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ABSTRACT: Cu nanowires hold great promise for the
fabrication of low-cost transparent electrodes. However,
their current synthesis is mainly performed in aqueous
media with poor nanowire dispersibility. We report herein
the novel synthesis of ultralong single-crystalline Cu
nanowires with excellent dispersibility, providing an
excellent candidate material for high-performance trans-
parent electrode fabrication.

T ransparent electrodes are essential for the fabrication of flat-
panel displays, touch screens, organic light-emitting diodes,

solar cells, and other electronic devices. Traditionally, such
electrodes are based on indium tin oxide (ITO), the price of
which has increased nearly 10-fold in the past decade.1 The
search for low-cost alternatives has attracted much attention. In
this context, thin films of carbon nanotubes (CNTs),2 graphene,3

and metal nanowires4 have been explored extensively. While thin
films of CNTs and graphene exhibit promising performance,
their sheet resistances (100−1000 Ω/□ at 80−90% optical
transmittance)5 are still high for most applications. Thin films of
metal nanowires, in comparison, hold great promise because of
their high conductivity and optical transmittance. For example,
thin films of Ag nanowires have been shown to exhibit
conductivities and transmittance comparable to those of ITO.6

Compared with Ag, Cu is 1000 times more abundant and 100
times less expensive. Developing Cu-based thin films has
therefore emerged as a highly promising approach leading
toward low-cost transparent electrodes.
To date, Cu nanowire electrodes have mainly been fabricated

using two different approaches. The first approach is based on the
electrospinning process,7 in which nanofibers of poly(vinyl
alcohol) containing copper acetate are spun onto glass substrates.
Subsequent calcination followed by hydrogen reduction leads to
the formation of Cu nanofiber networks with excellent
conductivity and optical transmittance (∼50 Ω/□ at ∼90%
transmittance). However, this method requires high processing
temperatures (e.g., ∼500 °C) and has limited applicability. The
other approach is based on Cu nanowire inks, where transparent
electrodes are fabricated by spray- or rod-coating the nanowire
ink on the substrate.4,8 Large-scale fabrication of transparent

electrodes could be achieved using this approach if high-quality
Cu nanowires could be synthesized effectively.
In the context of Cu nanowire synthesis, the current

techniques mainly rely on aqueous-media reduction of Cu
salts. For example, Cu nanowires with an average diameter of
∼90 nm and length of ∼10 μm were synthesized by hydrazine
reduction of Cu(NO3)2.

1 However, this synthesis led to
nanowires with poor dispersibility and a significant amount of
Cu particles, which could deteriorate the electrode performance
dramatically. Recently, Cu nanowires with a smaller diameter
(∼24 nm) and lengths of up to hundreds of micrometers were
synthesized by glucose reduction of CuCl2 in the presence of
hexadecylamine (HDA).9 However, similar to the former
approach, these nanowires also tended to aggregate, forming
large-sized bundles. In addition, these long nanowires exhibited
the pentatwinned crystalline structure, which is less conductive10

and easier to oxidize than those with a single-crystal structure.11

Herein, we report a nonaqueous synthesis of ultralong single-
crystalline Cu nanowires with excellent dispersibility. Our
synthesis strategy relies on self-catalytic growth of Cu nanowires
within a liquid-crystalline medium of HDA and cetyltriamoni-
num bromide (CTAB). HDA and CTAB are first mixed at
elevated temperature to form a liquid-crystalline medium. Upon
addition of the precursor, copper acetylacetonate [Cu(acac)2],
ultralong nanowires with excellent dispersibility form sponta-
neously within the medium in the presence of a catalytic Pt
surface.
Figure 1a shows scanning electron microscopy (SEM) images

