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Abstract 
 

This thesis introduces new methodologies for the synthesis of copper 

Nanowires (CuNW) with high aspect ratio as well as copper nickel (CuNi) 

alloyed and core-shell NW with enhanced resistance to oxidation. The 

potential applications of Cu-based NW as Transparent Conductors (TC) and as 

electrocatalysts for the Hydrogen Evolution Reaction (HER) are also 

investigated.  

The effect of the addition of alkane and alkene non-coordinating solvents with 

a range of carbon chains- from C8 to C18- on the NW aspect ratio was 

investigated, using Scanning Electron Microscopy (SEM) and Fourier 

Transform Infra-Red (FTIR) spectroscopy. It was also established that non-

coordinating solvents such as alkanes and alkenes tune the reactivity between 

the copper precursor and the capping ligand oleylamine (OLA). It was found 

that the chain length, the bond saturation as well as the concentration of the 

solvent have an effect on the NW aspect ratio. The addition of middle chain 

C12 alkane, dodecane, and long chain C18 alkene 1-octadecene (ODE) 

produced NW with the best aspect ratios reaching 800 and 1100 respectively. 

An optimal aspect ratio was attained for an ODE:OLA ratio of 1:4.  

CuNW transparent conductors (TC) films were fabricated. Treatments 

including lactic acid ligand exchange on NW, plasma and anneal pre- and post-

treatments on thin films were carried out. It was found that a combination of 

a lactic acid ligand exchange followed by an H2/N2 plasma treatment gave the 
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best optoelectronic performances with films presenting a sheet resistance Rs 

of 43 Ω/□ for a transmittance of 93%. The addition of a top layer was 

investigated to improve the resistance to oxidation of CuNW films. Different 

layers of coatings were compared, and it was found that 2 layers of ZnO 

stabilise the NW electrical properties for 50 days with a Rs of 27.5 Ω/□ for 

76% transmittance. 

CuNW were turned into bimetallic CuNi NW by transforming the original seed-

mediated growth synthesis into a co-reduction method, using Zn2+ salts as 

catalyst for the reduction of both Cu and Ni precursors. It was found that the 

concentration of Zn precursor was critical to reduce Ni precursor into metallic 

Ni effectively. The counterion effect was also investigated: it was found that 

the presence of acetylacetonate ions resulted in the formation of core-shell 

NW preferentially while chloride ions favoured the formation of alloys. A 

mechanism for both CuNi core-shell and alloy formation was proposed. 

Structural differences between core-shell and alloys were studied using 

Scanning Transmission Electron Microscopy (STEM), TEM and X-Ray Powder 

Diffraction (XRD) analyses. The STEM study also showed that both bimetallic 

NW possess an oxide that reveals to be of a diffusive nature for core-shell NW 

and a protective nature for alloyed NW.  

NW were investigated as potential electrocatalysts for HER. It was shown that 

core-shell NW have activities similar to NiNW ones. 1:1 Cu:Ni NW activity 

surpassed both CuNW and NiNW activities with a Tafel slope as low as 21 

mV/decade and a current density of 0.31 mA/cm2, values similar to the ones 
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exhibited by Platinum (Pt), therefore hailing a milestone in low-cost 

electrocatalyst for HER applications.    
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1 Introduction 
 

 Nanoparticles and nanowires 
 

The use of metallic nanoparticles (NPs) has been reported since the Antiquity 

where their exceptional properties were already exploited. A remarkable 

example is the Lycurgus Cup (Figure 1) manufactured by the Romans in the 

4th century 1. This cup made of a silver-gold alloy has the propriety to change 

colour depending on how it is illuminated: if the cup is seen with a reflective 

light such as the daylight, it appears green, if it is observed with a light coming 

from the inside of the cup (transmitted light), then it appears red.  

 

 

Figure 1 The Lycurgus cup in British Museum dated back to the IVth century. On the left, 
the cup is illuminated with an external light such as daylight. On the right, the light is 
illuminated from the inside of the cup and transmitted through it 1. 

 

At the beginning of the 20th century, researchers have started investigating the 

size-related properties of NPs: several decades of research efforts have led to 



24 
 

various synthetic approaches which have promoted the formation of NPs with 

a plethora of morphologies such as nanocubes, nanorods and nanowires (NW) 

for instance. NW are 1D dimensional NPs whose diameter is confined to the 

nanoscale while the length can reach up to 100 μm. The first reports of man-

made 1-D materials can be tracked back to the 1940’s 2 where they were firstly 

reported in the literature as “whiskers”: cadmium3 and tin4 NW were already 

observed on metallic surfaces. Since then, a great deal of effort has been placed 

on developing solution-phase NW syntheses capable of controlling both their 

size and chemical nature to tune their properties. In only two decades, thanks 

to the effort of many research groups, a broad range of NW have been 

synthesised, well-suited for industrially relevant applications in photonics, 

electronics, energy as well as in several electrochemical reactions. Attaining a 

more precise control of NW morphology, composition and structure while 

pushing the research away from expensive metals are nowadays big 

challenges to solve in order to exploit further NW exceptional properties. 

 

 Aim of the thesis 
 

Despite the numerous strategies developed in the last decades, metallic NW 

syntheses still suffer from polydispersity and poor repeatability. In addition to 

that, the pursuit of low-cost alternatives to noble metallic NW has opened up 

new issues: copper presents the advantage of being nearly as conductive as 

silver while being much cheaper but copper (Cu) suffers from its intrinsic 

oxidation. Even though, CuNW have shown a great potential as low-cost 

alternative technologies for several applications owing their excellent 
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optoelectronic properties, it remains however a challenge to retain their film 

performances. Therefore, the goal of this thesis is to show how a better 

understanding of the fundamental chemistry involved during NW synthesis 

can tune the size and chemical nature of CuNW with an enhancement of their 

properties. This thesis introduces for the first time the synthesis of CuNi 

alloyed NW with enhanced performances as catalysts for HER. The thesis will 

also address the following questions: 

- Can the overall NW size and composition be tuned by modifying the 

dynamic between precursors and ligands with the addition of either non-

coordinating solvents or other metallic precursors? 

- Can the modification of the NW surface chemistry via ligand exchange 

improve the optoelectronic properties of CuNW films? 

- Can the addition of a coating on top of CuNW improve their stability over 

time? 

- Can the transition between CuNW to Cu based NW improve their 

electrocatalytic properties? 

 

 Structure of the thesis 
 

Chapter 2 provides a literature review which covers the theory behind 

metallic NW synthesis and TC as well as the recent advances in syntheses, 

properties and applications of metallic NW and NPs. Chapter 3 details the 

techniques used for materials synthesis, characterisation and thin film 

fabrication. Chapter 4 treats the influence of the addition of a non-

coordinating solvent on CuNW final length and diameter and a mechanism of 
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reaction will be proposed as well. Chapter 5 focuses on CuNW thin film 

fabrication. An optimisation of the thin film stability will be shown. Chapter 6 

will show how the addition of a Zn precursor in the synthesis turns 

monometallic CuNW into bimetallic CuNi NW. This chapter will demonstrate 

that the concentration of Zn as well as the precursor’s counterion are crucial 

parameters that influence the NW size and nature. At the end of the chapter, 

the electrocatalytic activities of monometallic and bimetallic NW will be 

investigated. Chapter 7 ends the thesis on the conclusion and further work to 

be carried out. 
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2  Literature review 
 

 Application of copper NW as transparent conductors. 
 

 Theory of transparent conductors 
 

TC electrodes have gained increasing attention as essential components in 

technologies such as displays 5,6 photovoltaic devices 7 and thermal control 

glass 8,9. Typically, ternary and quaternary metal oxides are used as TC 

electrodes such as InGaZnO and Sn doped In2O3 commonly called ITO 10. 

However, their application on flexible substrates is limited due to their brittle 

nature and cost. There is therefore a need to develop a TC technology that is 

low-cost, flexible and robust. 

 

This chapter reviews NW TC fabrication and synthesis and understand how 

fields of chemistry, physics and engineering can be brought together. The 

underlying principles of TC, figures of merit, synthesis methodologies and 

state of the art applications of NW are now reviewed.    

 

 Technical requirement 

 

A TC requires two paradoxical conditions: to be optically transparent and 

highly conductive 11. For some optoelectronic applications, it is often required 

to have as much light transmitted as possible and therefore, it is ideal to have 

a transmittance superior to 90% and sheet resistance lower than 100 Ω/□ 12.  

Usually, there is an inverted relation between conductivity and transmittance 

for a thin film because the more conductive the film, the thicker it is and 
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therefore less light will pass through it 13. Therefore, a trade-off between these 

two parameters is often required.  Other parameters need to be defined as well 

and will be established in the next sections.  

 

 Conductivity of a material. 

 

The sheet resistance 𝑅𝑠 is the best parameter to characterise the electrical 

properties of a TC. The sheet resistance is defined by 13: 

 

𝑅𝑠 =
1

𝜎𝑡
 (1) 

 

Where t is the film thickness in cm and σ is the conductivity of the film in Ω/□. 

The sheet resistance units are in Ω/□ where the square area is independent of 

the dimensions of the film.  

 

The sheet resistance depends on many parameters such as NW dimension, 

their aspect ratio, NW density area, the resistance of a single NW and wire to 

wire contact resistance. In the specific case of NW, Rs depends also on the NW 

diameter size:  Bid et al. 14 have shown that Rs tend to decrease when AgNW 

are thinner. This result is applicable to all kinds of metallic NW including 

CuNW.   

For a given NW aspect ratio and area density, the resistance of the wires is 

dominated by the junction resistance between two NW. It is thus very 

important to ensure that this resistance is the lowest possible. Different 
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techniques exist to reduce the junction resistance and will be detailed later in 

this chapter.  

 

 Optical properties 

 

The control of optical properties of NW TC is very important although not very 

well studied. Since NW dimensions are very distinct from the one of 

continuous films, the measurement of the transmittance needs to take into 

account their unique feature such as the aspect ratio. One way to measure the 

absorbance of a nanowire mesh is to calculate what fraction of the surface is 

blocked by the nanowires.  

 

The optical transmission T is given by:  

 

𝑇 (%) =  100 − 𝑎 ∗ 𝐴𝐹 (2) 

 

Where T is the transmission of the light in %, a is the fitting parameter which 

is dependent on the NW diameter and optical properties and AF is the area 

fraction of the film covered by the NW.  AF corresponds to the resulting 

absorbed light by a nanowire network, considering that the amount of light 

blocked by a single nanowire is equivalent to its geometrical cross-section. AF 

is defined as: 

𝐴𝐹 = 𝑁 ∗ 𝐿 ∗ 𝐷 (3) 
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Where N is the number of nanowires per area, L is the length of nanowires and 

D the diameter of nanowires.  

 

 Relationship between optical and electrical properties of NW. 

  

As mentioned earlier in this chapter, the transmittance and sheet resistance of 

the films are often the parameters chosen to compare the performances of 

different TC and plotted against each other in order to assess the 

optoelectronical performances.  Figure 2 plots the optical transmittance at 550 

nm versus the sheet resistance for an AgNW film. The trade-off between 

transmittance and conductivity for TC can be clearly observed: on the left side 

of the plot, the films are highly conductive but less optically transparent 

whereas on the right side, the opposite phenomenon is observed. The closer 

the curve is to the Y axis, the more ideal the performances of the TC are.  

Therefore, researchers need to focus on treatments that could improve these 

performances. These will be detailed later in this chapter.  
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Figure 2. Plot of the optical transmittance at 550 nm versus the sheet resistance for an 
AgNW thin film.  

 

   The trade-off between the sheet resistance and the optical transmittance is 

often quantified as a figure of merit which is defined as the ratio σop/σDC in the 

Tinkham formula 15 : 

 

𝑇 (𝜆) = (1 + 
𝑍0

2𝑅𝑠
 
𝜎𝑜𝑝(𝜆)

𝜎𝐷𝐶
)

−2

 (4)  

 

Where 𝜎𝑜𝑝(𝜆) is the optical conductivity (at 550 nm) and 𝜎𝐷𝐶  is the DC 

conductivity of the film 16,17, T is the transmittance of the film, 𝑍0 is the 

impedance of free space (377Ω) and 𝑅𝑠 is the sheet resistance of the NW 

network. 
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 Haze factor 

 

The haze factor of the NW network is another important parameter to take 

into account. It is defined as 18:  

 

𝐻𝐹 =  
𝐼𝑠

𝐼𝑠+𝐼𝑑
∗ 100 (%)  (5) 

 

Where HF is the haze factor and 𝐼𝑑  and 𝐼𝑠 are the light flux that are transmitted 

and scattered respectively. It is well known that NW are prone to scattering 

and therefore the haze factor is expected to be high for NW TC. Different 

research groups have shown that the haze factor is strongly dependent on the 

size of NW where HF increases with the diameter of NW 19,20. The HF is a 

parameter that can be sometimes desired in applications such as 

photovoltaics where the scattered light can increase the amount of light 

received from the absorber layer 21. However, in case of displays, the Haze 

effect needs to be avoided 22,23.   

I have defined the parameters that are the most relevant for a TC. The next 

section will investigate the NW properties that make them suitable for TC 

applications. 

 

 NW as TC materials. 
 

 Introduction 

 

Networks of metallic NW are very promising to replace ITO: researchers 

reported the fabrication of NW films with T ≥ 90% and Rs ≤ 100 Ω/ □, which is 
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comparable to ITO 24,25. Noble metal NW have recently drawn an incredible 

amount of attention: unlike the other TC, metal NW deposition requires low-

cost manufacturing process and is suitable for large-scale application 26. This 

technology relies on the growth of thin, long, well dispersed 27 and pure 

metallic NW 12. Many research group have reported the successful synthesis 

of gold NW (AuNW) 28,29, silver NW (AgNW) 30-32, iron NW (FeNW) 33 and 

nickel NW (NiNW) 34 for instance.  

 

 Metallic NW as TC 

 

The synthesis of AuNW as thin as 5 nm 35 have been reported but these NW 

suffer from a rapid degradation 36 due to high surface to volume ratio. Among 

the metallic NW, AgNW TC are currently the most widespread technology 10,11 

especially after the publication of the versatile polyol synthesis of AgNW by 

Sun et al. 30. AgNW have achieved Rs that surpassed the one of ITO: the best 

electrodes exhibit Rs as low as 5-10 Ω/□ for a transmittance of 90% 24. The 

advantage of these NW is that they are very stable and applicable to the large 

scale industry 37,38. However, AgNW suffer from the high cost of Ag. Moreover, 

the results are not repeatable: the large diameter of NW (70-200nm) causes 

significant increase in the surface roughness 12 which is not desirable for TC 

applications. Electrical resistivity is in the long term increased due to the 

corrosion of Ag and nanosized metals in general 39,40. These disadvantages 

need to be solved in order to  promote the market of metallic NW based TC 41.  

CuNW have garnered increasing attention in the last decade as a potential 

replacement for TC applications. Cu is nearly as conductive as Ag (only 6% less 
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conductive) but much more abundant (1000 times) and much cheaper 42. 

Many researchers have reported that CuNW can achieve high optical 

transmittance with very low Rs 22,43,44. However, some challenges still remain 

as Cu oxidises very quickly and quicker than Ag or Au. Therefore, ways of 

preventing this oxidation need to be explored in order to maintain the 

excellent properties of these NW. The next part will focus on the methods as 

well as the different mechanisms that drive CuNW synthesis.  

 

 NW synthesis 
 

 Introduction 
 

NW are formed by the growth of assembled atoms either via organic chemical 

reactions (e.g. polymerization) or through inorganic atomic assembly, i.e. 

crystal nucleation, growth 45,46 or growth in a matrix 47-49.  

In the last two decades, researchers have focused their attention in improving 

the techniques to synthesise metallic NW. Attention has mainly been focused 

on the so-called “soft” techniques which involve the presence of templates 

made of ligands, polymers and surfactants that promote the self-assembly of 

atoms, or their spontaneous organisation in liquid phase. The next section will 

review the theory behind NW growth and the different methods that fall under 

the soft template route. 

 

 Mechanism of NW growth 
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The control of the crystallisation steps (nucleation and crystal growth) is the 

essence of NW formation. Kinetic and thermodynamic parameters need to be 

precisely controlled so that the crystal will adopt the correct morphology and 

later, during the crystal growth, aggregation will be avoided 50.  

 

 Nucleation theory 

 

Nucleation kinetic theory has been developed by Volmer in 1939 51. It is often 

admitted that the crystal nucleation process occurs in 3 main steps 52,53 

represented in the model  shown in Figure 3. 

 

 

Figure 3. Different stages ( I, II and III) of La Mer and Dinegar model of  nucleation and 
crystal growth for monodispersed sols prepared through a dilution method 52 . 

 

The model of La Mer and Dinegar can be summarized as follows:  
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In stage I, the concentration of atoms progressively increases with time as the 

precursors decompose by heating or reduction. The new atoms formed are 

called monomers.  

In stage II, monomers tend to self-aggregate into nuclei: this is the self-

nucleation. During this step, the concentration of “single” atoms still increases. 

Once the supersaturation level is reached, single atoms keep adding to the pre-

formed nuclei. Consequently, the concentration of monomers starts to 

decrease, lowering the concentration below the supersaturation level after 

which no more nucleation occurs.  The nucleation event is a pure 

thermodynamic process according to the theory developed by Becker and 

Doring 54 which predicts that a thermodynamic system tends to minimise its 

Gibbs free energy and thus, maximises the entropy of the whole system. This 

theory, originally used to describe phenomenon such as the condensation of 

liquid in vapor phase, was extended to other types of phase transitions 

including the growth process of NPs described by La Mer. 

Finally, the decomposition of precursors takes place in stage III. No more 

nuclei are formed during this stage. Thus, the atoms produced are adsorbed 

onto the nuclei that will grow into nanocrystals (NCs). This step sees an 

increase in the average size of NPs until an equilibrium step is reached 

between the atoms on the surface of the nanocrystals and the atoms in the 

solution 55. The surface energy of the newly nucleated NCs will have enough 

energy to induce an Ostwald ripening where smaller NPs will be “swallowed” 

by bigger ones, therefore increasing the particle size. Both concentration of 
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monomers and the degree of supersaturation determine the rate of nucleation. 

The mechanism of crystal growth will be detailed later in the following section.   

 

 It must be noted that the nucleation process mentioned above describes an 

“ideal” nucleation called homogeneous nucleation. A heterogeneous 

nucleation occurs when the newly formed atoms are adsorbed directly onto 

the surface of preformed seeds. When both nucleation types occur, the product 

will be characterised by polydispersity in terms of size and internal defects 

within its structure. Other parameters including the precursor reactivity 

(which depends on the oxidation state of the precursor, the counterion, etc.) 

affect the kinetics in which monomers are formed and therefore their 

concentration: a high monomer concentration leads to quicker nucleation 

events and therefore larger quantities of small nuclei whereas a low monomer 

concentration leads to a slower nucleation event with larger nuclei in reduced 

quantities. A fast nucleation event is always preferred because the size 

distribution of the NCs is better controlled 56. A high monomer concentration 

leads to fast growth conditions producing either anisotropic shapes or 

monodisperse NCs. However, a fast nucleation event means that less free 

atoms are available for the crystal growth which reduces the aspect ratio of 

the wire. Therefore, a balance needs to be found in order to obtain high aspect 

ratio NW with a size distribution as narrow as possible.  

 

Many parameters influence the shape and the final size of the NW among 

which the concentration of surfactants, the type of surfactant, the temperature 
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of reaction and the surfactant/precursor ratio 26,57,58. These parameters have 

a strong influence on the reactivity of the monomer. The shape of the nuclei 

depends as well on the chemical potentials of the different crystallographic 

faces that depend on the chemical environment. The addition of capping 

ligands and surfactant agents participates to the shape control by restricting 

the particle growth 59.  

 

 The crystal growth 

 

The crystal growth is the step that follows the nucleation event. It consists in 

the progressive addition of atoms or group of atoms on the already formed 

nuclei. The crystal growth can be described via different growth processes 

such as diffusion limited growth, aggregation or Ostwald ripening. The use of 

rate equations can predict the size evolution of NPs by considering the rate of 

certain changes such as the monomer attachment. 

 

In crystal growth, two phases are present: the mother phase and the crystal 

phase. A system is at equilibrium when its Gibbs free energy G is at minimum. 

When a material, N is added to a system, a small change in G occurs and is 

described by the chemical potential, µ 55. The relation between G and µ is given 

by: 

 

µ = (
𝜕𝐺

𝜕𝑁
)

𝑇,𝑝 
(6) 
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Where T, the temperature and p, the pressure, are kept constant.  

 

The difference in chemical potential between the mother phase m, and the 

crystal phase c, determines whether a crystal grows, dissipates or is in 

equilibrium with the mother phase. The difference, Δµmc called 

supersaturation, is the driving force of the crystal growth. The supersaturated 

solution is not stable in energy:  

 

𝛥µ𝑚𝑐 =  µ𝑚 −  µ𝐶  ( 7)    

 

Where µm and µc correspond to the chemical potential of the mother phase and 

the crystal phase respectively. If  𝛥µ𝑚𝐶  is positive, there is a driving force that 

enables an addition of material in the crystal phase, i.e. the crystal growth is 

thermodynamically favourable: if the material (atoms or group of atoms) is 

continuously supplied to the mother phase, the crystal growth keeps on 

incorporating the new material in the crystal. On the other hand, if no more 

material is added, the supersaturation would decrease and reach an 

equilibrium i.e. 𝛥µ𝑚𝑐 = 0. 

Even though the role of thermodynamics in the crystal growth is crucial, 

kinetics also plays a role by determining the final quality and structure of 

deposited material. Thus, kinetic controls the rate of the crystal growth and 

rules for instance the diffusion of the atom or cluster on a crystal surface. 

In order to achieve high aspect ratio NW, a total control of the synthesis 

parameters is necessary in order to optimise both nucleation and crystal 
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growth events. Therefore, researchers have developed different techniques to 

synthesise NW which will be covered in the next section. 

 

 NW synthesis using soft technique processes 
 

 Introduction  

 

The soft template techniques are arguably the easiest method in order to 

obtain NW because they require cheap manufacturing methods. Suitable 

precursors need to be selected to obtain the right shape of NW. This technique 

requires the assistance of either surfactants, ligands or catalyst which will be 

reviewed in the next sections.    

 

 Surfactant-assisted soft-template NW synthesis  

 

 Surfactant: Definition 

 

 A surfactant is an amphiphilic molecule containing both a polar hydrophilic 

part, the “head” and a hydrophobic carbon chain, the “tail” that is insoluble in 

water. Surfactants possess the ability to self-assemble into thermodynamically 

stable aggregates. If the surfactant is added to water, the hydrophobic tail of 

the surfactant tends to gather in order to minimize contact with water. The 

size and shape of this aggregate is controlled by many factors such as the 

length of the tail and the area occupied by the hydrophilic head group. The 

aggregation of surfactants is called micelles: various morphologies can be 

formed such as spherical, cylindrical or lamellae which consists on a flat 
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bilayer of surfactants 47. An illustration of the different shapes that can be 

adopted by surfactants is given in Figure 4. 

