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1 Introduction 

The composition-dependent material properties of copper sulfide have attracted interest 
for their use in a variety of applications, such as biomedical sensing,1–3 photothermal 
therapy,2–4 photovoltaic and plasmonic devices5–8 and photo- and electrocatalysis.9–18 In 
this thesis, the synthesis of copper sulfide nanoparticles and their potential for 
applications in photo- and electrocatalysis is explored. This chapter provides a brief 
background on the topics discussed and ends with an outline of the thesis.  

1.1 Copper sulfide  

Copper sulfide consists of a family of chemical compounds with the formula Cu2-xS 
(0≤x≤1), where x indicates the degree of copper deficiency with respect to the fully 
stoichiometric compound. Copper sulfide has a rich phase diagram and exists in a 
variety of equilibrium crystal structures, such as monoclinic low-chalcocite Cu2S, 
hexagonal high-chalcocite Cu2S, monoclinic djurleite Cu1.94S, hexagonal digenite Cu1.8S, 
monoclinic roxbyite Cu1.78S, orthorhombic anilite Cu1.75S and hexagonal covellite 
CuS.19,20 Most of these Cu2-xS phases occur as minerals in nature.20  

The two most well-known copper sulfides are chalcocite (Cu2S) and covellite (CuS) 
(Figure 1.1). Chalcocite originates from the Greek word Chalkos, which means copper, 
and has a dark grey to black color (Figure 1.1a).21 It is an important copper ore due to its 
high copper content and worldwide abundancy, and has been mined for centuries.22 The 
crystal structure of chalcocite is shown in Figure 1.1b and is based on a hexagonal close 
packing of sulfur atoms, with copper (Cu+) atoms occupying mainly triangular 
interstices. 20,23,24  

Covellite (CuS) is named after Niccolo Covelli, who first discovered the mineral at 
Mount Vesuvius in Italy.25,26 It has a limited abundancy, and typically originates from 
oxidation of other copper sulfide deposits, such as chalcopyrite (CuFeS2).25 CuS has a 
indigo-blue to black color and is highly iridescent (Figure 1.1c).26 Figure 1d shows the 
crystal structure of CuS.27 The structure can be described by stacked trilayers that consist 
of a layer of triangular CuS3 units sandwiched between two layers of CuS4 tetrahedra. 
The trilayers are connected to adjacent trilayers by disulfide bonds.28,29 Interestingly, the 
oxidation state of copper in the CuS system is highly debated. Even though the 
stoichiometry suggests the presence of divalent copper, several studies provide 
considerable evidence that the oxidation state of copper in all Cu2-xS phases is 
monovalent.30–34 Here, CuS is considered as (Cu+)3(S2)2-S-, where some of the sulfur 
atoms form S2 pairs, while others are bound only to copper.31 In contrast, other studies 
indicate a combination of monovalent and divalent copper in CuS.35,36 

Cu2-xS has an interesting electronic structure, in which the top of the valence band has a 
strong contribution from the sulfur p- and copper 3d10 orbitals, while the bottom of the 
conduction band has mainly contributions from the copper 4s and 4p orbitals.29 In 
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stoichiometric Cu2S, the valence band is completely filled. When copper is extracted, 
forming copper deficient Cu2-xS compounds, holes are left in the top of the valence band. 
The presence of these holes influences the material properties.  

For example, the effective bandgap of Cu2-xS is affected by the concentration of holes in 
the valence band. The bandgap of a material can be defined as the photon energy needed 
to promote an electron from the top of the valence band to the bottom of the conduction 
band. The presence of holes in the top of the valence band leads to an increase in the 
effective bandgap, because the energy of the highest occupied electron states is lowered. 
This is effect is schematically represented in Figure 1.2a and is referred to as the Burstein-
Moss effect.29,37–39 The bandgap of Cu2-xS is thus highly dependent on its composition, 
ranging from 1.2 eV for chalcocite (Cu2S) to 1.9 eV for covellite (CuS).19,40 

In the case of Cu2-xS nanoparticles, the holes in the valence band can give rise to a 
localized surface plasmon resonance (LSPR) absorption in the infrared region.6 This 
LSPR absorption originates from a collective oscillation of the holes in phase with the 
external electric field.29 The frequency and intensity of the LSPR strongly depend on the 
free carrier concentration and thus on the composition of the Cu2-xS nanoparticles.41 
Figure 1.2b shows absorption spectra of Cu2-xS nanoparticles with different 
compositions, indicating that with increasing copper concentration, i.e., decreasing hole 
concentration, the LSPR absorption decreases in intensity and shifts to longer 
wavelengths.  

Figure 1.1 a) Chalcocite crystal21 and b) corresponding crystal structure. c) A covellite crystal,26
 and d)

corresponding crystal structure. The blue and yellow spheres are copper and sulfur atoms, 
respectively.  Panel b is reprinted from ref [24], with the permission of AIP Publishing. Copyright 2012
American Institute of Physics. Panel d is reprinted with permission from ref [27]. Copyright 2014
American Chemical Society. 
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1.2 Nanoparticles  

The focus of this work is on Cu2-xS nanoparticles. Nanoparticles are very small particles 
with dimensions ranging from 1 to 100 nanometers (nm), where one nm is equal to one 
billionth of a meter. As a comparison, 1 nm is about 100,000 times thinner than a sheet 
of paper. A nanoparticle consists roughly of about 100-10,000 atoms.42 Nanoparticles of 
Cu2-xS have been successfully synthesized with a wide variety in size and shape, 
including nanospheres,43–45 nanoflowers,17,46 nanorods,47 nanoplatelets45,47–49 and 
nanosheets.50 

Nanoparticles are attractive in chemistry due to their small size and resulting properties. 
In catalysis, reaction takes place at the surface of the catalyst. The smaller a particle, the 
larger the fraction of its atoms that are located at its surface, resulting in a high surface-
to-volume ratio. This is illustrated in Figure 1.3a, which shows that the total surface area 
of small cubes is much larger than that of one big cube with the same total volume. In 
addition, the surface atoms differ from atoms in the interior of the particle as they have 
fewer chemical bonds with neighboring atoms, and consequently a higher free energy. 
This high free energy makes surface atoms more reactive.  

Besides surface effects, the small size of nanoparticles leads to changes in their electronic 
structure. The electronic structure of a nanoparticle lies somewhere in between that of a 
molecule and of bulk material (~1022 atoms/cm3) (Figure 1.3b).51–53 It consists of a 
valence- and conduction-band with discrete energy levels near the band edges. In a 
semiconductor, the valence- and conduction-band are separated by an energy gap of 
forbidden states, referred to as the band gap. When a semiconductor is irradiated with 

Figure 1.2 a) Representation of the band positions for Cu2S and Cu2-xS illustrating the increase of the 
effective bandgap with increasing amount of Cu-vacancies. Reprinted (adapted) with permission from 
ref [29]. Copyright 2014 The Royal Society of Chemistry. b) Optical absorption spectra of Cu2-xS 
nanoparticles with different stoichiometries illustrating the dependence of the LSPR absorption on
the Cu2-xS composition. Reprinted (adapted) with permission from ref [41]. Copyright 2013 American 
Chemical Society. 
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light that has an energy that is equal to or higher than the bandgap of the material, a 
negatively charged electron can be excited from the valence band to the conduction 
band, leaving behind a positively charged hole in the valence band. This electron-hole 
pair is referred to as an exciton. The spatial extension of the exciton is referred to as the 
exciton Bohr radius, and is a length characteristic for the material. When the size of a 
nanoparticle approaches this characteristic length, the exciton is confined in the 
nanoparticle, leading to an increase in its kinetic energy. As a consequence of this 
confinement, the bandgap increases. The bandgap of Cu2-xS thus depends not only on its 
composition (see Section 1.1. above), but also on the size of the material via the quantum 
confinement effect. Although the value of the exciton Bohr radius of Cu2-xS is under 
debate, several studies reported quantum confinement effects for Cu2-xS nanoparticles 
with sizes around 10 nm and smaller.40  

1.3 Synthesis methods for Cu2-xS nanoparticles 

As the catalytic and electronic properties depend on nanoparticle composition, size and 
shape, having monodisperse samples is important. In this thesis we describe 
nanoparticles synthesized by either colloidal synthesis or incipient wetness 
impregnation. These methods are introduced below.  

 1.3.1 Colloidal synthesis  
Colloidal synthesis methods are attractive as they allow for a high degree of control over 
the size, shape and composition of the nanoparticles.42,54 In colloidal synthesis, 
nanoparticles are grown in a liquid-phase and the product nanoparticles are obtained as 
colloidal suspension. This means that the nanoparticles are uniformly distributed in the 
solvent, without directly sinking to the bottom.55   
 

Figure 1.3 Size effects in nanoparticles a) Schematic representation of the increase in surface area 
when using 27 small particles instead of 1 big particle with the same volume.  b) Band formation with 
increasing number of atoms according to the linear combination of atomic orbitals theory.
Nanoparticles consist of a valence and conduction band with discrete energy levels near the band
edges. Reprinted (adapted) with permission from ref [53]. Copyright 1996 The American Association 
for the Advancement of Science. 



Chapter 1 

6 
 

Figure 1.4 shows the different stages of colloidal synthesis.56 In the first stage, referred to 
as the pre-nucleation stage, precursors react to form monomers. Examples of such 
precursors are inorganic salts and organometallic compounds. The formed monomers 
are the building blocks of nanocrystals. For example, Cu2-xS nanoparticles are formed by 
many Cu-S monomers. The sudden availability of a high concentration of monomers 
leads to monomer supersaturation, in which the concentration of monomers is higher 
than the solubility limit. During supersaturation, clusters of monomers, i.e., the 
subcritical crystal nuclei, are formed. These subcritical nuclei can grow to larger nuclei, 
shrink to smaller nuclei or dissolve back to monomers. During the nucleation stage, 
nuclei grow larger than the critical radius, the size at which the nuclei are viable to grow 
to mature nanoparticles. During this stage, monomers are consumed and hence there 
will no longer be supersaturation. Consequently, the nucleation rate decreases and the 
remaining monomers in solution are now only used for growth of the already existing 
nuclei. Nanoparticle growth can occur via the addition of monomers to existing nuclei, 
coalescence of small particles or a combination of both processes.  

Surfactants, or organic ligands, are present during the colloidal synthesis and influence 
the nucleation rates.42 Surfactants typically consist of an apolar hydrocarbon tail and a 
polar headgroup that can bind to the monomers and nuclei. The surfactants influence 
the size, shape and composition of the nanocrystals as they can affect the monomer 

Figure 1.4 Evolution of the degree of supersaturation S over time with corresponding stages of 
colloidal nanocrystals synthesis. I) Induction, where metal precursors and ligands form monomers, 
that can subsequently form sub-critical nuclei, II) Nucleation, where the sub-critical nuclei are 
converted into nuclei that are capable of growing into mature nanocrystals and III) Growth, where 
the nuclei grow to mature nanocrystals. Reprinted (adapted) with permission from ref [52]. 
Copyright 2014 Springer-Verlag Berlin Heidelberg 
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reactivity and thereby the rate of monomer formation. Furthermore, the surfactant 
molecules dynamically bind to the monomer species and nuclei, thereby changing the 
stability of the monomers and consequently the nucleation rate. In addition, the 
surfactants can have a large impact on the growth rates and shape of the nanoparticles, 
as they may bind more strongly to certain facets, thereby determining the availability of 
surface sites.42 The surfactants have an important role not only during the synthesis, but 
also after, when they stabilize the nanoparticles in solution. However, when using 
colloidal nanoparticles in applications such as catalysis, the bulky organic ligands can 
influence catalytic performance by, for example, blocking the active catalyst species.57–61 
Therefore, ligand exchange procedures, in which the native ligands are replaced by 
alternatives that have no adverse effects in catalysis, are required. In chapter 2, such a 
ligand exchange procedure is described for strongly bound 1-dodecanethiol ligands on 
Cu2-xS nanoparticles.  

 1.3.2 Incipient wetness impregnation to make supported nanoparticles 
Supported nanoparticles are often used in catalysis. In the first place, the support can 
facilitate the preparation of small and uniformly distributed particles. In addition, the 
support can improve the mechanical and thermal stability of the catalyst and simplifies 
its handling (e.g., separation of the catalyst and product stream).62 The most common 
catalyst support materials include silica, titanium dioxide, alumina, carbon and 
zeolites.63 The properties of the support, such as thermal stability, electric conductivity 
and light absorption, determine which support material is most suitable for a certain 
application. For example, in photocatalysis, the absorption properties of the support 
material are of great importance, whereas in electrocatalysis a good electrical 
conductivity of the support is crucial. 
 
Supported catalysts can be synthesized via various methods, among which incipient 
wetness impregnation.62 In this technique, a porous support, such as silica or carbon, is 
impregnated by a solution of the metal-precursor of interest. After the impregnation step, 
the material is dried to evaporate the solvent and heat treated to decompose the metal 
precursor and subsequently form metal oxide nanoparticles. The properties of the 
product nanoparticles can be influenced by the parameters used in the heat treatment. 
For example, the composition of the gas used during the heat treatment can influence 
the size or composition of the nanoparticles.64–66Additional treatments can be performed 
to obtain e.g., metal sulfide nanoparticles. Metal sulfide nanoparticles are often prepared 
by converting metal nanoparticles by a gas phase sulfidation, typically in H2S/H2 
atmospheres at temperatures between 300-400°C.67 In addition, metal sulfide 
nanoparticles can be obtained by a liquid-phase sulfidation. In Chapter 4, the preparation 
of silica supported copper sulfide nanoparticles via direct synthesis and via a liquid phase 
sulfidation of supported copper oxide nanoparticles is discussed in detail.   
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1.4 Catalysis with Copper Sulfide Nanoparticles  

Due to their wide size, shape and composition tunability, natural abundance and low 
toxicity, Cu2-xS nanoparticles have attracted increasing attention for applications in 
catalysis. In our work, the potential of Cu2-xS nanoparticles as photo- and electrocatalysts 
is explored.  

 1.4.1 Photocatalysis  
Photocatalysis is a process inspired by natural photosynthesis. Green plants harvest 
energy from sunlight and convert it into chemical energy, stored in carbohydrate 
molecules such as sugars. Similarly, in photocatalysis a semiconductor material (i.e., the 
photocatalyst) absorbs light, which generates charge carriers (electrons and holes). These 
charge carriers can be used to drive redox reactions at the surface of the photocatalyst. 
Figure 1.5 schematically represents the photocatalysis process. A semiconductor has a 
band structure in which the conduction band and valence band are separated by a 
bandgap. If the semiconductor is irradiated with light that has an energy equal to or 
higher than the bandgap, electrons can be excited from the valence band to the 
conduction band, leaving behind positively charged holes in the valence band. The 
photogenerated charge carriers can recombine non-radiatively or radiatively, thereby 
releasing the energy as heat or photons, respectively. Alternatively, if the electrons and 
holes can reach the surface of the semiconductor, they can drive reduction and oxidation 
reactions of adsorbed species. The use of thin layers of material or nanoparticles is thus 
advantageous, as in this case the distance that the electrons and holes have to travel to 
reach the surface is small. Once the charge carriers have reached the surface, redox 
reactions only occur if the positions of the valence- and conduction band of the 
photocatalyst are aligned in a suitable manner with respect to the redox potentials of the 
reaction of interest. For a reduction reaction to occur, the conduction band edge has to 

Figure 1.5 Schematic representation of a nanoparticle photocatalyst. The semiconductor nanoparticles
can absorb (sun)light with an energy equal or higher than the bandgap, thereby exciting electrons from
the valence to the conduction band. The photogenerated electron and hole can participate in redox 
reactions at the particle surface. 
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be more negative than the redox potential of this reaction, while for an oxidation reaction 
to occur, the valence band edge needs to be more positive than the redox potential of the 
reaction.  
 
In general, two types of photocatalysis can be distinguished.68,69 Firstly, similar to 
‘classical’ catalysis, a photocatalyst can reduce the activation energy of a chemical 
reaction and thereby accelerate a reaction that occurs spontaneously (ΔG < 0). An 

example of this is the oxidative degradation of dye molecules. Degradation studies are 
often used to assess the performance of novel photocatalyst materials as the progress of 
the reaction is easy to follow due to the change of color. Their use is generally motivated 
by serving as model reactions for the decomposition of organic pollutants in waste 
water.70-72 Frequently studied dyes in these type of reactions are methylene blue, methyl 
orange, malachite green and rhodamine B.73  

In addition, the term photocatalysis is used for reactions that are thermodynamically 
uphill (ΔG > 0), but can proceed with light in the presence of a photocatalyst. This 
includes the production of solar fuels, where solar energy is converted into chemical 
energy. A well-known example here is photocatalytic water splitting, in which hydrogen 
and oxygen are produced by the cleavage of water, as described by Equation 1-1. The 
corresponding half-reactions are given in Equation 1-2 and Equation 1-3. 

H2O  H2 +  O2 E0 = -1.23 V vs. RHE (1-1) 

2 H+ + 2 e-  H2 E0 = 0 V vs. RHE (1-2) 
2 H2O + 4 h+  O2 + 4 H+ E0 = 1.23 V vs. RHE (1-3) 

 

Although hydrogen production from water is a promising approach for the storage of 
renewable energy, photocatalytic water-splitting remains a challenge as there are only 
few photocatalysts with a suitable band positioning to drive both the hydrogen evolution 
reaction as well as the oxygen evolution reaction. Therefore, rather than overall water-
splitting, a selective study of one of the half-reactions (Eq. 1-2 and 1-3) in the presence 
of a sacrificial agent is often used to examine the photocatalytic properties of novel 
materials.74 Two individual photocatalysts that are each active for one of the half 
reactions (either H2-evolution or O2-evolution) can potentially be coupled to obtain 
Z-scheme photocatalysis and mimic overall water-splitting.75  

The bandgap of a photocatalyst is thus an important property. As discussed above, it 
should be sufficiently large to absorb photons with an energy large enough for the redox 
reaction to occur, but on the other hand should not be too large in order to efficiently 
absorb sunlight. In addition, the positions of the valence and conduction band should be 
compatible with the redox levels of the redox reaction of interest. The tunable bandgap 
of Cu2-xS, ranging from 1.2 eV for Cu2S to 1.9 eV for CuS, allows it to absorb a relatively 
large part of solar spectrum. Figure 1.6 gives a representation of the band positions of 
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Cu2S and CuS and the redox potentials of the H2-evolution and O2-evolution 
reactions.76-78 The conduction band edge of Cu2-xS is more negative than the redox 
potential of the H2-evolution reaction, indicating this reaction could proceed on Cu2-xS. 
The redox potential of the O2-evolution reaction is however more positive than the 
valence band edge of Cu2-xS, making this reaction non-viable on Cu2-xS. Several groups 
reported the use of Cu2-xS as photocatalyst. For example, the photodegradation of dyes 
has been reported using Cu2-xS photocatalysts with a variety of compositions and shapes, 
such as CuS nanoparticles,79–81 Cu2S nanoparticles,82–84 CuS nanotubes,85–87 Cu2S 
microsponges88 and CuS, Cu2S and Cu1.8S nanoflowers.89–91 In addition, some studies 
reported the use of Cu2-xS for photocatalytic hydrogen evolution in the presence of a 
sacrificial agent.9,92,93   

 1.4.2 Electrocatalysis  
An electrochemical reaction is driven by the passage of an electric current and involves 
the transfer of electrons between a solid electrode and reactants in solution. In 
electrocatalysis, the exchange current density of such an electrochemical reaction is 
altered by the addition of a catalyst. The catalyst may be the electrode itself, or can be 
deposited on the electrode. Figure 1.7 shows a schematic representation of an 
electrochemical cell, which has three main components: the anode, the cathode and the 
electrolyte. The anode is the electrode at which oxidation reactions occur, whereas 
reduction reactions take place at the cathode. The electrolyte is an ionically conducting 
medium connecting the anode with the cathode. 
 
The electrochemical reduction of CO2 using renewable electricity is considered a 
promising route to produce chemicals and fuels in a sustainable manner. Table 1.1 shows 
some half-reactions of products that can be formed by the reduction of CO2 and 
corresponding redox potentials.94 When looking at the possible half-reactions shown in 
Table 1.1, most of them include multiple electron- and proton transfer steps. 
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Figure 1.6 Representation of the band positions of Cu2S and CuS illustrating the variation of the
bandgap with Cu2-xS composition. The blue dashed lines indicate the redox potentials of the
H2-evolution reaction and O2-evolution reaction. The band positions are obtained from refs [76-78]. 
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Furthermore, the redox potentials of the different products are very similar, making it 
difficult to selectively form one product. In addition, the redox potentials for the 
formation of CO2 reduction products are similar to the redox potential for the hydrogen 
evolution reaction, making this a competing reaction. The electrochemical reduction of 
CO2 is thus a complex process that requires a stable and efficient catalyst.95  

Over the last decade, great progress has been made in the development of 
electrocatalysts. The majority of electrocatalyst studied for the reduction of CO2 are 
based on transition metals.95,96 For example, nanostructured gold and silver catalysts 
have shown to reduce CO2 to CO with faradaic efficiencies over 90% at low 
overpotentials (<0.9 V vs. RHE).97 In addition, copper catalysts have received significant 
attention due to their relatively low cost and unique ability to produce hydrocarbons and 
oxygenates.98 However, the competing hydrogen evolution reaction (HER) at low 
overpotentials remains a challenge. More recently, the incorporation of sulfur in copper 

 
Table 1.1 Selected half reactions and reduction potentials of CO2 reduction reactions, along with that 
of the hydrogen evolution reaction. Reprinted with permission from ref [94]. Copyright 2014 American 
Chemical Society. 

Figure 1.7 Schematic representation of an electrochemical cell used in electrocatalysis. Oxidation
reactions occur at the anode, whereas reduction reactions occur at the cathode. The anode and
cathode are connected by an ionically conducting electrolyte.  
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electrodes has shown to modify their performance. Several experimental and theoretical 
studies have demonstrated that the presence of sulfur in the copper electrode steers the 
selectivity of the catalyst towards formate.12,99–102 In addition, Zhuang et al., reported the 
production of ethanol, propanol and ethylene at intermediate overpotential (-0.95 V vs. 
RHE) using Cu2S derived nanoparticles.13 An exploration of the influence of sulfur on 
copper electrocatalysts for the reduction of CO2 is described in Chapter 6 of this thesis.  

1.5 Outline of this thesis  

The size-, shape- and composition dependent materials properties of Cu2-xS, together 
with its abundancy and relatively low toxicity, make it an interesting candidate for 
catalytic applications. In this thesis the synthesis and characterization of copper sulfide 
nanoparticles for applications in photo- and electrocatalysis is discussed.  

In the first part (Chapters 2, 3 and 4), preparation methods for Cu2-xS 
(hetero)nanoparticles are described. Colloidal synthesis methods allow a good control 
over the particle size, shape and composition. However, the organic ligands stabilizing 
the particles complicate their use in catalytic applications. Hence, ligand exchange 
procedures are often required. Chapter 2 describes a ligand exchange procedure to 
replace strongly bound 1-dodecanethiol ligands on colloidal Cu2-xS nanocrystals by 
alternative ligands. This ligand exchange procedure makes the nanocrystals dispersible 
in water and more accessible for reactants, and thus more applicable for catalysis.   

As they are of potential interest as photocatalyst, Chapter 3 describes the synthesis of 
Cu2-xS/CuInS2 heteronanocrystals via a seeded-injection strategy. The presence of a 
hetero-junction in these nanocrystals is expected to enhance the separation of the 
photogenerated charges, which can be beneficial in photocatalytic applications.  

The use of a support material, such as carbon or silica, can improve the stability of 
nanoparticles and simplifies their handling (e.g., in catalyst separation). In Chapter 4 
methods to synthesize supported Cu2-xS nanoparticles are discussed. Besides a direct 
synthesis, a two-step approach is presented, in which supported CuO nanoparticles, 
prepared via incipient wetness impregnation, are converted into Cu2-xS nanoparticles via 
a liquid phase sulfidation step. Depending on the sulfur source and reaction conditions 
used, different Cu2-xS phases were prepared.  

The original aim of the project was to investigate the effect of particle size, shape and 
composition of Cu2-xS nanoparticles on their photocatalytic properties. However, along 
the way we found that Cu2-xS nanoparticles show limited activity in photocatalytic dye 
degradation and H2 evolution. In addition, conducting photocatalytic experiments 
proved to not always be straightforward, and experimental procedures and results 
reported in literature were not always reproducible. In Chapter 5 various aspects of 
photocatalysis, including experimental techniques, data analysis, mechanistic insights 
and reporting of catalytic performance, are reviewed. Common pitfalls and practical 
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guidelines on how to reliably conduct, interpret and report photocatalytic experiments 
are discussed, based on experience from our own work on Cu2-xS nanoparticles, as well 
as examples from literature. 

Besides photocatalysis, the Cu2-xS nanoparticles can be used in electrocatalysis. 
Chapter 6 explores the use of carbon supported Cu2-xS nanoparticles for the 
electrocatalytic reduction of CO2. Electrodes with good chemical contact were 
successfully prepared by spraying the carbon supported Cu2-xS nanoparticles on a carbon 
paper substrate. Under reaction conditions, the Cu2-xS nanoparticles are reduced to a 
metallic copper phase, that shows activity towards the reduction of CO2 into formate.   

Chapter 7 provides a summary of the thesis and a brief outlook for future work.  
Finally, a summary of the work in Dutch is provided in Chapter 8.   
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Abstract: In colloidal Cu2-xS nanocrystal synthesis, thiols are often used as organic ligands and 
sulfur source, as they yield high-quality nanocrystals. However, thiol ligands on Cu2-xS nanocrystals 
are difficult to exchange, limiting the applications of these nanocrystals in (photo)catalysis. Here, 
we present an effective and facile procedure to exchange native 1-dodecanethiol on Cu2-xS 
nanocrystals by 3-mercaptopropionic acid, 11-mercaptoundecanoic acid, and S2- in formamide 
under inert atmosphere. The resulting hydrophilic Cu2-xS nanocrystals have excellent colloidal 
stability in formamide. Furthermore, the size, shape and optical properties of the nanocrystals are 
not significantly affected by the ligand exchange. Water-dispersible Cu2-xS nanocrystals are easily 
obtained by precipitation of the nanocrystals capped by S2-, 3-mercaptopropionate or 11-
mercaptoundecanoate from formamide, followed by redispersion in water. Interestingly, the ligand 
exchange rates for Cu2-xS nanocrystals capped with 1-dodecanethiol depend on the preparation 
method, being much slower for Cu2-xS nanocrystals prepared through heating-up than through hot-
injection synthesis protocols. XPS studies reveal that the differences in the ligand exchange rates are 
due to the surface chemistry of the Cu2-xS nanocrystals, where the nanocrystals prepared via hot-
injection synthesis have a less dense ligand layer due to the presence of trioctylphosphine oxide 
during synthesis. A model is proposed that explains the observed differences in the ligand exchange 
rates. The facile ligand exchange procedures reported here enable the use of high-quality colloidal 
Cu2-xS nanocrystals prepared in the presence of 1-dodecanethiol in (photo)catalytic applications. 

2.1 Introduction 
 
Colloidal synthesis methods allow for the preparation of monodisperse Cu2-xS 
nanocrystals with uniform properties and hence are interesting for a variety of 
applications, such as such as biomedical sensing,1–3 photothermal therapy,2–4 
photovoltaic and plasmonic devices2,5–8 and photo- and electrocatalysis.2,5,9,10. The best 
known colloidal synthesis technique is hot-injection, in which the precursors are rapidly 
injected into a pre-heated reaction mixture containing the other reagents. The rapid 
injection leads to a high availability of monomers and hence a burst of nucleation, 
followed by further growth of the existing nuclei. Although hot-injection synthesis 
protocols are well-developed and can give nanocrystals with a large range of sizes, shapes 
and compositions, they usually only yield a small amount of product and cannot be 
easily scaled up, as factors like injection rate and mass and heat transport become less 
reproducible for larger reaction volumes.11 An alternative to the hot-injection method is 
the so-called heating-up method, where all reagents are mixed in a reaction flask and 
heated to induce nucleation and growth of the nanocrystals. This method allows for a 
more reproducible and scalable synthesis, since factors such as injection rate and non-
ideal mixing do not play a role.11  
 
As discussed in Chapter 1, organic ligands are important during colloidal synthesis as 
they allow for the high control over size, shape and composition of the nanocrystals by 
dynamically binding to the nanocrystal surface.12 Furthermore, after synthesis they 
prevent aggregation of the nanocrystals by steric stabilization. These ligands usually 
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have a polar headgroup coordinating to the nanocrystal surface atoms through a donor 
atom (e.g., S, N, O) and a long apolar hydrocarbon tail that stabilizes the nanocrystals 
in apolar solvents.15 Commonly used ligands include phosphines, amines and thiols. 
Though ligands are essential during and after synthesis, they lead to challenges when 
using the nanocrystals in applications. The apolar nature of the hydrocarbon chain 
prevents dispersion of the nanocrystals in water and other polar solvents, limiting their 
use in, e.g., biomedical and photocatalytic applications. Furthermore, the bulky organic 
ligands can restrict interparticle conductivity and can render the nanocrystal surface 
inaccessible to reactants, hindering the use of the nanocrystals in optoelectronic, 
photovoltaic and photo- and electro-catalytic applications. As a consequence, ligand 
exchange is crucial to obtain colloidal nanocrystals suitable for a broad range of 
applications. Various procedures have been reported for ligand exchange on colloidal 
nanocrystals. For example, Nag et al., reported the preparation of all-inorganic 
nanocrystals by replacing native organic ligands with inorganic ions such as S2-, HS- and 
OH-.13 Kovalenko et al., described the stabilization of colloidal nanocrystals in polar 
solvents by using molecular metal chalcogenide ligands, such as Sn2S6

4-. 14,15 By a 
subsequent heating step, the ligands could be converted into semiconducting phases, 
realizing conductive arrays of nanoparticles. Aqueous phase transfers have also been 
extensively reported using organic ligands such as 3-mercaptopropionic acid (MPA),16-22 
11-mercaptoundecanoic acid (MUA),20–24 cysteine25 and various polymers.26–28  

 
In Cu2-xS nanocrystal synthesis, thiols are often used as ligands as they give high quality, 
monodisperse products.29,30 However, no effective ligand exchange procedures have 
been reported for Cu2-xS and CuInS2 nanocrystals prepared via direct synthesis in the 
presence of thiols.29,31–36 Xie et al., reported the resistance of CuInS2 nanocrystals 
obtained with thiol ligands towards a ligand exchange using MPA.31 Turo et al., 
described the resistance of Cu2-xS nanocrystals prepared with 1-dodecanethiol (DDT) 
towards ligand exchange procedures and attributed this to the presence of so-called 
crystal-bound thiols, where the thiols occupy high coordination number sites and are 
thus strongly bound to the nanocrystal.29 A similar explanation has been given by other 
groups.32–34 More recently, Gromova et al., reported on the difficulty of surface 
functionalization of CuInS2 nanocrystals prepared in the presence of DDT. They 
attributed this to the presence of a ligand double layer on the nanocrystals surface, 
consisting of dodecanethiolate ligands and thioether species formed in situ during the 
heating-up synthesis in the presence of thiols.35  

 
In this chapter, we report on ligand exchange procedures for Cu2-xS nanocrystals 
prepared by hot-injection and heating-up synthesis protocols in the presence of DDT. In 
contrast to the studies mentioned above,29,31–36 we developed procedures to replace DDT 
on Cu2-xS nanocrystals with either MPA-, MUA- or S2- by performing the ligand exchange 
procedures under inert atmosphere in a highly polar solvent (formamide). In addition, 
we found that the ligand exchange rates are highly dependent on both the nature of the 
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replacing ligands (MPA-, MUA- or S2-) and on the synthesis method used to produce the 
Cu2-xS nanocrystals (viz., hot-injection or heating-up). We propose a model for ligand 
exchange on thiolate capped Cu2-xS nanocrystals that explains the observed differences. 
The ligand exchange protocols developed in this work present a facile way to achieve 
water-dispersible Cu2-xS nanocrystals with, depending on the replacing ligand, accessible 
nanocrystal surfaces, making them more suitable for catalytic applications. 

 2.2 Experimental methods 
 

2.2.1 Materials.  
Copper(II) sulfate pentahydrate (CuSO4 5H2O, 99.999%), copper(I) acetate 
(CuAc, 97%), copper(I) chloride (CuCl, 99.995%), 1-dodecanethiol (DDT, ≥ 98%), oleic 
acid (OA, 90%), 1-octadecene (ODE, 90%), trioctylphosphine oxide (TOPO, 99%), 
oleylamine (OLAM, 70%), sodium sulfide (Na2S), 11-mercaptoundecanoic acid (MUA, 
98%), 3-mercaptopropionic acid (99%), tetramethylammonium hydroxide pentahydrate 
(TMAH, ≥ 97%), formamide (FA, 98%), chloroform, anhydrous toluene, methanol, 
butanol, ethanol, hexane and acetonitrile were purchased from Sigma-Aldrich. ODE 
and TOPO were degassed at 120 °C for 3 hours prior to use. Formamide was degassed 
at 120 °C for 2 hours prior to use. All other reagents were used as received.  
 

2.2.2 Synthesis of colloidal DDT-capped Cu2-xS nanocrystals by the  

heating-up method 
 Cu2-xS nanocrystals of 12 nm diameter were synthesized according to the method 
described by van der Stam et al.,37 205 mg (0.8 mmol) CuSO4·5H2O, 7.5 mL DDT and 
6 mL OA were mixed in a round-bottom flask. The mixture was gradually heated to 
200 °C under nitrogen protection in a Schlenk line. Subsequently, the solution was kept 
at 200 °C for 2 hours. After that, the reaction mixture was washed three times by 
addition of an excess of methanol and butanol (1:1 ratio), followed by centrifugation at 
2500 rpm for 5 minutes. The nanocrystals were redispersed in 10 mL anhydrous toluene.  
 

