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A B S T R A C T

Metal nanowire-based flexible conducting surfaces (FCS) are vital for next-generation flexible and wearable 
sensors. Copper nanowires (CuNWs) offer a low-cost alternative to the expensive silver nanowires for fabricating 
FCS, yet their poor stability remains a significant challenge. In this study, we report the synthesis of ultralong 
CuNWs using a hydrothermal polyol method across a range of temperatures (120–180 ◦C). The CuNWs syn
thesised at 160 ◦C (CuNW-160) demonstrated the best performance. CuNW-160 films maintained stable con
ductivity for over 60 days in ambient conditions and thermal stability up to 140 ◦C. A capacitive curvature sensor 
was fabricated using FCS made with CuNW-160, which maintained consistent performance over 10,000 bending 
cycles and still showed good curvature sensitivity after 75 days. This highlights the potential use of the copper 
nanowires by tuning reaction temperature for use in reliable, low-cost flexible electronics.

Introduction

The growing demand for advanced human-machine interfaces in 
sensing [1], the Internet of Things [2], and healthcare monitoring [3] is 
driving the need for reliable electronic sensors. These devices convert 
mechanical stimuli such as touch, stretch, or bending into electrical 
signals for responsive machine interaction [4]. With the rise of flexible 
electronics, there is increasing importance placed on flexible and 
wearable touch sensors that can continuously monitor health and detect 
motion from mechanical deformation [5]. Such sensors commonly rely 
on deformable and surface conforming flexible conducting surfaces 
(FCS) [6].

Metal nanowires (MNWs) are promising materials owing to their 
high electrical conductivity and mechanical properties [7]. Crisscrossed 
MNW networks can be readily assembled onto elastomeric substrates to 
produce high-performance FCS for emerging electronics. Among MNWs, 
silver nanowires (AgNWs) are the state-of-the-art for electrical con
ductivity, but their high cost limits large-scale deployment [8]. Copper 
nanowires (CuNWs) offer comparable conductivity, but, as copper is 
~1000 times more abundant and ~91 % less expensive than silver, 
CuNWs provide a cost-effective alternative [9]. Nevertheless, several 

challenges hinder CuNW commercialisation in flexible electronics, such 
as the difficulty of integration onto surfaces due to rapid aggregation on 
surfaces, unscalable synthesis methods and critically, short-term 
chemical stability [9]. Solutions include methods for elimination of 
nanoparticle by-products [10,11], synthesis methods that allow rapid 
reproducible growth [12], strategies for improved dispersibility [13] 
and synthetic strategies for ultra-long wires with superior percolation 
[14]. Both, silver and copper suffer from stability via rapid sulfidation 
[15] and oxidation issues [16,17] respectively, limiting their potential 
for practical usage. The stability of copper nanowires typically ranges 
from multiple hours [18] to several weeks [19]. Consequently, most 
systems require additional passivation strategies, either by individually 
coating the nanowires with protective materials [18] or by stabilising 
them within nanowire networks using polymeric encapsulants [20,21] 
to prevent oxidation. Although strategies such as storage in reducing 
environments and protective coatings can mitigate oxidation [22], sta
bility remains a persistent bottleneck, and coatings add cost that 
significantly weakens copper’s economic advantage [23].

In this study, we demonstrate that fine-tuning the reaction temper
ature produces copper nanowires with significantly enhanced intrinsic 
stability. We systematically investigated the influence of reaction 
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temperature on CuNW morphology and their corresponding stability 
under various environmental conditions. CuNWs synthesised at 160 ◦C 
retained stable electrical conductivity for more than 60 days, effectively 
doubling the lifetime (~30 days) typically achieved using existing 
method [24] and surpassing many coating-based stabilisation strategies 
reported to date [25,26]. These nanowires also exhibited improved 
thermal stability up to 140 ◦C and enhanced resilience under electrical 
loading. Device-level robustness was validated by integrating the 
CuNWs into flexible capacitive curvature sensors, which maintained 
consistent performance over 10,000 bending cycles. Collectively, this 
work advances the development of durable, high-performance CuNW-
based flexible conductive surfaces and establishes temperature-guided 
synthesis as a cost-effective, scalable, one-pot route toward sustainable 
next-generation flexible electronics. To the best of our knowledge, this is 
the first systematic study directly linking synthesis temperature to both 
microstructural evolution and long-term device-level stability of CuNWs 
on flexible substrates.

Experimental

Materials and reagents

Copper (II) chloride dihydrate (CuCl2⋅2H2O, ACS reagent), oleyl
amine (OLA, C-18 content ~80–90 %), D-(+)-glucose and glycerol (≥99 
%, analytical reagent grade) were purchased from Fisher Scientific. 
Oleic acid (OA, technical grade 90 %), propionic acid (≥99.5 %, ACS 
reagent), and n-hexane (≥99 %, laboratory reagent grade), formic acid 
(for synthesis, 98 %) and nylon-6 (N-6) pellets were purchased from 
Merck (Sigma-Aldrich). Ethanol was purchased from Altia Oy, and 
reverse osmosis water was obtained from a Puro™ reverse osmosis 
water purifier from Avidity Science. Polycarbonate (PC) substrate (0.1 
µm pores, 47 mm diameter) was ordered from Pieper Filter GmbH.

