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Abstract 

We report the microwave synthesis of copper nanowires (Cu NWs) by using 

alkylamine-mediated approach. Cu NWs with aspect ratio ~612 was successfully 

synthesized at 120 °C for 4 h. Purification process of Cu NWs was done via a simple 
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and fast centrifugation method using water-hydrophobic organic solvent system. The 

effect of purification on the performance of the fabricated transparent conductive 

electrode (TCE) films was investigated. Purified Cu NWs TCE showed a low sheet 

resistance of 35 Ω/sq with high transparency of 81% (at λ550 nm). Glacial acetic acid 

(GAA) treatment was applied to the Cu NWs films to improve their conductivity and 

transmittance. The high conductivity of the Cu NWs TCE can be easily restored by 

using a quick GAA treatment. 
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Introduction 

Metal nanowires and nanocrystals have attracted the attention of many 

researchers for the applications such as sensors, catalysts, electrocatalysts, flexible 

and transparent electrodes, and supercapacitor electrodes, and batteries [1–3]. One-

dimensional (1D) nanocopper in particular has received great attention due to its 

high electrical conductivity [4]. Cu is 100 times less expensive and 1000 times more 

abundant than its competitor material Ag [5,6]. Moreover, the conductivity of copper 

nanowires (Cu NWs) is almost as good as silver nanowires (Ag NWs) [7,8]. This 

shows that at an even lower cost, by replacing AgNWs with Cu NWs would be able 

to give comparable performance [9].  

Among the many methods used to synthesize Cu NWs, aqueous-media 

reduction of Cu salts is one of the most popular approaches that has been widely 

studied by using different capping and reducing agents [7,10–13]. This is due to its 

advantages such as relatively mild reaction conditions, does not need a vacuum 
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process and highly scalable [14,15]. Microwave-assisted synthesis of Cu NWs was 

previously reported by Liu et al. [16] via hexadecylamine (HDA)-mediated method. In 

comparison to the conventional method, microwave heating possesses many 

advantages including consistent distribution of particles size, control over 

morphology, and uniform heating [17–19]. Microwave energy was remotely 

introduced into the chemical reactor and passing through reaction vessel’s walls to 

achieve direct heating of the reactants and solvents [20], allowing rapid heating and 

fast reaction [21].   

A high quality transparent conductive electrode (TCE) requires a coating layer 

which is nearly transparent, highly conductive, and durable. The two well-known 

materials used to fabricate high-performance electrodes are Indium Tin Oxide (ITO) 

and silver nanowires (Ag NWs). Recent research works on Ag NWs showed that Ag 

NWs-based transparent electrodes could compete with ITO [22–24]. Unfortunately, 

silver is scarce and highly priced, while ITO-based electrodes are brittle, expensive 

and not eco-friendly [25]. To study fundamental electrical and mechanical properties, 

Cu NWs with thin diameter and high aspect ratio have become an ideal material 

[26,27]. The great potential of Cu NWs-based transparent electrodes have been 

reported previously. For example, Mallikarjuna et al. [28] has prepared a Cu NWs 

flexible transparent electrode (FTE) with sheet resistance of 128 Ω/sq at 

transmittance > 95% using spray coating and treatment with photonic welding 

method. Zhang et al. [29] synthesized high aspect ratio Cu NWs (~5000) and the 

films exhibited high optical performance of 91% at low sheet resistance of 92 Ω/sq.  

