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Abstract
In this paper, ultra-long copper nanowires (CuNWs) were successfully synthesized at a large scale by hydrothermal
reduction of divalent copper ion using oleylamine and oleic acid as dual ligands. The characteristic of CuNWs is
hard and linear, which is clearly different from graphene nanoplatelets (GNPs) and multi-wall carbon nanotubes
(MWCNTs). The thermal properties and models of silicone composites with three nanomaterials have been mainly
researched. The maximum of thermal conductivity enhancement is up to 215% with only 1.0 vol.% CuNW loading,
which is much higher than GNPs and MWCNTs. It is due to the ultra-long CuNWs with a length of more than
100 μm, which facilitates the formation of effective thermal-conductive networks, resulting in great enhancement of
thermal conductivity.
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Background
Copper is the third most widely used commercial metal
(after iron and aluminum) and has received an intensive
attention due to its availability and outstanding properties such as good strength, excellent malleability, and superior electrical and thermal conductivity [1–3].
Nowadays, considering their excellent chemical and
physical properties and potential applications in electronic devices, more and more attentions have been paid
to nanostructures [4, 5]. Nanowires are a kind of onedimensional nanostructured materials which have high
aspect ratio, novel properties, and potential applications
[6, 7]. As is known to all, the physical as well as the
chemical properties of nanowires depend not only on
their native material properties but also on their morphologies and structures. In recent years, newly studied
nanowires and their applications include silicon nanowire and copper nanowires, and so on [8, 9]. Among
various nanowires, copper nanowires (CuNWs) are one
of the hottest one due to their excellent electrical and
thermal conductivity. Meanwhile, except for electrical
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and thermal conductivity, it has been confirmed that the
morphology of CuNWs also plays an important role in
the performance of polymer composites with CuNWs as
functional fillers [10–14].
A number of fabrication methods for CuNWs have
been developed, including template-assisted synthesis
[15, 16], chemical vapor deposition [17], vacuum vapor
deposition [18], hydrothermal reduction [13, 14] and so
on [19, 20]. However, the above methods are hardly applicable in composite materials because of the limitation
in mass production and process complexity. In this
paper, large-scale synthesis of ultra-long CuNWs has become a reality through hydrothermal reduction of divalent copper ions using oleylamine and oleic acid as the
dual ligands. The CuNWs have been usually used for
improving the electrical properties of composite materials [3, 10, 12, 13], but the improvement of composites
based on CuNWs was seldom reported. In order to investigate the influence of ultra-long CuNWs on thermal
conductivity of polymer composites, silicone composites
with different fillers were prepared due to good compatibility of silicone base and easy fabrication of silicone
composites. Since graphene nanoplatelets (GNPs) and
multi-wall carbon nanotubes (MWCNTs) possess large
aspect ratio and superior thermal conductivity [21–24],
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as a comparison, they were also used for preparing silicone composites. Based on experimental data, the analytical models on polymer composites were developed
for simultaneously calculating the thermal property with
single or hybrid fillers [25, 26].
Here is a simple method to obtain great thermal conductive silicone composites filled with nanomaterials.
There are ultra-long copper nanowires, GNPs, and
MWCNTs. It mainly focuses on the morphology features
and volume fraction of fillers, which is related to the
thermal properties and analytical models of composites.
The analysis and comparison of thermal conductivity
filled with different fillers are carried out in this work.