2.2.3 Synthesis of colloidal Cu2-xS nanocrystals by the hot-injection method 

Cu2-xS nanocrystals of various sizes were synthesized by adaptation of the method 
described by Xia et al.,23 In a round-bottom flask, 0.13 g (1 mmol) Cu(I)Ac and 3.6 g 
(9.3 mmol) TOPO were added to 20 mL ODE. First, the mixture was degassed at 100 °C 
for 1 h. Subsequently, the flask was purged with nitrogen and subsequent steps of the 
synthesis were performed under nitrogen flow in a Schlenk line. The reaction mixture 
was heated to 210 °C. At 160 °C, 5 mL DDT was quickly injected into the flask. The 
nanocrystals were allowed to grow for 1 h at 210 °C. After reaction, the nanocrystals 
were washed using the method described above and redispersed in 10 mL anhydrous 
toluene.  
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2.2.4 Synthesis of colloidal OLAM-capped Cu2-xS nanocrystals by the 

heating-up method 
OLAM-capped Cu2-xS nanocrystals of 7 nm diameter were synthesized in a Schlenk line 
under nitrogen protection according to a method described by Williamson et al.,.38 A 
S-OLAM precursor solution was prepared by dissolving 1.6 g (50 mmol) S in 7 mL 
OLAM and 3 mL ODE at 110 °C. The copper precursor solution was prepared by 
dissolving 6 g (60 mmol) CuCl in 42 mL OLAM and 18 mL ODE in a round-bottom 
flask at 110 °C. Both precursor solutions were cooled down to 50 °C, after which 6 mL 
of the S-OLAM precursor was added to the Cu-precursor solution. The mixture was left 
stirring at 50 °C for 5 minutes. Subsequently, the temperature was increased to 185 °C 
in 30 minutes and maintained for 2 h. After that the reaction mixture was cooled down 
using a water bath and addition of 60 mL hexane, which also decreased the viscosity of 
the mixture. The product was purified by washing with ethanol, followed by 
centrifugation at 2500 rpm for 5 minutes. The Cu2-xS nanocrystals were redispersed in 75 
mL n-hexane.  
 

2.2.5 Ligand exchange using Na2S 
The phase transfer procedure using Na2S was done using an adaptation of a method 
described by Nag et al.,13 For a typical ligand exchange, 1 mL Na2S in formamide or 
demineralized water (5 mg/mL) was mixed with 1 mL of Cu2-xS nanocrystals in toluene 
(~5 mg/mL). The experiments using formamide as the polar solvent were also 
performed under inert atmosphere in a nitrogen glovebox (≤ 6 ppm O2). A biphase was 
formed, with the colorless Na2S solution on the bottom and the black Cu2-xS nanocrystals 
suspension in toluene on top (Figure 2.1). Upon ligand exchange of the native apolar 
ligands to sulfide, the black Cu2-xS nanocrystals transferred to the polar formamide layer. 
Subsequently, the apolar layer was removed and the remaining polar phase containing 
the Cu2-xS nanocrystals was washed with toluene to remove remaining apolar species. 
The Cu2-xS nanocrystals were precipitated by adding an excess of acetonitrile, followed 
by centrifugation for 2 minutes at 2000 rpm. The purified sulfide-capped Cu2-xS 
nanocrystals were redispersed in 2 mL degassed formamide and stored under nitrogen 
atmosphere.  
 

2.2.6 Ligand exchange using MUA or MPA 
The phase transfer procedure using MUA or MPA was based on a method described by 
Xia et al.,23 1.4 mmol MUA or MPA was dissolved in 30 mL demineralized H2O or 
formamide. In the case of MUA, TMAH was added to increase the pH to 11 and 
deprotonate the MUA. In a typical ligand exchange, 4 mL of a Cu2-xS nanocrystal 
suspension in toluene (~0.75 mg/L) was mixed with 5.8 mL of the MUA or MPA 
solutions. A two-layer system was formed, with the Cu2-xS nanocrystals in toluene on 
the bottom and the polar MUA or MPA solution on top. The experiments using 
formamide as the polar solvent were also performed under inert atmosphere in a nitrogen 
glovebox (≤ 6 ppm O2). The ligand exchange was successful when upon stirring the black 
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Cu2-xS nanocrystals transferred to the polar phase. After centrifugation for 1 minute at 
1000 rpm, the polar layer containing the Cu2-xS nanocrystals was collected and washed 
by adding excess ethanol, followed by centrifugation for 5 min at 3000 rpm. The purified 
MUA- or MPA-capped Cu2-xS nanocrystals were redispersed in demineralized water or 
formamide.   
 

2.2.7 Structural characterization 
Samples for transmission electron microscopy (TEM) analysis were prepared by drop-
casting the Cu2-xS nanocrystal suspension on a carbon-coated 200 mesh copper TEM 
grid. TEM analysis was performed using a FEI Tecnai-12 microscope operating at 
120 kV or a FEI Technai-20 microscope operating at 200 kV.  
Samples for x-ray diffraction (XRD) analysis were prepared by precipitating the Cu2-xS 
nanocrystals with an antisolvent and subsequently drying the obtained powder under 
vacuum. The dried Cu2-xS nanocrystal powder was spread over a Si wafer. XRD 
measurements were performed with a Bruker D2 Phaser, equipped with a Co Kα x-ray 
source with a wavelength of 1.79026 Å.  ζ-Potential and dynamic light scattering (DLS) measurements were performed on a 
Zetasizer Nano ZS from Malvern Instruments using a dip cell with palladium electrodes 
with 2 mm spacing in a PCS1115 cuvette and a measurement angle of 173 °. 
Measurements were corrected by the instrument software for solvent (formamide or 
toluene), refractive index, temperature and viscosity. Measurements were done in the 
automatic mode and repeated 5 times for each sample in order to obtain reliable results.  
 

2.2.8 X-ray photoelectron spectroscopy (XPS) 
Sample preparation for x-ray photoelectron spectroscopy (XPS) was done under air-free 
conditions to prevent oxidation and chemisorption of CO2 on the samples.  Samples were 
mounted in a glovebox and transferred into the spectrometer in a vacuum transfer 
module. The as-synthesized samples with the original apolar ligands were drop casted 
on a clean tantalum sample holder in order to avoid the influence of carbon tape. 
Samples after ligand exchange to S2- were dried under vacuum and stuck onto the 
tantalum sample holder as powder using carbon tape. XPS spectra were taken with 
Thermo Scientific K-Alpha spectrometer using a 72 W monochromated Al Kα source 
(hν = 1486.6 eV). The x-rays were microfocused at the source to give a spot size on the 
sample of 400 μm in diameter. The analyzer was a double focusing 180° hemisphere 
with mean radius of 125 mm, run in constant analyzer energy (CAE) mode. The pass 
energy was set to 200 eV for survey scans and 50 eV for high resolution regions. Data 
analysis was done using CasaXPS software. Binding energies were calibrated by setting 
the lowest energy C 1s peak to 284.8 eV.  
 

2.2.9 31P-NMR spectroscopy 
31P-NMR measurements were done on a reference solution of TOPO in ODE, the Cu2-xS 
nanocrystal reaction mixture directly after synthesis and after washing for 3 times. The 
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reaction mixture and reference solution were both diluted with CDCl3 to a concentration 
half of the original in order to perform a lock procedure. The washed sample was dried 
under vacuum overnight after the 3rd wash step and subsequently redispersed in CDCl3. 
Measurements were performed on an Aligent MRF400 spectrometer at 25 °C and 
161 MHz.  
 

2.3 Results and Discussion 
 

2.3.1 Ligand exchange procedures on Cu2-xS nanocrystals prepared with 

thiols  
Cu2-xS nanocrystals were synthesized according to two previously described protocols, 
where DDT was used as both sulfur source and ligand (see Experimental Methods for 
details). In the first method, Cu2-xS nanocrystals were synthesized using a hot-injection 
technique. DDT was injected into a mixture of Cu(I)acetate, trioctylphosphineoxide 
(TOPO) and 1-octadecene (ODE).23,39 During this synthesis, both TOPO and DDT 
ligands direct the growth of the nanocrystals.39 These nanocrystals will hereafter be 
referred to as HI_DDT/TOPO. Cu2-xS nanocrystals were also synthesized by heating 
CuSO4·5H2O, DDT and oleic acid (OA) to 200 °C in a so-called heating-up synthesis.37 
These nanocrystals will hereafter be referred to as HU_DDT.  
 
To replace the native ligands on the Cu2-xS nanocrystals and obtain water-dispersible 
Cu2-xS nanocrystals, ligand exchange procedures using MPA, MUA, and S2- (either from 
(NH4)2S or Na2S), were studied. In a typical ligand exchange reaction a two-phase 
system was formed by combining the Cu2-xS nanocrystals in an apolar solvent 
(e.g., toluene) with an excess of the replacing ligand (MPA, MUA or S2-) in polar solvent 
(e.g., water or formamide). The pH of the solutions containing MUA was increased to 
11 using tetramethylammonium hydroxide (TMAH) in order to deprotonate the 
carboxylic acid group, thereby rendering the MUA water soluble. The solutions 
containing S2- were also alkaline as the S2- undergoes hydrolysis, forming HS- and OH-. 
In contrast, the MPA solution has a low pH of 3 at the start of the ligand exchange 
experiments. Although not needed for the solubility of MPA in formamide or water, 
experiments using MPA were also performed at pH 11 to compare the different replacing 
ligands under identical conditions. No differences in phase transfer rate were observed 
between the MPA experiments carried out at low and high pHs. Therefore, for the sake 
of conciseness, only experiments using MPA at low pH are further discussed.  
 
The success of the ligand exchange was evidenced by transfer of the Cu2-xS nanocrystals 
from the apolar to the polar phase, as illustrated in Figure 2.1. Different experimental 
conditions were studied for the ligand exchange experiments. First, experiments were 
performed in air using water as the polar solvent. Subsequently, experiments were 
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performed in air, using formamide as the polar solvent. Lastly, experiments were 
performed under air-free conditions and using formamide as the polar solvent. The three 
different sets of experiments are discussed in more detail below.  
 
At first, ligand exchange procedures were performed using water in air, as described 
elsewhere.13,23 Using this procedure, ligand exchange using MPA- and S2- (either from 
(NH4)2S or Na2S) as the replacing ligands was successful. However, the colloidal stability 
of the product nanocrystals was low and aggregates formed during the phase transfer 
process. In addition, the sample obtained using (NH4)2S turned from black to blue after 
several hours, suggesting the formation of Cu2+-ammonia complexes. Copper has a 
valency of +1 in the Cu2-xS nanocrystals, but in the presence of oxygen, part of the Cu+ 

ions may be oxidized to Cu2+.29,40 In aqueous solution, the ammonium ion can dissociate 
into ammonia and a proton through NH4

+ (aq) ⇌ NH3 (aq) + H+(aq). In the presence of 
NH3(aq), Cu2+ can then form the stable [Cu(NH3)4]2+ complex that has an intense violet-
blue color.41,42 Due to the instability of the Cu2-xS nanocrystals in the presence of 
NH3/NH4

+, (NH4)2S was not used as S2- source in further experiments. When using S2- 
as the replacing ligand, both the HI_DDT/TOPO and the HU_DDT nanocrystals were 
transferred to the polar water phase upon stirring for about 5 hours. When MPA was 
used as the replacing ligand, both the HI_DDT/TOPO and the HU_DDT nanocrystals 
were transferred to the polar aqueous MPA solution upon stirring overnight. In contrast, 
when MUA was used as the replacing ligand, only partial transfer of the 
HI_DDT/TOPO nanocrystal was observed upon stirring overnight, while for the 
HU_DDT nanocrystals no phase transfer was observed, even after stirring for 3 days.  
 

Figure 2.1 Photograph of a typical ligand-exchange procedure using a two-layer system of formamide 
(bottom layer) and toluene (top layer). The image on the left represents the system before ligand
exchange, with black colloidal Cu2-xS nanocrystals dispersed in the apolar toluene layer. In a 
successful ligand exchange using S2-, MPA- or MUA-, the Cu2-xS nanocrystals undergo a phase transfer 
from toluene to formamide upon exchange of the native 1-dodecanethiol ligands (image on the 
right).  
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As the polarity of the solvent could influence the success of the ligand exchange by 
stabilizing charged intermediates, the ligand exchange was also performed using 
formamide as the polar solvent under ambient conditions. Formamide has a higher 
polarity (ε= 106) than water (ε= 80).13 However, upon stirring for several hours, the color 
of the MUA and Na2S solution layers changed from colorless to black and then to violet-
blue, while the apolar phase initially containing the Cu2-xS nanocrystals turned from 
black to colorless. This indicates that the Cu2-xS nanocrystals were successfully 
transferred to the polar phase, but were not stable after the transfer. The dark blue color 
again suggests the formation of Cu2+ complexes, where formamide itself can act as the 
ligand. Complex formation between Cu2+ and formamide has been observed in oxidative 
and alkaline environments,43 where Cu2+ leaking into solution from either Cu2S44 or 
copper foil45,46 was quickly coordinated by formamide. The blue color was also observed 
when using MPA, but only after storing the MPA-capped Cu2-xS nanocrystals in 
formamide for several days in air. The alkaline nature of the solutions containing MUA 
or Na2S when compared to the more acidic MPA solution when initiating the ligand 
exchange experiments can possibly explain the slower complex formation between Cu2+  

and formamide observed in MPA solutions.44 
 
To prevent the oxidation of Cu+ to Cu2+ and the rapid complexation of Cu2+ by 
formamide, the ligand exchange experiments using formamide were performed under 
inert atmosphere in a nitrogen glovebox (≤ 6 ppm O2). We found that under these 
conditions the native ligands on the Cu2-xS nanocrystals could successfully be replaced 
with all three ligands (MPA-, MUA- and S2- from Na2S). Colloidal stability in the polar 
formamide was obtained by binding the negatively charged MPA-, MUA- or S2- to the 
nanocrystal surface. The negative charge of the ligands was confirmed with ζ-potential 
measurements. Cu2-xS nanocrystals prepared by hot-injection synthesis gave ζ-potentials 
of -44.4 mV, -31.1 mV and -34.9 mV for nanocrystals capped with S2-, MPA- and MUA-, 
respectively (Figure 2.2a). For the Cu2-xS nanocrystals prepared by heating-up synthesis, 
the ζ-potentials were -31.3 mV, -33.9 mV and -34.0 mV for nanocrystals capped with S2-, 
MPA- and MUA-, respectively (Figure 2.2b). The resulting hydrophilic nanocrystals 
have a high colloidal stability and were stored in formamide inside the glovebox for 
several months without losing colloidal stability. To obtain water-dispersible Cu2-xS 
nanocrystals, the particles were precipitated using acetonitrile as antisolvent and isolated 
by centrifugation, followed by redispersion in water. When dispersed in water, slight 
turbidity developed over time (on a time scale of hours), indicating that the colloidal 
stability of the hydrophilic nanocrystals in water is lower than in formamide. This 
difference in colloidal stability is ascribed to the polarity of the solvent, where the 
charged nanocrystals are better stabilized in the highly polar formamide (ε= 106) than 
in the less polar water (ε= 80).13  
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2.3.2 Impact of ligand exchange on nanocrystal size, crystal structure and 

optical properties 
Figure 2.3 shows transmission electron microscopy (TEM) images of the Cu2-xS 
nanocrystals prepared by hot-injection synthesis and heating-up synthesis, both before 
(Figure 2.3a,f) and after ligand exchange with S2-, MPA and MUA in formamide under 
inert atmosphere (Figure 2.3b,c,d,g,h,i). The corresponding particle size histograms 
(Figure 2.3e,j) show the size of the Cu2-xS nanocrystals without the ligand layer. Before 
ligand exchange, a particle size of 7.1 ± 0.8 nm was found for the nanocrystals prepared 
by hot-injection synthesis, whereas the nanocrystals prepared by heating-up synthesis 
had a size of 12.3 ± 1.2 nm. TEM analysis shows that the size and shape of the 
nanocrystals were not significantly affected by exchanging the native DDT ligands by 
any of the replacing ligands.  
 
In addition, the TEM images show that the nanocrystals assembled in organized arrays 
when dried on the TEM grid (Figure 2.3). The separation between the nanocrystals in 
such an array can be related to the organic ligands capping the nanocrystals. The 
interparticle distance was 1.7 ± 0.2 nm for both the as-synthesized sample prepared by 
hot-injection in the presence of TOPO and by heating-up synthesis without TOPO. This 
distance is very similar to the DDT chain length (viz., 1.8 nm).47 Upon ligand exchange 
with, e.g., S2-

, the nanocrystals come in very close proximity to each other (Figure 2.3b,g). 
This can be explained by the replacement of 1-dodecanethiol by the smaller S2-.  
 

Figure 2.2 ζ-potential of Cu2-xS nanocrystals in formamide prepared by a) hot-injection synthesis or 
b) heating-up synthesis and capped with S2-, MPA or MUA, respectively. 
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Figure 2.3 TEM images of Cu2-xS nanocrystals prepared via hot-injection synthesis a) before and after
ligand exchange with b) S2-, c) MPA and d) MUA and e) corresponding particle size histograms. TEM
images of Cu2-xS nanocrystals prepared via heating-up synthesis f) before and after ligand exchange
with g) S2-, h) MPA and i) MUA and j) corresponding particle size histograms. 
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The crystal structure of the Cu2-xS nanocrystals before and after ligand exchange was 
investigated using x-ray diffraction (XRD) (Figure 2.4). Prior to ligand exchange, the 
nanocrystals prepared by both hot-injection and heating-up synthesis can be identified 
as chalcocite (Cu1.997-2.0S) or djurleite (Cu1.94S). Based on the XRD patterns, no distinction 
can be made between these two phases. However, as the copper-deficient djurleite phase 
is more thermodynamically stable due to its lower crystallographic symmetry compared 
to the chalcocite phase, the nanocrystals are likely in the djurleite phase.8 After ligand 
exchange with S2- and phase transfer to formamide, the Cu2-xS nanocrystals remain in 
the djurleite phase (Figure 2.4c). However, after phase transfer to water and exposure to 
air the nanocrystals partially oxidized to a roxbyite (Cu1.81S) phase (Figure 2.4a,b). This 
can be explained by the formation of copper vacancies under oxygen. In this phase, the 
copper atoms in the Cu2-xS nanocrystal remain in the +1 oxidation state, whereas the 

Figure 2.4 a) X-ray diffractograms of the Cu2-xS nanocrystals prepared via hot-injection synthesis before
(DDT/TOPO) and after ligand exchange procedures with S2-, MPA and MUA and phase transfer to
water. b) X-ray diffractograms of the Cu2-xS nanocrystals prepared via heating-up synthesis before
(DDT) and after ligand exchange procedures with S2-, MPA and MUA and phase transfer to water. The
dashed lines mark the position of the roxbyite peaks. c) X-ray diffractograms of the Cu2-xS nanocrystals
prepared via hot-injection synthesis after ligand exchange with S2-, dried directly from formamide and
handled and recorded under inert atmosphere.  
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formal valency of sulfur partially evolves from -2 to -1.48 This partial oxidation was 
observed for both the samples prepared by hot-injection and by heating-up synthesis 
when replacing DDT with MUA or MPA using water as the polar solvent. 
 
The absorption spectra of the Cu2-xS nanocrystals before and after ligand exchange with 
S2-, MPA and MUA are shown in Figure 2.5. Colloidal Cu2-xS nanocrystals typically 
show a broad and featureless absorption with an onset in the visible region, accompanied 
by a lower energy tail,6,8,49 which can be ascribed to the presence of excess holes in the 
valence band (the so-called Urbach tail).13 Excess holes (i.e., p-doping) are commonly 
observed in Cu-chalcogenide nanocrystals due to Cu-vacancies, and also give rise to a 
broad absorption band in the NIR due to localized surface plasmon resonances (LSPR) 
that emerge when the density of holes is sufficiently large (i.e., when the concentration 
of Cu-vacancies is sufficiently high).6,8,49,59  
 
The absorption spectra of the Cu2-xS nanocrystals prepared by hot-injection indeed show 
a clear absorption onset due to the band-edge absorption transition, and a weak tail 
towards longer wavelengths (Figure 2.5a). The absorption in the NIR is negligible, 
showing that LSPR bands are not present. These observations imply that the 
concentration of Cu-vacancies is very low, consistent with the observed crystal structure 
(Figure 2.4a). The absorption spectra after ligand exchange with S2-, MPA or MUA are 
essentially unchanged, indicating that the optical properties of the Cu2-xS nanocrystals 
are not affected by the ligand exchange.  
 
The absorption spectrum of the Cu2-xS nanocrystals prepared by heating-up is quite 
different, with a broad feature between 500-1000 nm that is not observed in the samples 
prepared by hot-injection (Figure 2.5b). This feature cannot be ascribed to a LSPR band 
because it occurs at too short wavelengths. In addition, the spectral position of this 
feature shifts after the sample is placed in a sonic bath. Hence, we ascribe this spectral 

Figure 2.5 Absorption spectra of Cu2-xS nanocrystals prepared by a) hot-injection synthesis, before 
(DDT/TOPO) and after ligand exchange with S2-, MPA and MUA and prepared by b) heating-up 
synthesis, before (DDT/TOPO) and after ligand exchange with S2-, MPA and MUA. 
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feature to light scattering due to the presence of nanocrystal aggregates.6 Importantly, 
upon ligand exchange with S2-, MPA or MUA, this feature is no longer observed in the 
absorption spectrum, which shows instead the characteristic absorption of nearly 
stoichiometric Cu2-xS nanocrystals, being very similar to that of the nanocrystals 
synthesized by hot-injection. This is consistent with the fact that no aggregates are 
observed after the ligand exchange procedure in either of the samples. These 
observations confirm that the optical properties of the Cu2-xS nanocrystals are preserved 
upon ligand exchange and phase-transfer.  
 

2.3.3 Dependence of the ligand exchange rates on the native and replacing 

ligand and synthesis method 
The difficulty of ligand exchange on Cu2-xS nanocrystals has been ascribed to the 
presence of thiolate ligands at the nanocrystal surface.29,35 To verify whether other 
ligands are easier to replace, the ligand exchange procedures used for DDT-capped 
Cu2-xS nanocrystals were also performed on Cu2-xS nanocrystals capped by oleylamine. 
Oleylamine is expected to bind weakly to the Cu2-xS nanocrystal surface, because it is a 
relatively hard Lewis base and consequently will not have a strong interaction with the 
soft Lewis acid Cu+ in the Cu2-xS nanocrystal. First, Cu2-xS nanocrystals of ~7 nm capped 
with oleylamine ligands were synthesized (Figure 2.6a). Similar to the Cu2-xS 
nanocrystals prepared with DDT, the obtained nanocrystals were in a djurleite (Cu1.94S) 
crystal phase (Figure 2.6b).  
 
As expected from their lower binding strength, oleylamine ligands on the Cu2-xS 
nanocrystals were rapidly replaced by MPA-, MUA- and S2- using the methods described 
above, leading to much faster phase transfer than observed for the DDT-capped Cu2-xS 
nanocrystals. For example, when replacing oleylamine for S2- using Na2S in formamide 
under inert atmosphere, phase transfer of the Cu2-xS nanocrystals from toluene to 
formamide occurred within minutes, while it took about one hour for DDT-capped 
Cu2-xS nanocrystals under the same conditions. However, whereas the size and shape of 
the nanocrystals were well preserved in ligand exchange procedures using S2- as the 
replacing ligand on DDT-capped Cu2-xS nanocrystals (see Figure 2.3 above), the product 
nanocrystals from the oleylamine-capped Cu2-xS nanocrystals were highly aggregated 
(Figure 2.6c). A possible explanation for this observation is the fast rate of ligand 
exchange for the oleylamine-capped Cu2-xS nanocrystals. The fast stripping of the native 
ligands during the exchange could lead to an abrupt destabilization of the nanocrystals 
if the incoming S2- ligands cannot provide sufficient charge stabilization of the 
nanocrystals fast enough, causing the nanocrystals to aggregate while at the interface 
between the two phases. This hypothesis is supported by the observation that when the 
bulkier MUA is used as the replacing ligand on the oleylamine-capped nanocrystals, the 
phase transfer was slower (on the order of hours) than when using S2- (on the order of 
minutes) and the product nanocrystals did preserve their size and shape, with negligible 
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aggregation (Figure 2.6d). The negligible aggregation of the MUA--capped Cu2-xS 
nanocrystals can be ascribed to the ability of MUA- ligands to provide both charge- and 
steric-stabilization, in contrast to S2- ligands. The fast phase transfer observed for 
oleylamine-capped Cu2-xS nanocrystals demonstrates that indeed oleylamine ligands are 
weakly bound to the Cu2-xS nanocrystal surface and are thus more easily replaced than 
DDT ligands.  
 
The native DDT ligands on the Cu2-xS nanocrystals were replaced by all three ligands 
investigated when the ligand exchange was performed under inert atmosphere using 
formamide as polar solvent. However, a significant difference was observed in the 
kinetics of the ligand exchange for the three different replacing ligands. The kinetics of 
the ligand exchange was determined by the time it took for Cu2-xS nanocrystals to transfer 
from the apolar to the polar phase. This phase-transfer only occurs after a sufficiently 
large number of apolar DDT molecules has been exchanged by polar ligands. The 
kinetics of the phase transfer process thus reflects the cumulative rates of a series of 
individual ligand exchange steps. The time it takes for phase-transfer to occur can then 
be directly related to the ligand exchange rates, being shorter for faster exchange rates. 
Therefore, we will discuss the kinetics of the phase-transfer in terms of ligand exchange 
rates. The ligand exchange was fastest when using S2-. Here, phase transfer of the Cu2-xS 
nanocrystals prepared by hot-injection synthesis was already observed upon stirring for 

Figure 2.6 a) TEM image and b) X-Ray diffractogram of Cu2-xS nanocrystals as-synthesized capped with 
oleylamine. TEM images of the oleylamine capped Cu2-xS nanocrystals after ligand exchange with c) S2- 
and d) MUA. 
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one hour. In contrast, ligand exchange was observed only after two hours for MPA and 
only after twelve hours for MUA. The same trend in ligand exchange rates with replacing 
ligand was observed for nanocrystals prepared by heating-up synthesis. The origin of the 
difference in the ligand exchange rates with the replacing ligands is discussed in more 
detail later. Besides the dependence of the ligand exchange rate on the replacing ligand, 
we found that the synthesis method of the Cu2-xS nanocrystals (hot-injection with TOPO 
or heating-up without TOPO) also induced differences in the ligand exchange rates. The 
observed trend in all experiments was that the heating-up method gives Cu2-xS 
nanocrystals that are more resistant towards ligand exchange than Cu2-xS nanocrystals 
prepared by hot-injection synthesis with TOPO. To better understand this difference, 
additional experiments were performed.  
 
A possible factor influencing the success of ligand exchange could be the formation of 
superstructures by self-organization of monodisperse nanocrystals. These 
superstructures could hinder the ligand exchange as the nanocrystals that are packed in 
the interior of the superlattices are shielded from the surroundings and thus from the 
incoming ligands. Besides single nanocrystals (Figure 2.3a,f), TEM evidenced the 
presence of these superstructures in both the samples prepared by hot-injection synthesis 
and by heating-up synthesis (Figure 2.7a). The presence of superstructures in the 
colloidal suspensions is verified using dynamic light scattering (DLS), where a 
hydrodynamic size of 1564 ± 316 nm and 932 ± 184 nm was observed for the samples 
prepared by heating-up and hot-injection, respectively (Figure 2.7b). Assuming a DDT 
chain length of 1.8 nm,50 the size of the Cu2-xS nanocrystals including ligand layer 
nanocrystals is ~16 nm for HU_DDT/TOPO and ~11 nm for HI_DDT. For both 
samples, the hydrodynamic size found by DLS was much larger than the size of the 
Cu2-xS nanocrystals including the ligand shell, which indicates that large nanocrystal 
superstructures are present in the colloidal dispersion. The larger size of the 

Figure 2.7 a) TEM image of a superstructure formed from monodisperse Cu2-xS nanocrystals prepared 
by heating-up synthesis. b) Hydrodynamic size of Cu2-xS nanocrystals in toluene prepared by either hot-
injection synthesis or heating-up synthesis. The large hydrodynamic size indicates the presence of 
nanocrystal superstructures.  
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superstructures observed for the sample prepared by heating-up synthesis is attributed to 
the larger particle size. As can be seen from the hydrodynamic size distribution shown 
in Figure 2.7b, the large superstructures were predominant in both samples. Considering 
that superstructures were present in both samples, it is unlikely that the difference in the 
ligand exchange rates can be ascribed to their presence.  
 
Another difference between the two samples is the size of the nanocrystals. Since the 
bond strength between ligand and nanocrystal has been reported to be size-dependent by 
several groups,51,52 we investigated the influence of the nanocrystal size on the rate of 
ligand exchange. To make nanocrystals similar in size, Cu2-xS nanocrystals with a size 
of 11 nm were synthesized using the hot-injection method with TOPO by allowing for a 
longer reaction time (Figure 2.8). Subsequently, ligand exchange procedures using MUA 
in water were performed. In the ligand exchange experiments discussed above, the 
exchange using MUA in water occurred only for the 7 nm Cu2-xS nanocrystals prepared 
by hot-injection synthesis in the presence of TOPO, upon stirring overnight. The 12 nm 
Cu2-xS nanocrystals prepared by heating-up synthesis did not transfer to the aqueous 
phase, even after stirring for 3 days. In contrast, the 11 nm Cu2-xS nanocrystals prepared 
by hot-injection in the presence of TOPO underwent phase-transfer from the apolar to 
the polar phase upon stirring overnight (Figure 2.8b). The ligand exchange rate was thus 
similar for 7 nm and 11 nm Cu2-xS nanocrystals prepared by hot-injection synthesis. This 
demonstrates that the difference in the ligand exchange rates cannot be explained by 
nanocrystal size effects, nor by the presence of superstructures, and must thus be due to 
differences in the surface chemistry of the Cu2-xS nanocrystals prepared by the two 
different synthesis methods. 

 
 
 

Figure 2.8 TEM images of Cu2-xS nanocrystals of ~11 nm prepared by hot-injection synthesis, a) before 
and b) after ligand exchange with MUA in water. 
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2.3.4 Surface chemistry of the Cu2-xS nanocrystals 

As mentioned above, the nanocrystals prepared by hot-injection were synthesized in the 
presence of TOPO. TOPO is a widely used ligand in the synthesis of colloidal 
semiconductor nanocrystals, including Cu2-xS and CuInS2, and is generally assumed to 
be present as a capping ligand at the nanocrystal surface after synthesis.23,53–55 
Furthermore, Wang et al., reported a shape controlling effect of TOPO in the synthesis 
of Cu2-xS nanocrystals, which was attributed to preferential binding of TOPO onto (001) 
crystal facets, thereby facilitating anisotropic growth.39 The presence of TOPO in 
combination with DDT at the surface of the nanocrystals synthesized by hot-injection 
could thus influence the ligand exchange rates. Therefore, we studied the surface species 
of the Cu2-xS nanocrystals in more detail by means of x-ray photoelectron spectroscopy 
(XPS). Due to the limited escape depth of the generated photoelectrons, XPS is a surface 
sensitive technique and hence will be sensitive to probe the ligand layer around the 
nanocrystals and (part of) the Cu2-xS nanocrystals as well.  
 
Figure 2.9a shows the XPS survey scan of the as-prepared Cu2-xS sample prepared via 
hot-injection synthesis in the presence of TOPO. It can be readily observed that none of 
the phosphorus core lines are observed, indicating the absence of TOPO at the 
nanocrystal surface. In addition, liquid phase 31P-NMR was used to study the presence 
of TOPO bound to the nanocrystal surface in a sample taken directly after synthesis and 
of the same sample after washing with a mixture of methanol and butanol for three times 
(see Experimental Methods for details). Figure 2.9b shows the 31P-NMR spectra of the 
unwashed sample and the sample washed three times. In the unwashed sample, a sharp 
resonance is present at a chemical shift of 48 ppm. By using a reference solution of TOPO 
in ODE, the resonance at 48 ppm is ascribed to TOPO. Ligands bound to nanocrystal 
surfaces typically show broad resonances due to solvent exclusion from the ligand shell 
and shorter relaxation times originating from the restricted mobility of the ligands when 
bound to the nanocrystal surface.56–60 Hence, the sharp resonance observed for the 
unwashed sample indicates that after synthesis no significant amount of TOPO is 
strongly bound to the nanocrystal surface, but instead TOPO is present as free ligand in 
solution. The sample analyzed after three wash steps shows no resonances in the 
31P-NMR spectrum, indicating that washing successfully removes free TOPO ligands 
from the nanocrystals dispersion and also bound TOPO from the nanocrystal surface.  
 
The absence of TOPO species at the nanocrystal surface after synthesis and washing, in 
combination with the finding that TOPO acts as a shape-directing ligand in Cu2-xS 
nanocrystal synthesis,39 suggest that TOPO binds only weakly and dynamically to the 
nanocrystal surface during the synthesis and therefore does not end up at the nanocrystal 
surface in the equilibrium structure formed after synthesis and washing. The weak bond 
between TOPO and the nanocrystal surface can be rationalized in terms of Lewis acid-
base interaction.12,13 TOPO binds through its oxygen lone pair to the Cu+ in the Cu2-xS 
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nanocrystal. Since oxygen is a hard Lewis base and Cu+ a soft Lewis acid, the interaction 
between the two species will be weak. In contrast, TOPO binds to the surface of e.g., 
CuInS2 nanocrystals,63,64 which can be explained by the fact that In3+ is a strong Lewis 
acid and will thus bind more strongly to the strong Lewis base oxygen.  