Most of the procedures used to fabricate TCEs using Cu NWs require high 

temperature post-processing treatments under inert atmosphere [30–32]. Therefore, 

a dipping method using GAA was introduced to remove copper oxide and residual 

organics [25,33,34] on the Cu NWs, which is simpler, shorter in treatment time, and 
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can be conducted at ambient condition. This greatly reduces the cost and time taken 

to make a TCE. GAA also does not oxidize copper surface, therefore it can be used 

to remove copper oxide without attacking the copper film [35]. This treatment is also 

suitable for the fabrication of heat sensitive devices [33]. In this study, we reported 

the synthesis of Cu NWs using a microwave reactor, by investigating the effect of 

temperature, reaction duration, capping agents, and reducing agents on the 

properties of the Cu NWs obtained. We also demonstrated a procedure for 

separating Cu NWs from Cu nanoparticles (Cu NPs) in the reaction mixture using 

multiphase separation process. The performance of the Cu NWs in the form of TCE 

was investigated. Furthermore, we reported the effectiveness of GAA treatment on 

Cu NWs films to maintain its high conductivity performance as TCE. 

 

Results and Discussion 

Characterization of Cu NWs 

XRD Analysis 

Figure 1 shows the X-ray diffractogram of Cu NWs synthesized at 120 °C for 4 h 

without post-treatment. The results showed three diffraction peaks of (111), (200) 

and (220) at 2 = 43.2°, 50.3°, and 74.2°, respectively. All diffraction peaks could be 

indexed to those of face-centered cubic Cu (JCPDS04-0836). The intense and sharp 

diffraction peaks suggested that Cu NWs are highly crystalline. Furthermore, there 

are no other peaks for impurity phases such as Cu2O or CuO [30,36]. 
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Figure 1: XRD diffractogram of Cu NWs obtained at 120 °C for 4 h. 

 

Effects of Synthesis Time and Temperature on Growth of Cu NWs 

Syntheses of Cu NWs were carried out at 120 °C for three different reaction 

times which were 2, 4 and 6 h. During the first 2 h of the synthesis process, only 

seeding was formed, based on the SEM image in Figure 2a. This can also be seen 

by the color of the product obtained, which was dark yellow. After 4 h, the color of 

the product was slowly changed to reddish brown which indicated the formation of 

Cu NWs [12,13,37]. After 6 h of synthesis time, the color of the products obtained 

still remained as reddish brown but slightly darker. Consequently, the grown Cu NWs 

at 6 h has almost identical aspect ratio to the ones synthesized at 4 h. Taking this 

into account, the optimum synthesis time of Cu NWs is 4 h.  

Figure 2a–c and 2d show the SEM images of Cu NWs in low and high 

magnifications, respectively. Based on Figure 2a,b, it can be seen that Cu NWs 

formation did not occur until 4 h of synthesis time. At synthesis time of 4 h at 120 °C, 

Cu NWs with the highest aspect ratio of ~612 (length = 38 ± 2 μm and diameter = 62 

± 14 nm) were obtained. The growth of the Cu NWs can be explained by Ostwald 
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ripening process. This occurs when the small seeds recrystallized into relative large 

Cu nanoparticles during the reaction occur [29,38]. In the presence of capping agent, 

anisotropic growth is possible thus making it essential to control the morphology of 

NWs since it acts as the structure-directing agent by complexing with Cu(II) ion [39]. 

Organic capping ligands are normally involved in the important role of regulating the 

thermodynamics and 1D growth kinetics process [40,41]. Without capping agent, 

NWs could not be formed and this was shown by several studies [12,16,39]. 

Capping agents could prevent the twinned seeds from being oxidized and 

etched if the concentration is sufficient [5]. However, ODA which contains 18 

carbons in the alkyl chain has very poor solubility in water [42]. The local 

concentration of the capping agent may be diminished due to the relative decrease 

of the alkyl amine’s solubility. For the stabilization of initial seeds against situation 

like oxidative etching [43,44] this condition would be unfavorable and the seeds 

would probably grow to nanocubes or nanoparticles. Therefore, that is why there is 

coexistence of a relatively large number of nanoparticles along with NWs 

synthesized using ODA [44] which can be seen from Figure 2b,c. 

