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ABSTRACT 

  Energy conversion is one of the attracted research topics in recent years because 

solving energy crisis becomes an urgent task. As one of the transition metal 

chalcogenides (TMCs), copper chalcogenides are found in broad applications in energy 

conversion and storage and other areas. In order to enhance their favorable properties, a 

number of techniques and strategies have been developed to prepare different 

nanostructured copper chalcogenides. Nevertheless, the design and synthesis of 

hierarchical architectures for copper chalcogenides to enhance their performance in the 

areas mentioned above is still a challenge. 

  This thesis is devoted to the design and synthesis of binary and ternary copper 

chalcogenides in energy conversion applications related to thermoelectric conversion and 

Quantum-dot-sensitized solar cells (QDSSCs). Copper selenide, a p-type semiconductor 

with high electrical conductivity, low thermal conductivity, and changeable crystal 

structure has been explored as a thermoelectric conversion material. Most synthesis 

methods, however, (i.e., high-temperature solid state reaction method, ball milling, 

hydrothermal/solvothermal method) are not able to produce morphology-controlled and 

large-scale samples for thermoelectric research. Thus, a facile synthesis of copper 

selenide on a large scale with controlled morphology is desirable. This research aimed at 

the large-scale synthesis of surfactant-free copper selenide (Cu2-xSe) nanostructures and 
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the thermoelectric properties of these Cu2-xSe nanostructures sintered by the spark plasma 

sintering (SPS) technique. Firstly, an aqueous route was developed to prepare the 

uniform and surfactant-free Cu2-xSe NWs. The effects of reaction parameters such as the 

Cu/Se precursor ratio, the Se/NaOH ratio, and the reaction time on the formation of NWs 

were comprehensively investigated. The results show that Cu2-xSe NWs were formed 

through the assembly of CuSe nanoplates, accompanied by their self-redox reactions. 

The resultant Cu2-xSe NWs were explored as a potential thermoelectric candidate in 

comparison with commercial copper selenide (Cu2Se) powder.  

  Another facile and high yield fabrication method for Cu2-xSe nanostructure has been 

addressed. Grams of Cu2-xSe nanostructures were prepared from commercial copper and 

selenium powders in the presence of thiol ligands by a one-pot reaction at room 

temperature. The morphology of the nanostructures is strongly dependent on the ratio of 

thiol ligand to selenium powder. The resultant Cu2-xSe nanostructures were treated with 

hydrazine solution to remove the surface ligands and then explored as a potential 

thermoelectric candidate in comparison with commercial copper selenide powders. The 

results demonstrate that the synthetic samples from our novel approach exhibit similar 

thermoelectric properties to commercial Cu2Se, which is similar to the result in the 

previous chapter, although Cu2-xSe retained its cubic structure, while commercial Cu2Se 

was converted to a mixture of cubic and tetragonal structures after high-temperature 

measurement, so that the resultant Cu2-xSe has a more stable crystal structure than 



 

3 
 

commercial Cu2Se. 

  These two parts of work indeed provide simple ways to prepare large-scale copper 

selenide nanostructures for thermoelectric applications. Nano grains clearly play an 

important role in reducing lattice thermal conductivity, by enhancing phonon scattering. 

In addition, the Cu-deficiency in Cu2-xSe increased the electrical conductivity compared 

to that in commercial Cu2Se. However, the reduction in thermal conductivity cannot 

exceed the concomitant reduction in the power factor caused by electronic carrier 

scattering, which cannot turn into enhanced ZT. Meanwhile, unavoidable small holes 

inside nanostructured materials decrease the density of pellet after SPS sintering, which 

might lead to overestimating ZT of materials. 

  In the QDSSC application, the conventional noble metal counter electrodes (CEs) (Pt 

or Au) are unsuitable for QDSSC applications when polysulfide electrolytes are used, 

mainly because sulfur-containing (S2- or thiol) compounds are absorbed preferentially 

and strongly on the Pt or Au surface, leading to surface passivation and decreasing 

conductivity of the electrodes. In contrast, copper-chalcogenide-based CEs show lower 

resistance and higher electrocatalytic activity towards the redox reaction of polysulfide, 

thus improving the conversion efficiency of QDSSCs. Current investigations in this field 

are mainly focused on copper sulfide CEs, although, there have been few reports on 

binary copper selenide CEs and no reports on ternary copper silver selenide CEs in 

QDSSCs, especially involving designed nanostructures for enhancing the conversion 
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efficiency of the QDSSCs. Based on the previous mentioned synthesis method, Cu2-xE (E 

= S, Se) NTs with a hierarchical architecture were prepared and assembled as CEs for 

QDSSCs. Cu2-xSe and Cu2-xS NTs were fabricated by using Cu NWs, and stable sulfur or 

selenium powder as precursors at room temperature. The influence of the reaction 

parameters (e.g., precursor ratio, ligands, ligand ratio, and reaction time) on the 

formation of the nanotubes was comprehensively investigated. The resultant Cu2-xE (E = 

S, Se) NTs were used as CEs in QDSSCs to achieve a conversion efficiency (η) of 5.02 % 

and 6.25 %, respectively, much higher than that of QDSSCs made with Au CEs (η = 

2.94 %). 

  After obtaining Cu2-xSe NTs as CE of QDSSC, one-dimensional/two-dimensional 

(1D/2D) ternary CuAgSe NTs were successfully prepared from the Cu2-xSe NTs at room 

temperature within a short reaction time by the facile cation exchange approach. The 

cation exchange leads to the transformation of the crystal structure from cubic to 

orthorhombic and/or tetragonal with good retention of morphology. The exchange 

reactions are spontaneous due to the large negative changes in the Gibbs free energy 

(∆G). The effects of parameters such as reaction time, precursor source, and precursor 

ratio on the exchange reaction were investigated. The resultant CuAgSe NTs were 

explored as CEs of QDSSCs and achieved much higher conversion efficiency (η = 

5.61 %) than those of QDSSCs containing the noble-metal Au CEs (3.32 %), which was 

due to the higher mobility of both Cu+ and Ag+ ions in the CuAgSe NTs and the higher 
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stability of metal selenides in polysulfide electrolyte by avoiding corrosion and 

passivation than that of the Au CEs. 
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 CHAPTER 1 Introduction and Literature Review 

1.1 Energy conversion 

  The energy crisis has become to a global issue because of the shortage of the fossil 

fuel resources and their harmful by-products and emissions. Searching for clean and 

renewable energy sources has been an urgent task. Solar cells, fuel cells, thermoelectric 

devices, and lithium-ion batteries are current alternative eco-friendly energy sources and 

energy storage systems. They all have owned advantages. (1) Solar cells: based on 

unlimited sunlight, solar energy is a clean and renewable source of energy because of 1 

hour of sunlight striking the earth equals the whole world’s current annual energy 

consumption.1 (2) Fuel cells powered by hydrogen and oxygen from secure and 

renewable sources are non-polluting, and extensive research on them has delivered 

prototype cars with impressive performances.2 (3) Thermoelectric conversion (direct 

conversion of thermal energy to electrical energy and vice versa), a kind of all solid-state 

energy conversion, not only has recycled waste heat from factories or vehicles in motion, 

but also absorbed heat from the sun as a complementary device of solar cells.3-5 (4) 

Lithium-ion batteries are rechargeable devices based on electricity, in which lithium ions 

move from the negative electrode to the positive electrode during discharge and back 

when charging.6 Lithium-ion batteries are becoming a common replacement for the lead 

acid batteries in some utility vehicles. Recently, sodium-ion batteries have been under 
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development to partially replace lithium-ion batteries due to their low cost. 

  Energy exists in many forms: some of them may be used directly in natural processes 

(e.g., light or heat) or transformed into other forms for use in another aspect, such as in 

refrigeration or producing electricity. This process of changing one form of energy to one 

other is called energy conversion. For example, thermoelectric material devices can 

transform thermal energy into electrical energy. A solar cell converts the radiant energy 

of sunlight into electrical energy. 

1.1.1 Thermoelectric conversion 

  The thermoelectric conversion is the direct conversion of heat into electricity and vice 

versa, and the driving force is the temperature difference between hot side and cold side 

of thermoelectric couples.7 The discovery of this effect has been attributed to Thomas 

Johann Seebeck8 who published his first observations on what he called then 

thermomagnetism in 1821.9 This effect can be used to generate electricity, measure 

temperature, or change the temperature of objects. The term “thermoelectric effect” 

encompasses three separately identified effects: the Seebeck effect, the Peltier effect, and 

the Thomson effect.7 

(1) Seebeck effect 

  The Seebeck effect is the direct conversion of temperature differences into electricity. 

Initially, this effect was discovered from the phenomenon that a closed loop would 

deflect a compass needle. This closed loop is formed by two joined pieces of different 
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metals with a temperature difference between the junctions.7 The reason for this 

phenomenon was that the temperature difference induces the metals to respond in 

different ways, which creates a current in the circuit and a magnetic field. 

(2) Peltier effect 

  The Peltier effect refers to the generation of cooling or heating. Jean Charles Athanase 

Peltier, in 1834, observed that when an electrical current passes through the junctions of 

a circuit composed of two different conductors, these junctions absorb or release heat. In 

a closed loop, charge carriers transport heat from one junction (cooling) to the other 

(heating) because they drift under the imposed electromotive force. 

(3) Thomson effect 

  The Thomson effect describes the heating or cooling of a current-carrying conductor 

that is exposed to a temperature gradient. In 1851, William Thomson (Lord Kelvin) 

predicted and subsequently observed this effect. The three thermoelectric effects are 

connected: a gradient in the Seebeck coefficient might result from a spatial gradient in 

temperature, which is due the variation of the Seebeck coefficient with temperature. A 

continuous version of Peltier effect will occur when a current is generated through this 

gradient.  

  The thermoelectric effect encompasses more than one of the above effects in a 

consistent and rigorous way, which can be shown by thermoelectric materials in a strong 

or convenient form. Thermoelectric materials are semiconductors with high electrical 
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conductivity and low thermal conductivity that can directly convert thermal energy into 

electricity in the presence of a temperature difference.5 The energy conversion efficiency 

of thermoelectric technology is mainly limited by the materials’ performance, as 

described by the dimensionless thermoelectric figure of merit, ZT.  

                                                         (1.1)                                                                                                                                                  

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal 

conductivity, and T is the absolute temperature.4,10-11 Thermoelectric generator module, a 

device that converts thermal energy into electric energy directly, consists of many n-type 

and p-type semiconductor materials cuboids connecting electrically in series and 

thermally in parallel. This whole system is mounted between two ceramic plates, which 

not only supports and contains the structure mechanically but also provides electrical 

insulation for the individual elements from external mounting surfaces (Figure 1.1). In 

the presence of a heat gradient on the surface of a thermocouple, charge carriers tend to 

migrate from the hot side towards the cold side. At the n-type leg, the flow of electrons 

results in the current flowing from the cold side to the hot side. This movement of the 

electron flow causes a negative charge built up on the cold side. At the p-type leg, the 

migration of the holes results in the current flowing from the hot end to the cold end. As 

a consequence, a positive charge builds up occurs on the cold side. A current can be 

observed in an external circuit by connecting the two junctions through a metallic 

interconnect. 

κ
σTsZT

2

=
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Figure 1.1 Thermoelectric generator module.12 

 

1.1.2 Solar energy 

  A solar cell is an electrical device that converts the radiant energy of sunlight into 

electrical energy. A solar cell generates electric power from both the current and voltage 

producing by light irradiation. To achieve this conversion, the semiconductor materials in 

solar cell absorb light and raise inner electrons to higher energy states, and these higher 

energy electrons move to an external electronic loop, in which they dissipate energy and 

return to the solar cell. Generally, many materials and processes can achieve this energy 

conversion theoretically, although most photovoltaic devices are based on semiconductor 
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materials in the form of a p-n junction.13 

  Quantum-dot-sensitized solar cells (QDSSCs) are a type of solar cell that uses 

quantum dots as the absorbing photovoltaic material, which is a promising non-toxic 

upgrade from the dye-sensitized solar cells (DSSCs) and low-cost alternative to existing 

crystalline silicon solar cells and thin inorganic films solar cells. A whole QDSSC 

consists of four parts: photoelectrode, quantum dots (QDs), an electrolyte, and a counter 

electrode (CE) [Figure 1.2 (a)]. The photoelectrode commonly uses mesoporous oxide 

film like TiO2 or ZnO film because they have a wide band gap. QDs can be 

semiconductor nanocrystals such as CdS, CdSe, CdTe, CuInS2, Cu2S, PbS, PbSe, InP, 

InAs, Ag2S, Bi2S3, and Sb2S3 and work as a sensitizer.1 One outstanding advantage of 

QDSSCs is that the band gaps of QDs are tunable across a wide range of energy levels by 

controlling their size with low-cost producing methods.1 The electrolytes contain 

iodide/triiodide or S2-/Sn
2- redox couples. CEs are noble metals like Au or Pt. As reported 

by Tian at al. [Figure 1.2 (b)]: “photons are captured by QDs, yielding electron-hole pairs 

that are rapidly separated into electrons and holes at the interface between processes 

employing S2-/Sn
2- as the redox couple: (1) charge injection from an excited QD into TiO2, 

(2) transport of electrons to the collecting electrode surface, (3) hole transfer to the redox 

couple, (4) regeneration of the redox couple, (5) recombination of electrons from the QD 

and the oxidized form of the redox couple, and (6) interfacial recombination of electrons 

from TiO2 and the oxidized form of the redox couple.”14 
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Figure 1.2 (a) Schematic illustration of the structure of a QDSSC; and (b) schematic 

illustration of photoinduced charge transfer processes following a laser pulse excitation.14 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

1.1.3 Other forms of energy conversion 

  Fuel cells can convert chemical potential energy (energy stored in molecular bonds) 

into electrical energy. Compared to conventional technologies such as internal 

combustion engines, they enhance conversion efficiency (50%−60% to ~35%). So they 

are attractive for a variety of applications ranging from portable to automotive to 

stationary power.15 At the current stage, hydrogen gas (H2) and oxygen gas (O2), the 

recyclable elements, have been used as fuel in Proton Exchange Membrane (PEM) cells. 

The products after the reaction in the cell are electricity and heat, and the by-product is 

non-toxic water (Figure 1.3). The equations for the reaction are as follows: 

Cathode: O2 + 4H+ + 4e- → 2H2O                                        (1.2) 

Anode: 2H2 → 4H+ + 4e-                                               (1.3) 

Overall: 2H2 + O2 → 2H2O                                              (1.4) 
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  In a PEM fuel cell, the anode, cathode, electrolyte, and catalyst are the four basic 

elements. Among these four elements, the catalyst is the most important part of the fuel 

cell, which is usually made of a very thin layer of platinum nanoparticles coated on a soft 

conductive substrate (i.e., carbon paper or cloth), which is rough and porous so that the 

maximum surface area of the platinum can be exposed to the hydrogen or oxygen. 

 

Figure 1.3 Unit cell cross section in a fuel-cell stack.16 

 

  Lithium-ion batteries, energy storage devices, can combine with other clean energy 

conversion devices for storing excess electric energy. A lithium-ion battery cell contains a 

cathode and an anode soaked in an electrolyte solution with dissociated salts, which 

enable ion move between the two electrodes. When the lithium-ion battery cell is 
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discharged, Li+ ions are extracted by the anode, pass through the electrolyte and are 

inserted into the cathode, while at the same time, electrons flow from the anode to the 

cathode through the external circuit. The process is reversed during charging when an 

external voltage is applied to the battery (Figure 1.4). Since Li+ ions shuttle between the 

two electrodes, the inherent properties of the electrode materials play a crucial role that 

determines the overall performance of batteries. 

 

Figure 1.4 Structure of Lithium-ion battery.17 

 

  However, energy coming from the energy conversion and storage devices mentioned 

above occupies less than 1% of current average global primary power consumption.15 In 

an economical aspect, renewable energy conversion devices cost massively on a large 
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scale. Meanwhile, low energy conversion efficiency is another restriction for extensive 

use. For example, “solar power currently provides only a very small fraction of global 

electric power generation and remains significantly more expensive than other electric 

power sources.”15 Thus, the nanotechnology-based low-cost and high-performance 

energy conversion materials are paramount importance. 

1.2 Properties and applications of transition metal chalcogenide 

nanostructures 

  To achieve improved function and efficiency, the introduction of nanomaterials and the 

connections between nanotechnology and energy need to be appreciated. Transition 

metal chalcogenide (TMC) nanostructures, as potential candidates, have revealed 

excellent performance in many green energy devices. They display many stoichiometries 

in various structures.18 The simplest stoichiometry of metal to chalcogenides is 1:1 or 1:2. 

In metal-rich TMCs, there is extensive metal-metal bonding, while in chalcogen-rich 

TMCs, the material contains extensive chalcogen-chalcogen bonding.19 In some cases, 

the chalcogenide is treated as a dianion (S2-, Se2-, or Te2-). From their semiconducting 

properties, however, TMCs are highly covalent, not ionic.18 As one of the TMCs, copper 

chalcogenide has attracted much attention due to its advantageous properties, 

environmental compatibility and low toxicity. Their suitable properties, especially in the 

copper-deficiency structures, and low cost have made copper chalcogenides and their 
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doped or ternary compounds promising candidates as sustainable energy materials, which 

have been investigated for various broad applications, including CEs for QDSSCs,20-22 

potential fuel cells due to their high electrocatalytic performance,23 thermoelectric 

conversion materials,24-25 electrodes for lithium-ion or sodium-ion battery,26-27 and 

photothermal therapy28-31.  

1.2.1 Thermoelectric properties 

  Copper sulphides and copper selenides, well-known p-type semiconductors, have been 

studied for many years for applications of thermoelectric technology.9,32 In recent years, 

they have displayed considerable performance in thermoelectric conversion. Liu at al. 

reported a ZT of 1.5 at 1000 K for undoped Cu2-xSe in the β-phase.24 Another paper by Yu 

et al. reported a ZT of 1.6 at 700 °C achieved in β-phase Cu2Se.25 Recently, this ZT value 

of bulk Cu2-xSe was surpassed by Zhao et al. who demonstrated 1.7-1.8 at 973 K.33 These 

high ZT values are attributed to the unique structure of Cu2-xSe with its face-centered 

cubic (fcc) crystal structure and structural symmetry corresponding to the Fm m space 

group (Figure 1.5), in which the lattice frame of selenium atoms provide a pathway for 

movement of semiconducting electrons, and the highly disordered copper ions move 

through the selenium lattice frame with “liquid-like mobility”. This extraordinary and 

special structure of Cu2-xSe forms an intrinsically low lattice thermal conductivity, which 

can result in high ZT based on equation (1.1). So retaining the same properties at the 

Seebeck coefficient and the electrical conductivity, the lower total thermal conductivity is 

3
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good criteria for an ideal thermoelectric material. The results discover “a new strategy 

and direction for high-efficiency thermoelectric materials by exploring structures where a 

crystalline sublattice frames for electronic movement surrounded by liquid-like ions”.34-36 

 

Figure 1.5 Crystal structure of Cu2Se at high temperatures (β-phase) with a cubic 

anti-fluorite structure.24 

 

1.2.2 Counter electrodes for quantum-dot-sensitized solar cells 

  Conventional CE materials in QDSSCs are Pt or Au, which are unsuitable 

electrocatalysts when polysulfide electrolytes are used, mainly because sulfur-containing 

(S2- or thiol) compounds are absorbed preferentially and strongly at Pt or Au surface, 

leading to decreased surface activity and conductivity of the electrodes.37-39 Compared 

with Pt or Au CEs, copper chalcogenide based counter electrodes with low resistance and 

high electrocatalytic activity towards the redox reaction of polysulfide can enhance the 

conversion efficiency of QDSSCs,20,38,40 which has been confirmed by examples of 

CuS/CoS CE boosting the conversion efficiency of CdS/CdSe QDSSCs to 4.1% in 

contrast to Pt CE (3.0%) and a CuS nano-pea film CE revealing remarkable higher 

conversion efficiency of 4.01% compared to Pt with 1.07%.41-42 Furthermore, the 



 

18 
 

morphology of copper chalcogenide in assembled CEs also influences the conversion 

efficiency of QDSSCs. A 3-Dimensional (3D) skeletal Cu7S4 nanocages CE exhibited a 

conversion efficiency of 4.43% under 1 sun (100 mW cm-2) irradiation in CdS/CdSe 

QDSSCs, higher than those of QDSSCs made with preformed 18 facet-Cu7S4 and Pt 

CE.43  Core–shell nanowire (NW) arrays with tin-doped indium oxide (ITO) nanowire 

cores and Cu2S nanocrystal shells (ITO@Cu2S) increased the power conversion 

efficiency of QDSSCs by 84.5 and 33.5% compared to those with planar Au and Cu2S 

CEs, respectively (Figure 1.6) because of the improvement in charge collection and 

transport in this 3D structure of NW arrays.20 Both these two structures provided a higher 

surface area for more active catalytic sites and easy accessibility for an electrolyte, which 

then resulted in better performance. The composition-dependent electrocatalytic activity 

of CuxS with tunable stoichiometry has been investigated. The results demonstrated that 

the ratios of Cu:S influenced the electrocatalytic activity of samples, in which the 

performance of different CuxS CEs was in the order of CuS > Cu1.12S > Cu1.75S > 

Cu1.8S.44 As analogues of copper sulphide (Cu2-xS, 0 ≤ x ≤ 1), copper selenide (Cu2-xSe, 0 

≤ x ≤ 1) compounds has been expected to display similarity in this field. In recent reports, 

Cu1.8Se and CuxSe were also found to be chemically stable with a polysulfide electrolyte 

and were even better than Cu2S as CE material for QDSSCs. The power conversion 

efficiency is 5% and 3.8% for CdS/CdSe QDSSCs, respectively, when using the Cu1.8Se 

CE.21-22 The better performance and lower cost of copper chalcogenides make them 
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alternative CEs to the noble metal Pt and Au analogues used in QDSSCs. Apart from 

being CEs for QDSSCs, Cu2-xSe can be a candidate for some optoelectronics devices or 

photodetectors because Cu2-xSe films made from its nanocrystals exhibited a 12.6-times 

increase in detection current between light and dark.45 

 

Figure 1.6 Core-shell NW arrays with tin-doped indium oxide (ITO) NW core and Cu2S 

nanocrystal shell (ITO@Cu2S) as new efficient CEs for QDSSCs.20 

 

1.2.3 Electrocatalytic performance for fuel cells 

  One strategy for promoting utilization of fuel cells and decreasing the cost of 

production is exploring and synthesizing non-Pt electrocatalysts. Cu2Se nanostructures 

are expected to possess good electrocatalytic activity towards the Oxygen Reduction 

Reaction (ORR) because of the mixture of Cu+ and Cu2+ valence and the good ORR 

catalytic performance of some Cu-based nanostructures (e.g., Cu3N nancubes46 and Cu2O 

nanocrystals47) in alkaline electrolyte. A recent report has demonstrated that the catalytic 

activity and stability show much better in the tetragonal phase of Cu2Se NWs than in the 
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cubic phase. Moreover, this catalytic performance in tetragonal phase Cu2Se NWs even 

can compare to or better than those of commercial Pd/C and some other recently reported 

non-Pt electrocatalysts.23 This work also explores how phase structure can influence 

ORR performance. 

