energy binding component is matter of a long-lasting debate, and is connected to the oxidation 

mechanism of PbS galena.181,187–190 Analogous peaks were attributed to the possible formation of lead 

oxide, hydroxide, carbonate and hydroxycarbonate in dedicated studies.181,188,189 In the case of the 

region O1s of the sample PbS1, the presence of a component at 528.8 eV was observed, along with 

the adventitious peak at 531.3 eV, that confirmed the presence Pb-O bonds. In the PbS2 sample, only 

one peak attributed to adventitious contamination was found at 532.0. The interpretation of the S2p 

region is complicated by the presence of an irregular background caused by energy-loss components 

of the Pb4f peaks with the possible presence of contributions also arising from the Pb5s peak. 
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Figure 3.14 XPS survey spectra of samples PbS1 (a) and PbS2 (b). 

Table 3.5 Observed peaks position in the XPS spectra of PbS samples. 

Peak PbS1 PbS2 Reference99 

 (eV) (eV)  

Pb4s 893.4 - - 

Pb4p1/2 763.8 764.6 - 

Pb4p3/2 645.4 645.4 - 

Pb4d3/2 435.8 435.0 - 

Pb4d5/2 412.6 411.8 - 

Pb4f5/2 142.4 142.4 - 

Pb4f7/2 137.5 137.5 137.8 - 137.5 

Pb5p 83.8 83.0 - 

5d3/2 19.0* 19.0* 21.6 

5d5/2 19.0* 19.0* 18.5 - 19.1 

S2s 225.4 224.6 225.3 

S2p 160.7 160.7 160.4 - 161.9 

(*) spin-orbit components not resolved. 

The S1p doublet displayed an additional feature at lower binging energy, around 159 eV (Figure 3.15 

b,e). Since the retrieved position of the main component was 160.7 eV for both samples, which is 

compatible with S2- in PbS,181,187 the additional feature cannot be attributed to S photoelectrons 

emission. Therefore, the additional component was considered arising from the energy-loss peak of 

Pb4f. From the obtained spectra, no visible contribution from oxidized sulfur compounds was evident. 

The absence of these features despite the prolongated exposure to air, and, despite the evidence of 

oxidation in the Pb4f region, was already reported.189 Cryogenic-temperature XPS experiments 

reported the formation of weakly bound elemental sulfur as primary product of the sulfide oxidation, 

while only after extensive periods of exposure to air, sulfates and sulfites were clearly detected.187,189 

Therefore, the samples here analyzed appears to be in an early step of S oxidation, where surface SOx 

may not be already formed and S(0) could not be detected due to its desorption in high-vacuum 

conditions. 
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Figure 3.15 XPS fits of sample PbS1: Pb4f (a), S2p (b) and O1s (c); sample PbS2: Pb4f (d), S2p (e) and 

O1s (f). 

 

Figure 3.16 Relevant regions of the FTIR spectra obtained from as-synthetized PbS2 (a), two weeks 

aged PbS2 (b) and one year aged PbS1 (c). Spectra obtained from PbS2 were multiplied with the 

indicated factor to allow an easier visual comparison. 

The analysis was extended using FTIR spectroscopy to detect the presence of adsorbed moieties or 

functional groups anchored to the surface. The interpretation of the spectra was complicated by an 

irregular background, that did not allow a reliable distinction of the weak peaks retrieved, especially 

for sample PbS2. PbS2 was analyzed shortly after the synthesis and after two weeks of normal (air-

exposed) storage conditions. A group of weak signals in the range 1160 - 1450 cm-1 was observed in 
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both spectra. Similar signals were reported in the case of CO2 interacting as a Lewis base to oxides 

surface,191 but no complementary peaks around 2300 cm-1 were observed. An alternative explanation 

may consist in weakly adsorbed SO2, as a weakly bound surface oxidation product.192 In the low 

frequency region, the spectra background assumed a tightly bent shape, making difficult and prone to 

error the identification of peaks. Signals were retrieved in this region, especially at 1010 cm-1 and 937 

cm-1, that may be assigned to the presence of sulfites on the sample.192,193 By considering the oxidation 

mechanism hypothesized by Cant et al.,181 lead oxidation should proceed toward the formation of 

Pb(OH)2, while the first step for the sulfur oxidation was predicted to be the protonation of sulfide to 

from -SH groups. Both these signals were not visible in the acquired spectra, as at high frequencies 

only a broad peak centered at 3267 cm-1 was visible in the as-synthetized sample. This signal was 

compatible with the stretching mode of adsorbed water molecules. The complete absence of adsorbed 

water was instead retrieved for the sample after two weeks. Therefore, it is possible that the obtained 

particles were in fact free of relevant surface oxidation, or that the currently proposed oxidation path 

is scarcely applicable to the analyzed system. 

The PbS1 sample was analyzed after an extensive storage period of approximatively one year. The 

retrieved peaks were found to be substantially more intense, as expected from the gradual formation 

of oxidation products over time. In the spectra, the presence of adsorbed water was again retrieved 

from the HOH stretching band at 3288 cm-1. A broad peak centered around 1363 cm-1 was also found, 

that may be again be interpreted weakly adsorbed SO2.
192 The strong peak at 1018 cm-1, having a 

weaker component at 889 cm-1 was again attributed to the formation of SOx species, and likely 

attributed to sulfites.192 A broad peak also appeared at 2885 cm-1. The position of this signal would be 

typical of the stretching of aliphatic -CHx groups, but, since no organic species were expected to be 

found on the surface, this attribution is unlikely. Comparing the retrieved line shape with the -SH 

stretching peak reported by Hertl194 on commercial ZnS, a certain line shape similarity was noticed. 

Moreover, the broadening of this signal may be associated to the formation of hydrogen bonds 

(possibly with water molecules), similarly to the adsorbed water molecules, that do not occur with 

aliphatic -CHx. This made possible to assume that the signal was related to the presence of -SH moieties 

having a peculiarly high stretching frequency, as they would normally appear around 2500 cm-1. This 

observation would align with the predicted presence of such group on the PbS surface as effect of 

oxidation phenomena made by Cant et al.181 
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Figure 3.17 Raman spectra of samples PbS1 (a) and PbS2 (b). 

The Raman spectra of the samples were also recorded to complement the characterization of the 

sample. Since CuS galena possess a rock-salt structure, none of the crystal vibrational modes are 

Raman active, and the spectra of a freshly cleaved galena surface was reported to be completely 

featureless.195 The peaks found on air-exposed surfaces were therefore exclusively produced by 

oxidation products or other contaminations. In the case of PbS1, three weak peaks at 974, 635 and 439 

cm-1 were visible, while only two peaks at 975 and 439 cm-1 were observed for PbS2. All these signal 

were consistent with heat-induced formation of sulfates caused from the laser irradiation during the 

Raman analysis.195 Since no sulfates were visible at the FTIR analysis, the formation of sulfates is likely 

to be entirely caused by the local increase of temperature. 

The characterization of the PbS NPs by XPS, FTIR and Raman spectroscopies showed for both samples 

a similar condition. The presence of oxidation was confirmed only by a minor component of the Pb4f 

XPS region, and from the presence of an additional component at low binding energy in the O1s region 

for PbS1, indicating the oxidation of Pb had occurred. In freshly made samples, a reliable identification 

of the formed surface compound was not achievable due to lack of other spectral components possibly 

arising from it. It was also not possible to clearly obtain evidence of the presence of sulfur oxidation. 

Overall, despite particles were synthetized in water and not conserved under inter atmosphere, only 

little oxidation was found, as typical of the very early stages of air-exposed PbS.189 Therefore, employed 

synthetic method is suitable to obtain pure NPs. The presence of sulfur oxidation became more visible 

after approximatively two weeks of air exposure and gradually got relevant after a long period, 

remarking the importance of proper storage conditions for this material. This result contrasts with 

previous reports of the strong oxidation sensitivity for very small PbS NPs (about 4 mn), that where 

observed to be significantly oxidized even after few hours of air exposition.180 This suggests a strong 

size-dependence for oxidation in PbS. 
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3.3 Manganese sulfide – MnS

 

Manganese sulfide is a p-type semiconductor having a wide band gap of ~3 eV,196 that is also 

characterized by interesting magnetic properties, as it possess a Nèel temperature of 80 K (γ-MnS), 

100 K (β-MnS) and 154 K (α-MnS), depending on the polymorph.197 Indeed, MnS is known in three 

polymorphs. The most common and stable one is the cubic α-MnS, while other two metastable phases 

exists: cubic β-MnS and hexagonal γ-MnS. MnS properties were used to develop different applications 

in the fields of photocatalysis,198 for bioimaging as contrasting agent in MRI,199 as photoluminescent 

material200 and in the field of short wavelength optoelectronics.201 The different polymorphs were also 

applied in different fields. α-MnS found applications as microwave absorber and as electrode material 

in Li-ion batteries for its Li storage capabilities,88,202,203 while γ-MnS was used for electroluminescent 

displays and light emitters.204 

The first documented synthesis of MnS NPs was reported by Kan et al.205 who employed a 

hydrothermal method to obtain pure α-MnS. The hydrothermal approach was than later developed, 

to allow the synthesis of either pure α-MnS or mixed β-MnS and γ-MnS in a organics-free approach.206 

Single-source precursors207 and heat-up approaches208 have also been used successfully. 

 

3.3.1 Crystal structure, size and morphology 

 

The crystalline phase of the obtained MnS1 and MnS2 samples was firstly checked by XRD. The 

diffractogram of sample MnS2 (Figure 3.18b) indicated the presence of β-MnS (browneite, ICSD 00-

040-1288, space group F-43m) as major component, along with the presence of γ-MnS (rambergite, 

ICSD 00-040-1289, space group P63mc). Refining the obtained XRD pattern, it was determined that the 

sample was composed by 73% wt. of β-MnS, while γ-MnS constituted the remaining 27% wt. The 

reduced reflections broadening also indicated that the average crystallite size was > 100 nm. A very 

different situation was indeed detected for sample MnS1, where only a small bump was observed at 

27.6°, suggesting the presence of poorly crystalline β-MnS, while the presence of Mn(OH)2 (ICSD 98-

002-3591, pyrochroite, space group P -3 m 1) was clearly visible. As the sample MnS1 displayed poor 

crystallinity and strong oxidation, it was not further characterized. Therefore, in the case of MnS, it 

appeared that the pH played an important role on the formation of MnS. In the case of MnS1, when 

Na2S was employed as sulfur precursor (pH 13.0 – 12.6), a consistent formation of Mn(OH)2 was 

observed. On the contrary, the employment of NaHS (pH 11.3 - 10.6) led to the formation of only MnS. 
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Figure 3.18 XRD pattern retrieved from samples MnS1 (a) and MnS2 (b), and refined profile of the 

MnS2. 

 

 

Figure 3.19 Crystal unit cells of α-MnS (a), β-MnS (b) and γ-MnS (g). 

 

 

Figure 3.20 TEM micrographs of the MnS2 sample at different magnification. 

  

(a) (b) 

(a) (b) (c) 
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From the TEM analysis, polygonal particles were obtained for sample MnS2, having a broad size 

polydispersion. Particles size were found to vary roughly from 40 nm to 200 nm, with additional smaller 

particles visible as small aggregates (Figure 3.20b). Noticeably, both β-MnS and γ-MnS are known to 

be metastable phases, since the thermodynamically stable phase is the cubic α-MnS phase, having a 

rock-salt type of structure.206 An analogous synthetic approach was employed by Michel at al.,206 who 

developed a hydrothermal method for the synthesis of pure α-MnS. In the same work, it was reported 

the precipitation of mixed β-MnS and γ-MnS by mixing a 0.2 M ZnCl2 with 0.2 M Na2S solution having 

low crystallinity and small particle dimension, being the first water-based and organics-free synthesis 

of these metastable phases. It was reported that particles were easily oxidized upon exposure to air, 

in perfect agreement with the presence of Mn(OH)2 here reported for sample MnS1. The particles were 

described to convert entirely to α-MnS upon aging at high temperature. Veeramanikandasamy et al.209 

reported another water-based synthesis that allowed the obtainment of pure-phase crystalline 

microparticles of both β-MnS and γ-MnS at 65 °C. In this case, Veeramanikandasamy at al. employed 

thioacetamide as sulfur precursors, along with ammonium chloride, triethanolamine and trisodium 

citrate as additives. In that work, the importance of the Mn:S molar ratio to control the final obtained 

phase was pointed out. In the framework of these syntheses, the employment of NaHS allowed to 

obtain crystalline air-stable β-MnS / γ-MnS particles at low temperature without the need of additional 

aging steps. Moreover, as a strong influence of many reaction parameters (i.e. choice of precursors, 

employed molar ratios and reaction temperature) was reported before,206,210 it is plausible that more 

room for further optimization exists for this water-based organics-free approach, possibly allowing a 

better control over the final product. Accounting for the these results and the work of Michel at al.,206 

by properly adjusting the precursor pH by using mixed Na2S and NaHS solution, it is likely that a strong 

effect on crystalline phase, morphology and reactivity of the obtained particles may be pursued. 

 

3.3.2 Surface composition 

 

The surface composition of the air-stable MnS2 sample was assessed with XPS spectroscopy. From the 

survey spectra (Figure 3.21) only peaks originated from Mn, S, C and O were observed. The presence 

of the last two elements originated from the common adventitious contamination of the samples.100 

A semi-quantitative analysis was performed, resulting on a S:Mn ratio of 1:1, that perfectly matched 

the stochiometric 1:1 ratio expected from the compound stoichiometry. This results was in agreement 

with the known low-defectivity of manganese sulfides.211 

  



3.3 Manganese sulfide – MnS 

113 

 

 

Figure 3.20 XPS survey spectrum of the MnS2 sample. 

Table 3.6 Observed peaks position in the XPS spectra of the MnS2 sample. 

Peak MnS2 Reference99 

 (eV) (eV) 

2p1/2 652.6* - 

2p3/2 641.2* 640.3 - 641.9 

3s 83.0 82.6 

3p 48.6 48.9 - 48.1 

S2s 225.4 225.9 

S2p 161.2 161.4 - 161.9 

(*) maximum point of the multiplet. 

 

Figure 3.21 (a) XPS fitting of the Mn2p region employing the envelope approach developed for MnO 

(see text). XPS fitting of the S2p (b) and O1s (b) regions. 

The interpretation of the Mn2p region was complicated by the known presence of relevant many-body 

effects.212 The presence of unfilled 3d orbitals in Mn causes the single electron excitation 

approximation to break down, causing, in turn, the 2p signal to split in multiple overlapping 

components due to the coupling of the ionized core-level with the valence open shell. The total line 

shape is therefore highly asymmetric and complicated by the presence of satellites peaks.166,212,213 For 

the interpretation of this region, different approaches can be found in the literature. Many authors 

based their analysis on a traditional single-body fitting, by employing the least number of peaks to 
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obtain a good reconstruction of the observed line shape. Normally, in this approach, components at 

different binding energy with respect to the main photoelectron line of Mn2p are ascribed to the 

presence of Mn in different oxidation states.214–218 However, by using this method, serious concerns 

might be raised about the data interpretation, as the validity of the single electron excitation 

approximation is implied. Indeed, despite the Mn2p region has the highest photoionization cross 

section, the use of the 2s and 3p regions is generally best suited to retrieve information on the Mn 

oxidation state.219–221 Alternatively, an improved empirical approach was developed to include multi-

body effect. The single peaks employed for single-body excitation lines were substituted with 

envelopes of multiple narrow components.222 These envelopes consists of peaks sharing a fixed 

relative width and were obtained for a reference compound having Mn in a known oxidation state. 

Starting from the reference fitting parameters, the analysis of a compound of unknown composition 

can be performed using the pre-determined fitting parameters for the envelopes on the experimental 

profile. However, these studies were mainly focused on Mn oxides, and no reference data to obtain 

peaks envelopes for manganese sulfides are currently available in the literature. As closest comparison, 

the envelope developed by Nessbit and Barnerjee222 for MnO was employed to fit the MnS data in 

Figure 3.21.  

Table 3.7 XPS fitting parameters employed for the application of the MnO envelope approach to the 

Mn2p region in MnS. GL (%) refers to the mixing of Gaussian and Lorentzian contributions in the 

pseudo-Voigt profile. 

Peak Position (eV) Area FWHM (eV)% GL (%) 

Envelope peak 1 640.0 454 1.5 19 

Envelope peak 2 641.1 435 1.5 19 

Envelope peak 3 642.0 277 1.5 19 

Envelope peak 4 642.9 155 1.5 19 

Satellite 644.7 1067 5.7 0 

Envelope peak 1 651.6 227 1.5 100 

Envelope peak 2 652.7 218 1.5 100 

Envelope peak 3 653.6 139 1.5 100 

Envelope peak 4 654.5 78 1.5 100 

Satellite 656.3 534 5.7 0 

 

In the model reported for MnO, five peaks were used with the addition of a sixth broader satellite 

peak. To allow a better evaluation of the background, both 2p3/2 and 2p1/2 peaks were fitted, by using 

for 2p1/2 an analogous envelope having a total area fixed to the half of the 2p3/2 area, as imposed from 

the spin-orbit coupling of 2p lines. The position of each 2p1/2 peak was fixed at 11.6 eV higher that the 

corresponding 2p3/2 component, to comply with the spin-orbit splitting of the region in MnS223, with 

the exception of the satellite peaks position. The fitting parameters are reported in Table 3.7. 
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Comparing the obtained fit (Figure 3.21a) with the one reported by Nessbit and Barnerjee222 for MnO, 

a much more intense contribution from the satellite peak was obtained, while the inclusion the fifth 

envelope component at the highest binding energy (originally employed for MnO) was observed to be 

unnecessary and was discharged. The fit performed poorly only in the 2p1/2 region not originally 

included by Nessbit and Barnerjee222. However, the increased intensity of the shoulder component at 

higher binding energy here fitted with the free satellites peaks resulted in a remarkably different line 

shape. Overall, the MnO envelope model did not appeared to be a good approximation to the observed 

MnS line shape, as different features were evidenced between the two spectra. Qualitatively, the 

position of the 2p3/2 maximum at 641.2 eV was compatible with other reports in the literature for MnS, 

and in general with Mn2+.222,224 Due to the lack of specific investigations on MnS, it was not possible to 

obtain reliable information on the presence of other oxidation states other than Mn2+ on the probed 

surface, or to assess the formation of Mn-O bonds from this spectral region. Since the line shape of 

the Mn2p region in pure MnS has not been established yet in the literature, it was not possible to 

distinguish possible additional components other the ones expected just for MnS alone. 

The S2p region of the spectra showed a main peak located 161.2 eV, that can be associated to the S2- 

oxidation state, while a weak additional signal was found at 167.7 eV. This second component can be 

associated either to sulfate or sulfite moieties as surface oxidation product of the material.181 While 

the presence of sulfates or sulfites could not be confirmed by the O1s region, as no high energy 

components were found, a small contribution at 529.4 eV suggests the presence of MnO.225 The main 

O1s peak at 531.6 was related to the adventitious contamination of the sample. Overall, despite the 

complexity and the lack of fundamental investigation on the Mn2p spectral region prevented an in-

depth analysis of the contributions to the peaks, the purity of the surface could be assessed combining 

information from the S2p and O1s regions. The material surface was found to be mostly pure, with 

traces of Mn and S oxidation. 

 

Figure 3.22 FTIR spectrum of the MnS2 sample. 
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The MnS2 sample was further analyzed by FTIR spectroscopy to probe the vibrational properties of 

possibly present moieties anchored to surface. The presence of the broad peak centered at 3332 cm-1 

was commonly associated to the stretching modes of adsorbed water. The formation of carbonates 

was shown by the presence of the two peaks at 1512 cm-1 and 1400 cm-1 formed by the splitting of the 

double degenerate OCO stretching mode ν3 upon adsorption. The retrieved positions suggest the 

formed carbonates were binding the surface in a monodentate mode.107 A group of peaks was found 

a lower frequency, having the most intense contribution at 1094 cm-1, and other distinguishable 

components at 987, 945 and 843 cm-1. As XPS analysis indicated the formation of SOx species, these 

signals may be related with the formation of sulfites.192,193 Lastly, the strong peak at 604 cm-1 can be 

attributed to Mn-S lattice vibrational modes, as similar peaks were previously reported by other 

authors for α-MnS.209 

 

Figure 3.23 (left) Raman spectra of the MnS2 sample acquired with laser power at 1 (a), 5 (b), 10 (c) 

and (d) 24 mW. (right) Comparison of the spectra obtained at 5 (c) and 10 (b) mW with natural samples 

of α-MnS (d) and Mn3O4 (a). 

The characterization of the obtained particles was complemented by Raman spectroscopy. In Figure 

3.23 the spectra were acquired on the same spot using a laser power of 1, 5, 10 and 24 mW, resulting 

in very different patterns. The spectra acquired at 1 mW was dominated by the peaks of orthorhombic 

sulfur S8.113 The presence of sulfur was also observed in sample ZnS2 (Chapter 2.2, Figure 2.6b), and 

can be explained either as a product of photodegradation of the material, as no other characterization 

technique revealed its presence, or as a contamination caused from the employed excess of sulfur 

precursor in the synthesis. A peak at 276 cm-1 was also observed, that however is of unknown origin. 
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By increasing the laser power to 5 mW, any sulfur-related peak disappeared, possibly due to its 

evaporation in consequence of the local heating caused by the laser irradiation. The obtained pattern 

matches the one reported for natural α-MnS,226 and the one predicted by Avril et al.227 This indicates 

that the local heating produced from the laser irradiation has changed the crystal structure of the 

sample, causing the formation of the thermodynamically stable phase. It is interesting to notice that 

according to the group theory, α-MnS should not display any Raman-active mode. However, local 

symmetry breaking phenomena allows the obtainment of a diagnostic spectra for this phase.227 By 

further increasing the laser power, a different pattern was again obtained. Four peaks were outlined 

at 281, 310, 365, 469, 650 cm-1. The same pattern was also obtained by Zhang et al.,228 and it was fully 

attributed to β-MnS. However, as also Avril et al.227 reported for laser-heated α-MnS samples, this 

pattern almost perfectly matched the one of natural Mn3O4,226 that was therefore formed as 

consequence of sample heating during the analysis. By further increasing the laser power to 24 mW, a 

general shift and broadening of the previous peaks was obtained, that likely indicates further oxidation 

or a loss of crystallinity of the sample. Overall, the obtainment of diagnostic peaks for the original β-

MnS and γ-MnS phases was not possible due to the presence of sulfur and due to the sensitivity of this 

phases to the heat produced by the laser irradiation. Only the unknown peak 276 cm-1 observed at 1 

mW may be related to the original MnS phases, but a reliable attribution was not possible due the lack 

of data found in the literature for metastable MnS phases and the possible presence of other 

contaminations. 

Overall, the surface characterizations performed on MnS2 indicates the presence of detectable surface 

oxidation, especially from the S2p and O1s region of the XPS spectra and from the FTIR spectra. The 

main oxidation phenomena that was observed consisted in the formation of both sulfites and 

manganese oxide. The Raman analysis was unsuited for detecting such species, as the material 

displayed a remarkable sensitivity to heat-induced modifications, that altered completely the obtained 

pattern. This observation is coherent with the know metastability of the obtained β-MnS and γ-MnS, 

that easily converts to α-MnS when heated. 
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3.4 Silver sulfide - Ag2S

 

Ag2S is a semiconductor having a small bandgap of ~0.8 eV, that attracted attention for its ionic and 

electron conductivity at room temperature.229 This material display a remarkable optical absorption in 

the 700 – 1000 nm range, thus in correspondence to the first biological window.230 Indeed, in these 

frequencies the material strongly produces heat upon irradiation.230 For this reason, one of the most 

appealing applications of Ag2S resides in the development of biomedical nanosystems for phototermal 

therapy (PTT).231,232 Other relevant application of Ag2S are in the field of infrared detectors, electronic 

memories and sensors for the detection of hydrogen sulfide.233 

Ag2S is found in three polymorphs, that are stable at different temperatures. The low temperature 

polymorph is the monoclinic α-Ag2S acanthite, which is stable at temperature below 450 K, while 

between 450 K and 852 K the stable phase is the cubic β-Ag2S argentite. Over the temperature of 852 

K the cubic γ-Ag2S is obtained.233 The α-Ag2S to β-Ag2S transition was also observed to be size-

dependent, as for smaller particles the transition temperature is lowered.233 

Many approaches have been applied for the synthesis of nanostructured Ag2S, such as precipitation in 

water, template-based, sol–gel, microemulsions, sonochemical, hydrothermal, solvothermal, 

electrochemical, microwave-based methods.234 In these approaches, stabilizing agents are normally 

used to prevent both aggregation and oxidation phenomena to occur.234 Here, the ligand-free 

precipitation method presented was used to characterize the effect of the absence of such moieties 

on the properties of the material. For the synthesis, Na2S was used as a sulfur precursor.  
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3.4.1 Crystal structure, size and morphology 

 

The obtained crystal structure was firstly checked by XRD. From the diffractogram, only the presence 

of the monoclinic crystalline phase α-Ag2S (ICSD 98-003-0445, acanthite, space group P 1 21/c 1) was 

retrieved. Along with the sharp reflections of α-Ag2S, a broad diffuse scattering contribution was 

noticed. 

 

Figure 3.24 XRD pattern obtained from the synthetized Ag2S sample. 

 

Figure 3.25 TEM micrographs obtained for the Ag2S sample. 

The TEM analysis was made difficult by the degradation of particles under the electron beam. Only 

zoomed-out micrographs could be obtained without incurring in a visible modification of the particles. 

From the obtained images (Figure 3.25), the presence of bigger particles (approx. 50 – 120 nm) along 

with smaller particle (approx. 10 – 20 nm) were visible, suggesting the presence of two sets of particles. 
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Figure 3.26 (a) Refined XRD profile of the Ag2S sample, fitted using the approach by employing two 

sets of particles. Color scheme: blue = set of big particles; yellow = set of amorphous material / small 

particles; red = total intensity of the fit; green = fit residuals. Crystal structure retrieved from the 

refinement of the XRD pattern for the larger particles (b) compared with the crystal structure refined 

by Zamiri et al 235 (c). 

Table 3.8 Retrieved crystal structure of larger particle fraction of the synthetized Ag2S in comparison 

with the values reported by Zamiri et al.235 

Cell parameters a b c  α β γ 

 (Å) (Å) (Å) (°) (°) (°) 

This work 4.228(1) 6.929(2) 8.284(2) 90 110.577(9) 90 

Zamiri et al.235 4.2278 6.9289 9.5323 90 125.58 90 

       
Structure Element X Y Z Occup. Wyckoff site 

This work S 0.268(6) 0.233(4) 0.133(3) 1 4e 

 Ag 0.047(2) 0.018(1) 0.309(1) 1 4e 

 Ag 0.647(1) 0.318(1) 0.438(1) 1 4e 

Zamiri et al.235 S 0.49293 0.23577 0.13261 1 4e 

 Ag 0.07245 0.01478 0.30895 1 4e 

 Ag 0.72498 0.32529 0.43819 1 4e 

       
As the presence of small and/or poorly crystalline NPs produces a much weaker scattering intensity in 

comparison to large crystals, the presence of the diffuse scattering in the XRD pattern was attributed 

to the small NPs observed in the TEM micrographs. To estimate the relative amount of the two set of 

particles, the XRD profile was fitted. Initially, the unit cell and crystal structure parameters were 

adjusted starting from the structure retrieved in the literature for α -Ag2S,236 while treating the diffuse 

scattering contribution as background. From the obtained pre-optimized structure, two populations of 

particles sharing the same crystalline phase were used to fit again the experimental pattern. A first set 

was used to describe the contribution of the sharp reflections showed by the larger particles, therefore 

a crystallite size >100 nm was employed. The second set was used to model the diffuse scattering 

contribution, assuming a crystallite size smaller than 10 nm. After a pre-optimization of the relative 

(a) 

(b) (c) 
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amount of the two models in the experimental pattern, the crystal structure of the large particles was 

finally optimized. The obtained parameters are reported in Table 3.8. The final goodness of fit (GoF) 

was 1.4, indicating a good convergence of the model. No crystal structure optimization was performed 

for the set of smaller particles, as no information on the reflection intensities could be obtained. From 

the final refinement, the sample composition was estimated to contain a 30(7)% mass fraction of 

smaller particles, and consequently a mass fraction of 70% for the larger ones. This result agreed with 

the results of the TEM analysis. Overall, the system may be described as composed of a large number 

fraction of small (approx. 10 – 20 nm) poorly crystalline particles and a smaller number fraction of 

number of large (> 100 nm) crystalline particles. This result can be directly compared with the analysis 

performed by Zamiri et al.,235 who employed a very similar batch synthesis approach, where the 

synthesis was carried out at 80 °C. In his analysis, only one population of particles was retrieved, having 

an average crystallite size >200 nm. The refined crystal structure was also different, as different atomic 

positions in the unit cell were reported, especially for the sulfur atom. Moreover, in his work the unit 

cell displayed a wider β angle and a slightly more elongated shape. A comparison between the two 

structure is reported in Table 3.8, while a visual comparison between the refined unit cells is proposed 

in Figure 3.26b-c. By this comparison, it became evident that the choice of temperature affects both 

the crystal structure of the product as well as the size of the particles, as the formation of the smaller 

particles was not reported at 80 °C. Therefore, variable-temperature experiments may be extremely 

relevant to gain detailed information about the growth of the final large (> 100 nm) particles and the 

evolution of the crystal structure of the α -Ag2S. As the population of small poorly crystalline was not 

retrieved at higher temperature, and the larger particles displays a crystallite size compatible with the 

observed particle size, it is possible to hypothesize that the larger particles may be formed from the 

coalescence of the smaller ones, or by the Ostwald ripening phenomenon. This also accounts for the 

importance of employing capping ligands in the water synthesis of Ag2S to avoid further growth of the 

particles, that was previously reported in the literature.234 

 

3.4.2 Surface composition 

 

The surface composition was firstly studied using XPS spectroscopy. From the survey spectrum (Figure 

3.27) the presence of Ag, S, O and C was retrieved, where the presence of C and O was expected due 

to adventitious contamination.206  
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Figure 3.27 XPS survey spectra of the Ag2S sample. 

