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Abstract A thermally conductive epoxy polymer com-
posite comprising copper nanowires and reduced graphene
oxide as hybrid fillers was prepared. The synthesized
one-dimensional copper nanowires (CuNWs) with excel-
lent thermal conductivity and easy dispersity performed a
thermal bridge to connect different layers of dimensional
graphene oxide (GO), which benefited the thermal con-
ductivity of epoxy composite conductor with increasing
hybrid filler loading. The microstructure and morphology
of hybrid fillers as well as the thermal properties, volume
resistivity and dielectric constant of epoxy polymer com-
posite were investigated. The TEM of hybrid fillers con-
firmed that CuNWs were loaded on the NH,-rGO uni-
formly and the CuNWs/NH,-rGO/epoxy possessed higher
thermal conductivity and lower volume resistivity (the
thermal conductivity and volume resistivity were about
0.43 W/(m-K) and 2.69x 10" Q-cm, respectively) com-
pared to CuNWs/epoxy polymer composite and NH,-rGO/
epoxy polymer composite. Moreover, the CuNWs/NH,-
rGO/epoxy composites presented better dielectric constant.
These were all contributed to the synergetic effect between
CuNWs and rGO.

1 Introduction

Miniaturization of electronic devices and integrated circuits
results in the increase of heat generated in high density
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electronics. In order to ensure the good performance and
long life of electronic devices, the heat dissipation of mate-
rial becomes more and more important [1-4]. The thermal
conductivity of composite is a vital material property in
many application areas [5—12]. Because of its light weight,
good electrical insulation and easy processing, polymer is
often used as packaging materials for electronic circuits.
However, due to the low thermal conductivity of the pol-
ymer itself, it is often necessary to add fillers with high
thermal conductivity to the polymer to improve the ther-
mal conductivity of the composite. There are various ther-
mal conductive fillers, including AIN [13, 14], Al,05 [15],
BN [16], Ag [17], SiC [18] and so on, have been used to
improve the thermal conductivity of polymer matrix. How-
ever, a large amount of fillers are indispensable to meet the
requirement of thermal conductivity, which would deterio-
rate the viscosity, processing and other properties of epoxy.

Lately, metallic nano-materials have become a hot and
new topic in materials science [12, 19-21]. Synthesize a
new one-dimensional metallic nanomaterials with green
approaches and low cost has caused widely concern.
CuNWs, a kind of ideal one-dimensional copper nanostruc-
tures, was frequently used as the modified materials of pol-
ymer. Copper nanowires possess not only similar properties
of good thermal conductivity, electrical conductivity, and
ductility to Ag and Au nanostructures but also the cheap
price, abundant reserves and other advantages [22]. Hence,
copper has gradually become the best choice to replace Ag
and Au nanomaterials and has great potential to fabricate
high thermal conductive polymer composites.

Up to now, graphene has always been a topic of research-
ers owing to its excellent properties, such as superior
mechanical property [23], high flexibility [24], and good
optical, thermal, electrical properties [25-27]. Therefore,
graphene can be naturally used as thermal conductive filler
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to improve the thermal conductivity of composites. Goyal
et al. [28] prepared electrically conductive thermal interface
materials with the hybrid graphene-metal particle fillers
and showed that the thermal conductivity of resulting com-
posites was increased by 500% at a small graphene load-
ing fraction of 5 vol%. Wu et al. [29] prepared graphene
nanoplatelet paper and found that the thermal conductivity
of self-standing flexible paper can reach to 313 W (mK)~".
Fang et al. [30] prepared eicosane-based phase change
materials and showed that the thermal conductivity of
eicosane was dramaticlly increased in the presence of gra-
phene. Consequently, we choose reduced graphene oxide
with active amino groups as thermal conductive fillers to
improve the thermal conductivity of composite.

The idea of applying a hybrid filler consisting of two or
more filler materials has already been discussed in paper
and it has been testified that the improvement of compos-
ite properties can be acquired by combining the advantages
of each filler [31, 32]. Considering the high thermal con-
ductivity of graphene and copper nanowires, we combined
CuNWs with rGO as hybrid filler to prepare high thermal
conductive composite to maximize the thermal conductiv-
ity. In this paper, first, copper nanowires have been suc-
cessfully synthesized and they possessed high aspect ratio,
uniform diameter, good dispersity and morphology. Then
another kind of reduced graphene oxide filler was also pre-
pared. Subsequently, we used the two kinds of conductive
fillers to synthesize thermal conductive epoxy polymer
composites and investigated the thermal conductivity of
composites. The result indicated that the CuNWs/NH,-
rGO/epoxy composites exhibited higher thermal conductiv-
ity compared with epoxy resin and epoxy composites pre-
pared with each filler alone.