1.2.4 Electrodes for Li/Ni-ion battery 

  Beyond to above three types of energy conversion in devices, the lithium-ion battery 

has been applied in a broad range of devices from electronic equipment (e.g., cell phones 

and computers) to electrical vehicles due to its high energy density. Elements such as Co 

and Mn are usually used as electrodes in commercialized lithium-ion batteries, which are 

expensive for large-scale application. In order to reduce the cost, many materials with 

high electrical conductivity and suitable crystal structure for lithium ion migration have 

been investigated and developed for lithium-ion battery applications.48-49 Cuprous oxides 

(Cu2O) have been reported as anode materials with high capacity and good capacity 

retention in cycling.50-53 CuO/Cu2O hollow polyhedra with porous shells exhibited a 

reversible lithium storage capacity as high as 740 mA h g-1 at 100 mA h g-1 after 250 

cycles.50 For improvement of capacity, other morphologies of CuO or Cu2O have been 

used as well. Fine CuO nanorods as anode material in a lithium-ion battery exhibited a 

high electrochemical capacity of 766 mA hg-1.51 Cu2O nanorod arrays have also been 

used in lithium-ion batteries as anode and showed a capacity of 330 mA h g-1 after 100 

cycles.52 As belonging to the same group of compounds, copper sulphide and copper 
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selenide have also been reported in the lithium ion battery area. The liquid-like Cu ions 

in the fcc structure of copper chalcogenide, as mentioned previously, can provide 

high-speed ion mobilities and free vacancies for lithium ions migrate into/out of the 

compound. The superiority of the Li/CuS cathode battery, having a specific volumetric 

energy of 470 Wh dm-3 [greater than that can be obtained with the HgO/Zn battery of 

(350 Wh dm-3)] was been reported in 1972.54 Most recently, copper sulfides with “copper 

excess” as anode material for lithium-ion batteries have shown high rate 

charge-discharge capability.55 Copper selenides, CuSe2, CuSe and Cu2Se thin films have 

been successfully fabricated from mixed targets of Cu and Se, and utilized as cathode 

materials with capacities of 201.7 mA hg-1, 258.4 mA hg-1, and 210.2 mA hg-1, 

respectively.56 Unlike the Cu2O, however, the application of CuS in lithium-ion battery is 

limited by irreversible recharge process. To avoiding this disadvantage, the array 

structure has been utilized due to its high transfer speed of electrons and the stability of 

the materials in the structure. For example, Cu2S nanowire arrays have been fabricated on 

copper substrates as promising cathodes for lithium ion battery, with stable lithium ion 

insertion/extraction reversibility, high reversible lithium storage capacity, long life cycle, 

and outstanding cycling stability (Figure 1.7).27 Cu2-xSe-coated CuO NT arrays on a 

copper substrate displayed a high cycling capacity for 764 mA hg-1 after 100 cycles at a 

current density of 0.08 mA cm-2.57 

  Recently, the sodium has replaced the lithium in batteries because it is about ten times 
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cheaper than the lithium. From the commercial perspective, the low-cost sodium-ion 

battery will be more promising than the current lithium-ion battery. Because of the large 

ionic radius of sodium, however, the selected cathode materials need crystal structures 

with open frameworks and larger interstitial volumes for the movement of the sodium 

ions. The basic electrochemical properties of Na/Cu2S rechargeable batteries have been 

investigated at room temperature. The results show that it has the first discharge capacity 

of 294 mAh g-1, which decreases to 220 mAh g-1 after the 20th cycle.58 Stoichiometric 

Cu2Se has also been applied as a cathode material for sodium ion battery and exhibited 

large reversible capacity, good cycling stability and low polarization.26 

 

Figure 1.7 Highly ordered large-scale Cu2S nanowire arrays on copper as cathodes show 

stable lithium-ion insertion/extraction reversibility, and high reversible lithium storage 

capability in lithium-ion battery applications.27 

 

1.2.5 Photothermal therapy 

  Photothermal therapy utilizes the large absorption of nanomaterials (especially small 
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nanoparticles) in the NIR region for the treatment of various medical conditions, 

including destroying tumor cells. Owing to weak absorption of NIR radiation by tissues, 

it is able to penetrate the skin without causing much damage to normal tissues, so that it 

can be used to treat specific cells targeted by the nanomaterials.59 A series of traditional 

nanomaterials strongly absorb NIR radiation, including gold nanoshells,60 gold 

nanorods,61 gold nanocages,62-63 and single-walled carbon nanotubes,64 which have been 

demonstrated to have potential therapeutic applications. Copper chalcogenide 

nanocrystals, with low-cost and facile synthesis compared to noble metals, were explored 

for photothermal therapy.31,65-66 Specifically, CuS nanoparticles, under irradiation from a 

NIR laser beam at 808 nm, induced photothermal destruction of human cervical cancer 

HeLa cells in a laser dose- and nanoparticle concentration-dependent manner, while 

displaying minimal toxic effects with a profile similar to that of gold nanoparticles.30 

Cu2-xSe nanocrystals excited by NIR light at 800 nm led to significant human colorectal 

cancer cell death, which demonstrated that the Cu2-xSe nanocrystals have similar 

photothermal transduction efficiency to CuS (Figure 1.8).29 

 

Figure 1.8 Transmission electron microscope (TEM) image of Cu2-xSe nanocrystals (left) 
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and comparison of photothermal destruction of human colorectal cancer cells without 

and with the addition of 2.8 × 1015 Cu2-xSe nanocrystals/L (right).29 

 

1.3 Current synthesis approaches for copper chalcogenides 

1.3.1 Hydrothermal or solvothermal method 

  The hydrothermal method is usually carried out in steel pressure vessels (autoclaves) 

with or without Teflon liners inside. These containers place in aqueous solution under 

controlled temperature and/or pressure conditions. The temperature of reaction 

circumstance can be increased above the boiling point of water, reaching the pressure of 

vapor saturation. The internal pressure of reaction circumstance also can be adjusted by 

setting temperature and the amount of solution added to the autoclave. The solvothermal 

method is similar to the hydrothermal method, except replacing solvent to non-aqueous. 

In the solvothermal system, the temperature can be elevated much higher than in the 

hydrothermal method because organic solvents have high boiling points. Based on this 

trait, the range of temperature of reaction circumstance is determined by choosing 

organic solvents with various boiling points. More specifically, the solvothermal method 

provides better control than the hydrothermal method of the size and shape distributions 

and the crystallinity of the copper chalcogenide because of higher reaction temperature. 

Metal oxides are commonly synthesized by these hydrothermal or solvothermal methods. 
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Similarly, as oxygen group elements, metal sulfide or metal selenide can be fabricated by 

imitating these methods as well. For the fabrication of CuxS nanocrystals, the reagents in 

aqueous solution or organic solvents are Cu precursors (i.e., CuCl2, copper acetates) and 

sulfur sources (i.e., S2-, S2O3
2- or thiourea).31,67-73 For the synthesis of CuxSe nanocrystals, 

Cu precursors are reacted with Na2SeSO3, Na2SeO3, Se, or selenourea in aqueous 

solutions or organic solvents.29,74-80. The morphology of the nanostructures can be 

controlled by solvents, pressure and temperature in the hydrothermal or solvothermal 

system (Figure 1.9).81-95 In conclusion, these methods can synthesize highly crystallized 

copper chalcogenide nanostructures, but their sizes are relatively big and not uniform.96-98 

 

Figure 1.9 TEM images of (a) CuS microtubes and (b) Cu2-xSe dendrites synthesized by 

hydrothermal and solvothermal methods, respectively.70,92 

 

1.3.2 Standard Schlenk line technique 

  The Schlenk line is a type of chemistry apparatus that is used for safely and 

successfully manipulating air-sensitive compounds. This technique is suitable for 
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avoiding oxidation of metallic precursors because of the sealed heating system and hot 

injection.99-100 The earlier reports on this method are focused on the fabrication of 

different morphologies of CdSe nanostructures (i.e., rod-, arrow-, teardrop-, tetrapod-, 

and branched tetrapod-shaped) (Figure 1.10)101-103 As this a general synthesis strategy, 

CuxS or CuxSe nanoparticles were also prepared under inert conditions using a standard 

Schlenk line (Figure 1.11).30,104-105 The most suitable solvents are alkyl amines or alkyl 

thiols, because they have high melting point, which can reach more than 300 ˚C, much 

higher than in using hydrothermal and solvothermal methods. The Cu precursors could 

be Cu(II) acetylacetonate or regular copper salts (i.e., CuNO3 and Cu(CH3CO2)2.) The 

sulfur or selenium precursors can be organic compounds containing sulfur or selenium or 

prepared by directly dissolving sulfur or selenium powder into trioctylphosphine (TOP), 

trioctylphosphine oxide (TOPO) 104,106 or alkyl amines (i.e., oleylamine)92,105. At high 

temperature, the sizes of copper chalcogenide nanostructures are easier to control and 

keep smaller than 10 nm, and the particles have good distributions. Ternary CuInSe2 

nanoplatelets were synthesized by heating a mixture of the reactants in oleylamine by this 

method.107 
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Figure 1.10 TEM images of different morphologies of CdSe from single-injection 

experiments.102 

 

 

Figure 1.11 TEM images of CuS (left) and Cu2-xSe nanoparticles (right).30,104 
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1.3.3 Thermolysis methods 

  Apart from those that have been fabricated by high pressure, high temperature or 

air-proof methods, copper chalcogenide nanostructures have also been synthesized by 

thermolysis of an as-formed precursor of a copper thiolate complex. In the typical 

preparation of CuxS nanocrystals, copper salt and thiol substances are mixed and heated 

for achieving products with different morphologies and sizes. For example, Cu2S 

nanodisks can be directly synthesized by adding the as-prepared copper precursor to 

dodecanethiol and then heating [Figure 1.12(a)].100 Other morphologies of CuS or Cu2S 

nanocrystals, such as nanoribbons, nanorods, nanoplatelets, and small nanoparticles, also 

can be synthesized either by solvent-less thermolysis of the single precursor108-113 or 

thermolysis of the precursor in an organic solvent under high temperatures.114-116 Cu2-xSe 

nanowires have been prepared by thermolysis of the as-formed CuSe as single precursor 

[Figure 1.12(b)].95 Based on these Cu2-xSe nanowires, CuInSe2/CuInS2 core/shell 

nanowire bundles have been prepared by the hydrothermal method.117 

 

Figure 1.12 TEM images of Cu2S nanodisks (left) and Cu2-xSe nanowires (right).95,100 
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1.3.4 Microwave method 

  Alternatively, irradiation with high-frequency electromagnetic waves can be a heating 

method for the preparation of nanocrystals in a short time. The principle of this method is 

that electric and magnetic components of microwaves change in direction rapidly and 

apply a force on charged particles as a result of their movements, which creates friction 

and collisions of the molecules. The major advantages of using microwaves for industrial 

processing are rapid heat transfer and volumetric and selective heating. For example, 

Cu9S8 nanorods were prepared by this microwave-assisted method from a previously 

formed precursor, which was made from a composite of [Cu(NO3)2∙3H2O] - sodium 

dodecyl sulfate (SDS) - thioacetamide (TAA).118 Similarly, copper-enriched or 

sulfur-enriched copper sulfide nanostructures (e.g. spheres, nanotubes, and nanoparticles) 

were synthesized by using the same mechanism with changing precursor composition 

(Figure 1.13).119-121 For the synthesis of copper selenides, the precursor contains copper 

salt and a selenium source with organic solvents. Then, the mixture is put into a 

microwave oven at different powers and for different times in air.122-123 

 

Figure 1.13 Scanning electron microscope (SEM) images of (a) CuS spheres and (b) 

CuS nanotubes.119 
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1.3.5 Sonochemical method 

  In contrast to the traditional high-temperature methods, the sonochemical method 

utilizes ultrasound oscillations to generate pressure waves as the result of acoustic 

cavitation instead of the movement of the molecules. Cavitation collapse produces 

intense local heating (~5000 K), high pressures (~1000 atm), and enormous heating and 

cooling rates (>109 K/s). This method is not confined to the preparation of different 

components of materials, such as alloys, carbides, oxides, and colloids of transition 

metals. Copper chalcogenide nanocrystals also have been prepared by this sonochemical 

approach.75,92,109,124-131 For example, different copper selenide phases, such as Cu2-xSe, 

β-CuSe, and Cu3Se2 have been produced from copper iodide and sodium selenate.75 This 

method has not been widely applied due to certain disadvantages, such as irregular 

morphology and the danger to people from ultrasound irradiation. 

1.3.6 Eletrodeposition 

  Electrodeposition is a universal route for coating on a surface by the action of 

reduction at the cathode. In a typical system, the metallic ions, from an electrolyte which 

contains the salt of the metal, are attracted to the cathode due to the current in the system. 

In the case where the as-prepared products are serving as electrodes in devices or for 

measurements, electrodeposition saves the process of assembling the materials on a 

substrate. Copper chalcogenide film can be grown by anodic oxidation or cathodic 

reduction methods from their salt solutions.132-133 For instant, copper sulfide with 
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different morphologies (i.e., flakes, nanorods, and nanowires) has been deposited on a 

substrate film or with template assistance [Figure 1.14(a-c)].134-136 By the same principle, 

the electrodeposition of copper selenide nanocubes or nanoparticles has been achieved 

from copper salt aqueous solution at room temperature [Figure 1.14(d)].137-138 Ternary 

CuInSe2 layers were grown on substrates in an acid solution containing the Cu, In, and 

Se by electrodeposition.139 

 

Figure 1.14 SEM and TEM images of (a) CuS flakes, (b) CuS nanorods, (c) CuS NWs, 

and (d) Cu2-xSe nanocubes.134-137 

 

1.3.7 Melting and ball milling method 

  These two methods are used for preparing large-scale and exact-stoichiometric 
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samples. Copper chalcogenide crystals with different stoichiometry can be prepared by 

melting the elements Cu and S (or Se, Te) in quartz tubes at high temperature (over 1000 

K) in vacuum, and then slowly cooling down to room temperature over several 

days.140-141 The elemental stoichiometry and phase of the products are easily tuned by the 

ratio of initial elements, with processing by a high-energy ball-milling method. For 

example, tetragonal Cu1.92S-Cu1.99S, rhombohedral Cu1.71S-Cu1.89S, CuS, various 

selenides (β-Cu2-xSe, Cu3Se2, γ-CuSe, CuSe2), and tellurides (Cu2-xTe, Cu3Te2) have been 

prepared from mixtures of the elements.25,142 

1.3.8 Cation exchange reaction 

  Cation exchange has emerged as particularly powerful and promising method to 

prepare well-defined nano-architectures, as it can retain the size, shape, and anionic 

framework of the parent nanostructures by replacing their cationic sublattice with a 

different metal ion.143-151 Alivisatos et al. first reported a complete and fully reversible 

cationic exchange that occurred in colloidal CdS, CdSe and CdTe nanocrystals, nanorods, 

and tetrapods.144 This research shows that the cation exchange reaction is a facile route 

for accessing more materials in nanostructures with diverse compositions, structures, and 

shapes via rapid, low-temperature transformations in the solid state, without having to 

develop new synthetic methods to produce each individual nanostructure. The promising 

advantage of the cation exchange reaction is that it is extremely fast compared to other 

fabrication methods, and this strategy has been successfully applied to prepare 
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heterostructured, doped, alloyed, and core-shell nanocrystals.146,151-156 For example, a 

dual interface heterostructured copper sulfide layer capped with zinc sulfide grains in 

spherical nanocrystals was synthesized, and the extent of the cation exchange can be 

precisely manipulated to tune the thickness of the internal layer down to the single atom 

level.157 Very recently, phase-selective cation exchange enabled the successful 

transformation of CdS nanowires into Cu2-xS nanowires with the tunable crystal 

structure.158 It is particularly suitable for preparation of late-transition-metal 

chalcogenide (e.g. Cu2-xE, E = S, Se, and Te) nanostructures due to their significant ionic 

character and capability for cation diffusion into and out of the lattice (Figure 1.15).159-160 

For example, hollow and cave containing nanoparticles Cu2−xSySe1−y nanoparticles were 

prepared from core/shell Cu2-xSe/Cu2-xS nanocrystals by the diffusion of Cu+ from the 

Cu2-xSe core into the Cu2-xS shell.161 These partially exchanged nano-architectures even 

display advanced performance in various applications.162-163 

 

Figure 1.15 Shapes and geometries for Cu2-xSe/Cu2-xS core/shell nanocrystals.160   
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1.4 Need for designed copper chalcogenide nanostructures in energy 

conversion 

  Based on the above investigation, nanostructured copper chalcogenides have much 

potential for sustainable energy devices, especially in the aspect of energy conversion. 

Thermoelectric conversion or counter electrodes for QDSSCs still have space for 

improvement. 

  Thermoelectric materials are semiconductors with high electrical conductivity and low 

thermal conductivity that can directly convert thermal energy into electricity in the 

presence of a temperature difference. The research about the electrical and thermal 

behavior of copper selenides has a long history.9 In the recent years, copper selenides 

have been rediscovered in the thermoelectric area and displayed an enhanced 

performance. For example, non-doped β-phase Cu2Se and Cu2-xSe fabricated by a 

high-temperature solid state reaction have a ZT values of around 1.5 at 1000 K, which is 

the highest value among the bulk materials. This value was notably enhanced to 1.7-1.8 

at 700 ˚C by the introduction of nanoscale precipitates through fast quenching of their 

liquids in a later report. Most methods, however, are not able to produce large-scale 

samples for thermoelectric research. Thus, a facile synthesis of copper selenide on a large 

scale is desirable. 

  QDSSCs include a photoelectrode, CE, sensitizer, and electrolyte. Using 

semiconductor quantum-dots with narrow band gaps sensitize working electrode 
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semiconductors with wide band gaps has enhanced energy conversion efficiency. 

Currently, the conventional noble metal CEs (Pt or Au) are unsuitable for QDSSC 

applications when polysulfide electrolytes are used, mainly because sulfur-containing 

(S2- or thiol) compounds are absorbed preferentially and strongly on the Pt or Au surface, 

leading to surface passivation and decrease in the conductivity of electrodes. In contrast, 

copper-chalcogenide-based CEs show lower resistance and higher electrocatalytic 

activity towards the redox reaction of polysulfide, thus improving the conversion 

efficiency of QDSSCs. Current investigations in this field are mainly focused on 

zero-dimensional (0D) copper sulfides, but their 1D counterparts show better 

performance. For example, the power conversion efficiency of QDSSCs with the 

designed ITO@Cu2S CEs increased by 84.5 % and 33.5 % compared to planar Au and 

Cu2S CEs, respectively.20 There have been few reports on copper selenides CEs, however, 

so their nanostructures have not too much enhancement in terms of the conversion 

efficiency of QDSSCs. Thus, the design and synthesis of copper selenides with large 

surface area and benefits from electron transport are highly desirable. 

  In this thesis, the design and synthesis of binary and ternary copper chalcogenides for 

thermoelectric conversion and QDSSCs applications are investigated. 

1.5 Thesis structure 

  Chapter 1 simply introduces the general background, various broad applications and 
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synthesis approaches for copper chalcogenides, as well as discussing major problems, 

and the significance and objectives of this study. 

  Chapter 2 contains the chemicals and methods used for preparation of materials and 

the instrumental analysis techniques for characterization of the copper chalcogenide 

nanostructures, including X-ray diffraction (XRD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 

inductively coupled plasma − atomic emission spectroscopy (ICP-AES), differential 

scanning calorimetry (DSC), Brunauer-Emmett-Teller (BET) surface area measurements, 

Raman spectroscopy, and ultraviolet-visible (UV-vis) spectroscopy. 

  Chapter 3 reports on research aimed at the large-yield synthesis of surfactant-free 

Cu2-xSe NWs by the hydrothermal approach and the thermoelectric properties of these 

Cu2-xSe powders sintered by the spark plasma sintering (SPS) technique. Uniform, 

surfactant-free Cu2-xSe NWs were prepared via an aqueous route. The effects of reaction 

parameters, such as the Cu/Se precursor ratio, the Se/NaOH ratio, and the reaction time, 

on the formation of NWs are comprehensively investigated. The results show that 

Cu2-xSe NWs are formed through the assembly of CuSe nanoplates, accompanied by their 

self-redox reactions. The resultant Cu2-xSe NWs are explored as a potential 

thermoelectric candidate in comparison with commercial copper selenide (Cu2Se) 

powder. Both synthetic and commercial samples have a similar performance, and their 

figures of merit (ZT) are 0.29 and 0.38 at 480 ˚C, respectively. Although the ZT of 
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Cu2-xSe has not been observably increased compared to the ZT of commercial Cu2Se, the 

introduction of nanocrystals of Cu2-xSe decreased the thermal conductivity, because the 

enhancement of phonon scattering by nanocrystals can decrease the lattice thermal 

conductivity at high temperature. In addition, the Cu-deficiency in Cu2-xSe increased the 

electrical conductivity compared to that in commercial Cu2Se. 

  Chapter 4, based on the previous chapter, is devoted to searching for a facile and high 

yield fabrication method for copper selenide, which is an issue for thermoelectric 

application. Grams of Cu2-xSe nanostructures were prepared from commercial copper and 

selenium powders in the presence of thiol ligands by a one-pot reaction at room 

temperature. The morphology of the nanostructures is strongly dependent on the ratio of 

thiol ligand to selenium powder. The resultant Cu2-xSe nanostructures were treated with 

hydrazine solution to remove the surface ligands and then explored as a potential 

thermoelectric candidate in comparison with commercial copper selenide powders. The 

results demonstrated that the synthetic samples from our novel approach have similar 

thermoelectric properties to commercial Cu2Se, which is similar to the results in the 

previous chapter, although Cu2-xSe retained its cubic structure, while commercial Cu2Se 

was converted to a mixture of cubic and tetragonal structures after high-temperature 

measurements, so that the resultant Cu2-xSe has a more stable crystal structure than 

commercial Cu2Se. 

  In Chapter 5, the universal synthesis method mentioned in Chapter 4 was 
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demonstrated by a computational method. Using this ambient facile method, Cu2-xE (E = 

S, Se) NTs with a hierarchical architecture and assembled as CEs for QDSSCs. Cu2-xSe 

and Cu2-xS NTs were fabricated by using Cu NWs, and stable sulfur or selenium powder 

as precursors at room temperature. The influence of the reaction parameters (e.g., 

precursor ratio, ligands, ligand ratio, and reaction time) on the formation of the nanotubes 

was comprehensively investigated. The resultant Cu2-xE (E = S, Se) NTs were used as 

CEs in QDSSCs to achieve a conversion efficiency (η) of 5.02 % and 6.25 %, 

respectively, much higher than that of QDSSCs made with Au CEs (η = 2.94 %). 

  In Chapter 6, one-dimensional/two-dimensional (1D/2D) ternary CuAgSe NTs were 

successfully prepared from the Cu2-xSe NTs synthesized at room temperature within a 

short reaction time by the facile cation exchange approach. The cation exchange leads to 

the transformation of the crystal structure from cubic to orthorhombic and/or tetragonal 

with good retention of morphology. The exchange reactions are spontaneous due to the 

large negative changes in the Gibbs free energy (∆G). The effects of parameters such as 

reaction time, precursor source, and precursor ratio on the exchange reaction were 

investigated. The resultant CuAgSe NTs were explored as CEs of QDSSCs and achieved 

much higher conversion efficiency (η = 5.61 %) than those of QDSSCs containing the 

noble-metal Au CEs (3.32 %), which was due to the higher mobility of both Cu+ and Ag+ 

ions in the CuAgSe NTs and the higher stability of metal selenides in polysulfide 

electrolyte, which was achieved by avoiding corrosion and passivation than that of the 
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Au CEs. 
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 CHAPTER 2 Experimental Methods 

2.1 Chemical reagents 

Table 2.1 Chemicals and materials used in the thesis. 