Table 3.9 Observed peaks in the Ag2S XPS spectra. 

Peak Experimental Reference99 

 (eV) (eV) 

Ag3p1/2 603.8 - 

Ag3p3/2 573.4 - 

Ag3d3/2 374.2 - 

Ag3d5/2 368.2 368.0-368.8 

Ag4s 98.2 - 

Ag4p 59.8 - 

S2s 225.4 - 

S2p 161.2 161.0-160.8 

 

 

Figure 3.28 Fitted Ag3d (a), S2p (b) and O1s (c) XPS regions of the Ag2S sample. 

The semi-quantitative analysis performed on the Ag3d and S2p peaks resulted in an Ag:S atomic ratio 

of 1.9:1, that lies close to the expected 2:1 stoichiometric ratio. In the Ag3d region (Figure 3.28a), two 

additional components were visible at lower binding energy with respect to the 3d5/2 peak. Their 

positions, however, were inconsistent with any silver compound, so they were treated as spectral 

components unrelated to the Ag3d region and fitted independently. 
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The employment of only the d doublet expected for pure Ag2S (other than the additional unrelated 

peaks at low binding energies) resulted in the fitting depicted in Figure 3.28a. The position of the 3d5/2 

peak was at 368.2 eV compatible with the previously reported values.237,238 Minor fitting inaccuracies 

were observed, therefore the inclusion of other components was also tested. The inclusion of Ag(0), 

Ag2O and AgO starting from the fitting parameters reported by Ferraira et al.239 did not allow any 

significant improvement to the obtained fit, while employing unconstrained additional d doublets 

sharing the same split-orbit coupling of 6 eV retrieved for the main 3d peaks resulted in large shifts 

that were only compatible with AgNO3 and AgF2.99 The presence the latter two compounds was ruled 

out as no N1s nor F1s peaks were retrieved in the spectra. Since in the O1s region only a single 

component at 532.3 eV was pointed out, with no additional components al lower binding energy, the 

formation of surface Ag2O or AgO was also ruled out. Therefore, little imperfections in the reported 

fits were finally attributed to an irregular background in the spectral region, or to a minor presence of 

Ag(0) having a undeterminable asymmetric profile. The S2p region was fitted with three components. 

The main peak was found at 161.2 eV, which is compatible with the commonly reported values of S2- 

in Ag2S.99 A second component was retrieved at 162.2 eV, and was attributed to elemental S0, while 

the third component at 163.0 eV was attributed to disulfides240,241 (S2)2- or to the formation of C-S 

bonds.181,242 Overall, no relevant oxidation phenomena was retrieved from the XPS analysis. The minor 

components observed in the S2p region were attributed to early oxidation phenomena or to the 

presence of residuals from the synthesis. 

 

Figure 3.29 FTIR (a) and Raman (b) spectra of the Ag2S sample. 

The identification of adsorbed moieties on the Ag2S surface and a further characterization of oxidation 

phenomena was performed using FTIR spectroscopy. From the spectra, the presence of adsorbed 

water molecules was evident from broad HOH stretching peak at 3398 cm-1 and the HOH bending peak 

at 1637 cm-1. The peaks found at 1120 cm-1 to 1013 cm-1 were attributed to the asymmetric and 

symmetric stretching modes of sulfates respectively.106 The presence of both these signals indicated 

that sulfates had a C2v symmetry, suggesting a mononuclear or bridging coordination with the 

surface.106 Since no sulfates were detected with the XPS analysis, and the intensity of the FTIR signal 

(b) 

(a) 
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suggests a rather clear presence of this species, the oxidation has likely occurred in the time between 

the two characterizations. In turn, this indicated that Ag2S surface was subjected to oxidation during a 

limited timeframe of air-exposure and that inert atmosphere is required to preserve the material 

surface in its pristine condition. The formation of carbonates was evidenced by the presence of the 

two peaks at 1454 cm-1 and 1371 cm-1,107 while the peak observed at 633 cm-1 was previously attributed 

to Ag-S lattice modes.235,243 The group of peaks centered on 2922 cm-1 was attributed to the presence 

of residual acetone on the ATR crystal. 

The particles characterization was complemented with Raman spectroscopy. Due to a strong 

photosensitivity45 of the sample, the lowest power irradiation of 0.1 mW was needed to avoid 

photodegradation. From the spectra, only a weak broad peak was retrieved at 170 cm-1. This large 

signal was associated with stretching Ag-S modes, and its low intensity was attributed to the low 

energy for defect formation in the β-Ag2S structure and the consequent formation of Ag vacancies 

under illumination.244,245 No other signal was retrieved at the Raman analysis.  

The surface analysis indicated that in the as-synthesized material very little oxidation was formed, 

while, after a period of air-exposure, the presence of sulfates was clearly retrieved from the FTIR 

spectra. This indicates that the employed method was suitable to obtain the unoxidized material 

despite the lack of protective ligands on the surface. 
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3.5 Other metal sulfides

 

The employment of the ligand-free batch approach for the synthesis of ZnS, CuS, PbS, MnS and Ag2S 

led to positive results, since for all these the formation of crystalline compounds could be pursued. 

The same approach was also applied to Ni2+, Co2+, Cr3+, Fe2+, Sn2+, Ti4+, Nd3+, Yb3+, Gd3+, Eu3+ ions, as 

described in Table 3.1. However, in these cases, the crystallization was not achieved, as poorly 

crystalline or completely amorphous materials were obtained instead. Moreover, in many cases strong 

oxidation phenomena were also noticed. 

The reaction of Ni2+and Sn2 solutions with the Na2S solution led to the formation of Ni(OH)2 and SnO2 

respectively. For the latter, aggregates of very small SnO2 particles were obtained, having an estimated 

size of approximatively 2 – 3 nm. 

By using a 0.2 M NaHS in a double fold excess in respect to the stoichiometry of the corresponding 

metal sulfide, the synthesis was attempted with Ni2+, Cr3+, Fe2+ and Sn2+ solutions. For all these 

precursors, amorphous compounds were obtained. In the case of Fe2+, a black amorphous powder was 

obtained, thus having the color expected for the formation of FeS pyrite.45 The powder was observed 

to be very sensitive to oxidation, as after few hour of air exposure a complete conversion to orange 

FeO(OH) lepidocrocite was observed. The micro-Raman characterization on an oxidation-free spot (i.e. 

a part of the sample not showing orange spots) resulted in a pattern which was analogous to the one 

reported for rasvumite KFe2S3. Since no potassium was introduced in the reaction mixture, it is possible 

that the obtained solid had an analogous composition to rasvumite, but with sodium ions instead of 

the potassium ones. 

For Ti4+ and the lanthanides (Nd3+, Yb3+, Gd3+, Eu3+) both NaHS and (NH4)2S were used in order to avoid 

very high pH, like the case of the Na2S 0.2 M solution (pH 13.0), as all these elements are well known 

hard ions in the HSAB theory (see Chapter 1.1). For these syntheses, the employed water was 

previously degassed, and the reactions were carried out under inert atmosphere. In all the syntheses, 

amorphous compounds were obtained. The XPS analysis pointed out a large presence of oxygen and 

only a minor presence of sulfur on the surface, while the Raman analyses excluded the formation the 

corresponding oxides, despite no identification of the retrieved patterns was possible. After a thermal 

treatment of 100 °C in vacuum, the appearance of Raman peak around 1000 cm-1 was generally 

observed, that was interpreted as the formation of sulfates in analogy to ZnS (see Chapter 2.2) or PbS 

(see Chapter 3.2.2).   
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Figure 3.30 TEM micrographs of (a) an aggregate of small SnO2 particles obtained from the reaction of 

Sn2+ and Na2S solutions; particles obtained from the reaction of (b) Nd3+ and (b) Ti4+ solutions with the 

employment of the NaHS precursor. 

TEM micrographs were acquired for Nd3+ and Ti4+ samples, showing the formation of NPs in the 10 – 

40 nm length scale, together with the formation of larger aggregates. Overall, is was plausible that the 

syntheses led to the formation of amorphous and air sensitive metal sulfide particles, despite the 

oxophilicity of the employed ions. This hypothesis was supported by the observed color of the dried 

powders, which largely corresponded to the expected color for the corresponding metal sulfides.246 
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3.6 Conclusions 

 

In this Thesis a simple low-temperature water-based ligand-free batch method was employed for the 

synthesis of ZnS (Chapter 2). The same method was successfully applied to the synthesis of crystalline 

CuS, PbS, MnS and Ag2S. A brief summary of the structural features retrieved for these materials is 

reported in Table 3.10, along with the results obtained for the synthesis of ZnS NPs (Chapter 2).  

Table 3.10 Summary of the morphological, dimensional and structural features obtained from the 

syntheses of metal sulfides in Chapters 2 and 3. 

Material 

Sulfur precursor 

Na2S  NaHS 

Shape Size a (nm) Phase   Shape Size a (nm) Phase 

ZnS Rounded 7.8 (1.2) Sphalerite  Rounded 19 (4) Sphalerite 

CuS Platelets 17 (4)b Covellite  Platelets 19 (6)b Covellite 

PbS Squared 30 (8) Galena  Squared 32 (8) Galena 

MnS     Polyhedral microsized β,γ-MnS  

Ag2S  50 - 120 Acanthite     

  (a) Size determined from TEM analysis. (b) Maximum Feret diameter. 

The syntheses led to the formation of nanostructured (< 100 nm) particles for ZnS, CuS and PbS, while 

in the case of MnS and Ag2S larger particles (> 100 nm) were obtained. The synthesis of ZnS showed a 

remarkable pH dependence, as the employment of Na2S resulted in smaller particles to the ones 

obtained using NaHS. In the case of CuS and PbS the final size was observed to be only slightly 

dependent on the reaction pH, as minor size variations were retrieved. Moreover, while the size 

reduction of ZnS was observed along with an increased presence of planar defect in the crystal 

structure, no indication of relevant amount of defects was obtained from the crystallographic 

assessment for CuS and PbS. 

In the case of sample CuS2, synthetized with NaHS, a variation of the relative intensity of the XRD 

reflections suggested a deviation of the obtained crystal structure from the known covellite structure, 

hinting to the possibility to tune the structure by changing the experimental parameters. 

For MnS and Ag2S, relevant size dispersion was retrieved by the TEM analysis, possibly indicating an 

important role of growth phenomena, like Ostwald ripening or coalescence. In both cases, the 

employment of the low temperature route led to the formation of different crystal structures in 

comparison to the known stable and expected crystal phases. This was particularly evident in the case 

of MnS, where a mixture of β-MnS and γ-MnS metastable phases was retrieved instead of the 
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thermodynamically stable α-MnS. This suggests that an in-depth investigation of the synthesis of MnS 

could lead to the obtainment of a phase-selective synthesis, favoring the metastable polymorphs. 

Overall, the synthesis conditions displayed relevant effects on both structural and dimensional 

features of the samples. This, in turn, discloses the valuable opportunity of optimizing the synthesis of 

technologically relevant nano- or microstructured materials at low temperature, in water and without 

the addition of additional species to control the reaction, starting from cost-effective precursors. 

The assessment of the surface composition of the synthetized materials indicated that little to no 

oxidation of the material generally occurred during the synthesis of the crystalline compounds, despite 

the employment of water as solvent. This very important result indicated that the syntheses may be 

suitable even for application that strongly rely on the surface properties of the prepared materials (e.g. 

heterogeneous catalysis or photocatalysis). However, the materials showed to be susceptible to 

oxidation if stored under ordinarily conditions (i.e. exposed to air). Moreover, the oxidation was 

generally observed to occur faster as the particles size were reduced. The materials oxidation consisted 

in the formation of SOx moieties, along with the formation of the metal oxides in the case of PbS and 

MnS. FTIR was observed to be the most sensitive technique to identify the presence of moieties 

associated to oxidation phenomena. An important exception to the general increased susceptibility of 

smaller particles to these phenomena was observed in the case of ZnS, where no detectable traces of 

oxidation were found for the smaller ZnS particles. This was possibly related to a surface passivating 

effect caused by water molecules strongly bound to the surface. 

For other metals sulfides (Section 3.5), the synthetic approach led to unsatisfactory results, as 

amorphous materials or the formation of secondary compounds (i.e. oxides or hydroxides) was 

retrieved. Interestingly, TEM investigations often results in the observation of nanosized particles 

being formed. Moreover, the presence of S2- was observed in some exploratory XPS analyses. Thus, it 

was possible to hypothesize that, in some cases, amorphous sulfides might be obtained, that were 

however strongly susceptible to oxidation. Therefore, the obtainment of these metal sulfides using 

this approach might be fundamentally limited by the inability of the materials to crystallize using the 

employed conditions, and by the high susceptibility of the same compounds to oxidation. 
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Chapter 4. 

Room temperature microfluidic synthesis and 

characterization of pure and doped uncapped ZnS NPs 

 

 

4.1 Microfluidic synthesis of small ZnS NPs 

 

In Chapter 2 encouraging results were obtained on the synthesis of pure organics-free uncapped ZnS 

NPs by a simple water based precipitation approach. To critically explore the possibility of further 

developments, the limitations intrinsically connected with the batch approach were reviewed. In the 

batch process, the mixing of the two precursors was achieved by dropwise addition of the Zn2+ solution 

into the stirred HS- solution. This allow a mixing time that is typically in a much larger time scale with 

respect to the formation of ZnS NPs, as seen by in-situ SAXS measurements (Chapter 2.3) and as 

outlined by the literature.58 Moreover, as the reaction proceeds, the chemical environment also 

changes due to the gradual consumption of HS- and due to the progressive dilution originated by the 

increasing volume and the gradual variation of the pH in the reaction mixture. To overcome these 

limitations, turning to a microfluidic approach seemed a straightforward choice. The flow approach 

instead of a batch one allows stable reaction conditions overtime, as the mixing of precursors solution 

occurs always at the same concentrations. Moreover, in the case of microfluidic setup, significant 

improvements can be accomplished through a more controlled mixing and a more efficient heat 

transfer, leading to the abatement of concentration and temperature gradients.65,247 In addition to this 

advantages, a flow setup also allowed a continuous production of material. This advantage is important 

when a larger production of material is concerned, as the scale-up of the synthesis can simply be 

obtained by numbering-up the reactor, i.e. running numerous identical parallel microfluidic 

reactors.248,249  
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Figure 4.1 Microfluidic setup schematics. 

For the microfluidic transposition of the batch synthesis of ZnS NPs, a simple setup was realized. 

Precursor solutions were pumped using reciprocating syringe pumps into a cross-flow T-jucntion mixer. 

After a short residence time, the obtained suspension was simply collected in a flask. Three different 

samples were synthetized to explore the effect of precursors concentration and flow rate. In analogy 

to sample ZnS1, only Na2S and Zn(NO3)2 solutions were used as precursors. 

Table 4.1 Experimental parameters varied in the samples obtained using the microfluidic approach. 

Sample Flow rate (ml/min) Zn2+ conc. (M) S:Zn ratio (mol/mol) 

ZnS MF1 2.0 0.10 2:1 

ZnS MF2 1.2 0.01 5:1 

ZnS MF3 1.2 0.10 2:1 

 

 

4.1.1 Crystal structure, size and morphology 

 

Possible variations of the crystal structure of the obtained material was firstly checked by XRD. The 

retrieved patterns were compatible with ZnS sphalerite (ICSD N. 98-065-1457, space group F-34m), in 

analogy with the batch synthetizes samples (Chapter 2). The absence of other reflections indicates the 

absence of contaminations from other crystalline compounds like ZnO or Zn(OH)2. Therefore, 

analogously to the batch synthetic route, a pure compound was obtained. From the qualitative 

comparison proposed in Figure 4.2, a significant broadening of the reflections was observed. 

Moreover, comparing the reflection (200) in samples ZnS1 and ZnS MF1, the reflection line shape was 

almost entirely undetectable, as it formed an uninterrupted tailing towards high angles with the (111) 

reflection. Since in batch-synthetized samples the presence of planar defects was retrieved, it was 

possible, from these observations, to presume that an increase in these defects may be obtained using 

these microfluidic conditions. In particular, the asymmetric broadening of the (111) reflection 

suggested that intrinsic stacking faults may be the dominating type of planar defects.250  
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Figure 4.2 (a) Area-normalized XRD patterns of samples ZnS MF1-3 compared to sample ZnS1 (batch 

synthesis – Chapter 2). (b) Comparison of the broadening of the (111) and (200) ZnS sphalerite 

reflections between the patterns of samples ZnS MF1-3 and ZnS1 (batch synthesis – Chapter 2) 

normalized on the intensity of the (111) reflection. (c) Increase of the diffuse scattering intensity 

between the (220) and the (331) reflections.  

A qualitative confirmation of an increased presence of planar defects may be obtained from the 

increased intensity between the (220) and (331) reflections, which was an evident anomalous feature 

in highly defective ZnS NPs reported by Zhang et. al.87 

TEM micrographs where obtained for all three samples (Figure 4.3). The obtainment of accurate size 

and morphological information from the images was made especially difficult due to the small size of 

the NPs and for the occurrence of aggregation phenomena. Interestingly, sample ZnS MF1 was found 

in an unaggregated state, as TEM images showed well separated particles. For all three samples, 

rounded NPs were visible, which were morphologically compatible with NPs obtained using the batch 

synthetic route. The equivalent sphere diameter distributions were obtained by segmentation of 

individual particles observed in the images and fitted to a log-normal distribution. The latter was 

chosen as a general asymmetry of the distribution towards larger sizes was evident. The obtained 

statistical descriptors of the obtained distributions are reported in Table 4.2. The dimensional data 

indicates that a similar size distribution was obtained in the case of samples ZnS MF1 and MF3, having 

them an average D1,0 diameter of 5.1 and 4.8 nm respectively. Comparing these values to the D1,0 

average of 7.8 nm obtained for the batch ZnS1 sample, it was evident how the different synthetic 

approach led to a 35% and 38% size reduction respectively for the batch-synthesized NPs.  

(a) 

(b) 

(c) 
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Figure 4.3 TEM micrographs of samples ZnS MF1 (a) ZnS MF2 (b) and ZnS MF3 (c) with the relative 

fitted equivalent diameter distributions (d). Comparison of the fitted distributions of samples ZnS MF1-

3 with sample ZnS1 (batch synthesis, Chapter 2) 

Table 4.2 Size distribution descriptors obtained from TEM population of sampled particles and from 

TEM distributions fitting. 

 ZnS MF1 ZnS MF2 ZnS MF3 ZnS1 (batch) 

  TEM fit TEM fit TEM fit TEM fit 

D1,0 (nm) 5.1 5.2 6.6 7.1 4.8 5.3 7.8 8.4 

Std. dev. (nm) 0.9 (17%) 0.7 (14%) 1.0 (20%) 1.2 (14%) 0.8 (17%) 1.0 (19%) 1.2 (16%) 1.2 (14%) 

D3,2 (nm) 5.4 5.4 6.9 7.5 5.0 5.7 8.1 8.7 

D4,3 (nm) 5.6 5.5 7.0 7.6 5.1 5.9 8.3 8.9 

Skewness 1.0 0.4 0.5 0.4 0.4 0.6 0.1 0.4 

Kurtosis 1.3 0.3 -0.5 0.4 -0.8 0.6 0.5 0.3 

 

(d) 
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Noteworthy, being the solvent and precursors employed the same, the only relevant difference in the 

synthetic protocol was indeed the flow microfluidic conditions. Therefore, it can be inferred that the 

mixing strategy alone of the two precursors may play a significant role in controlling the final average 

size of the obtained particles. This observation discloses the interesting opportunity of tuning ZnS NPs 

size without having to rely on different chemical strategies (i.e. by tuning the decomposition kinetics 

of the sulfur precursor29), but simply using different mixing conditions for the same precursor 

solutions. The effect of different flow rates on the NPs size was observable comparing ZnS MF1 and 

MF3 for which the average D1,0 diameters of 5.1 and 4.8 respectively were obtained, while maintaining 

a reduced polydispersion, being the relative standard deviation 17% in both cases. This result suggests 

that the small difference in the flow rate explored only resulted in a minor variation of the NPs size. 

Thus, a more remarkable variation of the mixing parameters is required to significantly vary the size of 

the NPs, even though the flow rate might be employed to finely tune the NPs size. Considering the 

results obtained by the in-situ SAXS experiment on the batch synthesis method (Chapter 2.3), these 

results might be explained by the very first values of the D3,2 average diameter estimated as function 

of the increasing reaction time (Chapter 2, Figure 2.9b). In the first tenths of seconds, a slight upward 

curve is visible, suggesting a relevant size increase of NPs in the very first stages of the synthesis. Since 

the timestep of the in-situ analysis was 10 s, thus much slower that the mixing time in a microfluidic 

reactor, the actual size of the just-mixed precursors is not observable. Since the microfluidic tests 

showed the formation of smaller particles, the observed small curvature may be interpreted as the tail 

of a fast and much more pounced growth phenomena. NPs are likely to increase in size in the first part 

of the reaction, where more and more zinc precursor is added to reaction mixture, on the suspension 

containing already formed NPs. In the case of a flow-reactor, precursors are instead constantly mixed 

in stable conditions (i.e. the reaction occurs always with the same conditions in any point in time, 

unlike to the batch approach), not allowing further growth of NPs. Alternatively, the formation of 

smaller NPs may also be considered in the framework of the LaMer homogeneous nucleation and 

growth theory251 as further refined by Chu et al.16 Being the sulfur precursor already available as SH- in 

solution, it is possible to interpret the monomer supply rate term employed in the modelling of the 

NPs nucleation and growth kinetics (see Chapter 2.1) as a mass-transfer limited term responsible for 

the final average size on NPs, ultimately dependent on the mixing efficiency of the two precursors. In 

other words, considering the formation of ZnS starting from SH- and Zn2+ in water was observed to 

occur under 10 µs,58 the reaction is likely to occur at the interface when the two precursors solutions 

are mixed together. Therefore, the improved efficacy of the microfluidic mixer over a simple dropwise 

addition may be responsible to a faster supply rate of the precursors to the reaction, allowing a smaller 

final NPs average size according to the Chu theory.16  
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In the case of sample ZnS MF2, the concentration was lowered to 0.01 M for the zinc precursor 

solution, while the Zn:S molar ratio was set to 1:5. In this case larger particles having a D1,0 average 

diameter of 6.6 nm were obtained. Comparing these results with the synthesis performed using the 

batch synthetic strategy, the dimensional increase may be due to the lowered pH value connected with 

a reduced concentration of SH- in solution. This suggests that, combining the reagents mixing rate to a 

proper tuning of the chemical environment may disclose even broader possibilities to obtain a tight 

control over final NPs size. Another important aspect of the obtained result is the limited 

polydispersion of NPs sizes. Indeed, the relative standard deviation of the obtained distributions are 

between 15% and 20% despite no stabilizing agents or surfactants were used in the reaction. By turning 

to a flow setup, the limited size dispersion that the batch route showed was conserved, or even 

improved, despite the reduction in the average size (i.e. the standard deviation value is reduced as 

well by a similar magnitude). This allowed to obtain smaller particles without trading off the quality of 

the size control, while keeping the reaction protocol as simple as it gets, since no compound other 

than the solvent and the precursors were employed.  

Since the size determination from TEM micrographs was made difficult by the small size of the 

obtained NPs, and a qualitative assessment of the XRD profiles suggested the presence of planar 

defects, a more quantitative and in-depth investigation based on the samples diffractograms was 

performed. The refinement of the XRD diffraction pattern was proven to be an effective tool estimate 

size distribution and concentration of stacking faults in the case of the bigger particles obtained using 

the batch route (Chapter 2.1). However, as particles got smaller, the complexity of the procedure 

increased. Three main modelling challenges needed to be faced: i. Bragg peaks got broader due to the 

smaller domain size, gradually making the distinction between the reflections and the background 

more difficult to obtain; ii. as dimension shrinks, the specific surface area increases making structural 

deformation coming from surface relaxation phenomena gradually more relevant, introducing a strong 

microstrain-related broadening of reflections;252 iii. diffuse scattering (i.e. off-Bragg scattering) 

gradually gets more and more relevant, making a Bragg-based fitting approach more difficult to use.253 

The latter effect is tightly related to the nanocrystalline nature of the samples, as in small NPs the 

approximation of an infinite crystal gradually breaks down. Moreover, in the case of ZnS, the likely 

presence of stacking faults and their contributions to reflections broadening makes separating the 

domain-size contribution alone even more difficult. Overall, for small ZnS NPs, many effects got 

relevant obtaining smaller and possibly more faulted NPs, especially for reflections broadening. All 

these effects needed to be accounted to properly fit the recorded patterns, even though the 

information content of the diffractogram approached with the Bragg approximation remained the 

same and the analysis was further complicated by a more ambiguous determination of the 

background.  
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Figure 4.4 Refined XRD profiles of samples ZnS MF1 (a), MF2 (b) and MF3 (c). (d) Comparison of the 

log-normal diameter distributions obtained from TEM and XRD. 

Table 4.3 Comparison between the size distribution descriptors obtained from the log-normal fits of 

the experimental size distribution obtained by TEM analysis and the distribution obtained by fitting 

the XRD patterns of ZnS MF1-3 samples. 

 ZnS MF1 ZnS MF2 ZnS MF3 

  TEM-fit Refined TEM-fit Refined TEM-fit Refined 

D1,0 (nm) 5.2 5.9 7.1 8.1 5.3 6.3 

Std. dev. 0.7 (14%) 2.0 (34%) 1.1 (15%) 1.6 (20%) 1.0 (19%) 2.6 (41%) 

D3,2 (nm) 5.4 7.4 7.5 8.7 5.7 8.6 

D4,3 (nm) 5.5 8.3 7.6 9.1 5.9 10 

Skewness 0.4 11 0.4 0.6 0.6 1.3 

Kurtosis 0.3 2.1 0.4 0.7 0.6 3.1 

GoF  2.0  1.7  1.6 

SF probability 0.14  0.08  0.09 

 

An analogous fitting approach to the one described in Chapter 2.1 was employed for the fits of Figure 

4.4. Since the calculated average size was systematically underestimated, the size-dependent effect of 

microstrain was also added. The obtained distribution (Figure 4.4) lies close to the one obtained from 

TEM analysis, but the refined log-normal distribution indicates a larger size polydispersity. In general, 

it was evident during the fitting procedure that the many broadening contributions that needed to be 

modelled to estimate the size distribution of the samples made the fitting results more unstable.  

(a) (b) 

(c) 

(d) 
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As the GoF values reported in Table 4.3 are equal or less than 2, thus indicating an already good fit of 

the available data, it is possible that the parameters employed to obtain the fits exceeds the 

information content accessible from the available data, generating parameter correlations and making 

the quality of the obtained values less and less reliable. On the other side, all the considered 

parameters describe a precise physical phenomenon that was observed to be present and relevant in 

the samples. Therefore, more reliable information in unlikely to be obtain from this same fitting 

approach and XRD data. Still, relevant qualitative information can be obtained. Both the line profile 

and the fitting results indicates that the stacking fault probability is higher in all the samples obtained 

using the microfluidic approach in comparison to the ones obtained using the batch synthesis. This can 

be especially seen from the almost complete disappearance of the (200) reflection. Moreover, fitting 

artifacts were evident due to limitation of the Warren theory to model stacking faults in this samples, 

as the theory was developed only for low concentrations of planar defects.89 Overall, it was evident as 

the microfluidic approach does not only lead to smaller NPs, but also to a noticeable increase of 

stacking faults in the crystal structure. Interestingly, both the flow approaches employed in this Thesis 

(microfluidic and CHFS) led to the formation of highly faulted ZnS NPs, suggesting a correlation 

between the employment of flow conditions and the perturbation of the crystallographic stacking in 

ZnS. 

 

Figure 4.5 (a) DSE-based fit of the ZnS MF1 sample. Inset: example of a model 2.5 nm spherical ZnS NP 

used in the database built to perform the fit. (b) Comparison of the size distributions obtained via DSE 

with the results obtained with TEM analysis and the refined XRD profile. 

The employment of a DSE-based fitting method would allow to completely overcome the limitations 

of separating the X-Ray scattering phenomenon into Bragg and diffuse contributions. However, to 

obtain the diffraction profile from a DSE approach, the knowledge of the distribution of interatomic 

distances in the systems is required. As the size of the particles shrinks, the obtainment of model 

particles for the systems and the calculation of interatomic distances becomes feasible, unlocking this 

powerful tool for the structural investigation of materials. This approach was attempted to further 

(a) (b) 
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investigate the structural features of the samples. A population of spherical model nanoparticles was 

built using the DebUsSy suite,254 ranging from a single unit cell up to a 25 nm NP (60 layers). From 

these, a database of sampled interatomic distances was obtained. The total scattering profile of each 

particle was calculated through the DSE, while the final diffractogram of the sample was obtained by 

fitting the experimental data with the weighted sum of contributions from each modeled particle. 

Since the data were acquired using a common lab diffractometer working in Bragg-Brentano geometry, 

the total scattering of the sample was not obtainable. Therefore, a background was fitted using a linear 

combination of Chebyshev polynomials. It was however not possible to account for stacking faults 

contributions, as a specialized faulted-particle-modelling algorithm was only very recently obtained 

and successfully applied to cubic CdSe having a similar structure to the NP here considered.254 

Therefore, despite the relative good quality of the obtained fits in relation of the data quality, this 

approach without a proper description of the contribution for planar defects systematically and 

strongly underestimated the NPs average size (Figure 4.5b). This clearly showed that estimating the 

size of very small faulted ZnS NPs (like the one here considered or generally obtained from simple 

precipitation routes) from powder diffraction data by just accounting for the size broadening effects 

leads to misleading results. 

 

4.1.2 Surface composition 

 

 

Figure 4.6 XPS survey spectra of sample ZnS MF3. 

XPS analysis was performed on ZnS MF3 as reference sample. Commonly XPS is regarded as a surface 

sensitive technique but, accounting for the small size of the obtained NPs, the obtained composition 

can be related to bulk one. From the survey spectra, only the presence of Zn S was retrieved along with 

C and O from adventitious contamination.100   
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Table 4.4 Retrieved ZnS XPS peaks the ZnS MF3 sample. 

