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Hydrothermal synthesis of conductive copper
nanowires: effect of oleylamine and dextrose
concentrations
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One-dimensional (1-D) metallic nanoparticles (i.e., nanowires, nanorods) exhibit unique properties and are
useful in a variety of applications. 1-D copper nanowires (CuNWSs) exhibit excellent electrical conductivity
making them an economical alternative in applications that typically employ silver or gold nanowires. In
this study, CuNWs were synthesized via an environmentally benign and scalable hydrothermal synthesis
method using CuCl, (CuP) as a copper precursor. Oleylamine (OAm) and dextrose (D) were employed as
capping and reducing agents, respectively. The focus of this work was to investigate the influence of
varying CuP : OAm and CuP: D molar ratios during synthesis on the nanowire growth, morphology, and
electrical conductivity. A series of synthesis trials were conducted by only varying CuP: OAm or CuP: D
molar ratios, while keeping all other reaction conditions constant. Morphological analysis of the
synthesized products suggests that both OAm and D are essential for the formation of CuNWs. A
synthesis conducted at a 1:3.75:11 CuP:OAm:D molar ratio produced nanowires with average
diameter of 96 nm, while higher OAm concentration resulted in CuNWs with larger diameters. X-ray
diffraction analysis confirmed the crystalline nature of the synthesized CuNWs, with diffraction peaks
corresponding well to those of FCC copper. The capping of CuNWs with OAm was confirmed through
FTIR spectroscopy. Thermogravimetric (TGA) studies on CuNWs show that OAm content in CuNWs
increases with increasing CuP: OAm molar ratio during synthesis. The electrical conductivity of CuNW
pellets was found to decrease with increasing CuP: OAM molar ratio during synthesis. The highest
conductivity of 1.38 x 10° S cm™ was exhibited in the sample made using 1:3.75:1.1 CuP: OAm: D
molar ratio. Furthermore, holding CuNWs pellets under ambient conditions for 60 days did not affect

rsc.li/rsc-advances their electrical conductivity.

Introduction

One dimensional (1D) conductive metal nanoparticles have
gained significant attention due to a wide variety of applications
in flexible conductors, sensors, solar cells, wearable electronics
and transparent conductive materials.*”® Their high aspect
ratio, large surface-to-volume ratio, and excellent charge trans-
port capabilities make them highly attractive for next-
generation electronics and optoelectronic devices.*” A variety
of 1-D electrically conductive nanowires of silver® (AgNWs),
gold® (AuNWs) and Indium tin oxide' (ITO) have been widely
explored for their exceptional electrical conductivity in these
applications, however, their scarcity and high cost pose a chal-
lenge for large-scale applications.™ Alternatively, a variety of 1-D
carbon nanoparticles, i.e., carbon nanotubes' (CNTs), carbon
nanofibers™ (CNFs) etc., have also been explored, but their
complex synthesis protocols makes their large scale production
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challenging. Therefore, there is a strong motivation to explore
other type of 1-D material.

The 1-D copper nanowires**® (CuNWs) exhibit a unique
combination of high electrical conductivity, low cost, and
abundant availability. Their electrical conductivity is compa-
rable to that of silver nanowires (AgNWs) but offer a consider-
able cost advantage, making them well-suited for a variety of
electronic applications.”” However, CuNWs exhibit a high
susceptibility to oxidation, particularly when compared to their
more noble counterparts, such as gold (Au) or silver (Ag)
nanowires which severely limits their widespread applicability.
This drawback can be overcome by passivating the CuNWs
surface to enhance their environmental stability.’® Hence,
CuNWs can be considered as an attractive alternative for low-
cost and flexible electronic applications.**?°

A major challenge in synthesizing copper nanowires
(CuNWs) has been developing a method that is both industrially
viable and environmentally benign.* Several synthesis methods,
including biosynthesis, photochemical,”® and electro-
chemical® have been explored for CUNWs synthesis. Among
these, wet chemical* techniques have gained prominence due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to their simplicity, precise control over nanowire dimensions,
and scalability for large-scale applications. Early wet-chemical
approaches often involved non-aqueous synthesis in organic
solvents. While effective, these methods require very high
temperatures (>180 °C) and generate significant organic solvent
waste, making them less popular due to serious environmental
concerns.>