Materials/Chemicals Formula Purity Supplier 

Acetone C3H6O > 99.9% Sigma-Aldrich 

Anhydrous ethanol C2H6O > 99.5% Sigma-Aldrich 

Copper nitrate 3-hydrate Cu(NO3)2 99.5% Aldrich 

Copper powder (-40 mesh) Cu 99.5% Aldrich 

Copper powder (-150 mesh) Cu 99.5% Sigma-Aldrich 

Copper(I) selenide Cu2Se 99.95% Alfa Aesar 

Cysteamine C2H7NS > 99.0% Sigma-Aldrich 

Ethylenediamine C2H4(NH2)2 99.0% Alfa Aesar 

Hydrazine solution NH2NH2 35 wt% Sigma-Aldrich 

Milli-Q water H2O 18.2 MΩ∙cm NA 

Potassium chloride KCl > 99.9% Sigma-Aldrich 

Selenium powder (-325 mesh) Se 99.5% Alfa Aesar 

Silver acetate AgC2H3O2 > 99.99% Sigma-Aldrich 

Silver nitrate AgNO3 > 99.0% Sigma-Aldrich 

app:ds:potassium
app:ds:chloride
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Sodium hydroxide (low chloride) NaOH 97.0% Alfa Aesar 

Sodium sulphide Na2S > 99.0% Sigma-Aldrich 

Sulfur powder S > 99.5% Sigma-Aldrich 

Thioglycolic acid C2H4O2S > 99.0% Sigma-Aldrich 

1-dodecanethiol  C12H26S > 99.0% Sigma-Aldrich 

2-mercaptoethanol HO(CH2)2SH > 99.0% Sigma-Aldrich 

3-mercapto-1-propanol HS(CH2) 3OH > 99.0% Sigma-Aldrich 

3-mercaptopropionic acid HSCH2CH2CO2H > 99.0% Sigma-Aldrich 

4-mercapto-1-butanol HS(CH2)4OH > 99.0% Sigma-Aldrich 

 

2.2 Preparation approaches 

  The main preparation methods used in this thesis are aqueous solution thermolysis and 

magnetic stirring at room temperature. All the experimental details are shown in the 

following chapters. 

2.2.1 Aqueous solution thermolysis 

  This method relies on water evaporation at high temperature and reactant self-redox 

during water evaporation. After the aqueous solution of reactants was prepared in a 

beaker, the beaker was placed in a fan-forced oven at a certain temperature. Water was 

gradually evaporated away during extended time, and at last, the dry products were left 
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on the bottom of the beaker.1 

2.2.2 Magnetic stirring method 

  A magnetic stirrer is a device that is based on a rotating magnetic field to make a stir 

bar spin in a chemical or biological reaction system. The size of stir bar is small (a couple 

of centimetres) and the outside materials of stir bar are glass or Teflon which are easily 

cleaned and sterilized. Because of their outside materials, stir bars can work in glass and 

Teflon containers for stirring viscous liquids or thick suspensions. The advantage of 

magnetic stirrers is that they can be used inside hermetically closed vessels or systems by 

placing stir bar in reaction system before sealing the system. Magnetic stirrers can also 

combine with a hot plate or some other means for heating the liquid.2 

2.3 Characterization and measurement methods 

2.3.1 X-ray diffraction (XRD) 

  X-ray diffraction (XRD) is a method for determination of the identity and crystallinity 

of a synthesized compound. The principle is that: “The X-rays are generated by a cathode 

ray tube, filtered to produce monochromatic radiation, collimated to concentrate the 

beam, and directed toward the prepared sample. The interaction of the incident rays with 

the sample produces constructive interference (and a diffracted ray) when conditions 

satisfy Bragg’s Law: 
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2d sin θ = nλ                                                         (2.1) 

where d is the lattice spacing in a crystalline sample, λ is the wavelength of 

electromagnetic radiation, n is any integer, and θ is the diffraction angle of incidence 

experienced by the X-ray beam reflection from the faces of the crystal (Figure 2.1).”3  

  When a crystal sample is scanned with X-rays, diffraction peaks will be produced once 

the crystal inter-planer spacing and the wavelength of X-rays satisfy the relationship 

shown in Equation 2.1. For determining what this sample is, the resultant pattern was 

compared with standard reference patterns, which were obtained from previous 

experiments or calculations. Each standard reference pattern has a number, called JCPDS 

number. If all peaks in measured pattern match with a standard reference pattern, this 

sample has the same crystal structure with a standard reference in a unique JCPDS number. 

Not only the crystal structure, the crystal size of materials can also be estimated and 

calculated according to the Scherrer formula: 

                                                         (2.2)                                                                                                                                                  

where K is the shape factor of the average crystallite (with a typical shape factor around 

0.9), λ is the X-ray wavelength, β is the half-peak width, and θ is the Bragg angle.  

  The XRD device used in this thesis work is a GBC MMA diffractometer with a Cu Kα 

radiation (λ = 1.5406 Å) at 40 kV and 25 mA at a scanning rate of 2° min-1 for 2θ in the 

range of 20-80°. The scanning rate can be adjusted from 0.1° min-1 to 10° min-1. The 

slower of the scanning rate is, the less of noise is, which means the pattern is smoother 

θβ
λ

cos
KD =
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than that obtained using fast scanning rate. This equipment cannot record at very low 

angles (e.g. 0.1-10°). 

 

Figure 2.1 Bragg’s Law defining the conditions for the occurrence of diffraction peaks.3 

 

2.3.2 Scanning electron microscopy (SEM) 

  Scanning electron microscope (SEM) can produce detailed images of the surface of 

samples by scanning them with a focused beam of electrons (Figure 2.2).4 These 

accelerated electrons are produced from electron gun on the top of a microscope. When 

electrons reached the surface atoms of prepared sample, they interact and produce some 

signals that can be detected and collected by a detector. These interactions can be 

classified into two groups. In the first group, electrons are scattered due to elastic 

collisions with atoms in the specimen and lose very little energy in the process. These 

electrons are called backscattered electrons. In the second group, electrons collide with 

atoms in the specimen inelastically and cause atoms collided to be ionized. Electrons 
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emitted as a result of this ionization are called secondary electrons.5 These signals 

contain the information of the surface of samples that can be interpreted to morphology 

and composition of samples in images. Technically, a single machine cannot have all 

detectors for all signals. The SEM only uses secondary electrons detected and collected 

by the secondary electron detector to form an image of sample. For taking the 

high-resolution images for revealing details of a sample surface, the electron beam must 

be narrow. Besides, the images also have a large depth of field, which can appear a 3D 

visualisation of a sample surface for understanding. The range of magnifications can be 

adjusted from about 10 times to more than 500,000 times.4 

  The field emission SEM (FE-SEM) images of all samples in this thesis were collected 

using a JEOL JMS 7500-FA microscope with an accelerating voltage of 5 kV and a 

secondary electron detector. The energy dispersive X-ray spectroscopy (EDS) was 

performed on the X-ray spectrometer attached to the JEOL JMS 7500-FA. The X-ray is 

produced by the interactions of electron beam with sample, and used to map the 

distribution and estimate the contents of elements in the sample. 
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Figure 2.2 Diagram of scanning electron microscope.4 

 

2.3.3 Transmission electron microscopy (TEM) 

  Transmission electron microscopy (TEM) can display morphology images of samples 

by using electrons beams transmitted through an ultra-thin sample (Figure 2.3). This 

technique is specially used to reveal internal structure in nanoscale solids. There are four 
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parameters influence the information of sample: “the resolving power of the microscope 

(usually smaller than 0.3 nm); the energy spread of the electron beam (often several eV); 

the thickness of the specimen (almost always significantly less than 1 μm), and the 

composition and stability of the specimen.”6 TEM images have significantly 

higher resolution than SEM images because of the small de Broglie wavelength of 

electrons, which enables researchers to examine fine detail—even as small as a single 

column of atoms.6 The image-forming principle is different when using low or high 

magnifications TEM. At low magnification, the image is formed directly by occlusion 

and absorption of electrons in the sample. The thickness and composition of samples and 

absorption of electrons in the samples influence the image contrast. Thicker sample or 

regions with more specimens will appear dark, while regions with no sample appear 

bright. At high magnifications, high-resolution transmission electron microscopy 

(HRTEM), also known as phase contrast, can investigate structures of materials, such as 

crystal orientation, electronic structure, and chemical identity. Image formation is given 

by complex wave interactions of the incoming electron beams. Apart from them, selected 

area electron diffraction (SAED) is an effective technique for observing crystal 

orientation. For thin crystalline samples, this produces an image that consists of a pattern 

of dots in the case of a single crystal, or a series of rings in the case of 

a polycrystalline material. For the single crystal case, the diffraction pattern is dependent 

upon the orientation of the specimen and the structure of the sample illuminated by the 

https://en.wikipedia.org/wiki/Optical_resolution
https://en.wikipedia.org/wiki/De_Broglie_wavelength
https://en.wikipedia.org/wiki/Polycrystalline
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electron beam. This image provides the investigator with information about the space 

group symmetries in the crystal and the crystal's orientation to the beam path. This is 

typically done without utilizing any information but the position at which the diffraction 

spots appear and the observed image symmetries. 

  A scanning transmission electron microscope (STEM) is a type of TEM. The raster of 

electron beam across the sample makes it suitable for a few analysis techniques such as 

elemental mapping by energy dispersive X-ray (EDX) spectroscopy, electron energy loss 

spectroscopy (EELS) and annular dark-field imaging (ADF). These signals can be 

obtained simultaneously, allowing direct correlation of image and quantitative data. 

  The TEM images in this thesis were collected on a JEOL-2010 and a JEOL 

ARM-200F microscope operated at 200 kV. Elemental mapping was performed on the 

X-ray spectrometer attached to the JEOL ARM-200F instrument by using Ni grids. 

https://en.wikipedia.org/wiki/Space_group
https://en.wikipedia.org/wiki/Space_group
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Electron_energy_loss_spectroscopy
https://en.wikipedia.org/wiki/Electron_energy_loss_spectroscopy
https://en.wikipedia.org/wiki/Annular_dark-field_imaging
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Figure 2.3 Schematic diagram of transmission electronic microscopy.6 

 

2.3.4 X-ray photoelectron spectroscopy (XPS) 

  X-ray photoelectron spectroscopy (XPS) is a sensitive quantitative spectroscopic 

technique that measures the elemental composition of the sample surface. It can be used 

to characterize the valence state and ratio of the elements that exist on the surface of a 

sample when the sample is fresh prepared, or after some treatments, such as fracturing, 
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cutting, scraping, or exposing in the air. The spectra of samples are obtained by 

presenting a material under X-rays beam and simultaneously counting the kinetic energy 

and number of electrons that escape from the top 0 to 10 nm of the material being 

analysed. Identifying each peak produced from elements of the sample is compared the 

position of peaks with known data of handbooks. For avoiding a shift from a positive or 

negative surface charge, the spectra of peaks are usually calibrated by standard carbon 

and oxygen peaks. 

  In this thesis, the XPS spectra were collected by XPS instrument assembled by the 

Institute for Superconducting and Electronic Materials. This technique is used to 

investigate the valence states of elements in order to understand the reaction mechanism. 

2.3.5 Inductively coupled plasma − atomic emission spectroscopy (ICP-AES) 

  Inductively coupled plasma atomic − emission spectroscopy (ICP-AES), or 

inductively coupled plasma optical emission spectrometry (ICP-OES), is used for 

detecting the trace of metal elements. The working principle is that atoms and ions in the 

samples, excited by the inductively coupled plasma, emit electromagnetic radiation at 

wavelengths for identifying a particular metal element. 

  In this thesis, all samples for ICP-AES were dissolved in 1.5% HNO3, and the amounts 

of metal elements were traced by the ICP-AES instrument at UQ. This technique is used 

to investigate the element ratio of prepared compounds (e.g. Cu2-xSe). 

  2.3.6 Thermogravimetric analysis (TGA) 
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  Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of 

thermal analysis for monitoring changes in physical and chemical properties of materials 

in terms of increasing temperature (with constant heating rate), or in terms of time (with 

constant temperature and/or constant mass loss).7 This method is suitable to determine 

selected characteristics of materials that exhibit either mass loss or gain due to 

decomposition, oxidation, or loss of volatiles (such as moisture).  

  In this thesis, the weight loss of samples was measured with a Mettler-Toledo 

TGA/DSC instrument at UOW from 50-900 ˚C, with a heating rate of 5 ˚C min-1 in 

argon. 

2.3.7 Differential scanning calorimetry (DSC) 

  Differential scanning calorimetry (DSC) is a thermoanalytical technique measuring a 

sample and a reference sample in an increasing temperature circumstance and obtaining 

the difference in the amount of heat. The heat capacity of reference sample should be 

known over the scanning range of temperatures. Then, the heat capacity of the sample 

can be determined by measurement result.  

  In this thesis, the heat capacity of samples was measured by a Mettler TGA/DSC 

instrument at Shanghai Mettler Company from 30-800 ˚C, with a heating rate of 20 K 

min-1, and with the sample kept at 30 ˚C and 800 ˚C for 30 min, separately. 
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2.3.8 Brunauer-Emmett-Teller (BET) 

  Brunauer-Emmett-Teller (BET) theory can be used to explain the physical adsorption 

of gas molecules on a solid surface, which serves as a significant analysis technique for 

the measurement of the specific surface area, pore size, and pore volume of a material. 

The BET theory refers to multi-layer adsorption, and usually adopts non-corrosive gases 

(e.g., nitrogen, argon, carbon dioxide, etc.) as adsorbates to determine the surface area 

data. In this thesis, the surface area of samples was measured by a TriStar ‖ 3020 V1.04 at 

77.3 K under nitrogen at UQ. 

2.3.9 Raman spectroscopy 

  “Raman spectroscopy is a spectroscopic technique used to observe vibrational, 

rotational, and other low-frequency modes in molecules in a chemical system in both 

qualitative and quantitative applications.”8 Placing powder or film samples under a laser 

light, molecular vibrations or other excitations in the system interact with laser light and 

produce a shift up or down of laser phonons. This shift contains the information about 

bands between molecular of samples. The unique position and intensity of peaks in 

spectrum make Raman spectroscopy able to identify the chemical elements in the 

qualitative analysis. Besides, compared to infrared bands, Raman bands are inherently 

sharper, which present for more straightforward quantitative analysis.  

  In this thesis, the Raman spectroscopy was conducted with a 10 mW He/Ne laser at 
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632.8 nm (Jobin Yvon HR800) and was used to characterize the chemical composition 

and crystal structure of the samples. 

2.3.10 Ultraviolet-visible (UV-vis) spectroscopy 

  Ultraviolet-visible (UV-vis) spectroscopy is an absorption spectroscopy or reflectance 

spectroscopy in the ultraviolet-visible (or near-UV and near-infrared) spectral region. For 

a liquid sample, the UV-vis absorption comes from molecules absorbing light in different 

wavelengths range. An absorption spectrum demonstrates a number of absorption bands 

corresponding to structural groups within the molecule. In this thesis, the measurement 

of UV-vis spectroscopy is not only carried out in solution but also in solid samples. For a 

solid sample, light is reflected by the surface of the sample because it cannot go through 

the solid sample. So the measurement of the band gap of solid samples was carried out 

by an attachment of UV-vis instrument (integrating spheres). The sample was placed in 

front of the incident light window for reflecting light on the detector that has a hollow 

sphere with a barium sulfate-coated interior. The obtained result of relative reflectance is 

related to the reflectance of the reference standard white board (barium sulfate-coated), 

which is considered to be 100%. “When light is directed at the sample at an angle of 0°, 

specularly reflected light exits the integrating sphere and is not detected. As a result, only 

diffuse reflected light is measured.”9 In this thesis, the reflectance spectra were collected 

by a Shimadzu UV-3600 at IPRI. 
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2.4 Thermoelectric measurements 

2.4.1 Preparation of samples 

  The as-synthesized Cu2-xSe powders or commercial Cu2Se powders were loaded into a 

graphite die with a diameter of 20 mm and sintered into a pellet at 430 ˚C under 65 MPa 

for 10 min by the spark plasma sintering (SPS) technique. The resultant pellet was cut 

into pieces and polished into parallelepipeds with dimensions of ∼2 mm × 3 mm × 10 

mm for electrical conductivity and Seebeck coefficient measurements. The 

parallelepipeds were coated with a layer of boron nitride to protect the instrument against 

evaporation of the elements. For the thermal diffusivity measurements, the samples were 

cut and polished into a disk shape with a diameter of 10 mm and a thickness of 1 mm. 

2.4.2 Measurement of thermoelectric performance 

  The electrical conductivity and the Seebeck coefficient were measured simultaneously 

under helium atmosphere from room temperature to 480 ˚C using an Ozawa RZ2001i 

(Japan). A Linseis LFA1000 (Germany) instrument was used to determine the thermal 

diffusivity of samples. The thermal conductivity (κ) was calculated using Equation (2.3): 

                                                       (2.3)                                                           

where D is the thermal diffusivity, Cp is the heat capacity, and ρ is the mass density of 

the specimen. The ρ values used here were calculated using the geometrical dimensions 

ρCDκ p ××=
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of the specimens and their masses. The heat capacity was determined using the DSC 

method. 

2.5 Assembly and measurements of QDSSCs 

2.5.1 Preparation of photoelectrodes 

  CdS and CdSe sensitized TiO2 working electrodes were prepared successively by 

casting the pastes on the fluorine-doped tin oxide (FTO) substrates using the doctor blade 

technique.10 The TiO2 film is composed of a 13.7 µm transparent layer (18NR-T paste, 

Dyesol) and a 4.5 µm light-scattering layer (WER2-O paste, Dyesol). [In Chapter 6, the 

TiO2 film only includes a 13.7 µm transparent layer (18NR-T paste, Dyesol).] The 

working electrodes were gradually heated at 100 °C for 15 min and 500 °C for 30 min, 

respectively. 

2.5.2 Preparation of counter electrodes 

  The sample CEs were prepared on FTO substrates by the doctor blade technique using 

the respective sample pastes. The pastes were prepared from sample powders according 

to previous work with some modifications.11 The newly formed films were annealed at 

350 °C for 30 min in Ar atmosphere to remove the binder and enhance the contact 

between the film and the substrate. For comparison, Au electrodes were prepared by 

sputtering to yield a thickness of ~ 50 nm (obtained from the calibration curve of the 
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sputtering). 

2.5.3 Assembly and measurements of QDSSCs 

  The solar cells were fabricated by assembling the CEs and QD-sensitized TiO2 film 

electrode with a binder clip separated by a 60 µm thick spacer. A mask with a window 

area of 0.16 cm2 was clipped onto the TiO2 side to define the active area of the cell when 

testing. The polysulfide electrolyte was composed of 2 M Na2S, 2 M S, and 0.2 M KCl in 

Milli-Q water. For QDSSCs assembled under each set of conditions, at least 8 cells were 

prepared and tested in parallel, and the one with the medium value was chosen for the 

final data. For electrochemical impedance spectroscopy (EIS) and Tafel polarization 

measurements, the symmetric dummy cells were assembled from two identical CEs, 

using the same polysulfide electrolyte. The active area of the dummy cells was 0.64 cm2. 

The photocurrent-voltage (J-V) tests of DSSCs were performed under one sun conditions 

using an air mass (AM) 1.5 solar simulator (Oriel), which was carefully calibrated with 

certified silicon solar cells. The light intensity of the solar simulator was adjusted to 100 

mW cm-2 by using an optical power meter (Newport, 1918-c) with a detector 

(818P-040-25). J-V curves were obtained by applying an external bias to the cell, and 

measurements were recorded by a Keithley model 2420 digital source meter. The 

incident photon-to-current conversion efficiency (IPCE) plotted as a function of the 

excitation wavelength was obtained by using a Newport 1918-c power meter under 

irradiation of a 300 W Oriel xenon light source with an Oriel Cornerstone 260 1/4 m 
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monochromator in direct-current mode. The EIS were measured with dummy cells by 

using a Solartron 1260 Frequency Response Analyzer in combination with a Solartron 

1480 Potentiostat in the dark. The applied bias voltage and ac amplitude were set at 0 V 

and 10 mV, and the frequency ranged from 106 to 0.1 Hz. Then, the Tafel-polarization 

measurements were recorded with a scan rate of 20 mV s-1 on an electrochemical 

workstation (CHI660d). 

  The fabrication of QD-sensitized TiO2 film electrodes, assembly of QDSSCs, and 

measurements of the performance of cells were carried out at UQ with the help of 

colleagues. 
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 CHAPTER 3 Aqueous Route for Preparation of 

Surfactant-Free Copper Selenide Nanowires 

  Uniform surfactant-free copper selenide (Cu2-xSe) NWs were prepared via an aqueous 

route. The effects of reaction parameters such as Cu/Se precursor ratio, Se/NaOH ratio, 

and reaction time on the formation of NWs were comprehensively investigated. The 

results show that Cu2-xSe NWs were formed through the assembling of CuSe nanoplates, 

accompanied by their self-redox reactions. The resultant Cu2-xSe NWs were explored as a 

potential thermoelectric candidate in comparison with commercial copper selenide 

powder. Both synthetic and commercial samples have a similar performance and their 

figures of merit (ZT) are 0.29 and 0.38 at 750 K, respectively. 

3.1 Introduction 

  Nano-scale copper selenides exhibit some unusual properties due to the large surface 

area, a high ratio of surface atoms, and quantum confinement effects. An example is a 

cuprous selenide (Cu2Se) nanoparticles, which are easily oxidized into 

non-stoichiometric Cu1.8Se, and become into a surprisingly good p-type semiconductor 

with over 3000 times of enhancements in electrical conductivity.1  In order to tune the 

properties of nano-scale copper selenides, a number of techniques and strategies, such as 

hydro- or solvo-thermal approach,1-3 sonochemistry,4 electrochemical-deposition,5 

microwave-assistant route,6 ball milling technique,7 and chemical welding method,8 have 
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been developed to prepare nanocrystals,9 nanotubes/wires,2,10-12 nanocages,13 

dendrimers,3,14 and nanosheets15 with well-defined size, morphology, crystal structure, 

and composition. However, most synthesizes are complicated and the resultant 

nanostructures are stabilized with organic ligands, which could influence their properties 

(e.g. conductivity) and have to be removed in some applications. There are few reports 

on synthesis of surfactant-free copper selenide nanostructures, which can be used without 

post surface treatment.16 

  In comparison with 0D and bulk counterparts, 1D semiconductor nanostructures have 

many unique characteristics including asymmetric structures, intrinsic polarization 

anisotropies, long (macroscopic) length, band and/or ballistic transport etc.17-19 The 

electrons in nanowires are quantum confined laterally and thus occupy energy levels that 

are different from the traditional continuum of energy levels or bands found in bulk 

analogues. 1D semiconductor nanostructures show great potential in the fabrication of 

various optical and electronic nanodevices.20 For example, stoichiometric cuprous 

selenide nanowires have been utilized to fabricate catalytic electrode for oxygen 

reduction reaction,21 and non-stoichiometric ones have been used to construct the 

photoluminescence type sensor of humidity.22 In this work, uniform surfactant-free 

Cu2-xSe NW bundles on gram-scale via an aqueous route were successfully synthesized. 

