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Abstract  
 

Environmentally friendly, scalable and most importantly high purity synthesis are 
always in demand for nanomaterials. Notably, copper sulphide (Cu2-xS) nanopowders are one 
such material, that are of great interest for their superionic conductivity at high temperatures, 
optoelectronic properties and p-type semiconductor characteristics. Phase diagram of Cu-S is 
rather complicated due to the presence of many possible phases. Many prior works defined 
their compositions as Cu2-xS due to having a mixture of non-stoichiometric phases originating 
from the complexity of the chemistry. Here, a green chemical and targeted synthesis using 
microwave irradiation was developed and investigated using readily available non-toxic copper 
and sulphur precursors in both ethylene glycol and aqueous environments. With the use of 
XRD, SEM various Cu2-xS compositions were achieved. Namely, Cu1.76S, Cu9S5, Cu1.8S and 
Cu2S were all identified as pure phases in aqueous syntheses. XRD analysis identified high 
phase purity of trigonal Cu9S5 and rhombohedral Cu1.8S composition, which were found to be 
dependent on MW reaction temperatures of 220 oC and 250 oC respectively. DSC analysis 
found a crystal phase transition temperature of 81 oC by Cu1.8S, which is indicative of a crystal 
structure change from rhombohedral to stable cubic structure. Additionally, Cu9S5 experienced 
no crystal phase change, indicating a great stability. Hence, a green method of synthesis using 
MW irradiation to produce various high purity compositions of copper sulphide nanopowders 
was achieved. This was accomplished by using a fraction of time (minutes versus hours) and 
energy needed  in conventional synthesis routes, accompanied with the use of non-toxic 
starting materials and minimal waste generated. The developed synthetic method and materials 
can be used in energy applications such as thermoelectrics and photovoltaics. 
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1. THEORETICAL BACKGROUND 
 

Currently, the trend of scaling down to the nanoscale and harnessing the properties that 
arise at this level is ever increasing. Nanosized materials exhibit special optical, electrical and 
magnetic properties which can be tuned allowing for new technological developments.  They 
have attracted much attention due to resulting multifunctionality which can be applied in fields 
such as catalysis, medicine, electronics, photovoltaics and more specifically thermoelectrics 
(TE). A range of TE materials have attracted great attention due to their potential in waste heat 
recovery, being noted as a clean and sustainable energy source. Limitations with this 
technology include low conversion efficiencies, however. It has been of great interest for using 
nanostructured materials to increase the conversion efficiencies of these materials. One such 
material are nanoparticles (NP), which are small nanoscaled particles less than 100nm in 
diameter that can be tuned individually through various synthesis methods for their size, 
morphology and chemical composition. Transition metal sulphides, more specifically, Cu 
sulphides, are considered promising in all of the aforementioned applications due to the 
variability of their compositional stoichiometry.  

 
1.1  Thermoelectricity 

 
With the depletion of fossils fuels and the growing interest in environmentally friendly 

and renewable sources of energy, it is of great interest to investigate and develop TE technology 
and materials. TE devices can control temperature through the polarity of the applied voltage, 
determining the direction of heating and cooling. This waste-heat recovery can be useful in 
applications such as automotive waste/heat power generation, industrial waste heat power 
generation and solid-state refrigeration.1 This property, known as the TE effect, is the direct 
conversion of heat to electrical energy and vice versa. This is governed by the Seebeck effect, 
in which a temperature gradience between n- and p-type semiconductors produces a voltage 
difference. When the heat is applied to one end of the semiconductor producing a temperature 
gradient, the electrons become excited and move towards the cooler side creating a current 
(Figure 1.a)).2 Simultaneously within a TE device, the Peltier effect drives the continuation of 
heat transfer between the hot and cold junctions of the semiconductors (Figure 1.b)).  

 

 
 

Figure 1.A The representation of Seebeck effect in TE generator. B The representation of Peltier effect in a TE cooler.2 
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To measure the energy conversion efficiency of a TE, a dimensionless figure of merit, 
denoted zT, is calculated using the following equation [1]; 
 

!" = a!s!
k

          [1] 
 
where a is the Seebeck coefficient, s is the electrical conductivity, T is the absolute 
temperature and k is the thermal conductivity. The thermal conductivity term, k,  consists of 
two parts; kL the lattice contribution and ke the electronic thermal contribution, where k = ke + 
kL. These two components are intrinsically coupled to one another. Where the lattice 
contribution is composed of phonons (both acoustic and optical modes) in which cause carrier 
scattering. The scattering of these carrier is dependent on the energy and temperature of the 
system. If an increase in s were to occur, an increase in k would occur with a decrease in a. 
However, in order to achieve a good TE material, one would desire a high electrical 
conductivity, low thermal conductivity and high Seedbeck coefficient to maximize zT. 
Therefore, implementing various synthetic strategies which can decouple these parameters is 
significant for the maximization of energy conversion in TE materials.  

Key parameters of reducing k through phonon refinement include; (i) reducing particle 
sizes to the nanoscale which give rise to both intragrain and inter-grain phonon confinement 
and (ii) doping with heavy atoms to reduce phonon vibrations.2 Recent advancements in 
nanostructured materials allow for optimization of the TE materials. Nanostructuring allows 
for better control of the Seedbeck coefficient, electrical conductivity and thermal conductivity; 
thus, decoupling of the two intrinsically linked components. The presence of nanoscale grains 
gives improved electronic properties through charge carrier scattering at the grain boundaries 
which consequently increases the Seedbeck coefficient.3–5 Further, the introduction of these 
internal interfaces increases phonon scattering. 2,3,4,5 By introducing scattering centres at 
multiple scales (nano, micro and bulk), this has appeared as the most effective method.7  
Specifically, by using the nanoparticles as grains in the bulk material, their grain boundaries 
can be tuned such that they will massively increase scattering for phonons without affecting 
the electrical conductivity.  

Key aspects that allow for the control and separation of the thermal conductivity and 
electrical conductivity include the materials phase, crystallinity, morphology and purity. 
Crystallinity and purity are highly important in achieving a good electrical conductivity, as a 
highly crystalline material will allow for more transport pathways for easier mobility of the 
charge carriers. The size and morphology of nanostructured materials improves the zT through 
the introduction of those nanosized grain boundaries, effectively contributing to the decoupling 
of the thermal electrical contributions. Lastly, phase is attributed to the crystal structure of the 
material as well as the elemental composition of the material, affecting both the thermal 
conductivity, Seedbeck coefficient and electrical conductivity.  
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1.2  Cu chalcogenides 
 

Cu chalcogenides, Cu2-x(S, Se, Te), is a family of Cu compounds distinguished as phonon-
liquid electron-crystals (PLEC) in which demonstrate superionic conductivity due to these 
liquid-like attributes. They are seen to have extremely low kL due to the disordered mobile 
ions and fast local motion consequently resulting in multi-phonon scattering and reduction of 
the phonon mean free path.5,6,8 Further, they have high abundance and low toxicity, owing to 
an inexpensive and environmentally friendly materials. Thus, Cu chalcogenides are of great 
interest for applications as mid-temperature direct band gap semiconductor (p-type) TE 
materials.9  

An important aspect to consider of Cu chalcogenides is that they undergo order-disorder 
phase transitions, resulting in a temperature dependent superionicity.5 At low temperatures, 
all ions are situated in their defined lattice sites. As temperature increases, they transform into 
superionic conductors in which there is two sets of sublattices. Notably, a rigid sublattice 
formed by the larger immobile ions (S, Se, Te) and a liquid like sublattice consisting of the 
highly mobile smaller Cu+ ions. The hopping or migration of the mobile ions through the 
connect void channels provided by the rigid sublattice are involved in the conductivity of the 
material.5,6 Figure 2 B-D shows the high temperature cubic crystal structures of  Cu(2-x)Se, 
Cu(2-x)S, Cu(2-x)Te, where the immobile anion form face-centred cubic structures and Cu+ have 
a random distribution depending on the composition.5,8,10 The two independent sublattices 
ultimately decouple the transport properties, owing to their low thermal conductivity and 
potential of higher conversion efficiencies. 5,8 Figure 2A. is a  representation on the changes to 
band structure on progressing from sulphide to selenide to telluride, illustrating the increase 
in valence band (VB) width. As well as the corresponding decrease in effective mass of the 
hole carriers, and narrowing of the bandgap with respective.9 

 

                        
 

Figure 2. A) A representation on the changes to band structure on progressing from sulphide to selenide to telluride, 
illustrating the increase in valence band (VB) width and the corresponding decrease in effective mass of the hole carriers, 

and narrowing of the bandgap with respective Cubic structures of B) Cu(2-x)S C) Cu(2-x)Se D) Cu(2-x)Te above highest crystal 
phase change transition temperature. Adapted from A.Powell et.al.9 

A. 

B. C. D. 
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 A key aspect to understand about Cu chalcogenides is those crystal phase 
transitions. The ability of Cu to change its position in the lattice and change its oxidation state 
results in different values of x (in Cu2-x(S,Se,Te)).11 They are responsible for temperature 
dependent atomic reconstruction which greatly influence the electric and thermal transport 
properties. What is known is that upon heating of the Cu chalcogenide material, the crystal 
structure will change or morph into another crystal structure. This is reversible as the same also 
occurs upon cooling. This family of materials goes through what is called second-order phase 
transition thus it involves the continuous change in entropy of the system.12 Meaning, there is 
no energy barrier and results in critical scattering of the electrons and phonons at these specified 
temperature phase transition point. This also means that each compound experience phase 
transitions with slightly different transition temperatures and has multiple crystal phases that 
are more stable than others, depending on the exact chemical composition. Specifically, Cu2Se 
composition experiences one phase transition at 400K, going from a monoclinic structure to 
cubic. Whereas Cu2S possess two phase transitions at 370K and 700K, transitioning from a 
monoclinic lattice (g-phase) to a hexagonal structure (b-phase) at 370K and from b-phase to 
FCC cubic (a-phase) at 700K.13 Both the b-phase and the a-phase are identified as superionic 
compounds due to their fast mobile Cu ions. However, the a-phase is considered the most 
stable phase at ambient and high temperature, and is desired for TE applications.13,14 The most 
notable difference between Cu2Se and Cu2S are that the Cu sites of Cu2S are more disordered, 
especially in the higher temperature a-phase.  This provides more incentive of Cu ion 
migrations, exhibiting a higher liquid-like effect and lower specific heat than Cu2Se (as 
represented in Figure 2).5,15 However, the crystal phases and there stabilities of Cu2S  are not 
as well understood as those of the well-studied Cu2Se.  
 