The time taken for the ODA-mediated microwave-assisted synthesis of Cu NWs 

in this study was much shorter compared to previous studies [9,13,45] which used 

the conventional Teflon-lined autoclave method. In conventional heating, there is a 

temperature gradient from the surface to the inside because the material’s surface 

needs to be heated first followed by the heat going inside. This is different from 

microwave heating since heat is generated throughout the reaction medium [21,46]. 

The rapid rise in temperature happened when the microwaves couple directly with 

the molecules of the whole reaction mixture. Instantaneous localized superheating of 

any substance that will respond to either ionic conduction or dipole rotation will occur 

since the process is not limited by the thermal conductivity of the vessel [47]. 
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Next, in order to understand the importance of temperature in the synthesis of 

Cu NWs using microwave reactor, Cu NWs produced at three different synthesis 

temperatures of 80, 100 and 120 °C were also characterized. When the synthesis 

was done at 80 °C, the color of the product obtained was mint colored (Figure 2f). 

This color was quite close to the color of the product before the synthesis was done 

which was light blue (Figure 2e). Moreover, the color of the product obtained from 

the synthesis done in 100 °C was light yellow (Figure 2g) which also indicated that 

the nanowires have not formed yet. Based on the color of the products obtained, the 

syntheses that were done below 120 °C did not yield any CuNW. As can be seen 

from Figure 2h, the synthesis done at 120 °C yielded a reddish brown solution which 

shows that Cu NWs was successfully synthesized at this temperature. For 

anisotropic growth of nanowires, the specific facets could not be activated by lower 

temperature [16]. 

 

Figure 2: (a – c) SEM images of Cu NWs at synthesis time of 2, 4 and 6, 

respectively. The inset images are photographs of the products obtained at 

respective synthesis time; (d) High-magnification SEM image of Cu NWs at synthesis 
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time of 4 h; (e – h) Photographs of Cu solution corresponding to growth solutions of 

different synthesis temperature. 

 

Effects of Different Capping and Reducing Agents 

Several capping agents have been used in the synthesis of Cu NWs previously, 

such as hexadecylamine (HDA) [12], ethylenediamine (EDA) [48] and oleylamine 

(OLA) [8]. Among these capping agents, HDA is the most similar in terms of carbon 

length and solubility in water to ODA which is the capping agent used in this 

synthesis. Therefore, the experiment was also repeated using HDA as capping 

agent while maintaining other parameters to see the effects on the Cu NWs 

obtained. Based on Figure 3a, the synthesis using HDA as capping agent was 

successful with just 4 h of synthesis time, which is the same as the ones done using 

ODA.  

Moreover, the experiment was also repeated using ascorbic acid as a reducing 

agent while maintaining other parameters. This was done to compare the Cu NWs 

produced in terms of physical structures using different reducing agents. Based on 

Figure 3b, it can be seen that the length of the Cu NWs were similar to the ones 

synthesized by using glucose. Overall, there wasn’t much difference when 

comparing the results obtained from the synthesis between these two capping and 

reducing agents in terms of length of Cu NWs produced. This indicates that both 

capping and reducing agents can be used to synthesize Cu NWs. 
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Figure 3: SEM images of Cu NWs synthesize using (a) HDA as capping agent and 

(b) ascorbic acid as reducing agent. 

 

Mechanism of Cu NWs Purification Process 

In previous studies, the purification of Cu NWs was done by several 

centrifugation processes and used many chemicals such as isopropyl alcohol, 

ethanol and n-hexane [12,49,50]. Due to the complicated and time-consuming 

conventional washing method, the multiphase separation method by using water-

hydrophobic organic solvent system is more preferable due to shorter time and 

lesser amount of chemicals used. This purification method can be used to 

specifically purify Cu NWs that were synthesized using hydrophobic alkylamine such 

as HDA and ODA as the capping agent. As stated above, the synthesis of Cu NWs 

in this work uses ODA as capping agent which is an amphiphilic molecule that has a 

hydrophilic amino head and a long hydrophobic alkyl tail that contributes to its 

hydrophobicity [51,52]. Products of the synthesis of Cu NWs usually consist of NWs 

and undesired NPs, and the amount of NPs usually increased in larger reaction 

volume. This is due to the non-optimized mass/heat transfer during the synthesis 

process which was caused by the static reaction conditions that resulted in a less 

controlled nucleation and crystal growth [5,53]. Furthermore, in this study, the 

purification process was done using centrifugation method at 5,000 rpm for 10 min. 