The resultant Cu2-xSe NW bundles have diameters of 100-300 nm and lengths of tens of 

micrometers. The evolution of Cu2-xSe NWs demonstrates they were formed through the 
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assembling of CuSe nanoplates accompanied by a redox reaction. This gram-scale 

synthesis offers enough pristine NWs for exploring their properties and potential 

applications. The NWs were sintered into pellets for investigation of their thermoelectric 

properties, which show higher electrical conductivity, smaller Seebeck coefficient, and 

lower thermal conductivity than commercial Cu2Se powder which was sintered and 

measured under the same conditions. The obtained ZT is comparable with that of the 

commercial sample and reach to 0.29 at 480 ˚C. 

3.2 Experimental section 

3.2.1 Synthesis of Cu2-xSe NWs 

  In a typical synthesis, 0.1580 g Se powder, 4.800 g NaOH (Se/NaOH = 1/60), and 20 

mL Milli-Q water were loaded into a 100 mL round-bottomed flask. The mixture was 

heated to 90 ˚C under magnetic stirring. After the selenium was completely dissolved 

(deep red), 1.5 mL Cu(NO3)2 aqueous solution (0.5 M) [Se/Cu(NO3)2 = 2.5/1] was 

quickly added into the selenium solution. The black suspension was transferred into a 

100 mL beaker and then put into an oven at 100 ˚C until the water was completely 

evaporated (18 h). The black precipitate was washed with hot distilled water and 

centrifuged. The washing/centrifugation was repeated several times, and the purified 

sample was dried at 60 ˚C to constant weight. The yield is around 90 %. 
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3.2.2 Crystal structure and morphology evolution of Cu2-xSe NWs 

  In order to investigate the evolution of the morphology and crystal structure, a group 

of experiments was designed to prepare Cu2-xSe NWs and collect the intermediate 

samples at different reaction times. The preparation procedure was the same as in the 

above process. Typically 1.5792 g Se powder, 48.0000 g NaOH (Se/NaOH = 1/60), and 

200 mL Milli-Q water were loaded into a 500 mL sealed round-bottomed flask. After the 

selenium was completely dissolved at 90 ˚C, the solution was equally divided into 10 

beakers (20 mL in each beaker). After adding the same amount of 0.5 M Cu(NO3)2 

aqueous solution (1.5 mL) [Se/Cu(NO3)2 = 2.5/1], all beakers were kept in an oven at 

100 ˚C, with the individual samples taken out at different times (i.e. 1 min, 40 min, 60 

min, 90 min, 3.5 h, 5 h, 7 h, 9 h, 13 h, and 18 h). The resultant products were purified 

using the same process as described above. 

3.2.3 Synthesis of Cu2-xSe from as-synthesized CuSe in alkaline solution 

  CuSe powder was synthesized by a solvent-mediated method.23 0.63 g of copper metal 

powder (0.01 mol) and 0.79 g of selenium powder  (0.01 mol) were initially stirred 

magnetically for 10 minutes, followed by the addition of 20 mL of 2-mercaptoethanol to 

it. The suspension was subjected to a vigorous magnetic stirring for 24 h at room 

temperature. The resultant products were purified and dried. 0.2850 g CuSe powder was 

dispersed into 20 mL NaOH solution (0.12 M) (CuSe/NaOH = 1/60). The suspension 
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was kept in an oven at 100 ˚C for 18 h. The resultant products were purified using the 

same process as described above. 

3.3 Results and discussion 

3.3.1 Results of synthesized Cu2-xSe NWs 

Figure 3.1 shows the XRD pattern, and SEM and TEM images of the resultant NWs. 

Compared to the standard diffraction peaks of copper selenide, all the peaks of NWs are 

matched well with those of fcc Cu2-xSe (JCPDS 06-0680) with a lattice constant of 

0.5728 nm [Figure 3.1(a)]. The strong and sharp diffraction peaks suggest that the 

as-synthesized NWs are well crystallized. The absence of other peaks indicates high 

purity and the single-phase nature of these NWs. The SEM image in Figure 3.1(b) clearly 

shows a large quantity of uniform bundles with lengths up to tens of micrometers and 

diameters of 100-300 nm. A typical bundle is displayed in Figure 3.1(b) as an inset. The 

TEM image in Figure 3.1(c) also confirms that these nanobundles have a uniform 

diameter and that they are made up of many thin NWs. The HRTEM image clearly 

shows the lattice fringes with a spacing of 0.33 nm [Figure 3.1(d)], which matches well 

with that of (111) planes of Cu2-xSe. The EDS analysis shows that the ratio of copper to 

selenium in these NW bundles is 1.84, which is higher than the initial precursor ratio 

(Cu/Se = 1/2.5) and further confirms that they are copper-deficient. 
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Figure 3.1 (a) XRD pattern of surfactant-free Cu2-xSe NW bundles. The vertical lines 

mark the line positions of the Cu2-xSe standard (JCPDS 06-0680). (b) SEM images of the 

resultant Cu2-xSe NW bundles. Inset is a typical image of an individual bundle. (c) TEM 

image of the Cu2-xSe NW bundles, showing that each bundle is composed of many thin 

NWs. (d) HRTEM image of the selected area in c. Insets are FFT of HRTEM image of 

the selected area in c. 

 

3.3.2 Formation evolution Cu2-xSe NWs 

In order to understand the formation mechanism of the Cu2-xSe NWs, the experiment 

was repeated and collected the intermediate products at different reaction times. Figure 

3.2 shows the XRD patterns of the samples collected at 1 min, 40 min, 3.5 h, 5 h, and 18 
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h. When the Cu(NO3)2 solution reacted with Se-precursor solution for 1 min, the XRD 

pattern of the product [Figure 3.2(a)] matched that of hexagonal CuSe (JCPDS 34-0171). 

After 40 minutes reaction, the XRD pattern of the products is still indexed to hexagonal 

CuSe [Figure 3.2(b)]. When the mixture reacted for 3.5 h, the intermediate product is a 

mixture of hexagonal CuSe and cubic Cu2-xSe [Figure 3.2(c)]. The diffraction peaks 

marked with * arise from Cu2-xSe (JCPDS 06-0680). The intermediate product collected 

at 5 h is also a mixture of CuSe and Cu2-xSe [Figure 3.2(d)], but the content of CuSe is 

notably decreased due to the formation of Cu2-xSe. The final product collected at 18 h 

shows single phase Cu2-xSe [Figure 3.2(e)], which demonstrates the complete 

transformation of CuSe into Cu2-xSe. The transformation of CuSe into Cu2-xSe is also 

supported by the variation of the Cu/Se molar ratio in these samples, as determined by 

ICP-AES and shown in Table 3.1. The results clearly show the increase in the Cu/Se 

molar ratio during the transformation process. When the Cu(NO3)2 solution was added 

into the alkaline selenium solution, the black precipitate formed immediately and its 

Cu/Se molar ratio was 1.01, which means the main product is CuSe. When the reaction 

time increased from 1 min, through 40 min, 90 min, 3.5 h, 5 h, and 7 h, to 18 h, the 

Cu/Se molar ratio in these samples correspondingly increased from 1.01, through 1.06, 

1.35, 1.51, 1.51, and 1.52, to 1.65. 

 



 

79 
 

 

Figure 3.2 XRD patterns of samples collected at (a) 1 min, (b) 40 min, (c) 3.5 h, (d) 5 h, 

and (e) 18 h, showing the transformation of the crystal structure from hexagonal CuSe 

into cubic Cu2-xSe. The diffraction peaks marked with * arise from Cu2-xSe (JCPDS 

06-0680). 

 

Table 3.1 Ratio of Cu to Se in the products collected at different reaction time, as 

determined by ICP-AES. 

 1 min 40 min 90 min 3.5 h 5 h 7 h 18 h 

Copper (mg/L) 28 23 26 23 26 25 39 

Selenium (mg/L) 35 27 24 19 21 20 29 

Ratio of Cu to Se 1.01 1.06 1.35 1.51 1.51 1.52 1.65 
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The above results support the formation of non-stoichiometric Cu2-xSe NWs, and the 

partial reduction of Cu2+ into Cu+ during sample preparation. XPS was used to determine 

the ratio of Cu2+/Cu+ in these samples, and the whole XPS survey and spectra of Cu 2p3/2 

are presented in Figure 3.3 (a-c). A slight shift in the binding energy of Cu 2p3/2 from 

932.07 eV to 931.52 eV was observed when the reaction time increased from 1 min to 18 

h [Figure 3.3(b)]. The small shift indicates the difficulty in distinguishing the 

contributions from Cu2+ and Cu+. The binding energy of Cu 2p3/2 can be fitted into three 

peaks at 931.98 eV (CuSe), 931.48 eV (Cu2Se), and 933.87 eV (CuO) [Figure 3.3(c)]. 

 

Figure 3.3 (a) Whole survey of as prepared Cu2-xSe NWs; (b) Binding energies of Cu 

2p3/2 in the products collected from 1 min to 18 h; (c) XPS spectra of the Cu 2p3/2 region 

for selected samples with peak fits for Cu2+ and Cu+. 
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At the very beginning of the reaction, there are only Cu2+ peaks. The Cu2+/Cu+ ratio 

from CuSe and Cu2Se in the samples collected at 40 min and 7 h decreased from 3.88 to 

0.33 [Figure 3.4(b-g)], which means that the reduction of Cu2+ into Cu+ occurred upon 

the addition of copper nitrate solution to the Se-precursor solution. The absence of a 

contribution from CuSe in the sample collected at 18 h supports the complete 

transformation of CuSe into Cu2-xSe. The small peak at 933.87 eV (CuO) in all samples 

is attributed to surface oxidation.1,24-25 

 

Figure 3.4 XPS spectra of the Cu 2p3/2 region for samples with peak fits for Cu2+ and 

Cu+ and molar ratios of Cu2+/Cu+: (a) 1 min; (b) 40 min; (c) 60 min; (d) 90 min; (e) 3.5 h; 

(f) 5 h; (g) 7 h; and (h) 18 h, showing the transformation of CuSe into Cu2-xSe. 
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The evolution of the morphology during the transformation was monitored by SEM. 

Figure 3.5 shows SEM images of eight samples collected at different reaction times, 1 

min, 40 min, 60 min, 90 min, 3.5 h, 5 h, 7 h, and 18 h, respectively. At the first stage 

(i.e., from 1 min to 60 min), the initially formed CuSe nanoparticles grow into hexagonal 

nanoplates with a size of 100-400 nm, as shown in Figure 3.5(a-c). At the second stage 

(i.e., from 60 min to 5 h), the hexagonal nanoplates become stacked together and 

self-assemble into a one-dimensional structure with a rough surface [Figure 3.5(d-f)]. 

The products are a mixture of CuSe and Cu2-xSe, as proved by their XRD patterns in 

Figure 3.2. At the last stage (i.e., from 5 h to 18 h), the rough NW bundles become 

smoother [Figure 3.5(g-h)], which is accompanied by the complete transformation of 

CuSe into Cu2-xSe (Figure 3.2). The final NW bundles are about 100-300 nm in diameter 

and tens of micrometers in length. 

 

Figure 3.5 SEM images of the samples collected at (a) 1 min, (b) 40 min, (c) 60 min, (d) 

90 min, (e) 3.5 h, (f) 5 h, (g) 7 h, and (h) 18 h, showing the evolution of the morphology 

of the Cu2-xSe NW bundles. 



 

83 
 

3.3.3 Effects of reaction parameters 

It should be noted that the morphology and composition of the NWs are strongly 

influenced by the reaction parameters. Figure 3.6 shows the XRD patterns of products 

prepared using different molar ratios of sodium hydroxide to selenium powder (i.e., 

NaOH/Se). When a high molar ratio of NaOH/Se (i.e., 60/1) is used [Figure 3.6(a)], the 

final product is pure Cu2-xSe, and its XRD pattern is consistent with the standard profile 

of Cu2-xSe indexed with JCPDS 06-0680. When the molar ratio is decreased from 60/1 to 

30/1, the product obtained is a mixture of Cu2-xSe, Cu2O, and CuO. The diffraction peaks 

of Cu2O and CuO are marked with # and º, respectively in Figure 3.6(b).  

 

Figure 3.6 XRD patterns of the products prepared with the different molar ratio of NaOH 

and Se: (a) 60/1; (b) 30/1. The diffraction peaks of Cu2O and CuO are marked with # and 

º, respectively. 
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Their SEM images in Figure 3.7 show that the sample prepared with a high NaOH/Se 

ratio has uniform NW bundles [Figure 3.7(a)], while the sample obtained with a low 

NaOH/Se ratio contains some big plates and particles in addition to the NW bundles 

[Figure 3.7(b)]. This result demonstrates the importance of the NaOH/Se ratio for the 

formation of uniform NWs. 

 

Figure 3.7 SEM images of the products prepared from different molar ratios of NaOH to 

Se: (a) 60/1; (b) 30/1. 

 

In addition, the molar ratio of the Se powder to the Cu(NO3)2 also strongly affects the 

product morphology and composition. Figure 3.8 shows the XRD patterns of products 

prepared by adding different amounts of copper nitrate to the same amount of alkaline 

selenium aqueous solution, i.e., the Se/Cu ratio is varied from 0.5/1, though 1/1, 2.5/1, 

and 5/1, to 10/1. In the case of the lowest Se/Cu precursor ratio (i.e., 0.5/1), the small 

amount of Se is not enough for a complete reaction with Cu(NO3)2, and the excess 

Cu(NO3)2 is hydrolysed and dehydrated to form Cu2O, whose diffraction peaks are 

labelled with ∆ in Figure 3.8(a). In the opposite case (i.e., Se/Cu ratio of 10/1), the large 
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amount of Se leads to the formation of CuSe [marked with ♦ in Figure 3.8(e)] mixed with 

Cu2-xSe. When the precursor molar ratio is in the range of 1/1 to 5/1, the final products 

obtained are pure Cu2-xSe, as confirmed by their XRD patterns are shown in Figure 

3.8(b-d). Their SEM images in Figure 3.9 demonstrate that uniform NWs can be only 

obtained from a molar ratio of 2.5/1. Therefore, the optimal molar ratio of Se powder to 

Cu(NO3)2 is 2.5/1. 

 

Figure 3.8 XRD patterns of the samples prepared using different molar ratios of Se to 

Cu(NO3)2: (a) 0.5/1; (b) 1/1; (c) 2.5/1; (d) 5/1; (e) 10/1. ∆ marks Cu2O peaks, ♦ CuSe 

peaks. 
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Figure 3.9 SEM images of the products prepared using different molar ratio of Se to 

Cu(NO3)2: (a) 0.5/1; (b) 1/1; (c, d) 2.5/1; (e) 5/1; (f) 10/1. 

 

3.3.4 Formation mechanism Cu2-xSe NWs 

On the basis of previous results, the following mechanism was proposed. After the 

Cu(NO3)2 solution is added into the Se precursor solution, the competition among 

reactions (3.2)–(3.4) is strongly dependent on the solubility constants of CuSe (Ksp = 7.94 

× 10-49), CuSeO3 (Ksp = 2.1 × 10-8), and Cu2Se (Ksp = 1.58 × 10-61).12 For the same Se2- 

concentration, the minimum Cu2+ concentration required for precipitation of CuSe is 

smaller than that required for Cu2Se and CuSeO3. Thus, CuSe was first precipitated after 

the addition of Cu(NO3)2 solution to Se solution. The formation ∆G can be expressed by 

Equation (3.5), in which R is the universal gas constant, T is the temperature, Ksp is the 

solubility of CuSe. Jsp is expressed by Equation (3.6), where  and  represent 

the concentration of Cu2+ and Se2-, respectively. 

+2
CuC −2

SeC
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3Se + 6NaOH → 2Na2Se + Na2SeO3 + 3H2O                              (3.1)                                                                   

Cu(NO3)2 + Na2Se → CuSe + 2NaNO3                                    (3.2)                                                           

Cu(NO3)2 + Na2SeO3 → CuSeO3 + 2NaNO3                               (3.3)                                                        

2Cu(NO3)2 + 2Na2Se → Cu2Se + Se + 4NaNO3                             (3.4)      

∆G = RT × In Jsp/ Ksp                                                  (3.5) 

Jsp= ×                                                      (3.6) 

(2-x)CuSe → Cu2-xSe + (1-x)Se                                          (3.7)      

  The high concentrations of Cu2+ and Se2-, and small Ksp (7.94 × 10-49) of CuSe indicate 

a large ∆G for the formation of CuSe nanoparticles. In addition, from a viewpoint of 

nucleation and growth of nanocrystals, high precursor concentration means the fast 

nucleation and growth process, which leads to a broad particle size distribution. 

Therefore, a mixture of nanoparticles and nanoplates is obtained upon the addition of 

copper nitrate solution into selenium precursor solution. The nanoparticles can be 

transformed into nanoplates through the Oswald ripening process due to the intrinsicly 

layered structure.  

The transformation of nanoplates into NWs is induced by water evaporation, which 

increases the concentration of nanoplates and promotes nuclei self-assembly in the 

longitudinal direction (i.e., [110] direction). In the presence of excessive Se2- ions which 

have strong reducing process. This process can be viewed as a chemical etching process 

of CuSe nanoplates by Se2- anions from the solution in a redox reaction. At the same 

2
2+CuC 2

2−SeC
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time, the produced Cu2-xSe nuclei grew into nanorods along [110] direction. With the 

prolongation of reaction time, these split CuSe nanoplates were further etched, and 

converted to form fine Cu2-xSe NWs. The transformation of CuSe into Cu2-xSe by the 

self-redox reaction can be easily achieved in strong NaOH solution [formula (3.7)], 

which has been proved by treating CuSe powder in the same NaOH solution without 

other chemicals (Figure 3.10). 

 

Figure 3.10 XRD patterns of (a) as-prepared CuSe powders, (b) Cu2-xSe powders 

obtained through self-redox reaction in strong NaOH solution. 

 

3.3.5 Thermoelectric performance 

As mentioned previously, Cu2-xSe nanostructures show high electrical conductivity 

arising from pronounced copper-deficiency. Bulk Cu2-xSe and Cu2Se have potential in 

thermoelectric application due to the liquid-like behaviour of Cu+ ions at high 

temperature. Therefore, the thermoelectric properties of Cu2-xSe NWs with commercial 
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Cu2Se powders were compared. The reason Cu2Se was selected is that there is no 

commercial Cu2-xSe powder and it is very difficult to prepare stoichiometric Cu2Se NWs 

using the same approach. Nevertheless, the comparison between them would demonstrate 

the nanostructure effects on their thermoelectric properties.  

As-synthetic Cu2-xSe powders were weighted and sintered as a pellet by using SPS 

technique. The resultant pellet was cut into pieces for thermoelectric measurement 

(Figure 3.11). The commercial powders were sintered under the same conditions and cut 

into pieces with a similar size and then measured under the same conditions. 

 

Figure 3.11 (a) As-synthetic Cu2-xSe powders on digital scale. (b) Sintered pellet (up), 

small piece after thermal diffusion measurement (down left), and small piece after 

electrical conductivity and Seebeck coefficiency measurement (down right). 

 

The electrical conductivity [Figure 3.12(a)] of the Cu2-xSe sample is around 6800 S/cm 

at room temperature and decreases quickly to about 2200 S/cm at 480 ˚C, which is higher 

than that of commercial Cu2Se powder at room temperature (2600 S/cm) and at 480 ˚C 
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(1200 S/cm), respectively. The higher electrical conductivity of Cu2-xSe is due to its 

higher copper-deficiency compared to commercial Cu2Se, which is consistent with the 

previous report.26 Due to its excellent electrical conductivity, the Seebeck coefficient 

[Figure 3.12(b)] of Cu2-xSe is lower than that of the commercial Cu2Se (i.e. 35 μV/K at 

room temperature and 80 μV/K at 480 ˚C). Having the same trend as the Seebeck 

coefficient, this sample has a power factor [Figure 3.12(c)] of 0.3 μWcm-1K-2 at room 

temperature and 5 μWcm-1K-2 at 480 ˚C, lower than that of commercial sample. 

To determine the thermal conductivity of samples, their Cp were measured and shown 

in Figure 3.12(d). A sharp endothermal peak at around 140 ˚C was observed in both 

synthetic and commercial samples, which is consistent with the previous reports.7 The 

overall thermal conductivity can be calculated by using Equation (2.3). The resultant 

total thermal conductivity [Figure 3.12(e)] of Cu2-xSe sample from room temperature to 

200 ˚C is higher than that of the commercial Cu2Se sample, however, it is slightly lower 

in the range of 200-480 ˚C. The lower total thermal conductivity of synthetic Cu2-xSe 

could be due to the presence of nanoprecipitates in the pellet, which can effectively 

improve the phonon scattering and decrease the thermal conductivity.  
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Figure 3.12 Temperature dependent thermoelectric properties of Cu2-xSe NWs bundles 

and commercial Cu2Se powder: (a) electrical conductivity; (b) Seebeck coefficient; (c) 

power factor; (d) specific heat (Cp); (e) thermal conductivity; and (f) figure-of-merit 

calculated using Equation (1.4). 
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The SEM images of pellets made from Cu2-xSe NWs and commercial Cu2Se powder in 

Figure 3.13 clearly show that the Cu2-xSe NWs were melted into nanoprecipitates at high 

temperature (430 ˚C) and high pressure (65 MPa) after SPS sintering, while the 

commercial Cu2Se powder was pressed into a bulk layer structure. In addition, the 

pronounced copper-deficiency in the synthetic sample leads to more vacancies, which are 

also responsible for its lower thermal conductivity. As shown in Table 3.2, the Cu/Se 

ratio of the synthetic sample is increased from 1.65 in initial Cu2-xSe nanowires to 1.72 in 

sintered pellet, and to 1.92 after thermoelectric measurements. Similarly, the Cu/Se ratio 

of the commercial sample increased from 1.97 in initial powder to 2.09 in its sintered 

pellet, and to 2.03 after measurements. This sharp peak observed in Cp could be due to 

the phase transition. 

 

Figure 3.13 SEM images of cross-sections of (a) Cu2-xSe and (b) Cu2Se pellets after 

sintering at 430 ˚C under 65 MPa by the spark plasma sintering technique. 
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Table 3.2 Ratio of Cu to Se in synthetic Cu2-xSe samples (A) and commercial Cu2Se 

samples (B) determined by ICP-AES: numbers 1, 2, and 3 represent original powder, 

pellet after SPS sintering, and pellet after thermoelectric measurement. 