 
Figure 3. Phase Diagram of Cu(2-x)S where increasing temperature is the x-axis and the the y-axis is the Cu composition (x) 

in Cu2-xS.  The grey dashed lines represent the Cu(2-x)S compositions with higher zT recorded to date.16 
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However, various studies have attempted to make a more clear understanding the effects 
of different off-stoichiometric compositions of Cu(2-x)S on the TE conversion efficiency (i.e 
zT). Common compositions being explored include; Cu1.75S, Cu1.8S17,18, Cu1.94S 19, Cu1.96S 19 
and Cu1.97S . 20,21 It is theorized that producing slightly Cu deficient compositions, one can 
decrease or eliminate these phase transformations, allowing for a more stable material at high 
temperatures.16 Figure 3 gives a simple phase diagram of Cu2-xS compounds at increasing 
composition of Cu to S. According to the phase diagram in Figure 3,  Cu1.75S is a thermally 
stable a-phase cubic phase between 0-1000K (the ideal operating temperature for Cu(2-x)S TE 
devices). Whereas, a composition of Cu1.8S would give one crystal phase transition and Cu1.90S 
and above would give two crystal phase transitions. Figure 4 demonstrates the range of crystal 
structures achieved by the various off-stoichiometric composition. Further, it identifies the 
packing of S as compared to the overall crystal system.22  

 
Figure 4. Crystal structures for (a) low-chalcocite, (b) high-chalcocite, (c) cubic-chalcocite, (d) djurleite, (e) digenite, (f) 

anilite, (g) roxbyite, and (h) covellite. Blue and yellow spheres are Cu and sulfur atoms, respectively. (i) Table of the 
different mineral names and their corresponding compositions, sulfur (S) packing, and crystal system. (j) Calculated heat of 

formation of CuxS per formula unit as a function of x.22 
 
By synthesising off-stoichiometric compositions of Cu(2-x)S, one can increase the Cu lattice 

vacancies. Consequently,  giving better charge carrier mobility, decrease of the thermal 
component through increasing phonon scatting at grain boundaries and reduction of the crystal 
phase transition temperature allowing to achieve the more stable crystal structures (such as the 
a cubic phase) at lower temperatures.8,12,14,23 It appears to be commonly found that 
compositions of Cu1.94S, Cu1.96S and Cu1.97S are resulting in the highest zT Figure 5) as 
compared to other commonly synthesised crystal compositions. These compositions are 
designated as djurleite and are thermodynamically stable both in ambient and high temperature 
conditions. It is this slightly Cu deficient and has a lower free energy than Cu2S due to the 
lower symmetry which gives its’ stability.22 Referring to the phase diagram in Figure 3, one 
can give a theoretical conclusion that these compositions can attain a mixture of b-hexagonal 
phase and a cubic phase.  

By varying the stoichiometric composition of Cu sulphide compounds, certain phases 
are preferred and a varying of the carrier concentration of the material occurs.22 This, 
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consequently, is an effective way of tuning the electrical conductivity and Seebeck 
coefficient.21 W.Liu et al. used a solvothermal synthesis method to form tetragonal Cu1.96S NP 
and monoclinic Cu1.94S NP through controlling the kinetics of the reaction through varying the 
amount of NaOH. They theorized these phases had higher Cu vacancy levels which lead to zT 
of 1.1 at ~833K.19 Y.Xie et al. synthesized a range of compositions of platelet-shaped Cu2-xS 
NP starting with CuS up to Cu2S.24 CuS is Cu-rich with high density of free charge carriers 
where Cu2S had a reduced amount in comparison.  The variation of these phases follows 
various synthesis methods making them useful for specific applications. Figure 5 A. is a figure 
taken from Y.Yao et. al indicating obtained zT of stoichiometric and off-stoichiometric binary 
and ternary Cu chalcogenide (Cu2-x(S,Se,Te)) nanomaterials. Further, a cost comparison of 
copper chalcogenide TE materials to other synthesised TE material is found in Figure 5 B., 
demonstrating the low cost of Cu2-xS. 

 

  
Figure 5. A.Temperature dependence of zT, Cu sulphide compounds. Each shape indicates the crystal structure of the 

specific composition of the Cu sulphide. B. Comparison of cost per kg of various TEs. 25 

 
1.3  Synthesis Methods 
 

There are multiple methods to synthesis nanostructured Cu chalcogenide TE; from 
physical methods such as ball milling and solid state reactions, to chemical methods such as 
coprecipitation,26 solvothermal,25,28 hot injection10,29,30 and hydrothermal.18,23,31 Top-down 
methods of ball milling and solid-state methods are the most widely used1,2,8,12,32–34 however 
they require high temperatures, long post heat treatments, pure elemental precursors and less 
controllable microstructures; all resulting in large costs and difficulty in producing uniform 
large quantities. H.Chen et al. used melting and long term high temperature annealing to 
produce Cu2S from powdered elements of Cu and S in stoichiometric ratios.33 They were 
required to anneal the produced ingots for 5 days at temperatures of 500 °C achieving a zT of 
0.86. Although solution phase methods such as hot-injection, hydrothermal and solvothermal 
allow for better control of NP formation, they also require long reaction times, ranging from 
6-72 hrs.19,21,27,35,36 S.Lv et al. hydrothermally synthesized Cu2S hexagonal nanoplates with  Cu 
acetate (Cu(CH3COO)2·H2O ) and thiourea (CH4N2S). Here, the precursors were placed in 
solution of cetyltrimethylammonium bromide (CTAB) and DI-H2O in an autoclave at 160 °C 
for 10 hrs.36 Where W.Liu et al. synthesized Cu(2-x)S by facile solvothermal method, where they 

A. B. 
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achieved three different phase, monoclinic Cu2S, tetragonal Cu1.96S and monoclinic Cu1.94S, 
through changing the concentration of NaOH and achieved zT as high as 1.8 at 1000K.19 
However,  synthesis was performed at 180 C° for a minimum of 12 hrs.  

The choice of solution phase processes is advantageous due to their mild temperatures, 
moderate pressures and decreased cost.37 Depending on parameters such as precursors chosen, 
method used, temperature, solvent (water or polyol) and pH; different phases, crystallinity and 
morphology can be produced. Table 1 indicates these parameters, the relating crystal phase 
achieved and the duration of the reaction. One parameter to take note of, especially in 
hydrothermal synthesis is the pH and its ability to control the crystal phase of the product. Both 
Y.Zhao et al.23  and J. Fang et al.35  used the same Cu and S precursor with a hydrothermal 
method but achieved different phase results; Cu1.97S and CuS respectively. The main 
differences in there method include the duration of the reaction and the fact that Y.Zhao et al. 
used a chelating agent with pH control. Further, Y.Zhao et al. did eventually achieve CuS with 
the same method but no pH adjustment. A chelating agent will readily create organometallic 
coordinations with the Cu metal centre in aqueous solution. Under acidic conditions, the 
chelator (for example EDTA) will be protonated, coordinating less with Cu(II) ions, giving 
more Cu(II) ions in solution. CuS is the most Cu rich phase of Cu sulphides, thus having more 
Cu(II) ions in solution to be reduced by the active S2- increases the possibility of forming CuS.23 
Whereas, with increasing the pH through the addition of NaOH, the chelating agent is less 
protonated, allowing for more coordination with Cu(II) centres. Now the concentration of S2- 
in solution is higher and the interaction rate between Cu(II) is decreased statistically.23 
Therefore, theoretically it is more likely to acquire off-stoichiometric compositions of Cu2-xS. 
However, if the solution is too alkaline, concentration of Cu(II) in solution would be very low 
due to being coordinated fully by the chelating agent and it is more difficult for the active S4- 
to be oxidzed to S2- in a basic solution. 

Interestingly, synthesis’ preformed in polyol solvent with the use of NaOH have the 
opposing effect on crystal phase composition compared to in water synthesis’. W.Liu et al. 
preformed a solvothermal synthesis in ethylene glycol using CuO and S powder as a 
precursor.19 They varied the amount of NaOH in their samples to investigate the effects on the 
crystal phase composition. As the amount of NaOH increased in solution, the composition of 
Cu decreased from Cu1.99S to Cu1.95S. M. Peng et al. also performed a solvothermal synthesis 
in diethylene glycol (DEG)  with NaOH.27 They proposed a growth mechanism in which the 
DEG reduces the Cu(II) ions to Cu(I) which can then combine with S2- ions to form Cu2S. The 
NaOH is important through kinetically controlling the nucleation-dissolution-recrystallization 
mechanism in which a metastable CuOH is formed in solution.27 Essentially, NaOH is adding 
to the -OH in solution with DEG, increasing the concentration of Cu(II) to combine with S2-. 
Therefore, the addition of more -OH creates a more Cu rich environment, increasing the 
possibility for a more Cu rich composition.   
 For hydrothermal and solvothermal based synthesis methods, although controlling the 
interplay of the redox reactions may prove to be more difficult than simply milling two pure 
forms of the source precursor as done in solid state synthesis’, they are more beneficial methods. 
One can achieve better control of not only the microstructures but nanostructures by using a 
solution phase synthesis method. Therefore, currently, facile and fast synthesis of Cu2-xS with 
controllable stoichiometric composition, crystal phase and morphology is still of great 
experimental interest.  
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Table 1. Various chemical methods of synthesizing Cu Sulphides of different phases. 