 

 

Figure 4. a) One shape of a surfactant  and b-e) examples of self-assembled shapes of 
surfactants in colloidal solutions 47. 

 

The design of NCs is very much linked to the shape of the surfactant, the 

concentration and the nature of the polar head. The flexibility in the control of 

the shape of assembled surfactant is an advantage for the fabrication of NPs 

with anisotropic morphologies 60. Thus, surfactants are a key component for 

both NW and nanotubes synthesis.  
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 Surfactant templated metal NW synthesis 

 

In a surfactant templated synthesis, NPs are typically grown inside the 

micelles formed by the surfactants. By controlling the concentration of 

surfactant and the ratio between oil, surfactant and precursor, the 

architecture of the final product can be tuned 47 and different nanostructures 

can be obtained as shown in Figure 5. This technique is therefore largely 

dependent on the shape of the template that is formed. 

 

 

Figure 5. Schematic of the mechanism of formation of different shapes of nanostructures 
(a-d) through a soft-template synthesis 61. 

 

Long chain cationic surfactants such as Cetrimonium bromide (CTAB) 62,63 and 

Sodium Dodecyl Sulfate (SDS )64,65 are for instance very commonly used as 
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surfactants for the NW synthesis. Non-ionic surfactants like Oleylamine (OLA) 

and alkyl DNA 66,67 are also largely used because of their robustness and their 

ability to react with metallic precursors. Metal NW such as platinum NW 

(PtNW) have been synthesised using this technique: Song and co-workers 62 

synthesised PtNW in a micellar solution made of CTAB and sodium 

borohydride (NaBH4) as a reducing agent. The NW have a diameter of 2.2 nm 

and length scales of several microns.  Other metallic NW such as  AgNW 31,65 

and CuNW 48,68,69 have often been synthesised using a soft template method. 

This technique is often considered as the most efficient for controlling NW 

aspect ratio. However, the synthesis often requires long hours and the 

cleaning process requires extra steps for the surfactant removal. The solution 

process uses shorter ligand chains and will be investigated in the next section. 

 

 Solution process methods 

 

One other popular method for synthesising NW is the solution process method 

which doesn’t require any template. The main technique to obtain anisotropic 

particles is based on the control of the crystal growth. This is controlled by 

creating an anisotropy in the structure which is enabled by the adsorption of 

a surfactant 27,30 or a capping agent 70 onto a specific face of the nanostructure. 

The passivation of one face of the crystal induces a symmetry breaking in the 

crystal, leaving a face active for the addition of atoms. The addition of a 

surfactant such as polyvinylpyrrolidone  (PVP) has a double positive effect as 

it promotes the crystal growth and prevents aggregation 26. However, this 

technique is mainly used in aqueous solution and is not as widespread as the 
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surfactant assisted NW method because it suffers from a poor control on the 

NW aspect ratio.  

 In conclusion, two techniques have been developed to synthesise NW. The 

next section will compare the validity of both techniques for the synthesis of 

CuNW.  

 

 Strategy methods to synthesise CuNW 
 

 Interest in Copper and CuNW 

 

Copper is a well-known element since the Antiquity. It even gave its name for 

a period of the bronze age: the chalcolithic (from the Greek khalkos: copper 

and lithos: stone) or the “copper age” 71. During this period, humans 

discovered the use of copper and how to alloy it with tin to from bronze 72. 

Copper possesses remarkable properties: malleable and flexible in pure form, 

it becomes stronger and more ductile in its oxidized form. It possesses the 

property to alloy with several metals including zinc and nickel. Copper 

presents also the advantage to be cheaper compared to silver or gold. 

In the nanoscale, CuNW have shown an increased interest after Zeng’s group 

has published a rapid synthesis method to obtain ultralong CuNW 73. This has 

been followed up by many other works and an aspect ratio above 1000 has 

been reached for CuNW 6. Currently CuNW TC have shown similar 

optoelectronic properties than the one based on AgNW. The next section will 

present the different synthesis method developed to synthesise CuNW. 

 



45 
 

 Synthesis methods of CuNW. 

 

This section will compare CuNW synthesised using the main methods 

previously enunciated in section 2.2.2.  

 

 CuNW solution process route  

 

The solution process synthesis of CuNW has been firstly reported in 2005 by 

Zeng’s team 70. The synthesis presented the advantage of being very quick (60 

min long) and involved the reduction of Cu2+ salts with the help of a strong 

reducing agent. It did not require the presence of an inert gas and the 

anisotropic growth was promoted by reducing the supersaturation level of the 

solution using ethylenediamine (EDA) as a capping agent to bind Cu2+ ions. 

When EDA was not present, only NPs were visible confirming its crucial role 

in the promotion of the anisotropic growth of CuNW. The redox reaction 

occurred in a strong alkaline media to provide a suitable environment for the 

reaction: the higher the pH was, the higher the redox potential of hydrazine. 

Solution passed progressively from a deep blue to a red colour as shown in 

Figure 6. At the end of the reaction, all Cu2+ ions have reacted to form pure Cu 

in the form of NW and NPs. Even though the synthesis exhibited a high aspect 

ratio (above 200) producing long (about 20 µm) and relatively thin (90 nm) 

CuNW, it still suffered from polydispersity in the length, unwanted NPs and 

non-reversible aggregation which reduced the yield of the synthesis.  
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Figure 6. a) CuNW dispersed in water b) SEM micrograph of the as-synthesised NW 70. 

 

Rathmell et al. 27 slightly modified the synthesis introducing a two-step 

process: the reaction temperature was increased up to 80 °C which shortened 

the reaction to 3 min only. These steps allowed the reduction of Cu precursors 

into Cu atoms forming nuclei while the crystal growth was promoted by 

adding PVP to the mixture and pouring the solution in an ice-bath for an hour. 

PVP helped to prevent the aggregation of NW as the well dispersed NW would 

be lifted to the top of the vial. This “two-step” formation of NW presented the 

advantage of producing well dispersed NW. However, a non-negligible amount 

of NW was removed from the final product. Meng and Jing 59 modified the 

concentration of the synthesis developed by Zeng and coworkers 70 using a 

Continuous Flow Reactor (CFR) to ensure that the precursors continuously 

flowed through the reactor at 60°C for 4h which resulted in an increase of the 

NW length, passing from 30 µm to 50 µm with an unchanged diameter of 200 

nm. A schematic of the equipment is shown in Figure 7.  
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Figure 7. Schematic CFR used for the CuNW growth 74. 

 

Therefore, CuNW formed with a solution process route are mostly synthesised 

using the method firstly developed by Zeng’s group. It is a very easy method 

to obtain ultralong CuNW. However, the diameter remains very high for 

current NW standards which is due to the adsorption of moieties by the highly 

hygroscopic EDA. Long alkyl chains are known to provide a better control of 

the NC size by forming different templates according to their concentration. 

The next section will give an overview of different CuNW syntheses using long 

chain surfactants. 

 

 CuNW synthesis via a soft-template route 

 

Several methods that are involving a soft-template route have been reported 

for the synthesis of long and uniform CuNW. Filankembo et al. 75 described a 

new method to produce CuNW in a micelle template system ((AOT)2 – 

isooctane-water system). The shape of the NC was tuned by adding different 

salts while the template remained the same. A hydrothermal reaction in an 
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autoclave involving the glucose reduction of CuCl2 in presence of 

Hexadecylamine (HDA) have been performed by Mohl et al. 76 in order to 

obtain high aspect ratio NW with a length of few micrometres and a diameter 

of 64 nm. Bicer et al. 77 prepared ultra-long NW using both CTAB and ascorbic 

acid as reducing agents. Yu et al. 78 proposed a single surfactant-assisted 

synthesis to obtain CuNW with a high aspect ratio using octadecylamine (ODA) 

as a ligand, surfactant and capping agent. The reaction took place in an 

autoclave, heated up to 180°C for 48h. The amine group of ODA reduced the 

copper salt: ODA molecules coordinated with Cu ions to transfer them from 

the aqueous phase to the interfacial one. When the temperature increased, the 

NW were formed in the interlayers of the ODA lamellar structure. The 

synthesis produced uniform NW and some bundles together. This work 

showed also that parameters such as temperature or the surfactant 

concentration were critical to the NW crystal structure and diameter size.   

A subcategory of surfactant-assisted synthesis has emerged in the last decade. 

It involved the use of a metal precursor catalyst which initiated the reduction 

of CuNW via galvanic replacement. Following this method, Zhang et al. 43 

obtained well dispersed CuNW through a self-catalytic growth of NPs in 

presence of Pt.  Copper acetylacetonate Cu(acac)2 was used as a precursor to 

promote the formation of NPs exhibiting a hexagonal cross-section. CTAB and 

HDA were used as surfactants to form an oily phase while their polar counter 

phase (amine group of HDA and bromide ions, Br-) reacted with the copper 

precursor. The mechanism of formation of CuNW is described in Figure 8 

below. The presence of Br- ions has been shown to be necessary in promoting 

the NW anisotropic growth.  
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Figure 8. Mechanism of formation of CuNW showing i) the formation of a lamellar phase 
made of HDA and CTAB within which ii) Cu precursors are reduced into Cu clusters that 
iii) further grow into NW  43. 

 

Similarly, Guo et al. 6 have synthesised ultralong CuNW using nickel 

acetylacetonate (Ni(acac)2) as a catalyst. Copper chloride (CuCl2) were 

reduced by OLA. The reaction was kept for 10h in a flow of argon at a 

temperature of 175°C. The NW produced, grew along the [110] direction and 

exhibited a penta-twinned pentagonal structure. Up to 40 µm long NW were 

reached while the diameter was ten times thinner than the previous CuNW 

reported. Although these NW possessed a better aspect ratio, the uniformity 

in length was not yet reached.   

Soft-template processes allow the production of high aspect ratio CuNW but 

they present some disadvantages such as a long processing time and the use 

of an inert gas. However, the choice of a long chain surfactant allows this 

synthesis to be more stable than in an aqueous system. The surfactant assisted 

synthesis of CuNW is also the most adapted in fabricating ultralong NW 79 

which makes this technique the most suitable for large-scale CuNW synthesis.  

The next part will explore the different methods to fabricate CuNW TC and 

their integration in devices.  
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 Investigation on the fabrication of CuNW based TC. 
 

 The different technologies to fabricate TC. 
 

NW TC fabrication can involve several steps among which treatments on the 

NW dispersion, NW thin film preparations, pre- and post- treatments of the 

NW films. The different steps will be presented in this section focusing mainly 

on CuNW TC fabrication.  

 

 Thin film fabrication 

 

Many techniques can be used to deposit metallic NW on diverse substrates. 

Dip coating 80-83, Meyer road 27,84-86, spin coating, Langmuir Blodgett 87-90, roll 

to roll printing 73 are the most popular techniques to fabricate NW TC .  Caution 

needs to be taken with CuNW because they suffer from corrosion due to the 

oxidation of Cu 86 and require therefore to be dispersed in a suitable ink to 

prevent their degradation 27. Wu et al. 25 reported the fabrication of high 

performance CuNW TC using electrospun fibers as a mask. The nanofiber 

networks provided percolating paths that resulted in the formation of 

connections between the wires leading to a conductive composite/metal 

network. These CuNW-based TC offered higher performances than the one 

exhibited by ITO, Carbon nanotubes- and graphene-based electrodes. These 

low-cost methods have great potential to be scaled up and hence good 

candidates for industrialisation.  

Several flexible devices have been fabricated using a Meyer rod: Hu et al. 84 

deposited AgNW dispersed in methanol on a flexible polyethylene 
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terephthalate (PET) surface. Films exhibited a transmittance of 80% and a Rs 

between 8 to 20 Ω/□, which is comparable to ITO’s optoelectronic 

performances on plastic substrate 91. Yu et al. 92 obtained a transmittance of 

75 % and a Rs of 175 Ω/□ by depositing AgNW, dispersed in isopropyl alcohol, 

on PET substrate. An HCl vapour treatment and a nail polish on top of the thin 

film helped to prevent the NW oxidation. These methods can be easily applied 

to CuNW. In a similar way, Rathmell et al. 27 deposited CuNW coated with 

nitrocellulose on PET substrates. Nitrocellulose increased the viscosity of the 

solution allowing the deposition of NW on the substrate. Films were annealed 

at 170°C to remove the polymer leaving a smooth network of NW. Films 

exhibited promising results: a Rs of 30 Ω/□ for a transmittance of 85% were 

reported, which is similar to the values obtained with AgNW films TC. An 

illustration of the thin film is shown in Figure 9. 

 

 

Figure 9 Picture of a conductive CuNW thin film TC deposited on a PET substrate 27. 

 

Guo et al. 6 produced CuNW TC thin films achieving a Rs of 52 Ω/□ and a 

transmittance of 93%. CuNW were deposited onto flexible polymers using a 



52 
 

vacuum filtration method developed by De et al. 16 which is  illustrated in 

Figure 10.  

Following the same device fabrication method, Zhang et al. 43 produced thin 

film devices exhibiting a transmittance of 90% and a sheet resistance of 90 

Ω/□.  

 

 

Figure 10. Schematic illustration of the vacuum filtration method for CuNW dispersions 
and their transfer onto either glass substrate or plastic substrates 16,93. 

 

Therefore, different techniques exist to fabricate highly efficient NW TC. 

Greater optoelectronic performances can be obtained by identifying and 

improving the key parameters they are dependent on. The next section will 

review these parameters. 

 

 Parameters that influence the thin film quality. 

 

NW require some ligands on their surface to be dispersible in solvents.  

However, the presence of an organic layer lowers the conductivity of TC or 

makes the NW network completely insulating. The longer the organic layer 
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chain, the more likely the resistivity of the film to be high. In many examples, 

thermal annealing 24,94 and optothermal heating 95 have improved the 

efficiency of NW based TC. 

The roughness of the film is a parameter that needs to be taken into account. 

For application such as photovoltaic devices, the roughness is an important 

factor that can lead to short-circuits and leakage. Many ways to control the 

roughness of the film have been explored such as the addition of polymer 

coating 94, thermal annealing 96 and mechanical pressing 86. Controlling both 

diameter and density of NW within the substrate can help to solve the issue.  

The adhesion of the thin film onto the substrate is also another important 

parameter that can be critical for HER applications for instance. The adhesion 

of NW depends on many factors such as the affinity between the wire and the 

substrate 97. Ways to improve the film adhesion include plasma treatment of 

the substrate 98 and embedding the NW in a matrix 99. However, caution needs 

to be taken to ensure that the film is still conductive after any additional step. 

 

In conclusion, CuNW TC have a great potential as substitutes to ITO due to 

their excellent optoelectronic performances. However, CuNW films degrade 

very quickly because of the oxidation of Cu. Many methods exist to passivate 

CuNW films from their oxidation and will be explored in the following 

paragraph. 
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 Protection of CuNW TC against oxidation: addition of a coating 
 

In order to avoid the oxidation of NW films, researchers have investigated the 

addition of a coating on top of the films. A good coating should protect the film 

while keeping its optoelectronic properties unchanged. For instance, Im et al. 

100 have reported the fabrication of CuNW on glass-fabric reinforced plastic 

(GFRHybrimer) via vacuum transfer printing. The NW are then annealed, and 

subsequently UV cured in order to embed them in the GFRHybrimer. The 

transmission of the films after encapsulation in the plastic matrix remained 

unchanged and the resulting films possessed a Rs of 25 Ω/□ for a transmission 

of 82%. Films with a Rs= 18 Ω/□ showed no significant changes in the 

electronical properties after 14 days left at 80°C in air.  

Recently, researchers have focused their attention on combining CuNW with 

reduced Graphene Oxide (rGO) in order to prevent the oxidation of the films.  

Zhu et al. 101 spun coat on top of a CuNW film a layer of ZnO, synthesised  via a 

sol-gel method, and a reduced Graphene Oxide (rGO) layer as an overcoat. The 

optoelectronic properties of the film remained quite good: the transmission of 

the films dropped from 88% to 79% with the addition of both layers. However, 

the resistance of the film was improved. A scotch tape peel test showed that 

ZnO enhanced the adhesion of NW films on the surface while the rGO layer 

helped to passivate the film in harsh conditions: after 4 days kept at 85°C and 

85% humidity, the Rs of CuNW/ZnO/rGO composites increased slightly while 

the Rs of CuNW/ ZnO films increased up to 20 times under the same conditions. 

Dou et al. 102 have synthesised a single step core-shell Cu/rGO NW with a 

diameter below 30 nm. The resulting films exhibited optoelectronic 
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performances similar to AgNW ones: Rs = 28 Ω/□, T= 90% and a haze factor of 

4% as shown in Figure 11. The films showed an increase of only 2 Ω/□ when 

annealed at 80°C, over the 50-hours study and the films were air stable in a 

period of 200 days.  

 

 

Figure 11. Left: TEM picture of CuNW coated with rGO. Upper right: schematic 
illustration of core-shell CuNW/rGO TC and bottom right: picture of the different TC 
films with different thicknesses 102. 

 

Zhang et al. 103 have synthesised hybrid materials composed of CuNW and rGO 

nanosheets bridging between NW. The resulting films deposited on a 

polystyrene cloth which was prepared using a vacuum filtration method, 

exhibited a high conductivity (0.8 Ω/□). The rGO helped the passivation of 

CuNW: the conductivity of the film increased only to 3.8 Ω/□ with the addition 

of the nanosheets.  Hsu et al. 104 used atomic layer deposition (ALD) to coat 

NW with both Aluminium doped Zinc oxide (AZO) and Aluminium oxide 

(Al2O3) passivation layers. They showed that AZO and Al2O3 had a synergetic 

effect where AZO improved the reliability of the network while Al2O3 
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increased its resistance to oxidation. The transmittance of the film remained 

excellent with only 1% transmittance decrease with the addition of the 

coating.  

This section has shown that the addition of a suitable coating is an efficient 

method to prevent NW films oxidation. Recently, another interesting way to 

passivate NPs in general has emerged. The procedure consists in combining 

different metals in order to form either core-shell or alloyed NPs 58,105-107 and 

will be the focus of the next part.  
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 Fabrication of bimetallic NW hybrids: core-shell, alloys and 

their applications 
 

 Introduction 
 

Several research groups have directed a great deal of attention towards the 

synthesis of bimetallic NPs 108-110, which have shown different properties from 

their monometallic counterpart.  Advantages of associating different metals to 

form NPs are multiple: more mechanical and chemical stability 86 and an 

increase in the NPs catalytic properties 105,111. 

A great amount of efforts has been placed on developing syntheses methods 

capable of tailoring bimetallic NCs with specific atomic-scale features. 

Currently, many methods developed by diverse research groups have 

contributed to the synthesis of a wide-spectrum of bimetallic NCs: linked 

monometallic NPs 112, core-shell 105,113,114, alloys 115-117 and hollow 118-120 are 

among the structures possible. A representation of the different atomic 

organisations adopted by Platinum-Ruthenium (PtRu) NPs is shown in Figure 

12. As for monometallic NPs, they can be synthesised either by chemical (soft-

template synthesis 121, solution process 86,122) or physical (atomic layer 

deposition 123, electrodeposition 124) routes.  Although comprised of only two 

elements, it is not quite easy to define bimetallic NPs as they can differ in many 

ways such as atomic ordering (alloys, intermetallics, core-shell…), crystal 

structure, internal structure (presence of twin defects or stacking faults) or a 

combination of these factors. In order to simplify this review, I will distinguish 

bimetallic NPs according to the spatial distribution of their atoms. Since this 
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field of study is very new, the review will be extended to metallic NPs in 

general.  

 

 

Figure 12 Representation of the different atomic organisations of Pt and Ru for an alloy, 
a core-shell and linked monometallic NPs structures 112. 

 

 Fundamental differences between core-shell and alloys 
 

In this review two type of bimetallic atomic ordering will be investigated: 

alloys and core-shell structures. A bimetallic NC is considered to be an alloy 

when two metals are randomly distributed within the NC while core-shell 

structures imply that there is a well-defined boundary between both elements 

125. Alloys and core-shell structures tend to have different physical properties 

even though they have the same chemical composition. The synthesis of both 

alloy and core-shell NCs require different syntheses methods: thermodynamic 

consideration such as atomic interaction and surface energy will decide on the 

final configuration of the atoms within the crystals but kinetic (nucleation, 

growth rate…) needs also to be taken into account 126-128.  

The formation of either alloys or core-shell NCs are based in some 

fundamental differences. In order to obtain an alloy, the mixing of two metals 

M and N will be favoured if the M-N bond is stronger than M-M and N-N bonds, 
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the two metal have similar lattices parameters and the metal have similar 

surface energy 129,130. However, these parameters are only considered in 

thermodynamically stable environment: if the kinetic of the reaction is not 

met, for instance the temperature of the reaction is too low 89, the atoms are 

hindered from bulk diffusion and they might form a core-shell structure 

instead. Increasing the temperature of the synthesis is often required to 

promote the decomposition of the precursors and their interdiffusion. 

Choosing highly miscible metals M and N is a preferable requirement to form 

alloys. The thermodynamic can predict the formation of an alloy or an 

intermetallic NC by taking into account the Gibbs free energy of the mixture 

ΔGmix that is defined by 127: 

 

𝛥𝐺𝑚𝑖𝑥 = 𝛥𝐻𝑚𝑖𝑥 − 𝑇𝛥𝑆𝑚𝑖𝑥 (8) 

 

Where ΔHmix and ΔSmix are the changes in enthalpy and entropy and T the 

absolute temperature.  

 

Some bimetallic structures will naturally favour the fabrication of core-shell 

structures. They are often regarded to be easier to form than alloys, because 

they require less care during the synthesis. Currently, the synthesis of core-

shell structures with ultrathin shells have garnered a great deal of attention 

because they enhance the properties of NCs while increasing their anisotropy 

in case of NW. When the shell metal has a high cost, ultrathin shell structures 

help to reduce the cost of the synthesis. Another advantage is that the ultrathin 
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shell enhances catalytic activity. For shell thickness superior to 6 atomic 

layers, it is often accepted that the properties (optical, magnetic) are 

dominated by the shell. In case of NW structures, the increase of shell 

thickness also reduces the anisotropy of the NW 86. However, there are 

advantages in having a thick shell as it can tune the optical property of the NC 

by shifting the Surface Plasmon Resonance (SPR) 131 and in some cases it 

enhances the chemical and/or thermal stability. Different synthetic 

approaches are used to synthesise bimetallic NCs and will be reviewed in the 

next section. 

 

 Synthesis methods to produce core-shell and alloys 
 

 Synthesis of alloys 

 

The co-reduction involves the simultaneous reduction of two metallic 

precursors M and N into zero valent M0 and N0 metals that will nucleate 

together and grow to form MN NCs. The co-reduction involves an extremely 

important parameter which is the standard reduction potential of the 

precursors 132. It is often required that the reduction potential of two species 

M and N need to be close enough to form an alloy. This reduction potential 

depends on the nature of the coordinating ligand, the capping agent and the 

reaction temperature.  