Synthesis and fabrication

Synthesis of copper nanowires
CuNWs were synthesised based on a previously reported method 

[24] with some modifications. Typically, a homogeneous solution was 
prepared by dissolving CuCl₂⋅2H₂O (3.35 mmol, 600 mg) and 
D-(+)-glucose (4.44 mmol, 800 mg) in 40 mL of reverse osmosis water 
(RO) in a Teflon-lined autoclave. Subsequently, 10 mL of glycerol, 8 mL 
of oleylamine (OLA), and 0.080 mL of oleic acid (OA) were added. The 
mixture was stirred at 500 rpm for 10 min at room temperature, then the 
Teflon-lined autoclave was sealed and placed in a preheated oven at 
120–180 ◦C for 4 h. After cooling to room temperature, the solution was 
decanted into 50 mL of n-hexane in a separating funnel. After phase 
separation, the hexane phase containing dispersed CuNWs was 
collected, and the nanowires were washed by repeated dispersion in 
fresh hexane and decantation. The resulting nanowires were stored in 
fresh hexane for further use. In this study, CuNWs were synthesised at 
the temperatures 120 ◦C, 140 ◦C, 160 ◦C, and 180 ◦C, and were labelled 
as CuNW-120, CuNW-140, CuNW-160, and CuNW-180, respectively.

Fabrication of flexible nanofiber surfaces
Nylon-6 (N-6) nanofibers were fabricated via an electrospinning 

process [27] using a Spinbox® electrospinner (Bioinicia, Spain). A 22 wt 
% solution was prepared by dissolving N-6 pellets in formic acid. The 
mixture was sonicated in a bath sonicator for 1 h. For electrospinning 
the N-6 surface, the resulting solution was loaded into a 10 mL syringe 
and electrospun for 20–25 min at a flow rate of 1 μL min⁻1. A metallic 
surface covered by an aluminium foil was used as the collector for 
electrospinning the N-6 surfaces. The collector was placed 12–14 cm 
from the syringe tip and a positive voltage of 17 kV was applied. After 
electrospinning, the deposited flexible N-6 nanofiber surfaces, 
measuring thickness ~10–20 µm, were peeled off from the aluminium 
foil using double-sided tape and used directly for fabricating FCS.

Fabrication of flexible conductive surfaces (FCS)
Vacuum filtration was used to fabricate a copper nanowire (CuNW) 

based FCS. Electrospun N-6 nanofiber surface was integrated into the 
filtration setup as the surface onto which CuNWs would be assembled. A 
suspension of CuNWs (~3 mg mL⁻¹) in hexane (5 mL) was filtered 
through a circular N-6 substrate. This formed a uniform nanowire film 
on the N-6 surface that covered a surface area of 9.62 cm². The film was 
treated with 3 mL of a propionic acid: hexane solution (1:29) for 15 s. It 
was then cleaned twice with 3 mL of ethanol, followed by filtration and 
drying under vacuum. For stability testing, a polycarbonate (PC) filter 
membrane was used as the substrate for CuNWs. Hereafter, nanowire/N- 
6 and nanowire/PC will denote copper nanowires on N-6 and poly
carbonate surfaces, respectively.

Fabrication of flexible capacitive curvature sensor
To fabricate the flexible capacitive curvature sensor, two identical 

pieces of nanowire/N-6 surfaces were considered as electrodes. N-6 
nanofiber surface was also used as the dielectric layer with the di
mensions 2 cm × 2 cm. The dielectric layer was sandwiched between the 
two CuNW based nanowire/N-6 surfaces, with their conductive sides 
facing inward. Then, the sensing region was encapsulated with cellulose 
tape. The active sensing region was maintained at 1.5 cm × 2 cm.

Characterisations

X-ray diffraction (XRD) analysis was performed using a Panalytical 
Empyrean X-ray diffractometer equipped with a PIXcel3D solid-state 
area detector. The scan was conducted over a 2θ range of 30–80◦ at a 
scan rate of 2◦ min⁻¹. X-ray photoelectron spectroscopy (XPS) was car
ried out using a Thermo Scientific Nexsa instrument equipped with a 
monochromatized Al Ka X-ray source and dual-beam charge compen
sation system. The survey and high-resolution spectra were scanned 
using 200 eV and 50 eV pass energies, respectively. All the spectra ac
quired were deconvoluted using the CasaXPS curve fitting software 
using Shirley background and were corrected for charge-shift with 
reference to the adventitious carbon positioned at 284.8 eV. The 
morphology of the synthesised nanowires and the nanowire/N-6 FCS 
was examined using a field-emission scanning electron microscope (FE- 
SEM, Apreo S, Thermo Fisher Scientific) operated at acceleration volt
ages of 2 kV and 5 kV. SEM imaging was done mainly using secondary 
electron detectors. SEM was used for the imaging of nanowire/N-6 FCS. 
Energy-dispersive X-ray spectroscopy (EDS) was performed to analyse 
the elemental composition of the nanowire/N-6 FCS using the same 
SEM. The structural characterisation of the CuNWs was performed using 
a JEM-1400 Plus transmission electron microscope (TEM) operated at 
80 kV. Additionally, high resolution TEM imaging and morphological 
analysis was performed in a JEOL JEM-F200 TEM operated at 200 kV 
voltage. A TA.XT.plus100C texture analyser was used for the capacitive 
curvature sensing and cyclic durability tests of the nanowire/N-6 sen
sors. The relative change in resistance and capacitance was measured 
using an LCR meter (GW-INSTEK LCR-6300). A testing signal of 1 V at 
1 kHz was applied for all LCR meter measurements. The sheet resistance 
of the flexible conductive surfaces was measured using an Ossila four- 
point probe system with a probe spacing of 1.27 mm.