An attractive alternative method was to use water as an eco-
friendly reaction medium instead of organic solvents. However,
the reduction of copper ions was quite challenging owing to
their lower reduction potential (i.e., 0.34 V) than other noble
metals (for example, Ag (0.80 V), Au (1.42 V), Pt (1.5V )).>* To
address this limitation, a strong reducing agent like hydrazine
is employed.”” The reaction was also maintained under highly
alkaline conditions, which are necessary to prevent copper ion
precipitation and thus facilitate the reduction.”® Despite its
merits, this method suffers from significant drawbacks. It
necessitates the use of hydrazine, a reducing agent known for
its high toxicity and volatility, which poses considerable safety
hazards. Furthermore, maintaining the required alkalinity
consumes substantial quantities of strong base (e.g., NaOH),
leading to significant environmental challenges.*

Subsequently, a new method was developed to circumvent
the environmental and safety drawbacks of the traditional
alkaline aqueous reduction of copper. This solution reduction
method produces high aspect ratio copper nanowires without
the need for additional alkali and uses a much milder reducing
agent. A typical reaction consists of water, Cu(u) salts, glucose,
and alkylamines, and carried out at a moderate temperature
(90-120 °C).* Although environment friendly, this method was
not favourable for large-scale synthesis of CuNWs. Conse-
quently, a new hydrothermal method was developed that could
produce copper nanowires on a large scale using an electric
pressure cooker.** Furthermore, controlled conditions of
hydrothermal method yield uniform, crystalline, and oxidation-
resistant copper nanowires, unlike the broader distributions
resulting from less controlled solution reduction tech-
niques.*** Owing to these advantages, the hydrothermal
method seems to be one of the most popular methods for large
scale synthesis of CuNWs.**

It is shown that the reagent (i.e., capping and reducing
agents) concentrations can significantly influence the structure
and properties of CuNWs. For example, a recent study revealed
that the relative Cu:alkylamine (capping agent) ratio governs
nanowire formation and diameter. A 1 : 4 ratio produced a high
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Fig. 1 A schematic illustration of the CuNWSs synthesis procedure.
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yield, whereas a 1: 1 ratio yielded no nanowires.** Additionally,
longer alkyl chain lengths correlated with the synthesis of
smaller-diameter nanowires.’® Although interesting, these
conclusions, arrived via a solution reduction method, cannot be
directly extrapolated to hydrothermal processes, which operate
under very different reaction environments and growth condi-
tions. Consequently, investigations into the hydrothermal
synthesis of CuNWs have mainly examined the influence of
reaction time, temperature, or the type of capping agent.’”**
However, these studies have not specifically explored how
variations in the concentrations of capping or reducing agents
affect CUNW growth and electrical properties, which forms the
prime motivation of the present work.

This work reports a study on the hydrothermal synthesis of
CuNWs from an aqueous CuCl, (CuP) precursor using oleyl-
amine (OAm) and dextrose (D) as capping and reducing agents,
respectively. The synthesis was performed at varying CuP : OAm
and CuP: D ratio and the obtained products were characterized
for their morphology, crystal structure and electrical conduc-
tivity. Furthermore, the capping layer content on CuNWs was
estimated using thermogravimetric studies.

Materials

Copper(u) chloride dihydrate (CuCl,-2H,0), MW = 170.48 g
mol !, analytical reagent (AR), 98% pure and Hexane (C¢H,4),
MW = 86.18 g mol ™" laboratory reagent (LR) were supplied by
Molychem (Maharashtra, India); Dextrose (CeH;,0¢), MW =
180.16 g mol ', extra pure (AR) and Oleyl amine(C;sH3,N), MW
= 267.46 g mol ' (cis-9-octadecenylamine, AR 95% pure) were
purchased from SRL chemicals (Maharashtra, India). All the
chemicals were used as received without further purification.