The kinetic of the reaction is also an important parameter as it defines the rate 

in which the metal precursor will be reduced to generate metal atoms. It 

implies the rate at which an electron is transferred from the reducing agent to 



61 
 

the metal precursor which is defined by the Marcus theory 133 and is related 

to the distance between the electron donor and acceptor. The expression of 

the rate constant for the electron transfer is expressed by: 

 

𝑘 = 𝐴. 𝑒
−𝛥𝐺

𝑘𝐵𝑇⁄  (9)   

 

Where A is a factor dependent on the distance between the molecule that 

donates the electron and the one that accepts it, ΔG is the free Gibbs energy, kB 

is the Boltzmann constant and T the absolute temperature.  

Therefore, the kinetic of an electron transfer and the thermodynamic stability 

of reactants, products and other interacting species are linked.  

The reduction potential of the species is an important parameter for bimetallic 

NCs 58: species with higher standard reduction potential (more noble) will 

reduce first than species with lower standard reduction potential. Therefore, 

in case of a co-reduction method, metal species with quasi similar standard 

reduction potential are privileged. In some cases, the co-reduction of metal 

species can be achieved by increasing the concentration of one metal 

precursor that can compensate a slower reduction. For instance, Wang et al. 58 

have been able to synthesise AuAg alloys by increasing the content of AgNO3- 

over HAuCl4- despite the fact that Au3+/Au and Ag+/Ag have reduction potential 

of 1.5 V and -0.8 V respectively. The role of chloride ions has been evidenced 

as the driving force for the alloy formation. Kim et al. 134 have used the same 

technique in order to simultaneously reduce Au(acac)3 and Cu(acac)2 to 

produce Au, Au3Cu, AuCu3, AuCu and Cu nanosphere alloys by varying the 
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concentration of the precursors. The effects of the chemical composition on 

the optical and structural properties of the NC are shown in Figure 13. This 

method works also for species that have very similar reduction potential: Liu 

et al. 135 have shown that Pd-Pt alloyed NCs can be prepared in OLA using 

Pd(acac)2 and Pt(acac)2 as precursors. 

 

 

Figure 13. a) TEM image of AuCu3 NPs, the scale bar is at 100 nm, b) XRD patterns of 
Au–Cu bimetallic NPs compared with XRD patterns of Cu and Au and c) Ultraviolet–
visible spectra of Au–Cu bimetallic NPs compared with the SPR peak of pure Au 
(~523 nm) and Cu (~570 nm) NPs shown by the dotted lines 134. 

 

Very few alloyed NW have been reported, mainly for PtNW and ultrathin 

AuNW 136,137. Peng et al. 138 have synthesised worm-like dependent 

composition growth PtAg NW. Similarly, 1:1 AgAu NW alloys have been 

reported by Krichevski et al. 137 which are obtained by increasing the Ag+ 
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concentration up to 2:1 Ag:Au initial molar ratio, lowering the pH to 5, and 

increasing both surfactant and reducing agent concentrations.  

 

 Synthesis of core-shell NCs 

 

Regarding core-shell structures, several reports have shown the successful 

synthesis of bimetallic NCs. The formation of a core-shell follows usually the 

seed-mediated growth explained in the section 2.2.3.2.2. Habas et al. 139 have 

for instance demonstrated that the formation of PdPt core-shell NCs was due 

to the addition of Pd atoms on Pt nanocubes. Gao et al. 140 have synthesised 

AuAg core-shell nanoplates using the same method. The Au shell helped the 

chemically reactive Ag to resist against harsh environments such as low and 

high pH solutions, enhancing the chemical stability of the nanoplates. The 

core-shell fabrication follows a sequential reduction of the different 

precursors where the M precursor which reduces first (the more noble 

material) will act as a heterogeneous site for N precursors. Li et al.141 for 

instance, have shown that Au decahedral seeds formed first and served as base 

for the nucleation of Ag in the AgAu nanorod synthesis.  This technique is very 

popular for the synthesis of core-shell NW. Regarding CuNW, many research 

groups have focused their attention in synthesising CuNi core-shell structures. 

Although Cu and Ni are highly miscible, Cu2+ and Ni2+ species have a reduction 

potential of 0.34 V and -0.25 V respectively, rendering difficult the synthesis 

of alloys in normal conditions. The team of Zheng 122 was the first one to report 

a one-pot synthesis of CuNW coated with Ni. Similarly to their previous 

synthesis on CuNW 43, the reaction took place in a chemical bath and was 
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heated up to 80°C. Ni and Cu precursors were added into the alkaline solution 

of NaOH, Ethylenediamine (EDA) was used as a capping agent and hydrazine 

was added as a strong reducing agent. This synthesis of cupronickel NW relies 

therefore on the difference of potential between the couple Cu2+/Cu and 

Ni2+/Ni, resulting in the formation of NW with a Cu core and a Ni shell. The 

authors attributed the origin of the formation of the Ni shell to the presence of 

defects on the surface of CuNW, prone to surface oxidation upon exposure to 

air 86. This one-pot synthesis produced long NW with an average length of 20 

µm and a diameter of 200-300 nm.  They have also shown that the addition of 

a Ni shell changed the properties of these NW by making them magnetic, 

therefore confirming that the NW properties are now influenced by the shell.  

Rathmell et al. 27 reported a two-pot synthesis of Cucore/Nishell. CuNW 

synthesised following the procedure explained in 2.2.3.2.1, were dispersed in 

ethylene glycol while PVP, nickel salt and hydrazine were added sequentially. 

The NW exhibited a 2:1 Cu:Ni molar ratio for an average length of 25 µm and 

a diameter of 116 nm. As a result of the addition of nickel, cupronickel NW 

crystalline structure differed from their monometallic counterpart exhibiting 

a 5-fold twinned crystal structure and a pentagonal cross section. The research 

group has been successful in fabricating TC based on this material: the 

resulting core-shell NW films exhibited a sheet resistance of 60 Ω/□ while the 

transmittance passed from 94% to 85% with the addition of the shell 86. The 

decrease in transmittance can be attributed to an increase of the diameter and 

the increase in Rs to the lower conductivity of Ni over Cu.  However, CuNi core-

shell films shown in Figure 14 were 1000 times more resistant that CuNW 

films. In comparison, in an oven at 85°C, the Rs started to increase by an order 
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of magnitude after 1 day for CuNW films and 13 days for AgNW films while 

CuNi core-shell films remained stable over a period of a month.  

 

 

Figure 14. Energy dispersive X-ray spectroscopy images of CuNW coated with nickel 86 . 

 

One advantage of coating CuNW with Ni is that the colour of the film changes 

from red to grey and therefore these core-shell NW might be more suitable for 

application such as displays. Other metals have been coated instead of Ni, such 

as Zn, Sn and In 142 using a two steps solution approach and the optoelectronic 

properties of the film remained the same with a loss of transmittance of about 

7%. In order to improve the transmittance, the authors proposed to expose 

the thin film to oxidising solutions such as a diluted solution of H2O2 for 15 

min. This improved the transmittance of the film passing from 75% to 84% 

while keeping the same value of Rs. The gain in transmittance was probably 

due to the NW etching that resulted in a decrease in diameter. Song et al. 143 

have successfully synthesised Cu@Cu-Ni NW elastomer composites in a single 

phase synthesis using CuCl2 and Ni(acac)2 in presence of OLA. The resulting 

films exhibited a transparency of 80% with a Rs of 62 Ω/□. These composite 

films were very stable, and the conductivity remained constant for up to 1200 

days.  Mehta et al. 144 have reported the fabrication of CuNWcore/ grapheneshell 



66 
 

films resulting in an improvement of both thermal and electrical conductivity 

of the films. These results have been attributed to a passivation of CuNW with 

graphene and a partial elastic surface scattering that increased the electron 

transport through the wire.  

 

 Other parameters influencing the synthesis of bimetallic NCs 

 

According to Marcus theory, the addition of chemicals that link with the metal 

precursor can affect the reduction potential and the reduction kinetic 133,145. 

Therefore, researchers have focused their attention towards the addition of 

additives in order to enhance the reduction of metal precursors. Any species 

added to the reaction might have an effect on the reduction of metal 

precursors. For instance, ligands have been found to be critical in the 

formation of metal shaped NPs. Therefore, Dimitrov et al. 146 have shown that 

Pt-Cu nanocubes alloys can be formed with the addition of a dial derivative 

(1,2-tetradecanediol or TDD) in presence of OLA and other ligands. They 

demonstrated that TDD was responsible for the co-reduction of Pt2+ and Cu2+ 

ions and that the ratio between the metal precursors, the amount of 

stabilising/coordinating agents as well as reaction temperature could tune the 

final composition of the nanocubes.  

The capping agent is another parameter that can modify the final shape of the 

NCs. A non-exhaustive list of capping agents such as ions, gases, ligands, 

surfactant, and polymers 107,147-150 have shown to be effective in the shape 

control of NPs for monometallic synthesis. In case of bimetallic NCs, the 

capping ligand that are effective for the monometallic counterpart might not 
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produce the same results. However, some cases have reported that capping 

ligands designed the final shape of bimetallic crystals. For instance, Yin et al. 

151 have found that in presence of CO42- ions, Pd-Pt alloyed NCs presented a 

tetrahedral shape while in the presence of Br- and low quantities of I- ions, 

nanocubes alloys were formed.   

 

 Application of bimetallic NCs 
 

The formation of bimetallic NCs is proven to be an excellent tactic to unveil 

new optical and catalytic properties capable of overcoming issues 

encountered with their monometallic counterparts. Bimetallic NCs have 

directed a growing attention for catalytic applications such as Oxygen 

Reduction Reaction (ORR), Formic Acid Reaction (FAO) and Hydrogen 

Evolution Reaction (HER). The ability to tune the chemical composition, 

morphology and even the shape of the edge of bimetallic NCs have proven to 

enhance the activity of these particles. The next section will present an 

overview of the different applications of bimetallic NPs and NW. 

 

 Pt-based NCs 

 

Pt is arguably the most promising catalyst, but Pt is also very scarce and 

therefore very expensive. Many groups have combined Pt with different 

elements in order to decrease the cost while enhancing its activity. For 

instance, PtCu NCs have emerged as an alternative catalytic material with 

enhanced activity as well as CO tolerance improvements PtCu nanocubes of 
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different compositions have been synthesised by Xu et al. 146 and they used 

cyclic voltammetry to assess the electrochemical activity toward FAO. They 

have shown that the electrocatalytic activity reached a maximum when the 

composition of the alloy was 80:20 Pt:Cu and the performance was 

overpowering the one of pure Pt even after 300 h cycling. After 300 h, they 

observed an electrochemical activity decrease which was attributed to the 

degradation of the core-shell NPs in acidic environment. Therefore, the 

electrochemical reaction of bimetallic NPs is dependent on their composition. 

Recently, Wang et al. 152 have synthesised PtCu NW with an aspect ratio 

superior to 10000 and exhibited superior methanol and ethanol 

electrooxidation in alkaline conditions with an anodic peak value of 0.055 

A.cm-2 for PtCu NW which is higher than pure PtNW (0.045 A.cm-2). The shape 

activity dependency has been pointed out regarding PtxNi NCs. Pt3Ni 

nanoframes 153, octahedra and icosahedra have been studied in the last years 

where Pt3Ni have shown the best performances towards ORR. Doping Pt3Ni 

octahedral with Mo was proven to be effective with a specific activity of 10.3 

mA.cm-2 154. Therefore, combining Pt with non-noble metals allows the 

reduction of the cost while improving the electrocatalytic performances. This 

strategy is also proven useful for the fabrication of enhanced photocatalysts: 

by designing Au nanorods decorated with Pt NPs on the tip, Zheng et al. 155 

have managed to fabricated dual photocatalyst capable of reducing water to 

H2 at the Pt tip while methanol was oxidised at the Au nanorods upon 

irradiation in the visible and near IR light. They attributed this photocatalytic 

activity to a transfer of the charge carriers from Au nanorods to the Pt tip. The 
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effect of the addition of Pt on the PL as well as both mechanism of reduction of 

H2O and oxidation of methanol are shown in Figure 15. 

 

Figure 15. Left, illustration showing the reduction of H2O to H2 by Pt NPs at the tip and 
the oxidation of methanol by the Au nanorod. Right, normalised PL spectra for both Au 
nanorods and Pt decorated Au Nanorods 155. 

 

By controlling the composition, size, shape of structure of the NCs, the suitable 

electrocatalyst can be obtained for each application. The next section will 

cover non-noble bimetallic catalysts and investigate whether the same trend 

is observed.  

 

 Other bimetallic NCs 

 

Aside from Pt based, other bimetallic materials have been investigated 

because they present the advantage of being cheaper than Pt and they have 

proven to enhance electrochemical activities as much as Pt based NCs 156,157. 

Combining bimetallic metals outperform the properties of the corresponding 

pure metal in many examples. For instance, CuAu NCs have enhanced the CO2 

reduction while improving CO oxidation compared to both Cu and Au NPs. The 
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authors noted a peak of activity for Au3Cu 134. Bimetallic NPs of Au/Ag coated 

in silica have improved a Dye Synthesised Solar Cell (DSSC) performance by 

26% 158. The authors attributed this improvement to an increase of the light 

absorption with the apparition of a multipolar SPR resulting in a broader 

capture of the solar light. They have also demonstrated that the addition of an 

Ag shell around the Au NPs increased the light scattering by ten times than Au 

NPs on their own.  

Wang et al .159 have shown that electrocatalytic activities of CuNi were shape-

dependent as shown in Figure 16 where nanocubes displayed higher catalytic 

activities than octahedral NPs of similar composition. Ni based NCs have 

shown to be the most promising non-noble alloys for HER applications even 

though Ni possesses a low electrocatalytic activity. Ni-Mo alloys are the most 

active catalyst in alkaline solution owing an overpotential of 0.1V at 300 

mA/cm2 157.  

 

 

Figure 16. Left: TEM pictures of Ni-Mo octahedral (top) and nanocube (bottom) alloyed 
NPs, right: classification of the catalytic activity of the Ni-Mo alloys according to their 
chemical composition and shape 159. 
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Nanopowders of Ni-Mo which can be deposited in any substrate have been 

fabricated 160. The advantage is that with a very few catalyst loadings, an 

overpotential as low as 100 mV and current densities of 10 mA/cm2 was 

obtained. Wang et al. 161 have studied further the Ni-Mo NPs by 

eletrodepositing them onto a Cu foam which increased the surface area, 

overpowering the Pt standard with a 34 mV overpotential at a current density 

of 20 mA/cm2 and presented a good stability for 1000 potential cycling. Gong 

et al. 162 exploited the ability of non-noble metals to form oxides by creating a 

Ni/NiO core-shell structure on carbon nanotubes with catalytic activities 

similar to Pt.  

Fewer non-noble bimetallic NPs were reported to be efficient in acidic 

environment due to a rapid corrosion of the elements. Tavakkoli et al. 163 

overcame this problem by fabricating hybrid carbon nanotubes decorated 

with Fe NPs coated with graphene. The graphene shell proved to be efficient 

in protecting the core against corrosion in 0.5M H2SO4 solutions. This 

structure showed similar performances than Pt standards and an excellent 

stability.  

In conclusion, I have shown that bimetallic NPs and NW have a huge potential 

in electrocatalytic applications. This area being quite new, fewer studies on 

NW as electrocatalysts were reported compared to other NPs. However, with 

their high surface/volume ratio as well as their capacity to form more complex 

structures, I believe that bimetallic NW for electrocatalytic application will be 

the new emerging area in the upcoming years.  
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 Conclusion of the bimetallic NC study 
 

This section has revealed that the synthesis of bimetallic NCs in general is a 

very complex procedure. Differences in the crystalline structure and the 

atomic ordering lead to materials with different properties. Thermodynamic 

parameters as well as kinetics considerations need to be considered in order 

to obtain the desired material. The complexity of the synthesis allows the 

design of diverse materials: metal-metal alloy NPs and NW have been 

successfully obtained by adjusting the reaction parameters allowing their 

simultaneous reduction. Various core-shell structures with ultrathin to very 

thin shells can be obtained nowadays which unveils a palette of new 

properties and new applications. For instance, hybrid core-shell CuNi and 

Cu/rGO TC have been fabricated with better optoelectronic properties and a 

better resistance to oxidation. These core-shell NW still suffer from an 

increase of their resistance due to an increase of their diameter, however.  

A better understanding of the parameters required for the synthesis of 

bimetallic NCs allowed researchers to tune their shape and chemical 

composition and some have shown outstanding electrocatalytic activities in 

different domains such as HER and ORR. Therefore, in order to pursuit the best 

optoelectronic and electrocatalytic performances possible, the research needs 

to move towards the fabrication of Cu based NW alloys and explore the broad 

new applications they can offer.  
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     Conclusion of the literature review 
 

CuNW have the potential of being the next generation TC as well as a treasured 

catalyst owing their excellent optoelectronic properties and their low cost. In 

the last few years, CuNW films have improved greatly due to a better 

understanding of the material and a better control of the NW defects. 

Combining CuNW with other materials such as graphene oxide or other metals 

to obtain core-shell structures is a very effective method to passivate the 

surface of the wire. Therefore, highly conductive, transparent and stable 

CuNW thin film hybrids have been achieved. Regarding the performances of 

TC, CuNW is now similar to AgNW and ITO. 

Therefore, this thesis will focus on the synthesis of CuNW and Cu based NW 

and investigates the fabrication and application of CuNW based TC in the next 

chapters. The next chapter will show the different experimental techniques 

used for NW synthesis, TC fabrication and application.   
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3 Materials and methods 
 

This chapter discusses the different experimental methods used to produce 

both NW and NW TC. These comprise the methods to synthesise NW, their 

surface modification, NW characterisation, thin film fabrication and testing.  

 

 NW synthesis 
 

 General method  
 

 CuNW synthesis 

 

CuNW were synthesised using a modified version of the method reported by 

Guo et al6. In a typical procedure, 2.4 mmol of CuCl2.2H20, 1 mmol of Ni(acac)2 

and 20 mL of OLA were added to a three neck round bottomed flask with a 

Liebig condenser attached. A summary of the quantity of reagents are 

summarised in Table 1 and a schematic of the apparatus is shown in Figure 

17. 

 

 

Table 1. Summary of the reagents and the quantity used for the synthesis of CuNW.  
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Under a gentle flow of argon, the mixture was first heated up at 80°C until all 

the precursors had dissolved and then heated to 180°C for 3h.  After reaction, 

the mixture was left to cool to room temperature. 20 mL of hexane was added 

to the mixture and transferred to a 50 mL vial. A 1:1 mix of a non-polar/ polar 

(acetone/hexane) solvents was then added. Acetone helps to remove excess 

surfactant while hexane is a good solvent for dispersing NW. The mixture was 

then vortex mixed, sonicated for 5 min and centrifuged at 6000 rpm for 5 min 

three times to remove the excess of ligands. CuNW were finally re-dispersed 

in toluene and stored in a N2 environment. The product was primarily 

composed of NW. By-products in the form of cubic and spherical nanoparticles 

of different diameters were also present. 

 

 

Figure 17. Schematic of an apparatus containing CuNW, zoom on a wire.  
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 NiNW synthesis 

 

In a typical synthesis, 2.1 mmol of NiCl2, 0.8 mmol of Zn(acac)2, 15 ml of OLA 

and 5 ml of ODE were added to a three-neck flask and the synthesis was 

carried out in the same way than for CuNW synthesis which was detailed in 

the previous section.  

 

 Lamellar phase 
 

 CuNW grow within a lamellar phase composed of hydrophobic alkyl chain 

bilayers and amine groups. OLA is used here to reduce CuCl2 into copper seeds 

which further grow into CuNW as shown in Figure 18. After the synthesis, 

cleaned CuNW are redispersed in hydrophobic non-polar solvents.  

 

 

Figure 18. Schematic of a lamellar phase.  
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 Effect of Ni precursor 
 

Regarding CuNW synthesis, the presence of Ni(acac)2 helps to decrease the 

amount of time necessary to reduce the Cu2+ precursor. In fact, without the 

nickel salt, Yang et al.164 have synthesised CuNW with a length of 30 µm and a 

diameter of 63 nm using CuCl and OLA at 170 °C in a total period of 61h. This 

time was necessary to increase the length of the NW.  The mechanism can be 

described as follows: first OLA reduces a small amount of Ni into Ni0 and a 

potential difference between the metallic Ni and Cu2+ results in the reduction 

of Cu2+ into metallic Cu and metallic Ni0 goes back to its original state. The Ni2+ 

ions are washed away during the cleaning process described above. 

 

 Fabrication of TC 
 

Thin films were fabricated using a transfer stamp method which will be 

detailed in the following paragraphs. 

 

 Substrate pre-treatments 
 

Depending on the nature of the NW (either hydrophilic or hydrophobic), the 

substrate needs to be treated in consequence. I will explain the two mains 

methods I developed depending on the nature of the NW. 
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 Hydrophobic treatment: Silane treatment  

 

CuNW in toluene are wrapped with an organic layer of OLA that renders them 

hydrophobic. Therefore, NW can adhere more easily onto hydrophobic 

substrates. Glass is naturally hydrophilic due to the presence of OH bonds. In 

order to make it hydrophobic, a silane treatment of the glass was proceeded 

as follows: glass substrates were soaked in a 5 wt% solution of 

trimethoxy(propyl)silane in toluene for a minimum of 24 hours then left to dry 

for 10 min in a fumehood. No further treatments were required. 

 

 Hydrophilic treatment 

 

Due to the presence of defects, Cu is a naturally hydrophilic element and a 

hydrophilic treatment can be applied. 

 

 Lactic acid treatment 

 

First , a lactic acid treatment has been proceeded using the method developed 

by Won et al.165 with slight modifications. Few drops of a commercially 

available lactic acid solution were added to the pre-centrifuged NW which 

were then redispersed in ethanol, vortexed for 1 min and centrifuged at 3000 

rpm for 2 min. Then, 10 ml of ethanol were added, and NW were centrifuged 

at 2000 rpm for 1 min and redispersed in ethanol. The formula of lactic acid is 

given in  Figure 19. 
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Figure 19. Skeletal formula of a lactic acid isomer.  

 

 O2 plasmod glass treatment  

 

To improve the adhesion of the lactic acid-treated NW with the substrate, 

Nanotech PLASMOD plasma chamber purged with O2 gas was used to treat the 

glass top surface with charged O2 plasma. The chamber was initially evacuated 

to below 100 mTorr using a rotary pump. The chamber was then purged three 

times with O2 gas for 10 seconds. Then, a plasma was formed at a power of 100 

mVolt under constant H2/N2 gas flow of 120 mTorr and the glass was treated 

for 10s. 

 

 Vacuum filtration method 
 

100 µm of the as-synthesised NW were diluted in either 10 ml of toluene 

(hydrophobic treatment) or 10 ml of isopropanol (hydrophilic treatment). 

Between 50 µl to 500 µl of solution were dropped onto either a PVDF 

membrane (hydrophobic treatment) or a cellulose mixed membrane 

(hydrophilic treatment). Depending on the method chosen, a treated glass 

substrate was applied on top of the membrane with some pressure. The 

structure was flipped over, and the membrane was gently peeled off 
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transferring the NW network onto the glass. A schematic of the procedure is 

shown in Figure 20.  