Results and discussion

Synthesis and characterisations of nanowires

In this work, we synthesise ultra-long copper nanowires (CuNWs) to 
enhance the durability of flexible sensors. CuNWs were prepared by a 
simple solution-phase polyol route [24] in a sealed autoclave, using a 
water-glycerol solvent system in which the copper (II) salt was dis
solved. Glucose served as the reducing agent to convert Cu(II) to metallic 
Cu(0), while oleylamine and oleic acid functioned as capping/directing 
ligands to promote anisotropic and one-dimensional growth into 
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ultra-long wires. The reaction temperature was systematically varied 
from 120 to 180 ◦C to tune nanowire quality including aspect ratio, 
crystallinity, and surface smoothness to improve stability relevant to 
durable flexible electronics. A schematic comparison of the resulting 
morphologies at each synthesis temperature is shown in the schematic of 
Fig. 1.

Fig. 1 (a-d) shows SEM images of nanowires synthesised from 120 to 
180 ◦C. At lower temperatures, the nanowires appeared to have smaller 
diameters, however, they become larger and smoother at higher tem
peratures. The average diameters were also determined from measure
ments of ~100 nanowires from SEM images. The diameters are 43 ± 6 
nm, 61 ± 18 nm, 66 ± 27 nm, and 74 ± 31 nm for CuNW-120, CuNW- 
140, CuNW-160 and CuNW-180 respectively. Corresponding Gaussian- 
fitted histograms are shown in the insets of Fig. S1 (a-d). Following 
this, the average lengths were also measured from SEM images, which 
are 24 ± 13 µm, 83 ± 31 µm, 128 ± 32 µm and 64 ± 18 µm for CuNW- 
120, CuNW-140, CuNW-160 and CuNW-180 respectively. The results 
are shown in SEM images in Fig. S2 (a-d) and plotted in Fig. S3 together 
with diameter distribution. The length-to-diameter (L/D) aspect ratios of 
the nanowires were calculated as 558, 1356, 1939, and 865, respec
tively. The L/D ratio of the nanowires was observed to have an 
increasing trend up to a maximum aspect ratio of 1939 at 160 ◦C, 
however at 180 ◦C, the L/D ratio was significantly reduced. Further, 
TEM images were acquired as shown in Fig. 1 (e-h), reflecting increasing 
in diameters at higher temperatures. Insets (top) in Fig. 1 (e–h) present 
the corresponding high-resolution micrographs with visible lattice 
spacings. For CuNW-120, we could observe two crystal planes from the 
core and surface of the nanowires, the measured lattice spacings are d111 
~ 0.21 nm and d111 ~ 0.24 nm, respectively. These lattice spacings were 
identified to be (111) crystalline planes for Cu and the oxides. However, 
such oxidised phases were gradually reduced at higher temperatures. 
Further, selected area electron diffraction (SAED) patterns were ob
tained as shown in bottom insets of Fig. 1 (e-h), indicating the nanowires 
are of crystalline nature [28]. In an earlier study, Yu Shi et al., reported 
improved crystallinity at higher reaction temperatures beyond 160 ◦C 

due to faster rate of thermodynamic diffusion [29]. To investigate the 
crystal properties, X-ray diffraction (XRD) patterns were obtained, as 
shown in Fig. 2a. All the nanowires showed three dominant reflections 
at 2θ ~ 43.3◦, 50.5◦, and 73.5◦ corresponding to the (111), (200), and 
(220) planes of copper [30]. According to the JCPDS 04–0836, the 
nanowires are composed with a face centred cubic (FCC) crystalline 
lattice. In addition, the crystallite size was calculated using the Scherrer 
equation, as shown in Eq. (1) [31]. The average crystallite sizes for the 
Cu (111) facet were determined. Accordingly, crystallite sizes were 
measured to be 15 ± 0.8, 17 ± 1.5, 21 ± 2.3, and 17 ± 0.5 nm, 
respectively for CuNW-120, CuNW-140, CuNW-160, and CuNW-180. 
These results indicate that the crystallite size (D111) was initially small 
and reached a maximum in the case of CuNW-160. Smaller crystallite 
size increases the density of grain boundaries, which serve as rapid 
diffusion pathways for oxygen. On the contrary, as crystallite size grows, 
boundary density decreases, rendering the material less susceptible to 
aerobic oxidation [32]. 