 A1 A2 A3 B1 B2 B3 

Copper (mg/L) 39 58 48 87 110 150 

Selenium (mg/L) 29 42 31 54 68 92 

Ratio of Cu to Se 1.65 1.72 1.92 1.97 2.09 2.03 

 

The figure of merit for synthetic and commercial samples can be calculated by 

Equation (1.1).27-29 The calculated ZT values of Cu2-xSe and Cu2Se samples were plotted 

in Figure 3.12(f), a slight decrease in ZT at 140 ˚C was observed due to the presence of a 

sharp endothermal peak at this temperature [Figure 3.12(d)]. The ZT values of synthetic 

and commercial samples increase with the increase of temperature, and reach 0.29 and 

0.38 at 480 ˚C, respectively. These results are similar to that of Cu2-xSe (0 ≤ x≤ 0.25) 

prepared from a high-temperature solid state reaction, in which the highest ZT is from 

Cu2Se with a value of 0.38 at 480 ˚C.8,26 
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3.4 Conclusions 

  In summary, surfactant-free Cu2-xSe NW bundles with lengths of tens of micrometers 

and diameters of 100–300 nm have been successfully synthesized on a large scale by an 

aqueous approach. The NW bundles are composed of many thin Cu2-xSe NWs. The 

evolution of the morphology shows that the formation of Cu2-xSe nanobundles arises 

from the assembly of CuSe nanoplates induced by water evaporation, accompanied by 

the self-redox reduction of CuSe. The formation of Cu2-xSe nanobundles is strongly 

influenced by the molar ratio of sodium hydroxide to selenium powder and the molar 

ratio of selenium powder to copper nitrate. The resultant Cu2-xSe nanobundles were 

sintered into a pellet and tested for thermoelectric application in comparison with the 

commercial Cu2Se powder. The results show that the synthetic sample has a 

temperature-dependent ZT comparable to that of commercial sample, and reach to 0.29 at 

480 ˚C. Our research provides a straight way to prepare surfactant-free copper selenide 

NWs for energy conversion.  
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 CHAPTER 4 Ambient Facile Synthesis of Gram-Scale 

Copper Selenide Nanostructures from Commercial Copper 

and Selenium Powder 

  Based on the previous chapter, searching for facile and high yield fabrication method 

of copper selenide is an issue for thermoelectric application. Grams of Cu2-xSe 

nanostructures were prepared from commercial copper and selenium powders in the 

presence of thiol ligands by a one-pot reaction at room temperature. The morphology of 

the nanostructures is strongly dependent on the ratio of thiol ligand to selenium powder. 

The resultant Cu2-xSe (0 ≤ x ≤ 0.25) nanostructures were treated with hydrazine solution 

to remove the surface ligands and then explored as a potential thermoelectric candidate in 

comparison with commercial copper selenide powders. The results demonstrate that the 

synthetic samples from our novel approach exhibit similar thermoelectric properties to 

commercial Cu2Se. 

4.1 Introduction 

  Copper selenides have been explored as thermoelectric materials and have shown 

enhanced performance.1-2 For example, non-doped β-phase Cu2Se and Cu2-xSe fabricated 

by high-temperature solid state reaction have a figure of merit, ZT, of around 1.5 at 1000 

K,3 which is the highest value among the bulk materials. This value was notably 

enhanced to 1.7−1.8 at 700 ˚C by the introduction of nanoscale precipitates through fast 
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quenching of their liquids in the latest report.4 The higher ZT of β-phase Cu2Se and 

Cu2-xSe is attributed to the extraordinary liquid-like behavior of the copper ions around a 

crystalline sublattice of Se.3 Although various strategies, such as hydrothermal or 

solvothermal approaches,5-7 sonochemistry,8-9 electrochemical-deposition,10-12 the 

microwave-assisted route,13 and the cation exchange method,14 have been developed to 

prepare nanoscale copper selenides, most methods are not able to produce large-scale 

samples for thermoelectric research. An alternative approach is the high-energy 

ball-milling method,2 which is energy-consuming and time-consuming. Thus, a facile 

synthesis of copper selenide on a large scale is desirable. 

  In this work, large amounts of Cu2-xSe nanostructures were synthesized through the 

ambient reaction of commercial copper powders with selenium powders in the presence 

of 2-mercaptoethanol and traces of NaOH. The as-prepared samples were treated with 

hydrazine solution to remove the adsorbed surface ligands. The resultant pristine Cu2-xSe 

nanoparticles were sintered into pellets for investigation of their thermoelectric properties 

in comparison with commercial Cu2Se powder, which was sintered and measured under 

the same conditions. The obtained ZT is comparable to that of the commercial samples 

and reaches 0.28 at 480 ˚C. 



 

100 
 

4.2 Experimental section 

4.2.1 Synthesis of Cu2-xSe nanostructures 

  Cu powder (0.06 mol), 12.6 mL 2-mercaptoethanol (0.18 mol), 1 mL NaOH (7 M), 

and 100 mL anhydrous ethanol were loaded into a 250 mL glass flask. The mixture was 

stirred for 5 min, and Se powder (0.03 mol) was added into the mixture. The color of the 

mixture gradually turned to black, suggesting the reaction of reddish copper with gray 

selenium powder. After the mixture was reacted for 24 h under gentle stirring, black 

precipitates were separated by centrifuge. These precipitates were dispersed in 20 mL 

hydrazine solution and stirred overnight. The precipitates were separated, washed with 

distilled water and ethanol several times, and then dried in vacuum at room temperature. 

4.2.2 Effects of chalcogen/2-mercaptoethanol ratio on Cu2-xSe nanostructures 

  In order to investigate the influence of 2-mercaptoethanol on nanostructures, a group 

of experiments been performed by using different amount of 2-mercaptoethanol. The 

ratio of Se to 2-mercaptoethanol was varied from 1/3 through 1/5, 1/7, 1/10, 1/20, and 

1/30 to 1/50. The resultant samples were purified using the same process as described 

above. 

4.2.3 Morphology evolution of Cu2-xSe nanostructures 

  The evolution of nanostructures was investigated by analyzing samples collected after 

different reaction times. The group experiments used a ratio of Se/2-mercaptoethanol of 

1/50, and intermediate samples were collected at 5 min, 1 h, 2 h, 8 h, and 24 h. All the 
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samples were purified using the above procedure. 

4.3 Results and discussion 

4.3.1 Results of synthesized Cu2-xSe nanostructures 

  Copper selenide was fabricated from commercial copper powders and selenium 

powders in the presence of 2-mercaptoethanol at room temperature, and the resultant 

nanostructures were treated with hydrazine solution to remove surface organic material, 

which can influence the thermoelectric properties of pellets sintered from nanopowders 

due to the evaporation of organics during sintering and measurement at high temperature. 

Figure 4.1 shows FESEM and TEM images of the non-treated sample. A mixture of 

nanoparticles and nanosheets was observed [Figure 4.1(a-c)], in which the nanosheets are 

assembled from small nanoparticles and have a thickness of around 7 nm. The SAED 

pattern in the inset of Figure 4.1(c) also indicates this characteristic, which is consistent 

with the random orientation of the crystal lattice, as shown by the HRTEM image of the 

selected area [Figure 4.1(d)]. The sheet structure was destroyed by treatment with 

hydrazine solution, but nanoparticles remained assembled together (Figure 4.2). The 

HRTEM images of both non-treated and treated samples clearly display lattice fringes 

with a spacing of 0.33 nm, matching well with the (111) planes of cubic Cu2-xSe [Figure 

4.1(d), 4.2(c)]. These results suggest that removal of surface organic ligands by 

hydrazine did not influence the crystal structure. 
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Figure 4.1 (a-c) FESEM and TEM images of as-prepared Cu2-xSe nanostructures. The 

inset in (c) is the SAED pattern of a typical single layer of Cu2-xSe. (d) HRTEM image of 

the selected area in (c), with the inset of FFT pattern from the area selected with the 

dashed square in (d). 

 

 

Figure 4.2 (a) FESEM image and (b) TEM image of the Cu2-xSe powder treated with 

N2H4. (c) HRTEM image of a small region of the selected area in (b). 
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  To confirm their crystal structures, XRD patterns of treated and non-treated samples 

were collected [Figure 4.3(a)]. All the peaks of both samples match well with standard 

peaks of fcc Cu2Se (JCPDS 88-2043), demonstrating that no crystal structure or phase 

change occurred after treatment with hydrazine, although the morphology was drastically 

modified after treatment. The strong and sharp diffraction peaks suggest that both 

samples are well-crystallized, despite using room-temperature synthesis and 

modification. To demonstrate the successful removal of surface organic material, TGA 

was used to compare the weight loss of samples before and after hydrazine treatment 

[Figure 4.3(b)]. The weight loss was reduced from 13 % to only 3 % after hydrazine 

treatment, which means that most of the surface ligands were removed. 

 

Figure 4.3 (a) XRD patterns and (b) TGA curves of as-prepared Cu2-xSe nanostructures 

before and after treatment with N2H4. The vertical lines in (a) mark the line positions of 

the Cu2Se standard (JCPDS 88-2043) 

 

  The scanning TEM image and the corresponding EDX elemental mapping images of 
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nanostructures are shown in Figure 4.4, further revealing the homogenous distribution of 

Cu and Se elements in whole the structure. The average Cu/Se ratios in non-treated and 

treated samples were determined to be 1.91 and 1.95 by ICP-AES. 

 

Figure 4.4 (a) Scanning TEM image of as-prepared Cu2-xSe nanostructures; (b-c) EDX 

elemental mapping of Cu and Se for the selected area in a. (d) Scanning TEM image of 

Cu2-xSe nanostructures after treatment with N2H4; (e-f) EDX elemental mapping of Cu 

and Se for the selected area in d. 

 

  Raman spectroscopy was further applied to demonstrate the removal of surface ligands. 

The spectra of both the non-treated and the treated Cu2-xSe samples clearly show the 
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characteristic vibration of the Cu-Se bond at 256 cm-1 (Figure 4.5).15-17 The spectra also 

confirm the absence of the typical peak of the –SH group at 2500-2600 cm-1.18 It is well 

known that Cu2-xSe is easy to oxidize,19-20 and XPS was used to determine the ratio of 

different valence states of Cu (i.e., Cu+/Cu2+) in both non-treated and treated Cu2-xSe 

samples (Figure 4.6). The XPS spectra of Cu 2p confirm the presence of both Cu+ and 

Cu2+ in both samples [Figure 4.6(a, c)]. The ratio of Cu+/Cu2+ increases from 6.8 to 8.3 

after the treatment with hydrazine due to the reduction capability of hydrazine.21 The 

spectra of Se 3d in both samples suggest the existence of Se2- at 53.8 eV [Figure 4.6(b, 

d)]. A small peak at 58.2 eV in the original sample is attributed to the adsorbed organic 

selenide on its surface [Figure 4.6(b)],20,22 which was successfully removed after 

treatment [Figure 4.6(d)]. 

 

Figure 4.5 Raman spectra of the Cu2-xSe nanostructures before and after treatment with 

N2H4. 
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Figure 4.6 XPS spectra of (a) Cu 2p and (b) Se 3d of as-prepared Cu2-xSe; (c) Cu 2p and 

(d) Se 3d of Cu2-xSe powder treated with N2H4. 

 

4.3.2 Effects of chalcogen/2-mercaptoethanol ratio on Cu2-xSe nanostructures 

  A previous report on the preparation of highly crystalline CuSe from copper and 

selenium in pure 2-mercaptoethanol23 demonstrates that the key role of 

2-mercaptoethanol is to dissolve selenium to form highly reactive selenothiolate.24-26 

Theoretical calculations show that the reaction between copper and HOCH2CH2SSe- is 

spontaneous. The influence of 2-mercaptoethanol on the Cu2-xSe nanostructures was 

investigated (Figure 4.7). The ratio of Cu and 2-mercaptoethanol was varied from 1/3, 
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through 1/5, 1/7, 1/10, 1/20, and 1/30, to 1/50. The resultant nanostructures are a mixture 

of nanoparticles and nanosheets. The thickness of the nanosheets increases with 

increasing concentration of 2-mercaptoethanol (Figure 4.7). The average thickness of the 

nanosheets obtained from the ratio of 1/3 is 7 nm (Figure 4.1), and it increases through 

11 nm, 15 nm, 18 nm, 23 nm, and 29 nm, to 47 nm with the ratio of 

Cu/2-mercaptoethanol increasing from 1/3, through 1/5, 1/7, 1/10, 1/20, and 1/30, to 

1/50, respectively. These results demonstrate that more 2-mercaptoethanol promotes the 

growth of nanosheets along the (111) surface, which is the automatically smooth surface 

with the lowest energy in the fcc structure.27 

 

Figure 4.7 SEM images of Cu2-xSe nanostructures prepared from different molar ratios 

of Cu to 2-mercaptoethanol: (a) 1/5, (b) 1/7, (c) 1/10, (d) 1/20, (e) 1/30, (f) 1/50. 
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  The XRD patterns of all the products (Figure 4.8) are matched well with fcc Cu2Se 

(JCPDS 88-2043), which means that the use of more 2-mercaptoethanol did not influence 

the crystal structure of Cu2-xSe. 

 

Figure 4.8 XRD patterns of the Cu2-xSe nanostructures prepared by using different molar 

ratios of Cu to 2-mercaptoethanol. The vertical lines indicate the peak positions of 

standard Cu2Se (JCPDS 88-2043). 

 

4.3.3 Morphology evolution of Cu2-xSe nanostructures 

  The evolution of the nanostructures was investigated in the case of the 

Cu/2-mercaptoethanol ratio of 1/50. The original commercial Cu powder is irregular and 

rough [Figure 4.9(a)]. 5 min after the addition of selenium powder into the reaction 

solution, small nanoparticles were formed and assembled into thin nanosheets [Figure 
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4.9(b)]. Increasing the reaction time led to the growth of small nanoparticles and the 

growth of nanosheets [Figure 4.9(c-f)]. 

 

Figure 4.9 FESEM images of the Cu powders (a) and Cu2-xSe nanostructures with a ratio 

of Cu/2-mercaptoethanol of 1/50 after different reaction times: (b) 5 min; (c) 1 h; (d) 2 h; 

(e) 8 h; (f) 24 h. 

 

  The XRD patterns of all the samples also confirm the evolution of the nanostructures 

and the transformation of Cu into Cu2-xSe (Figure 4.10). The product obtained within a 

short reaction time (i.e., 5 min) is a mixture of Cu and Cu2-xSe, as indicated by the high 

intensity of the Cu peaks and the very weak peaks from Cu2-xSe in its XRD pattern. 

Extended reaction time led to more Cu2-xSe being formed and an increase in the intensity 
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of the Cu2-xSe peaks in the corresponding XRD patterns. The pure Cu2-xSe obtained after 

24 h reaction demonstrates the complete transformation of Cu into Cu2-xSe. 

 

Figure 4.10 XRD patterns of the Cu2-xSe samples with a ratio of Cu/2-mercaptoethanol 

of 1/50 after different reaction times. 

 

4.3.4 Thermoelectric performance 

  An advantage of my method is that it is capable of producing grams of Cu2-xSe 

nanostructures in a one-pot reaction for investigation of their properties and applications. 

As mentioned previously, copper selenides such as Cu2-xSe and Cu2Se could be the 

candidate of thermoelectric materials. The thermoelectric properties of the as-synthesized 

Cu2-xSe nanostructures were investigated in comparison with commercial Cu2Se powder. 

Both synthetic and commercial powders were sintered by SPS, and the resultant pellets 

were cut into pieces of a similar size and then measured under the same conditions.28 As 
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shown in Figure 4.11(a), the electrical conductivity of the synthetic Cu2-xSe sample is 

higher than that of the commercial Cu2Se powder from room temperature to 480 ˚C. Due 

to its excellent electrical conductivity, the Seebeck coefficient of Cu2-xSe is lower than 

that of the commercial sample (i.e., 35 μV/K at room temperature and 80 μV/K at 480˚C) 

[Figure 4.11(b)]. Following the same trend as with the Seebeck coefficient, this sample 

has a power factor (PF) of 0.3 μW∙cm-1K-2 at room temperature and 3.5 μW∙cm-1K-2 at 

480 ˚C, lower than the corresponding values for the commercial sample [Figure 4.11(c)]. 

Heat capacities (Cp) were measured and are shown in Figure 4.11(d). A sharp 

endothermal peak at around 140 ˚C was observed in both the Cu2-xSe and the commercial 

samples.2 The overall thermal conductivity of the Cu2-xSe and commercial samples 

calculated from Equation (2.3) demonstrates that our Cu2-xSe sample has lower thermal 

conductivity than that of the commercial Cu2Se sample [Figure 4.11(e)]. The figures of 

merit ZT for our Cu2-xSe and the commercial sample were calculated from Equation 

(1.1). 

  The calculated ZT values of the Cu2-xSe and Cu2Se samples are plotted in Figure 

4.11(f), where a slight decrease in ZT at 140 ˚C can be observed due to the presence of a 

sharp endothermal peak at this temperature [Figure 4.11(d)]. The ZT values of Cu2-xSe 

and the commercial sample increase with increasing temperature, and reach 0.28 and 

0.38 at 480 ˚C, respectively. These results are also similar to that for Cu2-xSe prepared 

from a high-temperature solid state reaction.29 
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Figure 4.11 Temperature dependence of the thermoelectric properties of synthetic 

Cu2-xSe and commercial Cu2Se samples: (a) electrical conductivity; (b) Seebeck 

coefficient; (c) power factor; (d) specific heat capacity (Cp); (e) thermal conductivity; (f) 

figure-of merit calculated using Equation (1.4). 
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4.3.5 Stability of Cu2-xSe in thermoelectric performance 

  The higher electrical conductivity and lower overall thermal conductivity of my 

Cu2-xSe sample could be attributed to its stable crystal structure, which was re-examined 

after SPS sintering and thermoelectric measurements. The XRD patterns show that there 

was no phase transition in the Cu2-xSe sample after sintering and measurement at high 

temperature, except that the peaks became narrower and sharper due to the improvement 

in crystallization at high temperature [Figure 4.12(a)]. The original as-received 

commercial Cu2Se powder consists of cubic and orthorhombic phases, however, the 

fraction of orthorhombic Cu2Se became pronounced after it was sintered into a pellet 

under the same conditions, and it was completely transformed into the orthorhombic 

structure after high-temperature measurements [Figure 4.12(b)]. The disordered Cu ions 

in the cubic structure at high temperature would be highly efficient phonon scattering 

centres as compared with the orthorhombic structure, which increases the carrier 

concentration.2-3 The average Cu/Se ratios in pellets of our Cu2-xSe and the commercial 

samples after SPS and measurement were determined to be 1.93 and 2.02, respectively, 

by ICP-AES, which shows a higher Cu deficiency in the Cu2-xSe sample. Increased 

carrier concentration enhances the electrical conductivity according to Equations 

(4.1-4.2), however, the Seebeck coefficient of the Cu2−xSe compounds was found to 

decrease with increasing carrier concentration.29 

                                                         (4.1)                                                                                                         neµρ /1=
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                                                    (4.2)                                                                  

where ρ, µ, n, e, α, k, r, and N0 are the electrical resistivity, carrier mobility, carrier 

concentration, charge of the electron, Seebeck coefficient, Boltzmann’s constant, 

scattering factor, and Avogadro constant, respectively.30-31 In addition to the liquid-like 

behaviour of copper ions at high temperature, the lower thermal conductivity of prepared 

Cu2-xSe sample could be also due to the presence of nanoscale grains, pores, and 

boundaries in the pellet, which can effectively improve the phonon scattering and 

decrease the thermal conductivity. SEM images of pellets made from Cu2-xSe 

nanoparticles and commercial Cu2Se powder in Figure 4.12(c-d) clearly show that the 

Cu2-xSe pellet has a larger amount of nanoscale particles and pores than the Cu2Se pellet, 

although they were sintered under the same conditions (i.e., 430 ˚C, 65 MPa, and 10 min) 

by SPS technology. In addition, the pronounced copper-deficiency in the Cu2-xSe sample 

leads to more vacancies, which are also responsible for its lower thermal conductivity. 
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Figure 4.12 XRD patterns of (a) as-prepared Cu2-xSe nanopowder (Original), Cu2-xSe 

pellet after sintering at 430 ˚C under 65 MPa (SPS), and Cu2-xSe pellet after 

thermoelectric measurements (Measured); (b) commercial Cu2Se powder, Cu2Se pellet 

sintered under the same conditions as in (a), and Cu2Se pellet after thermoelectric 

measurements. FESEM images of cross-sections of (c) Cu2-xSe and (d) Cu2Se pellets 

after sintering at 430 ˚C under 65 MPa by the spark plasma sintering technique and 

thermoelectric measurements. 
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4.4 Conclusions 

  In this chapter, grams of Cu2-xSe nanostructures have been synthesized by a one-pot 

reaction of commercial copper powder with Se powder in the presence of 

2-mercaptoethanol. The resultant nanostructures were treated with hydrazine solution to 

remove adsorbed surface ligands. The hydrazine treatment destroyed the sheet-like 

structure and resulted in pristine Cu2-xSe nanoparticles, which were sintered into a pellet. 

Their thermoelectric properties were measured in comparison with commercial Cu2Se 

powder under the same conditions. Their thermoelectric properties show that the Cu2-xSe 

sample has a similar temperature-dependent ZT (0.28 at 480 ˚C) to that of the commercial 

sample. The Cu2-xSe sample retained the same crystal structure and morphology after 

SPS sintering and thermoelectric measurements at high temperature. This research 

provides a simple way to prepare large-scale copper selenide nanostructures for diverse 

applications. 
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 CHAPTER 5 Room-Temperature Synthesis of Cu2−xE 

(E = S, Se) Nanotubes with Hierarchical Architecture as 

High-Performance Counter Electrodes of 

Quantum-Dot-Sensitized Solar Cells 

  Using the ambient facile synthesis method mentioned in chapter 3, Cu2-xE (E = S, Se) 

microtubes/NTs with a hierarchical architecture were prepared by using copper NWs, 

stable sulfur and selenium powder as precursors at room temperature. The theoretical 

calculation confirmed the reaction mechanism. The influence of reaction parameters (e.g., 

precursor ratio, ligands, ligand ratio, and reaction time) on the formation of NTs was 

comprehensively investigated. The resultant Cu2-xE (E = S, Se) NTs were used as CEs of 

QDSSCs to achieve a conversion efficiency (η) of 5.02 % and 6.25 %, respectively, much 

higher than that of QDSSCs made with Au CE (η = 2.94 %). 

5.1 Introduction 

  Copper chalcogenide nanostructures have been exploited as CEs of QDSSCs with 

enhanced electrochemical performance owing to their super catalytic activity for the 

reduction of polysulfide.1-6 Currently, the conventional noble counter electrodes (Pt or 

Au) are unsuitable for QDSSC applications when polysulfide electrolytes are used, 

mainly because sulfur-containing (S2- or thiol) compounds are absorbed preferentially 

and strongly on the Pt or Au surface, leading to surface passivation and decrease in the 
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conductivity of electrodes.7-9 In contrast, copper chalcogenide based CEs show lower 

resistance and higher electrocatalytic activity towards the redox reaction of polysulfide, 

thus improving the conversion efficiency of QDSSCs.3,8 For example, CuS and 

Cu2S-based CEs boosted the conversion efficiency of CdS/CdSe QD sensitized solar 

cells to 4.1%, higher than that of QDSSCs made with Au CE.4 The better performance 

and lower cost of copper chalcogenides make them promising alternative CE to the noble 

metal Pt and Au analogues. Current investigations in this field, however, are mainly 

focused on 0D copper sulfides and selenide (Cu2-xE, E = S, Se, 0 ≤ x ≤ 1) nanostructures, 

and there are few reports on their 1D counterparts.5-6  

  Among different type of copper chalcogenide nanostructures,10-20 1D microtubes and 

NTs have increasingly attracted considerable attention because of their superior 

performance, benefiting from both the hollow and 1D nature of their structures.21 1D 

hollow nanostructures not only show a higher speed of electron transport, but also exhibit 

larger surface area in comparison with solid analogues. They can be formed by the 

self-sacrifice of templates through the Kirkendall effect.22 Most syntheses rely on high 

temperature or complicated processes, however.23-24 There are few reports on the 

synthesis of Cu2-xE (E = S, Se) tubular nanostructures at room temperature.25-28 For 

example, Cu7S4 and Cu2-xSe NT arrays on copper substrates can be formed by partially 

etching copper substrates into Cu(OH)2 nanorods, followed by reaction with Na2S and 

Na2Se solution. From an application perspective, it would be highly desirable to develop 



 

122 
 

a versatile method to effectively synthesize size- tunable and surface-tunable copper 

chalcogenide colloidal NTs with a hierarchical architecture for diverse applications. 