 

 

Figure 20. Schematic of the vacuum filtration process. 

 

 NW thin film anneal 
 

NW thin films prepared according to the hydrophobic method mentioned 

above, were not conductive yet due to the presence of the organic layer. 

Therefore, an anneal step was required in order to remove the conductive 

layer. Prior to the anneal, NW surface was treated with an H2 plasma for 30 s 

at 120 mTorr. This pre-annealing step helped to remove a part of the organic 

layer. Then the films were inserted in an oven and annealed at 200°C for 2h 

under a H2/N2 flow. The anneal step allowed to fuse NW contacts and 

therefore reduced the overall resistance of the film. For films treated using the 

hydrophilic method, the effect of the annealing on these films will be 

investigated in chapter 5.  
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 NW composite film fabrication 
 

 Top layer preparation 

 

 Zinc Oxide (ZnO) synthesis 

 

ZnO NCs were synthesized using the method adapted from Pacholski et al. 166 

and Li et al.167: 2.95 g of zinc acetate dehydrate (Zn(ac)2) were dissolved in 

125 ml of methanol and kept, under stirring, at 60°C while 1.48 g of potassium 

hydroxide (KOH) were dissolved in 65 ml of methanol. Then, the solution of 

KOH was added dropwise to the Zn(ac)2 solution and the reaction mixture was 

kept, under stirring, at 60°C for 2.5 h. The mixture was centrifuged at 6000 

rpm and washed twice using methanol. Finally, a mixture of 5 ml of chloroform 

and 5 ml of methanol was added to dissolve the ZnO precipitate and the 

solution was filtered using a 0.45 μm polyvinylidene fluoride (PVDF) filter 

(bought from Merck Millipore). 

 

 PEDOT: PSS, Ethylcellulose, PVP and polystyrene  

 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) was 

bought from Sigma Aldrich and was filtered using a 0.45 μm PVDF filter before 

spin coating. The 1wt% polystyrene, ethylcellulose and PVP solutions were 

prepared by mixing 1.15 g of polystyrene or ethylcellulose in 10 ml of toluene 

and 1.3 g of PVP in 10 ml of ethanol. The solutions were then sonicated using 

an ultrasonic bath at 35°C until complete dissolution. 
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 NW TC film preparation 

 

The as-prepared polymers and ZnO solutions were then deposited on top of 

the NW film using a spin coater at 2000 rpm spin for 1min. The films were 

kept in the fumehood for 20 min to ensure that all the solvent had been 

evaporated. NW composites films were stored in a glovebox under a N2 

environment until characterisation. 

 

 NW surface treatment: plasma treatment  
 

Different plasma treatments were used to treat the NW film. H2/N2 and O2 

plasma treatments were carried out using the procedure described in 

paragraph 3.2.1.2.2. The thin films were treated for 10 s regardless of the gas 

used. A more detailed procedure will be explained in chapter 5.    

 

 Characterisation of NW 
 

 UV-VIS 
 

UV-Vis is an absorption spectroscopy in the UV-Visible region. For transition 

metal NPs such as Au, Ag and Cu, it is used to assess the SPR peak. Light 

absorption of CuNW was measured on a Cary Varian 4000 UV-VIS-NIR 

spectrophotometer. For solution measurements, diluted CuNW solutions (5 

mg/ml in toluene) were added in a quartz cuvette. For solid films, CuNW thin 

films on clean glass substrate were analysed. Before each measurement, a 

baseline setting both the 100% transmission and 0% transmission were 



83 
 

measured. Measurements were always taken against a reference sample 

which was either pure toluene for solution measurements or a clean glass 

substrate for film measurements. 

 

 FTIR 
 

Fourier Transform Infrared (FTIR) spectroscopy is a powerful tool to identify 

the functional chemicals groups of a sample by measuring the molecular 

absorption in the infrared. In order to assess the changes in chemical 

functional groups of ligands and solvents used in this thesis, OLA, non-

coordinating solvent and their mixture with the addition or not of Cu2+ salts 

were measured using a Varian UMA-600 spectrometer in the Attenuated Total 

Reflection (ATR) mode. Details of the measured samples are listed in the 

relevant sections of chapter 4. Samples were prepared by drop casting 

solutions on glass. The final spectrum of a sample is an average of 64 scans and 

the background is taken into account and deducted by the software. The scans 

were then analysed using Origin® as a software.  

 

 XRD 
 

XRD was used in this study to identify CuNW and CuNi NW crystalline 

structures.  XRD analysis was performed using a Philips Theta-2-Theta X-ray 

diffractometer with Cu K radiation (L=1.5418 Å). The scanning speed was as 

low as 15min/1° due to the small thickness of the film. Samples were prepared 
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by drop casting thick (15 mg/ml) NW dispersions onto 20*20 mm2 glass 

substrate.  

 

 SEM 
 

SEM images were taken using a JEOL JSM-840F Scanning Electron Microscope 

(SEM), equipped with a cold cathode field emission gun, at a voltage of 5 kV. 

Typically, Cu and CuNi NW were drop cast onto a 10*10 mm2 silicon chip glued 

on a 12.5 diameter metal holder. A 3-nm platinum coating was deposited on 

top of NW to render the film conductive. Images acquired by SEM were used 

to assess NW quality as well as determining the averaged aspect ratio of about 

100 synthesized Cu and CuNi NW.  ImageJ® software was used to measure 

both NW length and diameter.  

 

 TEM 
 

To assess the morphology of NW, determine their composition and their 

crystallinity, NW were examined under a JEOL 2010 TEM, with EDX capability, 

operating at 200 kV and the Oxford JEOL 2200MCO Aberration Corrected, 

Monochromated FEG-TEM operating at 200 kV. The JEOL 2200MCO was 

operated and was used to obtain more precise images. TEM samples were 

prepared by making dilute dispersions of NW and drop cast few µl on a TEM 

grid (lacey carbon Au grid) that was dried in ambient conditions. No additional 

treatments were performed unless specified. High-Resolution Transmission 

Electron Microscopy (HRTEM) analyses were carried out by Miss Inji Yeom, a 

colleague in our lab, Dr Christopher Allen and Professor Andrew Watt.  
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 STEM 
 

Scanning transmission electron microscopy (STEM) was used to obtain 

elemental mapping and line scans of NW composition and elements 

distribution via Energy Dispersive X-ray Spectroscopy (EDX). They were 

performed using the JEOL 2100 with LAB6 source and the JEOL 2200MCO 

Aberration Corrected, Monochromated FEG-TEM operating at 200 kV. The 

STEM analyses were carried out by Miss Inji Yeom, Dr Judy Kim and Professor 

Andrew Watt.  

 

 MicroXam 
 

2D and 3D Maps and roughness values of the CuNW network were assessed 

using an Omniscan MicroXAM 5000B 3D. For each image, the arithmetic 

average of 3D roughness Ra was measured in a region of 0.6617 mm2 by 

summing the averaged roughness of surfaces of peaks and valleys. Both 

surface and confocal images were taken.  

 The advantage of the MicroXAM is that it is a non-contact surface analysis 

technique and therefore it does not damage the surface of the film. Images 

processing and data analysis were later performed using the free Gwyddion® 

software.  

 

 Four-point probe  
 

Measuring the resistivity of NW films helps to assess how well NW are 

interlinked together i.e. how well the film can conduct the electricity from one 
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point to another. The four-point probe is the technique chosen to measure the 

film resistance owing its capacity of measuring an intrinsic resistance of the 

thin film regardless of its thickness.  

The four-point probe consist on four tungsten probes that are equally 

separated. Two outer probes display a current which is made to flow between 

the two outer probes while the two inner probes measure the corresponding 

voltage, making the resistivity of the probes insignificant. This technique 

presents therefore an advantage compared to a classic multimeter (or two-

points measurement) where the high resistance of the probes can throw off 

the reading.  

The resulting voltage, ΔV, was then measured between the two inner probes. 

Since the thin film measured is of semi-infinite volume and the interprobe 

spacings s1=s2=s3=s, the Rs can be calculated using the simplified equation 

below 168:  

 

𝑅𝑠ℎ𝑒𝑒𝑡 =
2𝜋

𝑙𝑛 (2)

𝑉

𝐼
= 4.52 

𝑉

𝐼
 (10)  

 

 Dektak 
 

A Veeco DekTak 6M Stylus Profilometer was used to assess the average 

thickness of each CuNW thin films according to the volume of CuNW solution 

deposited on the substrate, as well as the film thickness for deposited 

polymers. A diamond-tipped stylus profilometer with a radius of 12.5 µm was 

put into contact with the film surface, was subsequently dragged across the 

surface with a force of 3 mg and measured the height differences (steps) of the 

thin film during the course of a scan. Setting up both stylus radius and stylus 
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force helped to control the depth of measurement and therefore control the 

surface roughness of the film. Prior to the measurement, the NW film was 

cleaned away using a cotton tip dipped in chloroform in order to form a CuNW 

thin film band on the glass substrate so that a zero reference will be taken on 

both sides of the film during the scan.   

 

 Integrating sphere 
 

Due to the scattering effects of Cu which are related to the presence of the SPR 

peak at 580 nm, a part of the incoming light is then reflected in a mirror-like 

reflection (specular) and in many other directions (diffuse). Therefore, an ISP-

REF integrating sphere was used to measure the amount of light reflected. The 

integrating sphere was coated with a specific white diffusing material that 

allowed the light to be evenly distribute over the sphere surface.  

This technique is very efficient to determine the amount of light reflected. 

Measurements were taken between 350 nm and 810 nm. An ocean optics 

STAN-SSH mirror was used as a reference for reflectance measurements. 

 

 Hydrogen Evolution Reaction (HER)  
 

NW synthesised in this thesis were investigated as catalysts for HER. All 

electrochemical measurements were carried out in a three-electrode cell 

using a Multi Potentiostat VMP3 from Bio-Logic. The HER measurements were 

carried out with the help of Professor Mauro Pasta in his lab.  Dispersions of 

CuNW, NiNW, 1:1 and 2:1 CuNi alloys (synthesised with the addition of ZnCl2 
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with 0.81 and 1.23 Zn/Cu initial ratio respectively), and core-shell CuNi NW 

(obtained with the addition of Zn(acac)2 with a 1.23 Zn/Cu initial molar ratio) 

were cleaned using a lactic acid treatment detailed in 3.2.1.2.1 and were 

deposited on a nitric acid pre-treated 1*1 cm2 glassy carbon. The acid 

treatment helped to improve the adhesion between the substrate and the NW. 

Cyclic voltammetry were performed at 100, 50, 20, 10 to determine the 

surface area. The reference electrode (RE) was Ag/AgCl in saturated KCl, the 

counter electrode (CE) a graphite rod and the electrolyte, a 1M HClO4 (pH=1) 

solution purged with nitrogen.  Samples were first electrochemically purged 

in the N2-purged electrolyte for 10 min. Linear scan voltammetry (LSV) were 

taken between 0.25V to -0.25 V at a sweep rate of 5 mV/s. The LSV was used 

to measure the Tafel slope and current density for each sample. 

The Tafel equation which is defined for overpotential η higher to 120 mV, is 

expressed as: 

 

  = a + b log(j) (11) 

 

Where: 

𝑎 = −
2.3𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔(𝑗0) 

 

𝑏 =
2.3𝑅𝑇

𝛼𝑛𝐹
 

 

The LSV generated during the HER measurement will be plotted in the form of 

the overpotential, η, vs. log(j) in order to determine the Tafel slope.  
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The overpotential is defined as the difference between the potential E at which 

the reaction takes place and EHER, the reversible hydrogen electrode (RHE) 

potential given by the Nernst equation. The resulting graph is known as a Tafel 

plot, and a and b can be determined by fitting the linear portion of the plot. 

The intercept will be then used to determine the current density j0.  
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4 CuNW synthesis using non-coordinating solvents 
 

 Introduction 
 

 Interest in synthesising longer and thinner nanowires 
 

Since the publication of the first CuNW synthesis method by Zeng’s group in 

2005 73, several research groups have reported the successful synthesis of 

high aspect ratio NW in either aqueous solutions 26,27,59 or in organic solvents 

6,22,169. In order to fabricate CuNW based TC with the highest optoelectronic 

performances possible, it is necessary to obtain longer and thinner CuNW that 

will minimise the contact between them and therefore reduce the contact 

resistance. A high yield as well as a minimum of by-products (NPs for instance) 

are required.  

 

Guo et al. 6 have reported a CuNW synthesis with aspect ratios above 1000. 

However, their synthesis takes more than 10h to obtain less than a gram of 

NW. In order to obtain high aspect ratio NW with a higher yield and in a 

shorter time, this chapter will focus on the effect of the addition of a non-

coordinating solvent in the synthesis. It is well known that organic ligands 

have an effect on the growth mechanism and physical properties of the final 

product 170,171. This reactivity can be tuned by adding a non-coordinating 

solvent; non-coordinating solvents are compatible with many ligands and tune 

the ligand concentration 171,172. For instance, in the case of CdS NPs, the 

addition of ODE helps to dilute the ligand which affects the reactivity of the 

monomer 172. ODE is a well-established standard non-coordinating solvent 
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used in various systems 171,173-175 . It has a high boiling point, 320°C that allows 

it to remain stable during the synthesis of CuNW. It is important to note that 

the non-coordinating solvent does not participate in the synthesis but 

modifies the ligand-ligand and ligand-NW interactions. In this chapter, I will 

study the effect of the addition of different alkyl chain lengths (between C8 to 

C18) of alkenes and alkanes in the synthesis and study their impact on the 

morphology and size of the final product.  

In the first part of this chapter, I will investigate the effect of a non-

coordinating solvent in different systems:  

1) Addition of different volumes of ODE in a Cu(OLA) system; 

2) Addition of different ratio of OLA:ODE with a given volume of ODE; 

3) Effect of the double bond using different sizes of alkane chains; 

4) Effect of the size of the chain of the non-coordinating alkene. 

 

In the second part, I will understand the interactions occurring between the 

non-coordinating solvent, the capping ligand and the precursor.  

 

 CuNW synthesis 
 

The XRD in Figure 21)a) shows that the as-synthesised CuNW possess the 

diffraction peaks associated with the (111) and (200) planes of a face-centered 

cubic (fcc) structure with a lattice constant equal to a0 = 3.615 Å. Using an 

absorption spectrometer, I observe that the NW exhibit a typical 580 nm SPR 

as shown in Figure 21)b). While the SEM picture in Figure 21)c) shows the 
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wire-like shape of the NW. I observe that NW form well aligned bundles 

separated by a thin organic layer that are seen more precisely in the HRTEM 

pictures in Figure 21)d).  

 

 

Figure 21. a) XRD of a CuNW film, b) UV-VIS of CuNW dispersed in toluene showing an 
SPR peak at 580nm, c) SEM of few NW dropped on a silicon chip d) HRTEM image of 
highly anisotropic NW separated by organic layers. 
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 Addition of a non-coordinating solvent 
 

 Non-coordinating solvent concentration effect 
 

In this section, I will examine the evolution of the CuNW size and morphology 

upon addition of ODE. The synthesis remains the same as described in 3.1.1 

with the addition of between 0 ml to 20 ml of ODE.  Table 2 summarises the 

volume of ODE and corresponding ODE:OLA ratio used in this study.  

 

 

Table 2. Corresponding ODE:OLA ratio for each ODE volume added in the synthesis. 

  

Representative SEM images for each volume of ODE are shown in Figure 22 

with 0 ml (Figure 22)a)), 5mL (Figure 22)b)), 10mL (Figure 22)c)), 15mL 

(Figure 22)d)), 20 mL (Figure 22)e)) of ODE added. Both length and diameter 

size distributions are shown in Figure 23 (average of around 100 NW selected 

from the SEM images). The size distributions of the NW show that NW length 

and diameter exhibit a greater polydispersity for volumes above 5 ml. NW 

formed with 5 ml ODE exhibit less polydispersity in both length and diameter.  
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The TEM image displayed in Figure 24)a) shows that after the synthesis, NW 

are wrapped in a very thick organic layer. The HRTEM image in Figure 24)b) 

shows that the NW are single crystalline with high lattice perfection (lattice 

fringe, d111= 0.221). The growth direction of these wire is along the <110>. 

There is no evidence of a copper oxide layer being formed indicating that the 

organic layer protects the NW from oxidising.  
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Figure 22. Typical SEM micrographs of NW with an initial ODE volume added of a) 0mL 
b) 5mL c) 10mL d) 15mL and e) 20mL. 
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Figure 23. NW length and diameter size distributions for different volumes of ODE 
added. 

 

 

 

Figure 24. a) TEM image of a single NW before annealing, b) HRTEM of a CuNW end 
looking down the <111> zone axis. 

 

The EDX STEM images displayed in Figure 25)a) represents the maps of Cu, Ni, 

carbon and oxygen for NW synthesised using 5 ml ODE. Cu is present while no 
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trace of Ni is found (Figure 25)c)) confirming that Ni is taking part in the 

reaction only as a catalyst as suggested in 3.1.3. It is important to note that a 

small amount of Ni is detected though and is shown in the Ni map in Figure 

25)a) and in Figure 25)b). I hypothesise that Ni is present in the small NPs that 

are by-products of the synthesis therefore explaining their low count. I also 

observe the presence of carbon and oxygen. Carbon is present in large 

quantities as shown in the table in Figure 25)c). This is due to the excess of the 

organic layer surrounding the NW and the carbon support. Oxygen is present 

as well in small quantities but the mapping in Figure 25)a) shows that it is 

present on the edges of the NW, close to the organic layer, and probably 

appears during the cleaning step.     

 

Figure 25. a) STEM-EDX images of CuNW synthesised with 5 ml ODE after cleaning and 
EDX mapping of copper, nickel, carbon and oxygen, b) Elemental analysis graph and c) 
table of the atomic percentage of each element. 
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Figure 26 shows that changing the ODE concentration induces a change in the 

aspect ratio. For an ODE:OLA ratio of 1:4, NW are formed with an aspect ratio 

of 1100, while for a 1:1 ratio, the aspect ratio of the NW drops to 10. Figure 

26)a) shows how the length and diameter of the NW varies according to the 

ODE added volume. Figure 26)b) plots the corresponding aspect ratio for 

given ODE volumes.  The diameter decreases from 85 nm to 40 nm when 5 mL 

of ODE is added (1:4 ratio) and increases up to 65 nm for a 1:1 ratio while the 

length passes from 10 µm to 45 µm for a 1:4 ratio and down to 6 µm for a 1:1 

ratio. Therefore, the ODE:OLA 1:4 ratio gives the best result in terms of length 

and diameter. I hypothesise that ODE expands the lamellae structure up to a 

critical concentration after which the colloid becomes de-stabilized and 

smaller lamellae are formed. Therefore, the variation of the volume of a non-

coordinating solvent induces a change in the final size of the NW. The next 

section focuses on the influence of the non-coordinating solvent in a system 

where the volume of the capping ligand (OLA) is varying while ODE remains 

constant. 
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Figure 26. a) Length, diameter and b) the corresponding aspect ratio evolution 
according to the volume of ODE added. 

 

 Effect of the precursor/ ligand ratio 

 

 With the presence of ODE 

 

In the previous section, I have shown that the addition of a non-coordinating 

solvent for a given volume of OLA affects strongly the size of the NW. This 

section will explore the impact  of the evolution of  OLA concentration on the  

NW aspect ratio synthesis for a given ODE volume.   

 For a typical synthesis, the concentrations of Cu and Ni precursors as well as 

ODE do not vary. OLA volume varies between 8 mL to 25 ml.  Table 3 

summarises the ODE:OLA ratios studied for a fixed ODE volume.  
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Table 3. Variation of OLA volumes for fixed ODE volume and corresponding ODE:OLA 
ratios investigated in this section. 

 

 The length, diameter and aspect ratio variation according to the volume of 

OLA are shown in the graphs in both Figure 27)a) and Figure 27)b). I observe 

a similar trend than what I have seen previously. A 5:8 ratio in ODE:OLA gives 

a corresponding length and diameter of 14 µm and 270 nm respectively and 

thus, an aspect ratio of 50. When increasing the volume ratio of OLA in the 

system, I observe that the NW length increases, and their diameter decreases 

for up to 20 ml of OLA. The maximum aspect ratio is obtained for a 1:4 ratio in 

ODE:OLA which was already discussed in the previous section. A further 

increase in the OLA volume results in a decrease of the length and an increase 

in the diameter (11 µm and 140 nm respectively) giving an aspect ratio of 80.  

The size distributions displayed in Figure 28)a to Figure 28)e) for both NW 

lengths and diameters according to the volume of ODE added, shows that they 

get narrower when increasing the OLA concentration for up to 20 ml in 

volume. Higher concentration leads to a decrease in the size distribution of 
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both length and diameter for volumes of OLA up to 20 ml, and an increase in 

size distribution for volumes above 20 ml.  

These observations go along what have been reported before. In fact, Wang et 

al. 176 showed that the volume of the capping ligand plays an important role in 

defining the shape of NW. 

 

 

Figure 27. Plots of a) Length and diameter, b) aspect ratio of NW synthesised with 
different volumes of OLA in the presence of ODE. 
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Figure 28. Length and diameter size distributions of NW synthesised with different 
volume of OLA: a) 8ml, b) 10 ml, c) 15 ml, d) 20ml and e) 25 ml in the presence of ODE. 
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 Influence of ODE addition  

 

The graph in Figure 29 shows the influence of the non-coordinating solvent on 

the aspect ratio of NW synthesised using different volumes of the capping 

ligand, OLA. If the aspect ratio trend is the same in both systems, it is clear that 

using ODE increases the aspect ratio of the NW with OLA volumes up to 20 ml 

where the addition of ODE increases the aspect ratio from 130 to 1100 as 

explained in the previous paragraphs. Further increase of OLA volumes shows 

that the presence of ODE does not have any more effect on the NW size where 

the aspect ratio of NW synthesised with and without ODE are nearly identical. 

Therefore, this result shows that for volumes up to 20 ml of OLA, the addition 

of ODE has an influence on the morphology and final size of the NW.  

 

 

Figure 29. Comparison of the NW aspect ratio for different OLA volumes with and 
without the initial addition of ODE.  
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 Double bond effect 
 

I have shown in the previous section that the addition of ODE improves 

greatly the NW aspect ratio for OLA volumes up to 20 ml. In this section, I 

will explore the addition of alkanes as non-coordinating solvents to see if 

they induce a change in the aspect ratio as well. Unlike alkenes like ODE, 

alkanes are saturated solvents that do not possess a double bond and thus, 

are less likely to react with hydrogen bonds. Different alkyl chain lengths of 

alkanes (octane, decane, dodecane, tetradecane, hexadecane and octadecane) 

will be investigated. Alkane volumes are determined so that the Alkane:OLA 

molar ratio matches the ODE:OLA molar ratio.  

Table 4 provides the volume added to attain the equivalent molar ratio of the 

1:4 ODE:OLA system studied in 4.2.1, for each alkane studied in this section. 