Cu source S source Crystal phase  Method Duration 
(hrs) Solution Ref 

Cu Chloride S powder Cu2-xS Hot-injection 0.5 
Oleic acid 

Octadecene 
OaM 

29 

Cu Acetate S powder Cu2S Hot-injection 0.5 Oleic acid 
Dodecanethiol  10 

Cu Nitrate Dodecanethiol Cu9S8 
(nanorods) Thermolysis 11 Chloroform 

Sodium octanoate 30 

Cu Sulphate Sodium 
Thiosulphate CuS Hydrothermal 12 DI-H2O 35 

Cu Nitrate Thiamine 
Hydrochloride Cu1.8S Hydrothermal 24 DI-H2O 18 

Cu Sulphate Sodium 
Thiosulphate Cu1.97S Hydrothermal 7 

DI-H2O  
Mercapto-Propionic 

Acid  
NaOH 

23 

Cu Acetate Thiourea Cu2S Hydrothermal 10 
DI-H2O  
CTAB 

Ethylenediamine 
36 

Cu(II) Oxide S Powder Cu2S Hydrothermal 6 
DI-H2O  

EDA 
N2H2.H2O 

38 

Cu Sulphate Dodecanethiol Cu2S MW/ 
Hydrothermal 4 DI-H2O  

Toluene 
39 

Cu Nitrate Sodium 
Thiosulphate Cu2S MW 0.08 

DI-H2O  
Hydrochloric Acid 
Thiosemicarbazide 
Sodium Salicylate 
Proyalene Glycol 

 

40 

Cu Sterate Dibutalamine Cu1.8S Solvothermal 1 Oleyamine 17 

Cu Acetate S Powder Cu2-xS Solvothermal 1.5 Oleic Acid 
Dodecanthiol 10 

Cu Acetate Thioacelamide Cu2S Solvothermal 3 Diethylene Glycol 
NaOH 

27 
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Yet it is still desirable to find an effective fabrication method that is low-cost, energy 
efficient and time saving. A novel green method, MW synthesis (MW), is a solution based 
synthesis in which MW energy is used drive the synthesis forward.40 The MW is designed as 
a faster, more sustainable and economically more viable method of synthesis. 40,41  It has the 
ability to heat all the components (absorption by solvent, precursors and vessel) of the reaction 
directly rather than heating the vessel and then transferring that heat as a conventional system 
(for example hydrothermal) would. This allows the MW to have a far greater energy efficiency, 
smaller temperature gradient throughout the solution and shorter reaction times. A reaction that 
would have taken hours in a traditional setup can be done in minutes. The rapid controlled 
heating leads to faster nucleation processes and transformations giving better control over 
phase and crystal purity of the product. 41,42 It is scalable since it avoids the issues with heat 
flux that typically comes with larger reaction vessels, as it heats the entire volume. Additionally, 
its high reproducibility is especially important for applications like TE where we need to 
produce enough NPs to form a bulk solid, but also need a high degree of crystallinity.  

However, it is key to first understand the kinetics and general reaction mechanism when 
preforming synthesis in a MW. Under MW frequency, electromagnetic energy is converted 
into thermal energy, inducing the chemical reaction to proceed forward. It causes the rapid 
decomposition of the chemical precursors and quickly begins the nucleation process of 
synthesis. The systems temperature, heating rate, precursor reactivity and concentration define 
the nucleation and consequently the final product.40,41,42 Under typical reaction conditions, the 
nucleation occurs whereby the metal based seed acts as a nuclei template to start the crystal 
growth process.42 There is a critical radius each seed must obtain in order to survive in solution 
and proceed to the growth step. Generally, this follows the mechanism of Ostwald ripening, in 
which smaller particles are re-dissolved in solution, allowing larger particles to grow.42 Thus, 
it is highly based on the solubility and surface energy of the smaller particles for the growth 
process. Whereas, due to the rapid heating and cooling of the MW, burst nucleation is theorized 
to be favoured. Here, particle nucleation and growth follow the La Mer mechanism.  First a 
rapid increase of free monomers occurs in solution (here monomers can be the decomposed Cu 
and S precursors). 42,43  This is followed by the burst nucleation in which a rapid decrease in 
the free monomer concentration occurs to a point in which nucleation can no longer occur. 
Finally, nuclei growth proceeds under the control of monomer diffusion through solution.42,43 
Ultimately this results in highly crystalline products and better control of the phase and 
morphology if correct MW parameters are used.40  
 Due to the MW ability of dielectric heating, when choosing the solvent, it is preferred 
to have a polar environment. The MW irradiation can thus be effectively absorbed and 
converted to heat to drive the reaction forward. Further, it is well known that most organic non-
polar solvents are low MW absorbers in comparison to polar solvents.42 Regardless, reactions 
can be performed in both polyol solutions41 as well as aqueous solutions39 with the correct 
choice of compatible chemical precursors and reducing agents. Y.Wang et al. synthesized Cu2S 
nanocrystals with well-defined sized, chemical composition and crystal structure through two-
phase MW-assisted methods.39 A toluene-water two phase system was used in order to easily 
dissolve the alkyl-thiol (the organic phase) whilst having good MW absorption (the polar water 
phase). This resulting in monodisperse nanocrystals of 7nm in size. Where X.Liao et al. 
synthesized Cu sulphide nanorods of pure hexagonal phase (b-phase) using an aqueous based 
MW synthesis.44Although neither of these studies preformed transport property analysis, it is 
clear that synthesizing Cu(2-x)S using the MW assisted methods in both polyol and aqueous 
solutions is possible.  M. Mousavi-Kamazani et al. used the MW-assisted method to synthesis 
Cu2S nanostructures. Here, they investigated the effects of different MW parameters (i.e. 
reaction time and MW power) on the morphology and size of the nanocrystals whilst 
maintaining the same phase.41 They determined that using a surfactant and polyol solvent free 
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method is best for attaining CuS composition. This is due to the fact that under MW conditions, 
the polyol solvent is not strong enough to reduce Cu2+ to Cu+.41 However, they were able to 
control the morphology and size of Cu2S nanocrystals after using a surfactant free method 
using Na2SO3 as the reducing agent, Sodium salicylate and HCl as the growth directing agents. 
M.Tafti et al. and B.Hamawandi et al. synthesized Cu2Se nanopowders through MW-assisted 
thermolysis.4 A high zT of above 2 was obtained at 900K. Nonetheless, in all cases they have 
achieved high crystallinity, purity and the desired phase, giving light into the advantages of 
using a MW method. 
 
1.4  Purpose 
 

The purpose of the present study is to synthesise Cu chalcogenides nanocrystals through 
MW assisted chemical methods. More specifically, Cu(2-x)S nanocrystals will be synthesized 
through polyol and aqueous based chemical synthesis using the MW to for comparison of the 
optimal method. The factors responsible for the synthesis of non-stoichiometric composition 
are not yet clearly understood, as present research provides a variety of solvent systems which 
no clear mechanism for explaining their formation. Thus, it is also the goal to try and 
understand the factors contributing to the final stoichiometry of the bulk product, as well as to 
provide an acceptable mechanism for their formation with literature support. The transport 
properties of these Cu(2-x)S materials will also be measured in order to compare and understand 
their conversion efficiencies. It is desired to achieve an acceptable zT, however the main goal 
is to develop a sustainable and environmentally friendly synthesis method of Cu chalcogenide 
nanomaterials with high purity, crystallinity and correct phase. Specifically, it would be desired 
to achieve different Cu(2-x)S compositions; Cu1.75S, Cu1.8S Cu2S, to achieve an understanding 
of the factors into why each phase is formed. This pertaining to the chemical precursors, the 
time and energy required for the synthesis as well as the yield and reproducibility of the MW 
method. Ultimately, being able to perform a green synthesis and understand possible formation 
mechanism of any Cu2-xS composition under MW irradiation is the key to this study. 
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2. METHODS & MATERIALS 
 

Generally, synthesis will be performed in either monoethylene glycol (EG) or distilled 
water (DI-H2O) no matter the precursors chosen for the Cu and S source. EG is an organic 
solvent that is in-expensive, non-toxic and environmentally. It can be considered a water 
equivalent with similar solubilities of compounds but with a higher boiling point of 197 oC.47–

49 This is advantageous for MW synthesis as higher temperatures can be used to achieve a more 
crystalline NPs 47 whilst providing an effective convection medium for heat transfer during the 
reaction.47,50 Further, EG has mild reductive properties which are activated at temperatures 
close to the boiling point and chelating properties as it is a surface active substance in the 
presence of metal cations. 47,50 Lastly, it is very easy to remove NPs during cleaning as well as 
cleaning of glasswear, unlike other polyol solvents which require toxic removal solvents such 
as hexane. Ideally, however, using DI-H2O is the best solvents in terms of a readily available, 
in-expensive, environmentally friendly solvent for a green chemistry process. Nonetheless, 
both will be used for their viability as a solvent for green chemical synthesis of Cu2-xS NPs. 
 