Peak ZnS MF3 Reference99 

 (eV)  

Zn2s 1196.6 1196 

Zn2p3/2 1021.8 1021.7 - 1022.0 

Zn3s 140.2 141.5 - 139.9 

Zn3p 89.4 88.4 

Zn3d 10.6 9.8 -10.7 

S2s 226.6 225.6 - 226.3 

S2p 161.6 161.9 - 162.2  

 
 

 

Figure 4.7 Fittings of the Zn2p3/2 (a), S2p (b) and O1s (c) region of the XPS spectra of sample ZnS MF3. 

 

The presence of the C1s signal was used to correct XPS spectra for charging effects on the calculated 

BE by assigning to the peak the value of 284.6 eV. From the semi-quantitative analysis a S:Zn at. ratio 

0.7:1 was retrieved, which shows a remarkable deviation from the expected 1:1 ratio. The Zn2p3/2 and 

S2p peaks were found at 1021.8 eV and 161.6 eV respectively, thus in a comparable position with 

respect to the batch synthetized samples (Chapter 2.2), that was attributed to the sole presence of 

Zn2+ and S2- oxidation states. No indication of oxidized S (e.g. sulfates) was retrieved. Only a weak signal 

was observed in the O1s region at 531.7 eV, and it was attributed to adventitious contaminations, with 

no indications of signals arising from metal oxides. It could be therefore concluded that the sample 

was obtained in a pure form and free of oxidation, despite a remarkable variation of the measured 

composition with respect to the ZnS stoichiometry. 
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Figure 4.8 (a) Raman spectrum of sample ZnS MF3 compared with Raman spectra of samples ZnS1 

(batch synthesis, Chapter 2.2) and with a reference sample of ZnS NPs of 21 nm. (b) Detail of the 

broadening effects on the LO mode and on the increased relative intensity of the TO mode. Intensities 

were normalized on the LO phonon.  

 

The structural and compositional analysis on the obtained ZnS NPs was complemented using Raman 

spectroscopy. The Raman spectrum of sample ZnS MF3 showed the expected features for the single 

and two phonons processes of the ZnS cubic crystal structure. However, a general variation from the 

usual pattern was evident. In Figure 4.8 a comparison with the (batch) ZnS1 samples and a reference 

ZnS sample is proposed. The strong LO peak was found in all three patterns at 347 cm-1. In comparison 

with the reference 21 nm ZnS NPs sample, the profile was noticeably asymmetrically broadened 

toward smaller wavenumbers. This effect was commonly found in small NPs and was attributed to the 

quantum confinement of phonons,110 and is generally evident in the whole profile, as in ZnS MF3 the 

spectral features were less sharp and resolved. Another evident variation was the increase of the 

relative intensity of the TO mode, which was rather weak in the 21 nm reference NPs but got more 

intense in sample ZnS1 (batch), while in sample ZnS MF3 it became even more intense than the LO 

peak. Since this variation was likely to reflect the structural features of the samples, some hypothesis 

can be drawn on its origin. Its attribution to a specific feature arising from the presence of planar 

defects was discarded, since bigger but highly defective ZnS NPs described in Chapter 5 did not 

displayed this variation. A morphological effect was as well not considered, as XRD and TEM analysis 

indicated the presence of isotropic NPs. Therefore, the origin might be related to a size effect or to the 

presence of other unobserved defects in the structure, like the presence of specific point defects. Since 

the effect was quite strong, if reliably identified and explained, it might serve as a useful analytical tool. 

Other than the ZnS peaks, in the spectrum the presence of a signal at 999 cm-1 was also observed, 

(a) (b) 
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which was also ubiquitously retrieved for all the synthetized ZnS samples, and it was attributed to laser 

heating-induced formation of sulfates during the analysis. 

 

4.1.3 NPs behavior in water suspension 

 

From ZnS NPs synthetized employing the microfluidic method, the tendency to form stable 

suspensions during the purification procedure was observed, in analogy to the samples obtained using 

the batch approach. The phenomenon might be relevant to further simplify the uses of the material, 

as often a suspension having a suitable concentration of material is necessary (e.g. catalysis or 

preparation of films). From the batch synthesis approach, it was determined that the suspended NPs 

displayed relevant aggregation leading to the formation of self-assembled bigger objects, that however 

reached stability in suspension even for an extended period (several weeks upon visual inspection). 

Colloidal stability can originate by two different mechanisms: steric and electrostatic stabilization. The 

first is based on the repulsive interaction of long chain ligands or surfactants adsorbed on the NPs 

surface, and is entropy driven. The latter is based on the electrostatic repulsion between charges found 

on the surface.255 As no ligand or surfactant was used in the syntheses performed in this work, the 

nature of the observed stabilization was likely electrostatic. To identify the origin of the stabilization, 

it is necessary to refer to the surface chemistry of ZnS. Similarly to other metal sulfides,110 a sound 

description of the surface chemistry of ZnS has yet to be achieved. Hertl110 reported the presence of -

SH moieties on bulk commercial ZnS samples, that however was never observed in the case of NPs 

from FTIR measurements (e.g. Chapter 2.2), and is generally rarely observed on the surface of many 

metal sulfides (e.g. Chapter 3). A fundamental role was identified in the interaction toward exposed 

Zn atoms, that affects both the NPs structure and their capability to interact with their 

surroundings.256,257 In particular, the adsorption of water was recognized as a main factor affecting the 

surface properties of the material.103 The same interacting water molecules are affected from the pH 

of the solution, allowing protonation/deprotonation and therefore altering the charge found on the 

NPs surface. The stability of as-synthetized ZnS suspension (i.e. before being dried) was attributed to 

the presence of residual SH- adsorbed on the surface. To further test the properties of ZnS NPs surface 

in water suspension, the ζ potential was measured at different pH values. The ζ potential is a measure 

of the electric potential at the shear surface, being the separation plane from the solvent layer that 

adheres to a particle through and the mobile solvent.255 As a rule of thumb, electrostatic colloidal 

stability is generally achieved with a ζ potential over ±30 mV.  
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Figure 4.9 ζ potential measured as a function of the suspension pH for the re-dispersed MF ZnS 3 

sample (after drying the NPs). 

 

For the stable suspensions obtained directly from the synthetic procedure, having a pH typically in the 

range 12 – 10, a value of -41 mV was obtained. The ζ potential was also measured for the re-suspended 

NPs after drying the products as a function of pH. The autogenous pH of samples dispersed in pure 

(milliQ-quality) water was slightly acidic, ranging from 6.0 to 6.5. In this case, the measured ζ potential 

ranged from -5 mV to -20 mV. Indeed, once dried, the resuspended product was not stable in pure 

water and the complete coagulation was observed in few minutes. By lowering the pH with NaOH, a 

gradual decrease of the potential was observed (Figure 4.9), as the suspension crosses the threshold 

stability value around pH 8. Since no native -SH moieties were observed on the ZnS NPs surface, but a 

strong tendency to bind water molecules was instead retrieved, the reason of the increased stability 

was likely related to the adsorption of OH- ions on the surface or to the deprotonation of adsorbed 

water molecules. 

While the employment of a mildly basic solution to obtain a stable dispersion might be acceptable for 

some applications, it certainly is not adequate in the field of the biomedical applications. In the latter 

case, a colloidal stabilization needs to be achieved in the physiological range of pH 7.53-7.45,255 making 

NPs functionalization a mandatory step. Post-synthesis modifications would also allow to exploit steric 

stabilization instead of the electrostatic one, which is generally best suited for environments having 

different electrolytes concentrations. Moreover, a properly designed ligand is not only capable to 

strongly bind the NPs surface, but it can be also engineered to selectively recognize specific target 

biological tissues.255 It is worth to mention that a necessary functionalization step may also be added 

in-line with the microfluidic synthesis by adding a secondary mixer, resulting in a very efficient one-

step approach to a final functional product.258  
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4.1.4 Photocatalytic activity for hydrogen evolution reaction 

 

ZnS is a known photocatalyst for hydrogen evolution reaction (HER), and many different synthetic 

protocols were developed to obtain the pure, doped or defective material in order to enhance the its 

catalytic activity.259 One of the main advantages of ZnS for this application is the remarkable resistance 

to oxidation in normal operating conditions, while other factors limit its activity. Pure and perfectly 

crystalline ZnS generally shows low radiation adsorption in the visible range, limiting the employability 

of visible or solar radiation, together with a high charge recombination rate.259 Different type of defects 

are known to enhance ZnS activity in different ways. The introduction of sulfur vacancies was reported 

to extend the light absorption properties of ZnS in the visible range and enhance its activity using solar 

radiation,260 while the introduction of planar defects was described to improve the charge carriers 

separation in the Cd0.5Zn0.5S NPs.261 The presence of planar defects was revealed by XRD analysis of ZnS 

NPs obtained with both batch and microfluidic approaches in this Thesis, while the presence of sulfur 

vacancies was suggested by the semi-quantitative XPS analysis. Moreover, the small NPs dimension 

could potentially increase the available surface area, which can be beneficial to increase the efficiency 

of the photocatalyst by increasing the concentration of active sites in the reaction mixture.259 For these 

reasons, the activity as photocatalysts for the HER of samples ZnS MF1-3 were tested in comparison 

with sample ZnS1 (batch). 

 

Table 4.5 Average D1,0 diameter obtained by TEM analysis, SSA obtained by N2 adsorption 

measurements and HER activity for both full spectrum (500 W Hg (Xe) lamp) and visible only (λ > 420 

nm) of ZnS MF1-3 samples and ZnS1 sample.  

Sample TEM D1,0 BET SSA HER full spectrum HER visible only 

 (nm) (m2 g-1) (mmol h-1 g-1) (mmol h-1 g-1) 

ZnS MF1 5.1 * 34 2 

ZnS MF2 6.6 298 ± 4 37 1 

ZnS MF3 4.8 265.5 ± 0.9 46 1 

ZnS1 (batch) 7.8 225.0 ± 2.2  43 1 

(*) to be measured. 

The specific surface area (SSA) was firstly assessed in the dry powders of samples ZnS MF2 and ZnS 

MF3 via N2 physisorption. The obtained adsorption isotherms were interpreted using the BET model.262 

The obtained values range from 200 m2 g-1 to almost 300 m2 g-1 greatly exceed the surface area of 

many previously employed ZnS photocatalysts, due to the small NPs size.259 As reference, the surface 
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area was referred to be high when reaching the value of 100 m2 g-1.260 By calculating the average D3,2 

diameter from SSA using a spherical shape approximation, the values 5.6, 5.0 and 6.6 nm were 

obtained for samples ZnS MF2, ZnS MF3 and ZnS1 (batch) respectively. Comparing this result with the 

one reported in Table 4.2, a slight underestimation of the NPs average size with respect to the values 

obtained by TEM micrographs was obtained for samples ZnS MF2 and ZnS1 (batch), while a good 

agreement was found for sample ZnS MF3. The underestimation may be related either to experimental 

errors or to surface roughness and/or particle anisotropy, that led to an increase of the available 

surface area in comparison to a flat sphere. In general, the obtained values were in good agreement 

with the retrieved NPs size distribution and the relative geometrical SSA. 

The photocatalytic activity of the samples was evaluated for both the full spectrum of a 500 W Hg (Xe) 

lamp (including the UV fraction of the emitted spectrum) and the visible fraction only (radiation having 

λ < 420 nm filtered). In general, smaller NPs size or larger SSA did not result in a more active catalyst, 

as the highest values were obtained for ZnS1 (batch) and ZnS MF3 samples for the full spectrum 

irradiation. In the case of the filtered radiation (λ > 420 nm) the highest value was obtained from the 

ZnS MF1 sample, while comparable results were seen for the others. Overall, the relative activity did 

not show an obvious trend with the characterized features of the samples, and therefore the influence 

of multiple parameters was evidenced, requiring a much wider study to be rationalized. The error of 

the measurements was estimated to be ± 4 by the three repetition on the ZnS1 (batch) samples, and 

therefore results obtained using only the visible part of the spectrum were affected by a large error. 

The comparison of the retrieved values with literature values is complicated as no reference samples 

were available and the employed conditions were remarkably different from the one commonly 

reported in the literature (i.e. a 500 W Hg (Xe) lamp was employed, while a 300 W is much more 

common). As reference values, the best reported activities obtained using a Xe lamp 300 W (λ > 420 

nm) for ZnS samples with an optimized concentration of sulfur vacancies was 0.47 mmol h-1 g-1,260 while 

in case of nanotwinned Cd(1-x)ZnxS nanorods the best activity was 2.0 mmol h-1 g-1.263 Introductory 

information on the current state-of-the-art in HER using ZnS and related photocatalysts can be found 

in the review by Wang et al.264  
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4.2 Microfluidic synthesis of TM and Ln doped ZnS NPs

 

Zinc sulfide have been vastly explored as host material for the inclusion of dopants, thanks to its wide 

band gap (Eg ~3.6 eV) and its good resistance to oxidation at room temperature.265 To explore the 

obtainment of new functional materials, and especially to develop new photoluminescent (PL) NPs, 

many different ions were studied, including Cu2+, Mn2+, Pb2+, Ni2+, Cd2+, Co2+, Eu3+, Sm3+, Tb3+, Er3+.265 

Along with the presence of point defects, the dopants can be used to modulate the PL of ZnS by 

introducing new energy levels within the material bandgap. As the production of doped ZnS NPs 

typically relies on batch approaches, the simple but effective microfluidic method developed in this 

Thesis for pure ZnS NPs was further extended to evaluate the obtainment of doped NPs. This could in 

principle extend the discussed advantages of the microfluidic approach to the synthesis of NPs having 

interesting functional properties such as suitable luminescence emission in different ranges of the 

spectrum. The same setup described for the pure particles was employed, including the simple 

addition of the dopant precursor to the zinc precursor solution. The screened dopants were Mn2+, Cu2+, 

Ni2+, Eu3+, Sm3+, Nd3+, Yb3+, while for each ion three dopants concentrations (intended as Mn+ / (Mn+ + 

Zn2+) molar ratio) were considered: 0.1%, 1.0% and 5.0%. Mn2+, Cu2+, Ni2+ were chosen as transition 

metal dopants, as numerous reports exists in the literature for their successful employment to obtain 

PL in the visible range, while lanthanides were chosen to potentially obtain emission in the NIR 

range.265 All the precursors where simple and widely available nitrate or chloride salts (see Chapter 

7.1). The synthetic conditions of sample ZnS MF3 were employed for the synthesis of all the doped 

samples (see Table 4.1).  

The microfluidic synthesis of doped ZnS samples and their characterization was performed in 

cooperation with the Master Student Francesca Tajoli. 

 

4.2.1 Composition and structure 

 

The presence of the doping elements in the samples was quantified by ICP-MS measurements. Both 

the experimental concentration of dopants and their uptake (i.e. the ratio between the retrieved 

dopants concentrations and to the one predicted from the precursors concentration employed) were 

determined. In the ICP -MS analysis, Zn, S and dopants concentration was determined.  
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Table 4.6 Composition of transition metal doped M:ZnS samples determined by ICP-MS on Zn, S, Mn, 

Cu, Ni elements. The nominal at. concentration refers to the one expected based on the concentration 

employed in the synthesis. Uptake is determined as the ratio between the experimental and the 

predicted concentration. Doping concentration are calculated as M2+ / (M2+ + Zn2+) molar ratio. 

 %at. doping  Stoichiometry MnZn1Sm 

Sample Nominal Experimental %Uptake n m 

Mn:ZnS 

0.1 0.10 100 0.001 0.990 

1.0 1.06 106 0.011 1.095 

5.0 5.96 119 0.063 1.040 

Cu:ZnS 

0.1 0.10 100 0.001 1.158 

1.0 1.07 107 0.011 1.092 

5.0 5.84 117 0.062 1.255 

Ni:ZnS 

0.1 0.11 110 0.001 1.134 

1.0 0.87 87 0.009 1.010 

5.0 6.04 121 0.064 1.272 

 

Table 4.7 Composition of lanthanides doped Ln:ZnS samples determined by ICP-MS on Zn, S, Eu, Sm, 

Nd and Yb elements. The nominal at. concentration refers to the one expected based on the 

concentration employed in the synthesis. Uptake is determined as the ratio between the experimental 

and the predicted concentration. Doping concentration are calculated as Ln3+ / (Ln3+ + Zn2+) molar ratio. 

 

 %at. doping   Stoichiometry LnnZn1Sm 

Sample Nominal Experimental %Uptake n m 

Eu:ZnS 

0.1 0.07 70 0.001 1.131 

1.0 0.90 90 0.009 1.080 

5.0 6.08 122 0.065 1.230 

Sm:ZnS 

0.1 0.09 90 0.001 1.081 

1.0 0.90 90 0.009 0.963 

5.0 5.44 109 0.058 1.212 

Nd:ZnS 

0.1 0.08 80 0.001 1.484 

1.0 0.48 48 0.005 1.284 

5.0 2.78 56 0.029 1.303 

Yb:ZnS 

0.1 0.08 80 0.001 1.306 

1.0 0.48 48 0.005 0.878 

5.0 2.65 53 0.027 1.141 
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From the obtained uptake values, the presence of doping elements in the samples was confirmed. 

Values around 100% were obtained for transition metal doped samples, while a diminished uptake 

was observed for the lanthanides, and especially for Nd and Yb. The presence of uptake percentages 

over 100% might be due to the formation of secondary compounds (compounds different from ZnS) 

in the samples that are more easily separated from the water suspension during the purification 

procedure. Indeed, ZnS NPs displayed the tendency of maintaining a certain colloidal stability even 

after prolonged high speed (12 500 rpm) centrifugations. Therefore, a fraction of ZnS NPs was easily 

lost due to incomplete separation from the liquid phase. If secondary compound were formed during 

the syntheses, that likely did not share the same colloidal stability of ZnS NPs, an enrichment in these 

secondary compounds in comparison to ZnS was likely obtained. In the case of lanthanides, the 

competing precipitation of the sulfides (i.e. Ln2S3) at highly basic pH was unlikely, as these oxophilic 

elements displays a marked tendency to form hydroxides in basic conditions. Therefore, the reduced 

uptake was likely related to the dissolution of these secondary compounds in the purification stage of 

the syntheses. 

    

Figure 4.10 XRD diffractograms of (a) Mn:ZnS 0.1%, 1% and 5% compared with sample ZnS MF3 

(undoped). (b) samples Cu:ZnS 5%, Eu:ZnS 5% and Sm:ZnS 5% with indication of the retrieved phases 

(stick plots). 

  

(a) (b) 
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Both possible variations of the ZnS NPs crystal structure and presence of crystalline contaminations 

were analyzed collecting the XRD patterns of the samples. In all samples, no variations on the profile 

of ZnS reflections were observed, indicating unvaried crystallographic features in comparison with the 

reference undoped sample ZnS MF3. In the case of Mn-doped NPs, no additional reflections were 

visible, while in the case of Cu and Ni-doped NPs, the presence small additional reflections were 

observed for samples at higher dopant concentration. The position of the additional features visible in 

sample Cu:ZnS 5% (Figure 4.10b) indicated the competing formation of CuS covellite (ICSD 98-004-

1911, space group P 63/m m c), that was also observed as the main product of the analogous batch 

reaction of Chapter 3.1. In the case of Ni-doped NPs, an additional reflection at 23.1° was visible (not 

shown) but it was not possible to reliably assign it. In the case of lanthanides-doped samples, the 

presence of the relative hydroxides was retrieved for samples at 5% concentration (Sm(OH)3 ICSD 01-

083-2036, Eu(OH)3 ICSD 01-083-2305, Nd(OH)3 ICSD 01-075-1902, space group P63/m) with exception 

of the Yb:ZnS samples. In the obtained XRD patterns a shift of the ZnS reflections due to a variation of 

the unit cell size was not observed, possibly due to the large broadening effects caused by to small 

crystallite size and stacking faults. Moreover, in the case of the transition metal employed, a small 

difference on ionic radii exists,266 leading to minor lattice variations in the case of dopants inclusion. 

The absence of additional reflections on the samples was not considered a safe indication of the 

absence of contaminations, as the formation of amorphous compound could be possible, together 

with the presence of compounds in concentrations below the XRD detection limit (approx. 1%).

 

Figure 4.11 (a) Comparison between the Raman spectra of samples Cu:ZnS 0.1%, ZnS MF3 and CuS1 

(batch, Chapter 3.1). (b) Detail of the increased relative intensity of TO mode in different samples. 

  

(a) (b) 



Chapter 4 Room temperature microfluidic synthesis and characterization of pure and doped uncapped ZnS NPs 

148 

 

The identification of secondary compounds was also attempted with the employment of Raman 

spectroscopy. The collected spectra showed a profile like the one of sample ZnS MF3, while the 

identification of other peaks was complicated due to the extended second order Raman spectra of the 

ZnS NPs. As visible in Figure 4.11, in the analyzed spectra the LO peak at 347 cm-1, that would normally 

be the main peak of the ZnS spectra (see Figure 4.8), got even less intense in comparison with the TO 

mode and the other two-phonons peaks with respect to the undoped ZnS MF3 reference sample (e.g. 

peaks at 219, 261, 414, 473 cm-1). Comparing the expected Raman spectra obtained for sample CuS1 

obtained under analogous condition using a batch approach (Chapter 3.1), the diagnostic peaks would 

fall almost perfectly in correspondence of a second-order Raman component of ZnS. Since these 

contributions were determined to be varied from the undoped reference, the increased intensity of 

the contribution of the peak at 473 cm-1 could be related to both the presence of CuS in the sample 

and to the variation of the two phonon peaks in the ZnS spectra. Therefore, is not possible to safely 

identify the presence of CuS, and analogously other materials, employing this technique. Since no 

relevant size and morphological difference among doped and undoped samples was observed by TEM 

(see below) and XRD analysis, the increase in the relative intensity of the TO mode and the two-

phonons modes was likely related to the presence of defects in the ZnS structure. 

 

Figure 4.12 TEM micrographs of (a) Yb:ZnS 5% and (b) Sm:ZnS 5% samples. 

TEM micrographs were acquired to confirm that no significant variations of the obtained NPs occurred. 

In all the collected micrographs (Figure 4.12) the observed NPs displayed analogous morphology and 

size to the undoped particles. The same tendency of the undoped samples to form aggregates of fractal 

appearance was also noticed (see Figure 4.3, with exception of the ZnS MF 1 sample). The presence of 

a secondary set of particles was only observed clearly for samples Cu:ZnS 5%, Sm:ZnS 5%, and only 
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possibly on sample Eu:ZnS 5%. An example of such particles in sample Sm:ZnS 5% is visible in Figure 

4.12b, where the presence of rod-like particles having a variable length between 30 and 70 nm was 

retrieved along with the ZnS NPs. These rods were probably composed of Sm(OH)3, which was 

identified by XRD analysis in the same sample. 

To complete the compositional analysis, XPS spectra were also acquired for samples having 5% dopant 

concentration. Overall the analysis showed the presence of Zn, S, O and C analogously to the reference 

ZnS MF 3 reference sample. The retrieved Zn2p3/2 and S2p positions were in the range 1021.5 – 1022.2 

eV and 161.5 – 162.0 eV respectively, consistently with the attribution of Zn2+ and S2- and with the 

value obtained for the undoped samples (see Table 4.4). The semi-quantitative analysis indicated a Zn-

rich samples, having an atomic Zn:S ratio ranging from 1:0.9 to 1:0.5. This is in contrast with the ICP-

MS measurements, that indicated the presence of an excess of S in the samples in respect to the ZnS 

stoichiometry. The reason might be related to a variable composition (i.e. the presence of different 

types of point defects) of the sample in the surface with respect to the core of the NPs, or to the 

presence of residual sulfur compounds on the surface of NPs that might be eliminated during the XPS 

degassing procedure (e.g. elemental sulfur like S8). The presence of dopants was not observed in all 

samples with the exception of Cu:ZnS 5%. In the latter, a very weak Cu2p doublet was visible at approx. 

932 and 953 eV, that however presented an insufficient signal to noise ratio to be fitted. In general, 

the presence of dopants could not be confirmed by XPS, possibly due to the insufficient concentration 

of the elements in the material. 

Overall, the presence of doping elements in the samples was confirmed by ICP-MS measurements. It 

was not possible, however, to safely identify if the elements were successfully included in the ZnS 

matrix and to which extent. The presence of secondary compounds was observed in the case of 

samples Cu:ZnS 5%, Eu:ZnS 5%, Sm:ZnS 5% and Nd:ZnS 5% mainly via XRD analysis, and further 

confirmed by TEM analysis for samples Cu:ZnS 5% and Sm:ZnS 5%. These analyses also confirmed that 

ZnS NPs were substantially unaltered in their dimensional, morphological and structural features, as 

no relevant variation with respect to the undoped ZnS MF 3 were observed. No useful information was 

obtained via Raman spectroscopy about the presence of secondary compounds, while an additional 

increase of the relative intensity of second order ZnS Raman spectra and of the TO mode was observed 

in respect to the undoped sample. XPS measurements were also not useful to identify relevant 

contaminations due to the small concentrations these might be found. To prove or rule out the 

presence of dopants inside the ZnS, and to identify their chemical environment, the use of 

synchrotron-based x-ray absorption spectroscopies like EXAFS or XANES may be required. 

The formation of secondary compounds instead of solid solutions can be rationalized considering the 

crystallographic features of cubic ZnS in comparison with coordination environment normally 
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preferred by the dopants. All the employed metals showed a different preferred coordination in their 

compounds obtained using by the same chemical environment of the microfluidic synthesis, as also 

directly observed for some of them Chapter 3. The most stable phase of MnS is the α-MnS (alabandite), 

that displays a rock-salt type of structure where Mn2+ ions possess an octahedral coordination.201 

However, two metastable polymorphs were obtained using the synthetic conditions here discussed, 

namely the β-MnS and γ-MnS. The first is characterized by a cubic unit cell where both Mn2+ and S2- 

ions possess a tetrahedral coordination. Thus, considering Mn2+ possess the same charge and a similar 

ionic radius (as IV-coordinated: Mn2+ 0.66 Å, Zn2+ 0.6 Å),266 and considering a MnS phase having an 

analogous coordination was also formed in the same chemical environment, the inclusion of Mn2+ in 

the lattice of sphalerite ZnS in substitutional position can be regarded as plausible. Indeed, Mn-doped 

ZnS was probably the most widely studied and reported doped ZnS compound, while its presence in 

substitutional position was also experimentally observed along with its presence as interstitial ion.265 

Despite this, surface segregation phenomena of Mn in Mn-doped ZnS NPs were also reported.267–269 

Similar considerations on charge and ionic radii can be done for Cu2+ and Ni2+ (as IV-coordinated: Cu2+ 

0.57 Å, Ni2+ 0.55 Å),266 but a less favorable situation emerges considering their chemistry. As reported 

in Chapter 3, using analogous batch conditions, the precipitation of CuS covellite was obtained. This 

material is characterized by a prevalent Cu+ character, while the mere presence of Cu2+ in its structure 

is matter of long-lasting debate.161,270 Thus, a tendency of Cu2+ to reduce to Cu+ in the reductive 

environment of the SH- solution was observed. Despite this, a certain favor towards a tetrahedral 

coordination may be evinced from the CuS covellite crystal structure, as in this structure Cu is found in 

both tetrahedral and trigonal coordination. In the case of Ni2+, analogous batch conditions led to the 

formation of Ni(OH)2 (Chapter 3.5), thus indicating the oxophilic behavior of this ion. Despite all this, 

the obtainment of both Cu2+ and Ni2+ doped ZnS was reported by using simple water-based 

coprecipitation routes.271–274 Considering lanthanides, a radically less favorable situation for dopants 

inclusion emerges. Lanthanides are commonly found in the Ln3+ oxidation state, thus their inclusion in 

the ZnS necessarily results in a charge unbalance that needs to be compensated by the formation of 

point defects. Moreover, hexacoordination is generally observed as the minimum coordination for Ln3+ 

ions, which possess larger ionic radii than first-row M2+ transition metals (as VI-coordinated: Nd3+ 0.983 

Å, Sm3+ 0.958 Å, Eu3+ 0.947 Å, Yb3+ 0.868 Å).266 For this reasons, co-precipitation or other low 

temperature methods were often find unsuited for the preparation of Ln-doped ZnS, as high 

temperatures were needed to promote the inclusions in the ZnS matrix.275 
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4.2.2 Functional properties 

 

The photoluminescence (PL) properties of the obtained doped samples were characterized to test if 

the synthesis approach led to the obtainment of functional doped ZnS NPs. Moreover, in the view of 

possible bioimaging applications, NPs cytotoxicity was also tested. 

 

Figure 4.13 PL spectra of Mn:ZnS samples upon excitation at λexc = 293 nm (ZnS matrix). 

In the Mn:ZnS samples, a PL band centered at 596 nm (orange emission) was observed upon excitation 

of ZnS matrix at 293 nm, connected to the 4T1 → 6A1 transition of the Mn2+ 3d orbitals. This emission 

indicates an effective energy transfer from ZnS energy levels to the one of the Mn2+ ions, thus 

confirming the inclusion of Mn2+ in the ZnS matrix.276 Noticeably, the PL intensity was stronger in the 

Mn:Zns 0.1% sample, while its intensity decreased as the concentration of dopant was increased. This 

effect might be related to clustering effects of Mn2+ ions, that gradually reduces the PL efficiency due 

to the concentration quenching phenomenon.277,278 A similar effect was recently observed by Tuan et 

al., who also described the quenching of orange PL from Mn-doped ZnS as the concentration of dopant 

increased, due to the non-radiative charge transfer between Mn2+ clusters.279 

In the case of Ni-doped ZnS NPs, upon excitation of the ZnS matrix, a green emission at 520 nm was 

expected,279 while for the Cu-doped ones the emission in the range 425 – 525 nm, or at 600 nm, was 

reported.91,273 In the samples here synthetized no emission was observed for these samples upon 

excitation of the ZnS matrix. This agrees with the previous structural and compositional 

characterization, that indicated the presence of secondary products especially for the Cu:ZnS samples. 

Therefore, the inclusion of Cu2+ and Ni2+ was not achieved employing this method.  
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Figure 4.14 PL spectra of (a) sample Eu:ZnS 0.1% (λexc = 394 nm) and (b) sample Nd:ZnS 5% (λexc = 578 

nm). 