  The importance of hierarchical nanostructures in boosting conversion efficiency of 

solar cells has been addressed in previous studies.29-32 For example, hierarchical ZnO and 

TiO2 NWs have been fabricated and utilized to realize higher conversion efficiency than 

NWs arrays in dye-sensitized solar cells (DSSCs). The higher conversion efficiency is 

due to 1D hierarchical nanostructure which significantly improved the electron diffusion 

length in photoelectrode films by providing a direct conduction pathway for the rapid 

collection of photogenerated electrons DSSCs.30-32  

  In this work, a versatile robust approach for the synthesis of Cu2-xE (E = S, Se) 

microtubes/NTs with a rough or flower-like surface from Cu NWs and chalcogen powder 

at room temperature was developed. The theoretical calculation confirmed the reaction 

mechanism. Cu NWs are conventionally used as building blocks of transparent 

electrodes.33 Here they serve as self-sacrifice templates for Cu2-xE NTs. Interestingly, 2D 

nanosheets can be prepared from Cu NWs by simply increasing the amount of ligands (or 

using different ligands) during preparation. The resultant Cu2-xE (E = S, Se) NTs were 

employed as the CEs of QDSSCs to generate a conversion efficiency (η) of 5.02% and 

6.25%, respectively, which are much higher than that of QDSSCs made with Au CE (η = 

2.94%). 
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5.2 Experimental section 

5.2.1 Computational Methods 

  The geometric structures of reactants, intermediates, and products were fully 

optimized using the generalized gradient approximation.34-35 An all-electron double 

numerical atomic orbital basis set augmented by d-polarization functions (DNP) was 

used. This level of theory has been used to successfully determine the geometrical, 

energetic, and electronic structural properties of interactions of many small molecules 

and nanomaterials.36-38 The optimized length of the Cu NW is 13.311 Å, and tetragonal 

supercell with a dimension of 30 × 30 × 13.311 (Å3) was used for all the calculations. 

The Brillouin zone is sampled by 1 × 1 × 6 k-points using the Monkhorst-Pack scheme. 

The complete linear synchronous transit/quadratic synchronous transit (LST/QST) 

method39 implemented in DMol3 code was used to find the transition states between the 

intermediate complexes and products. Implicit solvation was incorporated into all 

simulations by use of the conductor-like screening model – isosurface ball and stick 

(COSMO-ibs) polarisable continuum model, in which the dielectric continuum of 

permittivity (ε) of ethanol is 23.4.40 All the calculations have been performed using the 

DMol3 module in Materials Studio.41-42 

5.2.2 Solubility of Se or S powder in 2-mercaptoethanol 

  The role of 2-mercaptoethanol during the formation of NTs was addressed by 

examining the solubility of Se or S powder in the reaction mixture. 0.3 mmol Se powder 



 

124 
 

or S powder was added into different amounts of 2-mercaptoethanol in the same volume 

of NaOH (120 µL) and ethanol solution (10 mL) in six glass vials separately, i.e., the 

ratio of chalcogen precursor to 2-mercaptoethanol was varied from 3/1, through 2/1, 1/1, 

1/3, and 1/5, to 1/10. The mixture was vigorously shaken for a few minutes, and then 

allowed to stand until all the undissolved powder precipitated at the bottom of the vials. 

5.2.3 Synthesis of Cu NWs 

  Cu NWs were prepared by a slight modification from previous reports.43-44 In a typical 

synthesis, 3.0 mL of Cu(NO3)2 (0.1 M) aqueous solution was added slowly to a glass 

bottle (volume capacity 125 mL) containing 90 mL of NaOH (7 M), followed by 

sequential injection of ethylenediamine (1.5 mL) and hydrazine solution (75 µL) under 

vigorous stirring. The bottle was sealed and immersed in a water bath (60 °C) for 1.5 h 

without stirring. The newly formed Cu NWs floated on the solution surface and were 

collected by centrifugation. The Cu NWs can be used directly without removing 

adsorbed NaOH for the preparation of Cu2-xS or Cu2-xSe NTs, or can be washed with 

water to remove the NaOH which was added during preparation. 

5.2.4 Synthesis of Cu2-xSe and Cu2-xS NTs 

  Freshly prepared Cu NWs (0.3 mmol), 63 µL 2-mercaptoethanol (0.9 mmol), and 10 

mL anhydrous ethanol were added into a 20 mL glass vial. After the mixture was stirred 

for 5 min, 0.02369 g Se or 0.0096 g S powder (0.3 mmol) was added to the mixture. The 

mixture gradually turned black, indicating the occurrence of the reaction. The black 
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suspension was gently stirred for 24 h and then was centrifuged to separate the Cu2-xSe or 

Cu2-xS precipitates. The black precipitates were washed with distilled water and ethanol 

several times and then dried under vacuum at room temperature. 

5.2.5 Morphology evolution of Cu2-xSe NTs 

  The evolution of NTs was investigated by analyzing samples collected after different 

reaction times. Two groups of experiments were carried out. The first group experiments 

used a ratio of Se/2-mercaptoethanol of 1/3, and samples were collected at 5 min, 10 min, 

and 24 h. The second group experiments used a ratio of 1/50, and intermediate samples 

were collected at 1 min, 3 min, 5 min, 10 min, 20 min, and 8 h. All the samples were 

purified using the above procedure. 

5.2.6 Reaction of Cu NWs with Se in different solutions 

  In order to investigate the role of 2-mercaptoethanol and NaOH, the as-prepared Cu 

NWs were thoroughly washed with distilled water, and the cleaned Cu NWs (0.4 mmol) 

were dispersed in 14 mL ethanol and then divided into four parts. Three parts were 

separately loaded into three small glass vials (3.5 mL each). The fourth part was 

centrifuged and washed twice in pure 2-mercaptoethanol, and then dispersed into 3.5 mL 

2-mercaptoethanol in a glass vial. The four glass vials were labeled with 1, 2, 3, and 4, 

respectively. Vial 1was loaded with 21 µL 2-mercaptoethanol (0.3 mmol). Vial 2 was 

loaded with 21 µL 2-mercaptoethanol and 10 µL NaOH (7 M). Vial 3 and vial 4 had no 

2-mercaptoethanol or NaOH. After that, 0.00790 g Se (0.1 mmol) was added to each vial, 
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and all mixtures were stirred for 24 h. All the samples were purified using the above 

procedure. 

5.2.7 Effects of chalcogen/2-mercaptoethanol ratios on Cu2-xSe and Cu2-xS NTs 

  In order to investigate the influence of 2-mercaptoethanol on NTs, a group of 

experiments been performed by using a different amounts of 2-mercaptoethanol. The 

ratio of Se to 2-mercaptoethanol was varied from 1/3 through 1/10, 1/20, and 1/30 to 

1/50. In the case of Cu2-xS NTs, the ratio of S to 2-mercaptoethanol was varied from 1/3 

through 1/10 to 1/20. The resultant samples were purified using the same process as 

described above. 

5.3 Results and discussion 

5.3.1 Theoretical calculations 

  Previous investigations demonstrated that thiol molecules can covalently adsorb on the 

surface of copper substrates45 and selenium can be dissolved in thiolate to form 

selenothiolate,46-48 which suggests that copper could react with selenothiolate to form 

copper selenides. The reaction between copper and selenothiolate (or thiosulphide) was 

thus theoretically calculated using hydroxyethylthioselenide (or 

hydroxyethylthiosulphide) and Cu NWs as models through the DMol3 module in the 

Materials Studio software package. Cu NWs, HOCH2CH2SSe-, HOCH2CH2SS-, and their 

complexes were fully optimized using a generalized gradient approximation,34 treated 
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with the Perdew- Burke-Ernzerhof exchange-correlation potential, and with long-range 

dispersion correction made using Grimme’s scheme.35 Figure 5.1 shows the reaction 

pathways of HOCH2CH2SSe- and HOCH2CH2SS- with Cu NWs, and the insets are fully 

optimized structures of Cu NWs, HOCH2CH2SSe-, HOCH2CH2SS-, and their complexes. 

The selenothiolate (or thiosulphide) ions can absorb on the surface of Cu NWs to form 

intermediate complexes, and their adsorption energies can be calculated from Equation 

(5.1). 

                                (5.1) 

where Enanowire-ligand is the total energy of each complex, Enanowire is the energy of the 

isolated Cu NW, and Eligand is the energy of selenothiolate (or thiosulphide). The 

calculated adsorption energies are -2.97 eV and -2.93 eV, respectively (Figure 5.1), 

which indicate the strong interactions between HOCH2CH2SSe- (HOCH2CH2SS-) and Cu 

NWs. The intermediate complexes go through their transition states to form the products. 

In the reaction of HOCH2CH2SSe- with Cu NW, the energy difference between the 

intermediate complex and the transition state is negligible (0.05 eV), but the energy of 

the product is more negative than that of the intermediate complex (ΔE = -1.97 eV), 

which means that the reaction is a spontaneous process. In the reaction of HOCH2CH2SS- 

with Cu NW, the energy barrier between the intermediate complex and the transition state 

is 0.16 eV, which is higher than in the previous case. The slightly higher energy barrier 

suggests the slower reaction of HOCH2CH2SS- with Cu NW than that of HOCH2CH2SSe-, 

( )ligandnanowireligandnanowireads EEEE +−= −
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although the energy difference between the intermediate complex and the product in both 

cases is similar (i.e., -1.97 eV vs. -1.98 eV). 

  The calculation results indicate that the reactions between Cu, HOCH2CH2SSe-, and 

HOCH2CH2SS- are spontaneous once the anionic precursors have formed. It is well 

known that the pKa of the thiol (-SH) group in 2-mercaptoethanol is 9.61,46 suggesting 

that 2-mercaptoethanol could be deprotonated to give hydroxyethylmercaptide by adding 

NaOH solution [Equation 5.2].46-48 The hydroxyethylmercaptide formed is chalcophilic 

and could react with Se or S powder to form hydroxyethylthioselenide or 

hydroxyethylthiosulphide [Equations (5.3-5.4)]. Hydroxyethylthioselenide (or 

hydroxyethylthiosulphide) is highly reactive and could react with Cu to generate copper 

selenides or sulfides [Equations (5.5-5.6)]. 

                    (5.2) 

                        (5.3) 

                             (5.4) 

                   (5.5) 

                    (5.6) 

 

OHSNaCHHOCHNaOHSHCHHOCH 22222 +→+

SSeNaCHHOCHSeSNaCHHOCH 2222 →+

SSNaCHHOCHSSNaCHHOCH 2222 →+

SNaCHHOCHSeCuSSeNaCHHOCHCu 222222 +→+

SNaCHHOCHSCuSSNaCHHOCHCu 222222 +→+
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Figure 5.1 Energy profiles for reactions of CH2OHCH2SSe- (a) and CH2OHCH2SS- (b) 

with Cu NW. 

 

5.3.2 Result of solubility of Se or S powder in 2-mercaptoethanol 

  In order to confirm our hypotheses, Se and S powder were added into the same volume 

of 2-mercaptoethanol and ethanol mixture in the absence and presence of NaOH, 
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respectively. It was found that Se or S powder was very difficult to dissolve in the 

mixture without NaOH. The addition of small amounts of NaOH, however, drastically 

promoted the dissolving of Se and S powder. Figure 5.2 presents optical photographs of 

mixed solutions containing the same amount of NaOH and different ratios of chalcogen 

powder and 2-mercaptoethanol (i.e., the molar ratios of chalcogen powder to 

2-mercaptoethanol were varied from 3/1 through 2/1, 1/1, 1/3, and 1/5, to 1/10). The 

results clearly show that neither Se nor S powder was completely dissolved in the 

solutions with less 2-mercaptoethanol (i.e., chalcogen/2-mercaptoethanol ratios of 3/1 

and 2/1). There are some Se and S powders remaining at the bottom of the glass vials. 

The addition of more 2-mercaptoethanol accelerated the dissolving of chalcogen powder 

to form a light solution. In the case of excessive 2-mercaptoethanol (i.e., 1/10 ratio), the 

obtained sulfur mixture solution is almost colorless. Therefore, the role of NaOH is to 

deprotonate 2-mercaptoethanol to form hydroxyethylmercaptide, which reacts with Se or 

S powder to produce selenothiolate (or thiosulphide). As shown in Figure 5.3, 

hydroxyethylmercaptide can also react with Cu NWs,43-44 as the Cu NWs were 

completely dissolved in 2-mercaptoethanol to form a transparent solution after stirring 

for 24 h at room temperature. 
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Figure 5.2 Optical images of Se powder (a) and S powder (b) dissolving in a different 

amount of 2-mercaptoethanol. The molar ratios of chalcogen to 2-mercaptoethanol are 

shown in the figure. 

 

 

Figure 5.3 Optical images of Cu NWs stirred in pure 2-mercaptoethanol after (a) 5 min; 

(b) 24 h. 
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5.3.3 Results of synthesized Cu2-xSe and Cu2-xS NTs 

  Cu2-xSe NTs and Cu2-xS NTs were synthesized by the reaction of freshly-made Cu 

NWs with Se or S powder in ethanol in the presence of 2-mercaptoethanol. It should be 

noted that the reaction of Cu NWs with Se powder is faster than the reaction with S 

powder, as the Cu NWs changed from a deep red colour to black immediately when the 

Se powder was added. XRD patterns of Cu2-xSe NTs, Cu2-xS NTs, and Cu NWs are 

shown in Figure 5.4(a) and Figure 5.5(a). The strong and sharp diffraction peaks in the 

blue pattern match well with the (111), (220), (311), (400), and (331) planes of fcc Cu2Se 

(JCPDS 88-2043), suggesting that the as-synthesized Cu2-xSe NTs are well crystallized 

and have a similar crystal structure to Cu2Se [Figure 5.4(a)]. The four diffraction peaks in 

the red pattern are similar to the (102), (110), (103), and (112) planes of hexagonal Cu2S 

(JCPDS31-0482), and they are slightly right shifted by about 0.73°. The FESEM image 

in Figure 5.5(b) clearly shows that the Cu NWs are straight, with diameters in the range 

of 160-360 nm (mostly ~300 nm) and lengths up to tens of micrometers. The uniform 

Cu2-xSe and Cu2-xS NTs have an inner diameter of 300 nm and an outer diameter of 600 

nm on average [Figure 5.4(c, d)]. In addition to their different crystal structures, Cu2-xSe 

and Cu2-xS NTs also show a huge difference in surface structure, even though they were 

prepared under similar conditions, i.e. the surfaces of Cu2-xSe and Cu2-xS NTs are 

composed of nanosheets and nanoparticles, respectively. 
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Figure 5.4 (a) XRD patterns of Cu2-xSe NTs and Cu2-xS NTs. The vertical lines mark the 

positions of Cu2Se (JCPDS 88-2043) and Cu2S (JCPDS 31-0482) standards. (b-d) 

FESEM images of the resultant Cu NWs, Cu2-xSe NTs, and Cu2-xS NTs, respectively. 

 

 

Figure 5.5 (a) XRD pattern of Cu NWs in comparison with the standard diffraction peak 

of Cu (JCPDS 65-9743). (b) Low-magnification SEM image of Cu NWs. 
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  The TEM image in Figure 5.6 confirms the tubular structure of Cu2-xSe and Cu2-xS and 

their surface differences [Figure 5.6(a,c)]. The HRTEM images clearly display lattice 

fringes with a spacing of 0.33 nm and 0.31 nm [Figure 5.6(b,d)], which match well with 

those of the (111) planes of Cu2-xSe and (110) planes of Cu2-xS, respectively. The FFT 

patterns also confirm their cubic and hexagonal structures. The average Cu/Se and Cu/S 

ratios were determined to be 1.77 and 2.37 by ICP-AES. The higher Cu/S ratio in Cu2-xS 

NTs suggests the incomplete conversion of Cu NWs within the reaction time.  

 

Figure 5.6 TEM and HRTEM images of the NTs: (a-b) Cu2-xSe NTs and (c-d) Cu2-xS NTs. 

Insets are fast Fourier transforms (FFT) of the HRTEM images of the selected areas in (b) 

and (d). 
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  XPS was used to determine the ratios of different valence states of Cu in these Cu2-xSe 

and Cu2-xS samples (Figure 5.7). The XPS spectra of Cu 2p confirm the presence of both 

Cu2+ and Cu+ in both Cu2-xSe and Cu2-xS samples [Figure 5.7(a, c)].49 The spectra of Se 

3d and S 2p suggest the co-existence of Se2- or S2- together with a small amount of 

organic selenide and sulfide species, which could adsorb on the surface of NTs.50-52 

 

Figure 5.7 XPS spectra of (a) Cu 2p and (b) Se 3d of Cu2-xSe NTs; (c) Cu 2p and (d) S 

2p of Cu2-xS NTs. The black dot in a and c marked the satellite peak of Cu2+. 

 

5.3.4 Morphology evolution of Cu2-xSe NTs 

  The above results demonstrate that Cu NWs reacted with selenothiolate (or 

thiosulphide) to form NTs with a hierarchical architecture. The evolution of the NTs was 

investigated by analyzing the intermediate products collected at different reaction times. 
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Figure 5.8 shows the XRD patterns and SEM images of samples collected after 5 min, 10 

min, and 24 h during the formation of Cu2-xSe NTs. After the Se powder was added to the 

reaction solution, the surface Cu reacted with selenothiolateto form a thin layer of 

nanosheets on the Cu NWs to result in a Cu@Cu2-xSe core-shell structure, in which the 

internal Cu is still solid after a short reaction time (i.e., 5 min), as displayed in Figure 

5.8(b). The XRD pattern of this sample also confirms a mixture of fcc Cu and a small 

amount of Cu2-xSe. Increasing the reaction time to 10 minutes led to the formation of a 

hollow Cu@Cu2-xSe core-shell structure [Figure 5.8(c)], which exhibits a similar XRD 

pattern, except that the intensity of peaks arising from the Cu NWs is decreased and the 

peaks of Cu2-xSe become more pronounced. Further extension of the reaction time to 24 h 

resulted in pure Cu2-xSe NTs with large internal holes [Figure 5.8(d)], which 

demonstrates the complete transformation of Cu into Cu2-xSe. These results demonstrate 

that Cu2-xSe NTs were formed through the self-sacrifice of Cu NWs. 

 



 

137 
 

 

Figure 5.8 (a) XRD patterns of copper selenide samples collected after reaction times of 

5 min, 10 min, and 24 h, showing the transformation of cubic Cu NWs into cubic Cu2-xSe 

NTs. The vertical lines mark the peak positions of Cu (JCPDS 65-9743) and Cu2Se 

(JCPDS 88-2043) standards.FESEM images of the copper selenides collected after (b) 5 

min, (c) 10 min, and (d) 24 h, showing the morphology evolution of Cu2-xSe NTs. 

 

5.3.5 The functions of NaOH and 2-mercaptoethanol in reaction 

  In this reaction system, both NaOH and 2-mercaptoethanol play important roles in the 

formation of NTs. In order to demonstrate their importance, the clean Cu NWs were 

divided into four parts and respectively dispersed in (1) a mixture of ethanol and 

2-mercaptoethanol; (2) a mixture of ethanol, 2-mercaptoethanol, and NaOH; (3) pure 
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ethanol; and (4) pure 2-mercaptoethanol. Then, the same amount of Se powder was 

added into the four mixtures and stirred for 24 h. The ratio of Cu NWs and Se powder 

(i.e., 1/1) in each case was the same as that used in the preparation of Cu2-xSe NTs. The 

results in Figure 5.9 clearly demonstrate that only the system containing both NaOH and 

2-mercaptoethanol can form pure Cu2-xSe [Figure 5.9(b2)]. Other solutions without 

NaOH or 2-mercaptoethanol cannot produce pure products [Figure 5.9(b1, b4)]. It should 

be noted that when Cu NWs reacted with Se in pure 2-mercaptoethanol for a few days, 

the product was CuSe rather than Cu2-xSe.53 

 

Figure 5.9 (a) Optical images of Cu NWs reacting with Se in different solutions: (a0) Cu 

NWs dispersed in pure ethanol; (a1) Cu NWs reacting with Se in 2-mercaptoethanol and 

ethanol after 24 h; (a2) Cu NWs reacting with Se in 2-mercaptoethanol, sodium 
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hydroxide, and ethanol after 24 h; (a3) Cu NWs reacting with Se in pure ethanol after 24 

h; (a4) Cu NWs reacting with Se in pure 2-mercaptoethanol after 24 h. (b) XRD patterns 

of the samples collected from a1-a4. The diffraction peaks of Se, Cu, Cu2Se, CuSe and 

Cu3Se2 are marked with·, º, *, ♣, and♦, respectively. 

 

  The role of NaOH was further addressed by the effects of the 

NaOH/2-mercaptoethanol ratio on the product. Figure 5.10 shows the XRD patterns of 

products prepared by adding different amounts of NaOH into a mixture with the same 

amounts of Cu, Se, 2-mercaptoethanol, and ethanol, i.e., the NaOH/2-mercaptoethanol 

ratio was varied from 1/600, through 1/60, 1/30, 1/15, 1/6, and 2/3, to 5/3. In the cases of 

low NaOH/2-mercaptoethanol ratios (i.e., 1/600 and 1/60), the XRD patterns of the 

products are indexed to be Cu (JCPDS 65-9743) and Se (JCPDS 06-0362), which means 

that a small amount of NaOH is not enough for the reaction of Cu NWs with Se powder. 

Increasing the amount of NaOH (i.e., the NaOH/2-mercaptoethanol ratio of 1/30 or 1/15) 

promoted the reaction and produced Cu2-xSe mixed with unreacted Se. Further increasing 

the amount of NaOH (i.e., the NaOH/2-mercaptoethanol ratio of 1/6, 2/3, or 5/3) led to 

pure products, as indicated by their XRD patterns, which match well with fcc Cu2Se 

(JCPDS 88-2043). These results support the role of NaOH as the catalyst for the 

deprotonation of 2-mercaptoethanol for dissolving of Se or S powder in the reaction 

mixture. 
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Figure 5.10 XRD patterns of the samples prepared by using different molar ratios of 

NaOH to 2-mercaptoethanol, i.e., 1/600, 1/60, 1/30, 1/15, 1/6, 2/3, and 5/3. The vertical 

lines indicate the peak positions of standard Cu2Se (JCPDS 88-2043). The diffraction 

peaks of Se and Cu are marked with·andº, respectively. 

 

5.3.6 Effects of chalcogen/2-mercaptoethanol ratios on Cu2-xSe and Cu2-xS NTs 

  As shown in Figure 5.2, more 2-mercaptoethanol helped Se powder to dissolve in the 

solution. The influence of 2-mercaptoethanol on Cu2-xSe NTs was investigated by 

varying the ratio of Se and 2-mercaptoethanol from 1/3 through 1/10, 1/20, and 1/30, to 

1/50. The SEM images in Figure 5.11 clearly show that the ratio of NTs in the products 

decreases as the amount of 2-mercaptoethanol is increased, especially when the ratio of 

Se/2-mercaptoethanol is 1/50. This is attributed to the faster reaction in the case of more 

2-mercaptoethanol and the disassembling of NTs under long-term magnetic stirring, as is 
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supported by the SEM images of the products prepared from a ratio of 

Se/2-mercaptoethanol of 1/50 and collected after different reaction times (Figure 5.12). 