Preparation of copper nanowires

CuNWs were synthesized using a hydrothermal synthesis
method reported earlier. The schematic shown in Fig. 1 illus-
trates the synthesis protocol. Concisely, the required quantity of
CuP and D were added to a flask containing 1 L of deionized
water and stirred for 10 minutes to form a uniform dispersion.
Subsequently, OAm was gradually added to the reaction mixture
under continuous magnetic stirring. The flask was then sealed,
and the solution temperature was raised to 70 °C, where it was
maintained for 12 hours with continuous stirring, resulting in an
ashy blue-colored solution. The solution was then transferred

Hydrothermal
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Table 1 Sample codenames, and corresponding reagent concentrations

Sample code CuCl, (mol L") x 107?

Oleylamine (mol L") x 10~* Dextrose (mol L") x10~*

0OA120D00 20
0OA120D11 20
OA120D22 20
0OA120D33 20
OA50D22 20
OA75D22 20
OA100D22 20

into an autoclave reactor (UHPA-22, MAC, India) and heated at
120 °C (198 kPa) for 7 hours before being cooled to room
temperature. After autoclaving, a dark brown solution with
a reddish-brown sediment at the bottom was obtained. The
liquid was carefully removed to isolate the sediment, which was
then washed multiple times with hexane and centrifuged at
7500 rpm for 10 minutes to eliminate impurities yielding
a reddish-brown powder. The synthesized products were stored
under ambient conditions for further testing. Table 1 presents
the concentrations of OAm, and dextrose used during synthesis,
along with the sample codes of the obtained powders. Anoma-
lously, a white-colored powder was obtained when synthesis was
carried out using only OAm and CuP (i.e., in the absence of D).

Characterization

SEM images were captured using a FE-SEM (Apreo LoVac; FEI;
Thermo Fisher) operated at 20 kV accelerating voltage. The
images were captured at a constant magnification of 50 000x
for all the synthesized samples. The XRD analysis was per-
formed using X-ray diffractometer, (D-2 phaser; Bruker). The
diffractograms were recorded at a scan rate of 2° min~ ' over a 20
range of 20° to 80°, using the Cu Ko radiation source of wave-
length (1) = 1.54 A. For infrared spectroscopy, the CuNw
sample was finely ground along with KBr and pressed into
a thin pellet. The pellet was then analysed in a FTIR instrument
(Frontier; PerkinElmer) and the spectra was recorded in the
transmission mode over the wavenumber range of 4000-
450 cm ™. The FTIR spectra of pure OAm was obtained through
attenuated total reflectance (ATR) method using the same
instrument. The thermogravimetric analysis was performed in
the temperature range of 30 to 800 °C with a temperature ramp
of 10 °C min~" under nitrogen atmosphere using a TGA (4000;
PerkinElmer). For the conductivity measurements, the nano-
wires were densely pressed into a pellet of 13 mm diameter and
80 um thickness using pellet press. The obtained pellet was
used as specimen on the four-point probe (T2001A4; Ossila BV).
A total of five locations per pellet were analysed and voltage of
0.1 V was applied for conductivity measurement.

Results & discussion

The synthesis of metallic nanowires requires two basic
components, i.e., a reducing agent and a capping agent.*® While
areducing agent promotes the conversion of metal ions to their
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metallic state, capping agent selectively adsorbs onto specific
crystal facets of the growing nuclei, thereby inhibiting further
reduction.”” This promotes the growth along the free facets
leading to an anisotropic nanostructure. Therefore, the relative
concentrations of reducing or capping agent with respect to the
metal precursor are important for growth and morphology
control in metallic nanowires.

To investigate the effect of OAm and D on nanowire growth
and morphology, CuNWs were synthesized hydrothermally at
different CuP: OAm or CuP:D molar ratios, while keeping all
other reaction conditions constant. The resulting products were
characterized using field-emission scanning electron micros-
copy (FE-SEM) to examine their microstructural features. The
FE-SEM images illustrating the influence of varying the CuP: D
molar ratio are presented in Fig. 2, whereas those depicting the
effect of different CuP : OAm molar ratios during hydrothermal
synthesis are shown in Fig. 3.