The emission from lanthanides levels of Ln-doped ZnS samples were obtained only employing 

excitation wavelengths centered on the typical frequencies of lanthanides f-f transitions, while no 

emission upon excitation of the ZnS matrix was observed. This indicated that, also for the case of 

lanthanides, the inclusion of dopants was not successful, as no charge transfer was observed between 

ZnS and the Ln3+ ions. PL spectra were acquired to confirm the presence of the lanthanides on the 

samples. For all the tested samples, the characteristic emission peaks were retrieved. Figure 14.4a 

shows the emission spectra from the Eu:ZnS 0.1% sample excited at λexc = 394 nm, corresponding to 

the 7F0 → 5L6 transition.275 On the spectra, five components were detected at 590, 614, 651, 697, 789 

nm respectively, that can be attributed to the transition from the excited 5D0 state to the states 7F1, 

7F2, 7F3, 7F4, and 7F6 respectively.280 From the Sm:ZnS samples excited at λexc = 403 nm, the presence of 

two weak peaks at 595 and 648 nm for the transitions from the 4G5/2 excited state to the 6H7/2 and 6H9/2 

states respectively was observed.281 In the Yb:ZnS samples excited at λexc = 375 nm a single very weak 

peak was observed at 976 nm, attributed to the 2F5/2 → 2F7/2 transition.281 Lastly, for the Nd:ZnS 

samples (Figure 14b) excited at λexc = 578 nm, two components were observed for the 4F3/2 → 4I9/2 

transition at 900 nm and the 4F3/2 → 4I11/2 transition at 1064 nm. Overall, the presence of the 

lanthanides on the synthetized samples was confirmed, but no energy transfer was observed from the 

ZnS. Thus, lanthanides were probably found on the samples as hydroxides, in accordance with the XRD 

results. In successfully included in the ZnS NPs, the most useful ions for the development of NPs for 

bioimaging applications would be Eu3+ and Nd3+, that displayed emission lines in suitable ranges the 

NIR spectrum.282 

 

(a) (b) 
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Figure 4.15 Results of the MTS assay on human lung adenocarcinoma A549 cells incubated for 24 h 

with ZnS MF3, Eu:ZnS 1-5% and Nd:ZnS 1-5% samples at different concentrations. Data reported with 

error bars. 

In the view of possible bioimaging applications, a determination of NPs cytotoxicity is important to 

evaluate possible the cytotoxicity of the NPs, to assess it the material is harmful to living cells. This 

aspect was evaluated on sample ZnS MF3 as reference and on Eu:ZnS 1%, Eu:ZnS 5%, Nd:ZnS 1% and 

Nd:ZnS 5% samples. NPs were dispersed in at different concentrations ranging from 0.01 to 0.40 mg/ml 

and incubated for 24 h in human lung adenocarcinoma A549 cells. Cells viability was evaluated via MTS 

assay. The latter is a colorimetric assay based on the reduction of MTS tetrazolium compound to the 

colored formazan, detectable at 490 mn, caused by the activity NAD(P)H-dependent dehydrogenases 

enzymes in metabolic active cells. Thus, the viability of cells was simply evaluated comparing 

absorbance values recorded at 490 nm with the values obtained from the non-treated cells, used as 

reference for 100% viability. From the results reported in Figure 4.15, a scarce cytotoxicity was 

evidenced, with the exception of the Nd:ZnS 1% for which a decrease of 20% in cell viability was 

observed. For more reliable results, an extended analysis over longer incubation times would be 

required, along with the employment of a clonogenic assay. In the case of the undoped ZnS MF3 

sample, the increase of the viability over the value of 100% indicates that the treatment favored either 

cells proliferation or the metabolism of the employed dye (MTS, 3-(4,5-diMethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H). 
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Chapter 5. 

Continuous hydrothermal synthesis and 

characterization of pure and Ln-doped 

defective ZnS NPs 

 

 

5.1 Continuous hydrothermal synthesis of defective ZnS NPs 

 

Continuous flow hydrothermal synthesis (CFHS) is a very versatile synthetic approach that represents 

an easily scalable water based approach for the synthesis of wide variety of different 

compounds,61,77,283 including metal sulfides.78 This method exploits water at high temperature (up to 

500 °C) and pressures (up to 24 MPa), often in supercritical conditions. Applied to the synthesis of 

semiconductors, it allows the replication of many features of the hot-injection approach, such as the 

fast generation of a supersaturation of precursors in the reaction mixture. In the conditions employed 

in CHFS, the water physico-chemical properties, such as pKw, dielectric constant, density and viscosity, 

are altered, allowing the crystallization to proceed through different pathways.284 Dunne at al.78 

applied this technique to the synthesis of metal sulfides developing two single-mixer methods (Figure 

5.1). The overall strategy consisted in the decomposition under supercritical conditions of thiourea to 

produce SH- in-situ, that was allowed to react with a metal precursor and rapidly form the metal sulfide 

NPs. In the first of the two methods Dunne at al.78 developed, a thiourea solution was firstly pre-heated 

to allow its decomposition, and afterwards it was mixed with a metal salt solution. In the second 

method, only water was preheated, while a solution of both the metal salt and the thiourea was later 

mixed to the supercritical water, causing the decomposition of thiourea to occur in direct presence of 

the metal precursor. Using this strategies, ZnS, CdS, PbS, CuS, Fe(1-x)S and Bi2S3 were obtained by 

properly tuning the synthesis conditions. The setup employed in this Thesis was developed as a 

variation of the methods optimized by Dunne at al.78, that was especially realized to obtain a more 

flexible control over the decomposition of thiourea. 

  



Chapter 5   Continuous hydrothermal synthesis and characterization of pure and Ln-doped defective ZnS NPs 
 

156 

 

 

Figure 5.1 Comparison between the CHFS approach developed by Dunne et al.78 (left) and the setup 

employed in this Thesis (center). Detail of the double mixer employed (right). 

CHFS was used to synthetize ZnS NPs using a two-mixer approach (Figure 5.1). Pure milli-Q quality 

water was fed though a heater, allowing its temperature to raise to 450 °C, while the pressure was 

kept at 24 MPa. The obtained supercritical water was than mixed to a thiourea solution, causing the 

decomposition of the latter and formation of SH-. This solution was secondly channeled through a 

second mixer to add a zinc nitrate solution, resulting in the precipitation of ZnS NPs. A S:Zn 2:1 molar 

ratio was kept in all reactions to allow an excess of SH- to be produced to avoid the formation of ZnO. 

Since supercritical water was mixed to room-temperature solutions, the mixing temperature was 

simply tuned by adjusting the feeding rate of the precursors. The temperature at the first mixer was 

kept fixed at 380 °C, to allow the same thiourea decomposition conditions in all the obtained samples, 

while the second mixer temperature was varied between 241 °C and 335 °C to explore the effect of 

this parameter. In comparison to the setups developed by Dunne at al.78, this double-mixer setup 

allowed an independent control of the temperature of decomposition of thiourea from the actual 

reaction temperature a the second mixer. Moreover, the thiourea decomposition and the ZnS 

precipitation were separated in two different stages, allowing a more independent control of the two 

processes.  

Thiourea was chosen as precursor not only to allow a better comparison with the literature setups, but 

also due to its wide availability, its clean decomposition and its affordability. The decomposition of this 

molecule can be pursued either by basic catalysis285 or thermal decomposition.78,80,286–288 In the case of 
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the base-catalyzed decomposition, SH- is firstly produced together with urea, that subsequently 

decomposes in ammonium fulminate, according to the following equations: 

 

 𝑆𝐶(𝑁𝐻2)2 +𝑂𝐻
− → 𝑆𝐻− +𝑂𝐶(𝑁𝐻2)2     (5.1) 

𝑂𝐶(𝑁𝐻2)2 → 𝑁𝐻4
+ + 𝐶𝑁𝑂−       (5.2) 

 

In the case of the thermal decomposition, different mechanisms were reported depending of the 

employed temperature.80 Up to 180 °C the formation of carbodiimide was reported, along with the 

evolution of hydrogen sulfide. Over 220 °C the formation of thiocyanic acid occurs, together with the 

evolution of ammonia. The overall decomposition results in the formation of hydrogen sulfide, 

ammonia and carbon dioxide, making this precursor an ideal candidate to obtain a clean 

decomposition an prevent the deposition of organic residues on the final product.  

 

 𝑆𝐶(𝑁𝐻2)2 + 2𝐻2𝑂
   ∆    
→  𝐻2𝑆 + 2𝑁𝐻3 + 𝐶𝑂2     (5.3) 

 

The obtained ZnS samples were named in the text as indicated in Table 5.1, according to the reaction 

temperature at the second mixer as a relevant parameter. 

 

Table 5.1 Specification of the sample name in correlation with the temperature at the second mixer of 

the CFHS setup. 

ZnS sample Reaction temperature (°C) 

CH1 241 

CH2 251 

CH3 260 

CH4 271 

CH5 282 

CH6 294 

CH7 307 

CH8 321 

CH9 335 
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5.1.1 Size and morphology 

 

Size and morphology of the obtained particles were firstly analyzed. TEM micrographs of samples CH1, 

CH5 and CH9 were acquired in order to identify a possible trend of the retrieved size with respect to 

the reaction temperature. In all samples, rounded particles were observed, sometimes assuming a 

slightly elongated shape. The tendency to aggregate of the particles was also noticed, similarly to ZnS 

samples described in Chapters 2 and 4. 

 

 

Figure 5.2 TEM micrographs of samples CH1 (a), CH5 (b) and CH9 (c), retrieved size distributions of 

samples CH1 (d), CH5 (e) and CH9 (f). Comparison of the fitted size distributions (g). 

Table 5.2 Size distribution descriptors obtained from TEM population of sampled particles and their 

log-normal fits. 

 CH1  CH5  CH9  
  TEM Fit TEM Fit TEM Fit 

D1,0 (nm) 17 17 17 19 21 22 

Std. dev. (nm) 4 (25%) 4 (22%) 5 (29%) 7 (34%) 6 (27%) 5 (34%) 

D3,2 (nm) 19 19 19 24 24 23 

D4,3 (nm) 20 19 20 27 25 25 

Skewness 1.0 0.7 -0.1 1.1 0.8 0.6 

Kurtosis 0.8 0.8 -0.5 2.0 1.4 0.7 

(d) (e) (f) (g) 
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The size distributions were measured by the segmentation of individual particles. The equivalent 

spherical diameter was calculated from the area of each measured nanoparticle and employed for the 

description of the size distributions. From the obtained descriptors (Table 5.2) and the relative 

distribution and log-normal fits (Figure 5.2), the particle size only showed minor variations using a 

different reaction temperature. An average D1,0 diameter of 17, 17 and 21 nm was obtained for 

samples CH1, CH5 and CH9 respectively, thus an average size increase of +27% was observed 

comparing samples CH1 and CH9, with little effect on the polydispersity. In the case of sample CH5, 

the obtained size distribution curve was slightly left-screwed and flatter in comparison with the other 

two. Even though the log-normal distribution is intrinsically right-skewed and fundamentally unsuited 

to reconstruct a symmetrical curve, it was still chosen as this distribution shape was considered to 

more plausible on the basis of CH1 and CH9 samples. In the framework of the LaMer model,16 the slight 

increase of the NPs size might be related to a sensibly faster growth rate of the particles as the reaction 

temperature increased. A similar but stronger size increase with the reaction temperature was instead 

reported by Dunne at al.78 for the setup in which thiourea was decomposed prior to be mixed with the 

metal precursor solution. Using that approach, the reported average size varied from 3.5 to 10.6 nm 

as the reaction temperature was increased. As opposed to the method here employed, in the single 

mixer setup employed by Dunne a lower reaction temperature also corresponded to a slower 

decomposition rate. The comparison of the two results suggests that the final particles size might be 

connected to the decomposition rate of the sulfur precursor, more than to the reaction temperature. 

 

5.1.2 Crystal structure and defectivity 

 

From the XRD diffractogram obtained for the CH1 – CH9 samples, a mixed pattern of the cubic phase 

ZnS sphalerite (ICSD 98-065-1457, space group F-34m) and its hexagonal polymorph wurtzite (ICSD 98-

006-7777, space group P 63 m c) was retrieved. Comparing the patterns as a function of the reaction 

temperature, an increase of the wurtzite content was observed (Figure 4.5), as visible in particular 

from the increasing contribution of the wurtzite (100) reflection in the profile. By carefully analyzing 

the diffractogram, the anomalous absence of the wurtzite (101) reflection at 46.5° was observed 

(Figure 5.3). This feature was described by Zhang et al.87 as a specific indication that the material was 

consisting of a single phase having a mixed cubic-hexagonal stacking. Wurtzite and sphalerite are two 

polytypes of ZnS where both Zn and S atoms are tetrahedrally coordinated, having a free energy 

difference for the bulk of about 10 kJ mol-1. For bulk materials, the transition temperature for the 

conversion from sphalerite to wurtzite is 1020 °C.97   
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Figure 5.3 XRD pattern of the CH9 sample with reference of the expected reflections intensities and 

positions in the case of a physical mixture of ZnS sphalerite and ZnS wurtzite. 

 

 

Figure 5.4 (a) XRD patterns of samples CH1 – CH9. (b) Detail of pattern around the main sphalerite 

(111) reflection showing the gradual increase of the wurtzite contribution to the pattern. The blue line 

is the difference diffractogram with respect to sample CH1. The reflections position are reported in 

Figure 5.3.  

(a) (b) 
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However, the energy difference between the two polymorphs decreases as the particle size is reduced, 

leading to a noticeably lower transition temperature in the case of nanostructures (see Chapter 6).97 

Moreover, ZnS has a low stacking faults energy289 of 0.006 J m-2. The tendency of ZnS to produce a 

relevant amount of planar defect was also observed by all the other syntheses methods employed in 

this Thesis, as stacking faults were always found to a different extent in the XRD patterns of the 

synthetized samples (see Chapters 2 and 4). As the particles dimension are reduced, the energy 

difference between the two polytypes are reduced as well,97 and the influence of the external 

environment becomes more relevant.290,291 All these aspects contributes to the possible formation of 

a high concentration of stacking faults. By increasing the amount of stacking faults, the approximation 

of a distorted cubic main phase breaks down, as the amount of the hexagonal polytype gets relevant 

and determines the occurrence of different features in the XRD pattern. In other words, in the crystal 

structure of a single nanocrystal both phases are found without discontinuity between the two, 

constituting a distinct entity with respect to a simple physical mixture of the two phases.  

The patterns in Figure 5.4 shows the increase of the wurtzite content as the reaction temperature 

increased. A similar correlation was reported by Dunne et al.,78 who reported the formation of pure 

sphalerite a 250 °C and a gradual increase of the wurtzite content as temperature was raised to 400 

°C. In that case, however, the combined analysis of XRD patterns and HRTEM micrographs indicated 

that the two phases were produced as physical mixture, where single nanocrystals assumed only one 

of the two polymorphs. Mixed stacking NPs were also obtained by Dunne et al. by the second CHFS 

method, but no study with variable reaction temperature was performed in that case. An explanation 

of the defective nanocrystals phenomenon was hypothesized by Zhang et al.,87 who attributed the 

enhanced probability of hexagonal stacking at higher temperature as related to the higher entropy of 

wurtzite with respect to sphalerite. Additionally, the effect may also be explained as a combination of 

temperature and Zn:S ratio.78 At lower temperature, it is possible to assume that the decomposition 

of thiourea may proceed slower, resulting in a reduced availability of SH- at the second mixer in respect 

to the reaction preformed at higher temperature. Luther et al.157 suggested that the formation of 

different polymorphs of ZnS reflects the formation of different molecular clusters that behave as 

monomers in the growth of the NPs. At higher Zn:S at. ratios, corresponding to a less complete thiourea 

decomposition in this synthetic approach, the formation of smaller Zn3S3(H2O)6 and Zn4S6(H2O)4
4- 

clusters may be favored, that results in interaction between clusters that favors the attachment 

mechanism that leads to the cubic phase. With a faster thiourea decomposition, leading to a lower 

Zn:S at. ratio, the formation of a larger Zn6S6(H2O)4 might be favored, that instead leads to the 

formation of the hexagonal polymorph instead, as hypothesized by Luther et al.157  
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Figure 5.5 HRTEM micrographs of the CH7 sample. 

To confirm the XRD analysis of the samples, HRTEM micrographs of the sample CH7 were acquired. 

Stacking disorder was evident in the particles, as seen in by the characteristic change in the 

crystallographic planes visible as striations that indicated the presence of stacking faults in NPs (Figure 

5.5). The images also confirmed that the two phases were not forming unrelated domains but were 

constituting single nanocrystal with both stacking orders. This result confirmed that the different CHFS 

setup employed here allowed the production of nanocrystals having different wurtzite stacking 

probability as a function of the reaction temperature, rather than a physical mixture of the two phases 

that Dunne et al. reported in his work. Therefore, the precursor decomposition and mixing strategy 

alone appears to have a dramatic impact in the NPs crystallization mechanism. 

The quantification of the wurtzite content represents a crystallographic challenge, as the structure 

cannot be formally described as a simple mixture of sphalerite and wurtzite, but rather as a distinct 

phase. The employment of the Warren model to estimate high twinning and stacking faults probability 

(i.e. considering the cubic phase as reference phase and altering the peak functions to fit the observed 

patterns) is not possible, as such a high concentration of defects greatly exceeds the limits of the 

Warren approach.89 This limit was already evinced in the fitting procedure of by the visibly less 

defective NPs synthetized by the microfluidic approach in Chapter 4, where the XRD patters was still 

mainly corresponding to the one of the cubic phase. Two alternative empirical approaches were 

developed to estimate the relative content of the two phases. Smith et al.292 proposed a correlation 

between the ratio of the two phases and the integrated intensity of their reflections at high scattering 

angles. However, for this approach, sharp and separated reflections are required. In the case of nano-

sized crystalline domains, the overlap caused by the broadening effect does not allow the separation 

of isolated reflections, and possible multipeak fitting approaches are impaired by the low intensity of 

the reflections and their challenging distinction from the background.   
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Figure 5.6 Refined partial fitting of sample CH9 using ZnS sphalerite and wurtzite crystal structures. 

Another approach was initially developed by Zhang et al.,87 who performed a numerical peak 

decomposition using Pearson VII functions to estimate the proportion of the two phases based on pre-

determined intensities ratios between the reflections measured on the pure phases.293 In the proposed 

fit, the pattern profile was reproduced removing the missing wurtzite (102) reflection and adding an 

additional Bragg peak around 62°.  

A similar approach was here attempted by limiting the fit region from 20° to 36° with the fitting method 

implemented in MAUD,84 thus employing pseudo-Voigt functions for the peak profile instead of the 

Pearson VII functions and using relative peak intensities extracted from sphalerite and wurtzite crystal 

structures. Using this strategy, a good fit was not achievable as intensities were not correctly 

reconstructed, as likely consequence of a fundamentally incorrect structural model. To improve the 

profile analysis of these samples, WPPM (Whole Pattern Profile Modelling) or a DSE (Debye Scattering 

Equation) approach may be used, as in these approaches the influence of microstructure and lattice 

defects are directly described using appropriate physical models instead of being treated 

empirically.294 Zhang et al. indeed updated his analysis approach employing a complex DSE-based 

method, that required the modelling of a sizable populations of whole ZnS particles having variable 

cubic and hexagonal stacking probabilities. Moreover, to properly fit the experimental data, the model 

encompassed also the influence of NPs anisotropy and surface-related microstrain, making the analysis 

exceedingly demanding.295 To strengthen the analysis of a similar problem, recently Moscheni et al.294 

relied in a combined high- and small-angle DSE-based total scattering analysis that included 

comprehensively all the relevant contributions to the pattern profile. Therefore, to obtain a good 

estimation of the cubic and hexagonal stacking probability in the samples, advanced XRD patterns 

analysis techniques are required.  
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Raman spectroscopy was employed as an alternative approach to XRD and HRTEM to obtain 

information about the temperature dependence of the presence of cubic and the hexagonal 

polymorphs. Firstly, the phonon dispersion and the DOS (density of states) was calculated ab-initio. 

The calculation was performed with the plane waves – pseudopotential implementation of the density 

functional theory (DFT) employed in the code package ABINIT.296 The local density approximation (LDA) 

was used for the exchange correlation potential. Details on the computational method are available in 

Chapter 8. 

 
Figure 5.7 Phonon dispersion and DOS of (left) ZnS wurtzite and (right) ZnS sphalerite. Phonon energy 

is in wavenumber (cm-1). 

 

Figure 5.8 Raman spectra of the samples CH1 – CH9. (*) Raman peaks of orthorhombic sulfur S8. 

ZnS wurtzite ZnS sphalerite 
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The computed phonon dispersion and DOS reported in Figure 5.7 were in good agreement with 

previous reports in the literature.109 Since in both cubic and hexagonal phases of ZnS, the lattice 

consists of a network of ZnS4 tetrahedra, distinguished only from a different stacking, the obtained 

phonon dispersions were similar (Figure 5.7). The transversal optical (TO) mode the longitudinal optical 

(LO) mode were found in the frequency range between 208 cm-1 and 360 cm-1, whereas the transversal 

acoustic (TA) mode was located below 220 cm-1. 

Figure 5.8 shows the collected Raman spectra of the series of samples. The main peak at 349 cm-1 was 

attributed to the LO phonon at the Γ-point of the 1st Brillouin zone. As visible by the DOS plot in Figure 

5.7, the position of this mode is the same within a few wavenumbers for both phases. The assignment 

holds also for the mixed phase NPs, as no relevant shifts were observed. Most of the Raman signals 

located at lower wavenumbers are due to second-order Raman scattering, that involves two phonons 

process. In this case, two phonons having an opposite wavevectors are created, generating a sum 

mode, or one phonon is created and one phonon that possess an opposite wavevector is annihilated, 

generating a difference mode.109,297,298 Relevant contributions from difference modes were located 

only below 250 cm-1 (e.g., TO-TO up to LO-TA), while sum modes contributes more at higher 

wavenumbers. Acoustic modes contribute mainly between 180 and 300 cm-1 (e.g. 2TA, LA+TA), while 

sums of acoustic and optical modes (e.g. TO+TA, LO+LA) contributes at about 340 cm-1. Sum of optical 

modes (i.e., 2TO, TO+LO, 2LO) are instead relevant between 580 and 700 cm-1. Overall, the similarity 

of the DOS for the two phases resulted in similar Raman spectra, even if samples possessed different 

fractions of wurtzite-like and sphalerite-like sequences. Therefore, this made the estimation of the 

relative content more difficult to perform. The more, due to the nanosized dimension of the particles, 

the polarization selection rule for the activation of Raman modes does not strictly applies. Additionally, 

broadening of the Raman features occurs for phonon quantum confinement phenomena and for the 

effect of particles polydispersion. In the case of samples CH5 and CH6, the presence of peaks belonging 

to orthorhombic sulfur S8 was also observed. Its presence may be related to unwashed reaction 

residuals or to a product of ZnS photodecomposition, as its presence was observed also in a batch-

synthetized samples in Chapter 2. 

Principal component analysis (PCA) was performed on the series of area normalized Raman spectra to 

reveal correlated changes in the spectra and shed more light on the structural changes underneath. 

The PCA method is based on the analysis of covariance matrix of the normalized Raman spectra. The 

eigenvalues of the covariance matrix and corresponding eigenvectors (principal components, PC) are 

labelled according to descending order of the positive eigenvalues. PCs had the form of Raman spectra, 

and were given as Raman intensities (loadings) against Raman shift values.   
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Figure 5.9 Plot of the PC 4 scores against the reaction temperature of the samples. (A) Difference 

calculated phonon DOS for cubic and hexagonal phases. (B) Loading of the PC 4. (C) Difference spectra 

between samples CH1 and CH9. 

Each spectrum can be expanded as a series of principal components, where the corresponding scores 

are the coefficients of the expansion. The evolution of the Raman spectra was clear from the fourth 

PC against the reaction temperature, showed in Figure 5.9. Indeed, PC 4 was found to be the most 

sensitive to the variation of the Raman spectra and the best suited to describe the passage from a 

dominant sphalerite pattern to a dominant wurtzite one. To corroborate this finding, a simple 

comparison between PC 4 (inset B, Figure 5.9) and the difference spectra between sample CH1 and 

CH9 (inset C, Figure 5.9) is presented, showing that PC 4 reflects the variation between the two limit 

spectra. Moreover, a comparison with the difference DOS of cubic and hexagonal ZnS is showed in 

Figure 9 (inset A, Figure 5.9), which was plotted on a double Raman shift scale to indicate the position 

of second-order same-phonon sum modes (i.e., 2TA, 2LA, 2TO, and 2LO). From these comparisons, the 

PC 4 was found to reflect the difference spectra between CH1 and CH9, whereas the sharp feature in 

PC 4 reflects changes in the two-phonon Raman components. Additionally, the sharp feature in PC 4 

around 350 cm-1 reflected the change of one-phonon LO mode, which was found at slightly lower 

energies for CH1 (sphalerite-dominated) in respect to CH9 (wurtzite-dominated). Overall, the Raman 

analysis supported the XRD interpretation, and showed a nearly linear increase of the hexagonal phase 

content from samples CH1 to CH8, and followed by an abrupt further increase at CH9, suggesting a 

threshold-effect at high temperature. Altogether, XRD, HRTEM and Raman analyses indicate that a 

linear increase of the presence of the hexagonal stacking on the ZnS NPs as function of the reaction 
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temperature was obtained, with only a limited size increase of the NPs with the temperature. 

Therefore, this approach could be potentially employed to finely tune the presence of the planar 

defects, that can affect the functional properties of the NPs (e.g. the photocatalytic activity, see 

Chapter 5.2).  

 

5.1.3 Surface composition 

 

The surface composition of the CH7 sample, chosen as reference, was analyzed using XPS 

spectroscopy. From the survey spectra (Figure 5.10) the presence of Zn, S was retrieved together with 

C and O, as expected from the common presence of adventitious contamination.100 The presence of 

the C1s signal was used to correct XPS spectra for charging effects on the calculated BE by assigning to 

the peak the value of 284.6 eV. From the semi-quantitative analysis performed on the S2p and Zn2p3/2 

peaks, the retrieved Zn:S ratio was 1:1, which matches the 1:1 expected from the ZnS stoichiometry. 

Thus, this method did not lead to the formation of a Zn-rich surface, which was retrieved using the 

batch (Chapter 2) and the microfluidic (Chapter 4) synthesis methods. The Zn2p3/2 was fitted with a 

single component (Figure 5.11a) at 1021.9 eV. Therefore, only the presence of Zn2+ was retrieved. The 

S2p region was fitted with a single p doublet at 161.8, as expected for the S2- oxidation state (Figure 

5.11b). No components at higher binding energy were observed, indicating the absence of oxidized 

sulfur moieties such as sulfates.  

 

 

Figure 5.10 XPS survey spectra of sample CH5.  
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Table 5.3 Observed peaks position in the XPS spectra of the CH5 sample. 

Peak CH5 Reference99 

 (eV) (eV) 

Zn2s 1195.8 1196 

Zn2p3/2 1021.9 1021.7, 1022.0 

Zn3s 139.8 139.9, 140.3, 141.5 

Zn3p 89.4 88.4 

Zn3d 10.2 9.8, 10.1, 10.7 

S2s 226.2 225.6. 226.0, 226.3 

S2p 161.8 162.2, 161.9 

 

 

Figure 5.11 Fitting of the Zn2p3/2 (a), S2p (b) and O1s (c) peaks of the sample CH5. 

The O1s peak was found at 532.0 eV (Figure 5.11c), which was attributed to adventitious 

contamination or to the presence of adsorbed water (see Chapter 6). No contributions from ZnO were 

observed, since the relative O1s peak would appear at 532.2 eV (see Chapter 6). Overall, the analysis 

indicated that the surface of the obtained ZnS NPs was free of contaminants and unoxidized, despite 

the synthesis was conducted in water at high temperatures. 

 

5.1.4 Photocatalytic activity for hydrogen evolution reaction 

 

ZnS is an important photocatalyst for the hydrogen evolution reaction (HER).259 Its light harvesting 

properties can be modulated, especially in the visible part of the spectrum, by introducing dopants or 

controlling the formation of defects.259 Normally, the photocatalytic efficiency of ZnS is limited by a 

high charge recombination rate and by photocorrosion or oxidation phenomena.34,299,300 To improve 

the photocatalytic performances, a key factor is the improvement of the charge separation 

lifetime.34,259 Recently, the presence of stacking faults and the formation of twinned nanocrystals (i.e 
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NPs having a high concentration of twin planes as planar defects) was recognized as an useful tool to 

improve charge carriers separation.263,301,302 Liu et al.263 showed the superior performances of twinned 

Cd0.5Zn0.5S nanorods with respect to the analogous un-twinned particles due to the formation of 

homojunctions at the twin boundaries. Such homojunctions were described to favor the transfer 

process of charges formed under irradiation, opposing the charge recombination and consequently 

enhancing the photocatalytic properties of the material. On the contrary, other authors reported that 

planar defects may also act as centers for nonradiative recombination of charge carriers, as highly 

twinned particles showed a relevant decrease in photocatalytic activity instead.303 Since the CHFS 

approach led to formation of highly faulted ZnS nanocrystals, as showed by the XRD and HRTEM 

analysis, and the ratio between the two phases was also tunable as function of the reaction 

temperature, the photocatalytic properties of the samples were tested. 

ZnS was used as a heterogeneous catalyst, therefore an important step of the characterization was the 

determination of the specific surface area (SSA, i.e. the mass-normalized surface area). As only a small 

difference between the particle size distribution was observed by TEM, and particles displayed similar 

morphologies regardless the reaction temperature employed, the SSA was determined only for sample 

CH7 as reference sample. The measure was performed via N2 physisorption on the dry product, and 

the obtained adsorption isotherm was interpreted using the BET model,262 resulting in an SSA value of 

51.46 ± 0.25 m2 g-1. Considering a spherical model, the corresponding average diameter D4,3 calculated 

from the SSA was 29 nm. This indicates that the probed surface area was close to the geometrically 

available surface area expected from the dimensional assessment of the samples. 