 

Figure 5.11 (a) XRD patterns of copper selenide samples with different molar ratios of 

Se to 2-mercaptoethanol; (b-f) FESEM images of the products prepared using different 

molar ratios of Se to 2-mercaptoethanol: 1/3, 1/10, 1/20, 1/30, and 1/50, respectively. 

 

  NTs are clearly observed after the reaction time of only 1 min, which is much shorter 

than that (10 min) needed in the case of a high Se/2-mercaptoethanol ratio (i.e., 1/3, 

Figure 5.8). The NTs became shorter and shorter with increasing reaction time under 

magnetic stirring and eventually disassembled into nanosheets. Similar effects are 
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observed during the preparation of Cu2-xS NTs with more 2-mercaptoethanol (i.e., ratios 

of S/2-mercaptoethanol are 1/10 and 1/20). As presented in Figure 5.13, the resultant 

Cu2-xS NTs have larger surface particles and rougher surfaces than those prepared from a 

ratio of S/2-mercaptoethanol of 1/3 (Figure 5.4). 

 

Figure 5.12 FESEM images of copper selenide samples with a ratio of 

Se/2-mercaptoethanol of 1/50 after different reaction times: (a) 1 min; (b) 3 min; (c) 5 

min; (d) 10 min; (e) 20 min; and (f) 8 h. 
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Figure 5.13 FESEM images of Cu2-xS NTs prepared using different molar ratios of S to 

2-mercaptoethanol: (a) 1/3; (b) 1/10; (c) 1/20. 

 

5.3.7 Effects of different thiol ligands 

  The room-temperature reaction of Cu NWs with Se (or S) powder can be also assisted 

with other thiol ligands, as long as their –SH groups can be deprotonated by a base. In 

addition to 2-mercaptoethanol, 1-dodecanethiol, 3-mercapto-1-propanol, 

4-mercapto-1-butanol, thioglycolic acid, 3-mercaptopropionic acid, and cysteamine were 

also selected as ligands. The pKa values of their functional groups are shown in Table 5.1, 

and the pKa of their –SH groups is in the order of 1-dodecanethiol (14) > thioglycolic 

acid (10.7) ≈ 3-mercaptopropionic acid > 2- mercaptoethanol (9.61) ≈ 

3-mercapto-1-propanol ≈ 4-mercapto-1-butanol > cysteamine (8.35). The obtained 

Cu2-xSe nanostructures are shown in Figure 5.14-5.15. Similar to the case of 

2-mercaptoethanol, the products obtained from 1-dodecanethiol, 3-mercapto-1-propanol, 

4-mercapto-1-butanol, and cysteamine are NTs [Figure 5.14(a-d)], which means that the 

terminal functional groups in these ligands had no influence on the deprotonation of –SH 

and the subsequent reaction, as the pKa values of –OH [pKa(-OH) of 16 in 
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2-mercaptoethanol) and –NH2 (pKa(-NH3+) of 10.81 in cysteamine)] are higher than that 

of –SH group (Table 5.1).54-55 The smaller pKa of –SH suggests the stronger acidity of –

SH than of the –OH and –NH2 groups, and it would be preferentially deprotonated upon 

addition of NaOH solution. For the ligands containing –COOH and –SH, such as 

thioglycolic acid and 3-mercaptopropionic acid, the deprotonation of –SH and the 

reaction environment (e.g., solution pH) are strongly influenced by their –COOH groups 

[pKa(-COOH) of 3.68 in thioglycolic acid]. Different nanostructures (e.g., nanosheets) 

were obtained as expected [Figure 5.14(e-f)]. These results show that the morphology of 

copper selenide nanostructures can be simply tuned by using different ligands, 

demonstrating the versatility of our novel approach. 

 

Table 5.1 pKa values of thiol ligands. 

Thiol  pKa(-SH) pKa(-OH) pKa(-COOH) pKa(-NH3
+) 

1-dodecanethil HS-(CH)11-CH3 14 - - - 

2-mercaptoethanol HS-(CH)2-OH 9.61 16 - - 

Cysteamine HS-(CH)2-NH2 8.35 - - 10.81 

Thioglycolic acid HS-CH2-COOH 10.7 - 3.68 - 
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Figure 5.14 FESEM images of copper selenide samples prepared with different ligands: 

(a) 1-dodecanethiol; (b) 3-mercapto-1-propanol; (c) 4-mercapto-1-butanol; (d) 

cysteamine; (e) thioglycolic acid; and (f) 3-mercaptopropionic acid. 
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Figure 5.15 XRD patterns of copper selenide samples prepared with different ligands: (a) 

1-dodecanethiol; (b) 3-mercapto-1-propanol; (c) 4-mercapto-1-butanol; (d) cysteamine; 

(e) thioglycolic acid; and (f) 3-mercaptopropionic acid. 

 

5.3.8 Performances of QDSSCs with Cu2-xSe or Cu2-xS CEs 

  The hierarchical architecture of resultant Cu2-xSe and Cu2-xS NTs could provide large 

surface area and more reactive sites for electrochemical reactions. The surface areas of 

Cu2-xSe and Cu2-xS NTs are measured to be 13.34 and 7.98 m2g-1, respectively. They were 

fabricated into CEs of QDSSCs to evaluate their catalytic activity. A typical absorption 

spectrum [Figure 5.16(a)] of the TiO2/CdS/CdSe electrodes reveals their absorbance from 

400 to 800 nm. Figure 5.16(b) shows the J-V curves of the QDSSCs assembled using Au, 

Cu2-xSe, and Cu2-xS as CEs. It should be noted that for the photovoltaic performance 

measurements, at least eight cells were constructed and evaluated in parallel. The average 
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photovoltaic performance parameters are summarized in Table 5.2. The open-circuit 

voltage (Voc) and short-circuit current density (Jsc) were obtained from measured results. 

Fill factor (FF) is calculated by the ratio of maximum obtainable power to the product of 

the open-circuit voltage and short-circuit current. The energy conversion efficiency (η) is 

calculated by dividing a cell’s power output (in watts) at its maximum power point (Pm) 

by the incidence (light), G, in W/m2 and the surface area of the solar cell (Ac in m2) 

Equation (5.7). 

𝜂 = 𝑃𝑚 (𝐺 × 𝐴𝑐)⁄                                                      (5.7)        

Compared with conventional solar cells using Au CE, the cells made with Cu2-xSe or 

Cu2-xS CEs exhibit both higher Voc (559 mV in Cu2-xSe and 536 mV in Cu2-xS vs. 449 mV) 

and higher FF (59.3 % in Cu2-xSe and 54.3 % in Cu2-xS vs. 46.4 %). The higher Voc and 

FF of the devices with Cu2-xSe and Cu2-xS CEs are due to the higher catalytic activity of 

Cu2-xSe and Cu2-xS NTs than Au in this system. Although Voc is theoretically determined 

by the potential different between the quasi-Fermi level of photoanode under 

illumination and the redox potential of the electrolyte, it can also be affected by the 

catalytic reactivity of CEs. As mentioned previously, sulfur-containing (S2- or thiol) 

species are absorbed preferentially and strongly on the surface of Au, leading to surface 

passivation and a decrease in the catalytic reactivity. The low catalytic reactivity of Au 

CE leads to the reaction of polysulfide electrolyte with electrons generated from the 

photoanode, causing recombination and loss of Voc.6  
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  The obvious drop in the IPCE [Figure 5.16(c)] at around 630 nm corresponds to the 

absorption edge of the CdS/CdSe QDs. There is 12 % and 9 % enhancement, respectively, 

after replacement of Au CE with Cu2-xSe and Cu2-xS NT CEs, which is in agreement with 

the increase in the Jsc. However, Jsc is not the sole factor to affect the IPCE. In QDSSCs, 

multiple excitons (i.e., one photon absorbed generates more electrons) could benefit 

photocurrent significantly. The higher extinction coefficient of QDs also reduces the dark 

current and increases the overall efficiency.6,56-57  

  To probe the redox processes at the CE-polysulfide electrolyte interface and further 

clarify the electrochemical characteristics of various CEs in catalyzing the reduction of 

Sn
2-, EIS and Tafel-polarization measurements were carried out using dummy cells 

assembled with two identical electrodes (CE/electrolyte/CE). Figure 5.16(d) shows the 

Nyquist plots for dummy cells with different CEs, illustrating the impedance 

characteristics. The impedance characteristics of CEs for polysulfide electrolyte are 

determined by several operational circuit elements (Table 5.2): the series resistance (Rs), 

charge transfer resistance (Rct), and Warburg diffusion impedance (Zw), which are similar 

to those in the triiodide/iodide system used in DSSCs. The series resistance is composed 

of the bulk resistance of the CE materials, the resistance of the FTO substrate, and the 

contact resistance. The Warburg diffusion impedance (Zw) describes the electrolyte 

diffusion resistance. The charge transfer resistance (Rct) is a measure of the 

electrocatalytic activity towards the reduction of Sn
2-, which is the key step in the 
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catalytic process.58-59 Therefore Rct is the most important factor for evaluating the 

catalytic activity of a CE catalyst.60-61 According to the equivalent circuit shown in the 

inset of Figure 5.16(d), the high-frequency intercept on the real axis represents the series 

resistance. The charge transfer resistance (Rct) can be obtained by fitting the left arc in the 

middle-frequency region, which corresponds to the charge transfer process at the 

CE/electrolyte interface and changes inversely with the catalytic activity of the different 

CEs. The right-hand arc in the low-frequency range indicates the Warburg diffusion 

impedance (Zw), which arises from mass transport limitations due to the diffusion of the 

Sn
2-/nS2- couple within the electrolyte.61-63 All these parameters were determined by 

fitting the impedance spectra using Z-view software and are summarized in Table 5.2. 

The Cu2-xSe NT CE possesses a smaller Rs of 11.1Ω compared to that of the Cu2-xS NT 

CE (17.5 Ω), indicating the superior electrical conductivity of Cu2-xSe. More importantly, 

the Cu2-xSe NT CE shows the smallest Rct (0.73 Ω), whilst Au exhibits the highest Rct 

(37.97Ω), revealing the order of charge transfer resistance, which is the key factor 

dictating the electrocatalytic activity of the CEs, as discussed previously. This is 

consistent with the increased Jsc displayed in Table 5.2. In addition, the Cu2-xSe NT CE 

had a smaller Zw as compared to the Au and Cu2-xS CEs, which indicates the efficient 

diffusion of polysulfide electrolyte. The remarkably increased FF of QDSSCs containing 

Cu2-xSe NT CEs may be attributed to the decreased Zw as well as the Rs.64 All these 

parameters together contribute to the excellent catalytic activity of the Cu2-xSe NT CE, 
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leading to the significantly enhanced performance of the QDSSCs. Tafel-polarization 

measurements were also conducted with the dummy cells used in the EIS experiments.  

  Figure 5.16(e) shows the logarithmic current density (log J) as a function of the 

voltage (U) for the oxidation/reduction of Sn
2- to nS2-. The slopes of the anodic and 

cathodic branches are in the order of Cu2-xSe NT > Cu2-xS NT > Au. The larger slopes for 

the Cu2-xSe NT electrodes indicate the larger exchange current density (J0),61,65-66 which 

is in good agreement with the EIS parameters in terms of the following Equation (5.8).  

                                                     (5.8)             

where R is the gas constant, T is the temperature, F is the Faraday constant, and n is the 

number of electrons involved in the electrochemical reduction of sulfur at the electrode. 

Obviously, the values for the calculated J0 also follow the same order as above, which is 

consistent with the Jsc order in Table 5.2. Furthermore, the limiting current density (Jlim), 

determined by the diffusion of ionic carriers between the two electrodes, is directly 

proportional to the diffusion coefficient (D) of the Sn
2-/nS2- redox couple.65 As shown in 

Figure 5.16(e), the value of Jlim as well as D increases in the same order of Cu2-xSe NT > 

Cu2-xS NT > Au, which is in accordance with the EIS analysis on Zw.67 The diffusion 

coefficient D can be as obtained by Equation (5.9).  

                                                     (5.9)                   

where D is the diffusion coefficient of the polysulfide electrolyte, l is the spacer thickness, 

n is the number of electrons involved in the reduction of sulfur at the electrode, F is the 

ctnFRRTJ /=0

nFClJD 2/lim=
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Faraday constant, and C is the sulfide concentration. The electrochemical stability of the 

Cu2-xSe NT CEs was examined by Tafel polarization curve measurements. Figure 5.16(f) 

shows the Tafel polarization curves of the fresh and aged dummy cells over time. It is 

clear that Cu2-xSe NT CEs display an almost negligible change after 6 h in the Tafel 

curves. This suggests that the Cu2-xSe NT CEs are stable when in contact with 

polysulfide electrolyte. Considering the high performance and excellent stability of the 

Cu2-xSe NT CEs, Cu2-xSe NT is expected to have great potential to replace the widely 

used Cu2-xS in QDSSCs as a promising, more effective, and stable CE catalyst. 

  The excellent electrochemical performance of CEs made from Cu2-xSe and Cu2-xS NTs 

boost the conversion efficiency of QDSSCs to 6.25 % (Cu2-xSe CE) and 5.02 % (Cu2-xS 

CE), which are much higher than that obtained with conventional Au CEs (2.94 %), due 

to their unique structures and properties. More specifically, first, the hierarchical 

architecture of the nanotube structure provides the larger surface area (13.34 m2/g for 

Cu2-xSe NTs and 7.98 m2/g for Cu2-xSe NTs) for adsorption of polysulfide electrolyte (i.e., 

providing more catalytic sites) than the bulk metal electrode. Second, Cu2-xSe and Cu2-xS 

NTs are more stable than metal electrodes in polysulfide electrolyte, as they have high 

resistance to corrosion and passivation, and can retain good conductivity. Third, Cu2-xSe 

and Cu2-xS are essentially heavily self-doped semiconductors and exhibit excellent 

conductivity. Their diverse compositions and crystal structures allow their properties to 

be tuned over a wide range. 
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Figure 5.16 (a) Absorption spectrum of the as-prepared TiO2/CdS/CdSe electrode. The 

inset contains plots of (Ahv)2 vs. hv for the TiO2/CdS/CdSe electrode. (b) 

Photocurrent-voltage (J-V) curves and (c) IPCE spectra of QDSSCs with different 

counter electrodes. (d) Nyquist plots of the symmetrical dummy cells fabricated with 

various CEs; the inset shows the equivalent circuit. (e) Tafel polarization curves of 
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different dummy cells that are the same as those used for EIS measurements. (f) Nyquist 

plots of the symmetrical dummy cells fabricated with Cu2-xSe CEs over time. 

 

Table 5.2 Photovoltaic parameters of QDSSCs with different CEs. 

CEs 
Voc  

(mV) 

Jsc  

(mA 

cm-2) 

FF  

(%) 

η  

(%) 

Rs  

(Ω) 

Rct  

(Ω) 

Zw  

(Ω) 

Cu2-xSe 

NT 
559 18.85 59.3 6.25 11.1 0.73 4.29 

Cu2-xS 

NT 
536 17.26 54.3 5.02 17.5 1.63 6.82 

Au 449 14.12 46.2 2.94 14.8 37.97 77.61 

 

5.4 Conclusions 

  In summary, Cu2-xE (E = S, Se) NTs with a hierarchical architecture were successfully 

synthesized at room temperature through the reaction of Cu NWs with sulfur or selenium 

powder in the presence of thiol ligands under the catalysis of NaOH. Cu NWs served as 

sacrificial templates during the formation of the nanotubes. NaOH played a role in 
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deprotonating –SH groups of thiol ligands and helped to dissolve of chalcogen precursors. 

A comprehensive investigation on the effects of reaction parameters demonstrates that 

this room-temperature reaction can occur as long as thiol group is deprotonated. The 

resultant Cu2-xE (E = S, Se) NTs have been used to fabricate high-performance CEs for 

QDSSCs, showing a higher conversion efficiency (up to 5.02 % and 6.25 %, respectively) 

than ever reported for Au CEs. This research provides a simple way to prepare copper 

chalcogenide nanostructures for diverse applications. 
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 CHAPTER 6 Ambient Synthesis of 

One-Dimensional/Two-Dimensional CuAgSe Ternary 

Nanotubes as High-Performance Counter Electrodes of 

Quantum-Dot-Sensitized Solar Cells 

  Using the copper selenide (Cu2-xSe) NTs as template (same prepared method as 

Chapter 5), 1D/2D ternary CuAgSe NTs were successfully prepared at room temperature 

within a short reaction time by the facile cation exchange approach. The cation exchange 

leads to the transformation of the crystal structure from cubic into orthorhombic and/or 

tetragonal with good retention of morphology. The exchange reactions are spontaneous 

due to their large negative changes of the Gibbs free energy (∆G). The effects of 

parameters such as reaction time, precursor source, and precursor ratio on the exchange 

reaction were investigated. The resultant CuAgSe NTs were explored as CEs of QDSSCs 

and achieved much higher conversion efficiency (η = 5.61 %) than those of QDSSCs 

containing the noble-metal Au CE (3.32 %). 

6.1 Introduction 

  1D/2D ternary semiconductor NTs have been the subject of extensive studies, not only 

because their electronic structures and properties can be engineered over a broad range of 

diverse applications such as photodetectors,1-2 photovoltaics,3 and electronics,4 but also 

because their unique morphology consists of internal tubes and external nanosheets to 
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form a large surface area, which enables them to be good electron transporters and show 

better performance in comparison with solid analogues.5 For example, ternary copper 

silver selenide (CuAgSe) has high mobility from both Cu+ and Ag+ ions, and displays 

better performance than binary Ag2Se or Cu2Se in electrochemical devices.6-8 This 

material was initially reported in 1950 to have a tetragonal structure9 and to have an 

orthorhombic structure in 195710. It has been rarely studied in the past half century, 

however, due to the difficulty in its synthesis, especially for its nanostructures. Ternary 

CuAgSe is conventionally synthesized by heating a mixture of Ag, Cu, and Se powder to 

over 1000 K with several heating and cooling steps.11-12 The thin CuAgSe films can be 

prepared by the electrodeposition method.13 The crystal size of products generated by 

these methods is quite large and uncontrollable, and recent advances in nanofabrication 

have led to new insights into the preparation and application of ternary CuAgSe 

nanostructures. For example, surfactant-free CuAgSe nanoparticles were prepared on a 

large scale from copper nitrate, silver nitrate, and selenium powder under ambient 

conditions to show a temperature-dependent reversible transition of metallic-n-p 

conductivity, and great potential in converting heat into electricity through the Seebeck 

effect.14 In addition to CuAgSe nanoparticles, CuAgSe dendrites were prepared by using 

dendritic Ag2Se/Ag as a template.15 The NT analogues were also synthesized by the 

reaction of Ag2Se/Se NTs with fresh Cu nanoparticles in ammonia solution.6 These two 

methods are time-consuming and difficult to avoid Ag or Se in the final products. Thus, a 
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facile and efficient method for the synthesis of CuAgSe nanomaterials with well-defined 

composition and architecture is desirable. 

  Compared with the aforementioned approaches, cation exchange has emerged as a 

particularly powerful and promising method to prepare well-defined nano-architectures, 

as it can retain the size and shape of the parent nanostructures.16-20 It offers a new avenue 

to create chemically and compositionally diverse nanomaterials, and particularly suitable 

for the preparation of late-TMC nanostructures.21-23 This strategy has been successfully 

applied to prepare heterostructured, doped, alloyed, hollow and core-shell nanocrystals, 

nanorods, and nanowires.17,24-29 For example, the dual interface heterostructured copper 

sulfide layer capped with zinc sulfide grains in spherical nanocrystals were synthesized 

and the extent of the cation exchange can be precisely manipulated to tune the thickness 

of internal layer down to single atom level.17 Hollow and cave nanoparticles Cu2−xSySe1−y 

nanoparticles were prepared from core/shell Cu2-xSe/Cu2-xS nanocrystals by the diffusion 

of Cu+ from the Cu2-xSe core into the Cu2-xS shell.29 Very recently, phase-selective cation 

exchange enables the successful transition of CdS NWs into Cu2-xS NWs with the 

tunable crystal structure.28 Harder than partially or completely cation exchange between 

binary compounds, very few reports are available on the preparation of hierarchical 

1D/2D ternary CuAgSe NTs by the ion exchange approach from binary compounds, 

however. 

  In this study, 1D/2D ternary CuAgSe NTs from Cu2-xSe NTs were synthesized through 
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the facile cation exchange method at room temperature in a short reaction time. The 

resultant CuAgSe NTs employed as the CEs of QDSSCs to generate the conversion 

efficiency (η) of 5.61 %. To the best knowledge, this is the first report on 1D/2D ternary 

CuAgSe NTs and their application in QDSSC. 

6.2 Experimental section 

6.2.1 Synthesis of CuAgSe NTs 

  Cu2-xSe NTs were prepared as described in chapter 5. In a typical synthesis, 0.15 mmol 

as-prepared Cu2-xSe NTs were dispersed in 0.5 mL anhydrous ethanol, followed by 

adding 2.5 mL silver nitrate or silver acetate (0.15 mmol) ethanol solution under gentle 

stirring for 20-40 min. The black precipitates were purified by distilled water and ethanol 

several times and then dried at room temperature. 

6.2.2 Evolution of CuAgSe NTs 

  The evolution of NTs was investigated by characterizing samples collected at different 

reaction times. Two groups of experiments were carried out. The first group experiments 

were performed by using silver nitrate for the cation exchange reaction, and the samples 

were collected at 1 min, 2 min, 10 min, and 20 min. The second group experiments were 

conducted by using silver acetate for cation exchange, and the samples were collected at 

1 min, 2 min, 10 min, 20 min, and 60 min. 
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6.3 Results and discussion 

6.3.1 Results of synthesized CuAgSe NTs 

  1D/2D ternary CuAgSe NTs were fabricated by cation exchange from freshly-made 

Cu2-xSe NTs reacted with AgNO3 ethanol solution. A typical FESEM image of the initial 

Cu2-xSe NTs shows their 1D/2D morphology with an inner diameter of 300 nm and an 

outer diameter of 600 nm on average [Figure 6.1(a)]. After a partial exchange of copper 

ions with silver ions, the nanosheets on the surfaces of the resultant CuAgSe NTs 

become smaller [Figure 6.1(d)], and their 1D/2D tubular structure is well retained. The 

TEM images of Cu2-xSe and CuAgSe NTs [Figure 6.1(b, e)] further confirm the good 

retention of 1D/2D morphology before and after cation exchange. Their HRTEM images 

clearly display continuous lattice fringes with spacings of 0.33 nm and 0.2 nm [Figure 

6.1(c, f)], which match well with those of the (111) planes of Cu2-xSe and the (152) 

planes of CuAgSe, respectively. Their FFT patterns also support the transition of the 

crystal structure from cubic Cu2-xSe to orthorhombic CuAgSe after cation exchange. A 

scanning  
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Figure 6.1 (a, d) FESEM images of the Cu2-xSe NTs and the resultant CuAgSe NTs, 

respectively. (b, e) TEM images of Cu2-xSe NT and CuAgSe NT. (c, f) HRTEM images of 

the selected areas in (b) and (e), respectively. Insets are FFT patterns of the HRTEM 

images. 