This method is faster compared to waiting for the settling down of Cu NWs which 

took approximately 30 min. 

Figure 4 shows the mechanism of the separation of Cu NWs and Cu NPs based 

on their surface properties as proposed by Kang et. al [51]. After addition of water 

and chloroform (CHCl3), both of the solutions are phase-separated due to their 

immiscibility, in which CHCl3 stayed below due to its higher density. As shown in 
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Figure 4a, due to the strong attraction between the long hydrophobic tails of ODA 

and CHCl3 molecules, Cu nanostructures were covered with hydrophobic molecules 

which made them prone to stay in CHCl3. Even after the solution was sonicated for 

few seconds, Cu nanostructures still inclined to stay in CHCl3. When the solution 

was shaken, only a small amount of organics on the surface of Cu NWs dissolved 

into CHCl3 (Figure 4b). This is due to the formation of NWs meshes that prevent the 

residual organics from directly contacting with CHCl3, and the twin defects existence 

in NWs which contributed to the stronger adsorption of twin boundaries to the 

capping agents [51,54]. On the other hand, the residual organics on the surface of 

Cu NPs were completely removed by CHCl3 when the solution was shaken due to 

their monodispersity with organic solvents and weak adsorption to organic materials. 

Figure 4c shows that the force between residual organics and CHCl3 that drives the 

NWs into CHCl3 when the CHCl3 reassembled below water. An aqueous film was 

formed on Cu NPs’ surface due to the bonding of oxygen atoms of the water 

molecules with the bare Cu atoms [51]. As a result, the NPs that were surrounded by 

water were repelled by CHCl3 and dispersed well in water. After the centrifugation 

process, NPs and NWs are settled at the bottom of water and CHCl3, respectively 

(Figure 4d). 
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Figure 4: Schematic diagram of the mechanism of Cu NWs purification process. 

 

Cu NWs Performance as TCEs 

Before any treatment was done, the Cu NWs films showed a very high sheet 

resistance of 1 M Ω/sq and more. This might have been because upon exposure to 

air, copper forms a thin oxide layer [35]. Furthermore, capping agents such as HDA 

or ODA were still present on the surface of Cu NWs even after several washes and 

this was proven based on TEM images of Cu NWs obtained by Celle et al. [55]. The 

as prepared-Cu NWs films were not conductive unless the capping agent and oxides 

were removed. Generally, to remove residual organics or oxides, high annealing 

temperature under inert atmosphere was performed to make a highly conductive 

film. Unfortunately, the substrates used for TCEs applications which are usually 

polymers such as PET which could not withstand the high temperature annealing 

treatment [56]. 

In this study, GAA treatment was chosen as the post-processing treatment of 

TCE due to its simplicity and cost efficiency. Before the treatment was done, Cu 

NWs films showed very high sheet resistance due to the residual capping agent and 

oxide layer. After the films were dipped for 10 min in GAA solution, the sheet 

resistance reduced significantly from 1 M Ω/sq to ~35 Ω/sq. This proves that GAA 

treatment could largely improve the performance of Cu NWs TCEs. Figure 5a shows 

the plot of the comparison of transmittance (%) vs sheet resistance (Ω/sq) of Cu 

NWs films of this work and previously reported works [27,48,57,58]. From the inset 

images of Figure 5a(i,ii), it can be seen that the film was clearer and brighter after 

GAA treatment was done. This shows that besides increasing the conductivity of Cu 