In a synthesis conducted with a CuP : OAm molar ratio of 1:
6 and without D, a white colored powder (i.e., OA120D00) was
formed. Fig. 2(a) shows the SEM image of this white powder
where the formation of flaky particulates instead of nanowires
can be seen. The EDX spectra (shown in Fig. S1) obtained on
this powder shows significant amount of chlorine present in the
sample, which suggests that these flaky particles may be the
crystals of CuCl,. Based on these observations, it is reasonable
to deduce that the reduction of Cu** to Cu® did not occur in the
absence of dextrose which acts as a mild reducing agent. In
earlier studies employing alkylamines as capping agents, Cu
nanowires were reported to form under hydrothermal condi-
tions. Although these studies suggested that alkylamines can
themselves act as a mild reducing agents but our results differ
from these observations. However, it should be noted that
reaction time and temperatures employed in these studies were
significantly higher than those used the present work.*"*
Nevertheless, these results suggest that dextrose may be
essential for formation of CuNWs, especially at the conditions
employed in this study.

The SEM image of the sample OA120D11, shown in Fig. 2(b),
reveals a significant presence of spherical particles compared to
those having wire-like morphology. This may result from an
insufficient concentration of dextrose, limiting the one-
dimensional growth of the particles. In contrast, the SEM
image of the sample OA120D22 shown in Fig. 2(c) reveals wire-
like particles confirming the successful growth of CuNWs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrographs of the samples OA50D22 (a), OA75D22 (b), OA100D22 (c) and the corresponding diameter distribution of CuNWs (d).
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However, as illustrated in Fig. 2(d) further increasing the
dextrose concentration to 33 mmol resulted in excessive clus-
tering and branching of CuNWs, likely attributable to an
accelerated reduction rate during the synthesis process. Based
on the above results, it can be understood that an optimum
concentration of dextrose is required for efficient growth of
CuNWs.

To investigate the influence of OAm concentration on CUNW
growth, synthesis trials were conducted at different CuP : OAm
molar ratios. Since good quality CuNWs were formed at a CuP:
D molar ratio of 1: 1.1, this ratio was maintained in these trials.
The SEM images recorded on products obtained from these
trials are shown in Fig. 3. The SEM micrograph of the product
synthesized at a CuP : OAm molar ratio of 1: 2.5 (i.e., OA50D22)
is shown in Fig. 3(a). The image reveals the formation of a few
CuNWs along with a large number of multi-faceted nano-
particles. This may be attributed to insufficient capping of
copper nuclei by OAm which limits their anisotropic growth. As
seen in Fig. 3(b) and (c), the SEM images of the products
synthesized at higher CuP:0Am molar ratios show an
increased presence of CuNWs. The average diameter CuNWs
were determined through image analysis using Image J software
and the results are shown in Fig. 3(d). The average diameters of
the CuNWs in samples OA75D22, OA100D22, and OA120D22
were found to be 96 nm, 130 nm, and 156 nm, respectively.
These results confirm that CuP:OAm molar ratio in hydro-
thermal synthesis impacts the resulting CuNWs microstructure.
It is interesting to note that increasing CuP: OAm molar ratio
during the hydrothermal synthesis resulted in CuNW with
larger diameter. However, a contrasting trend was reported for
the solution-based reduction method, where higher alkylamine
concentrations resulted in thinner nanowires.*® This difference
likely arises from the different nucleation and growth environ-
ments in hydrothermal versus solution-phase synthesis routes.
These observations further our hypothesis that inferences
drawn from solution-reduction synthesis cannot be directly
extrapolated to hydrothermal system.