2.1  MEDUSA  

 
MEDUSA is a software that preformed thermodynamic calculations based on formation 

constants of chemical species in an aqueous system and describes the chemical equilibriums of 
given species entered. The program was used to understand the theoretical dependence of Cu2+ 
fraction in aqueous solution to the pH. It gives a theoretical understanding of why certain 
crystal phases appears at specific pH with a fixed concentration of the S precursor. To 
determine the concentrations (and thus molar ratio) of the S and Cu precursors a predominance 
area plot was calculated at 25 oC (pC vs pH), Figure 7. By analysing the plot, one can be given 
a rough idea of the optimal Na2S2O3 concentration in relation to pH for the desired Cu2-xS 
composition. For example, to obtain Cu2S within a pH range of 4.0-10.0, having a 
concentration of 170 mM S2O32- to the concentration of 250 mM for Cu2+ is suggested.  
 

 
 

Figure 7. Predominance Area Plot (p[S2O3
-] vs pH) of the formation of various Cu+ complexes. 
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 A typical process in an aqueous synthesis using Cu acetate and sodium thiosulphate as the 
Cu and S precursor included entering the following data (Table 2). With these parameters, 
Figure 8 is a plot of the fraction of Cu2+ versus pH, demonstrating the specific composition of 
Cu2-xS obtained at 25oC. 

 
Table 2. MEDUSA Chemical Equilibrium Species Concentrations Used For Figure 6. Model. 

Ionic Species in Solution Total Concentration 
Cu2+ 250 mM 
S2O3

- 177 mM 
Na+ 340 mM 

CH3COO- 500 mM 
 

 
Figure 8. Chemical Equilibrium Model Plot of the fraction of Cu 2+ versus the pH at 25 oC using Cu(OAc)2• H2O & Na2S2O3 

as Cu and S precursors respectively. 

A typical process in an aqueous synthesis using Cu chloride and thiourea as the Cu and S 
precursor respectively included entering the following data (Table 3) which was determined 
by the predominance plot, Figure 10. With these parameters, Figure 9 is a plot of the fraction 
of Cu2+ versus pH, demonstrating the specific composition of Cu2-xS obtained at 25oC with 
relation to the fraction of Cu2+ ions in solution.  
 

Table 3. MEDUSA Chemical Equilibrium Species Concentrations Used for Modelling in Figure 8. 

Species Ion in Solution Total Concentration (mM) 
Cu2+ 250 
SH- 154 

NH3
+ 308 

CNOH- 154 
Cl- 500 
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Figure 9. Chemical Equilibrium Model Plot of the fraction of Cu 2+ versus the pH at 25 oC using CuCl2 & TU as Cu and S 
precursors respectively. 

 
Figure 10. Predominance Area Plot (p[TU] vs pH) of the formation of various Cu+ complexes 

It is key to note however that these calculations are performed for room temperature 
reactions and do not consider higher temperatures, EG as a solvent or kinetic effects of the MW 
method. However, MEDUSA gives a good starting point of synthesis, an understanding of why 
certain products are more likely than others during and after synthesis and can give insight into 
possible mechanism within the aqueous system.  
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2.2  Cu Acetate & Sodium Thiosulphate as Precursors 
 

Cu(II) acetate monohydrate (Cu(OAc)2• H2O) and anhydrous sodium thiosulphate 
(Na2S2O3) have been chosen at the precursors for Cu and S respectively. Both compounds are 
non-toxic and environmentally friendly chemicals. Reactions will be performed in both an 
ethylene glycol (EG) and aqueous solutions. Further, chemical equilibrium simulations were 
preformed using MEDUSA software for DI-H2O synthesis to give understand better the 
possible effects of concentration, pH and redox potential on the chemical system to produce 
various Cu2-xS compositions (Figure 7 & 8). This was performed before running experiments. 
Table 5 & Table 6 summarizes all the chemicals and their respective amounts for both EG and 
DI-H2O synthesis, which were determined through MEDUSA SPANA chemical equilibrium 
simulations. All chemicals were obtained from Merck KGaA Emplura. Table 4 gives the MW 
parameters used with a typical reaction profile given in Figure 11 with DI-H2O or EG as the 
solvent (Figure 11 B.). 
 

      

 
 

Table 4. MW reaction parameters for the synthesis of Cu2-xS. 

Parameter Procedure 1 
Power 1800 W 
Temperature 200-250 oC 
Ramp Duration 4 mins 
Temperature Holding Duration 2.5-10 mins 
Number of Vials 2-4 

 

A. 

B. 

Figure 11. Typical MW profile in A. DI-H2O where 
the red line corresponds to the change in temperature 
(oC) per time (min) and the black line corresponds to 
the amount of energy(kW) used during the reaction 
and in B. EG where the orange line corresponds to 
the change in temperature (oC) per time (min) and the 
black line corresponds to the amount of energy(kW) 
is used. 
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2.2.1 Aqueous Synthesis Procedure 
 
In a typical synthesis in aqueous solutions, a 1.4:1 molar ratio of Cu(OAc)2•H2O to Na2S2O3 

is measured out. The Cu(OAc)2•H2O was dissolved in 40 mL of DI-H2O in a in a 50 mL glass 
beaker. The solution is continuously stirred until all the Cu(OAc)2•H2O is fully dissolved giving 
a clear blue coloured solution. In a separate 50 ml beaker, Na2S2O3 is dissolved in 10 mL of 
DI-H2O and the solution is continuously stirred until fully dissolved. Once they are both 
completely dissolved, the Na2S2O3 solution is added to the Cu(OAc)2•H2O drop wise. The pH 
is then determined and NaOH (0.2M) can be added accordingly to adjust the pH to either 7 or 
12. The turquois solution is then placed in a 100 mL Teflon vessel and put in the MW with the 
parameters in Table 3. After the reaction is complete, the vessel is left to cool to ~50 oC. Once 
cooled to room temperature, the particles are cleaned and centrifuged with DI-H2O twice and 
isopropanol twice then dried in a drying oven overnight (12hrs) at 60 oC. The resulting powder 
is then weighed and placed in a 30 mL glass vial. Figure 12 shows a typical synthesis pathway. 

 

  
Figure 12. Typical synthesis pathway for aqueous synthesised samples using 1.6:1 molar ratio Cu/S. 

 
2.2.2 Ethylene Glycol Procedure 

 
In a typical synthesis in polyol solutions, a 1.6:1 molar ratio of Cu(OAc)2•H2O to Na2S2O3 

is measured out.  The Cu(OAc)2•H2O was dissolved in 40 mL of ethylene glycol (EG) in a 50 
mL glass beaker at 80 ℃. The solution is continuously stirred until the Cu(OAc)2•H2O is fully 
dissolved (~30 mins) giving a clear blue coloured solution. Here, 3g of EDTA (0.2 M) can be 
added for Cu complexation. In a separate 50 ml beaker, Na2S2O3 is dissolved in 10 mL of EG 
and the solution is continuously stirred until fully dissolved. Once they are both completely 
dissolved, the Na2S2O3 solution is added to the Cu(OAc)2•H2O dropwise. The pH is then 
determined and NaOH (0.5 M) is added accordingly. The turquois solution is then placed in a 
100 mL Teflon vessel and put in the MW with the parameters in Table 3. After the reaction is 
complete, the vessel is left to cool. Once cooled, the particles are cleaned and centrifuged with 
isopropanol three times and dried in a drying oven overnight (12 hrs) at 60 oC. The resulting 
powder is then weighed and placed in a 30 mL glass vial. Figure 11 shows a typical synthesis 
pathway that is followed. 
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2.3  Copper Chloride & Thiourea as Precursors 

 
Cu chloride (CuCl2) and thiourea (TU) have been chosen as the precursors for Cu and S 

respectively. Both compounds are non-toxic and environmentally friendly chemicals. 
Reactions will be performed in both an ethylene glycol (EG) and aqueous solutions. Further, 
chemical equilibrium simulations were preformed using MEDUSA software for DI-H2O 
synthesis to give understand better the possible effects of concentration, pH and redox potential 
on the chemical system to produce various Cu2-xS compositions (Figure 8). This was performed 
before running experiments. All chemicals were obtained from Merck KGaA Emplura. Table 
2 gives the MW parameters used. 
 
2.3.1  Aqueous Synthesis Procedure 
 

In a typical synthesis in aqueous solutions, a varying molar ratio of 1:1,1.6:1 and 2:1 of 
CuCl2 to TU  is used.  The CuCl2 was dissolved in 30 mL of DI-H2O in a 50 mL glass beaker. 
The solution is continuously stirred until the CuCl2 is fully dissolved giving a clear blue 
coloured solution (~15 mins). In a separate 50 ml beaker, the TU  is dissolved in 20 mL of DI-
H2O and the solution is continuously stirred until fully dissolved. Once they are both 
completely dissolved, the TU  solution is added to the CuCl2 dropwise. It is continuously stirred, 
quickly changing colour from blue, to dark blue  to finally a cloudy blue solution. The cloudy 
blue solution is then placed in a 100 mL Teflon vessel and put in the MW with the parameters 
in Table 3. After the reaction is complete, the vessel is left to cool to ~50 oC. the particles are 
cleaned and centrifuged with DI-H2O twice, isopropanol twice then dried in a drying oven 
overnight (12 hrs) at 60 oC. The resulting powder is then weighed and placed in a 30 mL glass 
vial. Figure 12 shows a typical synthesis pathway that is followed. 

 

 
 

Figure 12. Typical synthesis pathway for aqueous synthesised samples with CuCl2 and thiourea precursors. 
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2.3.2  Ethylene Glycol Synthesis Procedure 
 

In a typical synthesis in polyol solutions, a 1.6:1 molar ratio of CuCl2 to TU  is measured 
out.  The CuCl2 was dissolved in 40 mL of ethylene glycol (EG) in a 50 mL glass beaker at 
60℃. The solution is continuously stirred until the CuCl2 is fully dissolved (~45 mins) giving 
a clear green coloured solution. In a separate 50 ml beaker, the TU is dissolved in 10 mL of 
EG and the solution is continuously stirred until fully dissolved. Once they are both completely 
dissolved, the TU solution is added to the CuCl2 drop wise. It is continuously stirred, quickly 
changing colour from green, to dark green/brown to finally a cloudy mint solution. The solution 
is then placed in a 100 mL Teflon vessel and put in the MW with the parameters in Table 3. 
After the reaction is complete, the vessel is left to cool. Once cooled to room temperature, the 
particles are cleaned and centrifuged with DI-H2O, isopropanol and acetone and dried in a 
drying oven overnight (12hrs) at 60 oC. The resulting powder is then weighed and placed in a 
30 mL glass vial. Figure 12 shows a typical synthesis pathway that is followed. 