Methods
Hydrothermal method is widely used to prepare nanowires. Lots of publications have reported this method
[27, 28]. Now, the ultra-long CuNWs were also synthesized by this method according to the research of Li et
al. [11] with some modification. Typically, CuCl2·2H2O
and glucose were added to H2O under magnetic stirring.
Eighty milliliter of oleylamine, 0.8 mL of oleic acid, and
140 mL of ethanol were mixed together. Afterward,
these two solutions were put into a beaker and diluted
by water, followed by stirring for 12 h at 50 °C. The mixture was transferred into a Teflon-lined stainless steel
autoclave. The autoclave was maintained at a
temperature of 130 °C for 12 h. The precipitate was sonicated and centrifuged twice in an ethanol solution containing 2.0 wt.% PVP, then vacuum-dried at 50 °C for
6 h.
GNPs were prepared by three steps [29]. Firstly, natural graphite flakes were intercalated by a mixture of
concentrated sulfuric and nitric acids (3:1), and then, the
intercalated graphite (washed with distilled water and
air-dried) was exfoliated by thermal shock on rapid exposure. The exfoliated graphite was dispersed in acetone
by high shear mixing for 30 min followed by bath sonication for 24 h. The GNPs were obtained through filtration and drying at 100 °C for 12 h.
The silicone composites with CuNWs were prepared
as follows [30]: the CuNWs with different volume fraction were mixed with the silicone base by using a planetary mixer/deaerator (Mazerustar KK-250S, Kurabo,
Japan) for 10 min at room temperature. The mixture
was further mixed through grinding to obtain silicone
composites with different CuNW loading. As a comparison, the silicone composites with different loading of
GNPs and MWCNTs (purchased from Chengdu Organic
Chemicals Co. Ltd., Chinese Academy of Sciences) were
prepared by the same procedure.
The morphologies of different samples were analyzed
by a field-emission scanning electron microscope (SEM;
S4800, Hitachi, Japan) and a transmission electron
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microscope (TEM; 2100F, JEOL, Japan). The crystal
structure of the samples was characterized by X-ray diffractometer (XRD) (D8 Advance, Bruker, Germany)
equipped with a copper target and nickel filter. X-ray
wavelength used in the analysis was 0.154 nm of CuKa.
The thermal conductivities of the composites were measured by a thermal conductivity analyzer (C-Therm TCi,
C-Therm Technologies Ltd., Canada), which is based
upon the modified transient plane source principle. The
samples were filled into the mold with a thickness of
2 mm. The thermal conductivity of each sample is tested
at least five times to obtained average value. The
temperature of test system was controlled at 25 °C by
constant temperature box (Shanghai Boxun Industry &
Commerce Co., Ltd.).

Results and Discussion
Figure 1 shows the typical scanning electron microscopy
images of three different nanomaterials. The SEM images
of ultra-long CuNWs, prepared by hydrothermal method
using oleylamine and oleic acid as the dual ligands for 12 h,
are displayed in Fig. 1a, b. It is observed that the CuNWs
have a main diameter of 250~300 nm, a length of more
than 100 μm, and an aspect ratio of 333~400. Besides, the
CuNWs have smooth surfaces and are found to be highly
flexible as some of them showed bending more than 180°
without any fracture. It is clearly revealed that the ultralong CuNWs are synthesized successfully. In Fig. 1, panels
c and d are, respectively, the SEM and TEM images of
GNPs. The GNPs show a two-dimensional sheet structure
with flat and smooth surfaces and irregular shape. The planar size and thickness of the as-prepared GNPs is in the
range of 3–5 μm and ~20 nm, respectively. The typical
TEM image of GNPs generally shows wrinkled flakes with
edges that are partially folded or scrolled due to the high
surface tension needed for the GNPs to maintain its planarity, which shows an aspect ratio of 150~250. As seen from
the SEM images of MWCNTs, shown in Fig. 1e, f, their
diameter and length are ~50 nm and 10~20 μm, respectively, with an aspect ratio of 200~400. Meanwhile, the
MWCNTs exhibit smooth surfaces and good frizzy.
The purity and crystal structure of ultra-long CuNWs,
GNPs, and MWCNTs were characterized by powder Xray diffraction, which is shown in Fig. 2. The XRD pattern of CuNWs displays three diffraction peaks, corresponding to the {110}, {200}, and {220} crystal planes of
face-centered cubic copper, respectively [11, 14]. Two
possible CuO and Cu2O impurity phases have not been
detected in our ultra-long CuNWs, indicating that the
CuNWs is in the form of pure metal. As shown in
the XRD patterns of GNPs and MWCNTs, it is clear
that the relative intensity and the 2θ of diffraction
peaks of GNPs and MWCNTs are similar. Both of
them exhibit two characteristic diffraction peaks at 2θ
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Fig. 1 FE-SEM images of different samples of a CuNWs, c GNPs, and e MWCNTs at low magnification and of b CuNWs and f MWCNTs at high
magnification. TEM image of (d) GNPs

values around 26° and 43° which correspond, respectively, to the {002} and {101} plane diffractions from
graphitic carbon [31, 32].
The loading and the intrinsic thermal conductivity of
different fillers have significant influences on thermal