 

 

Table 4. Corresponding volume to obtain the 1:4 ODE:OLA molar ratio for each alkane 
studied. 
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The graphs in  Figure 30 plot the length and diameter (Figure 30)a)) and the 

resulting aspect ratio (Figure 30)b)) according to the length of the alkyl chain 

of the alkane that was added at the beginning of the synthesis.  

 

 

Figure 30. Plots of a) length and diameter and b) the corresponding aspect ratio of NW 
according to the length of the alkane alky chain. 

 

 Unlike the previous observations in section 4.2, the variation in the average 

length does not follow a trend when passing from one length of chain to 

another: NW synthesised in presence of either octane (C8), decane (C10) or 

hexadecane (C16) have an average length in the 10 µm–20 µm range, while 

dodecane (C12), tetradecane (C14) and octadecane (C18) form NW with 

lengths between 20 µm to 30 µm. The length is optimal for the middle alkyl 

length C12 (29 µm). The diameter is more stable with C8, C10, C16 and C18 

giving NW with an average diameter between 70nm to 100 nm. However, the 

smallest diameter is obtained using C12 as a non-coordinating solvent and the 
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highest diameter is obtained with C14. The aspect ratio is between 40-50 for 

all the alkane chain lengths studied with the notable exception of C12 where 

the aspect ratio jumps up to 800. A summary of the length, diameter and 

corresponding aspect ratio according to the type of alkane chosen, is shown in 

Table 5 below.  

 

 

Table 5. Boiling point, Length (L), Diameter (D) and corresponding Aspect Ratio (L/D) 
of the CuNW synthesised in presence of different alkyl chain lengths (C) of non-
coordinating alkane.   

 

A number of conclusions can be drawn from these results: 

1) The aspect ratio of the NW is higher for mid-length alkyl chains. In 

addition to that, a drop in the diameter size is observed for C12. This 

result is even more surprising given that with C14 alkane whose carbon 

chain length has only 2 more carbons than C12, the results are 

completely different. I can conclude that for a medium length ligand, 

the anisotropy of the NW is greater than for any other lengths. 

2)  It is also interesting to note the effect of the absence of the double bond 

on the aspect ratio of the NW.  When replacing ODE with alkanes, I 
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observe that the aspect ratio of the NW is significantly smaller. A 

hypothesis is that the presence of a double bond might contribute to 

the increase of the number of atoms reduced. A question yet to be 

answered is to know whether this reduction occurs, before or after the 

nucleation.   

 

The ligand chain length can affect the size of the NCs. Dumestre et al.177 have 

observed that using intermediate chain length (i.e. C14 and C16) ligands 

improve the anisotropy of cobalt nanorods by increasing the aspect ratio. A 

possible explanation is that monomers bound to shorter length ligands are 

more reactive because they are less sterically hindered. They reduce quickly 

and produce more nuclei176. However, the presence of more nuclei means that 

fewer atoms are formed to promote the formation of longer NCs therefore 

explaining the presence of shorter lengths. On the other hand, a longer chain 

ligand makes the monomer more hindered which means that it is less reactive. 

In other terms, less nuclei will be formed but more precursors will be reduced 

in the form of atoms which means that the system will have less control on the 

anisotropy of the NW 171,178. A trade-off between these two phenomena is to 

choose middle length ligands that will help forming a significant amount of 

both nuclei and atoms for the crystal growth while controlling the elongation 

of the NW.  
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 Effect of the size of chain of the non-coordinating solvent 
 

The ODE study in paragraph 4.2.1 showed that the addition of different 

volumes of ODE has a direct influence on the final aspect ratio of the 

synthesised NW. In the present section, I will investigate the effect of the alkyl 

chain length on the final size of NW using different alkenes: 1-octene (C8), 1-

decene (C10), 1-dodecene (C12), 1-tetradecene (C14), 1-hexadecene (C16) are 

compared with ODE (C18) studied previously. The concentration of Cu and Ni 

salts, OLA and the alkene are kept the same than previously. The only variable 

is the alkyl chain length of the non-coordinating solvent.  Alkene volumes are 

determined so that the Alkene:OLA molar ratio matches the 1:4 ODE:OLA 

molar ratio. Table 6 provides the volume added to attain the equivalent molar 

ratio of the 1:4 ODE:OLA system studied in 4.2.1, for each alkene studied in 

this section. 

 

 

Table 6. Corresponding volume to obtain the 1:4 ODE:OLA molar ratio for each  alkene. 
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I hypothesise that the variation of the alkyl chain length of the non-

coordinating alkene solvent will induce a change in the reactivity between OLA 

and the Cu precursor.   

 

 

Figure 31. Plots of a) length and diameter and b) the corresponding aspect ratio of NW 
according to the length of the alkene alky chain. 

 

The length of the NW decreases from 32 µm to 18 µm when the alkyl chain 

passes from 8 to 10 carbons and increases up to 20 µm for C14 and 44 µm for 

C18 as shown in Figure 31)a). Fewer changes are observed for the diameter: 

the diameter decreases slightly from 105 nm for C8 to 95 nm for C14. 

However, I observe that the diameter dramatically decreases for C12 and C18 

reaching 30 nm and 40 nm respectively. The resulting aspect ratios show that 

NW exhibit ratios ranging from 300 to 170 for C8 to C10 respectively and 

increases up to 1100 for C18 (Figure 31)b). NW are thinner with the presence 

of C12 alkene in the synthesis giving an aspect ratio of 630. The influence of 
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the alkyl chain length of the alkene on the length, diameter and corresponding 

aspect ratio is summarized in the Table 7 below. 

 

 

Table 7. length (L), diameter (D) and corresponding aspect ratio (L/D) of CuNW 
synthesised in presence of different alkyl chains (N) of non-coordinating alkene.   

 

NW are smaller in size when short alkyl chain non-coordinating solvent are 

used but their diameter is bigger. Therefore, a general trend is that the aspect 

ratio of the NW is smaller when using short length alkenes. NW synthesised 

using 1-octene have an aspect ratio slightly bigger than NW synthesised using 

1-decene for instance. Octene like octane has a boiling point lower than the 

temperature of reduction of Cu2+ salts which means that 1-octene will 

evaporate before CuNW are formed. It is interesting to note that the length, 

the diameter and the resulting aspect ratio of the NW using 1-octene as a non-

coordinating solvent are still much higher than the ones synthesised without 

the presence of a non-coordinating solvent as shown in Figure 29 (section 

4.2.1.1.2 ). This shows that even though the alkene is not present when the NW 

are formed, it still plays role in tuning the total size and morphology of the NW. 

Therefore, I can deduce that the non-coordinating solvent plays a role in the 

reactivity of the monomer prior to its reduction into atoms. This result goes in 
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the sense of what many have observed before. Different research groups have 

shown that the use of a non-coordinating solvent allows to tune the reactivity 

of the monomer in various systems 171,172,176. 

 I have shown in the previous section that middle length alkanes are the best 

candidates for increasing the aspect ratio of the NW. This phenomenon is not 

observed with the alkenes. The double bond that the alkene possess might 

play a key role in the formation of highly anisotropic NW. Alkene provide 

longer aspect ratio than alkane for all the lengths with the exception of the C12 

chain. The presence of a double bond could be the reason for the increase of 

the aspect ratio. An explanation can be that the double bond of the alkene 

participates in the reduction of Cu precursor 73. Therefore, even though the 

chain length is higher, the double bond will provide more nuclei than single 

bonds which explains NW longer lengths obtained when using for alkenes. 

The addition of both middle chain ligands C12 dodecene and dodecane in the 

synthesis form thin NW with diameter of 30 and 36 nm respectively 

suggesting a better control of the NW anisotropic growth with the presence of 

these non-coordinating solvents regardless of the presence of the double 

bond. 

 

 Ligand precursor interaction study  
 

 Principle 
 

To understand the ODE effect on NW aspect ratio, I investigate the interaction 

between OLA, ODE and CuCl2 using FTIR techniques. The FTIR spectra of 
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mixtures of reaction precursors after heating under argon at 80⁰C for 20 

minutes are show in Figure 32. Spectra are presented in the range of a) 1000-

1500 cm-1 and b) 3000-3600 cm-1 to show clearly the most relevant bands. All 

peak height changes described here are normalised to the C-C stretch peak at 

720 cm-1. 

 

 

Figure 32. FTIR spectra of OLA, ODE, 1:4 and 1:1 ODE:OLA mixtures, Cu(OLA) and 
Cu((OLA)(ODE)) mixtures in a) the 600 cm-1- 1400 cm-1 region and b) the 3000 cm-1-
3400 cm-1 region. 

 

In a mixture of OLA and ODE with no presence Cu2+, two new features at 1150 

cm-1 and 1250 cm-1 are observed in the C-N region, indicating the formation of 

a new bond between the N-H bond of the OLA and the double bond of the ODE. 

This is further supported by the decrease of the ODE double bond peak at 3077 

cm-1. If more OLA is added, then this double bond completely disappears, 

suggesting a dynamic system where a bond between N-H of the OLA and C=C 

of ODE is easily formed and broken. Upon addition of the Cu precursor to the 

ODE:OLA mixture, the C-N peaks at 1150 cm-1 and 1250 cm-1 disappear 
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suggesting that it is preferential for a Cu-ammine complex to form.  I 

hypothesise that a competing reaction between ODE:OLA and Cu:OLA occurs 

which is more in favour of Cu:OLA than ODE:OLA. The Table 8 summarize the 

peaks observed and their corresponding assignment.  

It is well established that long alkylammine chains self-assemble into lamellar 

phases in the presence of metal halides precursors 43,179. Du et al. 180 showed 

that a CuCl(OLA) mixture forms a lamellar structure in presence of octylamine. 

Co-solvent/surfactant effects have also been observed by Larche et al. 181 who 

showed that a lamellar lyotropic crystal in a surfactant-water system can be 

swollen by the addition of an alcohol. While Lagaly et al .182 showed that in the 

case of an alkylammonium silver precursor, long chain alkane addition 

swelled the lamellar phase. In a similar way, the addition of ODE might disrupt 

the lamellar phase formed by Cu-OLA leading to either an increase or a 

decrease of the aspect ratio of the NW.  

 

 

Table 8. Representative peak intensity and allocated band name for OLA and ODE. 
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 Case of the alkenes 

 

 Principle 
 

In the previous work, I have identified a key region where a potential bond 

might be formed between OLA and ODE. In this section, I will focus on the 

alkyl chain size interaction effect with the capping ligand and with the Cu 

precursor. I will focus on the 600-1400 cm-1 region as it seems that it is the 

region where the most important changes occur. 

 

 

Figure 33. Plots of the FTIR spectra for different sizes of alkyl chains of a) alkenes, b) 
alkenes-OLA mixtures and c) alkenes-OLA-CuCl2 mixtures in the 600 cm-1- 1400 cm-1 
region. 
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 Effect of the chain length (alkene only) 

 

The spectra shown in Figure 33)a) looks similar for different alkyl chain 

lengths but some differences remain. The main features are a decrease of both 

910 C=C cm-1 and =C-H 990 cm-1 peaks intensity with the increase of the alkyl 

chain length and the presence of a broad peak at 1210 cm-1 in the C-N region 

for the shorter alkyl chains only.  

 

 Effect of the chain length (with OLA only) 

 

Upon addition of OLA, I observe the apparition of OLA peaks at 720 cm-1, at 

800 cm-1, at 1200 cm-1 and at 1400 cm-1 (Figure 33)b)). The =C-H peak at 990 

cm-1 has decreased in intensity due to the interaction between OLA and the 

alkene. 

It is very important to note that the intensity of the N-H peak at 800 cm-1 

remains unchained independently of the alkyl chain length which indicates 

that the nature of the interaction between OLA and the alkene is not involving 

the alkyl chain length. I hypothesised earlier that the interaction between OLA 

and ODE involves the double bond of the ODE and the amine group of the OLA. 

This result gives a confirmation of this hypothesis.   

In the specific case of the C18 alkene (ODE), I observe a new feature that is not 

seen for the other types of alkenes. I have mentioned earlier the introduction 

of two peaks when ODE and OLA are mixed together. Another interesting 

feature is that for C18, the C=C peak is broader than for the other chains.  A 
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possible explanation is that the peaks that appear are due to a stronger 

interaction of OLA with ODE than with the other alkenes.  

 

 Effect of the chain length (CuCl2 and OLA) 

 

The Cu(OLA:alkene) mixture has been studied for different lengths of alkyl 

chain. All the attributed peaks are shown in the plot in Figure 33)c). At 800 cm-

1, the N-H peak intensity decreases even more for shorter alkyl chains. This 

confirms that the alkyl chain length has an influence on the bonding strength 

between OLA and Cu precursor. Therefore, in the case of the alkenes, when the 

alkyl chain length decreases, the OLA binds more strongly to the precursor. I 

hypothesised previously that the size of the chain has an effect on the 

monomer reactivity. Here depending on the alkyl chain length, the ligand 

binds with a different intensity to the precursor.  

In which term can a ligand bind differently to the precursor? A stronger 

intensity can be translated as monomer reactivity. The more the ligand is 

strongly bound to the precursor, the more reduction occurs during the stage 

of pre-nucleation, therefore leading to the formation of more nuclei. I observe 

that the length of the non-coordinating solvent has also a strong influence on 

the binding strength of the ligand with the precursor. Other features appear to 

indicate that the binding strength is different according to the chain. The N-H 

peak observed at 1072 cm-1 is not seen any more for the shorter carbon chains, 

i.e. C8 and C10. In addition to that, the=C-H peak at 990 cm-1 decreases when 

the alkyl chain length increases. This suggests that for shorter alkyl chain 

solvents, the interaction between the Cu2+ salt, OLA and the alkene system is 



117 
 

more in favour of a binary complex Cu:OLA while for longer chain solvents this 

interaction is less powerful. Therefore, I can deduce that the length of the alkyl 

chain has an influence on the reactivity of OLA with the precursor. The longer 

the chain, the less reactive is OLA. Therefore, longer alkyl chain will be more 

stable within the lamellar phase than shorter chains. 

 

 Effect of the nature of the chain: study of the Alkane  
 

 

Figure 34. Plots of the FTIR spectra for different sizes of alkyl chains of a) pure alkanes, 
b) alkanes-OLA mixtures and c) alkanes-OLA-CuCl2 mixtures in the 600 cm-1- 1400 cm-1 
region. 
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 Alkane only 

 

In the case of alkanes, fewer peaks are seen in the 600 cm-1 – 1400 cm-1 region 

as shown in Figure 34)a). A 860 cm-1 peak is observed for C18, a C-C peak at 

720 cm-1 and for shorter ligand a broad peak at 1200 cm-1. It is interesting to 

observe that the C18 FTIR spectra looks different than the other alkane chains 

with the presence of more defined peaks. A peak at 780 cm-1 appears for longer 

chains and looks broader for C14 and C16 along with a new broad and weak 

peak at 1150 cm-1. The shoulder at 780 cm-1 disappears for C18 and the broad 

peak looks sharper but still weaker.  

 

 Alkane-OLA interaction 

 

The mixture of OLA and different alkyl chain lengths of alkane shows that both 

features of the OLA and the alkane are found in the FTIR spectra in Figure 

34)b). Interestingly, it appears that no change in intensity occurs for the OLA 

and C-C peaks. This is very different from the alkene chain length study where 

the addition of OLA leads to a decrease of the OLA N-H peak, thus confirming 

that ODE and OLA interact through the double bond of ODE. However, one 

peak in the C-N region, at 1370 cm-1 decreases with an increase of the alkyl 

chain length. In addition to that, the broad peak at 1200 cm-1 disappears for 

C8, C10 and C12 suggesting that the addition of the alkane still influences the 

reactivity between OLA and the Cu precursor and the shorter the alkyl length 

the bigger the influence.  
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 Alkane-OLA-CuCl2 interaction 

 

Very small differences are observed with the addition of the Cu precursor as 

shown in Figure 34)c). The OLA N-H peak intensity is reduced for all peaks. 

However, this reduction is more visible for middle length alkyl chains such as 

C10 and C12. This is a very surprising result knowing that the presence of the 

C10 alkane gives a very poor NW aspect ratio while the addition of the C12 

alkane produces NW with very high aspect ratio.   

If I compare these results with the previous study, I can see that the absence 

of a double bond influences strongly the interaction with OLA. For an alkane, 

no interaction with OLA is possible except few hydrogen van der Waals bonds. 

Upon addition of the Cu precursor, I can deduce easily that for middle length 

alkanes, the interaction of OLA with Cu2+ salts, is stronger. When this 

interaction is important, the resulting aspect ratio of the NW is very small. 

When the interaction is not strong, the amount of monomer is smaller which 

means that less nuclei are formed. In other terms, the anisotropy of the NW is 

less respected since more atoms (after nucleation) will be formed and 

therefore it will be hard to control the elongated shape. When the interaction 

is too strong, more nuclei are formed but less free atoms are present. 

Therefore, the length of the NW will be shorter. In fact, in the presence of C10 

alkane, NW with shorter lengths are observed and in the presence of C14, the 

NW diameter gets bigger. A middle chain length such as C12 provides a good 

balance between nuclei formation and NW length. Table 9 summarize the 

main groups bands found in the two studies.  
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Table 9. Main representative peaks intensity and allocated group band found in both 
alkene and alkane studies. 

 

However, if I compare these results with the results obtained with the alkenes, 

I can observe that the alkenes are more effective than the alkanes in modifying 

the reactivity of the ligand with the precursor.  

 

 Summary of the alkane-alkene study 
 

I have shown that the size of the alkyl chain has a strong influence on the final 

length and diameter of the NW. The FTIR spectra have shown that this 

influence is happening during the pre-nucleation stage of the NW synthesis. In 

fact, before the nucleation, the non-coordinating solvent tunes the reactivity 

of the OLA binding with the Cu precursor. When this binding is too strong the 

monomer reactivity is high: more nuclei but less post-nucleation atoms are 

formed. Therefore, the NW end up with a larger diameter. When the binding 

is weak, less nuclei but more atoms are formed, therefore the NW have a 
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shorter diameter and a shorter length. A trade-off is to take middle length 

alkane and alkene that contribute to the formation of thinner NW. This 

observation is very surprising because even though many have reported that 

the alkyl chain of the ligand has an influence and that the addition of a non-

coordinating solvent can tune the reactivity of the monomer by diluting the 

ligand, no-one has clearly shown in which terms the non-coordinating solvent 

has an influence on this reactivity and that this reactivity can be tuned using 

different sizes of alkyl chains. The effect of the double bond has been 

evidenced as well, where alkenes give better results than alkane in terms of 

NW size. I have also demonstrated that the double bond and the NH bond of 

the OLA interact together. This interaction is important because it helps to 

tune the reactivity of the monomer. Therefore, longer alkenes are more 

suitable for this system because the reactivity is lower.  

 

 Conclusion 
 

I have shown that by simply adding a non-coordinating solvent to the 

synthesis, the final aspect ratio of NW can be tuned depending on the ratio of 

this solvent to the capping ligand. By using FTIR techniques, I have 

demonstrated that the presence of the non-coordinating solvent tunes the 

monomer activity by controlling the binding force between the capping ligand, 

i.e. OLA and the Cu precursor. The role of the double bond has been 

emphasised as well: longer chains alkenes increase the aspect ratio of the NW 

by reducing more atoms during the nucleation phase that are later added to 

the wire. Therefore, the presence of the double bond is crucial for the non-
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coordinating solvent to be effective. Both middle length alkanes and alkenes 

are also very efficient in increasing the aspect ratio because they successfully 

balance the reactivity of the capping ligand and the Cu precursor which leads 

to a decrease in NW diameter. In the following chapter, I will investigate the 

potential application of the NW synthesised in this chapter as TC. 
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5 Fabrication of CuNW TC 
 

 Introduction 
 

Due to their wire-like structure, metallic NW are suitable candidates for TC 

applications. Since Cu is earth-abundant, cheap and non-toxic, CuNW are the 

material of choice for low-cost TC. The CuNW described in the previous 

chapter will be investigated as potential TC materials. I have shown that single 

NW are wrapped in an organic layer rendering them insulating. Therefore, a 

treatment is required in order to make NW conductive. It is well-known that 

Cu oxidises quickly especially in the nanoscale which renders the application 

of CuNW as TC difficult. Treatments need to be applied which require often the 

use of gases such as Argon or H2. However, even the best treatments applied 

on these NW do not prevent them from oxidising over time. In this chapter, I 

will focus on different ways to improve CuNW optoelectronical performances 

and lifetime.  CuNW films are prepared using a vacuum filtration method and, 

when specified, polymers are added on top of the NW mesh using a spin-

coater.  Pre- and post-treatments such as gas plasma and/or anneal, lactic acid 

etching and a combination of these treatments are also investigated and 

compared to each other. These techniques and treatments are chosen based 

on the price and ease of fabricating conductive and oxidant-resistant CuNW 

thin films.  
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 TEM study of NW 
 

 Introduction 
 

In this chapter, I will study different pre- and post- treatments of CuNW thin 

films to improve the conductivity of the films. I will investigate the effect of 

different plasma (either H2/N2 or O2), anneal and chemical treatments on both 

NW shape and films optoelectronic performances, using optical and electron 

microscopes.  

 

 NW Plasma and anneal treatments  
 

 Plasma post-treatment 

 

In this section, different treatments on NW thin films deposited onto a silicon 

nitride grid are investigated using HRTEM techniques:  the effect of a 2h-

anneal at 200°C under different gases (H2/N2 or O2) and plasma post-

treatment are studied. The TEM pictures of both non-annealed and annealed 

NW before and after a 10 s H2/N2 plasma treatment are shown in Figure 35.  
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Figure 35. a) Non-treated NW (left) and zoom (right) showing the presence of both Cu 
and Cu2O, b) NW after H2/N2 plasma treatment. and zoom on the edge (right) where 
only Cu is observed now, c) NW after air anneal (left), zoom in the middle where lattices 
of Cu2O are observed (right), d) H2/N2 plasma post-treatment after air anneal (left): NW 
surface becomes rougher with the formation of sphere nanoparticles on the surface, 
zoom on one sphere (right), e) NW after H2/N2 anneal (left) where only Cu is present 
now (right) , f) H2/N2 plasma post-treatment after H2/N2 anneal creating spheres-like 
nanoparticles on the surface (left) and SAED pattern (right) showing the 
polycrystallinity of the NW and the corresponding peaks.  

 

 TEM of NW without treatment 

 

A TEM picture of a NW before any treatment is shown in Figure 35)a where a 

thick organic layer which is made of the capping ligand used during the 

synthesis, is surrounding the NW. Both Cu (111) and Cu2O (111) peaks are 

indexed. Moiré pattern can be identified and might be present here due to the 

overlapping of crystalline domains. Since the NW synthesis is kept under 

argon, I hypothesise that the oxide appears after the synthesis as suggested by 
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Meng et al.59. This oxide layer appears either during the cleaning process or 

during the storage of the NW in toluene.  