 
2.4  Methods of Samples Characterization 
  

In order to understand and realize the crystalline phase and its respective phase change 
temperatures, crystallinity, morphology and size of the nanocrystals, multiple analysis 
methods are chosen for the respective parameter to be analysed.  

     X-ray diffraction (XRD, PANalytical X’Pert PRO) is a method of determining the 
crystal structure of the analysed sample. It uses the elastic scattering of x-ray photon on 
crystal samples to determining the angles of diffraction and consequently the (h k l) crystal 
plane numbers. This instrument will be used to determine the crystal structure and 
consequently the crystal phase of the synthesised sample of Cu2-xS nanocrystals. This is done 
through comparing and matching peaks from the High Score Plus data base. Further, to 
observe the effects of temperature on the phase, due to the temperature dependent crystal 
phase changes of Cu2-xS, temperature dependent XRD will be employed.  

 Scanning electron microscope (SEM) is a type of electron probe microscope that uses 
a focused beam of electrons to determine the topography and morphology of Cu2-xS 
nanocrystals. Further, EDS can be used in conjunction with the SEM to analyse the chemical 
composition of the nanocrystals. It will give an idea of the composition of the nanocrystals 
and further indicate the amount of oxide layer present on the particles.  

 Differential Scanning Calorimetry (DSC) is a thermogravimetric technique in which 
the amount of heat required to maintain the constant heating rate of both the reference and 
sample is measured. By recording this one can observe whether the reaction is exothermic or 
endothermic and further analyse the various phase changes of the sample. This technique can 
be used to determine the changes in crystalline phase changes as temperature increases for 
Cu2-xS. 
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3. RESULTS & DISCUSSION 
 

In the aforementioned MW synthesis procedures, it was found that the precursors used 
greatly affect the method of approach for synthesising the desired Cu2-xS compositions. One 
must not only consider the Cu/S molar ratio but also the reducing power of the solvent and 
effects of pH on the precursors. The basic steps for the formation of Cu2-xS compounds can be 
accounted as follows;19,21,52 

 
i) reduction of Cu2+ to Cu1+  
ii) reduction of S to S2- (or remain at S2- )  
iii) precipitation redox reaction between Cu1+ and S2- yielding the desired NP product 

 
Further obtaining off stoichiometric compositions of Cu2-xS allows the more superionic crystal 
phase to be stable at lower temperatures (such as cubic, rhombehedral and hexagonal). This is 
turn makes it less likely to get phase transformation during increased temperature when a 
thermoelectric device is functioning. The following are the results obtained for determining the 
best combination of Cu and S precursors in both aqueous and EG synthesis environments. 
 
3.1  Cu Acetate & Sodium Thiosulphate as Precursors 
 
3.1.1 Aqueous Method 

 
In a water synthesis the reaction is known proceed as follows, where Cu acetate dissociates 
(!"(!$!!%%)2	 · 2$"% ) into its respective ions reaction [2], 
 
!"(!$!!%%)2	 · 2$"%(*) 	→ 	!""#	(,-) 	+ 	2!$!!%%$ + 2%$$	(,-)      [2] 
 

Sodium thiolsulphate (Na2S2O3) dissociates into its respective ions (reaction [3]). Interestingly, 
sodium thiosulphate is able to dissociate into two ions, SO32-  and S2- (reaction [4-5]), creating 
a disproportionation in the redox reaction. The acidity of the solution controls the kinetics of 
this disapropriation reactions.  In more acidic conditions it is known that the formation of SO4- 
is greater than that of HS- (also seen in Medusa formation model Figure 8). 19,52 

 
Na2S2O3 (s) → S2O3

2-(aq) + 2Na+ (aq)          [3] 
 
S"O!$ +OH$ → SO%$ +HS$	(Basic)           [4] 
 
S"O!$ +H"O → SO%$ +HS$ +H#	(Acidic)           [5] 
 
In all, the synthesis is a redox reaction, where the interplay of the reduction and oxidation of 
Cu and S species respectively can be regarded as a key factor in realising the best reaction 
parameters to synthesis Cu2-xS NCs with Cu(OAc)2•H2O and Na2S2O3  as the precursors 
(reactions [6-8]). 
 
2 Cu2+ + 2 e- → 2 Cu+ (reduction)                     [6] 

!!" ⇌	""! 	+ 	2!#	                          [7] 

SO4
2- + 2 e- →  S4- (reduction)                                [8] 
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Finally, with the combination of the Cu and S solutions, Cu2-xS  can be formed as follows 
(reaction [9]), where the terminal S of S2O3 is speculated to be involve in the reduction of 
Cu2+.52 

 
2(!"(!$!!%%)"	)(*) + 	9,":"%!(*) + 2$"%(;) →&'($")(°+ 	!""$,:(*)	+ 	9,":%!(,-) + 4!$!!%%$(,-) + %"  [9] 
    
Thus, due to the disproportionation of Na2S2O3, these synthesis are dependent on the S2O32- 
complexing with Cu(II) and then the reduction of Cu(II) to Cu(I). This is thought to be needed 
to occur for S2- subsequent release.26,31,52 Further, this complexation and dissociation is heavily 
dependent on the pH of the aqueous environment.52 

To determine the crystal phase composition of Cu2-xS nanopowders synthesised with 
Cu(OAc)2 and Na2S2O3 precursors using MW irradiation at 220 ℃, room temperature XRD 
analysis was used. The as-synthesized materials were obtained from using a molar ratio of 1.4:1 
Cu to S (as determined by MEDUSA calculations) with varying pH, giving the following XRD 
patterns (Figure 13 A., B., C.).  
 

 
 

Figure 13. XRD obtained at room temperature from synthesised Cu2-xS nanopowders at reaction temperature of 220 ℃ in 
aqueous solvent at (A.) pH 2,( B.)  pH 5.5-6 and( C.)  pH 12+. Indexing was preformed against  Cu2S with ICDD PDF card 

no. 00-003-1071 and CuS with ICDD PDF card no. 01-070-2321. 

SEM images were obtained of the same samples as well to show size and morphology of 
individual Cu2S nanoparticles (Figure 14 A., B.) with an inset showing the bulk dark green 
powder obtained. 
 

 
Figure 14. SEM micrographs obtained  from as-synthesised Cu2S nanopowders with reaction temperature of 220 ℃ in 

aqueous solvent at A. pH 5.5-6 and B. pH 12+.  Magnification are presented at 1 	=>. 
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 All samples XRD show show the most intense peaks as Cu2S (ICDD PDF card no. 00-
003-1071) with an unknown crystal system and minor peaks representing hexagonal CuS 
(ICDD PDF card no. 01-079-2321) at both pH 2 (Figure 13A.) and pH 5.5-6 (Figure 13B.). This 
minor compositions is conducive to the modelled results from Medusa, where a pH below 9 
demonstrates a mixture composition with CuS and a pH above 12 gives Cu2S (Figure 8). 
However, the majority of samples are composed of Cu2S, where as pH increases, the 
crystallinity of Cu2S phase increases and the minor peaks representing CuS decrease in intensity. 
CuS does have similar effects on the TE transport properties, but transitions through all phase 
changes as temperature increases, making it undesired for practical use in TEs. It is thought that 
the mechanism behind whether CuS versus Cu2S is achieved (or in between Cu2-xS 
compositions) is dependent on the release of S2- from H2S (Equation [7]).26,52,53 CuS is 
considered to be the kinetic product, whereas Cu2-XS as the thermodynamic product. In more 
acidic conditions, the concentration of H+ is increased, thermodynamically favouring the 
production of H2S (as explained by Le Chatelier’s princinples of equilibrium) and therefore 
slowing the production of S2- . This in turn favours Cu2S, hence the thermodynamic product. 
Whereas in basic conditions, S2- is favoured and the rate of reduction with Cu(II) ions increases 
producing CuS, hence kinetic product.  However, along with this one must also consider the 
disproportiation of Na2S2O3. As pH increases to more basic conditions, SH- ions are more 
readily availible in solution.52  It seems however, that even with basic conditions, Cu2S 
compostion is still favoured. Interestingly, the measured pH of the solution after the reaction is 
preformed is always decrease by 5-6 no matter the initial pH. For example, for the samples at 
pH 12+ initially has a drop of pH to 6-7 after preforming the MW irradiation. Thus, the 
production of H+ in solution must increase throughout the reaction and possibly favouring the 
production of Cu2S rather than CuS. SEM micrographs obtained for as synthesised Cu2S 
nanopowders at pH 5.5-6 and pH 12+ are seen in Figure 14. Both samples have similar particle 
size range, agglomoration and spherical morphology. The main difference between a pH of 5.5-
6 and pH of 12+ is the presence of large rod like growths. It appears that these structures are 
not individual rods but more the agglomoration of many particles and subsequent growth.  
 A Cu/Smolar ratio of 2:1, was also tested for its effects on Cu2-xS  compositions. A 
major composition of Cu(SO4) with a small presence of CuS is found. The pH of these samples 
were recorded as ~2. It is thought that in these acidic conditions, the majority source of S is 
SO42-, as modelled by Medusa, and can explain the reasoning for obtaining mostly Cu(SO4). 
Possibly, the reduction of Cu(II) ions by SH- is occuring in small amount, only yielding small 
amounts of CuS.  