Fig. 2 XRD patterns of CuNWs, GNPs, and MWCNTs

conductivity and thermal conductivity enhancement of
polymer composites. In order to investigate this effect,
silicone composites with different fillers were prepared
due to good compatibility of silicone base and easy fabrication of silicone composites. Figure 3 is the thermal

Fig. 3 Thermal conductivity enhancements of silicone composites
with different fillers as a function of volume fraction
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conductivity enhancement of silicone composites with
ultra-long CuNWs, GNPs, and MWCNTs as a function
of volume fraction. The thermal conductivity of silicone
base is very low, only 0.12 W/mK, while the thermal
conductivity of the three composites is greatly improved
compared with that of silicone base. The thermal conductivity of the three silicone composites based on different fillers increases with the increase of volume
fraction of fillers. The thermal conductivity enhancement of silicone composites with 1.0 vol.% CuNWs,
GNPs, and MWCNTs are 215, 108, and 62%, respectively. Quite different from the electrical conductivity of
polymer composites, it is a widespread view among polymer composites containing nanomaterials that there is
no percolation threshold in thermal conductivity. Yet,
there is a turning point to be observed in thermal conductivity of all the three silicone composites, which locates at the loading of 0.5 vol.%. When the loading of
filler is lower than 0.5 vol.%, the thermal conductivity of
the composites increases slowly with the increase of
filler loading, while the thermal conductivity increase
significantly faster than before beyond this loading.
The thermal conductivity enhancement of silicone
composites with 1.0 vol.% CuNWs, GNPs, and
MWCNTs are 0.378, 0.251, and 0.195 W/mK, respectively (as shown in Fig. 4). Besides the experimental results, Fig. 4 shows the calculated results obtained by the
Nielsen model [33], which consists of the following three
equations:
k c 1 þ ABϕ f
¼
ks
1−BΨ ϕ f

ð1Þ

k f =k s −1
k f =k s þ A

ð2Þ

B¼

Fig. 4 Thermal conductivities of three kinds of fillers in silicone
composites with the predictions by the Nielsen model

Ψ ≅1 þ

1−ϕ m
ϕf
ϕ 2m

ð3Þ

where kc, ks, and kf are thermal conductivities of the
composite, silicone base, and filler, respectively. ϕf is the
filler volume content, and ϕm is the maximum packing
fraction of the dispersed fillers. For randomly oriented
fillers, ϕm equals 0.52 [33]. The parameter is mainly determined by the aspect ratio and orientation of the
fillers. According to Table 1 of Ref [33], there is a oneto-one correspondence between the filler aspect ratio Ar
and the parameter A; however, the range of filler aspect
ratio is relatively small, only from 2 to 15. In order to calculate the thermal conductivities of the three silicone
composites of this work, which contains fillers with large
aspect ratios, the following regression equation is obtained
by using the five sets of data in Table 1 of Ref [33].
A ¼ 0:02054 þ 0:5315  Ar