 

 TEM of NW after gas annealing 

 

When NW are treated with different gases as shown in Figure 35)c and Figure 

35)e), the morphology of NW changes: when annealed in air (Figure 35)c)), 

the diameter of NW increases while the edge remains roughly the same. NW 

composition changes with a rapid diffusion of O2 leading to the formation of a 

pure Cu2O NW as observed in previous works. When the NW is annealed in H2 

(Figure 35)e)), the diameter of the organic layer is smaller, but the NW 

remains in the same shape. However, no trace of Cu2O is visible anymore on 

the surface showing that the annealing process is an effective method for the 

reduction of the copper oxide layer. 

 

 Effect of plasma post-treatment on non-annealed and annealed NW 

 

 A 10s H2/N2 plasma performed on a non-treated NW removes a significant 

amount of the organic layer as seen in Figure 35.b). However, when the plasma 

is performed after annealing in either air (Figure 35)d)) or H2/N2 (Figure 

35)f)), NW shape becomes rougher with the apparition of spheres-like NPs on 

the surface leading to an increase of the surface area and therefore a 

significant increase of the NW roughness.  The SAED pattern on the right of 

Figure 35)f) indicates that the NW is polycrystalline but still made of pure Cu. 

It is interesting to observe that the change in NW morphology occurs only 
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when the plasma treatment is performed after annealing and is independent 

of the gas chosen during annealing. When the plasma is performed on a non-

treated NW, no change is observed in terms of morphology. Plasma reacts 

strongly with the pure material formed after annealing, i.e. pure Cu2O for an 

air treatment or pure Cu wrapped in an organic layer, transforming the shape 

of the NW while for a non-treated NW, plasma only removes the organic layer 

and attacks Cu2O, leaving the Cu part intact. 

 

 Effect of a post-treatment on the NW network 

 

NW SEM pictures displayed in Figure 36)a show that before any treatment, 

NW are organised in bundle-like structures due to the presence of an organic 

layer. The Figure 36)b) of H2/N2 plasma treated NW confirms that no more 

organic layer is present. After a 2h-air anneal at 200°C (Figure 36)c)), NW 

increase in size but most of the NW have lost their anisotropic shape. After an 

H2/N2 anneal followed by a plasma treatment shown in Figure 36)d), NW 

surface is rougher and forms sphere-like particles, which confirms what has 

been observed in Figure 35)f). NW are also partly broken, showing that a post-

plasma treatment gives very bad results in terms of cleaning the surface and 

keeping the anisotropy of NW intact. 
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Figure 36. SEM images of a) as-synthesised CuNW organised in bundles due to the 
presence of an organic layer, b) NW after H2/N2 plasma cleared from the organic layer, 
c) NW after O2 anneal and plasma, d) NW after H2/N2 anneal and plasma.  

 

 Plasma pre-treatment 

 

Interestingly, when plasma is performed prior to annealing, NW morphology 

is not modified for both gases investigated here as seen in both Figure 37)a) 

and Figure 37)b). When the NW surface has a thick organic layer, plasma 

“attacks” the organic layer first and reduces the oxide layer through diffusion 

of the hydrogen. However, when this surface is free from an organic layer, 

plasma reduces primarily the oxide surface, which causes a modification of the 

surface morphology. It is interesting to observe that in case of a plasma post-

treatment, the roughness increase is dependent on the gas used. In case of an 

O2 anneal, the pure copper formed by the plasma treatment oxidises into 

copper (II) oxide which explains why no surface modification is observed.  A 
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plasma performed before an H2 anneal treatment allows the formation of a 

pure Cu surface where the passivation of the surface occurs via diffusion of 

hydrogen into the dangling bonds of copper. However, the SAED pattern in 

Figure 37)b) (right) shows that NW are polycrystalline and therefore I 

hypothesise that some changes in composition have occurred during both 

plasma and anneal processes. Although the TEM picture in the middle of 

Figure 37)b) confirms that NW are made of pure Cu, the shape of the NW 

(Figure 37)b) ,left) is not straight as it was before H2 anneal. Therefore, plasma 

treatment leaves NW in a “weaker” shape to undergo any further treatment.  

 

 

 

Figure 37. a) NW after plasma and O2 anneal (left), zoom in the middle of the wire 
(middle) and SAED pattern (right) showing that the NW is made of Cu2O. b) NW after 
plasma and H2/N2 anneal treatments showing that although the surface becomes 
slightly rougher (left), the NW is made of pure Cu (middle) but the SAED pattern 
suggests that the NW is polycrystalline (right).  
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 Effect of pre- and post- treatments on the size of the NW 

 

Figure 38 plots the evolution of the average NW diameter (taken for 5 NW 

each) depending on the post-treatment strategy chosen. A general trend is that 

O2 anneal produces NW with larger diameter due to the formation of the 

denser Cu2O with an average diameter passing from 42 nm to 160 nm for both 

an O2 anneal and plasma and O2 anneal and to 180 nm when plasma is 

performed before O2 anneal. Hydrogen treatment gives more heterogeneous 

results: a single annealing treatment reduces slightly the diameter from 85 nm 

to 80 nm, a plasma post-treatment increases the surface of NW up to 115 nm. 

A plasma pre-treatment followed by an H2/N2 anneal decreases the diameter 

of the NW to 35 nm due to the removal of both oxide and organic layer while 

a plasma without any annealing treatment reduces the diameter up to 50 nm. 

This confirms my previous hypothesis: an H2/N2 treatment after plasma helps 

the diffusion of hydrogen which passivates dangling bonds and further 

reduces remaining oxide left which explains the decrease in size 27.  

 



131 
 

 

Figure 38. Plot of the average diameter of NW for different treatments (anneal and/or 
plasma or no anneal) according to the gas chosen (H2/N2 or O2). 

 

A summary of the different treatments effect on NW studied in this section is 

given in Table 10. 

 

 

Table 10. Effect of anneal and/or plasma treatments on NW diameter, roughness, 
organic layer and nature. A non-treated NW is shown as a reference. 
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 Optoelectronic properties 

 

A H2/N2 plasma pre-treatment effect on the sheet resistance for different thin 

films annealed at 200 °C for 2h under a flow of  H2/N2 are shown in Figure 39.  

 

Figure 39. Plot of the sheet resistance of H2/N2 annealed thin films with and without 
plasma treatment according to the transmittance of the film. 

 

Non-plasma treated NW have a higher sheet resistance than H2/N2 plasma 

treated NW. This is more visible for more transparent films: for a 79 % 

transmittance film, the sheet resistance passes from 60 Ω/□ to 50 Ω/□ and for 

a 93% transmittance film, NW exhibit a sheet resistance of 980 Ω/□ while a 

plasma treatment drops this value to 90 Ω/□. The plasma treatment is clearly 

necessary in order to improve the electrical performances of thin films.  
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 NW chemical treatment 

 

In the previous section, I have shown that a plasma treatment is the most 

effective way of removing both oxide and organic layer while a post H2/N2 

anneal step creates a passivated CuNW surface. However, I have also shown 

that this treatment results in the formation of polycrystalline NW with a 

“damaged” surface. In this section, I investigate the use of a mild lactic acid 

treatment that has been first developed by Won et al. 165 to replace the plasma 

treatment. Lactic acid is chosen because it is a liquid that does not leave any 

residues unlike ascorbic acid for instance. It has a high viscosity which helps 

cleaning the surface of the NW without damaging them. 

 

 Lactic acid/OLA interaction 

 

To understand the effect of lactic acid on OLA, the interaction between the two 

chemicals is studied using FTIR. Spectra of lactic acid, OLA and a 1:1 OLA: lactic 

acid mixture are shown in Figure 40 . It is observed that the addition of lactic 

acid to OLA leads to the disappearance of the OLA peaks such as the N-H peak 

at 800 cm-1 and are replaced with lactic acid peaks such as the C-H bend at 820 

cm-1, the C-O stretch at 1220 cm-1, the C=O stretch at 1680 cm-1. From this 

observation, it can be deduced that when lactic acid is added in excess to OLA-

wrapped CuNW, it dissolves completely OLA while the remaining molecules 

are chemisorbed to the now pure CuNW.  
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Figure 40. FTIR of lactic acid, OLA and lactic acid/OLA mixtures for both 1:1 and 20:1 
ratio.  

 

 Lactic acid effect on CuNW 

 

Figure 41 shows the HRTEM of an OLA-wrapped single CuNW after a 30s-lactic 

acid treatment. The NW is cleared from most of the organic layer and all the 

oxide. The morphology of the NW remains the same and the lattice at the edge 

of the wire corresponds to pure Cu, thus confirming that the copper oxide has 

been removed by the lactic acid treatment.    
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Figure 41. HRTEM images of a) a NW after a 30s-lactic acid treatment, b) a zoom on the 
NW showing that the edge is formed only of pure copper. 

 

Figure 42 shows the FTIR spectra of CuNW before and after a lactic acid 

treatment. Before the treatment, few characteristic peaks of OLA and ODE are 

visible such as the ODE 910 cm-1 C=C stretch and the OLA 800 cm-1 N-H stretch 

peaks. After the treatment, the peaks are not seen any more suggesting that a 

large proportion of the organic layer is gone. 
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Figure 42. Plot of the FTIR spectra of NW before and after lactic acid treatment.  

 

After a 2h H2/N2 annealing, NW are still made of pure Cu. The roughness 

increases slightly with the formation of small drop-like spheres on the surface 

as shown in Figure 43. It is interesting to observe that an annealing performed 

on the surface of a lactic acid-treated NW does not increase the NW roughness 

as much as for a H2/N2  annealing on a plasma-treated NW  as shown in Figure 

37)b) in paragraph 5.2.2.2. Therefore, I can confirm that NW roughness 

increase is due to the plasma treatment. Lactic acid treatment is a milder 

treatment for removing both organic traces and oxides while plasma reacts 

strongly with either the oxide or organic layer which modifies significantly 

CuNW surface morphology. 
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Figure 43. HRTEM of an acid-treated NW after 2h annealing (left), zoom on the edge 
(right). 

 

 Optoelectronic properties of CuNW films 
 

 Study on the effect of different treatments on CuNW thin films 

 

 Optical and electrical studies 

 

This section investigates the evolution of the optoelectronic properties for 

both lactic acid-treated Cu NW and lactic acid/H2/N2 annealed Cu NW. 

 

 Surface study 

 

NW film thickness is an important parameter as it controls both the 

conductivity and the transparency of the films. The film thickness is measured 

using a dektak following a methodology described in paragraph 3.3.9. Figure 

44 plots the surface profile of different NW thicknesses according to the 

volume of NW filtered.  
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Figure 44. Surface profile of CuNW according to the volume of NW filtered.  

 

Figure 45)a) plots the NW volume required for obtaining a given CuNW film 

thickness while Figure 45)b) plots the relationship between the transmittance 

of the film and their corresponding thickness where it can be seen that the 

thinner the thin film, the more transparent it is.  

 

Figure 45. a) Plot of the evolution of NW thin film thickness according to the volume of 
NW dropped using a pipette, b) Plot of the evolution of NW transmittance in the 400nm-
800nm region for different film thicknesses. 
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MicroXam images for different NW film thicknesses are shown in Figure 46. 

For thicker films, the number of NW per area is higher than for thinner films. 

The overlapping of NW increases as well with the thickness which increases 

the total roughness of the film.  

 

Figure 46. MicroXam images for a) 70 nm, b) 90nm c) 166 nm, d) 246 nm, e) 320 nm, f) 
490 nm- CuNW thin films. 
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 Anneal treatment effect 

 

The resistivity of a lactic acid-treated thin film before and after a 2h-anneal 

treatment is measured for different transmittances, and plotted in Figure 47. 

Thin films possess excellent properties exhibiting a sheet resistance of 51 Ω/□ 

before annealing and 43 Ω/□ after annealing for a 93% transmittance. For a 

60% transmittance, the sheet resistance passes from 22 Ω/□ before annealing 

to 6 Ω/□ after annealing. Therefore, 2h of annealing helps to reduce the contact 

resistance in the junction between two NW by fusing them. For thicker films, 

the NW network reaches the conductivity limit of Cu and therefore fewer 

differences are observed between non-annealed and annealed films.  

 

 

Figure 47. Sheet resistance vs transmittance before and after a 2h anneal treatment for 
lactic acid treated NW thin films.  

 

30 40 50 60 70 80 90

0

20

40

60

80
 Lactic treatment

 Post anneal

S
h

e
e

t 
re

s
is

ta
n

c
e
 (


)

Transmittance at 550 nm (%)



141 
 

Pictures of post-annealed NW films of different thicknesses are represented in 

Figure 48 with the corresponding transmittance and sheet resistance 

measured. A summary of the thickness, transmittance and sheet resistance 

measured before and after annealing for lactic acid-treated NW is shown in 

Table 11. 

 

 

Figure 48. Photographs of CuNW thin films for different thicknesses showing that the 
thicker the film, the more conductive but less transparent it is.  

 

 

Table 11. Summary of thin films thickness and Rs before and after annealing for different 
transmittances. 
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 Oxidation of the NW 
 

 Effect on the electrical properties of the film 

 

NW thin films oxidise very quickly, forming an outer copper oxide layer that 

will increase through O2 diffusion across the NW. The formation of this oxide 

can be considered as an insulating layer that decreases the Rs. Figure 49 plots 

the Rs vs the transmittance over time. For a 60% transmittance, Rs passes from 

35 Ω/□ to 38 Ω/□ after 3h to 43 Ω/□ after 16 h in air. For 93% transmittance, 

Rs passes from 43 Ω/□ to 78 Ω/□ after 3h to 95 Ω/□ after 16h. For thin films, 

since fewer NW are overlapping, the oxidation process is more likely to have 

more effect on the increase of the sheet resistance. After 70 days stored in air, 

thin films below 100 nm are not conductive anymore while thicker films 

(above 250 nm) are conductive up to 250 days. The oxidation of the films can 

be seen by a change of colour of the layers passing from salmon, to dark grey 

(Cu2O) and to yellow green (formation of CuO).  
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Figure 49. Plot of the sheet resistance vs transmittance for CuNW thin films after 0h, 3h, 
9h and 16h left in air.  

 

The oxidation of NW is intrinsic to copper properties. The oxidation rate is 

even amplified for nanostructures such as NW. In order to prevent the 

oxidation, the addition of a coating layer on top of NW is studied. Spin coating 

can produce very smooth and homogeneous thin films and therefore will be 

the chosen method for the fabrication of CuNW/ top layer composites as 

described in 3.2.4.  

 

 NW/top layer fabrication 

 

ZnO, Polystyrene, PVP, ethylcellulose, PEDOT: PSS are investigated as top 

layers. PVP is widely used as a polymer in AgNW and CuNW synthesis 31,96,183 

and has good affinity with p-type metals. Ethylcellulose and surface-modified 

ethylcellulose are known as film maker producing very smooth films 184,185. 
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PEDOT:PSS 186,187 and ZnO 188,189 are both used in the fabrication of Quantum 

Dots solar cells as p-type and n-type respectively. They are also good 

smoothing layer that contribute to reduce the roughness of the film. 

Polystyrene is a hydrophobic film maker commonly used in packaging 190,191.  

 

 Top layer characterisation 

 

The roughness of the thin films made without NW after drying is shown in 

Figure 50. Ethylcellulose, ZnO and PVP MicroXam pictures show the formation 

of voids on the surface. PEDOT: PSS has few voids, but the thin film is very 

smooth compared to the three other materials. Ethylcellulose is smoother 

compared to ZnO and PVP.  Voids are due to the presence of trapped air in the 

solution. The rotation movement of the spin coating lifts the trapped air on the 

surface forming “holes”. Ethylcellulose dissolves in toluene, while ZnO and 

PVP are dissolved in chloroform and water respectively, two polar solvents. It 

is well known that polar solvents can solubilise more oxygen than non-polar 

solvents such as toluene 192, therefore they are more likely to form voids. For 

polystyrene, cracks are seen on the surface. Polystyrene is a “glassy” plastic 

that undergoes some fractures initiated by flaws. These fractures are clearly 

shown in Figure 50)d). 
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Figure 50. MicroXam confocal images of a) ethylcellulose, b) PEDOT: PSS, c) PVP, d) 
Polystyrene and e) ZnO spun coat thin films. 

 

The graph in Figure 51 plots the surface roughness measured using MicroXam 

of the different smoothing layers. The values confirm what has been observed 

in Figure 50: PEDOT: PSS has the lowest averaged roughness surface (8 nm) 

while polystyrene has the highest roughness value of 32 nm. ZnO and 

ethlycellulose possess a roughness values of 17 nm and 14 nm respectively. 
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Therefore, from the observation, PEDOT: PSS possesses the best properties as 

a top layer followed by ethylcellulose and ZnO while polystyrene and PVP are 

less suitable for such applications. 

 

 

Figure 51. Surface roughness values for ZnO, PVP, Ethylcellulose, Polystyrene and 
PEDOT: PSS films. 

 

 CuNW/ top layer films characterisation 

 

Confocal images of 90 nm thick NW film composites prepared using the 

polymers mentioned previously are shown on the left of Figure 52. 

Ethylcellulose and ZnO cover NW quite well while polystyrene and PVP cover 

them partially. NW are not visible anymore when covered by PEDOT: PSS. The 

difference of coverage between ethylcellulose, ZnO on one hand and 

Polystyrene and PVP can be explained by a difference of power of adhesion 

between the polymers and ZnO and CuNW. In fact, ethylcellulose has O-H 

bonds that can form Van der Waals interaction with CuNW while ZnO is highly 

polar and can form such bonds as well. Polystyrene is a hydrophobic polymer 



147 
 

and therefore the interaction with CuNW is poor. PVP has a good affinity with 

Cu but the roughness of CuNW/PVP film is the highest.  It might be due to the 

fact that the spin coating of an aqueous PVP solution creates a rough surface 

that is enhanced on top of a CuNW mesh. 

 

 

Figure 52. MicroXam confocal images of CuNW films with a) ethylcellulose, b) ZnO, c) 
PVP, d) polystyrene and e) PEDOT: PSS as a top layer. 

 



148 
 

The transmittance and reflectance are shown in Figure 53 for the different 

samples with and without CuNW. Without NW, the transmittance of the films 

is very high, reaching almost 100% for ZnO which is followed by ethylcellulose 

and PVP both reaching 93% and 89% at 580 nm respectively. On top of a 90 

nm CuNW thin film, the transmittance of the film decreases. For instance, the 

transmittance of a CuNW/ZnO film is at 79% which is similar to the 

transmittance of CuNW film standing on their own and the transmittance of 

CuNW/ethylcellulose decreases up to 76%. For CuNW/polystyrene and 

CuNW/PVP films, it is observed that the transmittance decreases significantly 

(62% and 67% respectively at 580nm) and CuNW/PEDOT: PSS transmittance 

spectrum appears to be unusually low. Therefore, in terms of transmittance, 

ZnO and ethylcellulose are excellent candidates as top layers for CuNW TC: 

ZnO as a top layer does not modify the optical properties of CuNW films while 

the addition of an ethylcellulose coating layer decreases the transmittance to 

only 5% of its original value.  

The reflectance of the different films is also measured. The reflectance of the 

different polymers and ZnO is relatively low (below 12% in the 500nm -700 

nm region) as seen in Figure 53)b). When they are on top of a CuNW thin film 

(Figure 53)e)), the reflectance increases for all the polymers except for 

PEDOT: PSS: it slightly increases reaching 12% for ZnO films at 580 nm while 

it increases for PVP and ethylcellulose films. The reflectance of the CuNW/top 

layer is however relatively low suggesting that all the top layers are 

compatible with TC applications. The MicroXam images in Figure 52)e have 

shown that almost no NW were visible upon addition of a PEDOT: PSS layer. 

This suggests that PEDOT: PSS has reacted with the NW: the reflectance of 



149 
 

CuNW/ PEDOT: PSS film does not show any more a SPR peak between 550 nm 

to 580 nm suggesting that no more NW are present. PEDOT: PSS has an acidic 

nature that can decompose the NW which is what might be observed here. 

 

 

Figure 53. Transmittance (a and b), and reflectance (c and d) of ZnO, Ethylcellulose, 
Polystyrene, PEDOT: PSS and PVP on their own (a and c) and on top of a Cu NW thin 
film (b and d).  

 

Measurement of the sheet resistance depending on the top layer nature is 

shown in Figure 54a) and the averaged surface roughness of the films is 

displayed in Figure 54)b). The CuNW/PEDOT: PSS film is not shown because 
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the conductivity could not be measured, further confirming that PEDOT: PSS 

has reacted with CuNW and eventually broke the network.  

 

 

Figure 54. a) Sheet resistance measured after 0, 5, 10, 25 and 50 days, b) surface 
roughness of CuNW/Top layer films. 
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Figure 54)a) shows that adding ZnO or ethylcellulose on top of CuNW gives the 

best results in terms of NW stability and surface roughness. CuNW film have 

an initial sheet resistance of 22.6 Ω/□. From day 0 to day 50, Rs of a CuNW/ZnO 

passes from 23.8 Ω/□ to 121 Ω/□, while Rs passes from 35.2 Ω/□ to 121.3 Ω/ 

for CuNW/ethylcellulose films. For polystyrene/ CuNW films, Rs jumps from 

125.3 Ω/□ to 3263 Ω/□ and for CuNW/PVP films, it passes from 48 Ω/□ to 

2180 Ω/□. Therefore, the addition of a coating on top of CuNW creates a great 

disparity in NW stability depending on its nature. Rs increases up to 100 Ω/□ 

for polystyrene while adding layer of ZnO increases the sheet resistance of 

only 1 Ω/□. The roughness of the films is shown in Figure 54)b. The addition 

of ethylcellulose and ZnO decreases significantly the roughness of NW films 

passing from 30 nm to 17 nm and 22 nm respectively while PVP and 

polystyrene layers increase it to 32 nm and 42 nm respectively.  A summary of 

the roughness and Rs for Day 0 and Day 50 is given in Table 12 

 

 

Table 12. Summary of the roughness and the evolution of the Rs from day 0 to day 50 for 
the different coatings studied in Figure 54. 
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Therefore, I can conclude that a good NW coverage prevents NW from 

oxidising. Polystyrene and PVP do not prevent NW oxidation and they seem to 

encourage this oxidation by diffusing more oxygen into the CuNW film. ZnO 

appears to be the best candidate as it protects NW from oxidation for many 

days while keeping the same optical properties of the film. However, the 

roughness of the CuNW/ZnO films remain high (superior to 20 nm). Therefore, 

in the next section, I will investigate the effect of addition of between 1 to 5 

layers of ZnO on the optoelectronic performances and morphology of the films.   

 

 CuNW/ ZnO layer(s) TC films study 

 

Like in the previous section, 90 nm CuNW thin films are considered. Between 

1 to 5 layers of ZnO are added on top of the NW network by spin coating. The 

transmittance of the thin film in Figure 55)a) shows that it decreases slightly 

with further addition of ZnO layers passing from 79% for 1 ZnO layer added 

to 71% for 5 layers of ZnO (measurements taken at 580 nm). Therefore, ZnO 

is very good to retain the transmittance of the NW films even with the addition 

of 5 layers. The reflectance increases with the layers of ZnO added but remains 

below 15%. Therefore, in terms of optical performances, the CuNW/ZnO 

layer(s) films exhibit excellent properties.  
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Figure 55. a) Transmittance and b) reflectance of CuNW films with 0 to 5 ZnO top 
layer(s).  