 
Besides TOPO, acetate was added during the hot-injection synthesis (as Cu(I)acetate) 
and hence could be present as a weakly binding ligand on the Cu2-xS nanocrystals. 
Additionally, in the heating-up synthesis, oleic acid is used as solvent and coordinating 
ligand and can consequently be present in the sample. To identify the carbon species 
present in the as-synthesized samples high-resolution XPS studies on the carbon 1s core 
line were performed (Figure 2.9c). In the Cu2-xS nanocrystals prepared by hot-injection, 
carbon species can originate from the thiolate ligands, 1-octadecene or from acetate in 
the copper(I)acetate precursor. For the Cu2-xS nanocrystals prepared by heating-up, 
carbon species can originate either from the thiolate ligands or from oleic acid used in 
the synthesis. Other solvents and antisolvents used during the synthesis and washing-up 
procedures have low boiling points and consequently will have evaporated in the ultra-
high vacuum applied during the XPS measurements.  
 
For both samples, C 1s peaks are observed at a binding energy of 284.8 eV and 287.0 eV. 
The peak at a binding energy of 284.8 eV is ascribed to carbon atoms in an aliphatic 

Figure 2.9  a) Zoom in of the XPS survey scan of the as-synthesized Cu2-xS nanocrystals prepared by 
hot-injection synthesis. The red lines indicate the binding energy at which a phosphorus signal would
be observed (left: P2s, right: P2p). The absence of peaks in this region confirms the absence of
phosphorus in this sample. b) 31P-NMR spectra of TOPO in ODE (reference) and of as-synthesized 
Cu2-xS nanocrystals prepared by hot-injection in the presence of TOPO and after washing with a
methanol/butanol mixture for 3 times. For the washed sample, even upon zooming-in no 31P 
resonances are observed. c) XPS spectra of the C 1s region of as-synthesized Cu2-xS nanocrystals, 
prepared by hot-injection (top) and heating-up (bottom) synthesis protocols. The fits of the first and
second carbon components (C1 and C2) are shown in orange and blue, respectively. 
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chain (C-C) either originating from the thiolate ligands, 1-octadecene, oleic acid or 
adventitious carbon.61–64 The peak at a binding energy of 287.0 eV is present for both 
species and is ascribed to carbon bound to sulfur in thiolates.61 Both the acetate and oleic 
acid species will give rise to a C 1s peak originating from carboxylate species (O=C-O-) 
at slightly higher binding energies in the range of 288.1-289.1 eV.61–65 As no peaks are 
present in this region in the C 1s spectrum of both samples, we conclude that there was 
no significant amount of acetate or oleic acid present. Moreover, these results show that 
both types of as-synthesized nanocrystals were capped solely by thiol ligands.  
 
To further investigate the surface of the Cu2-xS nanocrystals, high-resolution XPS studies 
on the sulfur 2p core line were performed (Figure 2.10). The as-synthesized nanocrystals 
capped with the thiol species were compared to the S 2p regions of the nanocrystals after 
ligand exchange with S2-. For a single sulfur component, a set of spin-orbit coupled peaks 
(2p3/2 and 2p1/2) is expected with an intensity ratio of 1:2 and a spin-orbit coupling split 
of ∼1.2 eV. The S 2p regions of the as-synthesized samples clearly exhibited a second 
component and were therefore fitted using two sets of spin-orbit coupled peaks. In 
agreement with recent studies,29,61 we ascribe the component at a S 2p3/2 binding energy 
of 161.5 eV to sulfur in the Cu2-xS nanocrystal lattice and possibly crystal-bound thiolate 

Figure 2.10 XPS of the sulfur 2p region of Cu2-xS nanocrystals before and after ligand exchange with
S2- prepared by a) hot-injection and b) heating-up synthesis protocols. The black lines indicate the 
experimental data. The fits of the first sulfur component are shown in red and orange and the fit of
the second sulfur component is shown in blue and light blue. 
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ligands. In the crystal-bound thiolate ligands, sulfur atoms are bound into higher 
coordination sites within the crystal lattice and hence the binding energy is very similar 
to the sulfides in the Cu2-xS nanocrystal.29 The second component has a higher S 2p3/2 
binding energy of 162.4 eV and hence is ascribed to a sulfur species different from the 
sulfur in the Cu2-xS lattice. The identical binding energy of 162.4 eV observed for the 
second sulfur component in the samples prepared by different synthesis methods 
suggests that the second sulfur component originates from the same sulfur species in both 
samples. This second Sulfur 2p component can be ascribed to surface-bound thiolate 
(i.e., thiolate bound to surface sites with lower coordination numbers), as described by 
Turo et al.,29 Other sulfur species possibly associated to this high binding energy S 2p 
component are thioethers forming a ligand double layer, similar to that recently 
described by Gromova et al., for CuInS2 nanocrystals prepared by a heating-up synthesis 
in the presence of DDT.35  

 
For the Cu2-xS nanocrystals prepared by hot-injection in the presence of TOPO, the 
second sulfur component holds 9% of the total sulfur species, whereas this is 28% for the 
nanocrystals prepared by heating-up synthesis in the absence of TOPO. This suggests a 
denser layer of surface-bound thiolate species or thioether species around the 
nanocrystals prepared by the heating-up synthesis. Figure 2.10 (bottom) shows the high-
resolution XPS spectra in the S 2p region of the Cu2-xS nanocrystals after ligand exchange 
with S2-. For the nanocrystals prepared by hot-injection, the S 2p feature is best fitted 
with a single set of spin-orbit coupled peaks. Upon ligand exchange with S2-, the second 
component originating from the ligand layer is thus completely removed. In contrast, 
the second set of spin-orbit coupled peaks is still clearly present for the nanocrystals 
prepared by heating-up, indicating only partial removal of the surface-bound 
alkanethiols. The trend of ligand removal found with XPS studies correlates with the 
success and kinetics of the ligand exchange procedures discussed above, where it was 
found that DDT molecules on Cu2-xS nanocrystals prepared by hot-injection in the 
presence of TOPO were more easily exchanged by the replacing ligands.  

 
2.3.5 Model for ligand exchange on DDT-capped Cu2-xS nanocrystals.  

Based on the observations above we propose a model for the ligand exchange that 
explains the observed differences in the exchange rates (Figure 2.11). In the ligand 
exchange protocol developed in our work a two layer system is formed in which the 
apolar layer contains the Cu2-xS nanocrystals capped by the native thiolate ligands and 
the polar formamide layer contains the replacing negatively charged ligands (MPA-, 
MUA- or S2-) and, later in the process, also the negatively charged Cu2-xS nanocrystals 
capped with the replacing ligands. As the two solvents are immiscible, and the replacing 
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ligands and the charged nanocrystals do not disperse in the apolar phase, while the 
nanocrystals with the native DDT ligands do not disperse in the polar phase, the ligand 
exchange must necessarily take place at the interface between the polar and the apolar 
layers.  
 
The native DDT ligand is bound to the nanocrystal surface through its sulfur atom that 
donates an unshared electron pair and coordinates to the Cu+.12 In the ligand exchange 
reactions, the negatively charged replacing ligand (MPA-, MUA- or S2-) will coordinate 
its electron-rich sulfur species to the Cu+ site on the nanocrystal,13 thereby weakening the 
bond between the Cu+ and the donor sulfur atom of the DDT ligands, which will 
eventually force the native thiolate ligand to leave the nanocrystal surface. When part of 
the native ligands are exchanged for charged species, the nanocrystals will be trapped at 
the interface since they will become charged (Figure 2.11). If most native ligands are 
exchanged for charged replacing ligands, thereby making the nanocrystal sufficiently 
negatively charged, the nanocrystal will transfer to the polar solvent (Figure 2.11). As 
described above, we found that the polarity of the solvent influences the success of ligand 
exchange. This can be understood by the good ability of the highly polar formamide to 
shield the charged intermediates. Similarly, the higher stability of the nanocrystals in 

Figure 2.11 Schematic illustration of a ligand exchange of DDT for S2- and subsequent phase transfer 
from apolar toluene to polar formamide. The Cu2-xS nanocrystals prepared by hot-injection synthesis 
have a less dense ligand layer than the nanocrystals prepared by heating-up synthesis due to the 
removal of TOPO from the surface of the nanocrystal after synthesis and washing. Consequently, the
nanocrystal surface is more accessible to the incoming ligands, resulting in a faster ligand exchange.
Upon ligand exchange on nanocrystals prepared by hot-injection synthesis, all thiolate ligands are 
removed from the nanocrystal surface. In contrast, upon ligand exchange on nanocrystals prepared by
heating-up synthesis, some thiolate ligands remain on the surface. 
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solvents with higher polarity (e.g., formamide) results from the better shielding of the 
charged nanocrystals.  
 
The observed dependence of the ligand exchange rate on the incoming ligand (viz., 
highest for S2-, followed by MPA- and then MUA-), can be rationalized in terms of the 
accessibility of the nanocrystal surface due to variable degrees of steric hindrance. The 
hydrophobic ligand layer at the nanocrystal surface acts as a barrier around the 
nanocrystal. The small S2- ions can more easily diffuse through this hydrophobic layer 
and reach the surface Cu+ sites, whereas the bulky MUA molecule cannot easily access 
the surface sites, which results in much slower ligand exchange rates.  
 
The observed difference in the ligand exchange rates for the Cu2-xS nanocrystals prepared 
by hot-injection or heating-up can be explained by the ligand layer at the surface of the 
nanocrystals. Although we cannot identify the exact nature of the ligand layer, the XPS 
studies discussed above indicate a denser layer of thiolate ligands around Cu2-xS 
nanocrystals prepared by the heating-up synthesis, i.e., in the absence of TOPO. The fact 
that the native ligand layer is less dense for the nanocrystals prepared through the hot-
injection method can be understood from the synthesis conditions used. In the hot-
injection synthesis, TOPO is used as a coordinating ligand. As has been shown by Wang 
et al., TOPO has a shape directing effect in the synthesis of Cu2-xS nanocrystals, implying 
that it dynamically binds to the nanocrystals surface during its growth.39 The bulky 
nature of TOPO will thus prevent the formation of a dense layer of thiolates around the 
growing Cu2-xS nanocrystals. As shown by the XPS and 31P-NMR studies discussed 
above, TOPO is no longer present on the Cu2-xS nanocrystals after the synthesis, 
implying that it has been removed from the surface, thereby leaving vacant sites on the 
nanocrystal surface. Consequently, the Cu2-xS nanocrystals prepared by hot-injection 
synthesis in the presence of TOPO have a less dense layer of thiolate ligands at the 
nanocrystal surface then nanocrystals prepared by the heating-up synthesis. The denser, 
hydrophobic native ligand layer at the surface of the nanocrystals prepared by the 
heating-up method will make the surface sites less accessible for the charged incoming 
ligands and hence will significantly slow down the ligand exchange kinetics.  
 
Additionally, Cu2-xS nanocrystals prepared by hot-injection show a single sulfur species 
upon ligand exchange with S2-, indicating that all surface-bound thiolate ligands are 
removed from the nanocrystal surface upon ligand exchange. In contrast, nanocrystals 
prepared using heating-up synthesis show residual surface-bound thiolate species at their 
surface upon ligand exchange (see Figure 2.10 and XPS discussion above). 
Consequently, the nanocrystals are likely capped with a combination of remaining 
thiolate species and sulfides, as is schematically represented in Figure 2.11. However, 
since the nanocrystals do show colloidal stability in formamide, the nanocrystal surface 
is covered by sufficient negatively charged sulfide anions to stabilize the nanocrystals in 
formamide. 
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2.4 Conclusions 
 
In this chapter we present effective ligand exchange procedures of DDT on Cu2-xS 
nanocrystals for MPA-, MUA-, and S2- from Na2S in formamide under inert atmosphere. 
In this manner, colloidal Cu2-xS nanocrystals more suitable for (photo)catalytic 
applications could be obtained. The ligand exchange procedures did not significantly 
affect the size, shape and optical properties of the nanocrystals. The resulting hydrophilic 
Cu2-xS nanocrystals have excellent colloidal stability in formamide. Water-dispersible 
Cu2-xS nanocrystals can be easily obtained by precipitation of the nanocrystals, followed 
by redispersion in water. In addition, the ligand exchange rates for DDT-capped Cu2-xS 
nanocrystals depended on the preparation method, being much slower for Cu2-xS 
nanocrystals prepared by heating-up than by hot-injection synthesis. XPS studies 
revealed that the differences in the ligand exchange rates can be attributed to the surface 
chemistry of the Cu2-xS nanocrystals, where nanocrystals prepared by heating-up 
synthesis had a denser ligand layer in comparison to nanocrystals prepared by hot-
injection in the presence of TOPO. The less dense native thiolate ligand layer on the 
surface of the nanocrystals prepared by hot-injection originates from the presence of 
TOPO during the synthesis, which prevents the formation of a dense thiolate layer 
around the nanocrystals during their growth, thus leaving vacant surface sites after being 
removed upon washing after the synthesis. The dense native thiolate ligand layer makes 
the nanocrystal surface less accessible for the charged incoming ligands, hence 
significantly slowing down the ligand exchange rates. The facile ligand exchange 
procedures developed in our work open up opportunities for the use of high-quality 
colloidal Cu2-xS nanocrystals prepared with thiols in various applications, such catalysis, 
photothermal therapy, or solution-processable devices (flexible conductive films, 
sensors, solar cells). 
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Abstract: Colloidal heteronanocrystals are attracting increasing attention, as they allow for the 
synergistic combination of properties of different materials within one single nanocrystal. By 
coupling semiconductors with different compositions in one particle, spatial separation of the 
photogenerated electron and hole can be enhanced, which can improve the efficiency of the 
heteronanocrystals as photocatalysts. Besides the composition of the semiconductors, the design of 
the heteronanocrystals is of crucial importance, as it needs to allow for the photogenerated charge 
carriers to reach the particle surface. In this chapter, we developed a two-step synthesis route to form 
Cu2-xS/CuInS2 heteronanocrystals with tunable size, shape and composition. The 
heteronanocrystals are formed by injection of a solution of pre-formed Cu2-xS seed nanocrystals in 
1-dodecanethiol into a hot solution of indium-oleate. By varying the reaction time, 
heteronanocrystals with different sizes, shapes and compositions were obtained. We propose a model 
for the formation of these Cu2-xS/CuInS2 heteronanocrystals, in which the initial formation of the 
heteronanocrystals is attributed to a single step, thiolate-mediated cation exchange of Cu+ for In3+, 
that is followed by homoepitaxial growth of CuInS2 on the pre-formed CuInS2 surface. The outcome 
of the reaction strongly depends on the precursors in solution.  

3.1  Introduction  
 
Colloidal nanocrystals are attractive materials for various applications as they have 
unique size- and shape dependent properties.1,2 The interesting properties of these 
nanomaterials can be further extended by the use of heteronanocrystals (HNCs), where 
two (or more) materials are combined into one nanocrystal and share one or more 
interfaces.2,3 In this way, the optical, magnetic or catalytic properties of different 
materials can be synergistically combined into one particle. In addition, novel properties 
can arise, that can be tailored by the size, shape and composition of each part of the 
HNC.  
 
The optoelectronic properties of HNCs are determined by the bandgap and band 
alignment of the materials comprising the HNC. Depending on the band alignment of 
the materials at the hetero-interface, different charge carrier localization regimes can be 
distinguished, namely type-I, type-I1/2 and type-II (Figure 3.1a).4 In type-I HNCs, both 
charge carriers are confined in the same component of the HNC. In type-I1/2 HNCs, one 
of the charge carriers is delocalized over the whole HNC, while the other charge carrier 
is confined in only one of the components. This leads to a smaller overlap of the electron 
and hole wavefunctions, resulting in longer exciton lifetimes. In type-II HNCs, the 
photogenerated electron and hole are spatially separated in different components of the 
HNC, again leading to longer exciton lifetimes. The band offsets are thus an important 
parameter in the design of HNCs with favorable optoelectronic properties, and can be 
tailored by the composition of each component in the HNC. In addition, the bandgap 
and consequently band offsets can be influenced by the size of each component via 
quantum confinement effects.   
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In photocatalysis, photogenerated charge carriers are used to promote redox reactions at 
the particle surface, as  discussed in more detail in Chapter 1. Hence, the use of HNCs 
can be beneficial as they can provide spatially separated electrons and holes within a 
single nanoparticle after photoexcitation.2,4–8 This is advantageous for photocatalysis 
since it increases the exciton radiative lifetime, thereby kinetically favoring the redox 
reactions at the surface. The design of the HNC is crucial, as this determines the 
accessibility of the photogenerated charge carriers at the particle surface. For 
photocatalysis, where charge carriers are used in redox reaction taking place at the 
surface of the particle, morphologies such as heteronanorods or dumbbell nanorods are 
most suitable. In these morphologies both materials of the HNC comprise part of the 
surface of the particle, making both photogenerated carriers accessible. Concentric core-
shell HNCs are less suitable, as in these morphologies (one of) the charge carriers formed 
upon photoexcitation can be confined to the core of the HNC.8–10 Several type-II HNCs, 
including CdSe-CdS dot-in-rod HNCs,11–13 ZnSe-CdS dot-in-rod HNCs,14 
ZnSe-CdS-ZnSe dumbbell nanorods15 and double heterojunction nanorods based on 
CdSe-CdS-ZnS16 have been shown to exhibit improved charge carrier separation. 
However, the majority of HNCs studied is based on cadmium, and hence alternative 
compositions that are more environmentally benign are needed.  
 
 

Figure 3.1 a) Schematic representation of the three charge carrier localization regimes that can occur 
in HNCs. In a type-I HNC the exciton is confined in one component of the HNC. In a type-I1/2 HNC, one 
of the charge carriers is confined in one component, whereas the other is delocalized over the whole
HNC. In a type-II HNC the electron and hole are spatially separated. Reprinted with permission from 
ref [2]. Copyright 2011 The Royal Society of Chemistry b) Schematic representation of the valence-
and conduction band edges and band gap energies of Cu2-xS and CuInS2. Combining Cu2-xS and CuInS2
in a HNC can possibly lead to Type I1/2 charge carrier localization. The band positions are obtained
from refs [35-37]. 

a. b. 
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As discussed in Chapter 1, Cu2-xS is an attractive candidate for applications due its 
relatively low costs and low toxicity, especially when compared to cadmium-based 
alternatives. In addition, the favorable bandgap of Cu2-xS, ranging from 1.2 eV for Cu2S 
to 1.9 eV for CuS, makes it an interesting material for photovoltaic and photocatalytic 
applications. HNCs based on Cu2-xS have already been synthesized with different 
compositions, such as Cu2-xS-ZnS,17–20 Cu2-xS-MnS,21 Cu2-xS-CdS,22 Cu2-xS-PbS,23 Cu2-xS-
In2S3

24,25 and Cu2-xS/CuInS2.26–34 Ternary CuInS2 is an attractive second component for 
Cu2-xS-based HNCs due to its similar crystal structure, and bulk band offsets that can 
lead to type-I1/2 charge carrier localization in HNCs (Figure 3.1b).35–37 Additionally, 
Cu2-xS is a p-type semiconductor, while CuInS2 is often n-type doped due to native 
defects.38–41 Hence, an inter-particle heterojunction can be formed between the two 
materials that can improve the dissociation of the exciton and the spatial separation of 
the photogenerated electron and hole.5–7  
 
Cu2-xS/CuInS2 HNCs were first unintentionally obtained as intermediates in the 
formation of CuInS2 nanocrystals, which was found to proceed in multiple steps.26–28 
First, Cu2-xS nanocrystals nucleated, followed by the formation of rod-shaped 
Cu2-xS/CuInS2 HNCs and finally the conversion of the HNCs to pure CuInS2 nanorods. 
Subsequent studies focused on the intentional synthesis of Cu2-xS/CuInS2 HNCs.29,31,32,34  
To obtain the desired spatial separation of the photogenerated electrons and holes, strict 
control over the size, shape, hetero-architecture and hetero-interface of the 
Cu2-xS/CuInS2 HNCs is needed. Hence, the synthesis methods used are important.  
 
Most of the studies on Cu2-xS/CuInS2 HNCs involve a one-pot synthesis approach, 
where all precursors were added in one reaction flask and subsequently heated to react 
and form the HNCs.26,28,29,31,32,34 An one-pot approach is appealing due to its simplicity, 
but the balance between the precursor reactivities is challenging, offering limited control 
over the reaction kinetics. The difference in reactivity of the cations forming the two 
parts of the HNCs is crucial as it must allow for separation between two stages in the 
synthesis: (1) the formation of Cu2-xS, (2) the subsequent heteroepitaxial growth of 
CuInS2 on the Cu2-xS seed nanocrystals to form HNCs. To simplify this delicate reactivity 
balance, Kruszynska et al., reported a one-pot, two-step synthesis, in which the sulfur-
precursors were injected into a pre-heated mixture of the copper and indium precursors.27 
However, the control offered by this method over the size, shape, and composition of 
the intermediate  Cu2-xS/CuInS2 HNCs is limited by the fact that the first step 
(i.e., nucleation of Cu2-xS nanocrystals) takes place under strongly changing physical-
chemical conditions.  
 
To truly separate the two steps in the formation of the HNCs, thereby further improving 
the control over the HNC size, shape and composition, we investigated the use of a two-
step seeded-growth approach, similar to a method reported by Xia et al., to synthesize 
CuInS2-ZnS dot-in-rod HNCs.42 We separated the two stages of the synthesis: first, the 
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Cu2-xS seed nanocrystals were synthesized, and only in the second step they were mixed 
with indium and sulfur precursors to form Cu2-xS/CuInS2. The stability of Cu2-xS seed 
nanocrystals at elevated temperature is low, especially in the presence of commonly used 
surfactants such as oleic acid.43,44 Therefore, the exposure of the Cu2-xS seeds to high 
temperature prior to the HNC growth was minimized by injecting the pre-formed Cu2-xS 
seed nanocrystals into a pre-heated indium-oleate mixture. Using this method, 
Cu2-xS-CuInS2 HNCs were obtained with a highly tunable size, shape and composition.   
 

3.2  Experimental methods 

 
 3.2.1 Materials 

Indium nitrate hydrate (In(NO3)3 · x H2O, 99.9%), Copper(I) acetate (CuOAc, 97%), 
Copper acetylacetonate (Cu(acac)2, 97%), 1-dodecanethiol (DDT, ≥98%), oleic acid 
(OA, 90%), oleylamine (OLAM, technical grade, 70%), anhydrous toluene, methanol, 
butanol and ethanol were purchased from Sigma-Aldrich and used as received. 
 
 3.2.2  Direct synthesis of Cu2-xS/CuInS2 HNCs  
For comparison, Cu2-xS/CuInS2 HNCs were also prepared without using pre-formed 
Cu2-xS seed nanocrystals. This method is referred to as direct synthesis (Figure 3.2a). 
First, 60.1 mg (0.20 mmol) In(NO3)3 · x H2O was mixed with 4 mL (12.7 mmol) OA and 
degassed for 30 minutes at 120 °C. The In(NO3)3– OA mixture was then heated to 
240 °C under nitrogen protection. At 240 °C, a solution of 0.025 g (0.20 mmol) 
Cu(I)acetate in 5 mL DDT was rapidly injected and allowed to react for varying growth 
times to obtain Cu2-xS/CuInS2 HNCs of various sizes and shapes. The reaction mixture 
was quenched with toluene and washed with an excess of ethanol followed by 
centrifugation at 2750 rpm for 10 minutes. The Cu2-xS/CuInS2 HNCs were redispersed 
in toluene and stored in a glovebox. 

Figure 3.2 Schematic illustration of the synthesis methods. All experimental conditions are the same
unless specified otherwise. a) In the direct synthesis, no pre-formed Cu2-xS seed nanocrystals are used. 
This method was used as control experiment. b) To separate the two phases of HNC growth, a seeded-
injection using pre-formed Cu2-xS seed nanocrystals was investigated.  
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 3.2.3  Seeded-injection synthesis of Cu2-xS/CuInS2 HNCs 

In the seeded-injection synthesis, pre-formed Cu2-xS seed nanocrystals were injected into 
a mixture of In-oleate (Figure 3.2b). First, Cu2-xS seed nanocrystals were synthesized 
according to a method described by Tang et al.,45 0.79 g (3 mmol) Cu(acac)2, 15 mL 
OLAM and 15 mL DDT were mixed and gradually heated to 200 °C under N2 
protection using a Schlenk line. Subsequently, the mixture was kept at 200 °C for 2 
hours. After that, the reaction mixture was naturally cooled down to room temperature. 
The mixture was washed three times by addition of an excess of methanol and butanol 
(1:1 ratio), followed by centrifugation at 2750 rpm for 10 minutes. The yielded 
nanocrystals were redispersed in 12 mL anhydrous toluene to form the Cu2-xS seed 
nanocrystal stock solution. 
 
Subsequently, 1 mL of the Cu2-xS seed nanocrystal stock solution was precipitated using 
an excess of isometric methanol and butanol, followed by centrifugation at 2750 rpm for 
10 minutes. The nanocrystals were redispersed in 5 mL DDT. 60.1 mg (0.20 mmol) 
In(NO3)3 · x H2O was mixed with 4 mL OA and degassed for 30 minutes at 120 °C. The 
In(NO3)3-oleic acid mixture was then heated to 240 °C under nitrogen protection in a 
Schlenk line. At 240 °C, the as-prepared Cu2-xS seed nanocrystal solution was rapidly 
injected and allowed to react for varying growth times to obtain Cu2-xS-CuInS2 HNCs of 
various sizes and shapes. The reaction mixture was quenched with toluene and washed 
with an excess of ethanol and centrifugation. The Cu2-xS/CuInS2 HNCs were redispersed 
in toluene and stored in a glovebox. 
 

 3.2.4 Characterization 
Samples for transmission electron microscopy (TEM) analysis were prepared by drop-
casting the Cu2-xS/CuInS2 HNCs solution in toluene on carbon-coated 200 mesh copper 
TEM grids.  TEM analysis was performed using a FEI-Technai 12 microscope operating 
at 100 kV or a FEI Technai 20 microscope operating at 200 kV. High resolution (HR)-
TEM images and elemental maps were recorded using a FEI Talos F200x transmission 
electron microscope, operated at 200kV. Samples were prepared by dropcasting the 
nanocrystal solution in toluene on carbon coated aluminum grids.  
 
Samples for x-ray diffraction (XRD) analysis were prepared by precipitating the Cu2-xS 
or Cu2-xS/CuInS2 nanocrystals with an excess of methanol and butanol (1:1 ratio) 
followed by centrifugation for 10 minutes at 2750 rpm. The precipitate was then dried 
under vacuum. Subsequently the nanocrystal powder was spread over a Si wafer. XRD 
measurements at room temperature were performed with a Bruker D2 Phaser, equipped 
with a Co K𝛼  x-ray source with a wavelength of 1.79026 Å. The high temperature 
measurements were performed using a Bruker D8, equipped with a Co K𝛼 x-ray source 
with a wavelength of 1.79026 Å.  These measurements were performed under an Argon 
flow at temperatures of 28, 50, 75, 90, 100, 110, 150, 200, 225, 240, 250 °C and after 
cooling down to room temperature. A heating ramp of 5 minutes was used.  
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3.3  Results and discussion 
 
 3.3.1  Cu2-xS/CuInS2 HNCs prepared by direct synthesis 

Cu2-xS/CuInS2 HNCs had been previously obtained as intermediates in the synthesis of 
CuInS2 NCs.26,27,32,33,46 In these methods, the HNCs were obtained directly from copper, 
indium and sulfur precursors and no pre-formed Cu2-xS seed nanocrystals were used. In 
order to compare our seeded growth approach to these previously reported direct 
syntheses, we performed a direct synthesis, in which a mixture of Cu(I)acetate in DDT 
was injected into a pre-heated mixture of indium-oleate. Figure 3.3 shows the HNCs 
synthesized by direct synthesis with reaction times of 2, 3, 5, 10, 30 and 90 minutes. At 
short reaction times (2 minutes), Cu2-xS nanocrystals formed first due to easier nucleation 
of the binary Cu2-xS in comparison to ternary CuInS2. After 3-5 minutes of reaction time, 
the interparticle contrast observed in the TEM images indicates that HNCs are formed. 
With longer growth times (10-30 minutes), bottle-like nanocrystals are obtained, with a 
short Cu2-xS part and an elongated CuInS2 part. Eventually (reaction times > 60 
minutes), the sharp interparticle contrast difference in TEM imaging is no longer 
observed, indicating a homogeneous CuInS2 composition for the nanocrystals 
(Figure 3.3f). The complete conversion of the HNCs to CuInS2 is in agreement with 

Figure 3.3 TEM images of Cu2-xS/CuInS2 HNCs prepared via direct synthesis without pre-formed seeds 
at 240 °C and with a reaction time of a) 2 minutes, b) 3 minutes, c) 5 minutes, d) 10 minutes, e) 30 
minutes and f) 90 minutes. The images show that HNCs with irregular shapes can be formed by a direct 
synthesis. The white arrows indicate some of the heterointerfaces formed.   
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previous observations.26–28,32,34,46 The shape of the nanocrystals is irregular, suggesting a 
fast growth process under changing conditions. Consequently, the particle size and 
shape are rather polydisperse. To better control the heteroepitaxial growth of CuInS2, 
thereby improving the quality of the Cu2-xS/CuInS2 heterointerface and the size and 
shape dispersion of the HNCs, we adapted the direct synthesis to a seeded-injection 
protocol. To this end, Cu2-xS seed nanocrystals were prepared first. 
 
 3.3.2  Synthesis and structural characterization of the Cu2-xS seed  

 nanocrystals  
Figure 3.4a shows a HR-TEM image of Cu2-xS seed nanocrystals synthesized by a 
heating-up synthesis. The seed nanocrystals are shaped as platelets and have a diameter 
of 24.1  ± 1.2 nm and a thickness of 17.4 ± 0.9 nm. The crystal structure of the Cu2-xS seeds 
was analyzed in detail using HR-TEM, indicating a monoclinic low-chalcocite structure. 
For bulk Cu2-xS, it is known that the low-chalcocite structure undergoes a phase 
transformation into high-chalcocite at sufficiently high temperature.47–49 Whereas the 
high-chalcocite phase has a hexagonal close packing of sulfur ions very similar to the 
low-chalcocite phase, the structures differ from each other by the distribution of the Cu 
atoms. Low-chalcocite has a large unit cell with 96 molecule units, with each Cu atom 
in a unique site, whereas high-chalcocite has a hexagonal unit cell with only 2 molecule 
units, where the copper atoms randomly adopt a few possible high symmetry sites.48 
During the seeded injection procedure, the Cu2-xS seed nanocrystals are injected into a 
hot indium-oleate solution at 240 °C and hence it is plausible that the monoclinic low-
chalcocite phase transforms into a high-chalcocite phase. Therefore, the crystal structure 

Figure 3.4 a) HRTEM images of Cu2-xS seed nanocrystals. The panels 1 and 2 are the Fourier transform
(FT) patterns of Cu2-xS nanocrystals marked by white squares, which are indexed to monoclinic low
chalcocite Cu2-xS viewed along [533] and [-8 17 2] axis, respectively. The scale bar is 10 nm. b) XRD 
patterns of the Cu2-xS nanocrystals at 28 °C before heating, at 240 °C and at after cooling back down to 
28 °C. The diffraction patterns of low- and high-chalcocite are very similar, but can be distinguished by
the additional diffractions observed for low-chalcocite at 2Θ values of e.g., 45° and 48° (dashed, grey 
lines).  
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of the Cu2-xS seed nanocrystals was studied with XRD as function of temperature. Figure 
3.4b shows the diffractograms of the Cu2-xS seeds at a temperature of 28 °C, 240 °C and 
after cooling down to 28 °C. The diffractograms show that at 28 °C, the Cu2-xS seed 
nanocrystals have the monoclinic low-chalcocite phase (PDF Card - 00-033-0490),50 
confirming the crystal structure found by HR-TEM analysis. At 240 °C, the 
diffractogram of the Cu2-xS seed nanocrystals matches the reference pattern of high-
chalcocite (PDF Card - 00-046-1195),50 showing that the phase transition to the high-
chalcocite indeed occurs. After cooling down to 28 °C, the diffractograms again confirm 
the presence of low-chalcocite, indicating the phase transition between low- and high 
chalcocite is reversible. This implies that the Cu2-xS seed nanocrystals will likely change 
to the high-chalcocite crystal structure upon injection into the hot reaction mixture, and 
change back to the low-chalcocite phase when cooling down after the reaction is 
finished, even though the conditions in the reaction flask are different from those during 
the XRD measurements (i.e., nanocrystals dispersed in a coordinating solvent instead of 
a dry powder).  
 
 3.3.3  Cu2-xS/CuInS2 heteronanocrystals prepared by seeded-injection 

In the seeded-injection approach, the Cu2-xS seed nanocrystals discussed above were 
injected in a hot solution of In-oleate to prepare Cu2-xS/CuInS2 HNCs. First, the 
influence of the reaction temperature on the growth of the HNCs was investigated by 
performing the seeded-injection synthesis at 200 °C, 240 °C and 260 °C and allowing the 
samples to react for 30 minutes (Figure 3.5). At a reaction temperature of 200 °C, small 
tear-shaped nanocrystals without any apparent interparticle contrast were obtained. In 
the TEM image of the sample synthesized at 240 °C, elongated nanocrystals with a 
contrast difference within the particles were observed (Figure 3.5b). This interparticle 
contrast difference suggests that the nanocrystals obtained at this temperature are hetero-
structured. Higher temperatures (Figure 3.5c) yield longer and thinner nanorods without 
any apparent contrast differences. This suggests that the nanocrystals consist of CuInS2 
only, indicating much faster reaction kinetics. Therefore, 240 °C was chosen as the 

Figure 3.5 TEM images for nanoparticles prepared via the seeded-injection approach with a reaction 
time of 30 minutes and a reaction temperature of a) 200 °C, b) 240 °C and c) 260 °C. 
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reaction temperature for subsequent experiments since it leads to the formation of HNCs 
at a rate that is sufficiently slow to allow it to be followed in detail. By varying the 
reaction time at a temperature of 240 °C, heterostructures with different sizes, shapes 
and compositions could be formed. Detailed investigation of the Cu2-xS/CuInS2 HNCs 
formed with different reaction times indicated that the formation of the HNCs can be 
divided into different stages, which are discussed in more detail in the next sections. 