of the nanowires. The average diameter of the nanowires was
∼78 nm, as calculated from 50 nanowires randomly selected
from the SEM images. The lengths of the nanowires varied from
tens to hundreds of micrometers; some of them were as long as
several millimeters. Unlike the bundled nanowires mentioned
above, these nanowires were well-dispersed, as shown by both
SEM and transmission electron microscopy (TEM) images. The
magnified SEM image (Figure 1a inset) discloses that the
nanowires exhibited a hexagonal cross section. On the basis of
selected-area electron diffraction (SAED) analysis (Figure 1c),
these nanowires were consistently found to be single-crystalline,
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growing along the [011] direction. Figure 1d shows the X-ray
diffraction (XRD) pattern of the nanowires. The peaks at 2θ =
43.2, 50.3, and 74.1° correspond to the diffractions from the
{220} planes of face-centered cubic (fcc) Cu (JCPDS card no.
03-1018). No other peaks were observed, indicating the pure-
phase nature of the nanowires.
The structure of the nanowires was further studied by high-

resolution TEM (HRTEM). On the basis of the above analysis,
these nanowires were single-crystalline and grew along the [011]
direction. Consistent with such a growth direction, the side faces
of the nanowires should be the ±(200), ±(11 ̅1), and ±(111 ̅)
planes. This conjecture was confirmed by the HRTEM images of
two different nanowires (Figure 2c,d), which clearly showed

fringes corresponding to the {200} and {111} planes along the
axis of the nanowires. The angle between the {111} planes and
that between the {200} and {111} planes were 109.5° and
125.3°, respectively, consistent with the proposed crystal
structure. Although various morphologies of metal nanowires
and nanorods have been reported, such as rectangular wires,
octagonal wires, right-bipyramidal beams, and pentagonal
wires,11 to the best of our knowledge, it is the first report of
hexagonal metal nanowires. The successful synthesis of

hexagonal Cu nanowires enriches the morphological control of
metal nanowires, sheding light on the shape control of metal
crystals.
In an effort to uncover the growth mechanism, the structural

evolution of the nanowires was probed. An SEM image recorded
after 2 h of reaction exhibited the presence of Cu nanocrystals
and nanowires, and the development of nanowire embryos from
the nanoparticles was also observed (Figure 3a). One question is

the following: by which sides or faces are these growing Cu
nanocrystals connected to form the nanowires? Thermodynami-
cally, crystal planes with lower surface energy are preferably
exposed. For an fcc structure, the {111} plane has the lowest
surface energy and tends to be exposed on the crystal surface to
minimize the total surface energy. However, the presence of large
amounts of HDA molecules and Br− ions could effectively
stabilize the {200} planes by selective adsorption on those
planes.9,11 Therefore, as-formed Cu clusters may be inclined to
be connected by their active {110} planes, resulting in
preferential growth of the nanowires along the ⟨110⟩ direction.
This would lead to preferential exposure of the {111} and {200}
planes, which is well-consistent with the TEM analysis.
After 5 h of reaction (Figure 3b), it was found that the number

of particles was significantly reduced and that significantly
increased numbers of nanowires with smoother morphology
were present. The nanowires further developed the facet
morphology as the reaction time increased to 10 h, indicating a
maturing process. Cu particles with cubic and octahedral shapes,
which are matured forms of the Cu particles present at early
times, were also consistently observed. It is believed that such
maturing process is facilitated by the presence of Br− ions, as Br−

is reported to be a corrosive anion.12 Such ions may facilitate the
migration of Cu atoms from defect or high-energy sites to low-
energy sites, leading to the formation of Cu nanowires with
perfect structure and morphology. Consistent with the SEM
observations, Figure 3d shows the XRD patterns of the
nanowires at the different growth steps. Clearly, the (111) and
(200) diffractions intensified with increasing reaction time from
2 to 10 h, while the intensity of the (110) peaks decreased. Such
observations agree well with the preferential nanowire growth
observed by TEM.

Figure 1. (a) SEM and (b) TEM images of Cu nanowires. (c) SAED
pattern of the Cu nanowire shown in the inset. (d) XRD pattern of Cu
nanowires.

Figure 2. (a, c) TEM images of two different Cu nanowires. (b, d)
HRTEM images of the boxed areas in (a) and (c), respectively.