Since the NPs synthetized were not specifically engineered to improve the light harvesting properties 

of the material in the visible range of the spectrum, the activity of the samples for the hydrogen 

evolution reaction (HER) was tested using the full spectrum of 500 W Hg (Xe) lamp, thus including the 

UV fraction. Details on the experimental procedure for the photocatalytic test are reported in Chapter 

8. 

The obtained HER activity values (displayed in Figure 5.12) showed an irregular behavior on top of a 

general trend that indicated an increased activity with the reaction temperature employed at the 

second mixer for the synthesis of the NPs. The Pearson’s correlation coefficient of 0.64 for the 

proposed linear fit indicated a moderate linear correlation, therefore is possible to assume that an 

underlying linear trend may exist, even though other parameters here not considered were 

contributing as well (e.g. quality of the NPs dispersion). Reviewing the proposed characterizations, two 

trends were observed by raising the reaction temperature: a slight tendency of particles to growth and 

the increase in wurtzite content. Since the obtained size distributions were highly overlapping, it was 

assumed the influence of size variation was minimal.   
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Figure 5.12 HER activity of the synthetized samples as function of the reaction temperature used for 

the synthesis of the NPs. The dashed line is the linear fit of the observed trend. 

Therefore, it is more likely the observed trend can be ascribed to the crystallographic features of the 

particles, indicating a positive effect of the planar defects on the photocatalytic performances. The 

scattering of the obtained datapoints in Figure 5.12 indicates that other factors were also playing an 

important role. Since ZnS was observed to form fractal aggregates in the SAXS analysis of the 

suspensions obtained using the simple precipitation batch approach in Chapter 2, it is likely that the 

NPs here considered were also forming aggregates during HER tests. Therefore, the surface area 

accessible to reactants may be affected, as well as the illumination of inner particles.304 The 

characterization of the aggregation state in the suspension used for the HER tests may be highly 

beneficial to assess this possible correlations. Lastly, oscillating values may also be caused by 

experimental errors. A more solid assessment of casual error may be necessary to improve the 

correlation analysis. Overall, a positive effect of the presence of planar defects was retrieved together 

with the influence of other still undetermined factors, that indicated the necessity of developing of a 

sounder description of the tested suspensions. 
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5.2 Continuous hydrothermal synthesis of Ln-doped ZnS NPs 

 

ZnS is a wide band gap (Eg ~3.6 eV) II-VI semiconductor widely recognized as a good host material for 

doping.265 The inclusion of selected elements in ZnS NPs can alter significantly the properties of the 

material, with particular reference to the photoluminescence ones. Therefore, many opportunities for 

the development of new functional materials were created and are still being explored.265 Many 

transition metal and rare earths ions were used for the doping and the co-doping of ZnS NPs, including 

Cu2+, Mn2+, Pb2+, Ni2+, Cd2+, Co2+, Eu3+, Sm3+, Tb3+, Er3+.265 In this work, the focus was the obtainment of 

doped Nd:ZnS, Yb:ZnS and Gd:ZnS NPs, as well as co-doped Nd,Yb:ZnS NPs. Multiple elements and 

opportunities were considered in the choice. Lanthanides ions may be used for the inclusion of new 

luminescence centers in the NIR range.281 Emission properties in this part of the spectrum are of special 

interest in biological and bio-medical fields, as living tissues displays partial transparency in two 

different regions of the spectrum, called biological windows. The first biological window is located in 

the 650–950 nm range, while the second one is found in the range 1000–1350 nm.282 Nanosystems 

with engineered luminescence properties in these ranges are being studied to develop in-vivo non-

invasive imaging techniques.282,305 Moreover, lanthanides also possess interesting magnetic properties 

due to the presence of a large number of unpaired electrons in the f orbitals. In particular, Gd3+ was 

employed for the development of different diluted magnetic semiconductors (DMS), where favorable 

magnetic properties were introduced using this element as a dopant in semiconducting matrixes.306,307 

The combination of magnetic and luminescence properties can also be exploited to develop combined 

imaging techniques.306 Lastly, co-doping can also be employed to develop energy-transfer based 

nanosystems, that exploits the transfer of excitation between two luminescent ions. Being energy-

transfer an activated process, the relative intensity of two emission bands depends on the temperature 

and may be used to develop fluorescence-based ratiometric nano-thermometers.308,309 

The choice of ZnS as matrix to develop material for bioimaging applications was justified by different 

relevant advantages. ZnS showed a remarkable resistance to oxidation,265 unlike many other 

semiconductors (or even other metal sulfides, as seen in Chapter 6). Moreover, ZnS is also known for 

its low cytotoxicity, which is a mandatory requirement for in-vivo applications.310 Lastly, promising 

robust functionalization strategies for ZnS NPs for in-vivo applications have already been developed 

and are currently a matter of further developments.310 In our workgroup, doped ZnS has been already 

developed specifically for bioimaging applications.102  
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In this work, the following ranges of dopant atomic concentrations (expressed as Ln/Zn) were 

considered: Nd:ZnS 0.05% - 10%; Gd:ZnS 0.05% - 10%, Yb:ZnS 0.5% - 3%. In the co-doped samples, Yb 

and Nd individual atomic concentrations were ranged from 0.5% to 2%, while considering a maximum 

total atomic concentration of dopants of 3%. The synthesis was carried out using the same 

experimental conditions employed for sample CH7 (second mixer temperature 307 °C), by adding to 

the Zn2+ solution a proper amount of Ln precursors (nitrate salts) to realize a targeted Ln/Zn molar 

ratio. The inclusion of lanthanides within the ZnS matrix was already attempted using the microfluidic 

approach presented in Chapter 3, with doubtful results. Since in the literature the obtainment of Ln-

doped ZnS NPs required the employment of high temperatures, CHFS was tested as a possible 

approach to achieve the inclusion of these elements.275 

The CHFS synthesis of Nd,Yb co-doped ZnS samples and their PL characterization was performed in 

cooperation with the Master Student Francesca Tajoli. 

 

5.2.1 Composition and structure 

 

The sample composition was firstly checked by ICP-MS measurements, to determine both the 

experimental dopant concentration and the uptake efficiency (i.e. the ratio between the retrieved 

dopants concentrations and to the one predicted from the precursors concentration employed). 

 

Figure 5.13 Dopants experimental uptake as function of the predicted nominal doping level. The 

horizonal axis is displayed in logarithmic scale. 
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Table 5.4 Composition of Ln:ZnS samples determined by ICP-MS on Zn, Nd, Gd, Yb elements. The 

nominal at. concentration refers to the one expected on the base of the concentration employed in 

the synthesis. Uptake is determined as the ratio between the experimental and the predicted 

concentration. Doping concentration are calculated as Ln/Zn at. 

Sample Dopant 
%at. doping 

%Uptake 
Stoichiometry LnnZn1Sm 

Nominal Experimental n m 

Nd:ZnS1 Nd 0.06 0.02 32.0 0.0002 0.7885 

Nd:ZnS2 Nd 0.10 0.06 57.3 0.0006 0.7750 

Nd:ZnS3 Nd 0.49 0.31 63.4 0.0031 1.2167 

Nd:ZnS4 Nd 1.00 0.79 79.6 0.0079 0.7576 

Nd:ZnS5 Nd 1.99 1.68 84.8 0.0168 0.7333 

Nd:ZnS6 Nd 3.03 2.49 82.2 0.0249 1.2079 

Nd:ZnS7 Nd 5.02 0.03 0.6 0.0003 0.7685 

Nd:ZnS8 Nd 10.02 0.03 0.3 0.0003 0.7380 

Gd:ZnS1 Gd 0.05 0.00 2.4 0.0000 0.6982 

Gd:ZnS2 Gd 0.10 0.05 49.2 0.0005 0.4637 

Gd:ZnS3 Gd 1.00 0.02 1.7 0.0002 2.2268 

Gd:ZnS4 Gd 2.00 0.36 18.0 0.0036 0.8236 

Gd:ZnS5 Gd 5.02 0.03 0.6 0.0003 0.6784 

Gd:ZnS6 Gd 10.02 0.02 0.2 0.0002 0.7804 

Yb:ZnS1 Yb 0.48 0.22 46.4 0.0022 1.1506 

Yb:ZnS2 Yb 1.00 0.68 67.6 0.0068 1.0223 

Yb:ZnS3 Yb 2.02 1.58 78.6 0.0158 1.1734 

Yb:ZnS4 Yb 3.07 2.63 85.7 0.0263 1.1537 

 

From the ICP-MS analysis (Table 5.4), the retrieved lanthanides uptake was observed to be dependent 

of both the element chosen and the concentration employed. Nd and Yb showed the best results, 

reaching values around 80% for predicted doping levels from 3% to 4%. As reported in Figure 5.13, Nd 

and Yb showed a similar behavior in their incorporation in the ZnS matrix. In the case of Gd a different 

behavior was observed, as low uptake values were generally retrieved instead, with exception of the 

0.1% predicted doping, where the uptake reached almost 50%. The highest experimental doping 

concentrations achieved were 2.49% for Nd, 2.63% for Yb and 0.36% for Gd. A threshold effect was 

observed for Nd and Gd, as employing 5% and 10% concentrations with respect to Zn resulted in 

uptake values close to zero, despite the highest concentration of lanthanides were introduced in the 

precursor solutions. Therefore, high concentration of lanthanides displayed an inhibitory effect for the 

inclusion of dopants in the ZnS NPs. The origin of this effect was not clear. For this reason, the 

maximum total nominal at. concentration employed for the Nd, Yb co-doped samples was chosen as 

3%. From the determined stoichiometries, an excess of sulfur was determined, suggesting the 

presence of relevant metal vacancies in the structure or the presence of oxidized sulfur moieties (e.g. 

S(0)) in the samples. 
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Table 5.5 Composition of Nd,Yb:ZnS samples determined by ICP-MS on Zn, Nd, Yb elements. The 

predicted at. concentration refers to the one expected based on the concentration employed in the 

synthesis. Uptake is determined as the ratio between the experimental and the predicted 

concentration. Doping concentration are calculated as Ln/Zn at. 

Sample 
Nominal %at. doping  Exp %at. doping %Uptake Stoichiometry NdnYbmZn1Sf 

Nd Yb Tot Nd Yb Tot Nd Yb Tot n m f 

Nd,Yb:ZnS1 1.01 0.97 1.98 0.72 0.69 1.42 71.3 71.4 71.4 0.0072 0.0069 0.9917 

Nd,Yb:ZnS2 0.50 0.99 1.49 0.42 0.78 1.20 82.9 79.4 80.6 0.0042 0.0078 1.1396 

Nd,Yb:ZnS3 1.04 0.51 1.55 0.02 0.04 0.06 2.3 7.1 3.9 0.0002 0.0004 1.0039 

Nd,Yb:ZnS4 2.07 0.51 2.59 0.40 0.11 0.51 19.4 21.5 19.8 0.0040 0.0011 1.1005 

Nd,Yb:ZnS5 0.50 1.98 2.48 0.44 1.47 1.91 88.9 74.0 77.0 0.0044 0.0147 1.1748 

Nd,Yb:ZnS6 0.56 0.49 1.05 0.24 0.23 0.47 43.3 46.4 44.7 0.0024 0.0023 1.1417 

Nd,Yb:ZnS7 1.00 1.96 2.96 0.73 0.32 1.05 73.1 16.4 35.6 0.0073 0.0032 1.1053 

Nd,Yb:ZnS8 2.03 0.95 2.97 0.45 0.84 1.29 22.2 88.5 43.3 0.0045 0.0084 1.1972 
 

 

  Nd at. nominal    Nd at. nominal    Nd at. nominal 

Nd upt.% 0.5 1.0 2.0  Yb upt.% 0.5 1.0 2.0  Tot upt.% 0.5 1.0 2.0 
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Figure 5.14 Matrix representation of the retrieved Nd, Yb and total (Nd+Yb) uptakes as function of the 

predicted doping level of both Nd and Yb. In the matrixes, every cell represents the uptake obtained 

by using the sum of the concentrations readable in horizonal (Nd at. nominal concentrations) and 

vertical (Yb at. nominal concentration) directions. The three matrixes refers to the uptake of Nd, Yb 

and Nd+Yb, respectively. 

 

For the co-doped Nd, Yb samples, the best results in terms of uptakes were obtained at higher 

concentrations of Nd, and especially for Nd (1%,2%),Yb 0.5% samples, as visible for the presence of the 

highest uptake values toward the up-right corner of the matrixes in Figure 4.14. In general, the uptake 

of both elements was higher as the concentration of dopants increased, confirming the trend observed 

for nominal doping levels in the 0.5 % - 3 % range, visible in Figure 5.13. 
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Figure 5.15 HRTEM micrographs of sample Nd:ZnS5 (1.68% at). 

To check if the presence of the dopants induced relevant variation on the host ZnS NPs, HRTEM, XRD 

and XPS analyses were performed. For both doped and co-doped samples, no relevant variations were 

observed with respect to the reference undoped sample CH7, with exception of detectable variations 

of the ZnS unit cell. Both the HRTEM micrographs and the XRD pattern indicated the presence of NPs 

with staking disorder to an extent comparable to the undoped sample. No additional crystalline phases 

or particles sets were observed. Commonly, in doped materials, the presence of the elements in the 

crystal structure having a different ionic radius causes a variation of the unit cell, resulting in the shift 

of reflection position.311  

In this case, being the ionic radius of the lanthanides larger than the one of Zn2+, an expansion of the 

unit cell and a consequent shift of reflections towards smaller angles would be expected in the case 

the dopants ions were found in substitutional position inside the ZnS lattice. From the observed 

position of the sphalerite (111) - wurtzite (002) reflections (overlapped) in Figure 5.16 with respect 

with the undoped sample CH7, irregular shifts toward both higher and lower angles were observed 

along with changes in the line shape. This indicates that lanthanides may have been included in the 

ZnS matrix, as variations of the unit cell dimension of ZnS were observed, but not exclusively in a 

substitutional position to the Zn atoms, resulting in different structural alterations of the unit cell. This 

was likely related to the bigger ionic radii of lanthanides (as VI-coordinated: Nd3+ 0.983 Å, Yb3+ 0.868 

Å)266 in respect to Zn2+ (as IV-coordinated: Zn2+ 0.6 Å).266 Moreover, lanthanides generally assumes a 

minimum coordination number of six, while in the ZnS crystal structure the zinc atoms possess a 

tetrahedral coordination, thus not favorable for a substitutional doping. 
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Figure 5.16 (a) Comparison of XRD patterns obtained from the Nd,Yb:ZnS7 and Nd,Yb:ZnS8 sample 

with the undoped sample CH7. (b) Sphalerite (111) - wurtzite (002) reflections for Nd, Yb co-doped 

samples compared with the undoped CH7 sample. Traces are ordered by the total dopant 

concentration. The red lines are pseudo-Voigt fitting of the experimental patterns, performed in a 

limited angular range. The green vertical dashed line represents the maximum position for the CH7 

sample. 

XPS spectra were also acquired to analyze the surface composition of selected samples. From the XPS 

analysis, only S, Zn, C and O were retrieved, while no signal was observed for Gd, Nd, and Yb even at 

the highest doping concentrations. This ruled out the presence of a relevant amount of other 

secondary compound (e.g. the lanthanides oxides) and indicated the absence of surface segregation 

phenomena of the dopants. All the retrieved peaks were substantially unchanged with respect to the 

undoped CH7 sample. The indication of the possible absence of surface segregation was particularly 

relevant, as it was previously reported to occur in previous attempt to synthetized lanthanides-doped 

ZnS.265  

  

(a) 

(b) 
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5.2.2 Photoluminescence properties of Ln-doped ZnS NPs 

 

The obtainment of Nd and Yb-doped ZnS NPs is potentially of high technological interest, as the 

resulting NPs may be good candidate for the bioimaging applications, since it would allow the 

combination of the non-toxicity of ZnS312 with the optical emission of the lanthanides in the NIR 

range.281 For this reason, and to further confirm the presence of Nd and Yb in the samples, the PL 

properties of selected samples were analyzed. Moreover, for Nd,Yb:ZnS co-doped samples, the 

occurrence of energy transfer was checked, as this phenomenon may be used for the development of 

thermometric devices based on the ratio of the fluorescence intensity of the two ions.308,309 

In Nd:ZnS samples the presence of the Nd PL peaks around 1057 nm (radiative transition 4F3/2 → 4I3/2)311 

and 880 nm (radiative transition 4F3/2 → 4I11/2)311 were observed upon excitation at 582 nm (Nd 

excitation), while no PL from Nd ions was observed by exciting the ZnS matrix (e.g. 370 nm). Therefore, 

no energy transfer between the host material and the Nd ions was observed. Interestingly, PL peaks 

were obtained respectively on the first (650–950 nm) and second (1000–1350 nm) biological 

window,282 suggesting potentiality for the Nd-doped NPs for bioimaging applications, even though the 

antenna effect granted by the energy transfer from the ZnS matrix to Nd is not employable. From the 

Yb:ZnS, only a very weak emission on 980 nm (radiative transition 2F5/2 → 2F7/2)311 was observed upon 

excitation at 375 nm (Yb excitation).  

 

 

Figure 5.17 PL spectra of Nd:ZnS5 and Nd:ZnS4 samples (λexc = 582 nm, Nd). PL spectra of Nd,Yb:ZnS7 

and Nd,Yb:ZnS8 samples (λexc = 578 nm, Nd). Percentages indicates the experimental doping level as 

Ln/(Zn + Ln). 

(a) (b) 
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Figure 5.18 Simplified representation of energy levels and transitions involved in the co-doped 

Nd,Yb:ZnS samples. P = optical pumping rate for Nd3+. τNd, τYb = intrinsic lifetimes of excited Nd3+ and 

Yb3+ ions. w = transfer probability coefficient for 4F3/2 → 4I3/2 of Nd3+and 2F7/2 → 2F5/2 of Yb3+ exchange. 

R, R’ = direct and inverse energy transfer rate from Nd3+ 4F3/2 to Yb3+ 2F5/2. 

In the case of co-doped Nd, Yb samples, no PL was observed upon excitation at 375 nm (Yb excitation), 

but both emissions of Nd and Yb ions were obtained upon excitation at 578 nm (Nd excitation). In the 

latter case, a stronger peak at 975 nm (radiative transition 2F5/2 → 2F7/2 of Yb3+)281 and a weaker signal 

at 1055 nm (radiative transition 4F3/2 → 4I3/2 of Nb3+)281 were observed. This result indicates the 

existence of non-radiative energy transfer from Nd ions to the Yb ions. The phenomenon was already 

reported for other systems in the literature.309,313,314 Therefore, in the case of co-doped Nd,Yb:ZnS 

samples, PL from both ions was obtained, each falling in a biological window. This suggests the 

potential use of the system for bioimaging applications, which adds up to the possible presence of 

temperature dependent PL derived from the energy transfer between the ions. The latter 

phenomenon may be studied to evaluate possible ratiometric thermometry applications.308,309 To the 

best of our knowledge, no other reports of Nd,Yb co-doped ZnS NPs were found in the literature. 

Magnetic properties of Gd:ZnS samples were tested by SQUID magnetometry, in the view of possible 

applications in MRI, but the retrieved doping level of was excessively low to allow the measurements, 

and therefore they were not suitable for the further magnetic properties-based developments. 

Overall, the obtained doped and co-doped NPs showed analogous dimensional, morphological and 

crystallographic features of the undoped counterparts. The doping uptake was observed to be higher 

when the total employed molar concentration of lanthanides was in the 3% to 4% range with respect 

to the zinc precursor concentration. Only low uptake levels were instead observed for Gd. Suitable PL 

was obtained for Nd:ZnS and Yb,Nd:ZnS samples upon excitation at Nd energetic levels, while both 

showing emissions peaks in the first and second biological window. In the case of the co-doped 

Yb,Nd:ZnS samples, energy transfer from Nd towards Yb was obtained, allowing resulting in PL from 
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both dopants. As the excitation on ZnS levels in the case of Nd:ZnS samples did not resulted in energy 

transfer towards the Nd ions, the actual inclusion of lanthanides inside the ZnS matrix remains 

doubtful275 despite the absence of indications of secondary compounds from all the characterization 

techniques employed and the evidence of (irregular) unit cell size variations from the XRD patterns. 

Thus, to prove or disprove the inclusion of dopants, dedicated analysis such as EXAFS or XANES may 

be required, other than more extensive PL assessments to the obtained samples. 
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Chapter 6. 

Thermal evolution of ZnS nanostructures: effect of 

oxidation phenomena on structural features and 

photocatalytic performances 

 

Optical and electronic properties of ZnS can be easily modulated altering its size, morphology, 

composition and defectivity.264,315 The relatively easy optimization of its functional properties led to 

the employment of ZnS to many applications, ranging from optical devices316–319 to photocatalysis.264 

Indeed, when photoexcited, the material shows a fast electron-hole generation,320 that was largely 

exploited to develop photocatalyst for the production of hydrogen260,321,322 and the reduction of carbon 

dioxide.323,324  

Despite ZnS is commonly regarded as very stable towards oxidation phenomena at room temperature, 

upon heating the material is also known to be easily oxidized, eventually leading to the formation of 

ZnO and the evolution of SO2.325 Therefore, since many of the applications of the material are closely 

related to its structural, morphological and compositional properties, it became crucial to understand 

how these were altered from the exposure of the material to different temperatures, thus leading to 

possible alterations of these properties and exposing the material to oxidation. This task was 

complicated by the size-dependent properties of ZnS, especially related to the different relative 

stability of its two main polymorphs (sphalerite and wurtzite)97 and the likely variations of its reactivity 

at a different NPs size. Moreover, recently, the peculiar opto-electronic properties that partially 

oxidized ZnS possess were indicated as potential tool to further improve its activity as photocatalysts, 

due to the formation of ZnS-ZnO heterojunctions that may favor the charge carrier separation.326–330 

Despite the importance of oxidation phenomena on ZnS and the possible implications of oxidation to 

the technological application of the material, no in-depth study on this topic was carried out and the 

available information on the topic were fragmentary. Therefore, in this work, the thermal evolution of 

ZnS was studied as a function of the NPs size, comparing the effect of oxidation on structure, size, 

morphology, bulk and surface composition, and photocatalytic activity on ZnS NPs of 7 and 21 nm. To 
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probe the variations in the ZnS NPs activity as photocatalyst, the hydrogen production was chosen, as 

one of the prevalent applications of this material.259 
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ABSTRACT: ZnS nanosystems are being extensively studied
for their possible use in a wide range of technological appli-
cations. Recently, the gradual oxidation of ZnS to ZnO was
exploited to tune their structural, electronic, and functional
properties. However, the inherent complexity and size depen-
dence of the ZnS oxidation phenomena resulted in a very
fragmented description of the process. In this work, different-
sized nanosystems were obtained through two different low
temperature wet chemistry routes, namely, hydrothermal and
inverse miniemulsion approaches. These protocols were used
to obtain ZnS samples consisting of 21 and 7 nm crystallites,
respectively, to be used as reference material. The obtained
samples were then calcinated at different temperatures, ranging from 400 to 800 °C toward the complete oxidation of ZnO,
passing through the coexistence of the two phases (ZnS/ZnO). A thorough comparison of the effects of thermal handling on
ZnS structural, chemical, and functional evolution was carried out by TEM, XRD, XAS, XPS, Raman, FT-IR, and UV−Vis.
Finally, the photocatalytic activity in the H2 evolution reaction was also compared for selected ZnS and ZnS/ZnO samples.
A correlation between size and the oxidation process was observed, as the smaller nanosystems showed the formation of ZnO at
lower temperature, or in a larger amount in the case of the ZnS and ZnO co-presence. A difference in the underlying mechanism
of the reaction was also evidenced. Despite the ZnS/ZnO mixed samples being characterized by an increased light absorption in
the visible range, their photocatalytic activity was found to be much lower.

■ INTRODUCTION

Nanostructured ZnS is a large band semiconductor extensively
studied because of its particular and easily tunable optoelec-
tronic properties.1−3 It is suitable for a wide range of appli-
cations, including catalysis, photonic, nonlinear optical devices,
light-emitting diodes, flat panel displays, infrared windows,
field emitters, sensors, and lasers.4−8 ZnS exists in two main
polymorphs, namely, sphalerite and wurtzite.9 At room
temperature, the most stable phase is the cubic sphalerite
(spatial group F4̅3m), while, above 1023 °C, the most stable
phase is the hexagonal wurtzite (spatial group P63mc).

9 ZnS can
also be obtained as high-pressure polymorphs having rocksalt
type (spatial group Fm3̅m) or orthorhombic type (spatial group
Cmcm) structures.10,11 The existence of a low-pressure BCT
(body-centered tetragonal). polymorph was also predicted12 and
lately proven through a wet chemistry coprecipitation method.13

ZnS can be prepared in a great variety of sizes and shapes, and it

can host a large variety of dopants, allowing a wide tunability of
its properties, as reviewed by Fang et al.8

ZnS is easily oxidized upon heating in open air, leading to
the formation of the wurtzitic hexagonal polymorph of ZnO,
with the evolution of gaseous SO2.

14,15 This reaction was histori-
cally employed for the development of regenerative high
temperature sulfur adsorption beds based on ZnO.14 Detailed
studies on the reaction kinetics and mechanism were also
performed.16,17 Moreover, it could be shown as the oxidation
reaction does lead not only to the formation of ZnO but also
to the formation of surface sulfates and sulfites species.18

ZnS is also a widely investigated photocatalyst for H2 produc-
tion19−21 and CO2 reduction,

22,23 characterized by a remarkably
fast generation of electron−hole pairs under photoexcitation.24
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The oxidation of ZnS also occurs whenever a nanostructured
material is considered. In this case, the phenomenon can
become more complicated considering reactivity alterations
that can occur upon downsizing the material at the nanoscale
level. Moreover, it is known that the relative stability of the two
different ZnS phases becomes comparable as the dimensions
are reduced, leading also to the lowering of the polymorphs
transition temperature.23,25−28 Considering that all these
phenomena can occur simultaneously and to different extents,
also depending on the size of the nanostructures, a simple and
common procedure like annealing the material can lead to a
very complex situation. Moreover, oxidation in the sample
could promote substantial changes in the (photo)catalytic
properties of the material, by altering the surface catalytic sites
or even forming a ZnS−ZnO heterojunction that could lead to
different charge carriers dynamics in the photoexcited
material.29−34 In fact, the formation of ZnS−ZnO hetero-
structures and the connected changes in the electronic struc-
ture are known to affect the optical properties of the material,
extending its light absorption range toward the visible
light30−32,34 and affecting the nonlinear optical behavior.35 The
strategy of coupling ZnS with other materials was also extended
to other materials, such as ZnSe36 or carbon composites.37

Despite the importance of nanosystems’ crystal structure
and composition (of both the surface and bulk material) in
affecting their functional properties, the ZnS thermal evolution
is still poorly investigated. Different reports are available in the
literature, describing the oxidation of different ZnS nanostruc-
tures in air. The formation of the oxide is reported to occur at
400 °C,34 500 °C,30−32 or 600 °C38 for nanoporous platelets
obtained calcining ZnS(en)0.5, coherently with the temperature
of 500 °C39,40 observed for porous ZnS microspheres made of
nanosized particles. Similarly, 450 × 20 × 20 nm nanobelts
where found to be fully oxidized at 600 °C,41 while a notice-
ably lower temperature of 300 °C was reported in the case of
particles as small as 3−5 nm.42

In this framework, the aim of this work was to shed light on
the complex effect of thermally treating ZnS nanostructures in
open air, as well as to get insight into the different structural
and compositional properties of different ZnS samples. Two
different wet chemistry routes were used, namely, hydro-
thermal synthesis and miniemulsion. In this latter case, the
precipitation of the targeted compound was achieved by
exploiting the confined space of the droplets generated in the

miniemulsion process. To draw a connection between the
described oxidation phenomena and the related change in the
functional properties, we also assessed the effect of a partial
oxidation of ZnS to ZnO in the photocatalytic H2 evolution, a
process chosen both as a widely studied application of these
materials43 and as a phenomenon which was less systematically
evaluated by other authors.31,32,44,45

■ RESULTS AND DISCUSSION

Size and Morphological Evolution. Zinc sulfide nano-
structures were prepared via two different wet chemistry
routes, namely, miniemulsion (ME) and hydrothermal (HY)
synthesis, both well-known for affording high reproducibility
and size control on the final products, and enabling the
crystallization of the targeted product at low (in the case of
HY) or even room temperature (for ME). Starting with the as-
prepared materials, the thermal evolution of the samples was
followed through different techniques, while keeping the same
treatment conditions equal (i.e., time, atmosphere, and annealing
temperature) to consistently compare the obtained data. We
aimed also at relating observed differences to the properties of
the samples, without the potentially confusing influence of exter-
nal factors. Sample morphology was first assessed via electronic
microscopy. The TEM micrographs (Figure 1a) collected from
the HY as-synthesized sample show well-defined polyhedral
nanoparticles with an average size of 21 nm. Notably, the
observed morphology appears to be compatible with the
theoretically predicted shape for ZnS sphalerite-phase crystals
(a rhombic dodecahedron).46 For the ME as-synthesized
sample (Figure 1b), the nanoparticles do not appear to be as
easily outlined, though it can be certainly stated that the
particle sizes are in the nanometric range. The formation of
agglomerates is clearly visible and is likely to be favored by the
presence of residual surfactant (PGPR) tightly adsorbed on the
nanoparticles’ surface. The primary individual particles that
constitute the agglomerates can be estimated to have an
average size below 10 nm. This estimation is confirmed by the
average crystallite size of 7 nm determined by the size−strain
analysis performed on the corresponding XRD pattern (vide infra).
After treating the samples at 450 °C, the particles average
diameters (Table 1) increased for both HY (Figure 1c) and
ME (Figure 1d) samples to 31 and 11.8 nm, respectively.
Moreover, the particles appear also to acquire a slightly more
rounded shape. Interestingly, despite the detected occurrence

Figure 1. TEM micrographs of the HY (top) and ME (bottom) samples. HY samples: as-synthesized (a), treated at 450 °C (c), treated at 800 °C (e).
ME samples: as-synthesized (b), treated at 450 °C (d), treated at 800 °C (f).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01101
Inorg. Chem. 2018, 57, 13104−13114

13105

http://dx.doi.org/10.1021/acs.inorgchem.8b01101


of one or more partial phase transitions at 450 °C (vide inf ra),
both samples could be described with a single set of nano-
particles, indicating a gradual conversion of the particle struc-
ture, rather than the formation of separate objects. This in turn
implies that, during the phase transition or the oxidation
process, the phases are likely to be structurally related within
the same particles. Treating both HY (Figure 1e) and ME
(Figure 1f) samples at 800 °C led in both cases to the
formation of similar sets of particles having an average size of
106 and 79 nm, respectively. The relevant growth observed can
be ascribed to temperature-induced coalescence phenomena.
The particles appear also to be more elongated and rounded in
comparison with the one treated at 450 °C.
HRTEM images of both the HY (Figure 2a,b) and ME

(Figure 2c,d) as-synthesized samples were also performed to
obtain a clear confirmation of crystalline nature of the nano-
particles. The direct analysis of the visible fringes and the FFT
(Fast Fourier Transform) analysis shows interplanar distances
compatible with the ZnS sphalerite phase. For this structure,
the first calculated spacings are 3.12 (hkl = 111), 2.70 (200),
1.91 (220), 1.63 (311).47 The Selected Area Electron Diffrac-
tion (SAED) patterns obtained from particles ensembles in the
two samples are displayed in Figure 2e,f. For both samples, the
inner and brightest ring can be assessed as the (111) plane of
the cubic ZnS phase, and the two outer rims correspond to the
(220) and (310) planes of the same phase, indicating the
absence of spurious crystalline contaminations such as oxides.