Figure 3.6 HAADF-STEM images and corresponding elemental maps of the Cu2-xS/CuInS2 HNCs formed 
by the injection of Cu2-xS seed nanocrystals into a hot solution of indium-oleate. Samples after a 
reaction time of (a-c) 1 minute, (d-f) 2 minutes and (g-i) 3 minutes are shown. After 1 minute of 
reaction, no significant amount of indium was present in the nanocrystals, whereas after 2 and 3 
minutes of reaction indium is clearly incorporated in the Cu2-xS seed nanocrystals and heterointerfaces 
are formed, as indicated by the white arrows.  



The synthesis and formation mechanism of Cu2-xS/CuInS2 heteronanocrystals 
 

59 
 

Figure 3.6 shows HAADF-STEM images and corresponding elemental maps of samples 
collected during the first 3 minutes of reaction after the injection of the Cu2-xS seed 
nanocrystals. After 1 minute of reaction, the size and shape of the nanocrystals are very 
similar to those of the Cu2-xS seed nanocrystals and no indium is observed in the particles 
or background of the image. After 2 minutes of reaction, the particle size and shape are 
still the same and almost all nanocrystals have an indium rich area (Figure 3.6d-f). After 
an additional minute of reaction, the indium rich area has clearly grown and a well-
defined hetero-interface is visible. At the same time, the shape and size of the 
nanocrystals are not significantly changed. Figure 3.7 shows the length and diameter of 
the particles, obtained from TEM images, as a function of reaction time. This indeed 
shows that the length and diameter of the nanocrystals are not significantly changed 
during the first 3 minutes of reaction and are similar to that of the original Cu2-xS seed 
nanocrystals.  

The incorporation of indium into the nanocrystals during the first 3 minutes of reaction, 
combined with the finding that the size and shape of the nanocrystals remains constant 
during this time, suggests that the first stage of the formation of Cu2-xS/CuInS2 HNCs 
occurs via a topotactic cation-exchange, rather than heteroepitaxial growth of CuInS2 on 
the Cu2-xS seed nanocrystals. During this cation-exchange In3+ ions diffuse into the 
nanocrystals and Cu+ ions diffuse out of the nanocrystals into solution, while the size 
and shape of the Cu2-xS seed nanocrystals are preserved. The Cu+ extracted from the 
nanocrystals via this cation-exchange reaction in turn serves as Cu+ source in later 
growth stages, as is discussed below. A similar observation was done by Zhou et al.,, 
who attributed the initial formation of Cu1.94S-MnS HNCs to cation-exchange.21  

Figure 3.7 The average length and diameter of the HNCs obtained by varying the reaction time of the 
seeded injection synthesis. During the first 3 minutes of reaction, the length of the HNCs remains 
similar to that of the Cu2-xS seed nanocrystals ( shown at time= 0 min), while after 5 minutes the HNC 
length starts to increase. The HNC diameter shows no large variation with reaction time. 
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With further extension of the reaction time, larger heterostructures were formed. Figure 
3.8 shows TEM images of samples obtained after reaction times of 3, 5, 10, 30, 60 and 
90 minutes. As can be seen from Figure 3.8, the size and shape of the nanocrystals start 
to change 5 minutes after injection of the Cu2-xS seed nanocrystals, with the formation 
of acorn shaped nanocrystals and subsequently elongated rods with a clear interparticle 
contrast. While the length of the HNCs clearly increases with increasing reaction time, 
the diameter of the particles remains more or less the same (Figure 3.7). The evolution 
in size and shape of the nanocrystals shows that after 5 minutes a growth process is 
occurring, rather than cation exchange. In the final phase of the reaction, at reaction 
times >60 minutes, the sharp hetero-interface is no longer observed, indicating that the 
nanocrystals have a uniform composition. Furthermore, the size and shape of the 
particles do not significantly change upon increasing the reaction time from 60 to 90 
minutes (Figure 3.7). 
  

Figure 3.8 TEM images of Cu2-xS/CuInS2 HNCs formed by the injection of Cu2-xS seed nanocrystals into 
a hot solution of indium-oleate and with a reaction time of a) 3 minutes, b) 5 minutes, c) 10 minutes, 
d) 30 minutes, e) 60 minutes and f) 90 minutes. The images show that after a reaction time of 3
minutes, the size of the HNCs clearly increases. 
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To investigate the origin of the contrast observed in the TEM images, elemental maps 
were obtained using STEM-EDX. Figure 3.9a-d show the elemental maps of the sample 
collected after a growth time of 10 minutes, which consists of acorn-shaped HNCs. The 
elemental maps of Cu, In, S and the combination map of Cu, In and S show that the tips 
of the particles contain no indium, whereas copper and sulfur are present in the whole 
nanocrystal. Sulfur is uniformly distributed over the whole particle and, as expected from 

Figure 3.9 Elemental maps obtained by STEM-EDX of Cu2-xS/CuInS2 HNCs formed by the injection of 
Cu2-xS seed nanocrystals into a hot solution of indium-oleate at 240°C and with a reaction time of (a-d)
10 minutes, (e-h) 30 minutes and (i-l) 90 minutes. The samples obtained with a reaction time of 10 and
30 minutes clearly show the Cu2-xS and CuInS2 segments. After 90 minutes of reaction, the HNCs are
completely converted into CuInS2.  
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the copper to sulfur ratio of Cu2S and CuInS2, copper is most abundant in the indium-
poor tips. The HNCs thus consist of a short Cu2-xS tip, with an elongated CuInS2 
segment. The elemental maps of the sample with a growth time of 30 minutes are shown 
in Figure 3.9d-f. Again, no indium is present in the tip of the structure, whereas copper 
and sulfur are present in the whole particle, confirming the formation of Cu2-xS/CuInS2 
HNCs with a short Cu2-xS tip and an elongated CuInS2 segment. Interestingly, the 
volume of the CuInS2 segment significantly increases from 10 to 30 minutes (Figure 
3.8c,d and Figure 3.9a-h), while that of the Cu2-xS tip remains essentially constant. Figure 
3.9i-l show the elemental maps of the sample obtained after a reaction time of 90 
minutes, and verify the full conversion of the HNCs into CuInS2 in the final phase of 
reaction. 
 
From the elemental maps obtained by STEM-EDX we obtained the chemical 
composition for the HNCs. Table 3.1 shows the elemental composition of two parts of 
the HNCs, namely the Cu2-xS tip and the CuInS2 segment, for the HNCs grown for 
10 minutes and 30 minutes. After a reaction time of 10 minutes, the Cu2-xS tip is 
composed of Cu1.77S with a negligible amount of indium, whereas after a reaction time 
of 30 minutes, the Cu2-xS tip has a composition of Cu0.99S. This implies that Cu+ ions are 
extracted from the Cu2-xS tip with increasing reaction time. The CuInS2 segment has a 
stoichiometric composition of CuInS2 after a reaction time of 10 minutes, and is slightly 
sulfur rich after a reaction time of 30 minutes. This can be explained by some additional 
sulfur originating from 1-dodecanethiol, that can be present on the particle surface as 
coordinating ligand.  
 
Table 3.1 Atomic weight % of Cu, In and S in Cu2-xS/CuInS2 HNCs, formed by the injection of Cu2-xS seed 
nanocrystals into a hot solution of indium-oleate at 240 °C and with a reaction time of 10 and 30 
minutes. Corresponding atomic ratios are also shown. The data is obtained by quantitative analysis of 
the elemental maps in Figure 3.9a,e. 

 
  

 Cu2-xS Tip CuInS2 segment 

Reaction 
time 

Element Composition 
(at. %) 

Ratio Composition 
(at. %) 

Ratio 

10 minutes Cu 63.6 1.77 24.2 0.98 
In 0.6 0.02 26.0 1.04 
S 35.8 1.00 49.8 2.00 

30 minutes Cu 49.0 0.99 18.8 0.63 
In 1.4 0.02 21.6 0.72 
S 49.6 1.00 59.6 2.00 
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The HNCs obtained after a reaction time of 10 and 30 minutes were further analyzed by 
the HR-TEM (Figure 3.10a). For both samples, the Cu2-xS tips show a low chalcocite 
structure, whereas the elemental analysis indicated a copper to sulfur ratio consistent 
with covellite (CuS). The CuInS2 part in the heterostructures can be identified as wurtzite 
CuInS2 for both samples. The wurtzite CuInS2 structure is a hexagonal structure with an 
hcp anionic sublattice. The growth of wurtzite CuInS2 on the hexagonal chalcocite 
structure of the Cu2-xS seed nanocrystals is favored since it requires little restructuring of 
the hexagonal sulfide lattice.51 Inset 1 in Figure 3.10a shows the Cu2-xS part (red square) 
and CuInS2 part (blue square) of a single Cu2-xS/CuInS2 HNC. The FT pattern of the 
Cu2-xS part is consistent with [113] zone axis of the monoclinic low chalcocite Cu2S while 
that of CuInS2 part agrees well with the [010] zone axis of the wurtzite CuInS2. Inset 2 
in Figure 3.10a shows the Cu2-xS/CuInS2 HNC projected along the [001] direction. The 
FT analysis suggests that CuInS2 grows on either the top or bottom faces of the Cu2-xS 
disks and develop along the [001] direction. Figure 3.10b shows the XRD patterns of the 
particles obtained after a reaction time of 30 minutes, confirming that the CuInS2 parts 
of the nanocrystals have the hexagonal wurtzite CuInS2 phase. Due to the small volume 
of the Cu2-xS tips, no diffractions originating from the Cu2-xS could be distinguished. 

 

  

 

Figure 3.10 a) HRTEM image of Cu2-xS/CuInS2 HNCs. Panels 1 and 2 show the FT analyses of 
Cu2-xS/CuInS2 HNCs indicated with white squares 1 and 2, respectively. The FT patterns of panel 1
contain the Cu2-xS part (red square) and CuInS2 part (blue square) in a single Cu2-xS/CuInS2 HNC. Panel 
2 is the Cu2-xS/CuInS2 HNC projected along the [001] direction. b) XRD pattern the product Cu2-xS/CuInS2

HNCs (red line), which is in agreement with the standard XRD pattern of hexagonal wurtzite CuInS2

(dark yellow line, top-axis). The XRD pattern of the Cu2-xS seed nanocrystals (blue line) is shown for 
comparison and matches well with the standard XRD pattern of low chalcocite (black line, bottom axis).
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 3.3.4  The influence of the addition of extra Cu-precursors  
In the seeded injection, the Cu2-xS seed nanocrystals are the only source of copper in the 
reaction mixture. Therefore, the copper that is needed to grow the CuInS2 part of the 
HNCs originates from the Cu2-xS seed nanocrystals. We investigated whether the 
addition of extra copper ions can help preserve the Cu2-xS tip and prevent formation of 
nanocrystals with a single CuInS2 phase. In order to do so, the influence of different 
Cu-precursors, added to the reaction mixture in different concentrations, was 
investigated.  
 
First, Cu(I)-acetate was added to the Cu2-xS seed nanocrystals in DDT in different ratios. 
Figure 3.11a-d show the TEM images of Cu2-xS/CuInS2 HNCs synthesized at 240 °C 
with a reaction time of 30 minutes with Cu(I)acetate added in the Cu:In ratios 0:1, 0.5:1, 
1:1 and 2:1. The addition of extra Cu(I) ions clearly influences the growth of the HNCs. 
In the presence of Cu(I)acetate in solution, the resulting HNCs are shorter and have a 
smaller CuInS2 part, while the Cu2-xS tips are more pronounced.  However, as can be 
seen in Figure 3.11d, when the ratio 2:1 is used, separate, spherical nanocrystals are 
observed. These spherical nanocrystals are likely Cu2-xS, due to the easy nucleation of 
the binary Cu2-xS. This indicates that a too high Cu concentration leads to the secondary 
nucleation of Cu2-xS nanocrystals.  
 

Figure 3.11 (a-d) TEM images of Cu2-xS/CuInS2 HNCs synthesized the injection of Cu2-xS seed 
nanocrystals into a hot solution of indium-oleate at 240°C with a reaction time of 30 minutes and the
addition of extra Cu(I)acetate with a Cu:In ratio of a) 0:1 b) 0.5:1 c) 1:1 and d) 2:1. The images show 
that the addition of extra Cu(I)acetate clearly influences the growth of the HNCs. (e-g) TEM images 
showing the formation of nanosheets by the addition of e) CuI, f) CuBr and g) CuCl to the seeded-
injection at 240 ˚C and a reaction time of 30 minutes. 
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The addition of Cu-halides, such as CuI, CuBr and CuCl, was also investigated and 
resulted in the formation of nanosheets (Figure 3.11f-g). The formation of Cu2-xS 
nanosheets by the addition of halides in the presence of Cu+ and DDT was previously 
demonstrated by van der Stam et al.,52 Similarly, the formation of 2D sheets in the present 
case is attributed to interaction between the halide ions and the Cu+ in the Cu-thiolate 
precursor, causing 2D constraints on the C-S thermolysis.  
 
 3.3.5  Formation mechanism  
The injection of Cu2-xS seed nanocrystals in an In-oleate solution starts a series of coupled 
reactions that ultimately lead to the formation of Cu2-xS/CuInS2 HNCs. The outcome of 
this chain of coupled reactions depends on a delicate kinetic balance between all the 
elementary steps involved, which is in turn determined by the changing reaction 
conditions, such as the concentrations of the different precursors. Based on the 
observations discussed above, we propose a model for the formation of Cu2-xS/CuInS2 
HNCs via seeded-injection, which is schematically represented in Figure 3.12 and 
discussed in detail below.   
 
In the first step of the reaction, at a temperature of 240 °C, the as-prepared Cu2-xS seed 
nanocrystals dispersed in DDT are quickly injected. This leads to formation of 
In-thiolate complexes due to the injection of a large excess of DDT (step I, Figure 3.12). 
As evidenced by the EDX maps (Figure 3.6a), one minute after the injection of the 
Cu2-xS/DDT mixture, no indium is yet incorporated in the Cu2-xS seed nanocrystals. The 
formation of the HNCs is thus not directly initiated upon injecting the Cu2-xS seed 
nanocrystals, suggesting that first In-oleate must be converted to In-DDT complexes by 
reacting with the injected DDT. 
 
Two minutes after the injection of the Cu2-xS seed nanocrystals, a small corner of CuInS2 
is visible in most Cu2-xS seeds (Figure 3.6d-f), indicating the formation of HNCs (Step II, 
Figure 3.12). The size and shape of the particles is however not significantly changed 
(Figure 3.7), indicating that the formation of the heterostructures is initiated by a 
topotactic cation-exchange reaction, where In3+ is incorporated into the crystal and Cu+ 
is extracted from the nanocrystals, while the size and shape of the nanocrystal is 
preserved. Cation exchange requires a delicate balance of all reaction steps, e.g., cleavage 
of the bond between the incoming cation (In3+) and the thiolate ligand, formation of an 
In-S bond, followed by In3+ diffusion into the nanocrystal, formation of a bond between 
the host-cation (Cu+) and the thiolate ligand, and cleavage of a Cu-S bond, and the 
diffusion of the Cu-thiolate complex from the nanocrystal into solution, leaving a Cu+-
vacancy that must be filled by Cu+ diffusing to the surface to allow the reaction to 
proceed.51 Ultimately, the driving force for the cation-exchange reaction is determined 
by reactivities and stabilities of both the parent and product nanocrystals, as well as of 
the cation complexes in solution.51  
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The delay prior to the start of the cation-exchange reaction can be explained by the 
requirement that first suitable precursors for the cation exchange reaction must be 
formed. Prior to the injection, indium is present as In-oleate, a stable complex of the 
hard Lewis acid In3+ (η=~13 eV)53 with the hard base oleate. In addition, Cu+ is a soft 
Lewis acid (η=6.28 eV)53 and hence oleate is not a suitable extracting ligand for Cu+, 
making the cation exchange unfavorable when only In-oleate is present. As discussed 
above, when the Cu2-xS/DDT mixture is injected, the large excess of DDT leads to the 
formation of In-thiolate complexes. According to the HSAB theory, In-thiolate is a less 
stable complex than In-oleate, while the formation of Cu(I)-thiolate is favored since 
thiolate is a soft Lewis base (absolute hardness thiolate η=~6 eV)54. This makes the 

Figure 3.12 Schematic representation of the proposed formation mechanism for Cu2-xS/CuInS2 HNCs 
by injection of Cu2-xS seed nanocrystals in a hot solution of In-oleate. In the 1st step, Cu2-xS seed 
nanocrystals dispersed in DDT are injected, leading to the formation of In-thiolate complexes. 
Subsequently, the formation of the HNCs is initiated by single step, thiolate mediated Cu+ for In3+ cation 
exchange (step II). The cation-exchange reaction is overtaken by the homoepitaxial growth of CuInS2 

on the pre-formed CuInS2 surface (step III). Eventually the Cu2-xS tips disappear and pure CuInS2

nanocrystals are formed (step IV).  
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thiolate-mediated single step Cu+ for In3+ exchange favorable, provided a sufficiently 
high concentration of In-thiolate is available.  
 
Once one Cu+ ion is exchanged for an In3+ ion, the valency of In (3+) will cause a charge 
imbalance in the nanocrystal, forcing two more Cu+ ions out of the nanocrystal to 
balance the overall charge. This Cu+ extraction leads to the formation of more Cu+ 
vacancies in the nanocrystal, which in turn favors the diffusion of cations within the 
nanocrystal. The sufficiently high concentration of In-thiolate complexes will then lead 
to the incorporation of more In3+, which in turn will force more Cu+ ions to diffuse out 
of the nanocrystal, and so a cascade of reactions is started. This can also explain the 
observation that the cation-exchange always starts from one side of the nanocrystal: once 
the cation-exchange is initiated at a certain point, it is most likely to proceed here because 
of the cascade of reactions.55,56    
 
At longer reaction times (>5 minutes), the shape and size of the nanocrystals start to 
change, indicating that the reaction is no longer occurring via topotactic cation-exchange 
(Step III, Figure 3.12). Instead, the HNCs grow further via a seeded growth mechanism 
from Cu, In and S monomers in solution. The cation-exchange is thus terminated before 
the whole Cu2-xS seed nanocrystal is converted into CuInS2. The heteroepitaxial growth 
of CuInS2 directly on the Cu2-xS seed nanocrystals is unfavorable due to the dynamic 
nature of the Cu2-xS nanocrystal surface, in which the Cu+ ions are very mobile.48 The 
formation of a heteronanocrystal by cation-exchange in the 1st five minutes of reaction 
provides a stable CuInS2 surface, onto which CuInS2 can now readily grow from Cu, In 
and S precursors from solution through homoepitaxy. The homoepitaxial growth of 
CuInS2 on this pre-formed CuInS2 surface has a lower energy barrier than the cation-
exchange. Therefore, the former outcompetes the latter for the limited supply of In-DDT 
complexes and the formation of the Cu2-xS/CuInS2 HNCs proceeds via seeded growth 
of CuInS2 from precursors in solution.  
 
As discussed above, the Cu2-xS seed nanocrystals are the only source of Cu+ ions for the 
formation of CuInS2. In the first phase of the reaction (cation-exchange), Cu+ is extracted 
from the nanocrystals into solution, providing Cu+ for the subsequent growth of CuInS2 
in the second phase. However, when looking at the volume of CuInS2 segment after a 
reaction time of 30 minutes with respect to the volume of the original Cu2-xS seed 
nanocrystals, the large increase in volume of the CuInS2 in the HNCs suggests that, 
besides the Cu+ in solution originating from the cation-exchange, additional Cu+ must 
be present in solution. This additional Cu+ likely originates from dissolution of part of 
the Cu2-xS seed nanocrystals prior to the onset of the cation exchange and homoepitaxial 
growth phases. To verify if the Cu2-xS seed nanocrystals are indeed susceptible to 
dissolution under these reaction conditions, a control experiment was performed in 
which the Cu2-xS/DDT mixture was injected into oleic acid at 240 °C. Figure 3.13 shows 
the TEM images of the Cu2-xS seeds after 5 seconds, 1 minute and 5 minutes and 



Chapter 3  

68 
 

indicates that the Cu2-xS nanocrystals are indeed partially dissolved. Subsequently small 
Cu2-xS particles are formed from the available Cu+ and DDT in solution.  
 
With even longer reaction times (>30 min), the Cu/S ratio in the Cu2-xS tip of a single 
Cu2-xS/CuInS2 reduces from ~1.8 to ~1 (Table 3.1) and the volume of the Cu2-xS part 
decreases and eventually disappears, forming CuInS2 nanocrystals (Figure 3.9i-l). The 
reduction of Cu/S ratio indicates that Cu+ ions for the growth of CuInS2 originate not 
only from the dissolution of Cu2-xS seed nanocrystals prior to the onset of the formation 
of CuInS2, but also from consumption of Cu2-xS tips during the heteroepitaxial growth. 
The disappearance of Cu2-xS tips and the formation of pure CuInS2 nanocrystals can be 
explained by two possible pathways: (1) the depletion of Cu+ ions by the growth of 
CuInS2 leads to a low concentration of Cu+ in solution, thereby eventually driving 
complete dissolution of the Cu2-xS tips, which are then used to further grow the CuInS2; 
(2) the Cu+ ions in the Cu2-xS lattice are highly mobile at high temperatures49 and 
therefore migrate to the heterointerface to form CuInS2 lattice. These pathways imply 
that the fate of the Cu2-xS segment strongly depends on the available Cu+ ions in the 
solution or in the Cu2-xS seed nanocrystals.  
 
Lastly, prolonged reaction times do not induce the conversion of CuInS2 nanocrystals 
into In2S3 (Figure 3.9i-l), because the Cu+ for In3+ cation exchange in Cu2−xS nanocrystals 
is self-limited, as demonstrated in previous reports.51,54,57  

  

Figure 3.13 TEM figures of Cu2-xS seed nanocrystals injected into oleic acid at 240°C after a) 5 
seconds, b) 1 minute and c) 5 minutes.  
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3.4 Conclusions 
 
This chapter discussed a two-step synthesis route to form Cu2-xS/CuInS2 HNCs. The 
Cu2-xS/CuInS2 HNCs were obtained by injecting pre-formed Cu2-xS seed nanocrystals, 
dispersed in 1-dodecanethiol, into a hot indium-oleate solution. By making use of pre-
formed Cu2-xS seed nanocrystals, the two stages of Cu2-xS/CuInS2 HNC growth were 
separated. This allowed for the formation of monodisperse HNCs with tunable size, 
shape and composition. Interestingly, elemental maps of the nanocrystals in the first few 
minutes of reaction suggest that the formation of the Cu2-xS/CuInS2 HNCs was initiated 
by a single-step, thiolate-mediated Cu+ for In3+ exchange rather than by heteroepitaxial 
growth of CuInS2 on the Cu2-xS seed nanocrystals. At longer reaction times, the cation-
exchange reaction was overtaken by homoepitaxial growth of CuInS2 on the pre-formed 
CuInS2 surface. The fate of the reaction and the resulting HNCs was strongly dependent 
on the concentration of Cu+ and In3+ in solution. The good control over size, shape and 
composition of the HNCs offered by this method allowed for the formation of well-
defined Cu2-xS/CuInS2 HNCs, that are of potential interest for photocatalytic 
applications. 
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Abstract By depositing nanoparticles on a support material, their stability can be improved and 
their handling is made easier, making them more suitable for practical application. In this chapter 
we present a new method to prepare silica supported Cu2S and CuS nanoparticles using copper 
nitrate as copper source, and 1-dodecanethiol or thioacetamide as sulfur source, respectively. 
Uniformly distributed Cu2S nanoparticles with narrow size distribution were synthesized directly 
from 1-dodecanethiol and Cu(NO3)2 in the presence of silica. To prepare CuS nanoparticles of 
controlled size, that were uniformly distributed over the porous support, pre-synthesized CuO 
nanoparticles were converted into CuS using thioacetamide. With this method, the original size of 
the CuO nanoparticles was preserved upon sulfidation to CuS. In this way, well-established 
preparation methods of supported CuO nanoparticles can be extended to supported CuS 
nanoparticles. 
   

4.1 Introduction 

When using nanoparticles in applications such as catalysis and energy conversion and 
storage, the stability of the nanoparticles is of crucial importance. Deposition of 
nanoparticles on a support material, such as silica or carbon, has several advantages.1 
For example, the support allows a uniform distribution of particles on the material and 
can prevent aggregation of the particles. In addition, supported nanoparticles are easier 
to handle in e.g., separation of catalyst and product streams.  
 
Silica is often used as catalyst support due to its inert nature, that does not influence most 
chemical reactions. Silica can be prepared with a high surface area and a variety of 3D 
pore structures. In this work, MCF (mesocellular foam) was chosen as support material. 
MCF is a silica support with a well-defined mesoporous network, consisting of large 
cages (~15-30 nm) connected by smaller windows (~10 nm).2 MCF has been 
investigated as catalyst support in for example methanol synthesis using copper 
nanoparticles,3 the Fischer-Tropsch reaction using cobalt nanoparticles4 and the 
photocatalytic hydrogen evolution reaction using copper oxide nanoparticles.5  
 
One method to obtain supported nanoparticles is by immobilization of pre-synthesized 
colloidal nanoparticles on a support material.6 This can be challenging, as pre-formed 
nanoparticles need to enter the small pores of the support material. In addition, the 
interactions between the nanoparticles and the support need to be favorable in order for 
the nanoparticles to stick to the support and remain there, also during the catalysis. 
Furthermore, as discussed in Chapter 2, the ligands stabilizing the nanoparticles 
prepared by colloidal methods complicate their use in applications, and consequently an 
additional ligand exchange step must be performed, either before or after the deposition. 
A more conventional manner to synthesize a supported nanoparticle catalyst is by 
directly growing the nanoparticles on the support. This can be done by methods such as 
incipient wetness impregnation or homogeneous deposition precipitation.1  
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The synthesis of Cu2-xS nanoparticles anchored on support materials has been studied 
before. For example, the preparation of carbon-supported Cu2-xS nanostructures has been 
reported,7–12 where often high temperatures (>150 °C) and long reaction times 
(>12 hours) were used.7–10 In addition, Hou et al., reported the formation of sphere-like 
CuS particles with diameters ranging from 30-50 nm on TiO2 fibers.13 Studies on the 
preparation of Cu2-xS nanoparticles supported on silica are more scarce. One method was 
reported by Sohrabnezhad et al.,, who found that by reacting thiourea and copper sulfate 
in water at 90 °C, mixed-phase CuS/Cu2S nanoparticles supported on silica could be 
obtained.14 Synthesizing pure, single-phase CuS nanoparticles supported on silica 
proved to be more challenging and was realized by using ethylene glycol as the solvent 
and a high temperature of 250 °C.14

 

 
In this chapter we describe new strategies for the synthesis of pure, silica-supported Cu2S- 
and CuS nanoparticles. Several approaches were investigated to obtain uniformly 
distributed and monodisperse nanoparticles. First, the direct deposition of Cu2-xS 
nanoparticles onto the silica support was investigated, using copper nitrate as the copper 
precursor, and 1-dodecanethiol (DDT) and thioacetamide (TAA) as the sulfur source 
(Figure 4.1). As discussed in Chapter 2, DDT is an alkyl-thiol that is widely used as 
sulfur source and organic ligand in the synthesis of colloidal Cu2-xS nanocrystals.15 TAA 
is an organic compound that has previously been used as H2S and S2- source in the 
synthesis of metal sulfides, such as NiS and CuS.16–19 Using these two different sulfur 
sources we were able to selectively form pure CuS or Cu2S nanoparticles on silica.  
 
Besides direct deposition of the nanoparticles on the support, the use of silica-supported 
CuO nanoparticles as precursor for supported Cu2-xS nanoparticles was explored. This is 
an attractive route as it allows to further extend the elaborate experience and knowledge 
on the control of particle size in supported CuO and Cu2O nanoparticles to supported 
Cu2-xS nanoparticles.1,3,5,20 
 

  

Figure 4.1 Molecular structures of a) thioacetamide (TAA) and b) 1-dodecanethiol (DDT). 
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4.2  Experimental methods 

 
 4.2.1 Materials  
Pluronic P123, hydrochloric acid (HCl, 37%), nitric acid (HNO3, 80%), 
1,3,5-trimethylbenzene (TMB, 98%), tetraethyl orthosilicate (TEOS, 98%), ammonium 
fluoride (NH4F, ≥98.0%), copper nitrate trihydrate (Cu(NO3)2 · 3 H2O, 99%), 
1-dodecanethiol (DDT, ≥98%), thioacetamide (TAA, ≥99.0% ) ethanol and acetone 
were purchased from Sigma-Aldrich and used as received.  
 

 4.2.2 Synthesis of silica support  
The synthesis of the MCF silica support was based on a method reported by Pompe 
et al.,3 The synthesis was performed in a 500 mL high-density polypropylene (HDPE) 
bottle. First, 4.0 g of triblock copolymer Pluronic P123 was added to 150 mL of a 1.6 M 
HCl aqueous solution (20 ml 37% HCl aqueous solution and 130 mL demi water). The 
mixture was stirred overnight at room temperature to dissolve the polymer. 
Subsequently, 4 g of 1,3,5-trimethylbenzene (TMB) was added dropwise and the mixture 
was left stirring for 4 hours. Then 8.5 g tetraethyl orthosilicate (TEOS) was added to the 
solution under vigorous stirring. After 5 minutes the stirring bar was removed and the 
mixture was kept at 39 °C under static conditions for 20 hours. Then 46 mg ammonium 
fluoride (NH4F) was added while stirring the mixture. A hydrothermal treatment was 
performed at 80 °C for 24 hours in a Heraeus muffle oven, after which the solid product 
was collected by filtration. The solid was washed with 4 L demi water and subsequently 
dried at 60°C. Finally the solid was calcined at 550 °C in static air for 6 hours.  
 
 4.2.3 Synthesis of unsupported Cu2-xS using different sulfidizing agents 

First, unsupported Cu2-xS nanoparticles were synthesized using Cu(NO3)2 and two 
different sulfidizing agents: DDT and TAA (Figure 4.1). For the synthesis using DDT, 
0.12 mmol Cu(NO3)2 · 3 H2O was dispersed in 5 mL DDT in a roundbottom flask and 
heated to 200 °C under stirring. The mixture was left to react for 2 hours and was 
subsequently cooled down to room temperature. The mixture was washed using ethanol 
and centrifugation.  
 
For the synthesis using TAA, 0.12 mmol Cu(NO3)2 · 3 H2O was dispersed in 13 mL 
demineralized water in a 100 mL roundbottom flask and heated to 110 °C under stirring. 
At a temperature of 90 °C 3 mL of a solution of 0.25 mmol TAA in demineralized water 
was added dropwise to the roundbottom flask. The mixture was left to reflux for 2 hours 
at 110 °C. After 2 hours the mixture was left to cool down and the samples were washed 
with demineralized water and acetone using vacuum filtration. Finally the samples were 
dried under vacuum at room temperature.  
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 4.2.4 Direct deposition of Cu2-xS on silica using different sulfidizing agents  
Supported Cu2-xS nanoparticles were prepared by direct deposition using Cu(NO3)2 with 
either DDT or TAA. For the deposition using DDT, 100 mg of silica and 0.12 mmol 
Cu(NO3)2 · 3 H2O were dispersed in 5 mL DDT in a 100 mL roundbottom flask and 
heated to 200 °C under stirring. The mixture was left to react for 2 hours and was 
subsequently cooled down to room temperature. The mixture was washed using acetone 
and vacuum filtration and dried under vacuum at room temperature.  
  
For the deposition using TAA, 100 mg of silica and 0.12 mmol Cu(NO3)2 · 3 H2O were 
dispersed in 13 mL demineralized water in a 100 mL roundbottom flask and heated to 
110 °C under stirring. At a temperature of 90 °C 3 mL of a solution of 0.25 mmol TAA 
in demineralized water was added dropwise to the roundbottom flask. The mixture was 
then left to reflux for 2 hours at 110 °C. After 2 hours, the mixture was left to cool down 
and the samples were washed with demineralized water and acetone using vacuum 
filtration. Finally the samples were dried under vacuum at room temperature. 
 
 4.2.5 Synthesis of supported CuO nanoparticles  
Supported CuO nanoparticles on silica were prepared via incipient wetness 
impregnation followed by drying and heat treatment.20 500 mg of mesoporous silica was 
dried for 3 hours under vacuum at 120 °C. Then, the support was impregnated with an 
aqueous solution of Cu(NO3)2· 3 H2O in 0.1 M HNO3. The volume used for 
impregnation corresponded to the total pore volume of the support, as determined using 
N2-physisorption. After impregnation, the sample was dried overnight under vacuum at 
room temperature. Subsequently, the sample was transferred to a tubular reactor and 
heated to 350 °C (2 °C/min) under a gas flow of 375 ml/min of 5% NO/95% N2 and 
kept at this temperature for 3 hours.  
 

 4.2.6 Subsequent sulfidation of CuO  
The silica supported CuO nanoparticles were subsequently sulfidized using two different 
sulfidizing agents: TAA and DDT. For the sulfidation using TAA, 300 mg of silica 
supported CuO nanoparticles (10 wt% Cu) were dispersed in 40 mL demineralized water 
in a 100 mL roundbottom flask and heated to 110 °C under stirring. At a temperature of 
90 °C 10 mL of a solution of TAA in demineralized water was gradually added to the 
silica-supported CuO nanoparticles, where a Cu:S molar ratio of 1:2 was used. The 
mixture was then left to reflux for 2 hours at 110 °C. After 2 hours, the mixture was left 
to cool down and the samples were washed with demineralized water and acetone using 
vacuum filtration. Finally the samples were dried under vacuum at room temperature.  
 