NWs films, GAA treatment could also help in increasing the transmittance of the films 

[59]. The mechanism of the GAA treatment can be explained as follows. The 
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carboxylic acid species of GAA are likely to react with the amine groups of the 

remaining ODA. GAA could destabilize the copper–amine  interaction by protonating 

the amine, thus promoting the dissolution of ODA in the liquid phase. At the same 

time, GAA could also remove the traces of copper oxides on the surface of Cu NWs, 

hence enhancing the conductivity of the nanowires [33]. As shown in Figure 5a, both 

of the transmittance and sheet resistance value decreased with the increased of Cu 

NWs density. This proves that the density of Cu NWs on the substrates strongly 

affects the performance of transmittance and conductivity of Cu NWs film [60,61]. In 

comparison to other references, the performance of Cu NWs TCE of this work is on 

par or slightly better with previous reports on Cu NWs films.  

To show the importance of purification process on the performance of Cu NWs 

as TCE, both purified and unpurified Cu NWs were fabricated as TCEs and their 

performance were evaluated. As can be seen from Figure 5b, at similar sheet 

resistance values, the transmittance of unpurified Cu NWs films were lower than that 

of the purified Cu NWs. Performance of the purified and unpurified Cu NWs films of 

this work obtained for each concentration can be found in Table 1. The decrease in 

transmittance value was due to the presence of NPs in NWs which act as the center 

of light scattering. In addition, they do not contribute to the overall electrical 

conductivity due to their isotropic shape with poor connection on the percolating 

nanowire network [51,62,63]. Furthermore, it is very important to study the chemical 

stability of Cu NWs film. Cu is more susceptible to surface oxidation compared to Ag 

and Au due to its sensitivity to moisture and oxygen in the ambient atmosphere, and 

this causes performance degradation of CuNWs films [61]. Figure 5c shows a plot of 

a normalized ∆R/Ro where ∆R is the actual change in the sheet resistance and Ro is 

the initial sheet resistance, versus time as an evaluation of stability. To avoid the 

influence of NWs density, both of the films have similar initial sheet resistance. From 
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Figure 5c, it can be seen that in ambient conditions, the Cu NWs film showed a low 

and almost steady sheet resistance over a period of 4 hours. On the other hand, the 

sheet resistance of Cu NWs film that was aged in an oven at 60 °C increased 

significantly due to the accelerated oxidation kinetics. 

A critical problem of Cu NWs TCE is that it will be readily oxidized even when 

stored at room temperature, which can be seen from Figure 5c. Therefore it is 

important to find a way to restore the conductivity value of Cu NWs films to ensure 

its good performance as TCE. Hence, an experiment was done by re-dipping Cu 

NWs films in GAA after being aged in an oven at 60 °C for 90 min to evaluate the 

change in performance before and after treatment. Sheet resistance values were 

tested by using the four-point probe method. Figure 5d shows the plot of the sheet 

resistance of Cu NWs films before and after treatment with GAA, vs cycle numbers. 

The initial value from the first cycle is measured after GAA treatment done on Cu 

NWs film before inserted in the oven for testing. It can be seen that the sheet 

resistance of the film increased by ~10-fold of its initial value after 90 mins in the 

oven. After that, the film was taken out, dipped in GAA for 10 min and the sheet 

resistance was measured. Amazingly, the sheet resistance of Cu NWs films greatly 

reduced back to a value similar to its initial one, highlighting the ability of GAA to 

solubilize copper oxide which has superficially grown [33]. This experiment was 

repeated for five times and the conductivity of Cu NWs returned back to a value 

similar to its original each time. At the fifth cycle, the sheet resistance of Cu NWs film 

after treatment has a slight increase compared to the initial value. This is probably 

because Cu NWs was slightly washed away due to the multiple dipping in GAA 

solution [25].  
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Figure 5: (a) Comparison of transmittance (%) vs sheet resistance (Ω/sq) of Cu NWs 

films between our study and previously reported studies. The inset images are Cu 

NWs film of this study of 89% transparency (i) before GAA treatment and (ii) after 

GAA treatment; (b) Performance of purified and unpurified Cu NWs films; (c) Plot of 

normalized sheet resistance of Cu NWs films vs time in a ambient conditions of 25 °C 

and in oven at 60 °C, and (d) Plot of sheet resistance of Cu NWs films vs time in a 

ambient conditions of 25 °C and in oven at 60 °C. Error bars represent the standard 

deviation values. 