This result supports the very relevant absence of oxidation
phenomena in the pristine material, which were ruled out with
XRD and XPS analysis (vide inf ra). The SAED rings for the
ME sample appear noticeably broadened, as a consequence of
the small dimension of the crystallites.
The equivalent diameter numerical distribution was

obtained for all the samples (Figure 3), with the sole exception
of the as-synthesized ME sample, which appeared to be too
thoroughly aggregated to reliably perform the segmentation of
the primary particles. All the retrieved distributions are right-
screwed (skewness > 0) and leptokurtic (kurtosis > 0), as
reported in Table 1. The plotted distribution was also fitted
using the log-normal distribution. The obtained area-normalized
curves are plotted in Figure 3, together with an analogous syn-
thetic distribution designed for the ME as-synthesized sample,
inserted to better allow a complete visual comparison of the
samples evolution. This placeholder distribution was obtained
using a log-normal distribution having an average equivalent
diameter imposed at 7 nm, being this the calculated average
crystallite size of the sample, and a standard deviation of the
equivalent diameter imposed at 1. This second value was
chosen purely for the sake of visualization as an educated guess
based on the observed trends of the standard deviations with
respect to the temperature of synthesis or the temperature of
treatment.
The evolution of the equivalent diameter size distribution

confirms the gradual growth of the nanoparticles with the treat-
ment temperature. Moreover, the final size also depends on the
initial size of the ZnS nanoparticles used, being the treated ME
samples dimensional distributions consistently found at smaller
values with respect to the analogous HY distributions. It is
worth to mention that the observed size distributions reflect
both the dimensional dispersion of the samples and their shape
transformation. In fact, treated nanoparticles appear to be
noticeably more anisometric with respect to the untreated ones,
thus possibly generating a larger variety of possibly observed
bidimensional projections even for particles sharing the same
size and shape.

Structural and Chemical Conversion. The crystalline
phase of the as-synthesized nanostructures was assessed by
XRD. For both HY and ME routes, only the sphalerite poly-
morph (ICSD No. 98-065-1457) was detected in the
as-prepared samples. Both diffractograms show wide reflections,
as expected in the case of nanosized material. The average size of

Table 1. Calculated Parameters for the Obtained Numerical
Equivalent Diameters Distributions and Their Log-Normal
Fit from TEM Data

ME HY

as-syn. 450 800 as-syn. 450 800

measured
average 11.8 79 21 31 106
std. dev. 2.4 18 5 7 37
skewness 1.2 1.1 0.9 0.7 1.4
kurtosis 3.2 1.6 1.0 1.3 2.1
log-norm f it
average 7a 12.0 78 21 32 101
std. dev. 1a 1.8 14 4 8 25

aValues chosen to visualize a placeholder distribution for the
as-synthesized ME sample (see text).

Figure 2. HRTEM images of the as-synthesized HY (a, b) and ME (c, d) samples. Images (a) and (c) include the corresponding FFT image. SAED
pattern obtained for the as-synthesized HY (e) and ME (f) samples. Indexes are referring to ZnS sphalerite phase.
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the crystallite was estimated to be 21 nm for HY and 7 nm for
ME by whole-pattern fitting (Rietveld method, MAUD48).
These values are in a good agreement with the particle sizes
observed in the TEM micrographs (vide supra), indicating the
conformity between crystallites and particles in the samples.
Both synthetic methods were shown to be capable of yielding
pure sphalerite-phase ZnS, but with substantially smaller
crystallites in the case of ME. This latter finding can be
ascribed to the space confinement effect provided by the drop-
lets, limiting the growth of the formed ZnS precipitate. To follow
the structural evolution as a function of the treating temperature,
we chose analytical methods providing information referred to
different length scales, from atomic to macroscopic range.
Indeed, XRD was chosen to investigate the material struc-

ture on a macroscopic scale, while XAS focused on determining
the local structure around the metal (i.e., Zn) absorbing atom.
XAS also provided information on the coordination number, on
the chemical nature of the scattering atoms surrounding an
absorbing atom, on the interatomic distance between the
absorbing atom and the backscattering atoms, and on the
structural disorder of the different shells.
By comparing the ex situ XRD patterns of the different sam-

ples annealed at different temperatures in the range displayed
in Figure 4, a gradual conversion from sphalerite ZnS, visible as
the (111) reflection, to wurtzite ZnO (ICSD No. 98-006-5122),
visible as the (100), (002), and (101) reflections, could be
pointed out. Together with the (111), the (200) reflection of
ZnS sphalerite is also found as a small bump located at 33.16°,
but it is too weak to be clearly visible in Figure 4.
The coexistence of the two compounds in a narrow range

of temperatures could also be evidenced. The relative amount
of the detected crystalline phases (quantified by whole-pattern
fitting - Rietveld method, MAUD)48 is reported in Table 2. For
samples prepared with both procedures, the conversion to
ZnO became visible at 450 °C with the appearance of the
(100), (002), and (101) reflections, and is complete at 550 °C,
while the relative amount of oxide is higher in the case of ME
for both 450 and 500 °C treated samples. Interestingly, the
characteristic pattern of the wurtzitic ZnS phase (ICSD No.
98-015-7133) is also observed in the ME 450 and 500 °C
treated samples. Therefore, the phase transition from the cubic
to the hexagonal ZnS phase appears to occur at a much lower
temperature in comparison with bulk ZnS, where it is reported

to occur at 1023 °C.9 This observation agrees with the studies
of Qadri et al.,25 who showed the formation of the ZnS

Figure 3. Log-normal fitted equivalent diameter numerical distribution obtained from the TEM images and the comparison of the area-normalized
fitted log-normal distribution. The ME as-synthesized displayed curve was synthetically made (see text).

Figure 4. Evolution of the XRD diffractograms at different calcination
temperatures. The S(111) index is referred to sphalerite-phase ZnS.
The dotted lines emphasize the presence of the three main reflections
of ZnO. Markers show the presence of the wurtzitic ZnS reflections:
(▼) = (100), (○) = (100), (▽) = (100). AS = as-synthesized.
Temperatures are indicated in Celsius degrees.

Table 2. Crystalline Phase Composition of the Samples
from Rietveld Refinement Performed on the XRD Data as
Weight Percentages

ME HY

T (°C) %sph %wur %ZnO %sph %ZnO

as-syn. 100 0 0 100 0

400 100 0 0 100 0
450 60 28 12 96 4
500 31 3 66 65 35
550 0 0 100 0 100
600 0 0 100 0 100
700 0 0 100 0 100
800 0 0 100 0 100
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hexagonal phase at a temperature as low as 400 °C from
2.7 nm cubic-phase ZnS nanocrystals. The same behavior was
also observed by Balantseva et al.,49 while calcining cubic phase
ZnS nanoparticles in vacuum, where the formation of
hexagonal phase ZnS was also detected by treating the samples
in vacuum at 700 °C. In our work, the crystallites obtained by
ME are small enough to show this ZnS cubic-to-wurtzitic
phase transition before reaching the complete oxidation to
ZnO, while, for the bigger HY particles, such transition is not
observed due to the increased stability of the cubic phase in
comparison with the hexagonal one.9,25 Moreover, the higher
amount of ZnS wurtzite observed for the 450 °C sample
(28% wt.) in comparison with the 500 °C sample (3%)
indicates that the hexagonal phase is oxidized first. These could
be interpreted as an increased reactivity against oxidation of
the latter, or even as a hint to the existence of a preferential
oxidation path where the structural evolution to the hexagonal
crystal structure is occurring before the chemical conversion.50

Comparing the ZnO XRD patterns with a bulk reference, a
slight shift in the reflections angular positions can be observed.
This could be related to lattice distortion arising from the
presence of contiguous ZnS and ZnO phases, or from point
defects in the structure itself. The latter hypothesis is further
supported by the light absorption properties found in these
samples (vide inf ra). The inherently poor extrapolation of the
angular position due to the broadening arising from the small
crystallites size prevents a more refined analysis.

The structural conversion from sulfide to oxide was also
followed on a short-range order by performing X-ray
absorption measurements at Zn K-edge (9659 eV). The
X-ray absorption near edge (XANES) spectra are depicted in
Figure 5a, including a comparison with those of reference
sphalerite ZnS and wurtzite ZnO. The sulfide reference is
characterized by a peak centered at 9665 eV, while, for the
oxide, the maximum absorption is found at 9669 eV, with a
second band at 9680 eV.
Both as-prepared ZnS samples show spectral features typical

of sphalerite, in agreement with XRD data. At 400 °C, a small
bump due to incipient formation of ZnO starts appearing
at about 9669 eV. This feature indicates that the oxidation
of the sulfide begins already at this temperature, which is
lower in comparison to the one evidenced by the XRD and
Raman (vide inf ra) data analysis. This apparent inconsistency
could be ascribed to the fact that, in the early stages of their
growth, the crystallites are too small to originate well-defined
diffraction patterns, and are, though present, not detectable
by XRD. The feature is slightly more evident in the ME
sample, and this trend is confirmed in the samples treated
at higher temperatures, in agreement with XRD findings.
At 600 °C, both XANES spectra are comparable with that
of ZnO.
The data were analyzed by linear combination fitting (LCF)

to estimate the relative abundance of the two phases, expressed
as atomic percentages of zinc in the two different species.

Figure 5. (a) Zn K-edges XANES spectra of the samples in comparison with ZnS and ZnO reference spectra. The dotted lines are emphasizing the
main spectral feature of ZnO. (b) Fourier transforms of the same EXAFS curves. AS = as-synthesized. Temperatures are indicated in Celsius
degrees.
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By comparing these results with the XRD data, the formation
of ZnO is detected already in the 400 °C treated samples.
In the case of the samples treated at 500 °C, the percentage of
ZnO estimated by XAS is larger than the same value obtained
from the XRD data.
The Fourier transforms of the EXAFS curves, taken at the

ZnKα edge, show a similar behavior (Figure 5b). The sulfide
curve is characterized by a first shell signal at 2.3 Å (Zn−S
distance; see also Table S2 in the Supporting Information),
with a second band ranging from 3.5 to 5 Å, comprising
Zn−Zn and a further and longer Zn−S distance. Conversely,
the oxide shows shorter first (2.0 Å, representing the Zn−O
distance) and second (2.8−3.8 Å, with Zn−Zn and Zn−O
contributions) shell distances. The as-prepared samples both
resemble the sulfide curve, as expected. In the case of the ME
sample, the second shell signal is low, likely due to the small
particle size. The successive thermal treatment at 400 °C
induces a particle growth, and accordingly, the second shell
signal intensity increases. In the HY sample, being the particle
size bigger already at room temperature, this effect is not
evident. The contribution of the oxide portion does not signi-
ficantly affect the curves, since it is only a few atomic percent
points, as evident in data reported in Table 3. The oxide

contribution, on the other hand, becomes significant for sam-
ples treated at 500 °C. In both specimens, the first shell signals
are split in two components, a lower one corresponding to the
Zn−O distance, the higher one to Zn−S. At 600 °C, the curves
closely resemble the one recorded for wurtzite-phase ZnO.
Comparing the composition obtained from both XRD and

XAS analysis for the sample treated at 500 °C, it is evident that
XAS estimates a much larger amount of oxide for the HY sam-
ple, while the results obtained for the ME samples are similar.
Since XRD requires long-range order in the material to gen-

erate a detectable signal, it is unsuited to identifying amorphous
phases. On the contrary, the XAS techniques can be applied also
to noncrystalline phases. For this reason, the noticeable differ-
ence between the two calculated compositions could be related
to the presence of amorphous/disordered phases in the sam-
ple, being formed during the conversion from crystalline ZnS
sphalerite to crystalline ZnO wurtzite.
In this case, the oxidation process is not only a substitution of

anions in the crystal lattice, but also requires the rearrangement of
the crystal structure from cubic to hexagonal. At the same time, if
the oxidation starts from ZnS wurtzite, the structural evolution of
the system could be in principle limited to a shrinkage of the cell
as the anions are replaced. Therefore, it appears reasonable to
speculate that, in the case of the ME samples, when the tempera-
ture and the particle size allow the conversion to ZnS wurtzite
prior to the oxidation, the oxide is easily formed directly in a
crystalline phase, while, for the bigger HY particles, the conver-
sion goes through a more complicated mechanism, which is
likely to encompass the formation of an amorphous oxide before
the crystalline phase is formed. This observation is somewhat in
agreement with the known difference between the oxidation of
bulk ZnS wurtzite, which was reported by Schultze et al.50 to
allow the direct conversion from ZnS to ZnO. In comparison,
the bulk ZnS sphalerite is characterized by a much more complica-
ted mechanism that encompasses the formation of bulk sulfates.
The oxidation process and the coexistence of ZnS and ZnO

were also observable by Raman spectroscopy (Figure 6a),

Table 3. Samples Composition as Weight Percentages
Obtained from XRD and XAS Analysis

ME HY

%ZnSa %ZnO %ZnSa %ZnO

T (°C) XRD XAS XRD XAS XRD XAS XRD XAS

as-syn. 100 100 0 0 100 100 0 0
400 100 97 0 3 100 98 0 2
500 34 44 66 56 65 42 35 58
600 0 0 100 100 0 0 100 100
700 0 0 100 100 0 0 100 100
800 0 0 100 100 0 0 100 100

aSum of ZnS sphalerite and wurtzite phases in XRD.

Figure 6. (a) Evolution of the Raman spectra at different calcination temperatures. The dotted lines are emphasizing the main spectral feature of
ZnO. The peaks at ca. 1000 cm−1 are not related to ZnS or ZnO themselves, but are attributed to the presence of surface sulfate moieties instead.
(b) Evolution of the FT-IR spectra at different calcination temperatures. ZnO Raman and FT-IR spectra are added as comparison in both figures.
AS = as-synthesized. Temperatures are indicated in Celsius degrees.
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further confirming the already discussed deductions. The
strongest signal at 438 cm−1 is typical of the ZnO phononic
pattern, which is indeed visible in the 500 °C treated samples,
while the ZnS pattern is not visible after the 600 °C treatment.
In these spectra, the sharp signal at around 1000 cm−1 is
associated with sulfate moieties. This peak is present in all the
thermally treated samples, as well as in the as-synthesized HY
ZnS. In the spectrum of untreated ME ZnS, the pattern arising
from the material is not visible due to the presence of stron-
ger signals arising from residual surfactant on the surface,
which is readily eliminated after the first thermal treatment
at 400 °C.
The presence of oxidized sulfur is particularly evident in the

FT-IR spectra (Figure 6b), as the strong peak detected in all
sample spectra at about 1136 cm−1 and its various shoulders
(1068 and 970 cm−1) are to be ascribed to sulfate moieties.17

An increase in the intensity of these features was also observed
after treatment at 300 °C, suggesting a fast increase of the
presence of the sulfate on the material. Further increasing the
calcination temperature does not significantly alter the signal
intensity. Since there is no evidence of bulk sulfates in the
XRD patterns, the observed signals were ascribed to species
formed only on the nanostructures surface.
In this regard, the surface chemistry of the samples was

specifically investigated by XPS spectroscopy (Figure 7).

While, in the untreated samples, the S 2p peak related to the
sulfide51,52 at 161.8 eV is the only one observed, in the treated
ones, a second peak appears at 169.0 eV. This latter signal is
diagnostic of sulfur in its highest oxidation state, such as in
sulfate.53 By increasing the treatment temperature, the sulfide
peak disappears, while the sulfate remains as the only sulfur-
related signal in the spectra, starting from the samples treated
at 550 °C. Semiquantitative analysis obtained by fitting the
S 2p components for the 400 °C treated samples gives
a sulfate/sulfide molar ratio of 0.20:1 for the HY sample, while
the same ratio is 0.07:1 for the ME sample. Therefore, a
comparison of the two synthetic methods shows an increased

tendency of the HY samples to produce sulfates, despite the
bigger particle size and possibly smaller available surface area.
It is also possible to infer that the presence of sulfates is
probably related to a mechanistic difference in the oxidation of
wurtzitic ZnS in comparison with sphaleritic ZnS, as previously
suggested. In fact, the tendency of the hexagonal phase to
directly produce ZnO without the previous formation of
intermediates was also remarked by Schultze et al. while study-
ing bulk materials.50 As opposed to this, the thermal treatment
of sphaleritic ZnS produces sulfates as an intermediate moiety
in the oxidation to ZnO. Remarkably, the sulfate appears to be
formed only on the surface of the nanoparticles, since no XRD
pattern compatible with sulfates was observed.
It is also worth noticing that, while weak sulfate signals are

visible in the FT-IR spectra of both as-synthesized samples, the
same moiety is detectable by XPS only after a thermal treat-
ment that is likely to increase its concentration on the surface
to a detectable concentration. Because of this, the surface
properties of the samples could be altered significantly even
after mildly heating the samples.

Optical and Catalytic Changes. Both ZnS and ZnO are
well-known white materials. Interestingly, some of the treated
samples were instead obtained as yellow powders. The color is
already visible after a 450 °C treatment, and gets more intense
at 500 °C, while becoming more and more dull at higher cal-
cination temperatures. This phenomenon was also previ-
ously observed for different ZnS-ZnO nanostrucutres.30−32,34

Remarkably, the material did not turn white as soon as the
composition was determined to be entirely ZnO (calcination
over 600 °C), but a stable yellowish form of ZnO was rather
obtained. Due to this observation, the color is unlikely to arise
solely from the coexistence of the ZnS and ZnO, but possibly
due to the presence of stable color centers in the crystal
structure. In fact, a transient yellow form of ZnO is known to
be formed by annealing the material at a high temperature,
because of the release of oxygen from the structure and the
consequent formation of large amounts of defects acting as
color centers.9 The coloration rapidly disappears when the
system is cooled down in air, as oxygen is allowed to enter the
material to restore the original stoichiometry. A stable form of
yellow ZnO was also obtained by calcining at 500 °C ZnS
nanorods40 or Zn(OH)F.54

To quantitatively describe the phenomenon, the absorp-
tion spectra in diffuse reflectance were measured. The
as-synthesized materials show the typical absorption edge of
ZnS (Figure 8a,b) at 340 nm, corresponding to a band gap of
3.6 eV. Upon thermal treatment at 400 °C, in both cases, a
distinct absorption shoulder develops, even extending into the
visible light range (Figure 8 insets). At 450 and 500 °C, two
discrete absorption shoulders can be seen in each spectrum,
indicating a mixture of ZnS and ZnO. From 550 °C, absorp-
tion spectra only show ZnO absorption at around 380 nm; the
transformation seems complete. However, a strong tailing into
the visible light region is still apparent, indicating a large amount
of surface and bulk defects. This tailing gradually lessens with
increasing temperature treatment, due to improved crystal-
lization and decreasing numbers of defects. The absorption
edge shows the least amount of defects after 800 °C.
Since zinc sulfide and zinc oxide are prominent absorbers for

solar energy conversion, representative samples have been
investigated regarding their performance toward photocatalytic
hydrogen production. Figure 9 shows the results for the two

Figure 7. Evolution of XPS S 2p peaks of sulfide (blue) and sulfate
(red) at different calcination temperatures. The dotted lines are used
for the Shirley-type background. AS = as-synthesized. Temperatures
are indicated in Celsius degrees.
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as-synthesized samples compared to samples calcined at 400
and 500 °C, respectively.
Interestingly, the best performance in hydrogen production

can be observed for the as-synthesized samples. While the
sample after hydrothermal synthesis shows a decline in activity
after 2 h, the miniemulsion-derived sample shows stable
hydrogen evolution rates after the same time span. The two
phase-pure ZnS samples have the highest surface area among
all samples (BET data available in Table S3 in the Supporting
Information) due to their small crystallite size; thus it is
unsurprising that the as-synthesized samples yielded the
highest activity. However, they also exhibit the lowest
crystallinity, which usually influences photocatalytic activity
negatively by more defects in the crystal structure as
recombination centers. For the cubic ZnS phase, the (110)
surface was calculated to be the most stable one46 and it was
determined to be the only facet being exposed in nanoparticles
as small as 2.6 nm.49 Therefore, assuming the (110) surface is
also responsible for the photocatalytic behavior of the sample,
smaller particles having larger specific surface area should also
lead to improved catalytic performances, as the density of
active sites increase. However, is evident how as-synthesized
HY samples show the best performance. This implies that the

available surface area is not the only relevant parameter to
consider, while the crystallinity of the sample may also play an
important role. After calcination, the activity of both samples
drops to similar values despite the difference in specific surface
area and despite the increase in crystallinity observed by XRD,
leaving the occurrence of ZnO as the most relevant feature
influencing the photocatalytic properties of the sample. The
results partially agree with the observations made by Jang et al.,
who also found that the photocatalytic performances drop after
the oxidation of ZnS, but also pointed out that a slight
oxidation obtained at 500 °C markedly enhanced the H2
evolution rate of the material.31 However, bearing in mind
that, in that case, nanoporous platelets were employed, the
limited oxidation of the material was possibly producing a
larger specific surface area through some contraction of the
crystallites, without completely affecting the residual ZnS
phase. If the reference reaction is changed, and therefore
different electronic structure requirements are to be met in
order to promote a photocatalytic reaction, the presence of the
ZnS/ZnO heterojuction could be beneficial, as discussed by
Nasi et al.,34 as long as the chemical stability of the material is
not negatively affected in the framework of the specific process.

■ CONCLUSIONS

In this work, two different synthetic methods were used,
namely a hydrothermal and a miniemulsion route, for the
preparation of nanostructured zinc sulfide. Both methods led
to the formation of pure sphalerite phase ZnS, with average
crystallites dimensions of 21 nm (HY) and 7 nm (ME),
respectively. The calculated sizes were found to be reasonably
in agreement to the particle size observed in the TEM
micrographs. By thermally treating the samples at various
temperatures, different oxidation phenomena were observed,
together with the general increase in particle size. In both
samples, the treatment at a temperature as low as 400 °C led to
the formations of a significant amount of sulfates anchored on
the surface of the particles, detectable by FT-IR, Raman
spectroscopy, and XPS. In particular, HY samples showed an
increased tendency to form these moieties. The first traces of
ZnO were already visible at 400 °C in the XAS spectra, while

Figure 8. UV−vis spectra of (a) HY and (b) ME samples. A zoomed-in view of lower absorption range values is proposed in the insets.
AS = as-synthesized. Temperatures are indicated in Celsius degrees.

Figure 9. UV−vis spectra of (a) HY and (b) ME samples. A zoom
of lower values in the absorption range is proposed the insets.
AS = as-synthesized. Temperatures are indicated in Celsius degrees.
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the complete conversion was achieved at 550 °C for both
samples, according to the XRD data. Depending on the sample
type (and therefore on the particles dimensions), the oxidation
process was slightly different. In the case of the bigger HY
samples, the obtainment of crystalline ZnO is slower, and
according to the discrepancies between the XRD and XAS
data, it may involve an intermediate amorphization of the
material. On the other hand, the process appears to be faster
for the smaller ME particles, since, in this case, the formation
of ZnS in its hexagonal phase wurzite was also evident at
450 and 500 °C treated samples together with the oxidation.
We propose that this structural transformation between the
two ZnS polymorphs could lead to a different oxidation path,
where the amorphization is unnecessary because of the
structural compatibility between wurzitic ZnS and wurzitic
ZnO. The samples with mixed ZnS/ZnO composition were
characterized by an atypical yellow color, which does not
normally belong to either of the involved phases. Indeed, the
UV−vis spectra showed an extension of the absorption edge in
the visible region for the mixed materials. The samples
gradually turned white again upon increasing the calcination
temperature. Despite the increased light absorption capabil-
ities, the likely formation of the ZnS−ZnO heterojunction
leads to the transport of excited photoelectrons to the ZnO
phase and consequently to a substantial decrease in the
photocatalytic activity for the H2 evolution reaction. Therefore,
avoiding such oxidation is apparently a crucial point to increase
the lifetime of a ZnS-based photocatalyst for this application.

■ EXPERIMENTAL SECTION
Chemicals. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium

sulfide nonahydrate (Na2S·9H20), zinc acetylacetonate hydrate
(Zn(acac)2·10H2O), and sodium hexachlororhodate(III) (Na3RhCl6)
were purchased by Sigma-Aldrich; cyclohexane (C6H12) was
purchased from Alfa-Aesar. Polyglycerol polyricinoleate (PGPR)
was kindly gifted from Palsgaard. All chemicals were used without
further purification.
Miniemulsion Route (ME). Two identical mixtures were

prepared by dispersing PGPR (0.16 g) in cyclohexane (16 g); then
3 mL of an aqueous 0.5 M solution of Zn(NO3)2·6H2O (0.8 mmol)
was added to one mixture and 3 mL of an aqueous 1 M solution of
Na2S·9H20 (2.8 mmol) was added to the other. The corresponding
miniemulsions were obtained by sonication of the starting
suspensions for 3 min, by using a Sartorious Stedim LabsonicP
homogenizer, mounting a 3 mm titanium tip, and operating at
an amplitude of 70% (which corresponds to an acoustic power of
280 W/cm2). The as-obtained miniemulsions were mixed together
and sonicated with unchanged time and amplitude. The resulting
white miniemulsion was mechanically stirred at room temperature
for 4 h. Then, the powder product was separated by centrifugation
(12 000 rpm, 10 min) and washed five times with acetone and
deionized water. The white solid was dried at 80 °C for 4 h.
Hydrothermal Route (HY). In a typical hydrothermal synthesis

of ZnS, Zn(acac)2·10H2O (0.276 g, 0.369 mmol) was dissolved
in deionized water (10 mL) in a 23 mL A255AC PTFE cup
(Parr Instrument Company) under constant stirring. Na2S·9H20
(0.389 g, 1.619 mmol) was then added to the solution, followed by
vigorous stirring for 10 min. The resulting suspension was sealed in
the PTFE cup and placed in a stainless steel 4745 General Purpose
Acid-Digestion Bomb (Parr Instrument Company), heated at 135 °C
for 24 h, and then let to cool down to room temperature. The
resulting solid powders were isolated by centrifugation, washed four
times with deionized water, and dried at 80 °C in an open air oven.
Thermal Treatments. ZnS was thermally treated in air at

different temperatures (400, 450, 500, 550, 600, 700, and 800 °C).
Each sample was annealed only at one temperature, cooled at RT, and

then analyzed. In a typical procedure, the calcination of ZnS in a
muffle oven (Carbolite CWF 1200 with a Eurotherm 3216 temper-
ature controller) consisted in a temperature ramp with a heating rate
of 6 °C/min to the final value, a plateau of 4 h at constant temper-
ature, and finally the sample was inertially cooled to room temperature.

XPS Spectroscopy. Powder samples were investigated by XPS
with a Perkin−Elmer φ 5600ci instrument using Al−Kα radiation
(1486.6 eV), operating at 350 W. The working pressure was less than
5·10−8 Pa. The calibration was based on the binding energy (BE) of
the Au 4f7/2 line at 83.9 eV with respect to the Fermi level. The
standard deviation for the BE values was 0.15 eV. Reported BEs were
corrected for charging effects, and the BE value of 284.6 eV was
assigned to the C 1s line of carbon. Survey scans were obtained in the
0−1350 eV range (pass energy 187.5 eV, 1.0 eV step−1, 25 ms step−1).
Detailed scans (29.35 eV pass energy, 0.1 eV step−1, 50−150 ms step−1)
were recorded for O 1s, C 1s, Zn 2p, ZnLMM, S 2p, and S 2s. The
atomic composition, after a Shirley-type background subtraction,55

was evaluated using sensitivity factors supplied by PerkinElmer. Peak
assignment was carried out according to literature data.

XRD Diffraction. The XRD patterns on the ZnS nanostructures
were collected with a Bruker D8 Advance Diffractometer equipped
with a Göbel mirror by using the Cu−Kα radiation. The angular
accuracy was 0.0010°, and the angular resolution was better than
0.01°. All the experimental data were analyzed by using the Material
Analysis Using Diffraction (MAUD) software package,48 to deduce
quantitative crystallographic and microstructural information by using
the Rietveld refinement method.

TEM Microscopy. TEM micrographs where obtained with an FEI
Tecnai G12 microscope operating at 100 kV, equipped with a OSIS
Veleta camera. Samples were prepared by suspending the dried powders
in ethanol through sonication and then deposited on 300 mesh lacey
carbon coated copper grids. Particles were manually segmented and
measured using the ImageJ package.56 The obtained projected area
distributions were used to calculate the corresponding equivalent
circle diameters distribution, exploiting the marked convexity of the
observed objects to allow the use of a spherical approximation. This
approximation is commonly used, and it is also needed if a single
dimensional parameter (i.e., the equivalent sphere diameter) is
required. The main descriptors of the distributions (average, standard
deviation, skewness, and kurtosis) were also calculated. Each
distribution was fitted using the log-normal distribution.