For the sulfidation using DDT, 300 mg of silica-supported CuO nanoparticles 
(10 wt% Cu) were dispersed in 15 mL DDT in a 100 mL roundbottom flask and heated 
to 200 °C. The mixture was left to react for 2 hours and was subsequently cooled down 
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to room temperature. The mixture was washed using acetone and vacuum filtration and 
dried under vacuum at room temperature.  
 
 
 4.2.7 Characterization  
N2-physisorption was performed using a Micromeritics TriStar instrument at a 
temperature of -196 °C. Prior to the measurements the powders were dried under N2-flow 
at 300 °C, for at least 16 hours. The pore diameter was determined using the Barrett-
Joyner-Halenda (BJH) method and the pore volume was determined at p/p0=0.995.  
 
Transmission electron microscopy analysis was performed using a FEI Tecnai-12 
microscope operating at 120 kV or a FEI Technai-20 microscope operating at 200 kV. 
MCF samples were microtomed by embedding the sample in a two component epoxy 
resin (Epofix, EMS). 70 nm thick slices were cut with a Diatome 35° diamond knife 
mounted on a Reichert-Jung Ultracut E microtome. The slices were collected on a 
carbon-coated 200 mesh copper TEM grid. Carbon supported samples were suspended 
in ethanol and sonicated for 10 minutes. Subsequently the suspension was drop casted 
on a carbon-coated 200 mesh copper TEM grid.  
 
X-ray diffraction measurements were performed on a Bruker D2 Phaser, equipped with 
a Co Kα x-ray source with a wavelength of 1.79026 Å. The crystallite size of the copper 
sulfide nanoparticles was determined from the diffraction peak broadening using the 
Scherrer equation.21  
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4.3 Results and Discussion 

 
 4.3.1 The synthesis of Cu2-xS nanoparticles in the absence of a support 

In this work, Cu2-xS nanoparticles were grown using Cu(NO3)2 · 3 H2O as the copper 
precursor and DDT or TAA as sulfur source. To see if Cu2-xS particles could be formed 
from these reagents at the chosen reaction conditions, the syntheses using Cu(NO3)2 and 
either DDT or TAA were first performed in the absence of silica. Figure 4.2 shows the 
XRD diffractograms of the two samples and the reference patterns of Cu2S and CuS.22 
The diffractograms show that when DDT is used as the sulfur source, Cu2S nanoparticles 
are formed, whereas with TAA as the sulfur source CuS nanoparticles are formed.  
 

 
The corresponding TEM images are shown in Figure 4.3 and indicate that nanoparticles 
were successfully grown from solution for both DDT and TAA. When using DDT, 
monodisperse, spherical Cu2S nanoparticles with a size of 22.9 ± 2.2 nm were formed. 
When TAA was used as sulfur source, polydisperse platelets of CuS were formed with 
an average diameter of 45.1 ± 16.0 nm.   

Figure 4.2 XRD patterns of the nanoparticles synthesized using DDT (blue line) and TAA (red line). The
patterns match the reference patterns for Cu2S (PDF card 00-053-0522) and of CuS (PDF card 00-006-
0464), respectively.22 
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 4.3.2 Characterization of the support material  
Subsequently, the growth of Cu2S and CuS nanoparticles on a silica support was 
investigated. First, MCF was synthesized and its textural properties were analyzed using 
N2-physisorption. The large hysteresis observed in the isotherm (Figure 4.4a) indicates 
the presence of ink-bottle type pores, and is thus consistent with the presence of large 
cages with smaller windows. Figure 4.4b shows the pore size distribution obtained from 
N2-physisorption. The adsorption branch (solid line) indicates a pore size of 12 nm for 
the cages, and the desorption branch (dashed line) gives a diameter 8 nm for the windows 
connecting the cages. The pore volume of the MCF was 1.36 mL/g and the support had 
a BET surface area of 690 m2/g. 
 

Figure 4.3 TEM images of unsupported Cu2-xS nanoparticles prepared via direct synthesis with Cu(NO3)2 
and a) DDT and b) TAA. c, d) Corresponding particle size histograms.  
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 4.3.3  Direct deposition of Cu2-xS on silica using different sulfidizing agents  
Next, supported Cu2-xS nanoparticles were prepared via the synthesis of Cu2-xS in the 
presence of the MCF silica support. Figure 4.5 shows the XRD patterns of the 
Cu2-xS@SiO2 samples and shows that when DDT is used as the sulfur source, Cu2S 
nanoparticles are formed, whereas with TAA as the sulfur source nanoparticles with a 
CuS phase are formed. The diffraction peaks at 57.5° and 56° were used to determine 
the crystallite size of the Cu2S and CuS nanoparticles, respectively, using the Scherrer 
equation. The crystallite size was 14 nm for the Cu2S nanoparticles and 17 nm for CuS 
nanoparticles. The broad diffraction peak around 25-30°, observed in the diffractograms 
of both samples, originates from the silica support.  
 

Figure 4.4 a) N2-physisorption isotherms and b) pore size distributions of the silica (MCF) support. The 
solid lines represent the adsorption branch and the dashed lines from the desorption branch.  

Figure 4.5 XRD patterns of silica supported nanoparticles prepared by DDT (blue line) and TAA (red
line). The patterns match the reference patterns of Cu2S (PDF card 00-053-0522) and CuS (PDF card 
00-006-0464), respectively. 22   



Chapter 4 

84 
 

Figure 4.6 shows the TEM images of microtomed sections of the supported Cu2S and 
CuS particles. Microtoming the samples into thin slices of 70 nm prior to TEM 
measurements facilitates the imaging of the particles inside the pores of the silica 
support. Figure 4.6a shows the TEM image of the Cu2S sample, indicating a uniform 
distribution of the nanoparticles over the silica support. In addition, the particles are 
monodisperse with a particle size of 13.6 ± 2.8 nm. This is in good agreement with the 
crystallite size obtained from XRD, indicating that the particles are single crystalline. 
The uniform distribution of the Cu2S nanoparticles over the support and the absence of 
particles that are separated from the support, suggest that the particles selectively 
nucleate on the silica support.  
 
In contrast to the uniform distribution of the Cu2S nanoparticles over the silica support, 
the CuS particles are aggregated and mostly present on the outside of the support or 
separate from the support (Figure 4.6b). The particles are polydisperse with an average 
particle diameter of 41.1 ± 13.3 nm. The formation of large particles outside the pores 
of the silica and separated from the silica indicates that the CuS nanoparticles nucleate 
in solution rather than on the support. To circumvent the fast nucleation of CuS outside 
the pores of the silica and obtain a more monodisperse particle size and better 

Figure 4.6 TEM images of silica-supported Cu2-xS nanoparticles prepared via direct synthesis with 
Cu(NO3)2 and a) DDT and b) TAA. c, d) Corresponding particle size histograms. The images show that 
while the Cu2S nanoparticles are uniformly distributed over the silica support (a), the CuS nanoparticles
are clustered on the outside of the silica support (b).  

d c 



The preparation of silica supported Cu2-xS nanoparticles 

85 
 

distribution of the nanoparticles on the silica support, additional experiments were 
performed in which supported CuO particles were used as precursor for supported CuS 
particles. 
 
 4.3.4  Sulfidation of supported CuO nanoparticles using TAA 
The preparation of uniformly distributed, silica supported CuO nanoparticles is well 
studied in our group and supported CuO nanoparticles can be synthesized with good 
control over particle size.3,20 Therefore, supported CuO nanoparticles were used as a 
precursor for the preparation of supported CuS nanoparticles. By using CuO 
nanoparticles that are already inside the pores of the silica as copper precursor, this 
method could facilitate the formation of CuS particles inside the pores of the support. 
Using the same reaction conditions as for the direct deposition with TAA described 
above, while replacing the Cu(NO3)2 by silica supported CuO nanoparticles, silica 
supported CuS nanoparticles were synthesized.  
 
Figure 4.7 shows the XRD patterns of the CuO@SiO2 precursor and of the CuS@SiO2 
sample obtained after sulfidation with TAA. The diffraction pattern after sulfidation 
matches a reference pattern of hexagonal CuS (PDF card 00-006-0464).22 In addition, no 
residual diffraction peaks of CuO are observed, indicating complete conversion of the 
CuO nanoparticles into CuS. The crystallite sizes of the samples were determined using 
the Scherrer equation and gave a crystallite size of 12 nm for both CuO@SiO2 and 
CuS@SiO2.  

Figure 4.7 XRD patterns of silica supported CuO and of CuS nanoparticles prepared via the sulfidation
of the CuO nanoparticles using TAA. The patterns match the reference patterns of CuO and CuS,
respectively, indicating that the CuO nanoparticles are successfully converted to CuS nanoparticles. 22 
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Figure 4.8 shows the TEM images of microtomed sections of the silica supported CuO 
particles and the resulting CuS particles after sulfidation. In both samples, the 
nanoparticles are uniformly distributed in the pores of the silica support. The particle 
size obtained from TEM is 11.7 ± 2.9 nm for the supported CuO nanoparticles, and 
11.7 ± 3.0 nm for the CuS particles upon TAA sulfidation. This is again in good 
agreement with the crystallite size obtained from XRD, indicating that the nanoparticles 
are single crystalline. In this case, the particle size of the CuS nanoparticles is similar to 
that of the precursor CuO nanoparticles. The histograms of the particle size of the CuO 
and CuS samples (Figure 4.8c,d) also clearly suggest that the particle size and the particle 
size distribution were preserved upon conversion of CuO to CuS.   
 
To verify if the particle size was indeed preserved upon liquid phase sulfidation of CuO 
with TAA, silica supported CuO nanoparticles with different particle sizes were 
synthesized and used as template to prepare CuS nanoparticles. Small, well dispersed 
CuO nanoparticles were synthesized by changing the gas atmosphere during the heat 
treatment step from 2% NO/98% N2 to 100% N2.3 Upon sulfidation with TAA, CuS 
nanoparticles were formed, as was confirmed by XRD (Figure 4.9). 

Figure 4.8 TEM images of a) supported CuO nanoparticles prepared via incipient wetness impregnation
and heat treatment in 2% NO/98% N2 and b) supported CuS nanoparticles prepared via liquid phase
sulfidation of CuO nanoparticles with TAA and c,d) corresponding particle size histograms. The particle
size histograms show that the particle size of the template CuO nanoparticles is preserved upon
sulfidation to CuS.  
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Figure 4.10a shows the overlay of the dark field STEM image with an EDX map of the 
precursor CuO@SiO2, indicating the CuO is well dispersed over the silica and has a 
particle size smaller than 2 nm. In some areas larger CuO particles are also visible. 
Figure 4.10b shows the overlay of the dark field STEM image and EDX map of the 
supported CuS nanoparticles upon sulfidation with TAA, showing well dispersed CuS 
(particle size <2 nm) and also the presence of some larger CuS particles, similar to the 
CuO@SiO2 precursor. Overall, the sulfidation method using TAA thus indeed allows to 
preserve the size of the precursor CuO nanoparticles. In addition, using silica-supported 

Figure 4.9 XRD patterns of silica supported CuO and of CuS nanoparticles prepared via the sulfidation
of the CuO nanoparticles using TAA. The diffractograms match the reference patterns of CuO and 
CuS,22 respectively, indicating that the CuO nanoparticles were successfully converted to CuS 
nanoparticles upon sulfidation with TAA. 

Figure 4.10 Overlap of HAADF-STEM images with EDX maps of well dispersed, silica supported a) CuO 
and b) CuS. The EDX signal of Cu is indicated in red, S in blue.  
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CuO particles as a template facilitates the formation CuS nanoparticles that are 
uniformly distributed over the silica support. The progress in the control over particle 
size of silica-supported CuO nanoparticles can in this way be extended to silica supported 
CuS nanoparticles. 
 
 4.3.5  Sulfidation of supported CuO nanoparticles using DDT 
To verify if the control over particle size of CuS using CuO nanoparticles as precursor 
was also valid for the preparation of Cu2S nanoparticles with different sizes, the method 
was extended to sulfidation using DDT as the sulfur source. The supported CuO was 
dispersed in DDT and left to react at 200°C for 2 hrs. Similar to the case of TAA 
discussed above, the ability to make particles with different sizes was investigated by 
using supported CuO nanoparticles with two different particle sizes, namely CuO with 
a particle size of 11.7 ± 2.9 nm, prepared via heat treatment in 2% NO/98% N2, and the 
well dispersed CuO with a particle size <2 nm, prepared via heat treatment in 100% N2. 
Figure 4.11 shows the XRD diffractograms of the samples prepared by sulfidation of 
supported CuO with DDT. For both the sample originating from the CuO particles with 
a size of about 11.7 nm and the sample originating from the well dispersed CuO particles, 
the CuO was completely converted to Cu2S as no residual CuO reflections are observed.  
 

Figure 4.12 shows the TEM images of microtomed sections of the two samples. Both 
samples show homogenously distributed nanoparticles on the silica support. The 
particles have a diameter of 13.8 ± 1.5 nm and 16.1 ± 1.7 nm for the samples originating 
from the well dispersed CuO sample with a particle size < 2 nm and the sample with 

Figure 4.11 XRD patterns of silica supported Cu2S nanoparticles prepared via the sulfidation  of the CuO 
nanoparticles with a size of 11.7 nm (top) and of the well dispersed CuO of the well dispersed CuO 
(middle). 
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CuO particles of about 11.7 ± 2.9 nm, respectively. The increase in particle size observed 
for both samples indicates that in the case of DDT, the particle size was not preserved 
during the sulfidation step. Interestingly, the particle size of the Cu2S sample prepared 
via direct synthesis using Cu(NO3)2 is fairly similar to the particle size of the Cu2S 
samples prepared using CuO nanoparticles as template, suggesting a similar growth 
mechanism in all three cases. 

 
 

 4.3.6  Mechanistic considerations 

The results shown above indicate that when using DDT or TAA as the sulfur source in 
the synthesis of supported Cu2-xS nanoparticles, two different mechanism for the growth 
of the nanoparticles play a role. Table 4.1 gives an overview of the average particle size 
of all samples discussed above.  
 

Figure 4.12 TEM images of supported Cu2S nanoparticles prepared by sulfidation using DDT of a)
supported CuO nanoparticles with a size of 11.7 ± 2.9 nm and b) supported, well dispersed CuO c,d)
corresponding particle size histograms. 
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Table 4.1 Overview of the particle sizes of the silica-supported Cu2S and CuS samples, and the 
CuO@SiO2 precursor they originate from. The particle sizes shown in this table were obtained from 
TEM measurements. 

 
As can be seen from Table 4.1, the particle size of the Cu2S@SiO2 nanoparticles directly 
synthesized from Cu(NO3)2 in the presence of MCF have a very similar size as the 
Cu2S@SiO2 particles prepared from the synthesis using the two CuO@SiO2 precursors 
with different CuO particle size. In addition, for all Cu2S samples the nanoparticles were 
uniformly distributed inside the pores of the silica support. The common characteristic 
particle size and similar distribution of the nanoparticles over the support suggest a 
common growth mechanism. The existence of a common growth mechanism is further 
supported by the similar color changes observed during the reaction of DDT with either 
Cu(NO3)2 or the CuO@SiO2 precursors, where the color of the reaction mixtures 
changed from turbid white-yellow, to clear yellow, clear orange and subsequently 
brown/black. These color changes are analogous to the color changes generally observed 
in colloidal synthesis of Cu2-xS nanoparticles with DDT, where the yellow intermediate 
indicates the formation of Cu-thiolate complexes.15,24–26  
 
The common growth mechanism proposed for the formation of Cu2S nanoparticles 
using DDT and either Cu(NO3)2 or CuO@SiO2 precursors suggests that, rather than 
being directly converted to Cu2S, the CuO particles dissolve and in this way act as a 
source of copper to form Cu2S nanoparticles. To investigate if the CuO nanoparticles 
indeed dissolve during sulfidation with DDT, the yellow intermediate formed during 
reaction of DDT with the SiO2-supported CuO nanoparticles of 11.7 nm was isolated 
and characterized. This was done by taking a sample of the suspension at the reaction 
stage in which the reaction mixture was yellow. Subsequently, the sample was 
centrifuged and the precipitate was dried and analyzed by TEM and XRD (Figure 4.13). 
TEM shows that at this stage of the reaction, particles are no longer present on the silica 
support, confirming that the CuO particles (partly) dissolve. In addition, XRD shows 

Sample: Particle size of the 
CuO@SiO2 precursor 

(nm) 

Particle size of 
supported Cu2S or CuS 

(nm) 

 
 

Cu2S  
 

direct deposition - 22.9 ± 2.2 
direct deposition with MCF - 13.6 ± 2.8 

CuO_NO/N2 11.7 ± 2.9 16.1±1.7 
CuO_N2 <2 nm 13.8 ± 1.6 

 
 

CuS 

direct deposition - 45 ± 16 
direct deposition with MCF - 41 ± 13 

CuO_NO/N2 11.7 ± 2.9 11.7 ± 3.0 
CuO_N2 <2 nm <2 nm 
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that no crystalline CuO or Cu2-xS phases were present in the yellow intermediate. There 
is a diffraction peak present at 21°, which possibly originates from Cu-thiolate complexes 
formed by the reaction of dissolved Cu with DDT.23 The presence of Cu-thiolate 
complexes is supported by the yellow color of the intermediate.  
 
The formation of the supported Cu2S nanoparticles thus likely proceeded via the 
formation of Cu-thiolate complexes, which were subsequently decomposed by thermal 
cleavage of the C-S bond, resulting in Cu-S monomers for nucleation and growth of Cu2S 
nanoparticles. The similarities to colloidal synthesis and the fact that DDT is a strong 
capping ligand for Cu2S suggest that the resulting supported Cu2S nanoparticles are likely 
capped with DDT.27 To replace these ligands and make the nanoparticles more 
accessible for reactants, the ligand exchange procedures discussed in Chapter 2 can be 
used.  
 
Supported CuS with different particle sizes could be synthesized using TAA. Direct 
synthesis using Cu(NO3)2 as the copper source resulted in large CuS particles outside the 
pores of the silica support. The size and shape of these CuS particles was similar to the 
CuS particles formed with the same synthesis method in the absence of silica. At these 
reaction conditions, the formation of CuS from Cu(NO3)2 and TAA has a low activation 
barrier and CuS particles thus readily nucleate in solution rather than on the silica 
support. By using silica-supported CuO particles as nuclei, copper is only present as CuO 
inside the pores of the silica. The absence of copper in solution allows the TAA to diffuse 
into the pores and subsequently react with the CuO particles inside the pores of the silica 

Figure 4.13 a) XRD pattern of the yellow intermediate during reaction of DDT with the silica-supported 
CuO nanoparticles of 11.7 nm and b) TEM image of this yellow intermediate. The intermediate was
obtained from sampling of the suspension during the growth stage in which the reaction mixture is 
yellow.   
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to form CuS nanoparticles. The preservation of the particle size of the original CuO 
particle upon sulfidation with TAA suggests that here the oxygen of CuO is exchanged 
for sulfur from the TAA.  
 

4.4  Conclusions 

 
Silica-supported Cu2S and CuS nanoparticles were successfully prepared by different 
methods. Supported Cu2S nanoparticles can be formed by reaction of DDT with either 
Cu(NO3)2 or CuO nanoparticles at 200 °C. The resulting Cu2S nanoparticles were 
monodisperse with a particle size ranging from 13.6 to 16.1 nm. In addition, the 
nanoparticles were uniformly distributed in the pores of the silica support. The particles 
were formed by a mechanism similar to colloidal Cu2S synthesis, forming Cu-thiolate 
complexes that are thermally decomposed to Cu-S monomers for the formation of Cu2S 
nanoparticles. Silica-supported CuS nanoparticles were formed by a new method, in 
which pre-synthesized, silica-supported CuO nanoparticles were sulfidized with TAA. 
The use of silica-supported CuO nanoparticles as precursor facilitates the preparation of 
uniformly distributed CuS nanoparticles inside the silica support. Using this TAA 
sulfidation method, the particle size of the template CuO particles was preserved, 
opening up a method to synthesize supported CuS with good control over particle size. 
The synthesis of supported Cu2S and CuS nanoparticles facilitates the use of Cu2S and 
CuS nanoparticles in catalytic applications. In Chapter 6, the methods presented in this 
chapter are further extended to carbon supports to prepare Cu2S and CuS electrocatalyst. 
 

4.5  Acknowledgements 

Lisette Pompe is thanked for providing the MCF supported CuO samples. Gang Wang 
and Koen Bossers are acknowledged for their help in the development of the sulfidation 
method. Lars van der Wal and Jogchum Oenema are acknowledged for microtoming 
the MCF samples. Nynke Krans is thanked for her help with measuring the STEM-EDX 
maps.   



The preparation of silica supported Cu2-xS nanoparticles 

93 
 

4.6  References 

 
(1)  Munnik, P.; De Jongh, P. E.; De Jong, K. P. Recent Developments in the Synthesis of Supported 

Catalysts. Chem. Rev. 2015, 115, 6687–6718. 
(2)  Schmidt-Winkel, P.; Lukens, W. W.; Zhao, D.; Yang, P.; Chmelka, B. F.; Stucky, G. D.; Beck, J. 

S. ; Vartuli, J. C. ; Roth, W. J. ; Leonowicz, M. E. ; et al., Mesocellular Siliceous Foams with 
Uniformly Sized Cells and Windows. J. Am. Chem. Soc 1998, 121, 254-255. 

(3)  Pompe, C. E.; van Uunen, D. L.; van der Wal, L. I.; van der Hoeven, J. E. S.; de Jong, K. P.; de 
Jongh, P. E. Stability of Mesocellular Foam Supported Copper Catalysts for Methanol Synthesis. 
Catal. Today 2019, 334, 79–89. 

(4)  Ralston, W. T.; Melaet, G.; Saephan, T.; Somorjai, G. A. Evidence of Structure Sensitivity in the 
Fischer-Tropsch Reaction on Model Cobalt Nanoparticles by Time-Resolved Chemical Transient 
Kinetics. Angew. Chemie Int. Ed. 2017, 56, 7415–7419. 

(5)  Wang, G.; van den Berg, R.; de Mello Donega, C.; de Jong, K. P.; de Jongh, P. E. Silica-Supported 
Cu2O Nanoparticles with Tunable Size for Sustainable Hydrogen Generation. Appl. Catal. B Environ. 
2016, 192, 199–207. 

(6)  Rossi, L. M.; Fiorio, J. L.; Garcia, M. A. S.; Ferraz, C. P. The Role and Fate of Capping Ligands in 
Colloidally Prepared Metal Nanoparticle Catalysts. Dalt. Trans. 2018, 47, 5889-5915. 

(7)  Saranya, M.; Ramachandran, R.; Kollu, P.; Kwan Jeong, S.; Nirmala Grace, A. A Template-Free 
Facile Approach for the Synthesis of CuS-RGO Nanocomposites towards Enhanced Photocatalytic 
Reduction of Organic Contaminants and Textile Effluents. RSC Adv. 2015, 5, 15831-15840. 

(8)  Hu, X. S.; Shen, Y.; Zhang, Y. T.; Zhang, H. F.; Xu, L. H.; Xing, Y. J. Synthesis of Flower-like 
CuS/Reduced Graphene Oxide (RGO) Composites with Significantly Enhanced Photocatalytic 
Performance. J. Alloys Compd. 2017, 695, 1778–1785. 

(9)  Zhang, Y.; Tian, J.; Li, H.; Wang, L.; Qin, X.; Asiri, A. M.; Al-Youbi, A. O.; Sun, X. Biomolecule-
Assisted, Environmentally Friendly, One-Pot Synthesis of CuS/Reduced Graphene Oxide 
Nanocomposites with Enhanced Photocatalytic Performance. Langmuir 2012, 28, 12893–12900. 

(10)  Nie, G.; Zhang, L.; Lu, X.; Bian, X.; Sun, W.; Wang, C. A One-Pot and in Situ Synthesis of CuS-
Graphene Nanosheet Composites with Enhanced Peroxidase-like Catalytic Activity. Dalt. Trans. 
2013, 42, 14006–14013. 

(11)  Chen, T.-W.; Rajaji, U.; Chen, S.-M.; Govindasamy, M.; Paul Selvin, S. S.; Manavalan, S.; 
Arumugam, R. Sonochemical Synthesis of Graphene Oxide Sheets Supported Cu2S Nanodots for 
High Sensitive Electrochemical Determination of Caffeic Acid in Red Wine and Soft Drinks. Compos. 
Part B Eng. 2019, 158, 419–427. 

(12)  Shi, J.; Zhou, X.; Liu, Y.; Su, Q.; Zhang, J.; Du, G. Sonochemical Synthesis of CuS/Reduced 
Graphene Oxide Nanocomposites with Enhanced Absorption and Photocatalytic Performance. 
Mater. Lett. 2014, 126, 220–223. 

(13)  Hou, G.; Cheng, Z.; Kang, L.; Xu, X.; Zhang, F.; Yang, H. Controllable Synthesis of CuS Decorated 
TiO2 Nanofibers for Enhanced Photocatalysis. CrystEngComm 2015, 17, 5496–5501. 

(14)  Sohrabnezhad, S.; Zanjanchi, M. A.; Hosseingholizadeh, S.; Rahnama, R. Facile and Low 
Temperature Route to Synthesis of CuS Nanostructure in Mesoporous Material by Solvothermal 
Method. Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 2014, 123, 142–150. 

(15)  Chen, L.; Li, G. Functions of 1-Dodecanethiol in the Synthesis and Post-Treatment of Copper 
Sulfide Nanoparticles Relevant to Their Photocatalytic Applications. ACS Appl. Nano Mater. 2018, 1, 
4587–4593. 

(16)  Grau, J.; Akinc, M. Synthesis of Nickel Sulfide by Homogeneous Precipitation from Acidic Solutions 
of Thioacetamide. J. Am. Ceram. Soc. 1996, 79, 1073–1082. 

(17)  Maheu, C.; Puzenat, E.; Geantet, C.; Cardenas, L.; Afanasiev, P. Titania - Supported Transition 
Metals Sulfides as Photocatalysts for Hydrogen Production from Propan-2-ol and Methanol. Int. J. 
Hydrogen Energy 2019, 44, 18038–18049. 

(18)  Phuruangrat, A.; Thoonchalong, P.; Thongtem, S.; Thongtem, T. Synthesis of CuS with Different 
Morphologies by Refluxing Method: Nanopaticles in Clusters and Nanoflakes in Spongelike Clusters 
Chalcogenide Lett. 2012 9, 421-426. 

(19)  Bai, L.; Ye, X.; Song, C.; Chen, H.; Cai, B.; Bai, Y.; Xu, C.; Li, Z. The Surfactant-Free Synthesis of 
Hollow CuS Nanospheres: Via Clean Cu2O Templates and Their Catalytic Oxidation of Dye 
Molecules with H2O2. RSC Adv. 2016, 6, 83885–83889. 

(20)  Munnik, P.; Wolters, M.; Gabrielsson, A.; Pollington, S. D.; Headdock, G.; Bitter, J. H.; De Jongh, 
P. E.; De Jong, K. P. Copper Nitrate Redispersion to Arrive at Highly Active Silica-Supported 



Chapter 4 

94 
 

Copper Catalysts. J. Phys. Chem. C 2011, 115, 14698–14706. 
(21)  Patterson, A. L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 

978–982. 
(22)  ICDD (2019) PDF-4+ 2019 (Database). Edited by Dr. Soorya Kabekkodu. Int. Cent. Diffr. Data, Newt. 

Square, PA, USA. 
(23)  Van Der Stam, W.; Rabouw, F. T.; Geuchies, J. J.; Berends, A. C.; Hinterding, S. O. M.; Geitenbeek, 

R. G.; Van Der Lit, J.; Prévost, S.; Petukhov, A. V.; De Mello Donega, C. In Situ Probing of Stack-
Templated Growth of Ultrathin Cu2-XS Nanosheets. Chem. Mater. 2016, 28, 6381–6389. 

(24)  Tang, A.; Qu, S.; Li, K.; Hou, Y.; Teng, F.; Cao, J.; Wang, Y.; Wang, Z. One-Pot Synthesis and 
Self-Assembly of Colloidal Copper(I) Sulfide Nanocrystals. Nanotechnology 2010, 21, 285602. 

(25)  Han, W.; Yi, L.; Zhao, N.; Tang, A.; Gao, M.; Tang, Z. Synthesis and Shape-Tailoring of Copper 
Sulfide/Indium Sulfide-Based Nanocrystals. J. Am. Chem. Soc. 2008, 130, 13152–13161. 

(26)  Kuzuya, T.; Tai, Y.; Yamamuro, S.; Sumiyama, K. Synthesis of Copper and Zinc Sulfide 
Nanocrystals via Thermolysis of the Polymetallic Thiolate Cage. Sci. Technol. Adv. Mater. 2005, 6, 
84–90. 

(27)  van Oversteeg, C. H. M.; Oropeza, F. E.; Hofmann, J. P.; Hensen, E. J. M.; de Jongh, P. E.; de 
Mello Donega, C. Water-Dispersible Copper Sulfide Nanocrystals via Ligand Exchange of 1-
Dodecanethiol. Chem. Mater. 2018, 31, 541-552. 

 
 
 

 
  



The preparation of silica supported Cu2-xS nanoparticles 

95 
 

 



 
 

  



 

Chapter 5 
 

Challenges and guidelines in 
heterogeneous, liquid-phase 

photocatalysis 
 
  



Chapter 5 

98 
 

Abstract The original aim of this research was to study photocatalytic properties of Cu2-xS 
nanoparticles. However, along the way we found that the Cu2-xS nanoparticles showed only limited 
photocatalytic activity and that conducting photocatalytic experiments and interpreting results are 
not always straightforward due to the many variables influencing the reactions. In addition, results 
reported in literature were not always reproducible. In this chapter, we review various aspects of 
photocatalysis, including experimental techniques, data analysis, different variables influencing the 
reactions and the reporting of experimental results. The chapter provides practical guidelines on 
how to reliably conduct, interpret and report photocatalytic experiments, and is based on our own 
experience, as well as examples from literature. 
 

5.1 Introduction   
 
Over the last decades, photocatalysis has attracted increasing interest for its use in 
environmental remediation (e.g., photocatalytic degradation of organic pollutants)1,2 and 
the generation of solar fuels (e.g., hydrogen evolution and CO2 reduction).3,4  The field 
attracts researchers from several disciplines, most notably physics, materials science and 
catalysis. Figure 5.1 illustrates the growing importance by showing the increase in the 
number of publications on photocatalysis from 1992 to 2019 (Scopus database, February 
2020).5 Model reactions are often used to probe the catalytic activity of novel materials. 
However, these reactions have complex mechanisms and are influenced by a variety of 
different parameters, which are often not taken into account when designing 
experiments and/or interpreting the results. It is a challenge to report all essential details 
of the experimental conditions, reference experiments and catalytic performance while 
including a clear discussion of the underlying mechanisms.   
 
A few reviews and short communications address some common pitfalls and difficulties 
in photocatalytic experiments. For example, in 2006 Yan et al., critically assessed the use 
of methylene blue as a reactant for photocatalytic activity tests and concluded that 
photosensitive dyes are less suitable probes for these tests.6 Several other researchers are 
also concerned with the use of dye degradation reactions as a method to assess 
photocatalytic activity.7,8 Nevertheless, dye degradation experiments remain a means of 
assessing the photocatalytic activity of a novel material (Figure 5.1). Guidelines for 
photocatalytic experiments, data interpretation and the reporting of results are offered in 
a few publications.9–18 However, many  publications still lack essential details in the 
description of experimental conditions as well as control experiments, making it difficult 
to evaluate their value. In our own lab we have also found that performing and 
reproducing photocatalytic experiments is not always straightforward.  
 
In this chapter, we provide an overview of the most important challenges in 
photocatalysis. We provide general guidelines for experimental techniques, data analysis 
and reporting of catalytic performance and include representative examples from our 
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own work, as well as some examples from literature. We hope that the practical 
guidelines are useful for researchers with backgrounds in physics, optics and materials 
science entering the field of catalysis, as well as for catalysis experts wanting to extend 
their work to photocatalysis.   
 

5.2 Overview of common reactions, materials and experimental 

techniques 
  
The term photocatalysis is used for reactions in which charge carriers are generated by 
the absorption of photons by a semiconductor material. These charge carriers can be 
used to drive chemical reactions at the surface of a photocatalyst. In general, two types 
of photocatalysis can be distinguished.16,19 Firstly, similar to ‘classical’ catalysis, a 
photocatalyst can reduce the activation energy of a chemical reaction and thereby 
accelerate a reaction that occurs spontaneously (ΔG < 0). An example of this is the 
oxidative degradation of dye molecules. Dye degradation studies are often used to assess 
the performance of novel photocatalyst materials, typically motivated by the fact that 
dye degradation is a model reaction for the decomposition of organic pollutants in waste 
water. Frequently studied dyes in these types of reactions are methylene blue, methyl 
orange, malachite green and rhodamine B. These dyes are chosen due to their light 
absorption in the visible region, which makes it simple to follow their degradation using 
UV-Vis absorption spectroscopy.  
 