ð4Þ

For the silicone composites containing CuNWs, the ks
and kf are set to 0.12 and 398 W/mK, and it is found
that the calculation fits well with the experimental results with A = 186.1, which corresponds to Ar = 350. In
the same way, for silicone composites containing GNPs
and MWCNTs, the kf are set to 1000 W/mK [34] and
3000 W/mK [35], and the calculated results fit well with
the experimental results with Ar = 200 and Ar = 100,
respectively.
The thermal conductivity of silicone composites containing different fillers depends on the shape, size, and
intrinsic thermal conductivity of fillers [30, 36, 37]. It
can be seen from Fig. 3 that the thermal conductivity enhancement of silicone composites with CuNWs increases substantially with the increase of the volume
fraction than that of silicone composites with GNPs and
MWCNTs. The maximum is up to 215% with 1.0 vol.%
CuNW loading, much higher than that of silicone nanocomposites with the same GNPs (108%) and MWCNTs
(62%) loading. When the volume fraction of fillers is less
than 0.5%, the shape, size, and intrinsic thermal conductivity of fillers do not obviously affect the thermal
conductivity of silicone composites. This is because the
heat-conductive fillers surrounded by silicone base cannot touch each other at low filler loading; hence, the
thermal conductivity increases very slowly resulting from
high thermal contact resistance inside the composites
[30, 36]. While with the loading further increasing, the
thermal conductivity of silicone composites with different fillers differs greatly, which indicates that the shape,
size, and intrinsic thermal conductivity of fillers have a
significant influence on the thermal conductivity improvement of silicone composites. Many studies have reported that the GNPs with superior thermal conductivity
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Table 1 The physical properties and aspect ratio of three kinds of fillers
Filler

Thermal conductivity (W/mk)

The aspect ratio (SEM and TEM)

Effective aspect ratio (Nielsen model)

Characteristic

CuNWs

398

333~400

350

Hard, linear

GNPs

1000

150~250

200

Planarity

MWCNTs

3000

200~400

100

Smooth, frizzy

and large aspect ratio could greatly improve the thermal
conductivity of polymer composites with only a few
GNPs [37–39]. And it has stronger ability to enhance
the thermal conductivity of polymer composites than
MWCNTs [40, 41]. This phenomenon has also been observed in our study. Although the intrinsic thermal conductivity of CuNWs (398 W/mK) is far less than that of
GNPs (1000 W/mK) and MWCNTs (3000 W/mK) (as
shown in Table 1), the ability of ultra-long CuNWs to
enhance the thermal conductivity of silicone composites
is stronger than that of GNPs and MWCNTs. It is due
to the ultra-long CuNWs with a length of more than
100 μm. The characteristic of CuNWs is hard and linear,
which is nothing like MWCNTs (smooth and frizzy).
The effective aspect ratio (350) of CuNWs from the
Nielsen model is in the range of morphology from SEM
and TEM images, which showed the advantage of ultralong filler on heat transfer. But perhaps because
MWCNTs has frizzy and twining structure, the effective
aspect ratio (100) from the model is less than that from
SEM and TEM. The ultra-long and linear structure facilitates the formation of bridges between themselves and
thus to construct some effective thermal conductive networks. These networks provide a low-resistance pathway
to heat conduction and increase the overall thermal conductivity of the composite.

Conclusions
In conclusion, a hydrothermal reduction method of divalent copper ions using oleylamine and oleic acid as dual
ligands was used to synthesize ultra-long copper nanowires on a large scale. The CuNWs had a diameter of
250~300 nm, a length of more than 100 μm, and an aspect ratio of 333~400, which was observed by scanning
electron microscope. The purity and crystal structure of
CuNWs was examined by powder X-ray diffraction. Silicone composites with CuNWs, GNPs, and MWCNTs
were prepared to investigate the influence of CuNWs on
thermal conductivity of polymer composites. The thermal conductivity enhancement of silicone composite
with ultra-long CuNWs increases substantially with the
increase of the volume fraction. The maximum is up to
215% with 1.0 vol.% CuNW loading, much higher than
that of silicone nanocomposites with the same GNP
(108%) and MWCNT (62%) loading. It is due to the
ultra-long length and large aspect ratio, which facilitates

the formation of effective thermal conductive networks,
resulting in great enhancement of thermal conductivity.
Acknowledgements
The work was supported by the National Natural Science Foundation of
China (51476094 and 51590902) and the key subject of Shanghai Second
Polytechnic University (No. 4, Material Science, XXKPY1302).
Authors’ Contributions
WY proposed the idea and provided some supporting about the
experiments and analysis. LZ completed most of the experiments with JY,
and they were both involved in drafting the manuscript. MW completed part
of the experiments. HX provided some supporting about the work, and he
helped to revise the manuscript and gave other authors some suggestions.
All authors read and approved the final manuscript.
Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
College of Engineering, Shanghai Polytechnic University, Shanghai 201209,
China. 2Shanghai Yueda Advanced Materials Technology Co. Ltd., Shanghai
201209, China.
Received: 1 June 2017 Accepted: 16 July 2017