To investigate the crystalline structure of the synthesized
products, X-ray diffraction (XRD) was performed the results are

——— 0A120D22
- —— 0A100D22
Aa11) —— OATSD22
Cu (JCPDS #040836)
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-AQ-—_-
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Fig. 4 XRD patterns of synthesized CuNWs along with JCPDS refer-
ence for pure Cu.
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shown in Fig. 4. The diffractogram obtained on the samples
reveals peaks at 26 values of 43.72°, 50.82°, and 74.48° that are
in good agreement with reflections from (111), (200), and (220)
planes of FCC copper as per the JCPDS #040836, thereby con-
firming the presence of Cu in the sample.** It can also be seen
from Fig. 4 that the most prominent peak corresponded to the
(111) plane indicating a directional growth which is known to
facilitate the formation elongated nanostructures. One reason
for such a directional growth may be the preferential adsorption
of OAm on facets with high surface energy compared to (111)
plane having lowest surface energy in a FCC structure.** The
adsorption of OAm inhibits growth along the adsorbed plane
thereby promoting the growth along the free surfaces resulting
in an anisotropic structure. Furthermore, no additional peaks
were observed in the XRD data indicating the absence of any
impurities or oxides in the sample confirming the presence of
pure and single-phase Cu in the synthesize nanowires.

XRD analysis suggested preferential growth of CUNW along
the (111) plane which was attributed to a preferential adsorp-
tion of OAm on other facets. To confirm the presence of OAm on
the surface of CuNWs, Fourier transform infrared (FTIR) spec-
troscopy was performed on the synthesized CuNWs and the
results are presented in Fig. 5. The transmittance spectra ob-
tained on pure OAm and OA75D22 samples exhibited similar
characteristics of N-H and C-H asymmetric stretching vibra-
tions at 3439 cm™ " and 2920 cm " respectively, suggesting the
presence of amine and alkyl groups.*® Moreover, the N-H, C-N
and C=C bending peaks were also present in both the samples,
as shown in Fig. 6. Based on the results obtained, it is
reasonable to deduce that the OAm presence on the surface of
CuNWs.

The broadening of the N-H stretch peak in the OA75D22
sample, compared to pure OAm, indicates interactions between
Cu atoms and the nitrogen in the amine group of OAm, as well
as possible hydrogen bonding with nearby amine molecules.
This interaction likely contributes to the shift in characteristic
peaks, which, as observed in previous studies, can be attributed
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Fig. 5 FTIR spectra of pure OAm and CuNWs synthesized with OAm
(OA75D22).
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Fig. 6 The percentage weight loss as a function of temperature (a) and the corresponding differential thermogravimetric (DTG) plots of CuNWs

and pure OAm (b).

to modifications induced by attachment to the Cu atom
surface.”

Furthermore, the absence of Cu-O stretching peaks in the
450-630 cm ' region in sample suggests that synthesized
CuNWs were free of any oxidation. It should be worth noting
that both FTIR and XRD analysis confirmed the absence of any
oxides in the synthesized sample. These observations, there-
fore, demonstrate that capping of CuNWs using OAm offers
effective passivation that could prevent the oxidation.

The amount of oleylamine (OAm) associated with the
CuNWs can be correlated with the thickness of the capping
layer. To determine the OAm content on the nanowire surface,
thermogravimetric analysis (TGA) under inert (i.e., N,) atmo-
sphere was performed and the results are presented in Fig. 6.
Copper exhibits good thermal stability under inert conditions,
therefore, any weight loss observed in the samples would
correspond to the loss of OAm only.*® It can be seen from Fig. 6
that pure OAm is stable up to 200 °C and exhibits significant
degradation around 250 °C and completely degrades at
temperature above 400 °C. However, CuNW samples exhibited
a gradual and continuous weight loss below 400 °C, indicating
the progressive removal of surface-adsorbed species and
decomposition of the organic capping layer. The thermogravi-
metric data reveals distinct differences among the samples,
with OA75D22, OA100D22, and OA120D22 showing total weight
losses of 3.32%, 4.31%, and 14.22%, respectively. The relatively
higher weight loss observed for OA120D22 suggests a greater
amount of surface-bound oleylamine, consistent with its higher
precursor concentration during synthesis. The observed trend
implies that increasing OAm concentration enhances surface
coverage and passivation of the CuNWs, which may influence
both their thermal stability and oxidation resistance under
elevated temperatures.