The concentration of Cu and S precursors modelled by Medusa is found to optimise the 
disproportiation of S forms of Na2S2O3 for the sythesis Cu2-xS compositions  without yielding 
Cu(SO4) or an excess amount of gaseous S. Additionally, by adjusting the pH of the aqueous 
system, one can decrease the amount of CuS, obtaining a higher purity of Cu2S Further, 
although Na2S2O3 is a non-toxic and environmentally friendly precursor, this sensitivity to 
precise molar measurements for each precursor to avoid the disproportiation is not feasible in 
terms of larger scale synthesis and requires much more optimization to acquire a pure Cu2S 
composition. 

 
 
 
 
 
 
 

 



 21 

3.1.2 Ethylene Glycol  Method 
 

In an EG synthesis under MW irradiation the reaction is known to go as follows, where 
EG is known to complex and reduce Cu2+ ions, substituting acetate ions as shown in reaction 
[10] 55,56; 
 
2(!$-%")(;) 	+ 		!"(CH!COO)"(*) 	→ [Cu!(OAc)"(C"H%O")"	] 	→ !"(!$-%")"	(,-) + 	2CH!COO$	(,-)	           [10] 
 
Na2S2O3 is thought to dissociate into its repsective ions in EG and to show the same 
disproportiation characterisitcs as in DI-H2O [11]; 
 
2!$-%"(;) 	+ 	Na"S"O!	(s) → 	S"O!"$(aq) + 2Na# + !$-%"(;)			                         [11] 
 
With the combination of the Cu and S solutions, Cu2-xS can be formed as follows [12]; 
 
!$-%"(;) 	+ 	2	(!"(CH!COO)")(*) 	+ 	Na"S"O!	(s) → 	!""$,:	(*) + 	4(CH!COO)$	(,-) + Na"SO! + 	!$-%"(;))			    
 

To determine the phase composition of Cu2-xS nanopowders synthesised with 
Cu(OAc)2 and Na2S2O3 precursors in EG at 220 ℃, room temperature XRD analysis was used. 
The as-synthesized materials were obtained from using a molar ratio of 1.4:1 Cu to S (as 
determined by MEDUSA calculations), giving the following XRD patterns (Figure 15A, B and 
C). Figure 15. A. Cu2-xS nanopowders synthesised with no NaOH added Figure 15A, Figure 
15. B. has 0.1M of NaOH added and Figure 15. C. has 0.5M NaOH added. 
 

 
 

Figure 15. XRD obtained at room temperature from synthesised Cu2-xS nanopowders with reaction temperature of 220 ℃ in 
EG solvent where A. no added NaOH B. added 0.1M NaOH and C. added 0.5M NaOH. Indexing was preformed against 

Cu0with card no. 01-085-1326, Cu2O with ICDD PDF card no. 01-078-2076 and  Cu2S with ICDD PDF card no. 00-026-
1116. 
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  With no NaOH added, the majority of the sample’s composition is composed of cubic 
metallic Cu (ICDD PDF card no. 01-085-1326). This is obvious by the very few intense peaks, 
indicative of the cubic crystal structure of metallic Cu. There are some traces of Cu2S, as seen 
by the many very small peaks, however not a significant amount (which can also be supported 
by the brown colour of the bulk powder  obtained Figure 16 A. inset). The large difference 
from DI-H2O as a solvent is that EG has reducing properties. Not only is Cu an easily reducible 
element, EG is a stronger reducing agent than thiosulfate. Therefore, no matter the molar ratio 
between the Cu precursor and S precursor, EG will fully reduce the Cu source, making the 
majority of the product composed of metallic Cu.16,19,24 L.W Di et. al. controlled the 
composition of Cu2-xS through adding increasing amounts of NaOH to their EG synthesis of 
Cu2-xS NPs. It was claimed that NaOH aids in the control of the reaction kinetics through 
creating a metastable CuOH intermediate species in which slows the reduction of Cu(II) ions 
by EG.19 Thus, allowing for reduction by the S source. They presented that Cu(OAc)2 goes 
through various in EG as follows; 
 
Cu(OAc)2 → Cu3(OAc)2(C2H4O2)2 → Cu(C2H4O2) → Cu2O → CuO → Cu.                     [13] 
 
Where adding NaOH can slow this mechanism. With 0.1M NaOH added a XRD pattern in 
Figure 16B  was obtained. Here, the most intense peaks match that of cubic Cu2O (ICDD PDF 
card no. 01-078-2076) with presence of some hexagonal Cu2S with space group P63/mmc 
(ICDD PDF card no. 00-026-1116). With the addition of 0.5M of NaOH, the most intense 
peaks match that of Cu2S with traces of Cu2O. Much like L.W Di et. al. had described, NaOH 
seems to interupt the fast reduction of Cu(II) by EG and possibly allowing the redox reaction 
between Cu source and S source to synthesis Cu2S. Further, these more basic conditions 
promote the favourability of S2- in Na2S2O3 disproportiation eliminating the production of 
crystalline Cu(SO4). However, the yield for this synthesis is 57%, demonstrating that most of 
the chemical species have not reacted in a favourable way to produce nanocrystals and are still 
remaining in solution.  
 
3.2  Copper Chloride & Thiourea as Precursor 

 
Copper chloride (CuCl2) and thiourea (TU) are two other environmentally friendly readily 

available precursors that can also be used for the synthesis of Cu2-xS. It is suggested that by 
using different Cu and S sources, certain Cu2-xS composition are favoured over others as well 
as eliminating certain undesired products.19,31,46,54 It is also interesting to note that at 
temperatures of 180-250 oC, the urea of thiourea decomposes into ammonia and either cyanuric 
acid or carbon dioxide 57(Figure 16). 

 
 

Figure 16. Decomposition of thiourea at temperatures of 180-220 oC 

This decomposition can occur in both aqueous and EG environments and is thought to aid in 
the kinetic control of the release of S, ultimately effecting the redox reaction between Cu2+ ions 
and S-.58 Moreover, during MW synthesis, ammonia is gaseous, adding to the increased 
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pressure caused by vapour DI-H2O. As mentioned before, the pH of the solution greatly 
influences the release of S which can ultimately affect the composition of Cu2-xS.  
 
3.2.1 Ethylene Glycol  Method 

 
When CuCl2 is dissolved in EG, Cu(II) ions dissociate from Cl- ions and bind to two EG 

molecules, forming a green colour Cu-EG solution of ~pH 6.The reaction mechanism can be 
seen to go as follows in an EG environment [14]. Separately, thiourea will decompose into S 
S2-, carbon dioxide and ammonia at high temperatures [15]. Thus, the entire reaction 
mechanism is thought to go as follows [16] 
 
CuCl"(s) +	2(CH2OH)"(l) → Cu(C"H6O2H)"(aq) + 2Cl$(aq)                    
 
!:(9$")"	(*) 		+ 	!$-%"	(;) 	 →&'($""(°+ 	29$!(,-) 	+ 	2!%"(G) 	+	$":(,-) + 2$#(,-)   
 
(!$2%$)"(;) 	+ 	2	(!"!;")(*)	+ 	!:(9$2)"		(*) → 	!""$,:	(*) + 	2	9$!(,-) 	+ 	!%"(G) 	+ 	4	!;$	(,-) + 2$#(,-)			    
 
When the clear TU solution is added to the CuCl2 solution drop wise, white precipitate begins 
to form quickly after the saturation point is reach (usually after 5+ drops), thickening the 
solution. Eventually after extended mixing, the solution homogenizes into a cloudy light mint 
solution, thus forming some sort of suspension of Cu and S. After preforming MW irradiation, 
green black solid is clearly separated from a slightly cloudy EG solution, indicating the Cu2-xS 
powder has mostly been formed.  
 To determine the phase composition of Cu2-xS nanopowders synthesised with CuCl2 
and TU precursors in EG at 220 ℃, room temperature XRD analysis was used. The as-
synthesized materials were obtained from using a Cu/S molar ratio of 2:1 (Figure 17A), 1.6:1 
(Figure 17 B. as determined by MEDUSA calculations) and 1:1 (Figure 17C) giving the 
following XRD patterns; 
 

 
 

Figure 17.  XRD obtained at room temperature from synthesised Cu2-xS nanopowders with reaction temperature of 220 ℃ in 
EG solvent where A. a  1:1 molar ratio B. a 1.6:1 molar ratio (as calculated by Medusa) and C. 2:1 molar ratio. Indexing 

was preformed against CuS ICDD PDF card no. 00-001-1281and Cu2S ICDD PDF card no. 00-003-1071. 

According to the obtained XRD patterns, no matter the molar ratio of Cu/S, hexagonal CuS 
with space group P63/mmc (ICDD PDF card no. 00-001-1281)  is always produced as the 
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major product. Samples with Cu/S molar ratios of 1:1 and 1.6:1 contain small traces of Cu2O 
(Figure 17 A & B), whereas with a molar ratio of 2:1, some traces of Cu2S are found (ICDD 
PDF card no. 00-031-0482). This is clearly indicated by the peak at 2*= 46.5o (Figure 17C). It 
is thought that with the presence of EG, the major form of S in solution is S2-. Additionally, 
Cu2+ is more stable in EG solution than Cu1+, thus promoting the formation of CuS.  
 Unlike with Cu(OAc)2 in EG, with CuCl2 as the Cu source the reduction of Cu2+ to Cu0 

does not proceed.47  
 
CuCl2 → CuCl2(C2H4O2)2 → Cu2O                  [17] 
 
This is due to the fact that chloride ion have a much higher coordination affinity to Cu2+ than 
acetate ions, forming stable [CuCl2(EG)2] and has a much lower reduction potential than 
[Cu3(EG)2].47,59 However, this also means that the favourable form of Cu sulphide is covellite 
CuS, as only small amounts of Cu2+ will be reduced. It is possible this only occurs when the 
Cu/S molar ratio is 2:1 because there is a higher probability for TU to complex and reduce Cu2+ 
to Cu1+ in order to form Cu2S. Either way, it is obvious that without any further modification 
of the process (such as the addition of NaOH or NaBH4), achieving a major Cu2-xS composition 
is unlikely. Much like synthesis preformed with Cu(OAc)2, EG’s influence on the solubility 
and reactivity of the Cu sources creates many more intermediate species that ultimately lead 
towards the complete reduction of Cu ions to either Cu oxide or metallic Cu.  
 