HRTEM Microscopy and SAED. Microscopy investigation (and
SAED) has been performed by means of a field-emission transmission
electron microscope (JEM-2100F UHR, JEOL) operated at 200 kV.
The powder has been suspended in absolute ethanol and sonicated.
The particles have been transferred onto a holey grid by dipping it
into the suspension and drying.

FT-IR Spectroscopy. Infrared spectra were recorded with a
NEXUS 870 FT-IR (NICOLET), equipped with an ATR (Attenuated
Total Reflectance) sampling device containing ZnSe crystal, operating
in the 4000−600 cm−1 transmission range, collecting 64 scans with a
spectral resolution of 4 cm−1.

Micro-Raman Spectroscopy. Micro-Raman experiments were
performed with a Thermo Scientific DXR Raman microscope oper-
ating in the 100−4000 cm−1 range with a λ = 532 nm solid-state laser
and a 10× objective.

XAS Spectroscopy. The XAS measurements were performed at
XAFS beamline at Elettra Synchrotron (Trieste, Italy). A Si(311)
double crystal monochromator was used for measurements at the Zn
K-edge (9669 keV). The second monochromator crystal was tilted for
optimal harmonic rejection. The spectra were recorded in trans-
mission mode using ionization chambers as detectors. Energy
calibration was performed with a Zn metal foil. The solid samples
were pressed into self-supporting pellets using cellulose as a binder.
Data evaluation started with background absorption removal from the
experimental absorption spectrum by using the automated removal
routine found in the Athena software.48 The threshold energy E0 was
determined as the maximum in the first derivative spectrum.
To determine the smooth part of the spectrum, a piecewise polynomial
was used. It was adjusted in such a way that the low-R components of
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the resulting Fourier transform were minimal. After division of the
background-subtracted spectrum by its smooth part, the photon
energy was converted to photoelectron wavenumbers k. The resulting
χ(k)-function was weighted with k3 and Fourier transformed using a
Hanning window function. Data analysis was performed in k-space on
unfiltered data, using the Artemis software.48

UV−vis Spectroscopy. UV−vis absorption was measured on a
PerkinElmer Lambda 750 UV−vis−NIR spectrometer equipped with
a Praying Mantis mirror unit recording the diffuse reflectance in
dependence of the wavelength with a step size of 1 nm. BaSO4 was
utilized as standard reference, and the reflectance spectra were
converted into absorption spectra applying the Kubelka−Munk
function: F(R) = (1 − R)2/2R.
Photocatalytic H2 Evolution. 200 mg of photocatalyst were

suspended in 200 mL of an aqueous methanol solution (10 vol. %)
and filled into a homemade double-walled glass reactor. A 150 W Xe
lamp (Newport) was used as light source, the reactor was cooled to
20 °C using a thermostat (LAUDA RP845). Gas evolution was mea-
sured online using a GC (Shimadzu GC2014). Argon 5.0 was used as
carrier gas; the continuous gas flow was controlled by a Bronkhorst
mass flow controller. The gas flow was set to 25 mL min−1. All reac-
tions were performed at 20 °C. Before photocatalytic reactions were
initiated, the whole system, with the photocatalyst included, was
flushed with Argon 5.0 for 1 h to remove any trace of air. Co-catalyst
precursor (Na3RhCl6) addition for photodeposition of 0.15 wt. % Rh
was done through a rubber sealing (without opening the reactor).

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.inorgchem.8b01101.

Fitting parameters used for EXAFS data analysis and
Krypton adsorption measurement for the extrapolation
of the specific surface area (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: silvia.gross@unipd.it (S.G.).
*E-mail: roland.marschall@phys.chemie.uni-giessen.de (R.M.).

ORCID
Angela F. De Fazio: 0000-0002-9733-3981
Roland Marschall: 0000-0002-1057-0459
Paolo Dolcet: 0000-0001-9583-9375
Mattia Fanetti: 0000-0002-2437-5179
Silvia Gross: 0000-0003-1860-8711
Present Address
#Karlsruhe Institute of Technology (KIT), Institut für
Technische Chemie und Polymerchemie, Engesserstr. 20,
76133 Karlsruhe, Germany.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to acknowledge XAFS beamline at Elettra
Sincrotrone Trieste (Italy) for granting access to the
experimental facility and Luca Olivi and Clara Guglieri
Rodriguez for technical support. Financial support was
provided by the DFG via the GrK (Research training group)
2204 “Substitute Materials for sustainable Energy Technolo-
gies” and by DFG MA 5392/3-1. S.G. gratefully acknowledges
DFG and the Justus-Liebig Universita ̈t Gießen for the
provision of a Mercator Fellowship. Dr. Federico Caicci

(Department of Biology, University of Padova) is gratefully
acknowledged for the TEM measurements.

■ REFERENCES
(1) Fang, X.; Bando, Y.; Gautam, U. K.; Zhai, T.; Zeng, H.; Xu, X.;
Liao, M.; Golberg, D. ZnO and ZnS Nanostructures: Ultraviolet-Light
Emitters, Lasers, and Sensors. Crit. Rev. Solid State Mater. Sci. 2009,
34, 190−223.
(2) Liu, H.; Hu, L.; Watanabe, K.; Hu, X.; Dierre, B.; Kim, B.;
Sekiguchi, T.; Fang, X. Cathodoluminescence Modulation of ZnS
Nanostructures by Morphology, Doping, and Temperature. Adv.
Funct. Mater. 2013, 23, 3701−3709.
(3) Fang, X.; Bando, Y.; Liao, M.; Gautam, U. K.; Zhi, C.; Dierre, B.;
Liu, B.; Zhai, T.; Sekiguchi, T.; Koide, Y.; Golberg, D. Single-
Crystalline ZnS Nanobelts as Ultraviolet-Light Sensors. Adv. Mater.
2009, 21, 2034−2039.
(4) Fang, X. S.; Bando, Y.; Shen, G. Z.; Ye, C. H.; Gautam, U. K.;
Costa, P. M. F. J.; Zhi, C. Y.; Tang, C. C.; Golberg, D. Ultrafine ZnS
Nanobelts as Field Emitters. Adv. Mater. 2007, 19, 2593−2596.
(5) Fang, X.; Wu, L.; Hu, L. ZnS Nanostructure Arrays: A
Developing Material Star. Adv. Mater. 2011, 23, 585−598.
(6) Fang, X.; Bando, Y.; Liao, M.; Zhai, T.; Gautam, U. K.; Li, L.;
Koide, Y.; Golberg, D. An Efficient Way to Assemble ZnS Nanobelts
as Ultraviolet-Light Sensors with Enhanced Photocurrent and
Stability. Adv. Funct. Mater. 2010, 20, 500−508.
(7) Fang, X. S.; Ye, C. H.; Zhang, L. D.; Wang, Y. H.; Wu, Y. C.
Temperature-Controlled Catalytic Growth of ZnS Nanostructures by
the Evaporation of ZnS Nanopowders. Adv. Funct. Mater. 2005, 15,
63−68.
(8) Fang, X.; Zhai, T.; Gautam, U. K.; Li, L.; Wu, L.; Bando, Y.;
Golberg, D. ZnS Nanostructures: From Synthesis to Applications.
Prog. Mater. Sci. 2011, 56, 175−287.
(9) Wiberg, N.; Holleman, A. F.; Wiberg, E. Inorganic Chemistry;
Academic Press: New York, 2001.
(10) Ves, S.; Schwarz, U.; Christensen, N. E.; Syassen, K.; Cardona,
M. Cubic ZnS under Pressure: Optical-Absorption Edge, Phase
Transition, and Calculated Equation of State. Phys. Rev. B: Condens.
Matter Mater. Phys. 1990, 42, 9113−9118.
(11) Desgreniers, S.; Beaulieu, L.; Lepage, I. Pressure-Induced
Structural Changes in ZnS. Phys. Rev. B: Condens. Matter Mater. Phys.
2000, 61, 8726−8733.
(12) Morgan, B. J. First-Principles Study of Epitaxial Strain as a
Method of B 4 → B C T Stabilization in ZnO, ZnS, and CdS. Phys.
Rev. B: Condens. Matter Mater. Phys. 2010, 82, 153408.
(13) Tiwary, C. S.; Kumbhakar, P.; Mondal, A. K.; Mitra, A. K.
Synthesis and Enhanced Green Photoluminescence Emission from
BCT ZnS Nanocrystals. Phys. Status Solidi A 2010, 207, 1874−1879.
(14) Schultze, D.; Steinike, U.; Kussin, J.; Kretzschmar, U. Thermal
Oxidation of ZnS Modifications Sphalerite and Wurtzite. Cryst. Res.
Technol. 1995, 30, 553−558.
(15) Siriwardane, R. V.; Woodruff, S. In Situ Fourier Transform
Infrared Characterization of Sulfur Species Resulting from the
Reaction of Water Vapor and Oxygen with Zinc Sulfide. Ind. Eng.
Chem. Res. 1997, 36, 5277−5281.
(16) Sofekun, O. A.; Doraiswamy, L. K. High-Temperature
Oxidation of Zinc Sulfide: Kinetic Modeling under Conditions of
Strict Kinetic Control. Ind. Eng. Chem. Res. 1996, 35, 3163−3170.
(17) Siriwardane, R. V.; Woodruff, S. FTIR Characterization of the
Interaction of Oxygen with Zinc Sulfide. Ind. Eng. Chem. Res. 1995,
34, 699−702.
(18) Hertl, W. Surface Chemical Properties of Zinc Sulfide.
Langmuir 1988, 4, 594−598.
(19) Hu, J.-S.; Ren, L.-L.; Guo, Y.-G.; Liang, H.-P.; Cao, A.-M.;
Wan, L.-J.; Bai, C.-L. Mass Production and High Photocatalytic
Activity of ZnS Nanoporous Nanoparticles. Angew. Chem., Int. Ed.
2005, 44, 1269−1273.
(20) Wang, G.; Huang, B.; Li, Z.; Lou, Z.; Wang, Z.; Dai, Y.;
Whangbo, M.-H. Synthesis and Characterization of ZnS with

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01101
Inorg. Chem. 2018, 57, 13104−13114

13113

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b01101
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01101/suppl_file/ic8b01101_si_001.pdf
mailto:silvia.gross@unipd.it
mailto:roland.marschall@phys.chemie.uni-giessen.de
http://orcid.org/0000-0002-9733-3981
http://orcid.org/0000-0002-1057-0459
http://orcid.org/0000-0001-9583-9375
http://orcid.org/0000-0002-2437-5179
http://orcid.org/0000-0003-1860-8711
http://dx.doi.org/10.1021/acs.inorgchem.8b01101


Controlled Amount of S Vacancies for Photocatalytic H2 Production
under Visible Light. Sci. Rep. 2015, 5, 8544.
(21) Yu, X.; Yu, J.; Cheng, B.; Huang, B. One-Pot Template-Free
Synthesis of Monodisperse Zinc Sulfide Hollow Spheres and Their
Photocatalytic Properties. Chem. - Eur. J. 2009, 15, 6731−6739.
(22) Zhou, R.; Guzman, M. I. CO 2 Reduction under Periodic
Illumination of ZnS. J. Phys. Chem. C 2014, 118, 11649−11656.
(23) Baran, T.; Wojtyła, S.; Dibenedetto, A.; Aresta, M.; Macyk, W.
Zinc Sulfide Functionalized with Ruthenium Nanoparticles for
Photocatalytic Reduction of CO2. Appl. Catal., B 2015, 178, 170−
176.
(24) Zhang, J.; Yu, J.; Zhang, Y.; Li, Q.; Gong, J. R. Visible Light
Photocatalytic H 2 -Production Activity of CuS/ZnS Porous
Nanosheets Based on Photoinduced Interfacial Charge Transfer.
Nano Lett. 2011, 11, 4774−4779.
(25) Qadri, S. B.; Skelton, E. F.; Hsu, D.; Dinsmore, A. D.; Yang, J.;
Gray, H. F.; Ratna, B. R. Size-Induced Transition-Temperature
Reduction in Nanoparticles of ZnS. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 60, 9191−9193.
(26) Akiyama, T.; Sano, K.; Nakamura, K.; Ito, T. An Empirical
Interatomic Potential Approach to Structural Stability of ZnS and
ZnSe Nanowires. Jpn. J. Appl. Phys. 2007, 46, 1783−1787.
(27) Kole, A. K.; Kumbhakar, P. Cubic-to-Hexagonal Phase
Transition and Optical Properties of Chemically Synthesized ZnS
Nanocrystals. Results Phys. 2012, 2, 150−155.
(28) Khalkhali, M.; Liu, Q.; Zeng, H.; Zhang, H. A Size-Dependent
Structural Evolution of ZnS Nanoparticles. Sci. Rep. 2015, 5, 14267.
(29) Zhao, X.; Li, M.; Lou, X. Enhanced Photocatalytic Activity of
Zinc Oxide Synthesized by Calcination of Zinc Sulfide Precursor.
Mater. Sci. Semicond. Process. 2013, 16, 489−494.
(30) Kole, A. K.; Tiwary, C. S.; Kumbhakar, P. Ethylenediamine
Assisted Synthesis of Wurtzite Zinc Sulphide Nanosheets and Porous
Zinc Oxide Nanostructures: Near White Light Photoluminescence
Emission and Photocatalytic Activity under Visible Light Irradiation.
CrystEngComm 2013, 15, 5515.
(31) Jang, J. S.; Yu, C.-J.; Choi, S. H.; Ji, S. M.; Kim, E. S.; Lee, J. S.
Topotactic Synthesis of Mesoporous ZnS and ZnO Nanoplates and
Their Photocatalytic Activity. J. Catal. 2008, 254, 144−155.
(32) Li, X.; Li, X.; Zhu, B.; Wang, J.; Lan, H.; Chen, X. Synthesis of
Porous ZnS, ZnO and ZnS/ZnO Nanosheets and Their Photo-
catalytic Properties. RSC Adv. 2017, 7, 30956−30962.
(33) Ma, H.; Han, J.; Fu, Y.; Song, Y.; Yu, C.; Dong, X. Synthesis of
Visible Light Responsive ZnO−ZnS/C Photocatalyst by Simple
Carbothermal Reduction. Appl. Catal., B 2011, 102, 417−423.
(34) Nasi, L.; Calestani, D.; Besagni, T.; Ferro, P.; Fabbri, F.; Licci,
F.; Mosca, R. ZnS and ZnO Nanosheets from ZnS(En) 0.5 Precursor:
Nanoscale Structure and Photocatalytic Properties. J. Phys. Chem. C
2012, 116, 6960−6965.
(35) Kole, A. K.; Kumbhakar, P.; Chatterjee, U. Observations on
Nonlinear Optical Properties of ZnS Nanosheet, ZnS−ZnO
Composite Nanosheet and Porous ZnO Nanostructures Dispersed
in Aqueous Medium. Chem. Phys. Lett. 2014, 591, 93−98.
(36) Liu, D.; Li, X.; Shi, Z.; Zhu, B.; Chen, X.; Yang, J. Synthesis of
Porous ZnS/ZnSe Nanosheets for Enhanced Visible Light Photo-
catalytic Activity. J. Mater. Sci.: Mater. Electron. 2018, 29, 11605−
11612.
(37) Jing, M.; Chen, Z.; Li, Z.; Li, F.; Chen, M.; Zhou, M.; He, B.;
Chen, L.; Hou, Z.; Chen, X. Facile Synthesis of ZnS/N,S Co-Doped
Carbon Composite from Zinc Metal Complex for High-Performance
Sodium-Ion Batteries. ACS Appl. Mater. Interfaces 2018, 10, 704−712.
(38) Kanti Kole, A.; Sekhar Tiwary, C.; Kumbhakar, P. Morphology
Controlled Synthesis of Wurtzite ZnS Nanostructures through Simple
Hydrothermal Method and Observation of White Light Emission
from ZnO Obtained by Annealing the Synthesized ZnS Nanostruc-
tures. J. Mater. Chem. C 2014, 2, 4338−4346.
(39) Wu, X.; Li, K.; Wang, H. Facile Fabrication of Porous ZnO
Microspheres by Thermal Treatment of ZnS Microspheres. J. Hazard.
Mater. 2010, 174, 573−580.

(40) Emin, S.; Lisjak, D.; Pitcher, M.; Valant, M. Structural and
Morphological Transformations of Textural Porous Zinc Sulfide
Microspheres. Microporous Mesoporous Mater. 2013, 165, 185−192.
(41) Kanti Kole, A.; Sekhar Tiwary, C.; Kumbhakar, P. Morphology
Controlled Synthesis of Wurtzite ZnS Nanostructures through Simple
Hydrothermal Method and Observation of White Light Emission
from ZnO Obtained by Annealing the Synthesized ZnS Nanostruc-
tures. J. Mater. Chem. C 2014, 2, 4338−4346.
(42) Murugadoss, G. Synthesis, Optical, Structural and Thermal
Characterization of Mn2+ Doped ZnS Nanoparticles Using Reverse
Micelle Method. J. Lumin. 2011, 131, 2216−2223.
(43) Lee, G.-J.; Wu, J. J. Recent Developments in ZnS Photo-
catalysts from Synthesis to Photocatalytic Applications  A Review.
Powder Technol. 2017, 318, 8−22.
(44) Wang, Z.; Cao, S.-W.; Loo, S. C. J.; Xue, C. Nanoparticle
Heterojunctions in ZnS−ZnO Hybrid Nanowires for Visible-Light-
Driven Photocatalytic Hydrogen Generation. CrystEngComm 2013,
15, 5688.
(45) Baran, M. P.; Korsunskaya, N. E.; Stara, T. R.; Venger, Y. E.;
Kryshtab, T. G.; Stroyuk, O. L.; Raevskaya, A. L.; Korzhak, G. V.;
Kuchmiy, S. Y. Graded ZnS/ZnSxO1−x Heterostructures Produced
by Oxidative Photolysis of Zinc Sulfide: Structure, Optical Properties
and Photocatalytic Evolution of Molecular Hydrogen. J. Photochem.
Photobiol., A 2016, 329, 213−220.
(46) Hamad, S.; Cristol, S.; Catlow, C. R. A. Surface Structures and
Crystal Morphology of ZnS: Computational Study. J. Phys. Chem. B
2002, 106, 11002−11008.
(47) Skinner, B. J. Unit-Cell Edges of Natural and Synthetic
Sphalerites. Am. Mineral. 1961, 46, 1399−1411.
(48) Lutterotti, L. Total Pattern Fitting for the Combined Size−
strain−stress−texture Determination in Thin Film Diffraction. Nucl.
Instrum. Methods Phys. Res., Sect. B 2010, 268, 334−340.
(49) Balantseva, E.; Berlier, G.; Camino, B.; Lessio, M.; Ferrari, A.
M. Surface Properties of ZnS Nanoparticles: A Combined DFT and
Experimental Study. J. Phys. Chem. C 2014, 118, 23853−23862.
(50) Zhang, H.; Chen, B.; Gilbert, B.; Banfield, J. F. Kinetically
Controlled Formation of a Novel Nanoparticulate ZnS with Mixed
Cubic and Hexagonal Stacking. J. Mater. Chem. 2006, 16, 249−254.
(51) Brion. Etude Par Spectroscopie de Photoelectrons de La
Degradation Superficielle de FeS2, CuFeS2, ZnS et PbS a l’air et Dans
l’eau. Appl. Surf. Sci. 1980, 5, 133−152.
(52) Agostinelli, E.; Battistoni, C.; Fiorani, D.; Mattogno, G.;
Nogues, M. An XPS Study of the Electronic Structure of the
ZnxCd1−xCr2(X = S, Se) Spinel System. J. Phys. Chem. Solids 1989,
50, 269−272.
(53) Siriwardane, R. V.; Poston, J. A. Interaction of H2S with Zinc
Titanate in the Presence of H2 and CO. Appl. Surf. Sci. 1990, 45,
131−139.
(54) Peng, Y.; Wang, Y.; Chen, Q.-G.; Zhu, Q.; Xu, A. W. Stable
Yellow ZnO Mesocrystals with Efficient Visible-Light Photocatalytic
Activity. CrystEngComm 2014, 16, 7906−7913.
(55) Shirley, D. A. High-Resolution X-Ray Photoemission Spectrum
of the Valence Bands of Gold. Phys. Rev. B 1972, 5, 4709−4714.
(56) Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to
ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671−675.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01101
Inorg. Chem. 2018, 57, 13104−13114

13114

http://dx.doi.org/10.1021/acs.inorgchem.8b01101


Chapter 6   Thermal evolution of ZnS nanostructures 

194 

 

 



 

195 

 

 

Chapter 7. 

Experimental details 

 

7.1 Chemicals 

 

All the syntheses were carried out using milli-Q quality water. All the chemical were used without 

further purification. 

Table 7.1 Employed chemicals. 

Chemical Formula Molar Mass (g/mol) CAS Number Supplier 

Ammonium sulfide (20 wt. in water) (NH4)2S 68.14 12135-76-1 Sigma-Aldrich 

Chromium(III) nitrate nonahydrate Cr(NO3)3·9H2O 400.15 7789-02-8 Sigma-Aldrich 

Cobalt(II) chloride hexahydrate CoCl2·6H2O 129.84 7791-13-1 Sigma-Aldrich 

Copper(II) chloride dihydrate CuCl2·2H2O 170.48 10125-13-0 Sigma-Aldrich 

Europium (III) chloride hexahydrate EuCl3·6H2O 366.41 13759-92-7 Sigma-Aldrich 

Gadolinium(III) nitrate hexahydrate Gd(NO3)3·6H2O 451.36 19598-90-4 Sigma-Aldrich 

Iron(II) sulfate heptahydrate FeSO4·7H2O 278.01 7782-63-0 Sigma-Aldrich 

Lead(II) nitrate  Pb(NO3)2 331.21 233-245-9 Sigma-Aldrich 

Manganese(II) chloride tetrahydrate MnCl2·4H2O 197.91 13446-34-9 Sigma-Aldrich 

Neodymium(III) nitrate hexahydrate Nd(NO3)3·6H2O 438.35 16454-60-7 Sigma-Aldrich 

Nickel(II) chloride hexahydrate NiCl2·6H2O 237.69 7791-20-0 Fluka 

Silver(I) nitrate AgNO3 169.87 7761-88-8 Sigma-Aldrich 

Sodium hydrogen sulfide NaHS 56.06 207683-19-0 Sigma-Aldrich 

Sodium sulfide nonahydrate Na2S·9H2O 204.18 1313-84-4 Alfa Aesar 

Thiourea S=C(NH2)2 76.12 62-56-6 Sigma-Aldrich 

Tin(II) chloride SnCl2 189.62 7772-99-8 Sigma-Aldrich 

Titanium(IV) oxysulfate TiOSO4 159.93 13825-74-6 Sigma-Aldrich 

Ytterbium(III) chloride hexahydratea YbCl3·6H2O 387.49 10361-91-8 Sigma-Aldrich 

Ytterbium(III) nitrate hexahydrateb Yb(NO3)3·6H2O 467.15 35725-34-9 Sigma-Aldrich 

Zinc(II) nitrate hexahydratea Zn(NO3)2·6H2O 297.49 10196-18-6 Fluka 

Zinc(II) nitrate hexahydrateb Zn(NO3)2·6H2O 297.49 10196-18-6 Sigma-Aldrich 

(a) Chemical employed for batch and microfluidic syntheses. (b) Chemical employed for CHFS syntheses. 
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7.2 Batch syntheses 

 

In a typical batch synthesis of a metal sulfide, a proper quantity the sulfur precursor (Na2S·9H2O, NaHS 

or (NH4)2S) was weighted and dissolved in 25 ml of water to obtain a 0.2 M solution. This solution was 

quantitatively transferred in a 100 ml round-bottom flask. The sulfur precursor flask was left closed as 

much as possible to prevent the loss sulfur to the atmosphere as H2S. The metal precursor was 

weighted in a proper quantity and dissolved in 25 ml of water to obtain a two-fold molar excess of the 

0.2 M of the sulfur precursor (e.g. 0.1 M solution for ZnS, or a 0.067 M solution for Ln2S3). Both solutions 

where cooled with an ice bath thermostat, then the metal solution was added dropwise to the 

vigorously stirred sulfur precursor solution. Afterwards, the obtained slurry was kept stirred for 

approx. 1h and then let settle down. Once the product was settled, the clear solution above was 

carefully removed and the product was recovered washing the flask with water. The product was 

isolated though centrifugation (5 min, 10 000 rpm), then it was washed by adding water and sonicating 

the suspension for 15 min prior to isolate the product again by centrifugation (5 - 15 min, 12 500 rpm). 

This washing cycle was repeated four times. In the case of the formation of stable suspension (e.g. 

ZnS), many additional cycles of centrifugation were necessary to isolate the material, and part of the 

product was commonly lost in the washing water. The clean product was dried in vacuum at room 

temperature using a desiccator, then grinded and stored in common Eppendorf vials. 

 

7.3 Microfluidic syntheses 

 

The microfluidic syntheses were performed at the laboratories of Prof. Michele Maggini, Università 

degli Studi di Padova (Padova, IT). 

In a typical microfluidic synthesis of ZnS, a proper quantity of Na2S·9H2O was weighted and dissolved 

in 500 ml of water to obtain a 0.2 M or a 0.05 M solution. A proper quantity of Zn(NO3)2·6H2O was then 

weighted and dissolved in 500 ml of water to obtain a 1:2 Zn:S molar ratio with respect to the zinc 

precursor solution. In the case of the doped samples, the dopant precursor was directly dissolved in 

the zinc nitrate solution in the proper quantity that allowed to realize the same nominal M:Zn molar 

ratio targeted for the final product. The two solutions were used to feed the microfluidic setup 

schematized in Figure 4.1. The solutions were pumped using two reciprocating syringe pumps (Asia 

Syringe Pump, Syrris) operated at either at 2.0 or 1.2 ml/min. 0.63 mm PTFE tubing and a custom-made 

stainless-steel T-junction mixer were used to realize the flow setup. The solutions were fed 
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asymmetrically to the mixer, having the zinc solution connected in the position aligned with the mixer 

outlet and the sulfur solution connected at 90° with respect to both the zinc precursor and the outlet 

positions (cross-flow T-junction). The product was collected in an ice bath-cooled stirred vessel pre-

filled with approx. 20 ml of water. Once the targeted amount of product was obtained, the setup was 

flowed with water before the pumps were shuttled down, to prevent the occlusion of the mixer. The 

obtained slurry was kept stirred for approx. 1h and then let settle down. Once the product was settled, 

the clear solution above was carefully removed and the product was recovered washing the flask with 

fresh water. The product was isolated though centrifugation (5 min, 10 000 rpm), then it was washed 

by adding fresh water and sonicating the suspension for 15 min prior to isolate the product again by 

centrifugation (5 - 15 min, 12 500 rpm). This washing cycle was repeated four times. Since ZnS NPs 

showed the tendency to form stable colloids during the washing procedure, many additional cycles of 

centrifugation were sometimes necessary to isolate the material, and part of the product was 

commonly lost in the washing water. The clean product was dried in vacuum at room temperature 

using a desiccator, then grinded and stored in common Eppendorf vials. 

 

7.4 CHFS syntheses 

 

The reactor schematics are reported in Figure 5.1. CHFS syntheses were performed with a lab-scale 

CHFS reactor in the laboratories of Prof. Jawwad Darr, UCL (London, UK). The reactor was made from 

off-the-shelf Swagelok™ parts and equipped with two patented confined jet mixer.77 The mixers were 

fed by three Primeroyal K diaphragm pumps (Milton Roy, Pont-Saint-Pierre, France, pressurized to 24.1 

MPa). Pump 1 was employed for the supercritical water line at 80 ml/min, where water was heated in 

line at 450 °C using a custom-made 7 kW heater. Pump 2 was used to feed the thiourea solution to the 

first mixer at 40 ml/min, to allow its thermal decomposition leading to the production in-situ of HS- at 

380 °C.80 Pump 3 was then used to pump a Zn(NO3)2·6H2O solution to the second mixer, allowing the 

precipitation of ZnS from the mixing with the SH- solution. The residence time between the first and 

the second mixer was 2.28 s.  

For the undoped CH1-CH9 samples, the reaction temperature was changed from 241 to 335 °C by 

tuning the flow rate of pump 3 according to Table 7.2. The zinc solution was kept fixed at 0.1 M, while 

the thiourea solution concentration was adjusted to maintain a Zn:S molar ratio of 1:2 at the second 

mixer. 

For the doped ZnS samples, a flow rate of 60 ml/min was used for pump 3, corresponding to a reaction 

temperature of 307 °C. The concentration of the zinc precursor was 0.2 M, while the concentration of 
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the thiourea solution was 0.6 M. The concentration for the sulfur and the zinc precursor at the second 

mixer was 0.13 M and 0.07 M respectively. The dopants precursors were dissolved in the zinc nitrate 

solution by adding the correct quantity to realize in the solution the targeted nominal Ln:Z molar ratio 

of the final material. 

The products were collected as slurries in a simple flask. Once the product was settled, the clear 

solution above was carefully removed and the product was recovered washing the flask with fresh 

water. The product was isolated though centrifugation (10 min, 10 000 rpm), then it was washed by 

adding fresh water and isolated again though centrifugation (10 min, 10 000 rpm) for four times. As a 

stable suspension was sometimes obtained during the washing cycles, a prolonged centrifugation time 

was sometimes necessary to isolate the material. The clean products were freeze-dried, grinded and 

stored in common Falcon tubes.  

Table 7.2 Thiourea concentration, pump 3 (P3) flow rates, temperature obtained at the second mixer 

(M2) and concentrations at the second mixer of the zinc and the sulfur precursors. 

Sample Conc. Thiourea P3 Flow Rate M2 Temp M2 Zn Conc M2 S Conc. 

  M ml/min °C M  M  

CH1 0.600 120 241 0.050 0.100 

CH2 0.550 110 251 0.048 0.096 

CH3 0.500 100 260 0.045 0.091 

CH4 0.450 90 271 0.043 0.086 

CH5 0.400 80 282 0.040 0.080 

CH6 0.350 70 294 0.037 0.074 

CH7 0.300 60 307 0.033 0.067 

CH8 0.250 50 321 0.029 0.059 

CH9 0.200 40 335 0.025 0.050 
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Chapter 8. 