Crystallite size (D111) =

(
λ × K

β × cosθ

)

(1) 

Where, β = full width at half maximum (FWHM) (in radians); Scherrer's 
constant K = 0.94; λ = X-ray source wavelength = 0.15406 nm; θ =
angle of diffraction.

Furthermore, CuNW-120 shows a weak diffraction peak at 2θ ~ 
36.3◦ which is attributed to the presence of Cu2O (111) (JCPDS 
05–0667) in minor quantities [33]. The presence of oxide phase is also 
evidenced from the high-resolution TEM images (top insets in Fig. 1
(e-h)). However, such oxide layer was reduced at the temperatures 
beyond 140 ◦C.

To analyse surface oxidation states, the nanowires were examined by 
X-ray photoelectron spectroscopy (XPS). The high-resolution Cu 2p 
spectra (Fig. 2c) show an intense spin-orbit doublet in the range 
~930–960 eV. They are separated by ~19.8 eV with an area ratio close 
to 2:1 characteristic of copper. Deconvolution of the CuNW-120 spectra 

Fig. 1. Temperature dependent morphology of copper nanowires. From left to right: CuNW-120, CuNW-140, CuNW-160, and CuNW-180: (a–d) SEM images, (e–f) 
TEM images with HR-TEM micrographs (top-right insets: scale bar: 5 nm) and SAED patterns (bottom-right insets).
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reveals additional components at ~934.2 eV (2p3/2) and ~954.2 eV 
(2p1/2). These shifted by ~1.4 eV relative to the Cu0 peaks which is 
attributable to the presence of native surface oxides which is also vali
dated from a shake-up satellite peak at ~939–948 eV [34]. The Cu LMM 
Auger spectra (Fig. 2d) further corroborate the coexistence of Cu0, Cu⁺ 
and Cu2+ oxidation states in all the samples. However, the Cu◦ fraction 
increases at elevated synthesis temperatures, ascribing to more effective 
reduction of the copper precursor at elevated temperatures. The survey 
spectra (Fig. S4) indicates that the nanowires comprise only of copper 
(Cu), oxygen (O), and carbon (C). The thin layer of C and O is common 
for Cu nanostructures prepared via wet-chemical process, which is 
formed from adsorbed organic residues and slight surface oxidation 
[16]. Traces of chlorine (Cl) were also detected, likely originating from 
some of the CuCl2 precursor being weakly adsorbed onto the nanowire 
surface.

Overall, the temperature dependence of morphology and chemical 
composition of nanowires were also aligning with earlier studies. 
Hemmati et al. showed that higher temperatures accelerate Ag0 nucle
ation via rapid ethylene glycol to glycolaldehyde conversion [35]. This 
reflects that lower reaction temperatures (120 – 140 ◦C) could possibly 
lead to insufficient reduction of Cu2+ from the precursor to metallic Cu0 

nanowires, as evidenced from the XPS and high-resolution TEM images. 
As a result, nanowires appeared narrower, shorter and had high surface 
roughness. At higher temperatures, growth proceeds along both the 
length and side facets, producing longer and wider nanowires. This was 
also evidenced from the increasing crystallite sizes derived from XRD, 
leading to the formation of smoother ultra-long nanowires till 160 ◦C 
[36]. At 180 ◦C, the nanowires were smooth, but irregular dimensions 
were observed. Basarir et al. confirms the decomposition of glucose into 
carbonised form at temperatures beyond 160 ◦C, which facilitates 
shorter nanowire formation [37]. If so, the nanowires would exhibit 
more oxidised surfaces at 180 ◦C because of insufficient reduction. 
However, we observed an increasing Cu0 than its higher oxidation states 
Cu+ in CuLMM spectra as the temperature increased which does not 
align with the glucose carbonisation. Moreover, no carbonised coating 
appeared in the high-resolution TEM micrographs at 160 and 180 ◦C. 
Instead, the partial decomposition of the oleylamine/oleic acid 
(OLA/OA) capping agent pair could be a more closely applicable 
explanation for our results [38]. OLA/OA pair binds to the metal facets 
based on the surface-energy order, which is (111) < (100) < (110) [30]. 
Therefore, side facets i.e. (100), which are responsible for controlling 
diameter, are preferentially passivated for further growth. This produces 

narrower diameters, elongated nanowires, and a larger crystal size at 
elevated temperatures. Altogether, at 180 ◦C, the partial decomposition 
of OLA/OA likely disrupts this adsorption-desorption equilibrium, 
relaxing facet selectivity and leading to uncontrolled growth and 
broader size distributions and reduction of crystallite size.

Performance and durability of nanowire assessment

To be able to use in flexible electronics, nanowires should be uni
formly assembled on a flexible surface and maintain good electrical 
conductivity. As the nanowires tend to aggregate in solutions due to 
their high surface energy, it is crucial to choose the right approach 
carefully to assemble them [39]. Vacuum filtration is a simple approach 
which provides percolated nanowire networks on a surface. Further, the 
percolated nanowire networks can be easily transferred onto any sub
strates of interest. Accordingly, the nanowires were assembled on a 
polycarbonate (PC)-based surface via vacuum filtration process. We 
prepared four nanowire network/PC -based conductive surfaces (CS). PC 
substrates were chosen as a model platform to evaluate electrical, 
thermal, and humidity stability of the CuNW networks, while N-6 
nanofiber mats were used for flexible device integration due to their 
mechanical compliance and role as both substrate and dielectric in 
capacitive sensors [55].