References
1. Papp JF (2008) U.S. Geological Survey, Mineral Commodity Summaries. J
Chem Inf Model 53(703):160
2. Groza JR, Gibeling JC (1993) Principles of particle selection for dispersionstrengthened copper. Mater Sci Eng A 171(1–2):115–125
3. Lin B, Gelves AG, Haber JA, Sundararaj U (2007) Electrical, rheological, and
mechanical properties of polystyrene/copper nanowire nanocomposites.
Ind Eng Chem Res 46(8):2481–2487
4. Rao CNR, Deepak FL, Gundiah G, Govindaraj A (2003) Inorganic nanowires.
Prog Solid State Chem 31(1–2):5–147
5. Xia Y, Yang P, Sun Y, Wu Y, Mayers B, Gates B et al (2003) Synthesis,
characterization, and applications. Adv Mater 15:353–389
6. Jiang Y, Xiu G, Qin R, Liu H, Xia C, Ma H (2016) Efficiency enhancement
mechanism for poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/
silicon nanowires hybrid solar cells using alkali treatment. Nanoscale Res
Lett 11(1):267
7. Zeng JL, Zhu FR, Yu SB, Zhu L, Cao Z et al (2012) Effects of copper
nanowires on the properties of an organic phase change material. Sol
Energ Mat Sol C 105(105):174–178
8. Wang F, Gao Y, Zhu T, Zhao J (2011) Shock-induced breaking of the
nanowire with the dependence of crystallographic orientation and strain
rate. Nanoscale Res Lett 6(1):291
9. Guerfi Y, Larrieu G (2016) Vertical silicon nanowire field effect transistors
with nanoscale gate-all-around. Nanoscale Res Lett 11(1):210
10. Silva ABD, Arjmand M, Sundararaj U et al (2014) Novel composites of
copper nanowire/PVDF with superior dielectric properties. Polymer 55(1):
226–234
11. Li S, Chen Y, Huang L et al (2014) Large-scale synthesis of well-dispersed
copper nanowires in an electric pressure cooker and their application in
transparent and conductive networks. Inorg Chem 53(9):4440