Characterization methods 

 

All the characterizations here reported were performed in-house if not differently specified. 

 

8.1 X-Ray Diffraction (XRD) 

XRD patterns were collected with a Bruker D8 Advance Diffractometer equipped with a Göbel mirror 

by using the Cu-Kα radiation. The angular accuracy was 0.0010° and the angular resolution was better 

than 0.01°.  

The Whole Pattern Profile Fitting (WPPF) method implemented in MAUD84 was employed to obtain 

crystallographic information from the refinement of the XRD profiles. This approach is Rieteveld-based, 

thus all the reflections from a determined crystal structure are fitted to the data, also allowing the 

analysis of overlapping reflections. In MAUD, the formula for the calculated profile intensity 𝐼𝑖
𝑐𝑎𝑙𝑐(2𝜃𝑖) 

at each point 𝑖 of the pattern can be expressed by the following equation.84 

           (8.1) 

 

 

Here, 𝑏𝑘𝑔𝑖 is the background contribution, 𝐼0 is a scale factor proportional to the incident beam 

intensity, 𝐿𝑝(2𝜃𝑖) is the Lorentz–polarization correction, 𝑁𝑝ℎ𝑎𝑠𝑒𝑠 is the number of phases in the 

pattern, 𝑁ℎ𝑘𝑙𝑛 is the number of reflections for the 𝑛-th phase, 𝑓𝑛 is the volume fraction of the 𝑛-th 

phase, 𝑉𝑛 is the cell volume, 𝑚𝑘,𝑛 is the multiplicity factor, 𝐹𝑘,𝑛 is the structure factor, 

𝑆𝑘,𝑛(2𝜃𝑖 − 2𝜃𝑘,𝑛) is the profile function for the reflection at the position 2𝜃𝑘,𝑛 and 𝑃𝑘,𝑛 is the texture 

weight. 

Pseudo-Voigt functions were used to fit the reflections. Despite these functions only empirically 

describes the reflections shape, physically meaningful results can still be obtained since the reflections 

𝐼𝑖
𝑐𝑎𝑙𝑐(2𝜃𝑖) = 𝑏𝑘𝑔𝑖 + 𝐼0 ∙ 𝐿𝑝(2𝜃𝑖) ∙ ∑

𝑓𝑛

𝑉𝑛
2 × ∑ 𝑚𝑘,𝑛 ∙ |𝐹𝑘,𝑛|

2
∙ 𝑆𝑘,𝑛(2𝜃𝑖 − 2𝜃𝑘,𝑛) ∙ 𝑃𝑘,𝑛

𝑁ℎ𝑘𝑙𝑛

𝑘=1

𝑁𝑝ℎ𝑎𝑠𝑒𝑠
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position, intensities, width and shape are constrained by a physical model.250 Reflections positions and 

intensities are adapted to the pattern directly refining the structural model. Constrains in reflections 

width and shape as a function of the scattering angle are also applied by using the Caglioti formula.331 

Microstructural information was obtained from the reflection broadening thought the simultaneous 

analysis of size and strain effects developed by Lutterotti and Scardi.332 For the calculation of lognormal 

size distributions from the XRD patterns, the method developed by Popa and Balzar was used,333 while 

the presence of stacking faults in ZnS was included using the Warren model.89 In the case of anisotropic 

particles, the model for the anisotropic broadening developed by Popa was employed, which calculates 

an equivalent crystallite shape by using spherical harmonics in order to allow different size and strain 

effects to be applied to different crystallographic directions.154 In the case relevant texturing effects 

(i.e. preferred orientation in the crystallites) were observed, the harmonic texture model proposed by 

Von Dreele was employed.334 In general, to ensure that meaningful data were retrieved, the fittings 

were aided by orthogonal information, like particle size, morphology or the tendency to assume a 

preferred orientation, observed at the TEM analyses. In the fittings, a polynomial function on 2θ was 

used for the background. Refined parameters always included the incident beam intensity, the 

background coefficients, the unit cell parameters and thermal Debye-Waller factors. For the latter, 

only a single value was used for all the atoms in the unit cell to reduce the number of fitted parameters. 

Different Debye-Waller factors were only refined along with the atomic positions in the unit cells when 

an investigation on the crystal structure was performed (e.g. Ag2S sample in Chapter 3.4). 

The Debye Scattering Equation (DSE)-based method coded in the DebUsSy suite254 was used with XRD 

data obtained by microfluidic samples. DSE allows to calculate the scattering that originates from 

isotropic samples without presuming any periodicity on the underlying structure and is therefore 

applicable even to liquids or amorphous material.253 The great advantage of this method, in opposition 

to more conventional Bragg and Laue type of approaches, is that information can be retrieved from 

the entire pattern profile and is not limited to the parameters that regulates shape, intensity and 

position of Bragg peaks.253 Applied to nanomaterials, the DSE analysis allows to take advantage of the 

diffuse scattering (i.e. off-Bragg scattering) without constraining the analysis to the chosen functions 

to model the reflections. However, the DSE calculates the scattering intensity as a sum of contributions 

from all the atoms in the sample, accounting for the mutual interference of the scattered radiation of 

all the atoms with each other, as in equation (8.2) (even though, in practice, the evaluation of the 

interference with neighbor atoms is normally limited for practical reasons).  

 (8.2) 

 

𝐼(𝑞) = ∑ 𝑓𝑗(𝑞)2
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Here, the scattering intensity 𝐼(𝑞) is calculated from two terms, where the first represent the term 

from zero distance between an atom and itself, and the second the interference contribution of the 

atom 𝑖 and the atom 𝑗. 𝑓𝑖 is the atomic form factor, 𝑇𝑖 is the thermal Debye-Waller factor, 𝑜𝑖 is the 

occupancy factor and 𝑑𝑖𝑗  is the interatomic distance between atoms 𝑖 and atom 𝑗. 

Consequently, this method requires to build an atomistic model of the sample. In the case of ZnS, 

particles where small enough to model all the relevant particle sizes, starting from a single unit cell. 

The layer-by-layer approach implemented in the DebUsSy suite254 was used for both modelling the 

particles and sample the pair atomic distances for the DSE-based calculation. Once the database of the 

pair interatomic distances for each particle size was obtained, the corresponding diffraction pattern 

was calculated by DSE. Finally, with this approach, the pattern was fitted using a weighted sum of the 

calculated single-size patterns, where the relative contributions are constrained by a lognormal size 

distribution. 

In the performed DSE-based analyses, ZnS model particles were built layer-by-layer, starting from the 

ZnS sphalerite structure and using a spherical morphology, up to a maximum size of 25 nm, 

corresponding to 60 different sizes. In the final fittings, microstrain and a size-dependent single Debye-

Waller factor for all the atoms were also refined.  

 

8.2 Transmission Electron Microscopy (TEM) 

Images of the NPs were acquired using a Philips CM12 electron microscope, operated at 120 kV. 

Samples were prepared for TEM observations by suspending a small amount of powder either in water, 

methanol or a 1 mM solution of oleylamine in hexane. A drop of the suspension was deposited onto a 

carbon-coated holey gold grid. The oleylamine approach led to in the formation of small dark droplets 

of a few hundreds of nm on the TEM grid. Small NPs were observed to be trapped in the droplets, that 

could result in the separation of aggregated particles at the cost of a slightly less clear and defined 

image. Images obtained using this method were background-subtracted to remove from the image the 

smooth contribution of the droplet. When the samples were already available as suspensions, the TEM 

grid was directly dipped in the colloid. 

The HRTEM observations were performed in collaboration with the workgroup of Prof. Jawwad Darr, 

UCL (London, UK). Micrographs were acquired with a JEOL JEM 2100 equipped with a LaB6 filament 

and a Gatan Orius digital camera. Samples were dispersed in methanol via ultrasonication. A drop of 

suspension was than deposited onto a 300-mesh copper film grid (Agar Scientific, Stansted, UK). 
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The dimensional analysis on the obtained micrographs was performed using ImageJ.335 For isomorphic 

particles a spherical approximation was employed. In the case of aggregated particles, a manual 

segmentation method was employed, while a semi-automated approach was used when particles 

were sufficiently separated. With the latter method, a suitable thresholding algorithm was applied to 

convert the greyscale image to a binary one. From the binary image, the automatic particle counter 

procedure included in ImageJ was employed to identify the projected area of each particle. 

Dimensional and circularity thresholds were carefully employed to avoid the inclusion of aggregates in 

the particle detection procedure. From the projected area values obtained, the corresponding 

equivalent circular diameters were calculated (i.e. the diameter of a circle having the same area of the 

one measured for a particle projection). From the obtained distribution of equivalent diameters, 

relevant statistical descriptors were obtained. Histograms obtained from the equivalent diameter 

populations were fitted to a log-normal distribution using the software Igor Pro.  

In the case of anisomorphic particles, a manual measurement was always performed. For squared 

particles, a rectangular projection was considered to retrieve long and short dimensions of each 

particles as two dimensional descriptors. Therefore, two distributions were retrieved in this case. For 

plate-like shapes, a cylindrical approximation was employed, where only the base diameter was 

obtainable from the images using the maximum Feret diameter value (i.e. the maximum traceable 

diameter). 

 

8.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were performed with a Perkin–Elmer φ 5600ci instrument using Al-Kα radiation 

(1486.6 eV), operating at 350 W. The working pressure was less than 5∙10–8 Pa. The calibration was 

based on the binding energy (BE) of the Au 4f7/2 line at 84.0 eV with respect to the Fermi level. The 

standard deviation for the BE values was 0.15 eV. Reported BEs were corrected for charging effects 

and the BE value of 284.6 eV was assigned to the C1s line of carbon. Survey scans were obtained in the 

0–1350 eV range (pass energy 187.85 eV, 1.0 eV step–1, 25 ms step–1). High resolution scans (23.50 eV 

pass energy, 0.1 eV step–1, 150 ms step–1) were recorded for relevant regions of the spectra. The semi-

quantitative analysis was performed after a Shirley-type background subtraction using sensitivity 

factors supplied by Perkin–Elmer. Peak assignment was carried out according to literature data. Peak 

fittings were performed using the software XPSPeak4.1. 

  



Characterization methods 

203 

 

 

8.4 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR experiments were performed with a Nicolet Nexus 870 FTIR equipped with an Attenuated Total 

Reflectance (ATR) accessory using a diamond ATR crystal. FTIR spectra were acquired in the 4000 – 400 

cm-1 range, collecting 1024 scans with spectral resolution of 4 cm-1. The background subtraction was 

performed interpolating the obtained spectra with a cubic spline function implemented in the software 

Igor Pro. 

 

8.5 Raman Spectroscopy 

Raman spectra were collected using a Thermo Scientific DXR Raman micro-Spectrometer equipped 

with a 532 nm laser and using a 10x LWD. The spectral range was 100 – 3500 cm-1. Alternatively, a 780 

nm laser was also employed. The laser power was adjusted to obtain the maximum signal and 

simultaneously avoid samples photodegradation, when possible. 

The analyses of the CH1-CH9 samples series in Chapter 5 were performed in cooperation with the 

workgroup of Prof. Peter Klar, Justus-Liebig-Universität Gießen – JLU (Gießen, DE). The Raman spectra 

were obtained at room temperature in a backscattering geometry using a Renishaw In-Via Raman 

microscope system. The 514 nm line of an Ar-ion laser nm was used for excitation. The excitation light 

was linearly polarized, but no polarization optics were used for detection. The principal component 

analysis of the Raman spectra was performed using the corresponding routines of the software 

package Origin 2018b. 

 

8.6 In-situ Small Angle X-Ray Scattering (SAXS) 

The in-situ SAXS experiment was performed at the SAXS beamline of the Elettra synchrotron facility in 

Trieste (Italy), in cooperation with Prof. Heinz Amenitsch and Dr. Barbara Sartori (Graz University of 

Technology, Austria). 

The experimental setup was composed of a thermostated glass reaction vessel, equipped with a stirrer, 

a thermometer and a circulating flow system. The reaction mixture was circulated though the tubing 

using a peristaltic pump through a quartz measuring capillary mounted on the SAXS beamline. The 

total residence time in the flow system was 6 s. A sketch of the realized setup is depicted in Figure 2.7. 

The X-Ray beam entered the capillary perpendicularly. X-rays extracted from the synchrotron ring were 
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monochromated at 16 eV and focused with a double toroidal mirror on the measuring quartz capillary. 

The final reciprocal space window available ranged from 0.1 to 6 nm-1. SAXS profiles were collected 

with a 10 s time step with 8 s acquisition time. Pure water flowed through the measuring capillary was 

used as background. The zinc precursor was injected in the reaction vessel at a rate of 2 ml/min while 

keeping a vigorous stirring to simulate the procedure commonly employed during the synthesis of 

sample ZnS1. The obtained SAXS profiles where background-subtracted by using the profiles obtained 

from pure water. The radiation absorption was accounted thank to the transmittance values retrieve 

by a photodiode mounted on the beamstop of the SAXS detector. The Porod invariant �̃�𝑖𝑛𝑣 and the 

integrated intensities were calculated from the corrected SAXS profiles, as in equation (8.3), where 

𝐼(𝑞) is the recorded scattering intensity in 𝑞.336  

      (8.3) 

 

 

Then, the correlation length 〈𝑙〉 was obtained as follows. 

      (8.4) 

 

 
From the correlation length, the D4,3 average of the NPs was obtained as follows.120  

      (8.5) 

 

The mass fractal dimension at every time step was obtained fitting the corresponding linear region in 

the log-log plot of the SAXS profile.118 SAXS profiles simulations where obtained using a spherical shape 

factor337 and the hard-sphere model for the structure factor.338 

 

8.7 Dynamic Light Scattering (DLS) and ζ potential 

DLS and ζ potential analyses on NPs suspension were carried out using a Malvern Zetasizer Nano, 

mounting a He-Ne laser (λ = 633 nm) operated in backscattering mode (175°). Suspensions were 

thermostated at 20 °C.  
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8.8 Isothermal Titration Calorimetry (ITC) 

The ITC analysis was performed in cooperation with the workgroup of Prof. Yitzhak Mastai, Bar-Ilan 

University (Ramat Gan, IL). The measurements were performed with a VP-ITC calorimeter (MicroCal 

Inc., Northampton, MA). ZnS suspensions were titrated via ITC using ammonia, methylamine, pyridine, 

methanol, and furan water solutions. The measurements were optimized adjusting the sample and the 

titrant concentration. The typical concentration of a ZnS suspension was between 3.0 and 0.5 mg/ml, 

while the concentration of the titrants was varied between 5 and 100 mM. The injection heat 

contribution was measured periodically with water-water titrations and subtracted from the data, 

while the reference cell was always filled with water. Reference blank titrations on water (using only 

the titrant solution) were performed prior to every measurement to assess the heat contributions 

arising from their dilution and from acid-base equilibria. Titrations were performed in overfill mode 

using a 1.442 ml cell thermostated at 20 °C, while stirring the suspension at 300 rpm. In a typical 

titration, 28 injection of 10 µl each of the titrant solution were used. Injections were separated by a 

300 s interval. The retrieved thermograms were reconstructed using the software NITPIC339 to remove 

high and low frequency noise contributions, while all the data plotting and processing was carried out 

on Igor Pro.  

In ITC, the relation between the variation of concentration of a specie after an injection and the 

enthalpy of interaction is given by the following equation. 

    (8.6) 

 

Here, 𝑄 is the heat evolved after an injection of titrant, ∆𝐻𝑘
0 is the enthalpy of the 𝑘-th contribution to 

the total heat exchanged, ∆Ck is the change of concentration of the 𝑘-th specie and 𝑉 is the cell 

volume. Since 𝑄 is measured, by modelling the variation of concentration ∆Ck relative to al the 𝑛 

significative contributions in the measuring volume (the chemical equilibria in the solution or 

suspension), the ∆𝐻𝑘
0 values can be obtain by a least-squares minimization routine. Since the fitting 

requires to model the equilibria in solution, the relative equilibrium constants 𝐾𝑘 of each equilibria are 

also determined, that can be directly converted in the free energy values ∆𝐺𝑘. 

  

𝑄 = ∑ ∆𝐻𝑘
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8.9 Photoluminescence (PL) 

PL spectra were recorded on powders using a spectrofluorometer JASCO FP8200, in cooperation with 

the workgroup of Prof. Adolfo Speghini (Università degli Studi di Verona, Verona, Italy). 

 

8.9 Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) 

The ICP-MS analyses were performed in cooperation with Prof. Denis Badocco, Università degli Studi 

di Padova. Samples (50 mg) were placed in a 15 ml digestion vials and digested with 2.5 ml of 69% 

HNO3. Vials were heated at 80 °C for 45 min. A PTFE cap was used to minimize sample loss from the 

vial. Vials were then cooled, and the obtained solutions were diluted to 50 g with milliQ water. All the 

elements were measured by using inductively coupled plasma coupled to mass spectrometer Agilent 

Technologies 7700x ICP-MS system (Agilent Technologies International Japan, Ltd., Tokyo, Japan), 

equipped with an octupole collision cell. The instruments were optimized daily to achieve optimum 

sensitivity and stability according to manufacturer recommendations. All parameters were checked 

daily using an in-house optimization program.  

 

8.10 N2 physisorption measurements  

N2 adsorption/desorption isotherms were recorded at 77 K by using a Micromeritics ASAP 2020 

instrument. The specific surface area of the samples was calculated by a multipoint BET analysis. 

 

8.11 Hydrogen Evolution Reaction (HER) 

The photocatalytic assessments on ZnS NPs for the hydrogen evolution reaction were performed in 

cooperation with the workgroup of Prof. Emiel Hensen, Eindhoven University of Technology – TU/e 

(Eindhoven, NL). 

All photocatalytic experiments were performed in a home-built air-tight photocatalytic setup in a side-

illuminated PEEK cell. A 500 W Hg (Xe) lamp was used as the light source, and the amount of H2 

produced during the experiments was detected with an online GC-TCD (ShinCarbon column) with N2 

as the carrier gas. The amount of produced H2 was determined as a function of time to compare the 

photocatalytic activities among samples. In a typical test, 10 mg photocatalyst was dispersed under 
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sonication in 50 mL sacrificial agents solution (0.25 M Na2S and 0.35 M Na2SO3) and transferred into 

the PEEK cell to generate a photocatalyst loading of 0.2 g/l. Before each test, air in the system was 

removed by evacuation three times. Then the activity measurements were carried out under constant 

stirring with automated sampling of the gaseous products with 12 min intervals. The temperature of 

the solution was maintained at 20°C. 

 

8.12 MTS Assay 

Preliminary MTS assays for the assessment of NPs cytotoxicity were performed by Prof. Maddalena 

Mognato (Università degli Studi di Padova, Padova, IT) using human A549 cells (lung adenocarcinoma) 

purchased from American Type Culture Collection (ATCC n. CCL-185) and cultured in Ham’s F12-K 

Nutrient Mixture (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat 

inactivated fetal bovine serum (FBS, BIOCHROM, Berlin, Germany), 38 units/mL streptomycin, and 100 

units/mL penicillin G, in T75 cm2 flasks (FALCON). Cells were kept at 37 °C in a humidified atmosphere 

of 95% air and 5% CO2. The cells were seeded and maintained for 24 h in complete culture medium 

before starting the treatment with NPs. Then, cells were incubated for 24 h with increasing 

concentrations of NPs (0.01–0.1 mg/ml). After incubation with NPs, the medium containing NPs was 

removed, and the cells were incubated for 60–90 min in the dark with 20 μL of the MTS reagent diluted 

in 100 μL of serum-free medium. As reference for the MTS assay, group of cells underwent the same 

steps of treated cells, except for NPs exposure.  

Cytotoxicity induced by the samples was evaluated by the MTS assay, which is a colorimetric assay 

based on the reduction of tetrazolium salts of 3-(4,5-diMethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H to formazan product. The measure of cell viability is 

based on the intracellular reduction of MTS, which is primarily attributable to mitochondrial 

dehydrogenases. After the incubation time, the medium containing NPs was removed, and the cells 

were incubated for 60–90 min in the dark with 20 μL of the MTS reagent diluted in 100 μL of serum-

free medium. The absorbance of formazan product was recorded at 490 nm with a microplate reader 

(Spectramax 190, Molecular Device®). Cell viability was determined by comparing the absorbance 

values of the treated with NPs with those of untreated cells, that was taken as reference values as 100 

%.  
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8.13 Computational Details 

The DFT-based computation of the phonon dispersion and DOS for ZnS sphalerite and wurtzite, in the 

context of the Raman analysis of the CH1-CH9 samples series in Chapter 5, was performed in 

cooperation with the workgroup of Prof. Peter Klar, Justus-Liebig-Universität Gießen – JLU (Gießen, 

DE). 

The phonon dispersions and the densities of states of wurtzite and sphalerite ZnS were derived on the 

basis of density functional theory using a pseudopotential method and a plane-wave expansion. The 

interatomic force constants (ifcs) were calculated with the code package ABINIT.340 The local density 

approximation (LDA) was used for the exchange correlation potential. The Troullier-Martins scheme 

was employed to represent the pseudopotentials.296 A perturbation method was used to derive the 

dynamical matrix on a discrete grid in the 1st Brillouin zone and then the ifcs by a discrete inverse 

Fourier transformation of the discrete dynamical matrix. With the knowledge of the ifcs the dynamical 

matrix was derived for the entire Brillouin zone. Similarly, the dielectric permittivity tensor and the 

Born effective charges were calculated. These are essential for decomposing the ifcs in a long range 

part which describes the dipole-dipole interaction and a short range part which describes the 

electronic contribution to the interaction.341,342 Ground state calculations and cell shape optimization 

were performed for wurtzite and sphalerite ZnS using a k-point sampling of 6 × 6 × 3 and of 6 × 6 × 6, 

respectively. In both cases, a cutoff energy of 60 Hartree was used for the plane wave expansion. Using 

these parameters, the lattice constants are converged within 0.1%. 
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Chapter 9. 

Conclusions and perspectives 

 

The aim of this work was to investigate the synthesis of metal sulfides nanostructures prepared using 

aqueous-based ligands-free methods. The motivation was not only limited to study of a simplified and 

eco-friendly approach to the synthesis of metal sulfides semiconductors, but also to take advantage of 

the ligand-free conditions to gain insights on the mechanisms that control the growth of these 

materials in water solution and study the properties and the oxidation of the exposed surface without 

the influence of adsorbed ligands.  

A very simple batch method was tested with Zn2+, Ni2+, Co2+, Cr3+, Fe2+, Sn2+, Ti4+, Nd3+, Yb3+, Gd3+, Eu3+ 

ions, while simple sulfide salts solutions were used as sulfur precursors. Crystalline compounds free of 

secondary products were obtained for ZnS, CuS, PbS, MnS and Ag2S, despite the syntheses were 

conducted without preliminary degassing steps and were performed at a temperature near 0 °C.  

The best results were obtained for ZnS, for which 7.8 and 18 nm NPs having a narrow size distribution 

(16% and 21% respectively) were obtained using the batch approach by simply changing the sulfide 

salt used as precursor, and consequently the reaction pH. Thus, a remarkable influence on NPs size of 

the pH was observed, since lowering the pH from 13.0 to 11.3 resulted in an 230% increase in the 

retrieved average NPs diameter. An analogous, but less dramatic, pH dependence of the NPs 

dimensions was observed for CuS nanoplateletes and PbS nanocubes, where the employment of a 

lower pH also resulted in increased NPs size. In the case of MnS and Ag2S larger (> 100 nm) and more 

polydispersed particles were obtained. In the case of MnS, a mixture of the metastable β-MnS or γ-

MnS was obtained. Therefore, it is possible to hypothesize that further optimizations of this water-

based approach may lead to the obtainment both β-MnS or γ-MnS as a single-phase product. 

The surface assessment of the naked NPs was mainly based on XPS and FTIR. ZnS was found to be 

insensitive to oxidation phenomena at room temperature, while PbS showed clear traces of oxidation 

only after an extensive period of storage at open-air. The presence of oxidation was mainly visible as 

the formation of SOx species, along with the formation of metal oxides for CuS, PbS and MnS. The 

oxidation phenomena on ZnS was also studied in detail, by performing a size-dependent (7 nm and 21 

nm) assessment of the effect of open-air thermal treatments at temperature from 400 °C to 800 °C. A 
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transition towards ZnO was already observed at 400 °C and was complete at 550 °C. The full conversion 

to the oxide was preceded by the formation of sulfates and by a partial transition from ZnS sphalerite 

to ZnS wurtzite in the case of the 7 nm NPS. The formation of ZnO was observed to impair the 

photocatalytic activity of the hydrogen evolution reaction of the NPs. Overall, ZnS was observed to be 

stable against oxidation in comparison to the other analyzed metal sulfides, but it is advisable to not 

heat the material to avoid the formation of oxidation products.  

An in-situ SAXS analysis was performed for the ligands-free batch synthesis of ZnS, that indicated that 

a size increase on NPs occurred in the first tenths of seconds of the reaction. This evidence was 

rationalized as a consequence of the successive additions of the zinc precursor in the reaction mixture. 

This was confirmed converting the precipitation method from a batch to a microfluidic one. In the 

latter case, a minimum average size of 4.8 nm was retrieved, that further extended the versatility of 

the ligand-free coprecipitation approach. The refinement of XRD data revealed that the NPs size was 

not the only feature that varied using different reaction conditions, as particles showed a stacking fault 

probability that increased from 0.01 (ZnS2, 18 nm) to ~0.14% (ZnS MF1, 5.1 nm) as a function of the 

size. This evidence was coherent with the decrease of the energy difference between the ZnS 

sphalerite and wurtzite polymorphs as NPs size is lowered,97 possibly leading to the increase of stacking 

disorder during the growth of the NPs. 

Another interesting aspect of the synthetized ZnS NPs was the obtainment of stable water suspensions 

from the purification stages of the material, despite the absence of stabilizing agents. The suspensions 

were observed to maintain their stability up to a few weeks, while DLS measurements and the SAXS 

in-situ analysis indicated that fractal aggregates were formed in the suspension. The reason of the 

colloidal stability was elucidated from the basic pH of the suspension and from the measured z 

potential value of -41 mV, indicating an electrostatic stabilization. This was attributed to the adsorption 

of SH- ions on the surface of the NPs. ZnS NPs were also characterized by a very large SSA, reaching 

the value of almost 300 m2 g-1 in sample ZnS MF1.  

The photocatalytic properties of the ZnS NPs were tested, showing that NPs were active for the 

hydrogen evolution reaction, however without a clear correlation to the retrieved dimensional and 

structural properties of the NPs could be evidenced. The microfluidic approach was also employed for 

the syntheses of samples doped with Mn2+, Cu2+, Ni2+, Eu3+, Sm3+, Nd3+ and Yb3+. The inclusion of the 

dopants was clearly seen for Mn-doped NPs, which showed the presence of charge transfer from the 

ZnS matrix to the Mn2+, resulting in an orange emission at 596 nm upon excitation at 293 nm. 

Preliminary tests based on the MTS assay also pointed out the low cytotoxicity of the particles, that 

might become a candidate system for the development of bioimaging applications. 
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Overall, the low temperature water-based and ligands-free method, either batch or microfluidic, 

allowed to obtain interesting results, showing an unexpected versatility in terms of size control for the 

synthesis of ZnS, while encouraging results were also obtained for CuS, PbS, MnS and Ag2S.  

ZnS NPs were also synthetized using the continuous flow hydrothermal synthesis (CHFS). A new setup 

was developed in order to achieve a good control over the thermal decomposition of thiourea, used 

as sulfur precursor, and over the reaction temperature. XRD, TEM, HRTEM and Raman analysis showed 

that highly defective ZnS NPs of ~20 nm were obtained. A hybrid cubic-hexagonal phase was evidenced 

by the XRD analysis, as a consequence of stacking disorder. The wurtzitic content was linearly 

dependent on the reaction temperature, as evidenced by the Raman analysis. Since highly defective 

NPs are an emerging class of materials the field of photocatalysis,263 the NPs were also tested as 

photocatalysts. Preliminary results indicated that an increased activity was obtained as a function of 

the increasing wurzitic content on the samples. Lanthanides-doped ZnS NPs where also synthetized by 

CHFS, resulting in a good uptake of dopants in the 0.5% – 3% doping level range. The assessment of PL 

properties indicated the absence of energy transfer from the ZnS matrix to the dopant, but the 

presence of energy transfer from Nd3+ to Yb3+ in co-doped Yb,Nd:ZnS samples. 

Planar defects were retrieved in the crystal structure of all the synthetized ZnS samples. Remarkably, 

different methods and conditions led to different defect probabilities. The lowest staking faults 

probability was estimated at 1% for the ZnS2 sample obtained using the low temperature batch 

approach. The presence of these defects was then found to be generally increased in smaller NPs 

obtained both by batch (sample ZnS1) and microfluidic conditions. By using the CHFS approach, the 

obtained concentration of planar defects in the samples was found to be too high to be estimated with 

the employed XRD refinement approach. In these latter samples, the possibility to control the 

structural defectivity by tuning the synthetic conditions was evidenced from both the qualitative 

analysis of the XRD patterns and the principal component analysis performed on the retrieved Raman 

spectra. Thus, the employed synthetic approaches for ZnS not only disclosed new possibilities to 

control the NPs size, but also to control their structural defectivity, which is relevant also for different 

functional properties (e.g. catalytic ones). 

The synergy of different analytical techniques was found to be crucial to precisely identify dimensional, 

structural and compositional features of the samples, clearly showing the potential of using orthogonal 

information in the characterization of (nano)materials.  

Many new open opportunities were left to explore, ranging from the further optimization of the 

syntheses (e.g. the isolation of single metastable phases in MnS or a wider exploration of synthesis 

parameters for the microfluidic synthesis of ZnS), to the development of promising applications (e.g. 

in-depth studies of the inclusion of dopants in CHFS synthetized ZnS NPs or the clarification of the 
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effect of stacking faults and other structural features over the ZnS photocatalytic activity), but also for 

the development of analytical techniques dedicated to colloidal nanocrystals (e.g. the application of 

ITC to probe interactions at the liquid/solid interface).   
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