In the beginning, we measured the electrical conductivities of the 
nanowire/PC surfaces. However, all of them showed poor electrical 
conductivity typically in the range of 0.5–10 MΩ. This often happens 
when metal nanowires are prepared using wet chemical process due to 
the formation of an oxide or carbon layer [16]. This creates an insulating 
encapsulation on the nanowires that protects from ohmic contact be
tween the nanowires leading to high junction resistance [40]. To remove 
such encapsulations, nanowire surfaces are often post treated using high 
temperature annealing, which is not compatible with most flexible 
surfaces. The nanowire/PC surfaces were treated using diluted propionic 
acid (PA) followed by vacuum filtration [14]. This approach resulted in 
reaching low sheet resistances of about 9–30 Ω sq-1, which was 
measured using a four-probe system from five different spots of each 
nanowire/PC surface. A typical measurement setup is shown in Fig. 3a.

For durable flexible electronics, conducting nanowires must main
tain low electrical resistance and mechanical integrity across various 
environments. To investigate oxidative stability, the nanowire/PC sur
faces were stored under ambient conditions (25 ◦C, ~35 % RH). Faster 
oxidation resulted in an increase in sheet resistance. Here, SR0 = average 

Fig. 2. Characterisation of CuNW-120, CuNW-140, CuNW-160, and CuNW-180: (a) XRD patterns, (b) comparison of crystallite sizes, (c) Cu 2p narrow scans and (d) 
Cu LMM Auger spectra.
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sheet resistance for fresh sample (i.e. 0th day) and SRi = average sheet 
resistances on ith day. For averaging the sheet resistance, five mea
surements were taken at five different spatial positions on each CuNW/ 
PC sample. The relative sheet resistance was calculated based on the 
following equation: 

ΔR
R0

=
SRi − SR0

SR0
(2) 

In Fig. 3b CS fabricated with CuNW-140 and CuNW-160 showed the 
best retention of conductivity, with ΔR/R0 values of only ~1.7 and 
~1.8, respectively. In contrast, the CuNW-120 and CuNW-180 based CS, 
showed markedly larger increases in ΔR/R0 which were approximately 
5.4 and 26. This indicates that CuNW-160 showed superior oxidative 
stability. Further, to examine the intermediate-stage oxidation of the 
nanowire surfaces, XPS data were collected after 28 days (Fig. S5), 
revealing features attributable to Cu0 and Cu2+ species in all nanowires. 
Notably, the Cu2+ contribution was higher for CuNW-120 and CuNW- 
180. After 60 days, photographs of the nanowire surfaces were ac
quired, showing noticeable colour changes in the CuNW-120/PC and 
CuNW-180/PC samples compared to the fresh samples (Fig. 3c). CuNW- 
120/PC developed a grey shade and CuNW-180/PC darkened, both 
characteristic of Cu oxidation [25]. In contrast, the CuNW-140/PC and 
CuNW-160/PC surfaces showed no visible change was observed which is 
validating stable resistance.

Humidity accelerates CuNW oxidation by providing water vapor that 
dissociates at grain boundaries and rough surfaces, forming hydroxyl 
species (e.g., Cu-OH) that enhance oxygen dissociation and ingress via 
the reaction H₂O + Oads → 2OHads [41]. This catalytic effect increases 
effective oxygen diffusivity by several times as compared to dry ambient 
air. Consequently, a shorter period is required at higher relative hu
midity than ambient exposure. Therefore, to evaluate their stability 
under such extreme conditions, the nanowire/PC surfaces were further 
stored in a weathering chamber at 25 ◦C and 85 % relative humidity 
(RH). The relative change in sheet resistance (ΔR/R0) was monitored 
over 16 days (Fig. 3d). After 16 days, ΔR/R0 values were approximately 
4.3, 1.2, 1.4, and 5.4 for CuNW-120, CuNW-140, CuNW-160, and 
CuNW-180, respectively. CuNW-120/PC and CuNW-180/PC exhibited 

remarkable increase in ΔR/R0 values which indicates poor moisture 
stability. In contrast, a smaller increase was observed for CuNW-140/PC 
and CuNW-160/PC, retaining conductivity with minimal degradation 
under high humidity. Notably, CuNW-140/PC and CuNW-160/PC 
maintain high stability, approaching that of encapsulated systems, 
demonstrating performance competitive with existing literatures [42]. 
For example, a CuNW electrode encapsulated in a polyurethane acrylate 
layer fabricated by Kim et al., showed relative change in sheet resistance 
(ΔR/R0) of ~3 after 4 h in high temperature and high humidity (80 ◦C, 
80 % RH) [42].