 

The electrical conductivity properties of Cu NWs was also analyzed using 

scanning spreading resistance microscopy (SSRM). SSRM is an AFM-mode 

mapping of topography and the local resistivity of the sample simultaneously [64]. 
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Figure 6a shows the current mapping image of Cu NWs prior to GAA treatment. 

There was no current flow along the nanowire which can be seen by the empty spot 

in the middle of the image. This is probably due to the oxide and residual ODA layer 

on the surface of the Cu NWs. Figure 6b shows the current mapping image after the 

GAA treatment was applied. There was an increase in current flow of the Cu NWs 

TCE from 3.45 nA to 7.88 nA after GAA treatment, which can be attributed to the 

removal of unwanted layers on the surface of Cu NWs, thus improving its electrical 

conductivity. Next, the sample was aged in an oven at 60 °C for 45 min. After 

undergoing aging, the current flow along the sample decreased to 3.29 nA due to the 

formation of oxide layer on the surface of the Cu NWs thus preventing good 

electrical contact, and this can be seen from Figure 6c where the Cu NWs were no 

longer fully connected. The current flow increased significantly to 20.12 nA after the 

retreatment with GAA, which again proved the capability of GAA to remove the oxide 

layer. All of the results obtained from SSMR analysis are consistent with the four 

point probe test. Figure 7a–c shows the schematic diagram of the oxidation process 

of Cu NWs, where it started from when the surface of Cu NWs oxidized to Cu2O, and 

then to CuO and CuCO3•Cu(OH)2. The second step dominates as Cu2O layer 

thickens and this is because the first step will be limited due to the slow migration of 

Cu+ and electrons [65]. 
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Figure 6: Current mapping image of (a) before GAA treatment (b) after GAA 

treatment (c) after aging in oven for 45 min at 60 °C, and (d) after retreatment with 

GAA. The inset images are the topography of each sample. 

 

 

Figure 7: Schematic diagram of the oxidation mechanism of Cu NWs. 
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Table 1. Variation of sheet resistance and transmittance of purified and unpurified Cu 

NWs films of different concentrations. 

Sheet resistance (Ω/ sq)  20 28 35 53 132 

Transmittance of purified Cu 

NWs (%) (at λ550 nm) 

45 62 81 86 89 

Transmittance of unpurified 

Cu NWs (%) (at λ550 nm) 

44 60 76 81 87 

 

Conclusion 

In summary, Cu NWs of aspect ratio ~612 was successfully synthesized using a 

microwave reactor, where ODA acts as capping agent and glucose as reducing 

agent. Our results show that both time and temperature play a significant role in the 

reaction and strongly influence the formation of Cu NWs. The purification process of 

CuNWs was done by using a simple centrifugation method of water-hydrophobic 

organic solvent system. Moreover, fabrication of Cu NWs TCE showed a low sheet 

resistance of 35 Ω/sq at high transparency of 81% (at λ550 nm) after being treated with 

GAA for 10 min. The purification process also proved to be an important step which 

can influence the performance of Cu NWs TCEs. Furthermore, Cu NWs film showed 

a stable performance when stored under ambient conditions and GAA treatment was 

still applicable to restore the high conductivity of Cu NWs films that have been 

oxidized. 