The observed TGA weight loss can arise from both free
(unassociated) and surface-bound (associated) oleylamine
(OAm) present in the CuNW samples. To distinguish between
these contributions, differential thermogravimetric (DTG)

© 2025 The Author(s). Published by the Royal Society of Chemistry

analysis was performed and the results are shown in Fig. 6(b).
The DTG curve shows that pure OAM exhibits a maximum
degradation temperature of 267 °C, whereas the CUNW samples
exhibits a significantly higher value of ~342 °C. The higher
degradation temperature of OAm in the CuNW samples may be
attributed to its enhanced resistance to thermal decomposition,
likely arising from strong interfacial interactions between OAm
molecules and the CuUNW surface. Similar behavior has been
reported in other metal-amine systems, where coordination or
adsorption of amine ligands contributes to improved thermal
stability.” Based on these results, it can be inferred that
increasing the OAm concentration during synthesis leads to the
formation of a thicker passivation layer on the CuNW surface.

The presence of a surface passivation layer on the CuUNwW
surface can substantially enhance the junction resistance and
thereby reduce the nanowire bulk electrical conductivity, which
could potentially limit their applicability.®® To determine the
impact of OAm adherence on CuNWs electrical conductivity,
the nanowire powders were pressed to form cylindrical pellets.
The DC conductivity was measured on these pellets, and the
results are shown in Fig. 7. It should be noted that the
conductivities in pellets were relatively lower than that reported
for bulk copper. This may be attributed to the presence an
insulating capping layer around CuNWs which increases the
resistance for electron transport.* Additionally, due to the
random alignment of nanowires in the pellets, the flow of
electrons is confined at the nanowire junctions leading to
increased resistance. Moreover, CuNWs networks may contain
voids and discontinuous pathways, where tunnelling gaps
between copper segments result in granular metal behaviour
rather than the continuous metallic conduction observed in
bulk copper.® The electrical conductivity of the OA75D22 pellet
was measured to be 1.38 x 10° S cm™ ', whereas the pellets
derived from OA100D22 and OA120D22 exhibited conductivi-
ties lower by approximately one and two orders of magnitude,
respectively. These results suggest that an increase in the CuP:
OAm ratio during hydrothermal synthesis leads to CuNWs with

RSC Adv, 2025, 15, 48188-48196 | 48193
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of each bar.

reduced electrical conductivity, likely due to the formation of
a thicker organic capping layer that impedes charge transport.
Similar observations were made on silver nanowires (AgNWs).>*
The electrical conductivity of CuNWs stored under ambient
conditions typically decreases over time due to surface oxida-
tion, which is a major limitation of copper-based nanowires.*
However, in the present study, no noticeable reduction in
conductivity was observed for the pellets even after 30 and 60
days of storage in air, indicating excellent oxidation resistance.
These results further confirm the effectiveness of the OAm
capping layer in promoting oxidation resistance in CuNWs.

Conclusion

In this work, copper nanowires (CuNWs) were synthesized via
a hydrothermal route using copper(u) chloride (CuP) as the
precursor, with oleylamine (OAm) and dextrose (D) serving as
the capping and reducing agents, respectively. A series of
synthesis trials were performed to investigate the influence of
varying CuP:OAm and CuP:D molar ratios on nanowire
growth, morphology, and electrical conductivity. The results
revealed that both OAm and D are essential for CUNW forma-
tion. Synthesis conducted at a CuP: OAm : D molar ratio of 1:
3.75:1.1 yielded nanowires with an average diameter of 96 nm,
while higher OAm concentrations produced nanowires of larger
diameters. X-ray diffraction confirmed the crystalline nature of
the CuNWs, exhibiting diffraction peaks matching with those of
FCC copper. FTIR analysis verified the presence of OAm on the
nanowire surface, while thermogravimetric analysis (TGA)
indicated that the OAm content increased with higher CuP:
OAm ratios during synthesis. Electrical conductivity measure-
ments showed a decline in conductivity with increasing OAm
concentration, with the highest value of 1.38 x 10° S cm™ " ob-
tained for the sample synthesizedata1:3.75:1.1 CuP: OAm: D
ratio. Furthermore, CuNW pellets retained their electrical
conductivity even after storage under ambient conditions for 60
days, demonstrating excellent environmental stability.
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