After we subjected the nanowire/PC surfaces that had been 16 days 
in the weather chamber to 10,000 bending cycles and then stored them 
for ~1 month. SEM imaging showed that nanowire morphology 
remained largely preserved over this period (Fig. S6 a-d). However, 
after ~3 months of storage in ambient conditions, the CuNW-120/PC 
surface displayed clear morphological changes (Fig. S6 e-h). On the 
other hand, CuNW-140/PC, CuNW-160/PC, and CuNW-180/PC 
appeared unchanged, indicating that CuNW-120 is more susceptible to 
oxidative degradation.

The thermal stability of nanowire/PC surfaces was assessed from 20 
◦C to 140 ◦C which is shown in Fig. 3e. CuNW-120/PC showed low sheet 
resistance at lower temperatures, but resistance began increasing above 
~60 ◦C. In contrast, CuNW-160/PC maintained low resistance up to 140 
◦C, indicating superior thermal stability relative to the other samples. 
Thermally induced failure pathways given their Rayleigh (capillary) 
instability that drives nanowire spheroidization and thermally acceler
ated oxidation (Fig. 3e) [43]. These processes often co-occur, intensi
fying degradation. In our CuNW/PC surface, the observed changes may 
also be influenced by thermal softening of the PC substrate, which could 
promote nanowire rearrangement and oxidation [43].

To further elucidate the structural origin of the enhanced stability, 
we evaluated how crystallite size and surface roughness influence 
oxidation kinetics. The average crystallite size (D₁₁₁) increased from 15 
nm for CuNW-120 to 21 nm for CuNW-160, corresponding to an ~1.4- 
fold reduction in grain-boundary area per unit volume. Since grain 
boundaries act as high-diffusivity pathways for oxygen, this reduction is 
expected to lower the effective oxygen diffusivity. Based on the reported 

Fig. 3. (a) Setup for sheet-resistance measurement with an Ossila four-point probe, (b) relative sheet resistance change (ΔR/R0) over time for CuNW/PC surface at 
ambient conditions (25 ◦C, ~35 % RH), (c) visual appearance of nanowire/PC surface at 0 h and after 60 days in ambient conditions, (d) relative sheet resistance 
change after 16 days in a weather chamber set at 25 ◦C and 85 % RH, (e) temperature dependence of resistance, and (f) I-V characteristics of nanowire/PC surfaces.
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proportionality between the oxidation rate constant (kₒₓ) and grain- 
boundary density in nanocrystalline Cu, the effective oxygen diffu
sivity is estimated to decrease by several times [44,45]. Consistent with 
this trend, CuNW-160 exhibits a two-fold or greater suppression in re
sistivity increase at the corresponding aging times. Moreover, oxygen 
diffusivity is more pronounced in narrower nanowires synthesised at 
lower temperatures, where rapid surface and bulk oxidation create 
rougher surface morphologies and thus an exponential increase in 
ΔR/R0 at longer exposure periods [46]. In contrast, the smoother sur
faces of CuNW-160 effectively suppress oxygen adsorption and oxida
tion initiation sites, eliminating such exponential behaviour. Together, 
reduced grain-boundary diffusion and lower surface reactivity explain 
the superior environmental stabilities of CuNW-160 compared to other 
samples in both ambient and higher humidity. Prior studies further 
confirm that crystallite size governs both electrical noise (from dynamic 
grain boundaries) and mechanical flexibility, supporting our analysis 
[47,48].

The electrical robustness of the nanowire/PC films was evaluated by 
current-voltage (I-V) measurements (Fig. 3f). All samples display linear 
I-V characteristics confirming ohmic behaviour. The electrical conduc
tivity trend is CuNW-160 ~ CuNW-140 >> CuNW-120 >> CuNW-180. 
CuNW-140 and CuNW-160 carry the highest electrical currents over 0–5 
V, which is consistent with highly percolated networks forming good 
junction contacts owing to the longer nanowires. The high electrical 
conductivity is still linearly maintained even at high voltage which in
dicates that the nanowires are stable under higher voltages without loss 
in electrical performance. In contrast, CuNW-180 shows the lowest 
slope, reflecting poorly fused junctions and shorter or less uniform 
nanowires that reduce parallel conduction paths. CuNW-120 is inter
mediate, suggesting higher intrinsic and/or junction resistance. Addi
tionally, its lower conductivity may appear from an insulating oxide 
layer at the nanowire surface that elevates junction resistance.

To evaluate suitability for flexible electronics, we measured resis
tance as a function of curvature using a texture analyser and LCR meter 
(Fig. S7 a-b). All nanowire/PC surfaces remained operational across the 
range of 124–489 m⁻¹. CuNW-160/PC showed the most robust perfor
mance with only a 0.6 Ω change in resistance even at 489 m⁻¹ resulting 
from a mechanically resilient connection. CuNW-180/PC was also 
largely curvature-insensitive but exhibited a higher baseline than 
CuNW-160/PC. In contrast, CuNW-120/PC had a much higher resis
tance that increased sharply beyond ~369 m⁻¹ and CuNW-140/PC 
remained stable until ~445 m⁻¹ before increasing, consistent with 
strain-induced junction failure. The deviation from the usual “thinner-is- 
more-flexible” expectation likely arises due to differences in junction 
quality, surface smoothness, and emerging oxidation (particularly in 
CuNW-120), which elevate intrinsic and contact resistances under 
bending [49].