Figure 3. (a−c) SEM images of Cu nanowires synthesized at reaction
times of (a) 2, (b) 5, and (c) 10 h. (d) XRD patterns of the Cu nanowires
in (a−c).
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Moreover, it was also found that CTAB played key roles in the
nanowire formation. Figure 4a−d shows SEM images of the

reaction products obtained in reaction media containing a fixed
amount of HDA (0.8 g) and various amounts of CTAB (0.1, 0.3,
0.5, and 0.8 g, respectively). At low CTAB concentration (0.1 g),
only irregular polyhedra were obtained (Figure 4a). Increasing
the amount of CTAB to 0.3 g led to the formation of long
nanowires accompanied by a large population of irregular
polyhedra (Figure 4b). Further increasing the CTAB amount
(0.5 g) led to the formation of long nanowires and almost no
particles (Figure 4c). Interestingly, continuing to increase the
amount of CTAB (0.8 g) resulted in the formation of nanowires
and nanoribbons (Figure 4d).
The morphological evolution from irregular polyhedra to

nanowires to nanoribbons can be attributed to the varying local
molecular environment within this series of reaction media.
CTAB, a well-known amphiphilic molecule containing a cationic
headgroup and an alkyl chain, can self-organize into various
supermolecular structures, such as spherical micelles, hexagonal
rods, and liquid-crystalline phases.13 HDA is also an amphiphilic
molecule containing a polar amine group and a nonpolar alkyl
chain that can form various liquid-crystalline phases. In their melt
mixtures, these alkyl groups tend to form a continuous oil phase,
while the cationic groups and the amine moieties may tend to
form the counterphase. Similar to other amphiphilic systems,
such mixtures may exhibit assembling structures that vary
systematically from micellar structures to rods to liquid-
crystalline phases depending on the composition. In fact, the
mixture containing 0.5 g of CTAB showed XRD diffraction peaks
at 2θ = 2.3, 4.0, and 7.0° at 180 °C (Figure S1 in the Supporting
Information), confirming the formation of tubular liquid-
crystalline structures within the reaction medium.14

On the basis of the above observations, a formation
mechanism can be proposed (Scheme 1). First, the melted
CTAB and HDA mixtures provide a medium with a tubular
liquid-crystalline structure. Upon the addition of Cu(acac)2,
these precursor molecules rapidly coordinate with Br− and HDA,
as indicated by a rapid color change from dark green to light
yellow. This coordinating process consequently enriches the
metal moieties within the tubular channels. Subsequently, HDA
reduces the metal moieties, forming metal clusters and building
particles within the tubular channels. Because of preferential

adsorption of HDA and Br− on the {200} planes, confined
growth of the building clusters and particles leads to the
formation of Cu nanowires along the ⟨110⟩ direction with
preferential exposure of the {111} and {200} planes. Varying the
ratio of HDA and CTAB in the reaction medium systematically
shifts their assembled structure from micelles to rods to more
complicated liquid-crystalline structure (e.g., hexagonal and
lamellar phases), accordingly leading to the formation of Cu
nanoparticles, nanowires, and nanoribbons with increasing
CTAB content.
It is important to mention that without the presence of the

catalyst, we did not observe any particles or nanowires even after
10 h. However, upon addition of a piece of Si wafer sputtered
with a thin layer of Pt to the reaction medium, nanowires formed
rapidly. It should be noted that catalytic reduction of Cu and
other metallic moieties is often observed in the electrodeless
plating process, where Pt or Pd is commonly used as the
catalyst.15 We believe that the phenomena observed here also
arise from the catalytic effect of the Pt thin film. The presence of
Pt surface first catalyzes the reduction of Cu ions into metallic
clusters or particles, which then migrate to the solution and act as
seeds for growth of the nanowires. Indeed, it was found that the
reaction solutions turned red after reacting for 30 min,
confirming the formation of Cu clusters and their migration to
the solution. This seeding mechanism is similar to those reported
previously.16,17