 

Experimental 

Materials 
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Copper chloride dihydrate (CuCl2.2H2O, ≥ 99.0%), octadecylamine (ODA, C18H39N, ≥ 

85.0%), 2–Propanol (IPA, C3H8O, ≥ 99.8%) and chloroform (CHCl3, ≥ 99.8%) were 

obtained from Merck. Glucose (C6H12O6, ≥ 99.5%) was obtained from Sigma. Glacial 

acetic acid (GAA, CH3COOH, 99.85%) was obtained from HmbG Chemicals. All 

chemicals were used as received. All solutions were prepared with deionized water. 

 

Synthesis of Cu NWs 

To synthesize Cu NWs, 0.8 mmol CuCl2.2H2O and 2.0 mmol ODA were mixed in a 

30 mL deionized water and heated at 65 °C in a water bath for one hour. The light 

blue colored solution was sonicated for one hour. After that, 0.4 mmol glucose was 

dissolved in 30 mL deionized water. Both solutions were added in a G30 vial and 

then placed into a microwave synthesis reactor (Anton Paar Monowave 300). We 

used different synthesis times (2, 4 and 6 h) and temperatures (80, 100 and 120 °C). 

After that, a reddish brown solution was obtained and washed using the method 

outlined by Qian et al. (2016) [36]. The remaining precipitate was dispersed and 

stored in chloroform. Lastly, the experiment was repeated using HDA and ascorbic 

acid as capping agent and reducing agent, respectively. 

 

Purification Process of Cu NWs 

The purification of Cu NWs was carried out in several simple steps using the method 

outlined by Qian et al. (2016) [36]. Firstly, the as-prepared Cu NWs were centrifuged 

at 10,000 rpm for 10 min. Second, CHCl3 and water were added into the solution 

containing Cu nanoproducts and was sonicated for ~5s. Next, the solution was 

centrifuged at 5,000 rpm for 10 min. After 10 min, red precipitates can be seen at the 

bottom of the centrifuge tube, which are Cu NWs aggregates. The supernatant and 
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CHCl3 were removed using a pipette. The Cu NWs were washed with CHCl3 again 

and were stored in the refrigerator. 

 

Fabrication of Cu NWs TCE 

All glass slides used in the preparation process were cleaned under ultrasonic bath 

with deionized water, ethanol, and acetone for 10 min each. Cu NWs were dispersed 

in chloroform at different solid contents. Next, the Cu NWs suspension was spread 

evenly on top of a glass slide using a spin coater in ambient condition. After that, 

each glass slide was treated using 10% GAA solution (GAA : IPA = 1 : 9) by dipping 

method for 10 min. 

 

Oxidation Stability and Reusability Test of Cu NWs TCEs 

For oxidation stability test, the fabricated Cu NWs film were tested under two 

conditions which were ambient condition and high-temperature aging. For the 

ambient condition test, the samples were left in ambient air at 25 °C for 4 hours. For 

the high temperature aging test, the samples were heated at 60 °C in an oven for 4 

hours. Calculation of ∆R/Ro where ∆R is the actual change in the sheet resistance 

and Ro is the initial sheet resistance is done to assess the stability. Next, the 

reusability test was done by measuring the sheet resistance of Cu NWs film that was 

put into the oven of 60 °C for every 90 min. This test was repeated for five 

consecutive cycles. The sheet resistances of all samples were measured using the 

four-point probe method. 

 

Characterization 

The morphology of Cu NWs samples was analyzed by a scanning electron 

microscope (SEM, Cosem EM-30AX PLUS). The chemical composition and crystal 
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structure of the samples were examined by X-ray diffraction (XRD, Bruker D8 

Advance) under Cu Kα radiation. The sheet resistance of the TCE samples was 

measured using a four-point probe method with a source meter (Keithley 2401). 

Transmittance spectra were measured using UV-vis spectrophotometer (Jenway 

7315). The topography and current imaging of the sample was analyzed by a NT-

MDT Scanning Probe Microscope (SPM) model NTEGRA Prima.  
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