3.2.2 Aqueous  Method 

 
When CuCl2 is dissolved in DI-H2O, Cu(II) ions dissociate from Cl- ions and bind to six 

water molecules, forming a blue colour Cu-water solution also ~pH 6.The reaction mechanism 
can be seen to go as follows in an aqueous environment (reaction [18]). Separately, thiourea 
will decompose into S S2-, carbon dioxide and ammonia at high temperatures (reaction [19]). 
Thus, the entire reaction mechanism is thought to go as follows reaction [20] 

 

CuCl"(/) +	6H"O(l) → Cu(H"O)6	(aq) + 2Cl$(aq)                         [18] 
 
 
!:(9$2)"	(*) 		+ 	2$"%	(;) 	 →&'($""(°+ 	29$!(,-) 	+ 	!%"(G) 	+	$":(,-)                        [19] 
 
 
2$"%(;) 	+ 	2	(!"!;")(*)	+ 	!:(9$2)"		(*) → 	!""$,:	(*) + 	2	9$!(G) 	+ 	!%"(G) 	+ 	4	!;$	(,-) + 2$#(,-)			   
                                
When the clear TU solution is added to the Cu chloride solution drop wise, white precipitate 
begins to form quickly after the saturation point is reach (usually after 10+ drops), thickening 
the solution. Eventually after extended mixing, the solution homogenizes into a cloudy light 
blue solution, thus forming some sort of suspension of Cu and S. After preforming MW 
irradiation, blue black solid is clearly separated from a clear aqueous solution, indicating the 
Cu2-xS powder has been formed.  
 To determine the phase composition of Cu2-xS nanopowders synthesised with CuCl2 
and TU precursors in DI-H2O at 220 ℃, room temperature XRD analysis was used. The as-
synthesized materials were obtained from using a Cu/S molar ratio of 1:1 (Figure 18 A.), 1.6:1 
(Figure 18 B. as determined by MEDUSA calculations) and 1.8:1(Figure 18C) giving the 
following XRD patterns; 
 

[20] 
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Figure 18.  XRD obtained at room temperature from synthesised Cu2-xS nanopowders with reaction temperature of 220 ℃ 
in DI-H2O where A. a  1:1 molar ratio B. a 1.6:1 molar ratio (as calculated by Medusa) and C. 1.8:1 molar ratio. ℃. 

Indexing was preformed against  hexagonal CuS giving ICDD PDF card no. 00-079-232, trigonal Cu9S5  giving ICDD PDF 
card no. 00-047-1748 and cubic Cu1.76S giving ICDD PDF card no. 00-023-0960 respectively. 

All three molar ratios result in the major highest intensity peaks matching that of  either 
trigonal Cu9S5 or cubic Cu1.76S. With a Cu/S molar ratio of 1:1(Figure 18 A.), trigonal Cu9S5 
(ICDD PDF card no. 00-047-1748) matches the major peak at 2* =	46.6o and shares the 
remaining peaks with hexagonal CuS (ICDD PDF card no. 00-079-232). With a Cu/S molar 
ratio of 1.6:1 as calculated by Medusa, the XRD pattern matches that of Cu9S5 (Figure 18 B.). 
By comparing with  the pattern given by a Cu/S molar ratio of 1:1, one can see the 
disappearance of peaks that were indexed to CuS but otherwise three main peaks remain the 
same with a slight shift left (Figure 18 insets.). Further, with a Cu/S molar ratio of 1.8:1 the 
main peaks where 2* =	27.9o, 32.3o and 46.4o, are attributed to cubic Cu1.76S (card no. 00-023-
0960). Both of these compositions have peaks situated in very close proximity. This poses 
some difficulty, as they both share the same major peaks; with Cu1.76S having the position of 
2* =	46.4o and Cu9S5 having the position of 2* =	46.2o. Further, by having a mixture of CuS 
and Cu9S5 composition, it gives a shift of this peak by tenths of degree increase to the Cu1.76S 
position (Figure 18 inset). The same goes for peaks with positions when 2* = ~27o, ~32o and 
~54o .  Once can clearly see these slight shifts in the insets of Figure 18.  

 
 

Position [o2 Theta] (Cu)

Co
un

ts

B.

A.

C.

Cu9S5 -nanopowder 

CuS & Cu9S5 mixture-nanopowder 

 v 

Cu1.76S mixture- nanopowder 

Position [o2	θ] (Cu) 

In
te

ns
ity

 

In
te

ns
ity

 

In
te

ns
ity

 

Position [o2	θ] (Cu) 

Position [o2	θ] (Cu) 

 v 



 26 

 Using the Cu/S molar ratio of 1.6:1, further optimization was performed. Figure 19 A-
C gives the XRD patterns obtained by varying the holding reaction times preformed at 220oC. 
Beginning with a holding time of 2.5 mins (Figure 19A) through to 5 mins (Figure 19B, the 
holding time used for previous samples Figure 18) and then 10 mins (Figure 19C).  
 

 
 

Figure 19.  XRD obtained at room temperature from synthesised Cu2-xS nanopowders with reaction temperature of 220 ℃, a 
molar ratio of 1.6:1 in DI-H2O with varying holding reaction times of A. 2.5 minutes B. 5 minutes and C. 10 minutes.  

Indexing was preformed against Cu9S5 and Cu1.8S giving ICDD card no. 00-047-1748 and ICDD card no. 00-023-0962 
respectively. 

  It appears that there is an optimal holding time of 5 mins, where no other compositions, 
other than Cu9S5, is obtained (Figure 19 B.). With a holding time of 10 mins, the intensities 
and sharpness of the peaks are increased, indicating a highly crystallized and pure phase as 
well as a slight shift to the left (Figure 19 C.), indexing a different digenite phase of Cu1.8S. 
The same results were also obtained by S. Li et al where after a certain reaction time and 
temperature, the product resulted solely in Cu1.8S.60 With holding times less than 5 mins 
(Figure 19 A.), a mixture of rhombohedral Cu9S5 (card no. 00-026-0476 ), orthorhombic CuS 
(card no. 01-078-2122) and ammonium Cu sulphide (NH4CuS4) is obtained. One can see the 
slight shift right to 2* =47o and broadening of the major peak, representative of this Cu9S5 and 
CuS mixture. Moreover the peak broadening is usually a clear indication of poor crystallinity. 
Additionally, upon initial observation of the resulting aqueous solution after MW irradiation, 
there was no clear separation of black powder and DI-H2O, remaining as a suspension of small 
particles. What appeared to be left over urea in solution (indicated by white solid crystallized 
chunks) was also observe in solution. Thus, it can be estimated that a holding time of 2.5 
minutes is not enough to allow for the release and full reduction of Cu ions from thiourea to 
Cu9S5 or phase evolution to Cu1.8S. 
 Using the same Medusa molar ratio of 1.6:1, a varying of reaction temperatures was 
also performed. These experiments presented XRD patterns given by Figure 20 A-C  with a 
holding time of 5 mins. Beginning with a temperature of 200 oC (Figure 20 A.) through to 
220oC (Figure 20 B., the reaction temperature used for previous samples Figure 18 & 19) and 
then 250 oC (Figure 20. C.).  
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Figure 20. XRD obtained at room temperature from synthesised Cu2-xS nanopowders with  a molar ratio of 1.6:1 in DI-
H2O with varying reaction temperatures A. 200 ℃  B. 220 ℃ and C. 250 ℃. Indexing was preformed against B Cu9S5  

giving ICDD PDF card no. 00-047-1748 and C. Cu1.8S giving ICDD PDF card no. 00-023-0962. 

Again, there seems to be an minimum temperature that when surpassed will yield Cu1.8S. 
Clearly, at temperatures below 220 oC, precursors are not fully reacted or decomposed as a 
mixture of CuS, CuS4NH4 and SO4 is seen in this messy XRD pattern (Figure 20 A.). However, 
as soon as temperatures are at or above 220 oC, a phase of Cu9S5 is obtained (Figure 20 B.). S. 
Li et al. also observed this mixture of compositions (as seen in Figure 18 and 19) and their 
subsequent slight peak shift by using the hydrothermal method and postulated the formation 
mechanism. They described that once the thiourea complexes to the Cu2+ ions and begins to 
decompose at temperatures above 180oC, it begins to form CuS. As time proceeds, Cu2+ is 
reduced to Cu1+ and the formation of Cu9S5 occurs. Lastly, a phase evolution from Cu9S5  to 
Cu1.8S occurs. Although in the present reaction MW irradiation is used, and a Cu precursor of 
CuCl2 is used instead of Cu(OAc)2,53 the same mechanism can be postulated. The difference 
between precursors effects the rate of complexation of TU. Acetate ions are much slower to 
release from Cu2+ ions than Cl- ions (as demonstrated by their respective solubilities of 75.7 
g/100 mL (25 °C) for CuCl2 and 7.2 g/100 mL for Cu acetate presumably indicating higher 
CuCl2 dissolution rates) and are much larger molecules, thus TU is most likely to complex 
slower to Cu(OAc)2 than CuCl2 due to steric hinderance and relative solubilities. The use of 
MW irradiation versus an autoclave gives a much faster homogenous reaction resulting in 
shorter reaction times and increased product crystallinity due to the higher pressures. 
Nonetheless, similar results appear to be obtained.  