In addition, the term photocatalysis is used for reactions that are thermodynamically 
uphill (ΔG > 0), but can proceed with light in the presence of a photocatalyst. This 
includes hydrogen evolution from water or protons and CO2 reduction. The interest in 

Figure 5.1 Evolution of the publications on photocatalysis from 1990 to 2019 and the share of papers
on dye degradation, hydrogen evolution and CO2 reduction within these numbers.5  
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hydrogen evolution is motivated by the need for solar fuels as an alternative for fossil 
fuels. However, the hydrogen evolution reaction is often studied in the presence of a 
sacrificial agent. This is not representative of true water splitting, for which oxygen 
evolution is typically the limiting reaction. Relating these studies to overall water 
splitting must be done with care, as the strong oxidants can have a large influence on the 
reaction, as will be discussed in more detail in section 5.3.5. In addition, large scale 
industrial implementation of hydrogen evolution using sacrificial agents that are 
valuable chemicals, e.g., methanol, is not meaningful.20 Similar to photocatalytic 
hydrogen evolution from water, photocatalytic CO2 reduction, combined with proton or 
water reduction, allows for the production of a variety of chemicals and fuels in a 
sustainable way only if coupled to a meaningful oxidation counter reaction.21,22   
 
Although a detailed discussion of materials studied in photocatalysis is outside the scope 
of this chapter, a brief overview of the most studied materials is given below. Figure 5.2 
gives an overview of the band edge positions and bandgaps of some commonly used 
semiconductors.23–29 One of the most investigated photocatalysts is TiO2 due to its natural 
abundance, stability in aqueous solutions and capacity to both reduce and oxidize 
species.2,30  However, the relatively large bandgap of TiO2 (3.2 eV) prevents the efficient 
use of visible light, and thus of sunlight.  Other metal oxides, such as ZnO, Fe3O4, Cu2O 
and especially bismuth-based metal oxides, such as BiVO4, have also been extensively 
investigated.20,31  Photocatalysts based on perovskites, such as SrTiO3, have shown good 
photocatalytic properties due to their excellent opto-electronic properties, good stability 
and tunable composition.32–34 Moreover, metal sulfides such as CdS and Cu2-xS attract 
interest as their relatively small bandgaps allows them to efficiently utilize sunlight.35,36 

Figure 5.2 Schematic representation of the valence- and conduction band edge positions and band gap 
energies of semiconductors commonly used in photocatalysis. The band edge positions are obtained 
from refs [24-29]. 
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The low stability of most metal sulfides and small-bandgap oxides due to photocorrosion 
is a downside. In laboratory studies, this low stability can  be prevented by the addition 
of sacrificial agents such as S2-.  
 
Several experimental techniques can be used to follow the reactions mentioned above. 
Traditionally, the amount of hydrogen formed was evaluated volumetrically. A more 
sophisticated manner to quantify the amount of gasses evolved is gas chromatography 
(GC). Difficulties using this technique lie mainly in the practical implementation. Leaks 
in the system, dilution of the gas stream and calibration of the system can sometimes be 
challenging.  
 
Upon CO2 reduction, liquid phase products such as formic acid and methanol can form 
besides the gaseous products. Hence, it is important to analyze the liquid phase by e.g., 
high-performance liquid chromatography (HPLC) or nuclear magnetic resonance 
(NMR) spectroscopy. As the products formed are usually present in low concentrations, 
it is helpful to minimize the volume of the liquid phase and in that way concentrate the 
formed products. In other photocatalytic reactions where the product of interest is not in 
the liquid phase, it is also useful to analyze the liquid phase. This gives for example 
information on any oxidation products of sacrificial agents or reaction intermediates in 
the case of dye degradation.  
 
When studying dye degradation, the intensity of the light absorption at a fixed 
wavelength, followed by UV-Vis spectroscopy, is often taken as a quantitative  measure 
of the dye concentration. This is experimentally straightforward as it is non-destructive, 
inexpensive and fast.  However, although UV-Vis absorption spectroscopy is a powerful 
technique to follow the spectral changes of a reaction mixture, it does not give a complete 
picture of the dye degradation process. Decolorization of the reaction mixture can occur 
via different pathways, as will be discussed in more detail in section 5.3. Hence, 
additional analysis is needed to understand and quantify the photocatalytic performance. 
Furthermore, dye degradation experiments are generally motivated by the need to treat 
waste water and thus the efficiency of complete mineralization to non-toxic products like 
CO2, H2O and N2 is of interest. Consequently, additional experimental techniques are 
required to elucidate the reaction mechanisms, intermediate species and resulting 
products. Liquid chromatography - mass spectrometry (LC-MS) and GC-MS are 
powerful techniques to analyze also the colorless intermediates and reaction products. 
In addition, total organic carbon (TOC) analysis over time should be used to investigate 
the mineralization of the photocatalytic dye degradation. 37,38  
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5.3. Is the change in concentration of reactants and products really due 

to photocatalysis?  
 
When performing photocatalytic experiments, data can sometimes be misleading as side 
reactions and processes can also occur and lead to changes in the concentration of the 
products or reactants. Therefore, it is important to have a thorough understanding of the 
photocatalytic process, and of possible side reactions and other parameters influencing 
the concentration.    
 

5.3.1 Adsorption of reactants onto the catalyst 
An important process occurring in a solution containing a solid catalyst and reactants is 
adsorption/desorption of the reactants on the catalyst surface. Adsorption brings the 
reactant in close proximity to the photocatalyst. In addition, adsorption of reactants 
leads to a decrease in reactant concentration in solution, which can be misinterpreted as 
degradation or conversion of reactants. This is especially apparent in dye degradation 
experiments. Before analyzing the outcome of a dye degradation experiment with UV-
Vis spectroscopy, solid catalyst particles are often separated from the solution to prevent 
the light absorption of the catalyst itself interfering with the absorbance of the dye. This 
however means that all dye molecules adsorbed on the catalyst are also removed from 
solution, leading to a decrease in dye concentration that is not caused by catalysis.   
 
The concept of adsorption is even more important when working with photocatalysts on  
support materials, such as silica or zeolites. Even though the support might be inactive 
as a photocatalyst,  it can act as an adsorbent for the reactants, causing a strong decrease 
in the amount of ‘free’ reactants in solution. Additionally, the adsorption of a large 
amount of reactant on the catalyst support, e.g., zeolites and various silica supports, can 
efficiently concentrate a large amount of reactant close to the photocatalyst, improving 
the photocatalytic conversion.39–42 Although in many experiments the amount of dye 
adsorbed is quantified before starting the photocatalytic reaction, the amount of 
reactants adsorbed can change during reaction, as is discussed below. 
 
The adsorption of reactant molecules is often due to electrostatic interaction and 
consequently depends on the surface properties of the photocatalyst (e.g., charge, 
presence of capping ligands) and the charge of the reactant.43 In turn, the charge of the 
catalyst surface and reactant depends on the pH of the solution. For example, working 
at a pH above the pKa of the reactant molecule results in a negatively charged species 
that will be attracted to a positively charged photocatalyst surface, but repelled from a 
negatively charged catalyst surface. As pH changes usually occur upon reaction, it is 
very important to monitor the pH of the reaction solution and if necessary, use a buffer 
solution to control the pH. If adsorption of the reactant on the catalyst and/or catalyst 
support is significant, it is suggested to perform adsorption studies at different pH values 
to get a better understanding of the charge of both the reactants and the photocatalyst 
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and catalyst support. In addition, adsorption studies can provide valuable information 
on the surface coverage of photocatalyst by the reactant, and on how this influences the 
efficiency of the photocatalyst. 
 
Figure 5.3 shows an example of such an adsorption study, where the amount of 
rhodamine B adsorbed onto a silica support material is plotted versus pH. At low pH the 
dye molecules adsorb on the silica support as there in no repulsion between the neutral 
silica support and the positively or negatively charged dye molecules. Increasing the pH 
above the point of zero charge of the silica (pH 2-4) and the pKa of the dye molecule 
(3.7), will result in both species being negatively charged.44 Consequently, with 
increasing pH, the negatively charged reactant and the negatively charged support 
surface repel each other and hence the adsorption decreases.  
 

5.3.2 Interpretation of  UV-Vis absorption spectra 
When using absorption spectroscopy for the analysis of photocatalysis, several factors 
influence the absorption spectra of the reactants and/or products. This complicates the 
accurate determination of concentration, especially when monitoring a single 
wavelength. If the photocatalyst and dye absorb light in the same spectral region, overlap 
between the absorption of both species makes it difficult to obtain reliable kinetic data 
from the absorption spectra. This can be overcome by separating the solid catalyst from 
the solution by filtration or centrifugation. However, as discussed above, dye molecules 
are usually adsorbed on to the photocatalyst, which can lead to an overestimation of the 
amount of dye degraded. In addition, the adsorption of a dye on a catalyst or support 
can also change its optical absorption spectrum compared to ‘free’ dye molecules in 

Figure 5.3 Influence of pH on the adsorption of rhodamine B on a silica support material (10 mg of silica
support in 20 mL of 10 mg/L rhodamine B aqueous solution). 
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solution. For example, the absorption maxima of dyes adsorbed on TiO2 have been 
found to shift to shorter wavelengths compared to those in solution and different 
hypotheses were formulated for the origin of this blue-shift, such as aggregation effects 
or deprotonation of functional groups.45–47  
 
Furthermore, both the position and the intensity of an absorption band can be affected 
by pH, which usually changes during photocatalyzed reaction.44,48–51 A clear example 
here is 4-nitrophenol, a reactant frequently used to study photocatalysis.52,53 Figure 5.4 
shows the absorption spectra of 4-nitrophenol in aqueous solutions above and below its 
pKa of 7.15.48,49,51 At a pH below the pKa value, the molecule is protonated and has an 
intense absorption band at 316 nm. With increasing pH, the molecule is deprotonated 
and hence the intensity of the absorption band at 316 nm diminishes, while an absorption 
band at 398 nm appears, originating from the deprotonated form of 4-nitrophenol.  

 
Another challenge when using UV-Vis spectroscopy to follow the degradation of dye 
molecules is the optical absorption of reaction intermediates, especially if the absorption 
of these intermediates overlaps with the absorption of the dye. An example here is the 
N-deethylation of rhodamine B, a reaction often used in photocatalytic dye degradation. 
Upon N-deethylation of rhodamine B, several intermediates can be formed that absorb 
at slightly shorter wavelengths than rhodamine B.54,55 The absorption feature of the 
rhodamine B overlaps with that of the intermediate species and hence monitoring the 
absorption maximum of rhodamine B can be misleading. Due to the overlap between 
the absorption features of the intermediates and the different extinction coefficients of 
these intermediates and the dye molecule, it is challenging to determine the 
concentration of the dye in a reliable manner and hence to obtain reliable kinetic data. 
 

Figure 5.4 Absorption spectra of 4-nitrophenol in solutions with a pH below (black) and above (red) the
pKa (7.15) of 4-nitrophenol (0.005 M 4-nitrophenol in milliQ water (pH<pKa, black line) and in a 0.1 M 
solution of NaBH4 (pH>pKa, red line).  
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5.3.3 The importance of reference experiments in the dark  
The absorption of light leads to photogenerated or excited charge carriers that can 
subsequently drive redox reactions. However, some processes occur also in the absence 
of light, such as the establishment of an adsorption/desorption equilibrium of the 
reactant on the photocatalyst surface, heterogeneous catalysis or spontaneous 
degradation of the reactant. Hence it is vital to investigate the reaction mixture in the 
dark for a prolonged period of time prior to starting irradiation.  
 
An interesting example of possible effects in the dark is based on our work on colloidal 
CuS photocatalysts. Figure 5.5 shows the absorption spectra over time of a rhodamine 
B solution in the dark and in the presence of S2- capped CuS nanoplatelets. The 
absorption peak of rhodamine B decreases in intensity and shifts to shorter wavelengths 
over time. This indicates that, even without light, degradation and deethylation of 
rhodamine B takes place. Control experiments on the influence of Na2S, formamide and 
Cu2+ on rhodamine B show that this is caused by the CuS interacting with the rhodamine 
B rather than any other species that might be present in solution. Although the significant 
degradation of rhodamine B by CuS nanoparticles in dark in itself is an interesting 
subject for further study, it shows that this reaction is less suitable to assess the 
photocatalytic activity of this material. 56,57  

 
 
 

Figure 5.5 Absorption spectra of rhodamine B taken after different periods of time in dark in the
presence of S2--capped CuS nanoplatelets. The absorption feature of rhodamine B clearly shifts over 
time, indicating that N-deethylation of rhodamine B by CuS nanoplatelets occurs even without
illumination (40 mL 5 mg/L Rhodamine B with 0.13 mmol CuS nanoplatelets in the dark) . 
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5.3.4 Potential side effects of illumination  
Control experiments under illumination, but in the absence of the catalyst should also 
always be performed to investigate the stability of reactants upon light irradiation and 
the reactivity of additives such as sacrificial agents (section 5.3.5). However, they are 
rarely reported in literature. When testing the stability of some commonly used dyes 
upon light irradiation, we found that both methylene blue and malachite green slowly 
decompose upon light irradiation also in the absence of a photocatalyst (Figure 5.6). 
Even though the degradation of the dye can be more prominent in the presence of a 
photocatalyst, great care has to be taken when using these dyes as model compounds, as 
this photochemical degradation will influence the kinetics of the photocatalytic 
degradation. In contrast, rhodamine B is stable upon light irradiation under these 
conditions and is thus more suitable for photocatalytic activity tests.           
 

In photocatalysis charge carriers are generated by the absorption of light and hence the 
reaction rate depends on the light intensity. A few studies reported the influence of light 
intensity on the reaction rate and show that generally two regimes exist.58–62 At low light 
intensities, the reaction rate increases linearly with increasing light intensity. With 
increasing light intensities recombination of electrons and holes becomes more apparent, 
resulting typically in a dependence of the reaction rate on the square root of the intensity. 
At high light intensities, diffusion limitations might also play a role. Studying the 
dependence of the reaction rate on the light intensity can thus help to elucidate if a 
process is truly photocatalytic. 
 
Another important factor that can influence photocatalytic reactions is temperature. 
During the experiment samples are irradiated with light, which might also comprise an 
IR component, and consequently the reaction mixture can heat up. For example, in our 

Figure 5.6 Concentration of three commonly used dyes as a function of time upon light irradiation in
the absence of a photocatalyst. (20 mL 5 mg/L dye solution, constant T=30 °C,  irradiated with 75 W Xe 
lamp, λ = 315-710 nm, light intensity at reactor 100 mW · cm-2). 
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studies, we found that upon irradiating a silica supported CuS photocatalyst in a glass 
reactor with 30 mL rhodamine B solution with a 150 W Xenon lamp without any 
filters,63 the temperature of the solution increased up to 72 °C within 60 minutes. When 
performing a control experiment containing the silica supported CuS in a rhodamine B 
solution under dark conditions at a high temperature of 72 °C,64 it was found that 
absorption feature of rhodamine B decreased and shifted towards shorter wavelengths 
as well, indicating N-deethylation in the dark at elevated temperatures. This control 
experiment demonstrates the importance of temperature control, for example by using a 
water-cooled reactor and IR filter.  
 
Besides photocatalysis, the degradation of dyes can proceed via self-sensitization, as first 
described by Watanabe in 1977 for the N-deethylation of rhodamine B adsorbed onto 
cadmium sulfide.54 In this process the dye molecules themselves are optically excited and 
transfer their photoexcited electrons to the conduction band of the photocatalyst (Figure 
5.8). These electrons can than react with adsorbed species, such as O2, to form radicals 
that can further degrade the destabilized dye cation radical. When irradiating the sample 
with light with an energy that can be absorbed by both the photocatalyst and the dye, it 
is not possible to determine if the dye is degraded via self-sensitization or via 
photocatalysis. This problem can be circumvented by using such a combination of dye 
and photocatalyst, that a wavelength can be selected at which only the photocatalyst is 
excited.  
 

 

 

Figure 5.7 Absorption spectra of a rhodamine B solution over time for a control experiment in which a
rhodamine B solution containing silica supported CuS nanocrystals is kept in dark at a) 72 °C and b)
20 °C. The clear decrease and shift of the rhodamine B absorption feature for the reaction mixture at
72 °C shows the temperature has a large influence on the degradation of the dye and hence the
importance of temperature control during photocatalytic experiments. (Reaction conditions: 30 mL 10 
mg/L rhodamine B solution with 20 mg of silica supported CuS (15 wt% Cu)). 
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5.3.5 The influence of additives and impurities   
It is crucial to understand the role of impurities, additives and solvents in the reaction, 
especially if the reaction rates are relatively low. For example, in CO2 reduction, other 
carbon-containing molecules present in solution can be involved in the reaction as they 
will react more readily than CO2 molecules.65,66 Mul. et al., used isotopic labeling 
experiments with a 13CO2 gas feed to show that carbon residues on the catalyst surface 
could explain most of the reaction products reported in literature.67 Similarly, impurities 
in e.g., the gas feed or originating from the catalyst preparation can contribute to the 
formation of products. Besides isotopic labeling,  reference experiments in the absence 
of the reactant are also crucial. In addition, keeping track of byproducts formed during 
the reaction can provide information on the catalytic cycle. For example, during water 
splitting, H2 and O2 should be formed in a two to one ratio. If a different ratio is observed, 
this means that other chemicals, e.g., sacrificial agents or impurities, are involved in the 
reaction or that a subsequent reaction with one of the products occurs.  
 
The role of additives should be investigated in the absence and the presence of light. In 
many reports on photocatalytic dye degradation H2O2 is added.68–73 However, in the 
presence of H2O2, which is a strong oxidant, dyes can be degraded without 
photoexcitation. Several studies show the degradation of methylene blue and/or 
rhodamine B in the presence of a CuS catalyst and H2O2, but in the dark.68–73 The reaction 
rate of the dye degradation in the presence of CuS and H2O2 is in many cases similar 
when comparing light and dark conditions, due to the formation of reactive hydroxyl 
radicals from H2O2, which can oxidize the dye molecules.68,69,71,72  Hence, the use of H2O2 
when studying the photocatalytic activity of materials is discouraged.  
 

Figure 5.8 Schematic representation of the mechanism to degrade organic dyes upon light illumination
via self-sensitization. In this process, the dye is excited upon photo illumination (1). The
photogenerated electron can be transferred to the conduction band of the photocatalyst (2). 
Subsequently, the electron can react with adsorbed species, such as O2 to form radicals (3) which can 
further degrade the destabilized dye cation radical (4).   
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Sacrificial agents are often added in a photocatalytic reaction in order to selectively study 
either the oxidation or reduction reaction by overcoming the kinetic limitations of the 
other half reaction. Although the sacrificial agent often influences both half reactions, 
this is rarely discussed. When taking hydrogen evolution from water as an example, 
alcohols such as methanol or inorganic ions such as sulfides are typically used as 
sacrificial hole scavengers to circumvent the challenging water oxidation step and 
prevent photocorrosion of the photocatalyst by the photogenerated holes. However, the 
oxidation of alcohols such as methanol can lead to the formation of hydrogen and C1 
products, and intermediates that can inject extra electrons into the valence band of the 
semiconductor.74,75 Similarly, when using Na2S/Na2SO3 as sacrificial agent, hydrogen 
can be produced via protonation of S2- and subsequent oxidation of SH- by the 
photogenerated holes.11 The oxidation of these sacrificial agents can thus contribute to 
the overall yield of hydrogen, leading to an overestimation of the photocatalytic activity. 
An example of this is shown in Figure 5.9, where an aqueous solution of 0.25 M 
Na2S/Na2SO3 clearly  produced hydrogen upon illumination with a 150 W Xenon lamp. 
A detailed analysis of the role of the sacrificial agent in both dark and light conditions is 
thus of great importance.  

 

5.4. How to facilitate benchmarking results   
 
When reporting the catalytic activity of new materials it is of great interest to compare 
these results to literature. However, this remains difficult as there is no standard manner 
to report quantitative results in photocatalysis. In this section we will highlight important 
factors to report the outcomes of photocatalytic experiments, also based on standard 
practice in ‘classical’ thermal catalysis.  

Figure 5.9 Formation of hydrogen upon illumination of an aqueous 0.25 M Na2S/Na2SO3 solution 
irradiated with a 150 W Xenon lamp without the use of any filters and lenses. The evolved gas was
transported by argon carrier gas (1 mL/min) and analyzed using a Shimadzu GC-2014, equipped with a 
thermal conductivity detector. 
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5.4.1 Influence of the catalyst concentration 
Whereas in ‘classical’ catalysis the reaction rate is typically proportional to the exposed 
active surface area, and hence the amount of catalyst, the reaction rate of a 
photocatalytic process can also be limited by the light intensity. This is illustrated in 
Figure 5.10, which compares the dependence of the conversion on the catalyst 
concentration for ‘classical’ catalysis and photocatalysis. In ‘classical’ catalysis, the 
conversion increases linearly with the catalyst concentration. This is not the case for a 
photocatalytic reaction, where the dependence of the conversion on the catalyst 
concentration can be split into two regimes. At low catalyst concentrations, in which 
only a small fraction of the incoming light is absorbed, the conversion increases with 
increasing catalyst concentration. However, at high catalyst concentrations a conversion 
plateau is reached, as the conversion is limited by the intensity of the incoming  
light.12,76,77  
 
In thermal catalysis the turn-over-frequency (TOF), the number of molecules converted 
per active catalyst surface site, is the standard measure for catalytic activity, although also 
activities per time unit per gram of catalyst are quite common.17,78–80 However, for  
photocatalytic activity, the reaction rate per amount of catalyst or number of active sites 
is meaningless if the illumination conditions are not known in detail. A more logical 
measure is the quantum efficiency or quantum yield of the system, as is discussed in 
more detail in the next section. However, it should be clear in which region of the 
dependence on the catalyst concentration this number is reported and hence, the catalyst 
concentration should be mentioned. In addition, as catalytic reactions proceed only at 
the surface of the catalyst, the total surface area of the photocatalyst is also an important 
parameter to report.  

 5.4.2 Reporting efficiencies in photocatalysis 
The terminology used to describe photocatalytic efficiency is often confusing, originating 
from different fields of study using different words for the same concept. Table 5.1 

Figure 5.10 Schematic representation of the dependence of the reaction rate on the catalyst
concentration for a ‘classical’ catalytic reaction (red) and of a photocatalytic reaction (black).  
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summarizes the most important efficiency terms in photocatalysis. It is not very 
meaningful to stress only reaction rates per weight of catalyst. Therefore, the preferred 
way to report data is by quoting the quantum efficiencies or yields of the system. 9,10,76,77 
The term quantum yield is reserved for irradiation with a monochromatic light source, 
whereas the term quantum efficiency is used for irradiation with a broadband light 
source.12,76 Most meaningful is the internal quantum efficiency, which is defined as the 
amount of absorbed photons that are converted into reacting electron-hole pairs.  
 
However, the measurement of the amount of absorbed photons is not always 
straightforward in heterogeneous reaction systems due to scattering and reflection of 
light by suspended particles.77 The amount of incoming light is easier to determine. 
Hence, often the external quantum efficiency or photonic efficiency is reported, that is  
the fraction of incoming photons converted into electron-hole pairs that are used in the 
photocatalytic reaction. The external quantum efficiency gives a lower limit of the real 
internal quantum efficiency. Since the amount of absorbed photons depends on many 
factors (e.g., the reactor used, energy of the photons), comparing external quantum 
efficiencies is not always meaningful, especially when comparing results between 
different experimental conditions. 
 
Ultimately, when considering real applications in water treatment and solar fuel 
production, the energy efficiency and cost-effectiveness of the process are of importance. 
Especially in the field of solar fuels, where solar energy is converted into chemical 
energy, the energy efficiency of this conversion should be reported. The energy efficiency 
can be described by the energy input divided by the chemical energy stored in the 
product. Here, the energy input includes solar energy, but also all other energy used in 
the process, such as the feedstock energy and any operational energy, like energy to drive 
pumps and stirrers.    
 
 Table 5.1 Overview of various efficiency terms and their definitions used in the field of photocatalysis 

Internal quantum 
efficiency  

number of reacted electrons or holes

number of absorbed photons (broadband light)
 x 100 

Internal quantum yield number of reacted electrons or holes

number of absorbed photons (monochromatic light)
 x 100 

External or apparent 
quantum efficiency  
(= photonic efficiency) 

number of reacted electrons or holes

number of incident photons (broadband light)
 x 100 

External or apparent 
quantum yield 

number of reacted electrons or holes

number of incident photons (monochromatic light)
 x 100 

Energy efficiency energy input

energy output of the products of interest
 x 100 
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5.4.3 Importance of elucidating the reaction mechanism  
For more complicated reactions than hydrogen evolution, the determination of the 
internal and external quantum efficiencies is further complicated by the need for a 
detailed understanding of the reaction mechanism, as it determines the number of 
electron-hole pairs required for the reaction. This can be challenging in for example dye 
degradation experiments, where many different degradation pathways are possible. 
Using the degradation of rhodamine B as an example, the dye can be degraded via 
various pathways, such as N-deethylation, cleavage of the conjugated structure or ring 
opening. These degradation pathways can in turn be initiated by charge carriers from 
different origins: self-sensitization (as discussed in section 5.3.4),  direct oxidation by the 
photogenerated hole or via an indirect oxidation by OH·.54,81–84 These different 
mechanisms all use a different number of electron-hole pairs to degrade the rhodamine B 
molecule and will thus give different quantum efficiencies.  
 

5.4.4 Experimental set-up and reproducibility  
As each lab has its own set-up for photocatalytic testing, it is important to report all 
experimental conditions, such as reactor volume, catalyst, reactant and sacrificial agent 
concentrations, pH and temperature.  In addition, we recommend to monitor and report 
variable reaction parameters such as pH and temperature before and after reaction. 
Furthermore, elaborate information on the excitation conditions should be reported, 
such as power and wavelengths of the light used (monochromatic or broadband), optical 
irradiance at the sample (mW cm-2),  reflection by the cell, amount of light absorbed in 
reactor and the use of filters and lenses.13 It is helpful to include experimental 
information like schemes or photographs of the set-up and the spectrum of the light 
source in the supporting information. In addition, the comparison of results between 
different research groups could be facilitated by including a reference measurement on a 
commercial catalyst (e.g., Degussa P-25 TiO2 as photocatalyst), preferably after a 
standard pretreatment as is also routinely done in thermal catalysis.14 This will show the 
performance of a known material in a specific experimental set-up and hence allows for 
easier comparison.  
 
Although thorough characterization of catalyst not only before reaction but also after 
use is a standard procedure in thermal catalysis, the characterization of the catalyst 
during or after reaction is rarely reported in photocatalysis. While in situ characterization 
techniques are often not easily accessed, characterization of the catalyst after reaction 
gives important information on the stability of the catalyst under reaction conditions. 
For example, transmission electron microscopy (TEM) and x-ray diffraction (XRD) 
techniques can give information on particle growth or a phase changes of the catalyst, 
and give a first indication of catalyst loss for instance by leaching. Performing elemental 
analysis, such as inductively coupled plasma optical emission spectroscopy (ICP-OES) 
or atomic absorption spectrometry (AAS), on the solution after catalysis can quantify 
dissolution of the catalyst under reaction conditions. If species do leach into solution, it 
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is important to investigate their influence on the catalytic reaction. This can be done by 
separating the solid photocatalyst from the solution and continuing the reaction with 
only the solution under the same conditions. If the leached species in solution are not 
contributing to the photocatalytic reaction, there should be no further conversion.  
 
Recycling the catalyst by performing the same reaction several times, analogous to the 
“hot filtration test” in thermal catalysis, can give information on the stability and 
robustness of the material. As handling and/or storage between two subsequent reaction 
cycles can influence the material (e.g., by oxidation), it is important to report the 
conditions that the material was exposed to in between subsequent reaction cycles. In 
addition, such recyclability tests should be performed at low conversions, to ensure the 
conversion is not limited by the availability of the  substrate.17 This can be realized by 
using low catalyst concentrations or high reactant concentrations.  
 
As in every experiment, checking the reproducibility is vital, even more so because often 
small quantities of product are formed and reactions are often run only for a short time. 
Experiments can be influenced by several factors, from the material preparation to 
measurement techniques and it is valuable to know what the standard deviation between 
experiments is. Hence, it is important to perform experiments multiple times, and at least 
for some hours. 
 

5.5. Summary and compact series of experimental guidelines 
 
The field of photocatalysis is an exciting, upcoming field with potential applications in 
environmental remediation and the production of solar fuels. However, the model 
reactions used to probe the photocatalytic performance of new materials often have 
complex mechanisms and are influenced by a variety of different parameters. To 
facilitate the execution, interpretation and reporting of photocatalytic experiments, we 
briefly summarize the above in the form of some practical guidelines:  
 
The following reference experiments should always be performed: 

• Experiments with catalyst in the dark, to study the effect of 
adsorption/desorption of reactants, possible side reactions in the dark by 
heterogeneous catalysis or spontaneous degradation of reactants and the effect 
of additives such as H2O2.  

• Experiments without catalyst under light illumination, to study the stability 
of the reactants under light illumination and possible side reactions of for 
example the sacrificial agents. 

• Adsorption experiments with varying pH and reactant concentration, since 
the adsorption/desorption can largely influence the catalytic performance by 
concentrating reactants close to the active sites. 
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• Experiments with different catalyst concentrations, to find the dependence of 
the conversion on catalyst concentration and the regime at which the conversion 
is independent of the catalyst concentration. 

• Experiments with different light intensities, to show the reaction rate is 
proportional to the amount of light absorbed at sufficiently high catalyst 
concentrations. 

• When using UV-Vis absorption spectroscopy to quantify reactants and 
products, great care should be taken in the interpretation of data, as this can 
be complicated by the of intermediate species or the catalyst itself, as well as the 
dependence of the position and intensity of an absorption band on the reaction 
conditions (e.g., pH).   

 
When reporting results, the following factors are important to include: 

• All performed reference experiments  
• Extensive experimental details, such as experimental set-up, light intensity, 

wavelength(s) of the light, amount of light absorbed in reactor, filters and lenses 
used, changes of pH and temperature upon reaction. 

• Quantum efficiencies of the reaction, reported at the sufficiently high catalyst 
concentrations. 

• The stability of the catalyst, including characterization of the catalyst after 
reaction, analyzing the reactivity of any leached species in solution and 
recyclability tests.  

• An effort in understanding the underlying reaction mechanism, including 
identifying the rate-limiting step of the reaction. In addition, accompanying 
reactions of e.g., sacrificial agents must also be discussed. 

• Experiments to verify the origin of the reaction products, as other species (e.g., 
carbon-containing precursors or sacrificial agents) in the reaction mixture can 
often contribute to the formation of products. 

• Reproducibility of the results, as the photocatalytic process can be influenced 
by many factors (e.g., light scattering, reactor design, catalyst preparation). 
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Abstract The electrocatalytic reduction of CO2 to produce sustainable fuels and chemicals is 
attracting great attention. Cu-based catalysts can lead to the production of a range of different 
molecules, and interestingly the product selectivity strongly depends on the preparation history, 
although it is not fully understood why. In this chapter, we describe an extension of the sulfidation 
methods discussed in Chapter 4 to carbon supports to prepare supported Cu nanoparticle catalysts 
with similar morphologies, but prepared by in situ reduction of either supported CuS, Cu2S or CuO 
nanoparticles. For the first time the evolution of the Cu species was followed under CO2 and H+ 
reduction conditions using in situ x-ray absorption spectroscopy. Excellent electrochemical contact 
between the Cu-based nanoparticles, the carbon support and the carbon-paper substrate was 
observed, resulting in metallic Cu as the predominant phase under typical electrochemical CO2 
reduction conditions. Even covering less than 4% of the H2 producing carbon support with Cu-
sulfide derived nanoparticles allowed to steer the selectivity to a maximum of 21 % for the 
production of formate. Clear differences between the catalysts derived from CuS, Cu2S or CuO 
nanoparticles were observed, which was ascribed to the presence of residual sulfur in the catalysts. 

 

6.1 Introduction 
 
When using renewable electricity, the electrochemical reduction of carbon dioxide 
(CO2) provides a promising route to produce chemicals and fuels in a sustainable 
manner.1,2 The field of so-called “solar fuels” has triggered the interest of many 
researchers, focusing on the development and understanding of electrocatalysts that 
can promote electrochemical CO2 reduction efficiently and with high selectivity to the 
targeted product.  

The majority of electrocatalysts studied for the reduction of CO2 are based on transition 
metals.3,4 As already described by Hori et al.,, in 1985, the catalytic performance of a 
catalyst highly depends on the metal used.5 Metals such as gold,6,7 silver8,9 and zinc 
produce mainly CO, whereas metals such as platinum, nickel and iron reduce only small 
amounts of CO2, instead leading to H2 as the main product via the competing hydrogen 
evolution reaction.  

Copper electrodes are extensively studied and stand out because of their unique ability 
to produce hydrocarbons and oxygenates, which is ascribed to their intermediate binding 
strength for the CO intermediate.1,5,10 Interestingly, Cu can lead to a range of different 
H+ and CO2 reduction products, and much work is done in the field to obtain a better 
understanding of the catalytic activity of Cu and the selectivity of Cu electrodes. For 
example, the use of oxide-derived Cu electrodes promotes the production of CO and C2+ 
products at low overpotentials, even though the electrodes are operating at potentials 
where all oxide should be reduced to metallic copper.11,12 The exact explanation for the 
influence of the origin of the copper electrodes remains under debate: it might be 
attributed to the formation of specific surface structures of these oxide-derived 
electrodes1, although some oxygen remaining in the material might also be a factor.13  
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More recently, several experimental and theoretical studies have demonstrated that the 
addition of sulfur modifies the performance of Cu catalysts.14–19 Even though copper 
sulfide is unstable under CO2 and H+ reduction conditions, most studies show that some 
sulfur remains on the catalyst after reduction.14,15,17,18,20,21 Many of these studies observed 
an increased selectivity towards formate, that is often attributed to a change in the 
binding energy between the sulfur-containing catalyst and key intermediates in CO2 
reduction, such as *OCHO, *COOH and CO.19  Besides an increased production of 
formate, other studies indicate an increased production of CO and/or CH4 at low 
overpotentials when using sulfur derived Cu electrodes. 20,22 In addition, Zhuang et al.,, 
reported the production of ethanol, propanol and ethylene at intermediate overpotential 
(-0.95 V vs. RHE) using Cu2S-derived nanoparticles.21 

Inspired by these studies, in this chapter we investigated the catalytic performance and 
stability of copper sulfide (Cu2-xS) derived nanoparticles supported on carbon for 
electrochemical CO2 reduction. Cu2-xS can exists in a variety of different compositions 
and crystal structures, which have different chemical and physical properties and 
possibly also different catalytic performance.23 Therefore, two Cu2-xS catalysts with 
different starting compositions were studied, namely covellite (CuS) and chalcocite 
(Cu2S).  