2 Experimental
2.1 Materials

Glucose anhydrose and copper chloride (CuCl,.2H,0) were
obtained from Shanghai Han Si Chemical Co. Ltd. oleic
acid and oleylamine were purchased from MACKLIN.
Polyvinylpyrrolidone (PVP) was purchased from Aladdin
Chemistry Co., Ltd. The graphene oxide (GO) nanosheets
were produced from natural graphite flakes by the modi-
fied Hummers method [33], y-aminopropyltriethoxysilane
(APTES) was purchased from Jingzhou Jianghan Fine
Chemical Co. Ltd (Hubei, China). Epoxy was purchased
from Tianjin Kailida Chemical Trading Co., Ltd. (Tianjin,
China), m-Xylylenediamine (MXDA) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (SCRC, China).
Ethanol and hydrazine hydrate were purchased from Tianli
Chemical Reagents Co. Ltd (Tianjin, China). All reagents

were of analytical grade and used as received without fur-
ther purification.

2.2 Preparation of NH,-rGO hybrid

Nano-composite of NH,-rGO was obtained by two steps:
(1) the reaction of APTES with GO, and (2) reducing the
products of step one with hydrazine hydrate to achieve
NH,-rGO.

The reaction of step one was realized as follows: 0.30 g
GO, 10 mL deionized water and 190 mL ethanol were
added into a beaker and treated under ultrasonication for
30 min. Subsequently, the mixed solution was transferred
to a 250 mL three-necked flask with mechanical stirrer,
reflux-condenser and constant-pressure funnel. Then, the
mixture of 2 mL APTES and 30 mL ethanol was added to
the flask dropwise. After that, the mixture was heated to
78°C and kept for 4 h. The synthesis route was shown in
Fig. 1. After the reaction completed, the resulting product
was washed with ethanol for several times and coded as
NH,-GO. Finally, the prepared NH,-GO was dried in vac-
uum oven at 60 °C overnight.

The second step as follows: the synthetized NH,-GO was
dispersed in 180 mL deionized water under ultrasonication
for 30 min. The mixed solution was transferred to a 250 mL
three-necked flask with reflux-condenser and mechanical
stirrer, followed by 2.5 mL hydrazine hydrate and 7.5 mL
ammonia. When the reaction temperature was up to 98 °C
and kept for 6 h. After the reaction completed, the resulting
product, recorded as NH,-rGO, was washed with deionized
water and ethanol for several times, and dried in vacuum
oven at 60 °C overnight.

2.3 Preparation of CuNWs

Copper nanowires were successful synthesized by lig-
uid phase reduction method [34]. First, 0.1220 g copper
chloride (CuCl,.2H,0), 0.0875 g dispersion agent polyvi-
nylpyrrolidone (PVP), 0.1420 g reducing agent glucose and
14.0 mL deionized water were added into a 50 mL beaker
under magnetic stirring and marked as solution I Second,
1.4 mL oleylamine (OM) and 14 pL oleic acid (OA) dual
ligands used as the stabilizing agent, 2.5 mL ethanol solu-
tion were added into a 100 mL three-necked flask under
magnetic stirring and marked as solution II Then solution
I was added into solution II and diluted with deionized
water to 72 mL followed by 50°C oil bath and magnetic
stirring for 12 h. The color of the mixed solution changed
from blue to caesiou. Subsequently, the mixture was trans-
ferred to a Teflon-lined autoclave and reacted at 116 °C for
6 h. The resulting solution was quickly washed with deion-
ized water and ethanol three or four times and centrifuged
at 2000 rpm for 10 min. At last, the reddish brown CuNWs
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Fig. 1 The synthesis route of APTES coated rtGO

rGO :

were obtained and conserved in ethanol solution to form
CuNWs suspension for use.

2.4 Preparation of epoxy composites

First, the prepared CuNWs, NH,-rGO and hybrid filler
CuNWs/NH,-rGO were dispersed in ethanol for 30 min
by a high amplitude ultrasonicator to disperse uniformly.
Then, the fillers were incorporated into epoxy resin in dif-
ferent proportions and processed for 30 min continuously
at the temperature of 60°C to evaporate part of solvent.
Afterwards, the proper curing agent m-Xylylenediamine
(MXDA) was added into epoxy resin under ultrasonication
and stirring. When the epoxy resin and curing agent dis-
persed uniformly, the mixture was poured into preheated

Fig. 2 The interaction between
CuNWs and NH,-rGO

copper nanowire

mold and degassed in vacuum oven to remove bubbles.
Ultimately, the mixture was cured steeply at 60°C for
12 h, 80°C for 6 h, 120°C for 5 h. The interaction between
CuNWs and NH,-rGO was illustrated in Fig. 2 .

2.5 Characterization

Fourier Transform Infrared (FT-IR) spectra experiments
of GO and NH,-rGO were executed between 400 and
4000 cm™' using a PberkinElmer-283B FT-IR Spectrom-
eter. The samples were blended with potassium bromide
(KBr) powder by grinder, and then pressed into flake to
test.

X-ray diffraction (XRD) investigation was recorded on
a X’Pert Pro MPD diffractometer with Cu Ko radiation
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(A=0.154178 nm). The current was 20 mA, and the tube
voltage was 36 kV. Scans were taken over the 20 range
from 5° to 85° with the scanning rate of 0.02° s~

The scanning electron micrographs (SEM) of the sam-
ple morphology was observed on a HITACHIS-570 instru-
ment. The samples were glued to the conductive adhesive
and sputtered with a thin layer (about 10 nm) of gold, and
then to test.