Zhang et al. Nanoscale Research Letters (2017) 12:462

12. Tang Y, Kai LY, Chen Y et al (2013) Ultralow-density copper nanowire
aerogel monoliths with tunable mechanical and electrical properties. J
Mater Chem A 1(23):6723–6726
13. Cheng Y, Wang S, Wang R (2014) Copper nanowire based transparent
conductive films with high stability and superior stretchability. J Mater
Chem C 2(27):5309–5316
14. Wang S, Cheng Y, Wang R et al (2014) Highly thermal conductive copper
nanowire composites with ultralow loading: toward applications as thermal
interface materials. ACS Appl Mater Interfaces 6(9):6481–6486
15. Toimil Molares ME, Hohberger EM, Schaeflein C et al (2003) Electrical
characterization of electrochemically grown single copper nanowires. Appl
Phys Lett 82(13):2139–2141
16. Kudo H, Fujihira M (2006) DNA-templated copper nanowire fabrication by a
two-step process involving electroless metallization. IEEE Trans Nanotechnol
5(2):90–92
17. Choi H, Park SH (2004) Seedless growth of free-standing copper nanowires
by chemical vapor deposition. J Am Chem Soc 126(20):6248–6249
18. Liu Z, Bo Y (2003) A novel method for preparing copper nanorods and
nanowires. Adv Mater 15(4):303–305
19. Rathmell AR, Bergin SM, Hua YL et al (2010) The growth mechanism of
copper nanowires and their properties in flexible, transparent conducting
films. Adv Mater 22(32):3558
20. Duan JL, Liu J, Yao HJ et al (2008) Controlled synthesis and diameter-dependent
optical properties of Cu nanowire arrays. Mat Sci Eng B 147(1):57–62
21. Rao CNR, Sood AK, Subrahmanyam KS, Govindaraj A (2009) Graphene: the
new two-dimensional nanomaterial. Angew Chem Int Edit 48:7752
22. Balandin AA, Ghosh S, Bao W et al (2008) Superior thermal conductivity of
single-layer graphene. Nano Lett 8(3):902
23. Balandin AA (2011) Thermal properties of graphene, carbon nanotubes and
nanostructured carbon materials. Nat Mater 10(8):569–581
24. Pop E, Mann D, Wang Q et al (2005) Thermal conductance of an individual
single-wall carbon nanotube above room temperature. Nano Lett 6(1):96–
100
25. Chen L, Sun YY, Xu HF et al (2016) Analytic modeling for the anisotropic
thermal conductivity of polymer composites containing aligned hexagonal
boron nitride. Compos Sci Technol 122:42–49
26. Chen L, Sun YY, Lin J et al (2015) Modeling and analysis of synergistic effect
in thermal conductivity enhancement of polymer composites with hybrid
filler. Int J Heat Mass Tran 81:457–464
27. Wang M, Li S, Zhang P et al (2015) A modified sequential method used to
prepare high quality perovskite on ZnO nanorods. Chem Phys Lett 639:283–288
28. Li S, Zhang P, Chen H et al (2017) Mesoporous PbI2, assisted growth of
large perovskite grains for efficient perovskite solar cells based on ZnO
nanorods. J Power Sources 342:990–997
29. Chatterjee S, Wang JW, Kuo WS et al (2012) Mechanical reinforcement and
thermal conductivity in expanded graphene nanoplatelets reinforced epoxy
composites. Chem Phys Lett 531(13):6–10
30. Yu W, Zhao J, Wang M et al (2015) Thermal conductivity enhancement in
thermal grease containing different CuO structures. Nanoscale Res Lett
10(1):1–8
31. Cao A, Xu C, Liang J et al (2001) X-ray diffraction characterization on the
alignment degree of carbon nanotubes. Chem Phys Lett 344(1):13–17
32. Chen CM, Dai YM, Huang JG et al (2006) Intermetallic catalyst for carbon
nanotubes (CNTs) growth by thermal chemical vapor deposition method.
Carbon 44(9):1808–1820
33. Nielsen LE (1974) Thermal and electrical-conductivity of 2-phase systems.
Ind eng Chem Fundam 13(1):17
34. Murali R, Yang Y, Brenner K et al (2009) Breakdown current density of
graphene nanoribbons. Appl phys Lett 94(24):243114-243114-3
35. Kim P, Shi L, Majumdar A et al (2001) Thermal transport measurements of
individual multiwalled nanotubes. Phys Rev Lett 87(21):215502
36. Zhou WY, Qi SH, Zhao HZ et al (2007) Thermally conductive silicone rubber
reinforced with boron nitride particle. Polym Composite 28(1):23–28
37. Yu W, Xie H, Chen L et al (2014) Graphene based silicone thermal greases.
Phys Lett A 378(3):207–211
38. Yu A, Ramesh P, Itkis ME et al (2007) Graphite nanoplatelet—epoxy
composite thermal Interface materials. J Phys Chem C 111(21):084504–
084504-4
39. Shahil KM, Balandin AA (2012) Graphene-multilayer graphene
nanocomposites as highly efficient thermal interface materials. Nano Lett
12(2):861

Page 6 of 6

40. Yu A, Ramesh P, Sun X et al (2008) Enhanced thermal conductivity in a
hybrid graphite Nanoplatelet-carbon Nanotube filler for epoxy composites.
Adv Mater 20(24):4740–4744
41. Yang SY, Lin WN, Huang YL et al (2011) Synergetic effects of graphene
platelets and carbon nanotubes on the mechanical and thermal properties
of epoxy composites. Carbon 49(3):793–803