 

The electrical conductivity of the different films is plotted in Figure 56)a) and 

a CuNW thin film is used as a reference. Rs of the films increases with the 

amount of ZnO layers added passing from 22 Ω/□ for a single CuNW film, 26 

Ω/□ for a CuNW/ 2ZnO layers film and 34 Ω/□ for CuNW/5ZnO thin film. 

Because each layer increases the thickness of the film, fewer NW will stick up 

on top of the film which explains the increase in the resistance of the film. The 

roughness measurement in Figure 56)b) shows that more layers of ZnO makes 

the film smoother: 5 layers of ZnO reduces the surface roughness from 32 nm 

to 12 nm while the addition of 1 or 2 layers of ZnO reduced the surface 

roughness by only 10 to 12 nm.  
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Figure 56. a) Sheet resistance and b) surface roughness of CuNW films with 0 to 5 ZnO 
top layer(s).  

 

The plot in Figure 57 shows the evolution of Rs for CuNW/ZnO films with 0 to 

5 layers of ZnO after 0, 5 ,10 ,25 and 50 days left in air.  
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Figure 57. Sheet resistance of a CuNW film coated with 0 to 5 ZnO top layer(s) for 0, 5, 
10, 25, and 50 days.  

 

The results show that CuNW film coated with 5 layers of ZnO oxidises at a 

higher speed rate than other ZnO films while 2 layers of ZnO on top of a CuNW 

film are the most stable. After 50 days in air, the addition of 1 layer of ZnO 

increases the sheet resistance of up to 90 Ω/□ while with 3 layers, the sheet 

resistance passes from 26 Ω/□ to 42 Ω/□ and with the addition of 4 ZnO layers, 

the sheet resistance increases significantly passing from 29 Ω/□ to 72 Ω/□. On 

the other hand, the addition of 2 layers of ZnO increases the sheet resistance 

of only 1.7 Ω/□ after 50 days making therefore the CuNW/2 ZnO thin film a 

good candidate for a low-cost TC. A summary of the effect of the addition of 1 
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to 5 ZnO layer(s) on the roughness and sheet resistance for Day 0 and Day 50 

is given in Table 13.  

 

 

Table 13. Summary of the roughness and the evolution of Rs for day 0 and day 50 for 
CuNW/ZnO films with 0 to 5 ZnO layer(s).  

  

 Conclusion of this section 
 

I have shown that the fabrication of CuNW TC is rendered difficult due to the 

intrinsic oxidation of copper. The addition of a suitable top layer helps to 

improve the overall surface roughness of the film and helps to prevent the 

oxidation of the thin film. ZnO is found to be the most suitable top layer for 

CuNW by keeping the same optical properties of NW films. The addition of 

only 2 layers of ZnO on top of CuNW films reduces significantly the oxidation 

rate of the films while retaining their transmittance and reducing their 

roughness. Therefore, the addition of a coating such as ZnO is a suitable 

technique in order to keep the optoelectronic performances of the film stable 

over time although it does not prevent the CuNW oxidation entirely.  
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 Conclusion of the chapter 
 

I have shown that a better understanding of both anneal and plasma 

treatments effects on CuNW can contribute to achieve highly performant 

CuNW TC thin films. This involves an optimisation of the pre- and post- 

treatments of these films. Therefore, a lactic acid solution ligand exchange 

performed on CuNW followed by a 2h-H2/N2 anneal give the best 

optoelectronic performances with films displaying a sheet resistance of 43 

Ω/□ for 93% transmittance for a 90 nm CuNW film. This chapter has also 

pointed out the importance of controlling the surface roughness of the wires 

which is necessary for future application such as low-cost solar cells. I have 

also demonstrated that the choice of a top-layer is important and that the 

nature of the NW influences this choice. ZnO is a good candidate for top layers 

for TC owing their capacity to prevent the oxidation of the NW and to reduce 

the overall roughness of the wire. The addition of only 2 layers of ZnO prevents 

the oxidation of NW film where only an increase of 1.8 Ω/□ of the sheet 

resistance is observed after 50 days. However, no coating ensures a total 

protection against oxidation and in long term the films resistance increases. 

Hence the necessity to explore new materials that are more robust against 

oxidation. Therefore, in the next chapter, I will focus on the synthesis of 

bimetallic CuNi NW.  
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6 Synthesis of bimetallic Cu based NW 
 

 Introduction  
 

In the previous chapter, I showed that applying CuNW as a TC is rendered 

difficult due to the rapid formation of an oxide layer on NW surface that 

diffuses through the wires and eventually breaks them. Therefore, during this 

oxidation process, the sheet resistance Rs of CuNW films increases over time 

until a point where they are not conductive anymore. This effect is even more 

dramatic for thinner films i.e. less NW overlap, hence more chances for the film 

network to break more quickly than for a thicker film.  During the final stage 

of NW oxidation, films are formed of decomposed wires into small particles. 

Thinner NW films do not conduct anymore after 100 days of storage in air. I 

showed that the addition of a coating on top of the NW thin films can reduce 

the oxidation kinetic significantly but does not prevent it because films still 

oxidise over time. In this chapter, I will investigate a new method to chemically 

modify CuNW in order to make them more resistant to oxidation. To do so, I 

will create bimetallic NW by exploiting further the catalytic properties of Ni2+ 

in the synthesis. The aim is to produce thin films which remain stable for 

months. The synthesis principle remains the same as the previous chapters 

but with modifications. Table 14 summarises the reagents and quantities used 

throughout this chapter.  



159 
 

 

Table 14. Summary of the main reagents quantities or volumes used in this chapter. 

 

I will investigate the synthesis of bimetallic CuNi NW in a co-reduction 

approach using Zinc precursor (Zn(acac)2 or ZnCl2) as a catalyst. I hypothesise 

that the final nature of Cu based NW is influenced by the Zn precursor 

concentration and counterion: I will show that the nature of the NW can be 

tuned by simply modifying Zn2+ counterion.  Therefore, this chapter will be 

broken down into four studies:  

1. Study of Zn2+ concentration effect on the NW size and nature; 

2. Zn2+ counterion influence on NW atomic ordering and morphology; 

3. TEM, STEM and XRD studies of bimetallic CuNi NW; 

4. Electrocatalytic application of CuNi core-shell and alloyed NW.  
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 Synthesis of CuNi NW 
 

 The role of the catalyst in CuNW synthesis 
 

In section 3.1.1, I mentioned that NW were synthesised in presence of OLA 

using Ni(acac)2 as a catalyst. Guo et al. 6 stated that the synthesis occurs in 

three steps as explained in the literature review in section 2.2.3.2.2 where 

Ni(acac)2 is first reduced into zero valent Ni0 and Cu2+ is reduced by Ni0 via 

galvanic replacement. The galvanic replacement is driven by the favourable 

difference in reduction potential between both metals. The change in Gibbs 

free energy ΔE is given by: 

 

𝛥𝐸 = −𝑛𝐹𝐸(12) 

 

Where n is the number of moles of electron transferred, F is the Faraday’s 

constant and E the potential difference between the two chemical half 

reactions.  

The potential E is given by the Nernst equation: 

 

𝐸 =  𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑛(𝑄) (13) 

 

Where E0 is the standard potential difference, T is the temperature, R is the 

ideal gas constant and Q is the activity constant which is dependent on the 

concentration of the precursors.  
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In order to confirm that the catalytic role is driven by the difference of 

potential between two metallic precursors, Ni(acac)2 is replaced by Zn(acac)2, 

an element with a lower reduction potential. The reduction potential of Cu2+, 

Ni2+, and Zn2+, are displayed in  Table 15. 

 

 

Table 15. Reduction reaction and corresponding reduction standard potential for Cu2+, 
Ni2+ and Zn2+. 

 

The ratio between the precursors were kept identical. The SEM in Figure 58)a) 

shows that pure CuNW were successfully synthesised (Figure 58)a) inset) in 

presence of Zn(acac)2 as a catalyst. Some minor traces of Ni and Zn (Figure 

58)b) and  Figure 58)c)) were found which are believed to be due to the 

formation of CuNi NPs. 
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Figure 58. a) SEM picture of CuNW synthesised using Zn(acac)2 as a catalyst, the scale 
bar is at 20 µm, inset: EDX mapping of Cu, b) STEM-EDX elemental analysis graph of 
CuNW, c) atomic percentage of Cu, Ni and Zn elements.  

 

The choice of the copper precursor, the precursor degree of oxidation (Cu+ or 

Cu2+) and the ratio between metallic precursors are important parameters to 

take into account for CuNW synthesis. In presence of CuCl2, the addition of a 

catalyst is necessary to promote CuNW growth 6 while Yang et al.164 have 

successfully synthesised CuNW by replacing CuCl2 with CuCl in OLA after 36h. 

In another work, Guo et al. 106 have reported the synthesis of CuNi core-shell 

NW by increasing Ni concentration and therefore modifying the ratio between 

Cu and Ni precursors: CuNi core-shell NW were obtained with a 3:5 ratio of 

Cu:Ni . The counterion linked to the precursor influences the choice of the 

ligand as well: Zhang et al. 43 synthesised CuNW using Cu(acac)2 but OLA was 

replaced by two ligands: HDA and CTAB. 
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Table 16 summarises CuNW, CuNi NW and NPs synthesised using different 

solvothermal methods.  

 

 Precursors 
initial ratio 

Outcome Ref 

Cu (acac)
2
, HDA, CTAB X CuNW 43

 

CuCl
2
, Ni (acac)

2
, OLA 2:1 Cu:Ni CuNW 6

 

CuCl
2
, Zn (acac)

2
, OLA 2:1 Cu:Zn CuNW 

Present 
thesis 

CuCl
2
, Ni (acac)

2
, OLA, 

ODE 
3 :5 Cu:Ni CuNi NW 106 

CuCl
2
, OLA X No NW 6

 

CuCl, OLA X CuNW 164
 

 

Table 16.  Different NW and NPs synthesised using methods relevant to this chapter.  

 

Therefore, this chapter will investigate the idea of using Zn precursor as a 

catalyst for the formation of CuNi NW using a co-reduction approach. Zn 

precursor concentration as well as counterion effects on NW size and nature 

will be investigated.  

 

 CuNi NW synthesis using Zn precursor. 

 

In this section, I am interested in the Zn precursor concentration effect on the 

NW. Between 0.15 to 1.23 molar ratio of zinc acetylacetonate (Zn(acac)2) with 

respect to CuCl2, is added to the synthesis. I hypothesise that the addition of 
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Zn precursor modifies the nature of the wire by promoting the formation of 

bimetallic CuNi NW which leads to a change in the wire size.   

 

 Morphology and size of the NW 

 

Both SEM images and diameter and length size distributions (depicted on the 

left of the SEM images) are shown in Figure 59. Each size distributions have 

been measured using 20 SEM images. A great disparity in both length and 

diameter according to Zn(acac)2 concentration is observed. The addition of 

only 0.15 Zn/Cu initial molar ratio makes the NW shorter and thicker while 

increasing up to 0.61 of Zn/Cu ratio provides longer and thinner NW. Above a 

0.61 molar ratio, the aspect ratio of the NW decreases again due to an increase 

of the diameter.  The size distribution of the NW shows a great polydispersity 

in both diameter and length due mainly to the presence of NPs and small 

nanorods. For a 0.61 initial molar ratio, the size distribution is however 

narrower suggesting that this ratio provides a better stability of the system 

which increases the anisotropy of the wires.   
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Figure 59. SEM pictures of CuNW synthesised with a) 0.15, b)0.36, c) 0.61, d) 0.84, and 
e) 1.23 Zn/Cu initial molar ratio.  



166 
 

 

Figure 60. size distribution of both length and diameter for a) 0.15, b)0.36, c) 0.61, d) 
0.84, and e) 1.23 Zn/Cu initial molar ratio. 
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The average length, diameter and corresponding aspect ratio are plotted in 

Figure 61.The  Figure 61)a) shows that the length varies from 10 µm to 20 µm 

from 0.15 to 1.23 initial molar ratio of Zn/Cu while the diameter decreases 

from 140 nm to 41 nm from 0.15 to 0.61 then increases up to 83 nm for 1.23 

initial molar ratio of Zn/Cu. Therefore, the highest aspect ratio is obtained 

with an initial Zn/Cu molar ratio of 0.61 as shown in Figure 61)b. These 

observations hint that the increase in Zn2+ content leads to an increase of the 

NW length suggesting that Zn2+ promotes the reduction of both Cu and Ni 

atoms that will be added up on the NW during the crystal growth. However, a 

diameter increase is observed above 0.61 Zn/Cu initial molar ratio which is 

responsible for the decrease of this aspect ratio. I hypothesise that the sudden 

drop in diameter, which is observed for an initial molar ratio of 0.61 marks the 

point where Ni is added on top on the CuNW forming a Cu core and Ni shell 

NW and the increase in diameter is due to an increase of the Ni content and 

therefore the Ni shell surrounding each CuNW. 
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Figure 61.a) Length and diameter and corresponding b) aspect ratio of Cu based NW 
synthesised in presence of Zn(acac)2. 

 

 Nature of the NW 

 

In this section, I will investigate the effect of Zn2+ concentration on the 

reduction of Ni precursor and demonstrate that different concentrations of 

Zn2+ lead to CuNi NW with tuneable Ni contents using STEM-EDX analysis. EDX 

spectra of 0.15, 0.36, 0.84 and 1.23 initial molar ratio of Zn/Cu are depicted 

from Figure 62)a to Figure 62)e.  I observe that initial Zn/Cu molar ratio of 

0.15 and 0.36 do not modify the chemical nature of NW, forming only pure 

CuNW while Ni is present at contents of 25%, 20%, and 18 % for 0.61, 0.84 

and 1.23 Zn/Cu initial molar ratio respectively. Carbon is present mainly in the 

film holder and small amounts are found in the outer layer of the NW. The EDX 

analysis reveals that the oxygen is present as well, in the outer surface of the 

wire and its content increases with Zn2+ initial content in the system. For the 

highest Zn/Cu ratio, Zn is also present most probably in the form of ZnO. The 
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count based on the spectra obtained from each element for all initial Zn/Cu 

molar ratio are plotted in Figure 63.  
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Figure 62. STEM-EDX elemental analysis graph and EDX maps of different elements: Cu, 
Ni, Zn, C, and O for NW synthesised with an initial molar ratio of Zn/Cu of a) 0.15, b)0.36, 
e)0.61, d)0.85 and e)1.23. 
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The plot shows that bimetallic CuNi NW are formed for Zn/Cu initial molar 

ratio equal or superior to 0.61. Below this ratio, the NW are made of Cu only 

therefore confirming that the reduction of Ni2+ occurs when Zn2+ reaches a 

certain concentration. The STEM-EDX data confirm therefore that for initial 

Zn/Cu molar ratios of 0.61 or higher, the NW are made of both Cu and Ni  

elements.  

 

  

Figure 63. Plot of the different element counts measured by STEM-EDX according to the 
Zn/Cu molar ratio in the synthesis. 

 

 Mechanism of formation of CuNi NW 

 

Two main conclusions can be drawn from the previous experiments: 

1. At low Zn2+ concentration (below 0.61 Zn/Cu molar ratio), a Zn precursor 

concentration dependency over the total aspect ratio of the NW has been 
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identified: the increase in Zn2+ content induces an increase in the NW 

length suggesting that Zn2+ promotes the reduction of more atoms that can 

be used as building blocks for the NW growth. The increase in the aspect 

ratio of the NW shows that the addition of Zn2+ promotes the NW 

anisotropy.  

2. Above a concentration threshold, Zn2+ is responsible for the reduction of 

Ni2+ into Ni atoms that participate into the reaction forming bimetallic 

CuNi NW. Therefore, the presence of Zn induces a change in the reaction 

kinetic of the system. It is known that elements of low reduction potential 

such as Ni2+ reduce in a lower rate than those with higher reduction 

potential such as Cu2+. Since Ni2+/Ni and Cu2+/Cu couples exhibit 

reduction potentials far from each other, a CuNi core-shell formation is the 

most plausible structure formed where Cu2+ ions are reduced first and 

followed by Ni2+ ions. I hypothesise therefore, that when Zn/Cu initial 

ratio reaches a critical point, the presence of Zn2+ promotes the formation 

of CuNi core-shell NW by the following mechanism of growth: CuCl2, 

Ni(acac)2 and Zn(acac)2 react with OLA forming complexes. When Zn/Cu 

ratio reaches 0.61, Zn2+ replaces Ni2+ role as a catalyst. A sufficient amount 

of Zn2+ is reduced into zero valent Zn0. Cu2+ being more noble than Zn, Zn 

promotes the reduction of Cu precursors into Cu metallic atoms via 

galvanic replacement which progressively form CuNW. The remaining Zn 

atoms helps to reduce Ni2+ into metallic Ni0 which are added up on top of 

CuNW.  
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 TEM study of the CuNi NW synthesised using Zn(acac)2 as a catalyst 

 

In this section, CuNi NW synthesised with Zn(acac)2 with a higher Ni content 

i.e. synthesised using a 1.23 Zn/Cu initial molar ratio will be investigated: the 

nature of the NW will be determined using HRTEM and STEM-EDX analyses.  

 

An HRTEM picture of a NW synthesised using Zn(acac)2 precursor is shown in 

Figure 64)a).  From the picture, two regions can be distinguished: a low 

contrast region on the edges of the wire more likely made of the Ni shell and a 

high contrast region in the middle which is attributed to the Cu. The difference 

in the contrast observed is due to a difference in the thickness between the Cu 

core and the thinner Ni shell wrapping it. A closer look on the edge of the wire 

is represented in Figure 64)b) which shows the evolution of the crystalline 

structure along the section of the wire. The FFT is taken in three different 

areas a, b and c. The FFT of the zone a suggests a cubic symmetry with a lattice 

spacing, d111 = 0.24 nm which corresponds to NiO. In the zone b, the FFT shows 

that both NiO and Ni phases are present with Ni lattice spacing, d111 = 0.21 nm. 

The FFT of zone c reveals the presence of a highly ordered cubic phase 

composed only of Cu with a lattice spacing, d111 = 0.20 nm.  In case of core-

shell CuNi NCs, it has been shown 193 that a very thin layer attributed to NiO 

for Ni contents above 40% is formed on the surface of the bimetallic NPs of 

CuNi. Therefore, I hypothesise that the core-shell NW outer layer is made of 

an Ni oxide that diffuses through the Ni shell. This observation hints that the 

wire might progressively become a NiO/Cu core shell and therefore one can 
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argue the efficiency of the shell to protect the wire against oxidation through 

time.  

 

 

Figure 64. HRTEM of CuNi core-shell NW. Zoom on the a) NiO edge, b) Ni/NiO region 
and c) Cu core. 

 

To investigate the oxide formation, a zoom on the extreme edge of the low 

contrast region is shown in Figure 65)b).  The crystal structure of this 

extremity is not very clear as seen in Figure 65)c. The Figure 65)d) shows the 

presence of a very organised crystalline structure on the most extreme part of 

the wire where the formation of different crystals with different directions can 

be observed. Therefore, I hypothesise that the low contrast region is the result 
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of the addition of crystals of different directions that are piling up on top of 

each other resulting in the formation of a dense region as shown in Figure 

65)d). Thus, the presence of triangular shaped crystals in the outer layer of the 

wire are due to the fact that this part is composed of a thinner crust whereas 

the inner part denser results in the addition of many crystals. Therefore, I 

conclude that the presence of a gradient of contrast level of the wire is due to 

the formation of a core-shell NW where Ni nanoparticles are adding up on top 

of Cu forming domain boundaries.  

 

 

Figure 65. a) HRTEM of a CuNI core-shell NW, zoom on b) the edge of the wire, the c) 
upper and d) lower part of the edge.  

 

Figure 66 shows an EDX image of CuNi NW synthesised using Zn(acac)2. Cu 

and Ni maps in Figure 66)b and Figure 66)c respectively show the presence of 

two distinctive regions where Cu is concentrated in the middle of the wire and 

Ni in the outer layers which confirms further the presence of two distinctive 

regions; hinting the formation of a Cu core-Ni shell type NW. The maps show 

also that Ni diffuses through the Cu core creating an alloy in the centre which 

was already observed by Rathmell et al. 86: Ni and Cu are miscible in all 
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proportions which explains the interdiffusion between these two elements. Ni 

count is observed to be constant through all the NW because the shell wraps 

the entire wire. 

 

 

Figure 66. Energy X Ray Spectroscopy of CuNi NW synthesised using Zn(acac)2 as a 
precursor. 

 

The presence of a core-shell is further attested by the EDX elemental analysis 

graph and corresponding count of Cu and Ni in Figure 67)a) and in Figure 

67)b) where it is suggested that Cu is three times more present than Ni.   
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Figure 67.a) EDX elemental analysis graph and b) corresponding count of Cu and Ni for 
NW synthesised using Zn(acac)2 as a precursor. 

 

Figure 68 measures the composition of Cu and Ni along and perpendicular to 

the wire axis. Cu composition is higher in the centre while Ni is present in 

lower quantities and does not vary much along the diameter of the NW which 

suggests that the amount of Ni is approximately the same across the wire.  

The mechanism of formation of the core-shell can be explained as follows: 

First Cu is formed and a reduction of Cu2+ ions occurs that leads to the growth 

to CuNW, then Ni2+ are reduced into Ni0. Once the concentration of Ni0 is 

superior to the critical concentration, the Ni atoms begin to accumulate on the 

surface of the wire. Guo et al. 106 have reported the synthesis of core-shell CuNi 

NW with either rough or smooth surface by changing the stirring speed. In the 

present case, this does not affect the morphology of the wire. The roughness 

of the wire is another hint that Ni is adding up on top of Cu.   
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Figure 68. Line scan a) perpendicular to and b) along the wire axis of CuNi NW 
synthesised using Zn(acac)2. 

 

In conclusion, from the TEM observations, the EDX mapping in Figure 66, the 

Cu and Ni elemental analysis graph in Figure 67)a) and the line scans shown 

in Figure 68, I can confirm that NW synthesised using Zn(acac)2 as a precursor 

possess a CucoreNishell structure. These core-shell NW show the presence of an 

oxide that diffuses through the shell layer. The next section will study the 

counterion effect on the nature of the NW by replacing Zn(acac)2 with ZnCl2. 

 

 CuNi NW synthesis using ZnCl2 
 

 Experiments 

 

In this section , I will investigate the counterion effect by replacing Zn(acac)2 

with ZnCl2. Similarly to what was observed before, Ni is present in the NW for 

Zn/Cu ratios equal or superior to 0.61 as shown in the STEM-EDX spectra in 
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Figure 69. A plot of the Ni/Cu atomic percentage ratio based on the EDX 

elemental analysis map for both Zn(acac)2 and ZnCl2 at different Zn/Cu ratios 

are displayed in Figure 70)a). From this plot, I can conclude that with the 

presence of ZnCl2, Ni count is higher than with Zn(acac)2 for ratio equal or 

superior to 0.61. For a 1.23 Zn/Cu initial molar ratio, Ni count passes from 0.5 

with Zn(acac)2 to 1 with the addition of ZnCl2. Therefore, I can conclude that 

the  presence of ZnCl2 improves the reduction rate of Ni(acac)2 into Ni0 atoms.  
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Figure 69. STEM-EDX images of Cu and Ni for a)0.15, b)0.36, c)0.61, d)0.84 and 1.23 
Cu/Zn initial molar ratio of CuNi NW synthesised using ZnCl2 as a precursor. 