The sulfidation method discussed in Chapter 4 was extended to carbon-supported CuO 
to prepare carbon-supported CuS (CuS@C) or Cu2S (Cu2S@C) nanoparticles. This 
resulted in a unique set of catalysts with very similar structural properties, that allowed 
us to investigate the influence of their chemical origin and of the presence of sulfur.  
 

6.2 Experimental Methods 

 6.2.1 Chemicals  
XGnP500® graphene nanoplatelets (GNP) were purchased from XG Sciences. 
Copper(II) nitrate hydrate ((CuNO3)2 ·3 H2O, 99%), HNO3 (70%), thioacetamide (TAA, 
≥99.0%), Nafion® 117 solution, isopropanol (99.5%) Potassium bicarbonate (KHCO3, 
≥99%) and 1-dodecanethiol (DDT, ≥98%) were purchased from Sigma Aldrich. 
NafionTM Membrane XL was obtained from Ion Power GmbH and carbon paper 
(TGP-H-060) was purchased from Toray. 
 
 6.2.2 Synthesis of carbon supported CuO nanoparticles  
Carbon supported CuO (CuO@C) nanoparticles were prepared via incipient wetness 
impregnation followed by drying and heat treatment.24–27 1 gram of graphite 
nanoplatelets (GNP500) was dried under vacuum at 120 °C for 2 hours and subsequently 
impregnated with an aqueous Cu(NO3)2 · 3 H2O solution in 0.1 M HNO3. The volume 
used for impregnation corresponded to the total pore volume of the support, as 
determined with N2-physisorption. A weight loading of 20 wt% Cu was used for all 
samples. After impregnation, the sample was left to dry overnight at room temperature 
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under vacuum. Then the sample was transferred into a tubular reactor and heat treated 
at 230 °C for 2 hours under a N2 flow (200 mL/min) to decompose the Cu(NO3)2 into 
CuO nanoparticles. 

 6.2.3 Liquid-phase sulfidation of carbon-supported CuO nanoparticles   
To obtain carbon supported CuS (CuS@C) nanoparticles, 400 mg of carbon supported 
CuO was dispersed into 40 mL demineralized water in a 100 mL roundbottom flask and 
heated to 120 °C. At a temperature of 90 °C, 10 mL of an aqueous thioacetamide 
solution was gradually added to the mixture, using a Cu:S molar ratio of 1:1.5. The 
mixture was left to reflux for 2 hours at 120 °C. After 2 hours, the mixture was left to 
cool down and subsequently washed with demineralized water and acetone using 
vacuum filtration. The samples were then dried under vacuum for 2 hours.   
 
To obtain carbon supported Cu2S (Cu2S@C) nanoparticles, 400 mg of carbon supported 
CuO was dispersed in 15 mL 1-dodecanethiol in a 100 mL roundbottom flask and 
subsequently heated to 200 °C. The mixture was left to react for 2 hours and then cooled 
down to room temperature. The sample was washed using toluene and acetone and 
subsequently dried under vacuum at room temperature.   

 6.2.4 Working electrode preparation  
The working electrodes were prepared by spraying the CuO@C, CuS@C and Cu2S@C 
on a carbon paper substrate (Toray TGP-H-060). Prior to deposition of the catalyst, the 
carbon paper substrate was washed in ethanol by sonication for 30 minutes and 
subsequently rinsed with milliQ (MQ) water. Then, a catalyst ink was prepared by 
mixing 11 mg of carbon supported catalyst, 1120 μL isopropanol, 4470 μL MQ water 
and 44.4 μL Nafion solution. The ink was sonicated for 30 minutes in an ultrasonic bath 
to ensure good dispersion of the catalyst powder. Subsequently the ink was sprayed onto 
a round carbon paper electrode with a surface area of 4.9 cm2 using an Iwata HP-BP HI 
Performace Plus airbrush. A catalyst loading of 0.2 mg/cm2 (with 20 wt% Cu) was 
intended for all electrodes. The electrodes were dried overnight before electrochemical 
testing.  
 
 6.2.5 Characterization of catalyst and electrodes 
The GNP500 support was characterized using N2-physisorption performed with a 
Micromeritics TriStar instrument at a temperature of -196 °C. Prior to the measurements 
the powder was dried at 300 °C under N2-flow for 16 hours. The pore diameter was 
determined using the Barrett-Joyner-Halenda (BJH) method and the pore volume was 
determined at p/p0=0.995.  

Transmission electron microscopy (TEM) analysis was performed using a Thermo 
Fisher Scientific (formerly FEI) Tecnai12 microscope operating at 120 kV. The powder 
samples were suspended in ethanol and sonicated for 10 minutes. The suspension was 
then drop casted on a carbon coated 200 mesh copper TEM grid. Preparation of the 
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TEM grids of the used catalyst was done by rubbing a TEM grid over the used electrode. 
Prior to this, the used electrodes were extensively rinsed with MQ water. TEM-EDX 
measurements were performed with a Thermo Fisher Scientific TalosF200X 
microscope, operating at 200 keV. For EDX measurements, gold TEM grids were used.  

The electrodes before and after reaction were analyzed using scanning electron 
microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) on a Thermo Fisher 
Scientific XL30SFEG instrument. 

X-ray diffraction (XRD) measurements were done on a Bruker D2 Phaser, equipped 
with a Co Kα X-ray source with a wavelength of 1.79026 Å. The crystallite size of the 
copper sulfide nanoparticles was determined from the diffraction peak broadening using 
the Scherrer equation.28 

 6.2.6 Electrochemical measurements 
A custom built, H-type electrochemical cell with two compartments separated by a 
Nafion membrane was used for all electrochemical measurements (Figure 6.1). Each 
compartment of the electrochemical cell was filled with 11 mL electrolyte (0.5 M 
KHCO3 or 0.5 M KHCO3 + 0.5 M KCl). The anolyte was purged with argon and the 
catholyte was purged with CO2 at 10 mL/min. All electrochemical measurements were 
performed on an Autolab PGSTAT204 Potentiostat, with a Pt disk as counter electrode 
and a Ag/AgCl 3M KCl reference electrode (Methrom). All potentials were converted 
to the reversible hydrogen electrode (RHE) potential using the equation:  

E (vs. RHE) = E (vs. Ag/AgCl) + 0.209 + 0.059 x pH 

The catalyst supported on the carbon paper electrode was placed on a glassy carbon 
electrode for extra support and held in place by O-rings, leaving an electrode area of 
3.8 cm2 in contact with the electrolyte solution. Prior to all measurements, either CO2 or 
argon was bubbled through the solution for 20 minutes.  

Figure 6.1 a) Photograph and b) schematic representation of the electrochemical cell used for CV and
selectivity measurements. 
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Cyclic voltammetry was performed in a 0.5 M KHCO3 electrolyte, a scanning rate of 
10 mV/s and a constant Ar or CO2 flow of 10 mL/min. The selectivity of the catalysts 
was determined using chronopotentiometry at different current densities for 5 hours 
(liquid products) or 1 hour (gaseous products). Gaseous products were analyzed by 
connecting the outlet of the cathode compartment to a Global Analysis Solutions 
Microcompact GC 4.0. The GC system was equipped with three channels: The first 
channel has a Rt-QBond (10 m*0.32 mm, Agilent) packed column and a FID detector 
for the detection of  CH4, C2H4 and C2H6, the second channel has Molecular Sieve 5A 
(10 m* 0.53 mm, Restek) packed column that separates small gaseous molecules such as 
CO, and CH4. This channel has a FID detector with a methanizer to increase the 
detection sensitivity of CO. The third channel has a Carboxen 1010 (8 m*0.32 mm, 
Agilent) packed column which separates H2 and CO2 with a TCD. High purity nitrogen 
(N2; 99.999%) was used as a carrier gas.  

Liquid phase products were analyzed by analysis of the catholyte using a Varian HPLC 
equipped with a refractive index detector (RID) and a Bio-Rad Aminex HPX-87H 
column at 65 °C. 1 mM H2SO4 was used as the eluent with a flow rate of 0.55 mL/min.  
The retention time of formic acid was 15 min and the total analysis time was 20 minutes.   

The Faradaic efficiency (FE) was calculated as:  

𝐹𝐸 % = 𝑛  ×  𝐹 × [𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑥] 𝑄 × 100% 

In which 𝑛   is the number of electrons needed to produce 𝑥 (product) from CO2 
molecules and 𝐹 is the Faradaic constant (96 485 s·A/mol).  

For gaseous products (𝑥 = H2, CO, CH4, C2H4, or C2H6), the moles of product were 
determined via: 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝐶 × 𝑞 × 𝑝𝑅𝑇    
in which 𝐶  is the volumetric concentration of product 𝑥 in ppm extracted from the GC 
calibration curve, 𝑞 is the gas flow rate, 𝑝 is the pressure, 𝑅 is the ideal gas constant 
(8.314 m3 ·Pa/K·mol), 𝑇 is the temperature, 𝑛  is the number of electrons needed to 
produce 𝑥 (product) from CO2 molecules and 𝐹 is the Faradaic constant 
(96485  s·A/mol).  

For liquid phase products (x = formate), the moles of product formed was determined 
via: 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝐶 × 𝑉1000 ×  𝑀    
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in which 𝐶  is the volumetric concentration of product 𝑥 in ppm extracted from the 
HPLC calibration curve, Vcatholyte is the volume of the catholyte (L) and Mw the molar 
weight of product x (g/mol).  

 6.2.7 XAS measurements 
X-ray absorption measurements were performed at the Dutch-Belgian beamline 
DUBBLE, 26A at the European Synchrotron Radiation Facility (ESRF) in Grenoble, 
France. Spectra were recorded at the Copper K-edge (8978.9 eV). Reference spectra of 
CuS@C, Cu2S@C and Cu foil were recorded in transmission mode. The Athena XAS 
data processing software was used for the analysis of data. 
 
For the in situ XAS measurements, an electrochemical cell made by TU Delft was used 
(Figure 6.2).29 All in situ experiments were performed in fluorescence mode, with an 
angle of 45° between the incoming x-rays and the sample. The time to acquire a spectrum 
was about 4.5 minutes and 2-5 scans were recorded at each potential. A CO2-saturated 
0.1 M KHCO3 electrolyte was flown through the cell with a flowrate of 2 mL/min using 
a peristaltic pump. The Cu2-xS@C electrodes were used as working electrode, a coiled 
platinum wire as counter electrode and a Ag/AgCl electrode as reference electrode. A 
BioLogic SP-240 potentiostat was used for all in situ XAS experiments.  

  

Figure 6.2 a) Photograph and b) schematic representation of the electrochemical cell used for
in situ XAS experiments. 
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6.3 Results and Discussion 

 6.3.1 Structural properties of the catalyst and electrodes 
Supported CuS and Cu2S catalysts were prepared via a two-step synthesis route, based 
on the methods described in Chapter 4. In this method carbon supported CuO 
nanoparticles (CuO@C) were converted into carbon supported CuS (CuS@C) or Cu2S 
(Cu2S@C) nanoparticles. This approach was chosen in order to investigate whether the 
nanoparticle size of the CuO@C sample could be maintained in the CuS@C and 
Cu2S@C samples. Figure 6.3 shows the x-ray diffractograms of CuO@C, CuS@C, 
Cu2S@C and of bare carbon as a reference. For all four samples, diffraction lines are 
observed at 30.6° and 64.1°, which can be ascribed to the crystalline graphite support, 
which clearly was not damaged by the treatments. The CuO@C sample shows 
additional diffraction lines at 41.5°, 45.3° and 57.0°, which can be indexed with the 
monoclinic structure of CuO (PDF-01-070-6831 (ICDD, 2019)30).  
 
Upon conversion to CuS@C using thioacetamide, the diffraction pattern shows clear 
diffraction lines at 34.1°, 37.1°, 38.3° and 56.3°, which is consistent with the hexagonal 
CuS covellite structure (PDF-00-006-0464 (ICDD, 2019)30). Upon conversion to 
Cu2S@C using 1-dodecanethiol, the reflections at 44.0°, 54.3° and 57.2° demonstrate the 
presence of hexagonal Cu2S chalcocite (PDF-00-053-0522 (ICDD, 2019)30). For both the 
CuS@C and Cu2S@C, no residual CuO reflections are observed, hence complete 

Figure 6.3 X-ray diffractograms of the bare GNP-500 carbon support (orange) and of the CuO@C 
(black), CuS@C (red) and Cu2S@C (blue) nanoparticles on this carbon support. All samples have a
loading of 20 wt% Cu. The symbols above the diffractograms represent reflections of CuO (black dot), 
CuS (red asterisk) and Cu2S (blue square), obtained from the PDF reference cards PDF-01-070-6831 
(ICDD, 2019), PDF-00-006-0464 (ICDD, 2019) and PDF-00-053-0522 (ICDD, 2019), respectively. [30]  
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conversion of CuO to either CuS or Cu2S was achieved. The relative broad peaks in the 
CuO@C, CuS@C and Cu2S@C samples prove the presence of nanocrystallites and the 
absence of macrocrystalline material. The Scherrer equation was used to determine the 
crystallite size of the particles, resulting in crystallite sizes of 13, 14 and 12 nm for the 
CuO@C, CuS@C and Cu2S@C samples, respectively.  

Figure 6.4 shows TEM images of the supported nanoparticles and the corresponding 
particle size histograms. Both the CuO@C and the Cu2S@C samples show spherical 
particles with a particle size of 9 ± 3 nm for CuO and 17 ± 1 nm for Cu2S. The supported 
CuS nanoparticles have a larger size of 25 ± 13 nm, with a few particles larger than 
30 nm and a platelet-like morphology. The CuO@C nanoparticles can thus be 
successfully converted to nanoparticles of either CuS@C or Cu2S@C. However, whereas 
for the silica supported  CuO nanoparticles described in Chapter 4 the particle size and 
shape was preserved upon sulfidation to CuS@SiO2, significant particle growth was 
observed upon sulfidation of the CuO@C to CuS@C.  

The working electrodes CuO@C, CuS@C or Cu2S@C were prepared by spraying an ink 
containing the catalyst powder onto carbon paper substrates. Figure 6.5 shows 
representative scanning electron microscopy (SEM) images of the bare carbon paper 
substrate and of the Cu2S@C nanoparticles and CuS@C nanoparticles sprayed onto the 
carbon paper substrate, illustrating the distribution over and adherence of the carbon 
supported nanoparticles to the carbon paper substrate.  

Figure 6.4 TEM images of a) CuO@C, b) CuS@C and c) Cu2S@C nanoparticles and corresponding 
particle size histograms, indicating an average particle size of 9 ± 3 nm, 25 ± 13 nm and 17 ± 1 nm, 
respectively. 
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 6.3.2 Electrochemical characterization of the catalyst under eCO2R reaction 
           conditions 
Figure 6.6 shows the cyclic voltammograms (CVs) of CuS@C and Cu2S@C in a 0.5 M 
KHCO3 electrolyte (pH=7.1) under argon flow, obtained with a scan rate of 10 mV/sec. 
For each sample, the first 5 cycles are shown. For CuS@C (Figure 6.6a), two reduction 
peaks are observed in the first cathodic scan with onsets at potentials around -0.0 V and 
-0.4 V vs. RHE. Figure 6.6b shows the Pourbaix diagram of an aqueous Cu-S system at 
25 °C with Cu and S concentrations of 1 M.31 The diagram shows that under these 
conditions, CuS is not thermodynamically stable at potentials more negative than -0.4 V 
vs. SHE (0.0 V vs. RHE) in aqueous solutions at pH 7, and can be reduced, via several 
copper rich Cu2-xS phases, to metallic Cu. Relating this to the reduction peaks observed 
in the voltammogram of CuS@C, the first reduction peak can be attributed to a reduction 
of the CuS nanoparticles to more copper-rich copper sulfide phases, such as 
djurleite(Cu1.94S) or chalcocite (Cu2S). The second reduction peak can then be attributed 
to the reduction of the remaining Cu2-xS phase to metallic Cu.  
 
The voltammogram of the Cu2S@C sample (Figure 6.6c) also shows a reduction peak 
with an onset around -0.4 V vs. RHE, which corresponds to a reduction of the Cu2-xS 
nanoparticles to metallic Cu. In addition, a reduction peak is observed here with an onset 
at a potential of -0.2 V. This reduction likely originates from a reduction of a more copper 
deficient Cu2-xS phase or some CuO, which was formed during the storage of the 
electrode in air prior to the measurements. Figure 6.6d shows the voltammogram of the 
CuO@C sample, showing two reduction peaks with onsets above 0 V vs. RHE and 
around -0.2 V vs. RHE in the first cathodic scan. These reduction peaks correspond to 
the ready reduction of CuO to Cu2O and subsequently to metallic Cu.32  

Figure 6.5 SEM images of the carbon paper substrate a) without any catalyst and with b)Cu2S@C or c) 
CuS@C deposited on the carbon fibers by spraying.  
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The CVs thus show that CuS@C and Cu2S@C are reduced to metallic Cu when scanning 
to potentials more negative than -0.4 V vs. RHE. However, no oxidation peaks are 
observed in the anodic cycles of the CVs (Figure 6.6a,c), indicating the reduced phases 
do not oxidize back to the original CuS or Cu2S phase in this potential range. During 
reduction, the sulfur will likely react with protons from solution to form SH-

(aq) and 
H2S(g).15 The gaseous H2S will escape from the cell, explaining the irreversibility of  the 
reduction of CuS and Cu2S.  

X-ray absorption spectroscopy (XAS) was employed to probe the copper phases under 
operando reaction conditions. In situ techniques are invaluable as the characterization of 
catalysts after reaction is challenging due to the limited amount of catalyst used in 
reactions. In addition, the catalyst is often highly susceptible to changes when a potential 
is no longer applied, and the catalyst is removed from the electrolyte solution (e.g., 
oxidation). XAS is a very suitable technique for in situ studies of electrocatalysts, as 
x-rays can easily penetrate through air and water due to their high energy.33–35 

Figure 6.6 Voltammograms of a) CuS@C in a Ar-saturated 0.5 M KHCO3 solution (pH=7.1). A scan rate 
of 10 mV/s was used for all measurements. The reduction of the Cu-based nanoparticles is clearly 
visible in the first cathodic scan. b) Pourbaix diagram of a Cu-S system in H2O at 25°C. The molarities of 
Cu and S are 1 mol/liter H2O. The diagram was constructed using the software HSC Chemistry.31

Voltammograms of c) Cu2S@C and d) CuO@C in a Ar-saturated 0.5 M KHCO3 solution (pH=7.1). A scan 
rate of 10 mV/s was used for all measurements. Again the reduction of the Cu-based nanoparticles is 
clearly visible in the first cathodic scan. 
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Figure 6.7 shows the ex situ XAS spectra of the CuS@C and Cu2S@C samples (dotted 
lines) and the in situ XAS spectra of these samples in the electrochemical cell, without 
applying a potential (solid lines). The conditions under which the samples were 
measured are different. The ex situ spectra were recorded using pellets of the as-
synthesized powder samples. In contrast, the in situ spectra shown in Figure 6.7a are of 
the CuS@C and Cu2S@C powders, deposited on the carbon paper substrate, in contact 
with a CO2 saturated 0.1 M KHCO3 electrolyte (pH=6.8), without applying a potential. 
However, for both CuS@C and Cu2S@C, the in situ spectrum shows the same features 
as the corresponding sample measured under ex situ conditions. This demonstrates that 
the CuS@C and Cu2S@C were stable upon deposition of the catalyst powder on the 
carbon paper substrate and subsequent contact with the CO2 saturated electrolyte, and 
hence validates the in situ measurements.  

Subsequently, the CuS@C and Cu2S@C samples were analyzed under CO2 and H+ 
reduction conditions. Figure 6.8a shows the in situ XAS spectra of the CuS@C sample 
upon applying increasingly negative potentials. Upon applying negative potentials, the 
spectra show clear changes. At potentials of -0.9 V vs. RHE, features start to appear at 
energies of 9025 eV and 9070 eV. When going to more negative potentials, such as -1.2 V 
and -1.6 V vs. RHE, these features become even more pronounced. As is shown by the 
ex situ XAS pattern of the Cu foil, the peaks at 9025 eV and 9070 eV are characteristic 
for metallic Cu. Although it is difficult to distinguish if the reduction occurs via any 
intermediate copper-rich Cu2-xS phases, the in situ XAS data thus clearly show the 
reduction of the CuS nanoparticles to metallic Cu under reaction conditions.  

Figure 6.7 a) Normalized XAS spectra of a) Cus@C and b) Cu2S@C, comparing an ex situ measurement 
(dotted lines) with that of the sample as electrode in the electrochemical cell, without applying a
potential (solid lines). 
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Figure 6.8b shows the in situ XAS spectra of the Cu2S@C sample under reaction 
conditions. Whereas for the CuS@C sample at -0.9 V vs. RHE the spectrum only 
showed minor changes compared to the as-prepared CuS@C spectrum, the spectrum of 
the Cu2S@C sample at -0.9 V already clearly resembles the metallic Cu reference. This 
indicates a ready reduction of the Cu2S nanoparticles to metallic Cu.  

This technique thus allowed us to elucidate the chemical phase of the catalyst under 
electrochemical CO2 reduction conditions. For both samples, the potential at which a 
reduction to Cu is observed by XAS (-0.9 V) is more negative than the potential of -0.5 V 
vs. RHE at which the reduction peak was observed in the CVs (Figure 6.6a,c). This is 
likely caused by the different experimental conditions used in the two experiments, such 
as the different cell geometries (see Figure 6.1, 6.2) leading to differences in ohmic 
resistance. In addition, an electrolyte concentration of 0.1 M KHCO3 was used during 
the in situ XAS experiments, as compared to a concentration of 0.5 M KHCO3 and the 
resulting lower conductivity and pH is expected to shift the reduction to slightly more 
negative potentials.  

Figure 6.8 a) Normalized XAS spectra of CuS@C measured in situ during electrochemical CO2 reduction 
at different potentials (solid lines), compared to ex situ reference spectra of CuS@C (dotted, red line) 
and Cu foil (dotted, orange line). Upon applying a more negative potential, the spectra resemble the 
Cu foil reference, indicating a reduction of the CuS to Cu. b) Normalized XAS spectra of Cu2S@C 
measured in situ during CO2 reduction at different potentials (solid lines), compared to ex situ
reference spectra of Cu2S@C (dotted, dark blue line) and Cu foil (dotted, light blue line). Upon applying
a more negative potential, the spectra resemble the Cu foil reference, indicating a reduction of the
Cu2S to Cu. 
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Most importantly, XAS is a bulk technique and from the fact that the spectra at potentials 
more negative than -0.9 V correspond to metallic Cu, with very little or none of the 
original ex situ spectrum remaining, it can be concluded that the vast majority of the 
nanoparticles are electrochemically active, and are in good electrochemical contact with 
the carbon support and carbon-paper substrate as well as with the electrolyte solution. 
To our knowledge, this is the first time that the chemical phases of CuS@C- and 
Cu2S@C-derived catalysts were followed in situ under CO2 and H+ reduction conditions, 
giving valuable insight in the active catalyst phase and on the electrochemical contact 
between the nanoparticles and support material. 

 6.3.3. Electrochemical CO2 reduction 
The product selectivity of the CuS@C and Cu2S@C derived catalysts in electrochemical 
CO2 reduction were compared to that of the CuO@C derived catalyst. For all three 
catalysts, the main CO2 reduction product formed was formate. Table 6.1 shows the 
amount of formate produced for all three catalysts and a carbon reference, obtained from 

chronopotentiometry (CP) for 5 hrs in a 0.5 M KCl + 0.5 M KHCO3 electrolyte saturated 
with CO2 at current densities of -1.5, -3.0 and -4.5 mA/cm2. Here, the KCl was added 
as supporting electrolyte to increase the conductivity of the electrolyte and minimize 
ohmic resistances. 

Table 6.1 The amount of formate and CO produced and Faradaic efficiency (FE) of formate and CO 
during CO2 reduction using CuO@C, CuS@C and Cu2S@C and a carbon reference at different currents 
applied. The data for formate is obtained by CP (5 hours for formate and 60 minutes for CO) with 
currents of -1.5, -3 and -4.5 mA/cm2, performed in a 0.5 M KCl + 0.5 M KHCO3 electrolyte saturated 
with CO2 (pH 7.5). The average potentials over 5 hours of CP are also shown (with standard deviation).  

Applied 
current 
density 

(mA/cm2) 

Sample Formate CO Resulting 
Potential 

(V vs. RHE) 
Production 
(µmol/hr) 

FE 
(%) 

Production 
(µmol/hr) 

FE 
(%) 

 
-1.5 

 

CuS@C 9 8 0.1 0.1 -0.77±0.02 
Cu2S@C 13 12 0.1 0.1 -0.78±0.02 
CuO@C 3 3 0.6 0.6 -0.66±0.04 

C 3 3 0.5 0.5 -0.82±0.02 

 
-3 
 

CuS@C 14 7 0.4 0.2 -0.90±0.08 
Cu2S@C 21 10 2.4 1.1 -0.76±0.01 
CuO@C 16 8 2.8 1.3 -0.88±0.10 

C 4 2 0.3 0.2 -0.96±0.01 

 
-4.5 

 

CuS@C 11 3 0.8 0.2 -1.05±0.05 
Cu2S@C 12 4 3.7 1.1 -0.87±0.03 
CuO@C 19 6 4.3 1.3 -0.91±0.02 

C 6 2 0 0 -1.65±0.03 
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When a current density of -1.5 mA/cm2 was applied, formate was produced with yields 
of  9, 13 and 3 μmol/hr for the CuS@C-, Cu2S@C and CuO@C-derived catalysts, 
respectively. As the carbon support showed a similar production of formate (3 μmol/hr) 
as the CuO@C-derived catalyst, the production of formate on this catalyst is neglectable. 
The production of formate on the CuS@C- and Cu2S@-derived catalysts is however 
significantly higher, showing that the production of formate is promoted on the sulfide 
derived catalysts when compared to the oxide derived catalyst and the carbon support.  

In addition, more formate is produced by the Cu2S@C-derived catalyst than by the 
CuS@C-derived catalyst. This indicates that, even though both CuS@C and Cu2S@C 
reduce to metallic Cu under reaction conditions, there is a difference between the two 
Cu-sulfide derived catalysts depending on whether they originate from CuS@C or 
Cu2S@C. When applying more negative potentials, the formate production also on the 
oxide-derived catalyst increases, making the differences less pronounced, although in all 
cases the Cu2S@C-derived catalyst produces more formate than the CuS@C-derived 
catalyst.  

Besides formate, only small amounts of CO were produced with Faradaic efficiencies 
between 0-1.3% (Table 6.1). The differences between the measured CO concentrations 
on the different catalysts were close to the experimental error. No other CO2 reduction 
products were found in the liquid or gaseous phase and hence the rest of the current led 
to the production of H2. The production of H2 readily occurred on the bare carbon 
reference sample. The surface coverage of the carbon support by the Cu-based 
nanoparticles was calculated using the surface area of the carbon support, the weight 
loading of the catalysts and by assuming spherical Cu-based particles, and was found to 
be less than 4% for all three catalysts. It is hence notable that CO2 reduction products 
with Faradaic efficiencies ranging from 5-20% can be obtained with such a low coverage 
of the carbon surface, which so readily produced H2 instead. This means that the Cu-
based nanoparticles clearly introduce a preference for CO2 rather than H+ reduction. 

The enhanced selectivity for formate on the sulfide derived catalysts at current densities 
of -1.5 mA/cm2 is consistent with previous studies and can be explained by the different 
pathways possible for CO2 reduction.14,15,17,18 Norskov et al.,, proposed that the reduction 
of CO2 to HCOO- occurs via a *OCHO intermediate, which is further reduced to formate 
(HCOO-).36 On the other hand, other studies suggest the formation of formate occurs via 
a direct reaction of physisorbed CO2 with adsorbed H+.18,37 In both mechanisms, CO and 
further reduced products are formed via a so-called CO pathway, in which CO2 is 
reduced to *COOH, which can be further reduced to *CO, which in turn can desorb or 
be further reduced to various hydrocarbons and alcohols. Although no distinction can 
be made between the two mechanisms to form formate, the increased selectivity for 
formate observed for the sulfide derived catalysts at a current densities of -1.5 mA/cm2 
suggests that the HCOO- pathway is favored over the CO pathway. Which pathway is 
preferred highly depends on the binding strength of important intermediates such as CO 
on the catalyst, suggesting that the binding affinity for the CO2 reduction intermediates 
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is different on the sulfide-derived catalysts than on the oxide-derived catalyst. 
Nevertheless, elucidation of the exact role of sulfur on the CO2 reduction mechanism 
will require additional studies.  

 6.3.4 Structure of catalysts after reaction 
The increased formation of formate on Cu2S@C-derived catalyst when compared to 
CuS@C-derived catalyst suggests a difference in the chemical composition between the 
two. Hence, additional characterization of the catalysts was performed after reaction. 
After being used in the CO2 and H+ reduction for 5 hours at -3 mA/cm2 in 0.5 M KCl + 
0.5 M KHCO3, the CuO@C-, CuS@C- and Cu2S@C-derived catalysts were analyzed to 
see if any changes occurred upon reaction. Figure 6.9 shows TEM images of the 
CuO@C-, CuS@C- and Cu2S@C-derived catalysts after being employed in the CO2 
reduction reaction. For CuO@C, the particle size increased from 9 ± 3 nm to 33 ± 14 nm 
and few particles with sizes over 50 nm were also observed. For the CuS@C-derived 
catalyst, no significant change in particle size is observed, whereas for the Cu2S@C-
derived catalyst, the particle size decreased from 17 ± 1 nm to 6 ± 2 nm upon reaction. 
Upon reaction, the CuO@C- and CuS@C-derived catalysts thus have a fairly similar 
particle size distribution, while the Cu2S@C-derived catalyst has smaller and more 
monodisperse particles. This difference in particle size could play a role in the different 
catalytic behavior discussed in section 6.3.3.38,39    

In addition, TEM-EDX measurements were performed to analyze the presence of sulfur 
in the catalysts after reaction. The measurements showed remaining sulfur in the samples 
after reaction, where copper to sulfur ratios of 3:1 and 6:1 were found for the CuS@C- 

Figure 6.9 TEM figures of the a) CuO@C-, b) CuS@C-, and c) Cu2S@C-derived catalysts after 5 hours 
of CO2 and H+ reduction at -3mA/cm2 in 0.5 M KCl +0.5 M KHCO3. The lower panels show 
corresponding particle size histograms. For CuO@C, a few particles larger than 50 nm were also 
observed.  
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and Cu2S@C-derived catalyst, respectively. This was much higher than the sulfur 
content detected in the CuO@C sample, with a Cu:S ratio of 32:1. This sample was used 
as a reference for the base sulfur content, as the Nafion binder used in the electrode 
preparation contains some sulfur as well. A small amount of sulfur, as well as K and Cl, 
can also be ascribed to incomplete removal of the electrolyte. Although precise 
quantification is thus not straightforward, it is clear that the sulfur content is higher for 
the CuS@C derived catalyst than for Cu2S@C-derived catalyst, which can be explained 
by the higher initial sulfur content of CuS@C. The different sulfur content observed in 
all three catalysts is a plausible explanation for the different product selectivities 
discussed in section 6.3.3, as our preparation method allowed us to produce Cu-based 
catalysts otherwise very similar in morphology. 

Tabel 6.2 Atomic% of Cu and S obtained from TEM-EDX on the CuS@C-, Cu2S@C- and CuO@C-derived 
catalysts after 5 hours of CO2 and H+ reduction at -3mA/cm2 in 0.5 M KCl + 0.5 M KHCO3. For the CuS@C 
and Cu2S@C samples, EDX quantification was done at three different locations on the sample. The 
average of these three locations was used to determine to Cu to S ratio for each sample.  

Sample Atomic % Cu Atomic % S
CuS@C     (Location 1) 74.58 ± 0.16 25.41 ± 0.03
CuS@C     (Location 2) 74.66 ± 0.20 25.33 ± 0.04
CuS@C     (Location 3) 76.22 ± 0.16 23.77 ± 0.02
Cu2S@C    (Location 1) 82.99 ± 0.13 17.00 ± 0.03
Cu2S@C    (Location 2) 82.82 ± 0.10 17.17 ± 0.00
Cu2S@C   (Location 3) 89.88 ± 0.11 10.11 ± 0.01
CuO@C    (Location 1) 97.27 ± 0.07 2.72 ± 0.00

 
 

6.4 Conclusions 

In summary, carbon-supported, Cu2-xS derived nanoparticles were studied for 
electrochemical CO2 reduction in aqueous media. First, CuS@C and Cu2S@C 
nanoparticles were successfully prepared via a liquid phase sulfidation of CuO@C 
nanoparticles. Subsequently the catalysts were deposited on carbon paper electrode 
substrates. Upon electrochemical CO2 reduction, CuS@C and Cu2S@C nanoparticles 
undergo a reduction to metallic Cu, as was verified by both CV and in situ XAS 
experiments. However, TEM-EDX measurements showed that some residual sulfur is 
left in both catalysts. The selectivity of the CuS@C- and Cu2S@C-derived catalysts was 
tested and compared to that of a CuO@C-derived catalyst. On all three catalysts, formate 
was produced as the main CO2 reduction product, next to H2 mainly produced by the 
carbon support. At low current densities, the selectivity towards the production of 
formate was enhanced for the CuS@C- and Cu2S@C-derived catalysts when compared 
to the CuO@C derived catalyst. It is remarkable that with less than 4% carbon surface 
coverage, a maximum of 21% overall selectivity to formate was achieved, showing the 
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effectiveness of Cu-sulfide derived catalysts to steer the selectivity to formate. In 
addition, the two Cu-sulfide derived catalysts showed clear differences in formate 
production, indicating the initial Cu-sulfide phase influences the product selectivity.  
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In this thesis we focused on the preparation of Cu2-xS nanoparticles suitable for catalytic 
applications, and explored their use in photo- and electrocatalysis. This chapter 
summarizes the results of the work and provides a brief outlook to follow-up work.  