The capability to synthesize such high-quality nanowires offers
ideal building blocks for transparent electrodes. Figure 5a,b
shows SEM images of such electrodes with transmittances (T) of
91% and 84.5%, respectively, revealing the formation of
continuous nanowire networks. Figure 5c further compares the
sheet resistances (Rs) and transmittances of such electrodes with
those from the literature (electrodes made from Ag nanowires,4

CNTs,5 and Cu nanowires18). Clearly, the electrodes con-
structed from ultralong Cu nanowires exhibited outstanding
performance. At T = 90%, they exhibited Rs ≈ 90Ω/□, which is
significantly lower than that of the Cu nanowire electrode
reported by Wiley18 (∼186 Ω/□). These electrodes meet the
criteria of high-performance solution-based transparent con-
ductors, which are usually defined as T ≥ 90% and Rs ≤ 100 Ω/
□. Compared with the Ag nanowire electrode previously
reported by Hu,4 the ultralong Cu nanowire electrodes exhibited
comparable or even better performance. At T = 85%, the
ultralong Cu nanowire electrode exhibited a sheet resistance of
∼35Ω/□, which is comparable to or even lower than that of Ag
nanowire electrodes used in organic solar cells19 or OLEDs.20

Figure 5d further shows a transmittance plot of such an electrode,
demonstrating near-constant transmittance over the visible
range.
As proposed by De and Coleman,21 solution-processed

nanowire electrodes generally exhibit a percolative to bulklike
transition in conductivity with increasing electrode thickness.
The minimum thickness at which a percolative nanowire

Figure 4. Cu nanowires synthesized in liquid-crystalline media
containing a fixed amount of HDA (0.8 g) and different amounts of
CTAB: (a) 0.1 g; (b) 0.3 g; (c) 0.5 g; (d) 0.8 g.

Scheme 1. Formation of Cu Nanowires Directed by the
Liquid-Crystalline Structure of the Medium
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network can be formed is proportional to Ttran
−1/2, where Ttran is

the transmittance where the transition occurs. It was found that
such ultralong Cu nanowire electrodes exhibit a transition at T≈

81%, while the reported Cu nanowire electrodes showed a
transition at significantly lower transmittance (∼60%).1 The
lower percolative thickness observed can be attributed to the
long length and excellent dispersibility of the nanowires, which
enables the construction of effective conductive networks using
smaller amounts of nanowire. For such electrodes, the figure of
merit, a performance parameter that is generally defined as the
ratio of the electrical conductivity to the optical conductivity, was
estimated as 93, which is significantly higher than those of the
reported Cu nanowire electrodes (52),1 CNT electrodes (1.5),
and graphene electrodes (0.25),21 confirming the high perform-
ance of the obtained electrodes.
We recognized that the stability of Cu nanowire thin films can

be problematic for device application. Nevertheless, it was found
that the stability of such nanowire films is dependent on
thickness. For example, thin films (∼100Ω/□) exhibited a rapid
increase in sheet resistance within hours, while thick films (∼10
Ω/□) exhibited almost constant sheet resistance even after 10
days of exposure to ambient conditions (Figure S2). It was also
found that coating the nanowire films with polymers or treating
them with ambient-pressure hydrogen plasmas afforded highly
conductive electrodes with excellent stability. This will be the
subject of a future report.
In conclusion, we have demonstrated the synthesis of ultralong

Cu nanowires with excellent dispersibility. This method should
be further extended to the fabrication of other metal nanowires,
providing excellent building blocks for the construction of
transparent electrodes for flexible displays, photovoltaics, and
other applications. Further studies in device integration are
underway.
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Figure 5. SEM images of Cu nanowire electrodes with (a) 91% and (b)
84.5% transmittance. (c) Comparison of the sheet resistances and
transmittances of the electrodes made from the ultralong Cu nanowires
with literature values for electrodes made from Cu nanowires (Wiley18),
CNTs (Lee5), and Ag nanowires (Hu4). (d) Photograph and
corresponding plot of transmittance vs wavelength for an ultralong
Cu nanowire electrode (sheet resistance ∼5 Ω/□) showing high
transparency.
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