 

Regarding the aspect ratio of the CuNi NW shown in Figure 70)b), it passes 

from 10 to 210 with the highest for 0.61 Zn/Cu initial molar ratio. The aspect 
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ratio for NW synthesised using ZnCl2 is quite close to the one obtained in 

presence of Zn(acac)2. Therefore, I can conclude that the counterion does not 

affect the size of NW in this study.  

 

 

Figure 70. Ni/Cu atomic percentage extracted from the EDX elemental analysis graphs 
and aspect ratio of NW taken from 20 images for both Zn(acac)2 and ZnCl2 for different 
Zn/Cu initial molar ratios. 

 

 TEM study of CuNi NW synthesised using ZnCl2 

 

The HRTEM in Figure 71)a) shows a single NW formed using ZnCl2 as a 

precursor. The main figure shows that the whole body of the wire is formed 

by mismatched stacking of atomic planes which are the result of the presence 

of some defects on the surface of the wire, in particular along the crystal 

growth: a bone-like structure that spans along the length of the whole wire is 

observed. These structures have been reported by smith et al. 194  in tungsten 

oxide nanowires and suggest the origin of these defects as a result of an oxygen 

deficiency driven growth. Here I suggest that the formation of the defects is 
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the result of a deficiency in either Cu or Ni in the middle of the wire. The zoom 

on the middle of the wire shows the presence of twin defects.  The FFT shows 

a cubic symmetry which corresponds to a CuNi alloy of equimolar composition 

with a lattice spacing, d111 = 0.205 nm. Therefore, the NW corresponds only to 

one single crystal. 

 

 

Figure 71.a) HRTEM of CuNi NW synthesised using ZnCl2 as a catalyst b) Zoom in the 
middle of the wire showing a twin defect, c) FFT of the NW. 

 

Wang et al.195 have reported a stacking fault in Au NCs partially due to 

dislocations driven growth. These dislocations induce some plastic 

deformation which explains the difference in crystal structure. I therefore 

believe that defects on the NW induce some plastic deformations highlighted 

by the zoom in Figure 71)b). The chemical composition of the NW remains 

however constant along the NW axis. Therefore, I hypothesise that in presence 

of ZnCl2 precursor, the NW that are formed are alloys.  
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In order to confirm my hypothesis, I investigate both Cu and Ni distributions 

using EDX analysis. The EDX map in Figure 72)a) and the STEM-EDX maps of 

Cu and Ni in Figure 72)b and in Figure 72)c show that the NW is formed of 

both elements that are evenly distributed. This is further confirmed by the 

EDX elemental analysis graph and the corresponding calculated count for Cu 

and Ni in Figure 73. Therefore, all the evidence points toward the fact that the 

NW is an alloy. 

 

 

Figure 72. EDX map of Cu, Ni for a CuNi NW synthesised using ZnCl2 precursor. 
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Figure 73. a) EDX elemental analysis graph and b) corresponding count of Cu and Ni for 
NW synthesised using ZnCl2.  

 

Line scans are performed along the axis and perpendicular to the axis of the 

NW. The line scans shown in Figure 74 confirm that these NW are alloys.  An 

interesting observation is that in the line scans shown, Cu and Ni peaks points 

are not located at the same position where Cu peak point is before Ni one. This 

suggests that there is the presence of a Cu defect in the middle of the wire, 

confirming the origin of the defects shown in the TEM above.  
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Figure 74. Line scan a) perpendicular to and b) along the NW axis of the CuNi NW 
synthesised using ZnCl2 as a precursor.  

 

The STEM pictures show that the composition in Ni and Cu is uniform in both 

axial and perpendicular directions. Cu count is slightly higher than Ni 

suggesting that the NW is deficient in Ni. In conclusion, from all the data 

analysis produced, I can confirm that CuNi bimetallic NW synthesised using 

ZnCl2 as a precursor are an alloy.  

 

The HRTEM analysis helps also to uncover very specific traits of these wires.  

Figure 75 presents a zoom of a CuNi alloy edge where some stacking faults of 

different directions are visible in the lower part of the image. On the top part 

of the wire, a very high contrast zone is observed. In this zone, the lattices are 

very organised. I hypothesise the presence of an oxide on the edge of wire. 
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Figure 75. a) Section of a CuNi NW alloy, b) zoom on the edge of the NW, FFT of c) the 
upper part attributed to CuNiO and d) the lower part of the wire corresponding to CuNi. 

 

A closer zoom of the edge between the two zones of the wire is shown in Figure 

75)b). The FFTs of the NW edge displayed in Figure 75)c) and in Figure 75)d) 

show that both areas have two distinct ordered crystalline structures with a 

cubic symmetry. I hypothesise that the upper part of the wire is made of a 

copper nickel oxide with a lattice spacing, d = 0.356 nm. After many days left 

in air, the oxide layer remains constant (same thickness). The oxide formation 

for copper nickel alloy has been studied previously and it has been concluded 

that the oxide is of a protective nature: Pilling et al. 196 observed that in case of 

bulk Cu-Ni alloys with a between 40-60% Ni content, the oxidation rate is 

slower than of pure metals and lower Ni contents alloys. In my work, I observe 

the same trend where leaving the NW for many days does not impact the total 

thickness of the top layer. It is implied that the thinner the oxide is, the more 

protective as a barrier it is.  The previous work on copper nickel oxide showed 

a temperature and nickel content dependency of the oxide formation rate 

where 40-60% Ni content resist more strongly to oxidation than pure Ni. 

Therefore, I conclude that the oxide layer is formed instantly and protects the 



187 
 

copper nickel alloy instead of diffusing through the layer which is commonly 

the case for CuNW as shown previously in chapter 5.  

 

 Discussion 

 

 Difference between alloyed and core-shell CuNi NW 

 

The XRD plot in Figure 76 compares simulated diffractograms using 

Crystaldiffract software of Cu, Ni, 1:1 Cu:Ni alloy and 0.85:0.15 Cu:Ni core-shell 

with experimentally synthesised CuNi NW using 1.23  Zn/Cu initial ratio with 

either ZnCl2 or Zn(acac)2. Two set of peaks attributed to Cu are the {111} peak 

at 43,3° and the {200} peak at 50.4° and attributed to Ni: {111} at 44,3° and 

{200} at 51.7°. The peaks appear to both simulated core-shell and CuNi NW 

synthesised using Zn(acac)2 diffractograms. Interestingly, the alloy presents a 

new set of peaks attributed to CuNi {111} and CuNi {200} at 43.9° and 51.2°. 

Therefore, Zn(acac)2 XRD plot is similar to a core-shell plot while ZnCl2 plot is 

closer to an alloy one.  
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Figure 76. Comparison of CuNi alloy and core-shell simulated data and CuNi NW 
synthesised using ZnCl2 and Zn(acac)2.  

 

 Why is the presence of Zn precursor so important? 

 

XRD analysis confirms what was observed with the HRTEM and STEM-EDX 

analyses: for the same concentration of Zn precursors, the addition of 

Zn(acac)2 results in the formation of Cucore/Nishell NW while ZnCl2 presence 

forms single crystalline CuNi NW alloys. This study shows the importance of 

the counterion on the synthesis as it can influence the atomic ordering of the 

wire. The alloy and core-shell present also physical differences: CuNi alloys 

are single crystalline exhibiting a very well-defined crystal lattice while CuNi 

core-shell NW possess a very rough surface due to the piling up of Ni atoms. 

Both NW possess an oxide layer on the NW surface, but its nature differs: the 

oxide present on the core-shell is a diffusive one while the alloy presents a 

protective oxide layer. 
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To understand the role of Zn precursor, control experiments were performed 

replacing ZnCl2 with NaCl for each Zn/Cu ratio studied (the NaCl concentration 

has been doubled by 2 to match Cl- ions concentration), the resulting NW were 

made of pure CuNW.  Table 17 summarises the nature of NW obtained 

according to the precursor added.   

 

 

Table 17. Nature of NW obtained by using Zn precursors (ZnCl2 or Zn(acac)2) or NaCl in 
the synthesis and proposed mechanism of reduction.  

 

 Mechanism of formation of CuNi alloys. 

 

I have shown that regardless of the counterion, Zn2+ acts as a catalyst and by 

increasing its concentration, the reduction of Ni(acac)2 precursor is promoted. 

The counterion plays however, an important role in defining the final nature 

of NW. The formation of an alloy occurs when M and N species are reduced 

simultaneously as explained in 2.4.3.1 .The mechanism of formation of alloy is 

not yet understood. The standard redox potential of Ni and Cu being far from 

each other, it is normally impossible for these elements to be reduced at the 
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same time in normal conditions. Researchers have hinted the possibility that 

the formation of nanoalloys was due to a modification of the standard 

reduction potential of the elements due to the reduction of their size 132. Gilroy 

et al. 129 have suggested that the standard reduction potential of an element is 

modified in presence of different counterion such as halides for instance. 

Therefore, I believe that the presence of ZnCl2 instead of Zn(acac)2 modifies 

the standard reduction potential of Zn2+ and increasing its concentration 

compensate the slower reduction of Ni(acac)2. This dual action allows a co-

reduction of both Ni2+ and Cu2+. 

 

 TC fabrication.  

 

Bimetallic CuNi alloyed NW have a great potential as a TC owing their 

resistance upon oxidation. The more neutral grey colour of these NW makes 

them more suitable for application such as displays compared to CuNW. 

Therefore, CuNi NW TC were dispersed in isopropanol and TC fabrication was 

attempted following the same procedure described in 3.2. However, the 

vacuum filtration of the NW following the method described in 3.2.2 failed at 

the second step: the transfer to glass substrate of the filtered NW was 

impossible. Different hydrophilic and hydrophobic membranes were tested. 

The glass substrate was also replaced with polymers such as polyethylene 

naphthalate (PEN), PET and polydimethylsiloxane (PDMS) with moderate 

success. Other deposition techniques such as spin coating, Meyer road and dip 

coating were also tested but during the drying process, NW were 

agglomerating instead of forming a homogeneous mesh.   CuNi alloyed NW has 



191 
 

a very unique surface energy which requires to explore other methods to 

fabricate NW film.  

 

6.2.3.3.4.1 Conclusion of the section 

 

In conclusion, the alloy formation occurs in two steps: for Zn/Cu initial molar 

ratio superior or equal to 0.61, Zn2+ replaces Ni2+ as catalyst and a small 

amount are reduced by OLA , then Ni2+  and Cu2+  are reduced at the same time 

forming an alloy.  CuNi NW TC were not tested because the transfer from both 

hydrophobic and hydrophilic membranes to substrates was not successful. 

Overcoming this issue will be necessary in the future in order to explore the 

potential of these NW as TC.  The next section will investigate the application 

of the different type of NW synthesised in this thesis as potential 

electrocatalyst.  

 

 CuNi NW as electrocatalyst for the Hydrogen Evolution Reaction  

 

The previous sections have highlighted that the transition from monometallic 

to bimetallic nanowires requires a higher degree of control and understanding 

of the synthesis parameters.  The bimetallic NW synthesised in this chapter 

provide the advantage to be structure dependent based on the counterion, and 

composition dependent according to the ratio of Zn/Cu. This section will test 

the functionality of these bimetallic nanowires and will investigate whether 

composition and chemical structure-activity dependencies can be identified. 

Pure CuNW, 1:1 and 2:1 alloyed NW, core shell NW and NiNW are tested as 
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potential electrocatalyst for HER using a method described in 3.3.11. The ratio 

between Cu and Ni is measured according to the EDX spectra of each samples.  

The polarization curves are shown in the plot in Figure 77. The overpotential 

η of the materials defined in 3.3.11 ranges from 0.64V for CuNW to 0.39V for 

the 1:1 CuNi NW alloys. Materials with lower overpotential are favoured as it 

means less energy is required to generate the same amount of hydrogen. 

 It is interesting to observe that the current density as a function of the 

potential is very similar for both core-shell NW and Ni NW. I have mentioned 

in 2.4.3.2 that core-shell whose shell is superior to 6 atomic layers exhibit 

physical properties dominated by the shell. The same type of conclusion can 

be given in the present case. I observe also a composition-activity dependency 

where the overpotential increases by 0.23V when passing from a 1:1 to a 2:1 

alloy suggesting that alloying Cu with Ni enhances the electrocatalytic 

properties of these NW for HER. The volcano curve of the exchange current 

density as a function of the calculated free Gibbs energy shown in Figure 78 

suggests that Ni and Cu have opposite properties 197 in terms of catalytic 

activity: Ni is known to have a low electrocatalytic activity due to a poor 

adsorption of hydrogen on Ni surface. On the other hand, the electrocatalytic 

activity of Cu is too high: Cu has a too strong bonding strength and therefore 

fails to release the adsorbed hydrogen. Therefore, combining Cu and Ni allows 

to compensate the issues observed with their monometallic counterparts. The 

influence of the atomic ordering is not evidenced here as the core-shell and 

the alloy do not present the same ratio of Cu and Ni even though they have 

been synthesised using the same concentration of precursors.  



193 
 

 

Figure 77. Polarization curve for CuNW, 1:1 and 2:1 CuNi alloyed NW, CuNi core shell 
NW and NiNW. 

 

The Tafel plots extracted from the polarization curves and current densities 

are shown in Table 18: CuNW, 1:1 Alloys, 2:1 CuNi Alloys, CuNi core-shell and 

NiNW yield Tafel slopes of 60, 21, 43, 44 and 39 mV/decade respectively. The 

Tafel slopes values indicate the mechanism by which the H2 is adsorbed and 

desorbed by the metal M and is described as follows 198,199: 

 

H3O+ + e- +M → M-Hads  + H2O (14) 

then 

M-Hads + H3O+ + e-→ H2(g) + H2O + M (15) 

Or  

2 M-Hads → 2M + H2 (g) (16)   
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When the values of the Tafel slope are superior to -29 mV, the desorption of 

the hydrogen intermediate occurs by bounding release as shown in equation 

2 M-Hads → 2M + H2 (g) (16). This step called the Tafel step is therefore the most 

probable mechanism of desorption of hydrogen from the core-shell and 

alloyed NW which means that the addition of Ni to the NW is efficient in 

lowering down the binding strength energy between Cu and the hydrogen 

bond.  

 

 

Figure 78. Volcano plot of the exchange current density j0 according to the theoretical 
Gibbs free energy of hydrogen adsorption on pure metals 197,200. 

 

The exchange current density shown in Table 18 measures the rate of reaction 

at the equilibrium potential. Good catalysts have usually a low overpotential 

but larger exchange current densities 197,201,202. The alloys and the core-shell 

structures present higher values showing that they have better catalytic 
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performances making CuNi bimetallic NW promising candidates for HER 

applications. 

 

 
Tafel slope 

(mV/decade) 
Current density 

(mA/cm
2
) 

CuNW 60 0.25 

Alloy 1:1 21 0.36 

Alloy 2:1 44 0.31 

Core-shell 43 0.29 

NiNW 39 0.3 

Pt 203,204 20-30 0.1-0.65 

 

Table 18. Tafel slope and current density summary for each sample studied. 

 

In conclusion, I have demonstrated that the bimetallic NW synthesised in this 

chapter have a potential application for HER. 1:1 CuNi alloy NW have shown 

the best catalytic performances owing a small Tafel slope and a high exchange 

current density. The mechanism of hydrogen desorption showed that alloying 

or adding a shell to CuNW manages to reduce the binding energy between Cu 

and hydrogen and therefore enhance the electrocatalytic properties of the 

material. A dependency in composition has been evidenced by the experiment: 

an increase in Ni content enhances the performances. The importance of the 

structure of the material is not highlighted by these results because too many 

parameters such as the roughness, the chemical composition or the presence 

of defects and/or oxides on the surface of the NW enter into account. However, 
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the fact that NiNW and the core-shell CuNi NW possess similar electrocatalytic 

performances suggest that the core-shell is overpowered by the properties of 

the thick shell. Therefore, 1:1 CuNi NW alloys can be considered as the 

extremely promising material for the HER application.  

 

 Conclusion of the chapter. 
 

I have demonstrated that in a seed mediated growth the addition of a metallic 

precursor with a lower reduction potential can turn a synthesis designed to 

produce monometallic NW to the synthesis of bimetallic NW. By changing the 

chemical identity of the counterion attached to this precursor, a whole new set 

of materials can be designed. Therefore, I have been successful in making CuNi 

alloys of different compositions by replacing Zn(acac)2 with ZnCl2. This is the 

first report on the synthesis of single crystalline CuNi alloyed NW. Their 

potential is huge as they have been successfully tested as catalyst for HER 

applications: CuNi alloys present a high electrocatalytic activity with a Tafel 

slope comparable to Pt which is currently the best material in the market. 

Therefore, CuNi alloy NW stand as a promising alternative for low-cost HER 

materials.  
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7 Conclusion and future work 
 

 Conclusion 
 

CuNW have a great potential in replacing the well-established ITO as a low-

cost alternative TC. The work presented in this thesis demonstrates that by 

using the principles of chemistry, the main drawback of CuNW i.e. their rapid 

oxidation, can be turned into their advantage. The main contributions of this 

thesis are: 

o The addition of non-coordinating solvents can tune the monomer 

reactivity while the nature and concentration of non-coordinating 

solvents can impact the final NW size. Therefore, a C18 chain 1-

Octadecene produces NW with aspect ratio up to 1100 while middle 

chain C12 alkane and alkene (dodecane and 1-dodecene) show the best 

control of the NW anisotropy with diameters as low as 36 nm and 30 

nm respectively.  

o The surface chemistry of NW is a key parameter that influences the 

overall performances of the thin films. A lactic acid solution treatment 

followed by a H2/N2 plasma treatment is shown to give the best thin 

film efficiency owing a sheet resistance of 43 Ω/□ for a 93% 

transmittance. 

o The oxidation of NW can be prevented by adding a top coating. 

Experimental measurements show that ZnO provides an excellent 
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coating for CuNW: the addition of only 2 layers of ZnO on top of CuNW 

films increases the sheet resistance by only 1.7 Ω/□ after 50 days.  

o The seed-mediated NW synthesis can be turned into a co-reduction 

synthesis via galvanic replacement, with the addition of a Zn precursor. 

The concentration of Zn2+ salts needs to reach a threshold in order to 

effectively reduce Ni2+ salts and form bimetallic NW. The counterion 

plays an important role as well. Not only it influences the final shape of 

the NCs, but it also determines the nature of the NW. Two types of 

bimetallic NW have been identified: alloys can be generated using 

chloride ions while acetylacetonate ions form core-shell NW. This work 

led to the first ever synthesised CuNi alloyed NW.  

o The HER electrocatalytic activity of the NW shows both chemical, 

composition and nature dependency. CuNi core-shell and Cu2Ni alloyed 

NW have a similar activity to the one of NiNW while Cu1Ni1 alloyed NW 

are characterised by a higher activity compared to pure NiNW and 

CuNW, owing a Tafel slope as low as 21 mV/decade. A Cu:Ni 1:1 alloy 

possesses therefore an activity similar to Pt, the benchmark for HER 

reduction. Therefore, CuNi NW alloys have a promising future as low-

cost alternatives for HER applications.  

 

The main drawback of CuNW has been turned into an advantage by exploiting 

the defective nature of Cu: stable bimetallic alloyed CuNi NW were 

successfully synthesised and have potential applications in many fields such 

as electrochemistry, photonics and photovoltaics.   



199 
 

 Future work 
 

o Additional work can be done in order to improve the aspect ratio of NW 

that could increase their optoelectronic performances. Different 

approaches to reduce the diameter of NW should be explored by 

investigating the effects of coordinating solvents such as phosphines 

and alcohols. The carbon chain effect on the size of the NW can also be 

further explored by adding non-coordinating solvent with uneven 

number of carbons and longer chains with C>18 can be investigated as 

well. The effect of saturated bonds on the synthesis of CuNW has been 

clearly demonstrated in this thesis. Therefore, this work should be 

extended to other saturated chains such as the alkynes. The position of 

the bond in the non-coordinating solvent can be also easily investigated 

by replacing 1-octadecene with 9-octadecene for instance. 

o In the pursuit of making CuNW synthesis eco-friendlier, replacing the 

coordinating solvent OLA with less toxic coordinating solvents such as 

DNA and RNA should be investigated. 

o This thesis has shown the importance of using different 

characterisation techniques to unveil the properties of the NW. Other 

techniques need to be explored such as Atomic Force Microscopy 

(AFM) to study further NW aspect ratio and surface morphology, in-

situ UV-vis to uncover the different NW growth steps, in-situ heating 

HRTEM to understand the microstructural evolution of Cu and CuNI 

NW in different annealing temperatures.   
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o CuNW TC film performances can be improved by forming a CuNW/ 

reduced Graphene oxide core-shell structure that could potentially 

prevent NW from oxidation while increasing the conductivity of the 

films.   

o Vacuum filtration method has proven to be a very easy, quick and 

efficient technique to fabricate CuNW. However, its main drawback is 

that it requires the use of costly membranes (between £0.60 to £1 for 

each membrane). In addition to that, the aspect ratio of the NW 

depends on the filter pore size. Therefore, potentially cheaper 

techniques need to be explored such as stamp printing and slot-die 

coating.  

 

o CuNi NW alloy TC need to be studied.  Surface modification could 

involve the fabrication of an ink with a polymer that could be later 

burned off.  The new properties of CuNi NW needs to be further 

explored, for instance exploiting the magnetic properties of this 

material could be the first step.  

o A rough price estimation of CuNW and CuNI NW compared to AgNW is 

given in  

o . This price was calculated according to the price of the raw materials 

necessary for the synthesis of each NW, and the yield of reaction. CuNW 

and CuNi NW are about 4 times cheaper than AgNW showing their 

potential as low-cost TC. These prices can be further decreased by 

increasing the yield of reaction for instance.   



201 
 

 

Table 19. Price of AgNW, CuNW and CuNi NW based on the price of raw materials and 
yield of reaction. 

 

In order to make CuNW the future standard for low-cost TC, research needs to 

move towards the synthesis of multimetallic Cu based NW. There is in fact an 

unlimited combination of metallic NW that can be created and that can 

enhance the properties of the material. Each type of NW synthesised will 

require a deeper understanding of the fundamental chemistry it lies upon and 

of how each element affects the overall performances. Regarding their 

application as TC, two questions need to be addressed: 

o How to increase the number of elements without reducing the NW 

aspect ratio?  

o How to make sure that these new elements will not reduce the 

optoelectronic performances of the thin films? 

Alloyed NW have distinct chemical and physical properties compared to 

monometallic NW and have a great potential in many applications such as 

electrochemical reactions and low-cost photovoltaics. It was highlighted in 

this thesis that, CuNi alloyed NW are resistant to oxidation which renders 

them superior to CuNW for application as TC. 
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