7.1 Summary  

In Chapter 1, the topics discussed in the thesis were briefly introduced. First, the versatile 
and composition-dependent properties of Cu2-xS were discussed, followed by an 
introduction to the unique properties of nanoparticles. The chapter also described the 
fundamentals of the synthesis of nanoparticles, focusing on colloidal synthesis methods 
and incipient wetness impregnation. Subsequently, the principles and relevance of 
photo- and electrocatalysis were explained.  

The first part of the thesis (Chapters 2, 3 and 4) focused on the preparation Cu2-xS 
nanoparticles that are suitable for catalytic applications. Chapter 2 introduced a post-
synthetic ligand exchange procedure for colloidal Cu2-xS nanocrystals. The use of 
colloidal nanocrystals in catalytic applications is often complicated by the adverse effects 
of organic capping ligands. Consequently, ligand-exchange procedures are necessary to 
make these nanocrystals more suitable for (catalytic) applications. In colloidal Cu2-xS 
nanocrystal synthesis, 1-dodecanethiol is often used as organic ligand and sulfur source, 
as this yield high-quality nanocrystals. We presented a facile and effective ligand-
exchange procedure, in which native 1-dodecanethiol ligands on Cu2-xS nanocrystals 
were replaced by 3-mercaptopropionic acid, 11-mercaptoundecanoic acid or S2- in 
formamide under inert atmosphere. The resulting hydrophilic Cu2-xS nanocrystals had 
excellent colloidal stability in formamide and their size, shape and optical properties 
were not significantly affected by the ligand exchange procedure. The Cu2-xS 
nanocrystals were easily dispersed in water by precipitation of the nanocrystals from 
formamide and subsequent redispersion in water. Interestingly, the ligand-exchange 
rates depended on the synthesis method used to prepare the Cu2-xS nanocrystals, where 
ligand-exchange on nanocrystals prepared by heating-up synthesis was much slower 
than on nanocrystals prepared by hot-injection synthesis. XPS studies revealed a less 
dense ligand layer for the nanocrystals prepared via hot-injection synthesis than via 
heating-up synthesis. The less dense ligand layer made the nanocrystal surface more 
accessible for the replacing ligands, thereby speeding up the ligand exchange rates. The 
facile ligand-exchange procedure presented in this chapter facilitates the use of colloidal 
Cu2-xS nanocrystals in catalysis and can potentially be used for colloidal nanocrystals of 
other materials.  

In Chapter 3, the synthesis and formation mechanism of Cu2-xS/CuInS2 
heteronanocrystals was presented. Combining Cu2-xS and CuInS2 domains in one single 
nanocrystal can lead to improved spatial separation of photogenerated electrons and 
holes. This is expected to be beneficial in photocatalysis since it increases the lifetime of 
the photogenerated exciton, thereby kinetically favoring surface reactions involving the 
photogenerated charge carriers. The chapter presented a two-step synthesis route to 
prepare Cu2-xS/CuInS2 heteronanocrystals. First, Cu2-xS seed nanocrystals were 
prepared, which were subsequently injected into a pre-heated solution of indium-oleate. 
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By characterization of the reaction intermediates, we proposed that the initial formation 
the Cu2-xS/CuInS2 heteronanocrystals occurred via a single step, thiolate-mediated 
cation exchange of Cu+ for In3+. This was followed by CuInS2 growth on the pre-formed 
CuInS2 surface from solution. The size, shape and composition of the heteronanocrystals 
could be easily tuned by varying the reaction time.  

In catalytic applications, the presence of a catalyst support, such as silica or carbon, can 
be beneficial as it improves the stability of the nanoparticles and allows for easier 
handling of the catalysts, making them more suitable for practical application. Therefore, 
Chapter 4 describes the preparation of silica-supported CuS and Cu2S nanoparticles via 
a novel method, using copper nitrate as the copper source and thioacetamide or 
1-dodecanethiol as the sulfur source, respectively. Monodisperse Cu2S nanoparticles 
with a uniform distribution over the silica support were prepared directly from 
1-dodecanethiol and copper nitrate. To prepare CuS nanoparticles with control over 
particle size and a uniform distribution over the support, pre-synthesized CuO 
nanoparticles were converted into CuS nanoparticles using a liquid-phase sulfidation 
with thioacetamide. As the original size of the CuO nanoparticles was preserved upon 
sulfidation to CuS, this method allows for the extension of the good control over the 
particle size of silica-supported CuO nanoparticles to silica-supported CuS 
nanoparticles.  

In the second part of this thesis (Chapters 5 and 6), the use of Cu2-xS nanoparticles in 
photo- and electrocatalysis was explored. The initial focus was on the use of Cu2-xS 
nanoparticles in photocatalysis. However, along the way we found that, in our 
experience, the Cu2-xS nanoparticles showed only limited activity in photocatalytic dye 
degradation and H2 evolution. Furthermore, conducting photocatalytic experiments and 
interpreting the data proved to not always be straightforward due to the many variables 
influencing the reactions. Therefore, in Chapter 5 we reviewed the various aspects of 
photocatalysis, based on our own experience, as well as examples from literature. The 
chapter handled common pitfalls in photocatalysis, and gave practical guidelines on how 
to reliably conduct, interpret and report photocatalytic experiments.   

Besides photocatalysis, the use of Cu2-xS nanoparticles in electrocatalysis was studied. 
Recently, several experimental and theoretical studies have demonstrated that the 
addition of sulfur modifies the performance of Cu catalysts in the electrochemical 
reduction of CO2. Inspired by these studies, Chapter 6 presented the use of Cu2-xS derived 
nanoparticles supported on carbon for the electrocatalytic reduction of CO2. By 
extending the sulfidation method discussed in Chapter 4 to carbon supports, a set of 
three Cu nanoparticle catalysts with similar morphologies was prepared by in situ 
reduction of either supported CuS, Cu2S or CuO nanoparticles. Subsequently, electrodes 
were prepared by spraying the carbon supported CuS, Cu2S or CuO nanoparticles on a 
carbon-paper substrate. For the first time, the evolution of the Cu species was followed 
under typical CO2 and H+ reduction conditions using in situ x-ray absorption 
spectroscopy. Metallic Cu was observed as the predominant phase under reaction 
conditions, indicating an excellent electrochemical contact between the Cu-based 
nanoparticles, the carbon support and the carbon-paper substrate. On all three catalysts, 
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formate was produced as the main CO2 reduction product, next to H2 which was 
produced by the reduction of H+, mainly by the carbon support. At current densities 
of -1.5 mA/cm2, the selectivity towards formate was enhanced for the CuS- and Cu2S-
derived catalysts when compared to the CuO-derived catalyst. Even though less than 4% 
of the carbon support was covered with Cu-based nanoparticles, a maximum Faradaic 
efficiency to formate of 21% was achieved. This showed the effectiveness of Cu2-xS-
derived catalysts to steer the selectivity of CO2 reduction to formate.  

 

7.2 Outlook  

Photo- and electrocatalysis are promising strategies for the production of sustainable 
chemicals and fuels. Therefore, the development of good catalysts is important. To 
optimize catalysts, it is important to understand the origin of their catalytic performance, 
and gain insight into the influence of the catalyst composition, size and shape. 
Consequently, good quality, monodisperse samples are essential.  

In this thesis, we discussed several methods to prepare Cu2-xS nanoparticles, where 
colloidal Cu2-xS (hetero)nanocrystals as well as supported Cu2-xS nanoparticles were 
prepared with good control over size, shape and composition. Although the methods 
focused on Cu2-xS, they can potentially be extended to other materials. For example, the 
adverse effects of ligands when using colloidal nanocrystals in catalytic applications is a 
well-known problem and consequently ligand-exchange procedures are also relevant for 
other materials. Although our method focused on strongly bound thiolate ligands on 
colloidal Cu2-xS nanoparticles, it can likely be adapted to colloidal nanocrystals with 
other compositions. Similarly, the preservation of size when using pre-formed metal 
oxide nanoparticles as precursor for the preparation of metal sulfide nanoparticles could 
find use in the preparation of other metal sulfide nanoparticles. 

From our findings, Cu2-xS nanoparticles have low potential to act as photocatalyst. 
However, several strategies to improve their performance could be investigated. For 
example, the addition of a co-catalyst, such as platinum, could facilitate separation and 
extraction of the photogenerated charge carriers and has been found to improve 
photocatalytic performance in e.g., CdS, TiO2 and Cu2O. In addition, combining Cu2-xS 
with other materials to create Type I1/2 or Type II heteronanocrystals can possibly 
improve the photocatalytic properties.  

An important measure of catalyst performance is their selectivity to making the desired 
product. In Chapter 6, we showed that Cu2-xS derived nanoparticles were effective in 
steering the selectivity of CO2 reduction towards formate. Furthermore, even though 
both the CuS@C and Cu2S@C catalyst were shown to be reduced to metallic Cu under 
CO2 and H+ reduction conditions, a difference in selectivity between the two catalysts 
was observed. This difference was attributed to differences in residual sulfur on the 
catalyst, as identified by ex situ characterization after catalysis. To elucidate where the 
residual sulfur is located in or on the catalyst, additional in situ studies (e.g., XAS at the 
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S edge) would be valuable. In addition, it would be very interesting to study the 
dependence of the product selectivity on the sulfur content in more detail. In order to do 
so, a broader range of Cu2-xS compositions could be used as starting material, so that any 
trends in the dependence of product selectivity on sulfur content can be elucidated.  
 
Besides formate, H2 was produced by all catalysts, mainly on the carbon support. The 
formation of H2 can likely be decreased by increasing the surface coverage of the carbon 
support by Cu2-xS nanoparticles. This can be realized by using a carbon support with a 
lower surface area or by further increasing the catalyst loading. In addition, it would be 
interesting to further explore the use of colloidal Cu2-xS nanocrystals, as these particles 
can be directly deposited on the carbon-paper substrate, thereby reducing the amount of 
carbon surface exposed. The challenge here would be to obtain monolayers of 
nanocrystals on the carbon-paper substrate to ensure a good electrochemical contact 
between the nanocrystals and the carbon-paper support. For this, the ligand-exchange 
procedure described in Chapter 2 could be used. This would not only improve the 
electrochemical contact between the nanocrystals and the carbon support, but also make 
the nanocrystal surface more accessible to reactants. 

In this research we focused on Cu2-xS nanoparticles for applications in catalysis. Due to 
their tunable properties, Cu2-xS nanoparticles have also received attention for application 
in other fields, such as biomedical sensing, photothermal therapy and photovoltaic- and 
plasmonic devices. The methods discussed in this thesis can serve as a foundation for 
further research in these fields where the properties of Cu2-xS are of interest.  
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In dit proefschrift worden verschillende bereidingsmethoden van kopersulfide 
nanodeeltjes en hun toepassing in de foto- en elektrokatalyse besproken. Dit hoofdstuk 
geeft een korte uitleg over deze onderwerpen en sluit af met een korte samenvatting van 
de hoofdstukken in dit proefschrift. 

8.1 Kopersulfide 

Kopersulfiden zijn chemische verbindingen die bestaan uit koper en zwavel atomen. De 
meeste van deze kopersulfiden komen voor in de natuur als mineralen. Kopersulfide 
vertoont een grote verscheidenheid aan kristalstructuren met verschillende 
verhoudingen tussen koper en zwavel. De meest bekende kopersulfiden zijn chalcociet 
(Cu2S)  en covelliet (CuS) (Figuur 8.1). Dit zijn ook de twee kopersulfiden die in dit 
proefschrift het meest aan bod komen. Chalcociet is afgeleid van het Griekse woord 
Chalkos, dat koper betekent, en heeft een donkergrijze tot zwarte kleur (Figuur 8.1a). 
Doordat chalcociet op veel plaatsen op de wereld voorkomt en een hoog kopergehalte 
heeft, is het een van de belangrijkste ertsen waaruit koper gewonnen wordt. Covelliet 
(CuS) is vernoemd naar Niccolo Covelli, die het mineraal als eerst ontdekte op de 
Vesuvius in Italië. In tegenstelling tot chalcociet komt covelliet maar in beperkte mate 
voor in de natuur. Covelliet heeft een indigoblauwe tot zwarte kleur met een 
regenboogkleurige gloed (Figuur 8.1b).  

Kopersulfiden zijn interessant voor verschillende toepassingen door hun 
materiaaleigenschappen. Zo kunnen kopersulfiden bijvoorbeeld zichtbaar licht 
absorberen en stroom geleiden. De exacte materiaaleigenschappen variëren met de 
verschillende kopersulfide kristalstructuren en zijn sterk afhankelijk van de verhouding 
tussen koper en zwavel in de structuur. Door kopersulfide structuren met een specifieke 
koper/zwavel ratio te synthetiseren, kunnen bepaalde materiaaleigenschappen op een 
gecontroleerde wijze worden verkregen.  

 

Figuur 8.1 a) Chalcociet (Cu2S)  kristallen en b)  covelliet (CuS) kristallen. 
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8.2 Nanodeeltjes 

In dit proefschrift is onderzoek gedaan naar kopersulfide nanodeeltjes. Nanodeeltjes zijn 
zeer kleine deeltjes met een grootte tussen de 1 en 100 nanometer (nm), waar 1 nm gelijk 
is aan 0.000000001 meter. Ter vergelijking, 1 nm is ongeveer 100.000 maal dunner dan 
de dikte van een vel papier. Een nanodeeltje bestaat uit ongeveer 100 tot 10.000 atomen.  

Nanodeeltjes hebben door hun kleine formaat bijzondere eigenschappen en daarom 
worden ze veel gebruikt in producten zoals verf en zonnebrand. Ook worden 
nanodeeltjes gebruikt in de katalyse, waar de deeltjes fungeren als katalysator. Een 
katalysator is een materiaal dat een chemische reactie versnelt zonder daarbij zelf 
verbruikt te worden. Deze reacties vinden plaats aan het oppervlak van het katalysator 
deeltje. Het gebruik van nanodeeltjes heeft hier een voordeel, omdat in een klein deeltje 
naar verhouding meer atomen aan het oppervlak van het deeltje liggen dan in een groter 
deeltje. Dit is schematisch weergegeven in Figuur 8.2. Bij het gebruik van nanodeeltjes 
heb je dus minder materiaal nodig om hetzelfde actieve oppervlak te verkrijgen dan bij 
groter materiaal. Daarnaast hebben atomen aan het oppervlak minder chemische 
bindingen met buuratomen dan atomen in het binnenste van een deeltje. Hierdoor zijn 
de oppervlakte atomen meer reactief.  

 

8.3 Het maken van nanodeeltjes 

Nanodeeltjes kunnen in een laboratorium op verschillende manieren gemaakt worden. 
In dit proefschrift wordt er gebruik gemaakt van twee methoden: colloïdale synthese en 
de synthese van nanodeeltjes op een drager materiaal.  

Colloïden zijn kleine deeltjes die verdeeld zijn in een vloeistof. Een voorbeeld van zo’n 
colloïdale dispersie is melk, waar vetdruppels en eiwitten gedispergeerd zijn in water. 
Colloïdale nanodeeltjes kunnen gevormd worden uit opgeloste precursors. Dit zijn 

Figuur 8.2 Een schematische weergave van de snelle toename van het oppervlak bij het gebruik van
kleine deeltjes ten opzichte van één groot deeltje, terwijl het totale volume in beide gevallen gelijk is. 
l geeft de lengte, b de breedte en h de hoogte van de (individuele) kubus(sen) weer. 
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uitgangsstoffen die als voorloper dienen voor de nanodeeltjes, zoals bijvoorbeeld 
koperzouten en zwavelhoudende moleculen. Ook zijn zogenaamde liganden erg 
belangrijk tijdens en na de synthese van colloïdale nanodeeltjes. Liganden zijn grote 
moleculen die tijdens de synthese losjes aan de groeiende nanodeeltjes binden, en 
hierdoor de groei van de nanodeeltjes beïnvloeden. Deze liganden zijn ook na de 
synthese van de deeltjes van belang, omdat ze de nanodeeltjes in de suspensie stabiliseren 
en het samenklonteren van deeltjes voorkomen. De liganden zijn dus erg belangrijk voor 
de synthese van colloïdale nanodeeltjes, maar vormen een uitdaging bij het gebruik van 
colloïdale nanodeeltjes als katalysator. Dit komt doordat de liganden het oppervlak van 
de deeltjes blokkeren. Hierdoor is het katalytisch actieve oppervlak van colloïdale 
nanodeeltjes dus moeilijker te bereiken voor reactanten.  

Een tweede methode om nanodeeltjes te maken is via synthese van nanodeeltjes op een 
dragermateriaal, zoals bijvoorbeeld silica of koolstof. Deze methode wordt veel gebruikt 
in de katalyse, omdat een drager zorgt voor extra stabiliteit van de nanodeeltjes. Ook 
maakt een dragermateriaal een katalysator beter hanteerbaar, omdat de katalysator zo 
uit minder kleine deeltjes bestaat en daardoor bijvoorbeeld gemakkelijker gescheiden kan 
worden van een reactiemengsel. De synthese van nanodeeltjes op een drager gaat vaak 
via impregnatie van een poreuze drager met een oplossing van een metaalprecursor. De 
metaalprecursors worden vervolgens door verschillende droog- en verwarmingsstappen 
omgezet in nanodeeltjes. Op deze manier kunnen met name metaaloxiden en 
metallische nanodeeltjes gemaakt worden (bijvoorbeeld koperoxide of koper). Om 
sulfide nanodeeltjes te maken is na deze impregnatie nog een extra sulfidatie stap nodig, 
waarin de koperoxide nanodeeltjes worden omgezet in kopersulfide.  

 

8.4 Katalyse met kopersulfide nanodeeltjes  

Kopersulfide nanodeeltjes zijn aantrekkelijk als katalysator door hun samenstelling-
afhankelijke materiaaleigenschappen, geringe giftigheid en relatief lage kosten. In dit 
proefschrift hebben we gekeken naar de toepassing van deze nanodeeltjes in foto- en 
elektrokatalyse. 

8.4.1 Fotokatalyse  

Fotokatalyse is een proces geïnspireerd op de fotosynthese van planten. In dit proces 
nemen groene planten energie op uit zonlicht en zetten dit om in chemische energie, 
opgeslagen in moleculen zoals suikers. Een soortgelijk proces vindt plaats in 
fotokatalyse, waarin een halfgeleider materiaal (de fotokatalysator) door middel van het 
absorberen van zonne-energie chemische reacties kan aandrijven. Dit proces is 
schematisch weergegeven in Figuur 8.3. Een halfgeleider heeft een elektronische 
bandstructuur waar de valentie- en geleidingsband gescheiden zijn door een 
energiekloof. Als een halfgeleider wordt beschenen met licht met een energie hoog 
genoeg om deze kloof te overbruggen, kunnen negatief geladen elektronen van de 
valentieband naar de geleidingsband verplaatst worden. Dit laat vervolgens een positief 
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geladen gat achter in de valentieband. Als deze ladingsdragers het oppervlak van het 
deeltje kunnen bereiken, kunnen deze daar worden gebruikt om reductie- en 
oxidatiereacties aan te drijven. De energiekloof van een halfgeleider is dus een 
belangrijke eigenschap van een fotokatalysator. De energiekloof moet voldoende groot 
zijn om de energie benodigd voor de chemische reacties te kunnen opnemen. Aan de 
andere kant mag de energiekloof niet te groot zijn, omdat het zonlicht anders niet 
voldoende energie bevat om de energiekloof te overbruggen. De energiekloof van 
kopersulfide is afhankelijk van de hoeveelheid koper in de structuur en ligt tussen 1.2 eV 
voor Cu2S en 1.9 eV voor CuS. Deze waardes maken kopersulfide geschikt als 
fotokatalysator, omdat kopersulfide hierdoor efficiënt zichtbaar licht (en dus zonlicht) 
kan absorberen. 

Fotokatalyse kan gebruikt worden om verschillende chemische reacties te laten 
plaatsvinden. In dit proefschrift wordt het afbreken van organische kleurstofmoleculen 
besproken. In plaats van een het aandrijven van reacties die normaal gesproken niet 
zouden verlopen (zoals bij fotosynthese), gaat het in dit geval om het versnellen van 
reacties die normaal gesproken ook al zouden verlopen, maar dan langzamer. Dit soort 
reacties worden vaak gebruikt als modelstudie voor het afbreken van moleculen in 
afvalwater. Andere bekende reacties richten zich wel op fotosynthese, oftewel het 
produceren van zogenaamde ‘solar fuels’, waar zonne-energie kan worden omgezet in 
en opgeslagen als chemische energie. Een bekend voorbeeld hiervan is het 
fotokatalytisch produceren van waterstof en zuurstof uit water.  

 

Figuur 8.3 Schematische weergave van een fotokatalysator. Het nanodeeltje kan (zon)licht absorberen
met een energie gelijk aan of hoger dan de energiekloof. Door het absorberen van deze energie
verandert de elektronische toestand van het deeltje, zoals weergegeven in het panel aan de
rechterzijde. Een negatief geladen elektron kan van de valentieband naar de geleidingsband worden
verplaatst. Er blijft dan een positief geladen gat over in de valentieband. Deze ladingsdragers, 
gecreëerd door het absorberen van licht, kunnen aan het oppervlak van het deeltje deelnemen aan
reductie- en oxidatiereacties, zoals bijvoorbeeld het afbreken van moleculen of het produceren van
waterstof.  
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8.4.2 Elektrokatalyse 

Een tweede vorm van katalyse die in dit proefschrift wordt behandeld is elektrokatalyse. 
Een reactie wordt dan aangedreven door een elektrische stroom en omvat de overdracht 
van lading van een elektrode aan moleculen of ionen in oplossing. Deze reactie kan 
worden versneld door gebruik van een elektrokatalysator. Deze katalysator kan de 
elektrode zelf zijn, maar kan ook worden aangebracht op een bestaande elektrode. In 
Figuur 8.4a is een elektrochemische cel weergegeven, bestaande uit drie 
hoofdcomponenten: de anode, de kathode en het elektrolyt. De anode is de elektrode 
waaraan oxidatie reacties plaatsvinden, i.e., reacties waar elektronen worden afgestaan. 
De kathode is de elektrode waaraan reductie reacties plaatsvinden, i.e., reacties waarin 
elektronen worden opgenomen. Het elektrolyt is een medium  tussen de anode en 
kathode. Het geleidt geen elektrische stroom, maar wel ionen.  

In dit onderzoek is gekeken naar de elektrochemische reductie van CO2 met behulp van 
katalysatoren gebaseerd op kopersulfide. De reductie van CO2 met behulp van duurzame 
elektriciteit is een veelbelovende manier om chemicaliën en brandstoffen te produceren. 
Voorbeelden van chemicaliën die op deze wijze geproduceerd kunnen worden zijn onder 
andere koolstofmonoxide (CO), formiaat (HCOO-), methanol (CH3OH), en methaan 
(CH4) (Figuur 8.4b). De laatste 10 jaar is er grote vooruitgang geboekt in de ontwikkeling 
van efficiënte elektrokatalysatoren voor de reductie van CO2. De meeste van deze 
katalysatoren bestaan uit metalen, zoals bijvoorbeeld goud, zilver, koper of zink. Koper 
onderscheidt zich van de andere metalen omdat het als enige verschillende 
koolwaterstoffen en zuurstofhoudende verbindingen kan produceren. Het is echter een 
uitdaging om selectief een bepaald product te maken. Recente studies hebben laten zien 
dat het toevoegen van zwavel aan een koperkatalysator de selectiviteit van 

Figuur 8.4 a) Schematische weergave van een elektrochemische cel gebruikt in elektrokatalyse.
Oxidatie reacties vinden plaats aan de anode en reductie reacties aan de kathode. Ionen kunnen zich 
verplaatsen door het elektrolyt, dat geen stroom geleidt. b) Voorbeelden van reductie reacties van 
CO2, waarbij verschillende producten gevormd kunnen worden, zoals koolstofmonooxide (CO), 
formiaat (HCOO-), methanol (CH3OH) en methaan (CH4).  
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koperkatalysatoren naar bijvoorbeeld formiaat kan beïnvloeden. Geïnspireerd door deze 
studies hebben we gekeken naar het gebruik van kopersulfide als katalysator in de 
elektrochemische reductie van CO2.  

8.5 Wat staat er in dit proefschrift? 

Om katalysatoren te kunnen verbeteren, is het belangrijk om te begrijpen hoe een 
katalysator precies werkt, en wat de effecten van bijvoorbeeld de grootte, vorm en 
samenstelling van deeltjes zijn op de katalytische prestatie. Om dit goed te kunnen 
onderzoeken, is het belangrijk om uniforme monsters te maken, waarin alle deeltjes 
dezelfde samenstelling, grootte en vorm hebben. In het eerste deel van dit proefschrift 
(hoofdstuk 2, 3 en 4) zijn verschillende synthesemethoden voor het maken van uniforme 
kopersulfide nanodeeltjes beschreven. Het tweede deel (hoofdstuk 5 en hoofdstuk 6) 
beschrijft vervolgens de potentie van deze kopersulfide nanodeeltjes als foto- en 
elektrokatalysator. 

Hoofdstuk 2 beschrijft een methode om colloïdale nanodeeltjes beter bruikbaar te maken 
voor toepassingen in de (foto)katalyse. Zoals hierboven beschreven zijn colloïden vaak 
omringd door een laag van liganden. Deze liganden zorgen onder andere voor de 
stabiliteit van de deeltjes in de oplossing. Als we deze nanodeeltjes willen gebruiken als 
katalysator, hebben deze liganden echter een nadelig effect. Dit komt onder andere 
doordat de ligand moleculen het opperlak van het katalytisch actieve nanodeeltje 
blokkeren en reactanten dit oppervlak dus moeilijker kunnen bereiken. Een tweede 
uitdaging is dat liganden vaak apolair zijn, wat betekent dat de deeltjes niet makkelijk 
dispergeren in polaire vloeistoffen zoals water. Veel fotokatalytische reacties vinden 
echter wel plaats in water en daarom moeten deze colloïdale nanodeeltjes 
geoptimaliseerd worden voor gebruik in de katalyse. Dit kan door liganduitwisseling. 
Deze procedure vindt plaats na de synthese van de deeltjes en verwisselt de grote, 
apolaire ligandmoleculen voor kleinere, polaire liganden. Kopersulfide nanodeeltjes zijn 
vaak gestabiliseerd door een laag van zwavelhoudende thiol liganden, die erg sterk 
gebonden zijn aan het nanodeeltje. Dit maakt de uitwisseling van deze liganden lastig. 

Figuur 8.5 Schematische weergave van een ligand uitwisseling. Een colloïdaal nanodeeltje is
gestabiliseerd door lange, apolaire ligandmoleculen. Door middel van een ligand uitwisseling kunnen
deze grote liganden verwisseld worden voor korte, polaire liganden. Hierdoor is het katalytisch actieve 
oppervlak van het nanodeeltje beter toegankelijk voor reactanten en kan het deeltje in polaire
oplosmiddelen zoals water worden gebruikt.  
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In hoofdstuk 2 beschrijven we een methode om deze thiol liganden op kopersulfide 
nanodeeltjes toch te kunnen uitwisselen voor kleinere, polaire moleculen, door gebruik 
te maken van een sterk polair oplosmiddel en een zuurstofvrije omgeving.  

Hoofdstuk 3 beschrijft de synthese en het groei mechanisme van heterogene 
nanodeeltjes, bestaande uit kopersulfide (Cu2S) en koperindiumsulfide (CuInS2). Het 
combineren van twee verschillende materialen in een enkel nanodeeltje kan van 
toegevoegde waarde zijn voor fotokatalysatoren, omdat op deze wijze de 
materiaaleigenschappen van beide materialen in een enkel deeltje samengevoegd 
kunnen worden. Bovendien kunnen er nieuwe materiaaleigenschappen ontstaan, zoals 
bijvoorbeeld een verlengde levensduur van de door licht opgewekte ladingsdragers. 
Hoofdstuk 3 beschrijft een synthese methode voor het maken van Cu2S/CuInS2 
heteronanodeeltjes waarbij vooraf gevormde Cu2S nanodeeltjes in een mengsel van 
oliezuur en indium-precursors worden geïnjecteerd. Door de reactietijd te variëren, kan 
de grootte, vorm en samenstelling van de deeltjes worden beïnvloed.  

In katalyse wordt vaak gebruik gemaakt van een dragermateriaal om de stabiliteit van 
nanodeeltjes te vergroten. In hoofdstuk 4 worden een methoden beschreven om 
kopersulfide nanodeeltjes op een silica dragermateriaal te maken. Chalcociet (Cu2S) 
nanodeeltjes op silica werden bereid door een eenvoudige synthese methode in de 
aanwezigheid van silica. Deze methode resulteerde in Cu2S nanodeeltjes van gelijke 
grootte die mooi verdeeld lagen over de silicadrager. Het maken van monodisperse, 
silica gedragen covelliet (CuS) nanodeeltjes bleek lastiger en daarom werd er een tweede 
methode ontwikkeld waarin silica gedragen koperoxide (CuO) deeltjes werden omgezet 
naar covelliet (CuS). Tijdens deze omzetting naar kopersulfide bleef de oorspronkelijke 
deeltjesgrootte van de koperoxide nanodeeltjes behouden. In eerder onderzoek van onze 
groep is al veel kennis opgedaan over het maken van silica gedragen koperoxide deeltjes 
met een goede controle over de deeltjesgrootte. Door deze koperoxide deeltjes 
vervolgens om te zetten naar kopersulfide, kan deze kennis gebruikt worden voor het 
maken van monodisperse, silica gedragen kopersulfide nanodeeltjes.  

In het tweede deel van dit proefschrift (hoofdstuk 5 en hoofdstuk 6) verschuift de focus 
van de synthese naar de toepassing van kopersulfide nanodeeltjes in foto- en 
elektrokatalyse. Het oorspronkelijke plan was om de kopersulfide nanodeeltjes te 
gebruiken als fotokatalysator. Echter, gedurende het project bleek dat kopersulfide 
nanodeeltjes weinig actief waren, noch voor het fotokatalytisch afbreken van organische 
kleurstofmoleculen, noch voor de productie van waterstof en zuurstof uit water. Ook 
werd duidelijk dat het uitvoeren van fotokatalyse experimenten niet altijd eenvoudig en 
eenduidig is, en dat experimenten en resultaten gerapporteerd in literatuur niet altijd te 
reproduceren waren. In hoofdstuk 5 wordt aan de hand van deze ervaringen een 
overzicht gegeven van de belangrijkste aspecten van fotokatalyse. Hierbij worden 
experimentele technieken, data analyse, verschillende mechanistische inzichten en het 
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rapporteren van katalytische data besproken aan de hand van onze eigen ervaringen met 
kopersulfide nanodeeltjes en door middel van voorbeelden uit de literatuur. 

Naast fotokatalyse kunnen kopersulfide nanodeeltjes ook gebruikt worden in 
elektrokatalyse. In hoofdstuk 6 wordt het gebruik van koolstof gedragen kopersulfide 
nanodeeltjes als katalysator voor de elektrochemische reductie van CO2 onderzocht. De 
koolstof gedragen nanodeeltjes werden bereid met de methode besproken in hoofdstuk 4 
en vervolgens op koolstof papier aangebracht. Op deze manier werden drie verschillende 
koolstof gedragen elektrodes bereid, namelijk met Cu2S, CuS of CuO nanodeeltjes. Door 
gebruik te maken van een karakterisatiemethode gebaseerd op de absorptie van 
röntgenstraling, hebben we voor het eerst de chemische toestand van de katalysatoren 
tijdens reactie kunnen volgen. Hieruit bleek dat de kopersulfide nanodeeltjes onder 
reactie condities omgezet word naar metallisch koper. Ondanks deze reductie naar 
metallisch koper bevatten de gebruikte katalysatoren ook nog zwavel. Deze bevindingen 
toonden aan dat de actieve katalysatoren dus niet de kopersulfide nanodeeltjes zelf 
waren, maar metallisch koper met resten zwavel. 

Door zowel de katalysatoren afgeleid van kopersulfide als van koperoxide werd formiaat 
gevormd door de reductie van CO2. Bij een stroomdichtheid van -1.5 mA/cm2 

produceerden de katalysatoren afgeleid van kopersulfide meer formiaat dan de 
katalysator afgeleid van koperoxide. De aanwezigheid van zwavel in de katalysatoren 
lijkt dus inderdaad de product selectiviteit naar formiaat te verhogen. Naast formiaat 
werd ook waterstof geproduceerd door de reductie van H+. Dit gebeurde voornamelijk 
op de koolstof drager. Opmerkelijk was dat, hoewel de kopersulfide nanodeeltjes maar 
4% van het totale oppervlak van de koolstof elektrode bedekten, een elektron efficiëntie 
naar formiaat van 21% bereikt werd. Dit geeft aan dat het gebruik van katalysatoren 
afgeleid van kopersulfide nanodeeltjes een effectieve strategie is om de selectiviteit van 
CO2 reductie naar formiaat te verhogen.  

Al met al hebben we in dit proefschrift inzicht gegeven in verschillende methoden om 
monodisperse kopersulfide nanodeeltjes te maken, en hebben we laten zien dat met 
name hun toepassing in de elektrokatalyse interessante effecten geeft. De resultaten uit 
dit onderzoek kunnen ook in een breder perspectief geplaatst worden: zo kunnen ze 
bijvoorbeeld bijdragen aan de ontwikkeling van synthesemethoden voor nanodeeltjes 
bestaande uit andere materialen, of aan het gebruik van Cu2-xS nanodeeltjes in 
toepassingen buiten de katalyse.  
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