In the as-synthesised materials, the increase in temperature could allow for this 
supposed phase evolution from Cu9S5 to Cu1.8S. This sample also appears to have increased 
crystallinity, which could be the result of the high pressure obtained by the MW (pressures of 
around 100 bar were observed in Figure 20 C. reaction) which cannot be obtained by the 
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classical hydrothermal method.  Interestingly, XRD patterns obtained with a holding time of 
10 mins (Figure 19 C.) and reaction temperature of 250 oC (Figure 20 C.) match with one 
another. Additionally, they both match perfectly with the their respective reference card of 
rhombohedral Cu1.8S (ICDD PDF card no. 023-0962). S. Li et al (2017 & 2019) achieved 
similar results in which they acquired the mixture of CuS and Cu9S5 with lower reaction times 
and temperatures at or below 220 oC.60,61 Additionally, they reported that after a certain reaction 
time and/or temperature pure phase Cu1.8S was obtained; indicating this to be the supercritical 
fluid point of the system.61 Figure 21. presents SEM micrographs obtained for the as-
synthesised Cu2-xS nanopowders at 220 oC and 250 oC. 

 

 

 
 

Figure 21.  SEM micrographs of as-synthesised A-B. Cu1.75S nanopowder at 220 oC and C-D. as-synthesised Cu1.8S 
nanopowder at 250 oC. all taken at magnifications of either 500 nm and 1µm. 

   
The SEM micrographs in Figure 21 show both the trigonal Cu9S5 composition (Figure 

21 A-B) and rhombohedral Cu1.8S (Figure 21 C-D). Even though both compositions are 
considered digenite crystals with only a small shift in peak within the XRD patterns, 
morphologically, the NCs appear to have two different shapes just by a change in reaction 
temperature of 220 oC to 250 oC. Cu9S5 NCs are triangular stacked upon one another and much 
smaller in size. Whereas, Cu1.8S NCs are much larger and are smooth spherical shapes 
indicative of a rhombohedral crystal structure. Moreover, various crystal faces can be observed, 
possibly indicating the variation of crystal growth. Nonetheless, both morphologies could be 
desirable for good TE properties of low thermal conductivity and high electrical conductivity.  
 To test the stability of rhombehedral Cu1.8S (obtained with MW parameters of a holding 
time of 5 mins and reaction temperature of 250 oC) and determined any crystal phase change 
temperatures, DSC was performed (Figure 22).  
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Figure 22. Typical DSC analysis plot for Cu1.8S nanopowders synthesised at 250 oC. Hysteresis of the same sample was 

performed at the temperature of 200 oC. 

This crystal phase is said to have a reversible crystal phase change from rhombohedral 
to cubic at 81oC. After obtaining DSC analysis one can see an endothermic valley at 82.24 oC 
when the temperature is ramping from 0.0 oC to 200 oC. During the cooling from 200 oC to 0.0 
oC the reverse is seen, an exothermic peak at 81.92 oC. A phase change was also seen at 17.48 
oC, which has not been reported. This is understandable as Cu sulphide are known to have two 
phase change temperatures. By synthesising Cu deficient off-stoichiometric compositions, 
these crystal phase change temperatures are known to decrease.11,12,33 This is explained by the 
fact that with a Cu deficient composition (such as Cu1.8S), the disorder within the crystal lattice 
is decreased as compared to the Cu rich phase of Cu2S. In order for a structural phase transition 
to occur a breaking of the crystal symmetry of the lattice and simultaneously a volume 
expansion must occur.13,14 By synthesising a Cu deficient composition, the lower disorder 
allows them to attain more stable crystal phases (such as cubic and rhombohedral) at lower 
temperatures.12,13 DSC was also performed on the trigonal Cu9S5 nanopowder (obtained with 
MW parameters of a holding time of 5 mins and reaction temperature of 220 oC) to determine 
any crystal phase change temperatures (Figure 23)and compare with that obtained DSC of 
Cu1.8S. The isotherm was preformed three times on the same sample and no crystal phase 
change seem to occur. Thus, confirming its stability up to 300 oC. No reports have been found 
of the phase change temperatures (if any) of Cu9S5 to date. 
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Figure 23.Typical  DSC analysis plot for Cu9S5 nanopowders synthesised at 220 oC. Hysteresis of the same sample was 
performed at the temperature of 300 oC. 

 
For further property analysis the procedure and parameters used of the Medusa molar 

ratio of 1.6:1 with holding time of 5 mins and reaction temperature of 220 oC and 250 oC were 
thus chosen. By analysing the stability and phase transformation of these compositions, future 
work can be accomplished on the consolidation of these Cu1.8S and Cu9S5 nanopowders into 
pallets. The transport properties of these pallets can then be characterized to obtain their 
respective zT, thus giving insight into their performance as a thermoelectric p-type materials.  
 
3.3  MW Synthesis Comparison to Other Available Methods 
 

By taking advantage of the MW’s ability to create rapid high heat and high-pressure 
reactions, a novel green synthesis method was developed for various Cu2-xS compositions. By 
simply adjusting the molar ratio, reaction temperature and reaction time, Cu1.8S, Cu1.76S and 
Cu9S5 compositions were achieved. Moreover, all these compositions presented high 
crystallinity, which is highly desired to achieve reliable and efficient thermoelectric materials. 
This ability to achieve this crystallinity with a simple, highly adaptable synthesis has high 
novelity compared to those synthesising the same material through solid state methods. These 
methods not only require high amounts of energy but reaction times of hours. H.Chen et al. 
used melting and long term high temperature annealing to produce Cu2S from powdered 
elements of Cu and S in stoichiometric ratios.33 They were required to anneal the produced 
ingots for 5 days at temperatures of 500 °C achieving a zT of 0.86. Whereas the presented 
method can achieve ~5g of highly crystalline Cu1.8S or Cu9S5 material in 5 minutes.  

For hydrothermal and solvothermal based synthesis methods, although controlling the 
interplay of the redox reactions may prove to be more difficult than simply milling two pure 
forms of the source precursors (as done in solid state synthesis’) they are more beneficial 
methods. One can achieve better control of not only the microstructures but also nanostructures 
by using a solution phase synthesis method. Therefore, currently, facile and fast synthesis of 
Cu2-xS with controllable stoichiometric composition and morphology is still of great 
experimental interest. These solution-based synthesis (such as solvo and hydrothermal methods) 
have achieved fairly high zT of up to 1.8, however, they still require long reaction times and 
the addition of reducing and growth directing agents. Zhao et al.23  used the Cu sulfate and 
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sodium thiosulfate precursor with a hydrothermal method to achieved a mixture composition 
of Cu1.8S, Cu1.97S and CuS and a zT of 1.8. They required the addition of MPA as a directing 
agent and additional NaOH for pH control and refluxed the solution for 7 hrs in order to achieve 
these two compositions. Other groups that’s used the hydrothermal method and achieved 
similar results also required much longer reaction times of 10, 12 and 24 hrs, all using similar 
Cu and S precursors and additional directing agents.18,35,36,38,40  

In comparison to the classically used hydrothermal and solvothermal method, the 
presented method achieve similar or better results in terms of reproducibility, simplicity, purity 
and environmental friendliness without using any additional surfactant and structure directing 
agent. 
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4.  CONCLUSIONS 
 

In conclusion, a green synthetic method of producing a crystalline composition of Cu2-xS 
was achieved using MW irradiation method. Cu1.8S was achieved with only precursors in DI-
H2O and optimized MW parameters (i.e. a reaction temperature of 250oC, ramping time of 4 
minutes and reaction holding time of 5 minutes). This resulted in high purity naturally 
occurring rhombohedral crystalline phase, presenting only one phase change at 82 oC. This 
reduced crystal phase transition temperatures to 17.48 oC and 82.24 oC. This is key for 
thermoelectric devices, avoiding lattice expansions and atomic rearrangements at higher 
functioning temperatures. Lastly, due to the advantages the MW gives, this synthesis can easily 
be scaled to produce tens of grams for further thermoelectric characterization. Nonetheless, all 
Cu and S sources work best in an aqueous environment, allowing for more control on the 
influences on Cu2-xS compositions. Additionally, Medusa (as a thermodynamic modelling 
software) poses as a great reference for finding the optimal Cu/S molar ratio to produce the 
desired product in aqueous environment. Future endeavours should involve further transport 
property analysis of Cu2-xS compositions produced (Cu1.75S and Cu1.8S) to gain more 
understanding of the effects on their thermoelectric behaviours and ultimately the zT. Lastly, 
synthesising and optimization of an n-type copper-based material, denote chalcopyrite (CuFeS2) 
using the same green MW irradiation method would be of great interest, as an entire 
thermoelectric device is then viable. Thus, the present work presented a novel green aqueous 
based synthesis of various Cu2-xS compositions with high crystal phase purity and yield. The 
synthesis method is simple, as it requires only optimization of the molar ratio between a Cu 
and a S source dissolved in DI-H2O, adaptable, allowing for tunability of the composition by 
change of the MW reaction parameters and lastly, highly scalable.  
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6. Appendix 
 
6.1 MEDUSA Calculation 

 
MEDUSA formation modelling  for a molar ratio of 2:1 for sodium thiosulfate and Cu acetate precursors. 

 

 
MEDUSA formation modelling for a molar ratio of 1:1 for sodium thiosulfate and Cu acetate precursors. 
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MEDUSA formation modelling for a molar ratio of 2:1 for thiourea and Cu chloride precursors. 

 
MEDUSA formation modelling for a molar ratio of 2:1 for thiourea and Cu chloride precursors. 
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