 

  TEM image and the corresponding EDX elemental mapping images of a single 

Cu2-xSe NT and a CuAgSe NT are shown in Figure 6.2, respectively, revealing the 

homogeneous distribution of Cu and Se throughout the whole Cu2-xSe NT and Cu, Ag, 

and Se throughout the whole CuAgSe NT. The EDX spectrum of an individual CuAgSe 

NT (Figure 6.3) further confirms that the NT is composed of Cu, Ag, and Se in the ratio 

of 1.46/1.1/1, which is consistent with that (1.22/1/1.04) determined by ICP-AES. 
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Figure 6.2 Scanning TEM image and EDX elemental mapping of (a) Cu and Se for a 

typical Cu2-xSe NT, (b) Cu, Ag, and Se for a typical CuAgSe NT. 

 

 

Figure 6.3 EDS of the CuAgSe NTs. Inset is an FESEM image of a single CuAgSe NT. 

The red square marks the area for collecting the EDS spectrum. 
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  The transformation of Cu2-xSe NTs into CuAgSe NTs is further proved by the XRD 

patterns (Figure 6.4). The diffraction peaks in the orange pattern match well with 

orthorhombic CuAgSe (JCPDS 10-0451) and tetragonal CuAgSe (JCPDS 25-1180) 

[Figure 6.4(b)], which are absolutely different from those in the cubic structure of 

Cu2-xSe (JCPDS 88-2043) [Figure 6.4(a)]. 

 

Figure 6.4 XRD patterns of (a) Cu2-xSe NTs and (b) CuAgSe NTs with standard XRD 

peaks. 

 

  It should be noted that there is no big difference between these two structures, except 

that the orthorhombic structure features a sequence which repeats itself periodically 

every five tetragonal cells in the b direction (Figure 6.5).14 They have a similar layered 

structure with the alternating stacking of the Ag and CuSe layers, in which Ag atoms 

almost lie in the same plane and are bonded closely to Se atoms, allowing high mobility 
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of Ag atoms and the formation of Ag-Ag metallic bonds. Se atoms form a squashed 

tetrahedron, in which each corner is shared with adjacent tetrahedron, and Cu atoms are 

offset from the center within the tetrahedron.10 

 

Figure 6.5 Structure diagrams of cubic Cu2-xSe, tetragonal and orthorhombic CuAgSe 

unit cells. 

 

  As stoichiometric Cu2Se is easily oxidized into non-stoichiometric Cu2-xSe,30 XPS was 

used to determine the valence states of elements in both Cu2-xSe and CuAgSe NTs 

(Figure 6.6). The spectra of Cu 2p [Figure 6.6(b)] confirm the presence of both Cu+ and 

Cu2+ (with their ratio calculated to be 3.16) in Cu2-xSe NTs, from which the Cu2+ ions 

were completely transformed into Cu+ in CuAgSe NTs after cation exchange, as 

evidenced by the disappearance of the characteristic peak of Cu2+ at around 942 eV. Two 

peaks at 373.2 eV and 367.6 eV of Ag 3d in the product indicate the high purity of the 

CuAgSe NTs and the absence of other Ag species [Figure 6.6(c)]. The binding energy of 

Se 3d3/2 at 53.7 eV corresponds to Se2- in both Cu2-xSe and CuAgSe NTs [Figure 6.6(d)], 
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and the small peak at 58.2 eV in the Cu2-xSe sample is attributed to the surface adsorbed 

Se (with the ratio of Se2- to Se0 in Cu2-xSe calculated to be 3.33).14,31 

 

Figure 6.6 XPS spectra of the Cu2-xSe and CuAgSe NTs: (a) survey spectra; (b) Cu 2p 

spectrum of areaⅠ in (a), with the black dot marking the satellite peak of Cu2+; (c) Ag 

3d spectrum of area Ⅱ in (a); (d) Se 3d spectrum of area Ⅲ in (a). 

 

6.3.2 Morphology evolution of CuAgSe NTs 

  The exchange reaction was investigated by analyzing the intermediate products 

collected after different reaction times. Figure 6.7 shows the XRD patterns of samples 

collected at 1 min, 2 min, 10 min, and 20 min during the exchange reaction. When 
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Cu2-xSe ethanol solution was reacted with AgNO3 ethanol solution for 1 min, the product 

obtained is a mixture of CuAgSe, Ag2Se, and a small amount of Ag. This result 

demonstrates the fast exchange reaction between copper ions and silver ions, which is 

attributed to their strong mobility and capability for diffusion into/out of the lattice. After 

reaction for 2 minutes, the product is still composed of these three compounds, but the 

amount of Ag2Se and Ag is decreased, as indicated by the lower intensity of the peaks in 

their XRD patterns. The intermediate sample collected at 10 min is a mixture of CuAgSe 

and Ag2Se, and the Ag has disappeared or is not detectable. The final product collected at 

20 min shows single phase CuAgSe, demonstrating the complete transformation of 

Cu2-xSe NTs into CuAgSe NTs. 

 

Figure 6.7 XRD patterns of CuAgSe samples prepared from silver nitrate and collected 

after different reaction times. The diffraction peaks marked with·arise from Ag. 
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  The transformation is also supported by the XPS spectra of Ag+ and Ag0 in all the 

samples collected at different reaction times (Figure 6.8). Within the initial 2 min, Ag 

3d5/2 peaks in the collected samples can be fitted into two peaks at 368.7 eV and 367.3 

eV, which match well with those from Ag0 and Ag+. The Ag0/Ag+ ratios in the samples 

collected at 1 min and 2 min is decreased from 12.83 to 10.48, which means that there is 

the conversion of Ag0 into Ag+ (i.e., Ag2Se and CuAgSe) as the reaction time is 

extended. When the mixture was reacted for 10 min, the absence of any Ag0 peak 

suggests that all the Ag that had been formed was completely converted, which is 

consistent with the XRD results. 

 

Figure 6.8 XPS spectra of Ag 3d in the samples prepared from silver nitrate and 

collected after different reaction times. 
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  The evolution of the morphology during the cation exchange was monitored by SEM. 

Figure 6.9 shows SEM images of four samples collected at 1 min, 2 min, 10 min, and 20 

min, respectively. There is no big difference in their morphologies, except that the 

surface nanosheets became thicker and rougher with increasing reaction time. 

 

Figure 6.9 SEM images of NTs from cation exchange by silver nitrate that were 

collected after different reaction times: (c) 1 min; (d) 2 min; (e) 10 min, and (f) 20 min. 

 

6.3.3 Formation mechanism CuAgSe NTs 

  From the formula perspective, Cu2-xSe (0 ≤ x ≤ 1) could be considered as a mixture of 

CuSe and Cu2Se, and the transformation of Cu2-xSe into CuAgSe could be treated as their 

reactions with AgNO3 [Equations (6.1-6.2)]. Cu2Se could react with AgNO3 to form 

CuAgSe, Ag, and Cu(NO3)2 due to the redox reaction between Cu+, Ag+, and 
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NO3
-,evidenced by the XRD and XPS peaks of metallic Ag. CuSe reacted with AgNO3 to 

form Ag2Se due to its larger solubility [Ksp (CuSe) = 7.94 × 10-49] than that of Ag2Se [Ksp 

(Ag2Se) = 2.0 × 10-64], which was proved by mixing pure CuSe ethanol solution with 

AgNO3 ethanol solution at room temperature to form Ag2Se [Figure 6.10]. The 

characteristic blue solution suggests the formation of Cu(NO3)2 during exchange 

reactions. The thus-formed Ag reacted with residual Se (adsorbed by Cu2-xSe NTs) to 

form Ag2Se [Equation (6.3)], which further reacted with Cu2Se to form CuAgSe 

[Equation (6.4)].14 

Cu2Se + 2AgNO3 → CuAgSe + Ag + Cu(NO3)2                             (6.1) 

CuSe + 2 AgNO3 → Ag2Se + Cu(NO3) 2                                   (6.2) 

2Ag + Se → Ag2Se                                                    (6.3) 

Cu2Se + Ag2Se → 2CuAgSe                                            (6.4) 

  These exchange reactions took place spontaneously due to three factors. First, the high 

mobility of Cu2+, Cu+, and Ag+ ions and their strong capability for diffusion into/out of 

the lattice ensure the fast reactions. The presence of copper vacancies also significantly 

accelerated the cation exchange process at room temperature.32 Second, the changes of 

Gibbs free energies (∆G) for reactions (6.1-6.4) calculated to be -85.7, -55.8, -43.5 and 

-84.4 kJ mol-1 based on the assumption that the reaction temperature was constant at 298 

K and no entropy change occurred during the reaction. The standard ∆fH0 at 298 K for 

Cu2Se, CuSe, Ag2Se, AgNO3, Cu(NO3)2 and CuAgSe are -65.3, -41.8, -43.5, -124.4, 
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-302.9 and -96.9 kJ mol-1, respectively.6-7,33-34 Third, the similar crystal structure (i.e., 

orthorhombic) of intermediate Ag2Se and the CuAgSe product minimize the distortion of 

the crystal structure. 

 

Figure 6.10 XRD patterns of CuSe and the resultant Ag2Se. 

 

6.3.4 Effects of reaction parameters 

  To demonstrate these exchange reactions, the effects of the molar ratio of Cu2-xSe NTs 

to AgNO3 on the product were investigated. In the cases of more Cu2-xSe NTs (i.e., 

Cu2-xSe/ AgNO3 = 2.5/1 or 1.5/1), there is insufficient AgNO3 for the reactions, and the 

main product is Cu2-xSe, which is labeled with * in Figure 6.11. In the opposite cases 

(i.e., Cu2-xSe/ AgNO3 = 1/2 or 1/3), the excess of AgNO3 leads to the formation of Ag 

(marked with △ in Figure 6.11). Therefore, it is crucial to control the molar ratio of 

Cu2-xSe/AgNO3, and the optimal ratio is 1/1. 
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Figure 6.11 XRD patterns of the products prepared from different molar ratios of Cu2-xSe 

to AgNO3. The diffraction peaks of CuAgSe, Cu2-xSe, Ag2Se, and Ag are marked with º, 

*, ♦, and △, respectively. 

 

  In order to better control the exchange process, silver acetate was selected to repeat the 

experiment and collected the intermediate products after different exchange times (i.e., 1 

min, 2 min, 10 min, 20 min, and 60 min) (Figures 6.11-6.12). The results show that the 

complete transformation of Cu2-xSe NTs into CuAgSe NTs took 60 min due to the lower 

dissociation capability of silver acetate in ethanol compared to AgNO3. The same 

intermediate products (Ag2Se and Ag) formed at an early stage (i.e., 1 min and 2 min) 

and confirm the same exchange process as discussed above. Similar to the product 

prepared from AgNO3, the morphology of CuAgSe NTs from silver acetate is well 

retained (Figure 6.14). 
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Figure 6.12 XRD patterns of CuAgSe samples prepared from silver acetate and collected 

after different reaction times. The diffraction peaks marked with·arise from Ag. 

 

 

Figure 6.13 XPS spectra of Ag 3d in the samples prepared from silver acetate and 

collected after different reaction times. 
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Figure 6.14 SEM images of NTs from cation exchange by silver actate that were 

collected after different reaction times: (a) 0 min; (b) 1 min; (c) 2 min; (d) 10 min; (e) 20 

min, and (f) 60 min. 

 

6.3.4 Performances of QDSSCs with CuAgSe CEs 

  As mentioned above, ternary CuAgSe might exhibit better electrochemical 

performance than its binary counterparts. To evaluate their electrocatalytic activity, the 

above resultant 1D/2D CuAgSe NTs were fabricated into CEs and then assembled with 
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CdS/CdSe QD co-sensitized photoanodes to construct QDSSC devices containing 

polysulfide electrolyte. Their electrocatalytic activities were compared with those of CEs 

fabricated from Cu2-xSe NTs and the noble-metal Au under the same conditions.35-36 The 

average photovoltaic performance parameters are extracted in Table 6.1. Compared to 

the Cu2-xSe NT CE and the Au CE, QDSSCs incorporating CuAgSe NT CEs delivered a 

larger short-circuit density (Jsc) of 17.57 mA cm-2, which indicates the fast reduction of 

Sn
2- to nS2-. In addition, the remarkable enhancement of the open-circuit voltage (Voc) of 

581 mV, as well as the fill factor (FF) of 55.0 %, can be ascribed to the better electrical 

conductivity and thus suppressed charge recombination [Figure 6.15(a)]. Figure 6.15(b) 

shows the IPCE spectra of typical QDSSCs based on the three different CEs. Compared 

with both Au and Cu2-xSe NT CEs, the IPCE profile of QDSSCs employing the CuAgSe 

NT CE is higher over the entire wavelength region. This is consistent with the achieved 

Jsc. The significant increase in IPCE further verified that CuAgSe NTs possess both 

super catalytic activity and high electrical conductivity.   

  For understanding the improved QDSSC performance, EIS and Tafel polarization 

measurements were carried out using dummy cells assembled with two identical 

electrodes. Figure 6.15(c) shows the Nyquist plots for dummy cells with different CEs. 

The inset equivalent circuit includes the series resistance (Rs), charge transfer resistance 

(Rct), and Warburg diffusion impedance (Zw). The smaller these resistances are, the better 

the electrocatalytic activity of the CEs will be.37-38 The Rs of the CuAgSe CE (10.8 Ω) is 
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smaller than those of the Cu2-xSe CE (12.9 Ω) and the Au CE (16.0 Ω), indicating the 

superior electrical conductivity of CuAgSe. Moreover, the CuAgSe CE has the smallest 

charge transfer resistance (Rct) (0.67 Ω compared to 0.81 Ω for the Cu2-xSe CE and 42.43 

Ω for the Au CE), which means that the CuAgSe CE has the best electrocatalytic activity 

towards the reduction of polysulfide among the three CEs. This is consistent with the Jsc 

values in the order of CuAgSe CE (17.57 mA cm-2) > Cu2-xSe CE (17.13 mA cm-2) > Au 

CE (13.34 mA cm-2). The smallest Warburg diffusion impedance (Zw) of the CuAgSe CE 

(4.17 Ω) reveals the efficient diffusion of polysulfide electrolyte. The highest FF of the 

QDSSCs with the CuAgSe CE can be attributed to the smallest Zw as well as the Rs. 

Figure 6.15(d) shows the logarithmic current density (log J) as a function of the voltage 

(U) for the oxidation/reduction of polysulfide to sulfide. The slopes of the anodic and 

cathodic branches are in the order of CuAgSe NT, followed by Cu2-xSe NT, followed by 

Au. The larger slope for the CuAgSe NT indicates the larger exchange current density, 

which is consistent with the EIS. The better electrochemical performance of CuAgSe CE 

than Cu2-xSe CE is due to the higher mobility of both Cu+ and Ag+ ions in the CuAgSe 

NTs. The higher conversion efficiency of QDSSCs containing CuAgSe NTs and Cu2-xSe 

NTs as CEs is attributed to the higher stability of metal selenides in polysulfide 

electrolyte than that of the Au CE, because they retain good conductivity by avoiding 

corrosion and passivation. 
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Figure 6.15 (a) The photocurrent density-voltage (J-V) curves and (b) IPCE spectra of 

QDSSCs with different CEs. (c) Nyquist plots of the symmetrical dummy cells fabricated 

with three CEs; the inset shows the equivalent circuit. (d) Tafel polarization of different 

dummy cells that are the same as those used for the EIS measurements. 

 

  The superior electrical conductivity and electrocatalytic activity of CuAgSe NTs to 

Cu2-xSe NTs led to an enhancement in power conversion efficiency of QDSSCs made 

with CuAgSe CE (η = 5.61 %) in comparison with that made with Cu2-xSe CE (η = 

5.19 %). It should be noted that these values are lower than last chapter reports, due to 

the fact that photoelectrodes used in the current chapter are made from commercial TiO2 

nanoparticles rather than porous TiO2 nanosheets, which could effectively scatter the 



 

181 
 

incident light and improve the conversion efficiency.39 The use of commercial TiO2 

nanoparticles would be important for evaluating the practical application of our 1D/2D 

CuAgSe NTs. 

 

Table 6.1 Photovoltaic parameters of QDSSCs with different CEs. 

CEs 
Voc  

(mV) 

Jsc  

(mA 

cm-2) 

FF  

(%) 

η  

(%) 

Rs  

(Ω) 

Rct  

(Ω) 

Zw  

(Ω) 

CuAgSe 

NT 
581 17.57 55.0 5.61 10.8 0.67 4.17 

Cu2-xSe 

NT 
559 17.13 54.2 5.19 12.9 0.81 4.81 

Au 507 13.34 49.1 3.32 16.0 42.43 72.13 

 

6.4 Conclusions 

  In summary, 1D/2D pure ternary CuAgSe NTs were successfully prepared from 

Cu2-xSe NTs by cation exchange with silver nitrate (or silver acetate) at room temperature 

within a short time. The fast cation exchange is owing to the ionic characteristics of 
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copper/silver chalcogenides, and the strong capability of copper ions and silver ions for 

diffusion into/out of the lattice. The CuAgSe NTs with designed architecture have been 

used to fabricate CEs for QDSSCs, showing better electrochemical performance and 

higher conversion efficiency (η = 5.61 %) than original Cu2-xSe NT CE (η = 5.19 %) and 

Au CE (η = 3.32 %). This research not only opens up a new way for designing more 

effective CE catalysts for highly efficient QDSSCs, but also provides a facile method to 

fabricate designed architectural nanostructures of ternary selenides for diverse 

applications. 
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 CHAPTER 7 Conclusions and Recommendations 

7.1 Conclusions 

  Binary and ternary copper chalcogenides applied for thermoelectric conversion and 

QDSSCs have been researched in the above chapters. The entire doctoral work is focused 

on two energy conversion applications: design and synthesis of a large scale of 

morphology-controlled copper selenide nanostructures for thermoelectric conversion and 

copper sulfide, copper selenide, and copper silver selenide NTs with hierarchical 

architecture replacing noble metals as CEs of QDSSCs. Based on the summaries of the 

above studies in the previous chapters, following general conclusions are given below: 

7.1.1 Copper selenide nanostructures for thermoelectric conversion 

  Surfactant-free Cu2-xSe NW bundles with lengths of tens of micrometers and diameters 

of 100–300 nm have been synthesized on a large scale by an aqueous approach. The NW 

bundles are composed of many thin Cu2-xSe NWs. The evolution of the morphology 

shows that the formation of Cu2-xSe nanobundles arises from the assembly of CuSe 

nanoplates induced by water evaporation, accompanied by the self-redox reactions of 

CuSe. The formation of Cu2-xSe nanobundles is strongly influenced by the molar ratio of 

sodium hydroxide to selenium powder, and the molar ratio of selenium powder to copper 

nitrate. The resultant Cu2-xSe nanobundles were sintered into pellets and tested for 

thermoelectric application in comparison with commercial Cu2Se powder. The results 
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show that the synthetic sample has a temperature-dependent ZT comparable to that of the 

commercial sample, which reaches to 0.29 at 480 ˚C. 

  Grams of Cu2-xSe nanostructures have been synthesized by a one-pot reaction of 

commercial copper powder with Se powder in the presence of 2-mercaptoethanol. The 

resultant nanostructures were treated with hydrazine solution to remove adsorbed surface 

ligands. The hydrazine treatment destroyed the sheet-like structure, and resulted in 

pristine Cu2-xSe nanoparticles, which were sintered into a pellet. Their thermoelectric 

properties were measured in comparison with commercial Cu2Se powder under the same 

conditions. Their thermoelectric properties show that the Cu2-xSe sample has a similar 

temperature-dependent ZT (0.28 at 480 ˚C) to that of the commercial sample. The Cu2-xSe 

sample retained the same crystal structure and morphology after SPS sintering and 

thermoelectric measurements at high temperature. 

  This part of work indeed provides alternative simple methods to fabricate large-scale 

copper selenide nanostructures for thermoelectric applications. The results demonstrated 

nano grains are the key point to reduce lattice thermal conductivity, by enhancing phonon 

scattering. Meanwhile, the second preparation method for nanostructured copper selenide 

can retain crystal structure without phase change after SPS sintering and thermoelectric 

measurement at high temperature, which is distinguished from ball-milling method and 

elements melting method. However, the enhancement of ZT is not only decided by the 

reduction in thermal conductivity, but also by the concomitant reduction in the power 
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factor. Another problem is that there are inevitable small holes inside nanostructured 

materials after SPS sintering, which might result in overestimating ZT of materials. Thus, 

the highest ZT of materials is not the only purpose in thermoelectric application, instead, 

the research about stable crystal structures, accurate density, and steady specific heat 

capacity of thermoelectric materials is more meaningful in this area. 

7.1.2 Copper chalcogenide NTs as CEs for QDSSCs 

  Cu2-xE (E = S, Se) NTs with a hierarchical architecture were successfully synthesized 

at room temperature through the reaction of Cu NWs with sulfur or selenium powder in 

the presence of thiol ligands under catalysis by NaOH. The theoretical calculation 

confirmed the reaction mechanism. Cu NWs served as sacrificial templates during the 

formation of the NTs. NaOH played a role in deprotonating –SH groups of thiol ligands 

and helped to dissolve of chalcogen precursors. Comprehensive investigations on the 

effects of reaction parameters demonstrate that this room-temperature reaction can occur 

as long as the thiol groups are deprotonated. The resultant Cu2-xE (E =S, Se) NTs have 

been used to fabricate high-performance CEs for QDSSCs, showing a higher conversion 

efficiency (up to 5.02% and 6.25%, respectively) than ever reported for Au CEs (η = 

2.94%). 

  1D/2D ternary CuAgSe NTs were successfully prepared from Cu2-xSe NTs by cation 

exchange with silver nitrate (or silver acetate) at room temperature within a short time. 

The fast cation exchange is owing to the ionic characteristics of copper/silver 
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chalcogenides, and the strong capability of copper ions and silver ions for diffusion 

into/out of the lattice. The CuAgSe NTs with designed architecture have been used to 

fabricate CEs for QDSSCs, showing better electrochemical performance and higher 

conversion efficiency (η = 5.61%) than original Cu2-xSe NT CE (η = 5.19%) and Au CE 

(η = 3.32%). It should be noted that these efficiency values are lower than previous 

results (conversion efficiency of Cu2-xSe NT CE is 6.25%), due to the fact that 

photoelectrodes used in the current work are made from commercial TiO2 nanoparticles 

rather than porous TiO2 nanosheets, which could effectively scatter the incident light and 

improve the conversion efficiency. The use of commercial TiO2 nanoparticles would be 

important for evaluating the practical application of our 1D/2D CuAgSe NTs. 

  In conclusion, binary Cu2-xE (E = S, Se) NTs and ternary CuAgSe NTs with a 

hierarchical architecture have been used to fabricate CEs for QDSSCs, showing better 

electrochemical performance and higher conversion efficiency than noble metal Au CE, 

which is because copper chalcogenides CEs show lower resistance and higher 

electrocatalytic activity towards the redox reaction of polysulfide electrolyte and larger 

designed surface area than noble metal Au CE. 

7.2 Recommendations 

  Based on my doctoral work that has been focused on copper selenide nanostructures in 

thermoelectric conversion and binary/ternary copper chalcogenide NTs as CEs in 
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QDSSCs, there are some challenges to be solved: first, how to enhance the Seebeck 

coefficient in the terms of increasing the electrical conductivity and decreasing the 

overall thermal conductivity of Cu2-xSe nanostructures; second, what will affect the 

conversion efficiency when tuning the size or ordering the array of copper chalcogenide 

NTs. As copper chalcogenides have various applications, whether different sizes of 

copper selenide nanostructures can be explored for electrocatalytic activity toward the 

ORR and serve as novel nanotheranostic agent. 
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