To benchmark stability, we compared our CuNW-160/PC surfaces 
with representative reports from the literature (Table S1, supporting 
information). In studies using uncoated CuNWs for flexible conductive 
surfaces, Chu et al., Rathmell et al., and Yin et al. reported conductivity 
retention for 38, 28, and 7 days, respectively, under ambient conditions, 
whereas our CuNW-160/PC maintained ΔR/R₀ ≈ 1.8 for over 60 days 
[19,30,50]. Even compared to encapsulated systems, our results remain 
highly competitive. For example, CuNWs sandwiched in PES/PET 
retained ΔR/R₀ ≈ 1 over 45 days, TiO₂-coated CuNWs exhibited ΔR/R₀ 
≈ 2 over 30 days, and CuNW conductive tapes showed stability of only 7 
days [25,26]. Notably, our CuNW-160 achieves comparable long-term 
stability without the use of protective coatings or encapsulation 
layers. This highlights the advantage of achieving oxidation resistance 
through intrinsic microstructural optimization rather than additional 
processing steps, preserving both simplicity and cost-effectiveness.

In summary, the stability of electrical conductivity in metal nano
wires is altered by structural and surface parameters including surface 
oxidation state, length and diameter, crystallite size, and surface 
roughness [51,52]. Smaller diameters restrict the number of conducting 

electrons and amplify surface-electron scattering, raising resistance. 
This effect is most pronounced in thin, rough nanowires such as in 
CuNW-120/PC [52]. On the contrary, thicker nanowires with smoother 
surfaces mitigate surface scattering which is accountable for the supe
rior stability of CuNW-160/PC. CuNW-160 also exhibits the largest 
crystallite size, which reduces grain-boundary scattering and limits 
reactive sites for oxidative degradation [44]. Although CuNW-180/PC 
shows a relatively smooth and less oxidised surface, its stability is 
compromised by broad dispersity in length and diameter which weakens 
network percolation and increases junction resistance.

Capacitive curvature sensor application

Given their promising environmental stability (particularly for 
CuNW-140/160), the nanowire networks exhibited comparable stabil
ity. To compare their mechanical robustness under bending, we fabri
cated flexible capacitive curvature sensors. Highly stable flexible 
capacitive sensors are widely investigated for portable touch and motion 
detection (e.g., finger, arm, or knee bending) [53]. Accordingly, we 
constructed curvature sensors using each nanowire network to evaluate 
their practical applicability. A typical approach for fabrication of 
nanofiber-based flexible capacitive curvature sensor is shown in Scheme 
1.

The copper nanowires and N-6 nanofibers are clearly distinguishable 
in SEM image. To analyse the elemental composition of the FCS, energy 
dispersive X-ray spectroscopy (EDS) was used as shown in Fig. 4 (a-d). 
As expected, carbon, nitrogen and oxygen were present from the N-6 
nanofibers and copper was present in nanowires, indicating effective 
integration of CuNWs onto the N-6 nanofiber surface.

In the flexible capacitive curvature sensor, electrospun N-6 nanofiber 
surface was used as the dielectric layer sandwiched between two con
ducting FCS, to provide insulation and prevent short-circuiting. During 
testing, the device was bent, and the relative capacitance change (ΔC/ 
C0) was recorded with a combined interface of a texture analyser, LCR 
meter and MATLAB. The sensor responds with a change in capacitance 
when there is a change in curvature of the sensor. As the sensor bends, 
the separating distance between the two FCS decreases in the active 
region and the capacitance increases. This happens due to the simulta
neous effect of tensile strain on outer surface and compressive strain on 
inner surface while bending. This curvature induced variation in elec
trode separation produces a corresponding change in overall capaci
tance value of the sensor making it a curvature sensor. The sensor 
responds similarly to parallel plate capacitor equation as shown in Eq. 
(3) [54]. 

C =
ε × A

d
(3) 

Where, C = capacitance in Farads, ε = permittivity of dielectric 
medium, A = Area of the active region in square meters and d = distance 
between the electrode surfaces in metres.

Accordingly, all the sensors were subjected to 10,000 bending cycles 
on the day of fabrication (0th day), as shown in Fig. 5. The sensors 
initially showed strong ΔC/C0 signals during compression and relaxa
tion cycle. With continued cycling, CuNW-160/N-6 and CuNW-140/N-6 
displayed the most stable response which remained constant with 
negligible signal noise, indicating a durable percolation nanowire 
network. In contrast, CuNW-180/N-6 exhibited a gradual decay of 
response over the first several thousand cycles with transient spikes 
possibly due to evolving interfacial slip or microcrack formation. The 
expanded cycles (990–1000 and 8820–8830) are shown in Fig. 5 indi
cating irreversible signals of CuNW-180/N-6 based sensor. CuNW-120/ 
N-6 showed higher sensitivity but unpredictable noisy trend throughout 
overall bending cycles indicating irregular junction failure and unreli
able sensing even after having larger ΔC/C0 value. Overall, the bending- 
durability ranking is CuNW-160 ≥ CuNW-140 >> CuNW-180 > CuNW- 
120, with CuNW-160/140 providing the best combination of stability 
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and reliability. A quantitative comparison of sensitivity, curvature 
range, and cycling durability with previously reported flexible curvature 
and strain sensors is provided in Table S2.

Furthermore, we acquired curvature response over aging at ambient 
conditions. Fig. S8 shows the normalised capacitance change (ΔC/C0) 
versus curvature (κ) ranging from 0–450 m-1. CuNW-140 and CuNW-160 
show an almost linear ΔC/C0 - κ relationship over the curvature at 0th 

day, which are desirable bending statistics. The linearity is still main
tained with only a modest drop in sensitivity after storing them for 75 
days. This result indicates an excellent stability. However, CuNW-180 
shows a moderate, nonlinear response at 0th day but undergoes a 
marked reduction in sensitivity within 14 days (Fig. S8) which is also 
consistent with the transient spikes observed in the cyclic tests. In fact, 
CuNW-120 outperformed the other sensors with the highest initial 

sensitivity, but a meaningfully nonlinear response was observed that 
reflects a highly compressible electrode network. Although, the response 
remained higher than that of the other nanowires, it decreased relative 
to its initial value after 14 days. When combined with its noisy behav
iour under cycling, this profile indicates an improved sensitivity than 
CuNW obtained at higher temperatures from 140 to 180 ◦C but poor 
reliability for precise measurement. For practical applicability and 
reliable curvature sensing, CuNW-160 and CuNW-140 offer the best 
balance, stable and near-linear sensitivity that perseveres after extended 
aging, while CuNW-180 is limited by aging-related loss of sensitivity and 
CuNW-120, despite large signals, is inhibited by nonlinearity and un
reliable dynamics.

Scheme 1. Schematic of curvature-sensor fabrication: 1. electrospinning nylon-6, 2. vacuum-filtering nanowires onto the nylon-6 surface, 3. representation of 
nanowires/nylon-6 based flexible conducting surface, and 4. integrating into a capacitive curvature sensor.

Fig. 4. SEM analysis of CuNW-160/N-6 FCS and electrical characterisation of curvature sensor: (a) micrograph with the EDS elemental mapping overlay area shown 
in the green box (b) Cu from nanowires and (c) N from Nylon-6, Capacitive curvature sensors (d) EDS spectrum of elemental mapping overlay area shown in Fig. 4a.
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Conclusions

In conclusion, we synthesised copper nanowires at 120, 140, 160, 
and 180 ◦C, characterised their properties, and evaluated structure- 
property-stability relationships with the goal of fabricating highly du
rable flexible sensors. The nanowires prepared at lower temperatures 
were narrower and shorter, exhibited poorer crystallinity, and showed 
relatively rough surfaces with thicker Cu₂O layers. At higher tempera
tures, the nanowires became longer and wider, more crystalline, and 
smoother, with fewer surface defects and thinner oxide layers. Beyond 
~160 ◦C, irregular morphologies appeared, likely due to the thermal 
decomposition of oleylamine and oleic acid.

Durability was examined by fabrication of flexible conducting sur
faces using electrospun nylon-6 nanofiber and polycarbonate-based 
surfaces. The conducting surfaces underwent several assessments 
including electrical, chemical and mechanical stabilities. The nanowires 
prepared at intermediate temperatures (140 ◦C and 160 ◦C) out
performed the others under diverse environmental conditions. They 
maintained consistent sheet resistance for over 60 days at ambient 
conditions (25 ◦C, ~35 % RH), showing stability comparable to, and in 
some cases exceeding, that of reported nanowires, including encapsu
lated nanowires. These nanowires also survived under extreme condi
tions, including high humidity (85 % RH), heat exposure up to 140 ◦C, 
and voltage bias up to 5 V. Furthermore, the nanowire-based surfaces, 
other than CuNW-120/PC, exhibited stable resistance at a near 
maximum curvature of 445 m⁻¹. All CuNW-based sensors, other than 
that based on CuNW-180, retained stable capacitive sensitivity over 
10,000 bending cycles at a curvature of 450 m⁻¹. Overall, CuNWs syn
thesised at 140 ◦C and especially 160 ◦C provide the best combination of 
electrical, environmental, and mechanical stability, whereas 120 ◦C and 
180 ◦C yield nanowires with significantly inferior performance.

The nanowire stability can be effectively tuned via careful control of 
the reaction temperature. Although, copper nanowires are prone to 
rapid oxidation which has limited their adoption in flexible electronics, 
optimising the synthesis temperature substantially minimises this bar
rier. This study identifies synthesis temperature as a simple and effective 
parameter for improving the stability and durability of CuNWs. Tem
perature regulates reduction kinetics, nucleation, and surface diffusion, 
thereby controlling nanowire morphology and defect density. While the 
approach is broadly applicable, the optimal temperature depends on the 
reducing agent and capping ligand used. Consequently, temperature 

tuning is a general strategy that must be adapted to the specific chemical 
environment of each synthesis system. Therefore, this work addresses a 
key bottleneck strategy for the creating highly durable nanowires for 
flexible electronic applications.
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