High resolution transmission electron microscopy
(HRTEM) images were obtained with a JEOL JEM-200CX
microscope operating at 200 kV.

The thermal conductivity of composites are measured
using a Hot Disk instrument (AB Corporation, Sweden) by
standard method, which is based upon a transient technique.
The measurements are performed on two-side parallel sam-
ples (specimen dimension for 10 mmXx 10 mmX3 mm)
by putting the sensor (3.2 mm diameter) between two slab
shape samples. The sensor supplies a heat pulse of 0.03 W
for 20 s to the samples and the associated change in tem-
perature is recorded. Finally, the thermal conductivity of
the individual samples is achieved.

Volume electrical resistivity were performed by a ZC36
high impedance meter (Shanghai Precision Scientific
Instrument Co., Ltd, China).

The thermal gravimetric analysis (TGA) tests were
obtained by using a Perkin Elmer TGA-7 (USA) at a heat-
ing rate of 10°C min~! in a nitrogen atmosphere from 50 to
800°C.

The dielectric constant of composites were tested by a
high frequency QBG-3 Gauger over a wide frequency from
10 MHz to 60 MHz.

3 Results and discussion
3.1 Characterization

In order to confirm the reduced grapheme oxide modified
by KH550 was successfully obtained, FT-IR spectra of
GO and NH,-rGO were conducted and showed in Fig. 3.
The main characteristic peaks of GO at around 3394, 1708
and 1070 cm™! correspond to —OH, C=0 and C-O vibra-
tion, respectively. Then, the absorption peaks of NH,-rGO/
CuNWs emerged at around 3442, 1402 and 1114 cm™,
respectively, which were assigned to —NH, —-CN and
—Si—-O-C. Compared with the spectra of GO, the absorp-
tion peaks of —OH stretching vibrations almost disappeared
in the spectra of NH,-rGO. It may be attributed to two rea-
sons. First, the —OH has been reduced by N,H,. Second,
plenty of —OH have been reacted with APTES. Similarly,
because of reduction, C=0 and C-O became much weaker
than that in GO, which proved GO has been reduced. Fur-
thermore, the emergence of new absorption peaks of —-NH,

Transmittances (%)
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-NH Si-0-C

— T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Fig. 3 FT-IR spectra of as-prepared GO and NH,-rGO
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Fig. 4 XRD curves of CuNWs and CuNWs/NH,-rGO

—CN and -Si-O-C indicated that GO has reacted with
APTES. All of the evidence showed that the NH,-rGO has
been prepared successfully.

The structural characterization of as-prepared CuNWs
and NH,-rGO/CuNWs were investigated using X-ray
diffraction (XRD) and shown in Fig. 4. In the XRD of
CuNWSs, there were three obvious diffraction peaks at
20=43.31°(111), 50.48°(200), 74.18°(220) (JCPDS File
No. 04-0836) corresponded to the face-centered cubic (fcc)
of Cu of CuNWs. In addition, there were no other impu-
rity peaks such as CuO and Cu,O to be found, manifesting
that the prepared CuNWs were of high purity. The strength
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of the peak was the largest at 20=43.31°, confirming the
[111] was the preferential growth direction of CuNWs. In
the In the XRD patterns of CuNWs/NH,-rGO, we can find
new peak of NH,-rGO at 20 ~23° was produced, indicating
the CuNWs/NH,-rGO were successfully prepared.

The microstructure of prepared CuNWs using dual
ligands OM and OA as stabilizing agent, PVP as dispersion
agent for 6 h was analyzed by the SEM, as shown in Fig. 5a.
From the curve, we can analyze that the prepared CuNWs
had a length of 80+ 15 pm, a diameter of 45 +5 nm. It was
clear that the prepared copper nanowires had high aspect
ratio, uniform diameter, good dispersity and morphology.
In the growth process of CuNWs, OM and OA coated cop-
per ion and formed a small droplet (equivalent to seed).
With the increase of temperature, these seeds gradually
grew into copper nanoparticles and further became the
final nanowires. PVP acted as dispersion agent and sur-
factant as well as structure reducing agent in the growth
process of CuNWs, so resulting CuNWs can be well dis-
persed in polar solvents. Figure 5b was the HRTEM image
of NH,-rGO, showing that the NH,-rGO had clear, smooth
surface and the sheet-like morphology with 1-2 layers.
Figure 5c was the representative CuNWs/NH,-rGO. It was
clear that CuNWs were loaded on the NH,-rGO uniformly
and indicated that NH,-rGO nanosheets and CuNWs were
well compounded. Figure 5d was the cross-sectional SEM
image of the CuNWSs/NH,-rGO epoxy composite. As
shown, the hybrid fillers of NH,-rGO and CuNWs can well
dispersed in the epoxy matrix. This may be because the

Fig.5 a SEM image of as-prepared CuNWs; b TEM image of
NH,-rGO; ¢ TEM image of CuNWs/NH,-rGO; d CuNWs/NH,-rGO/
epoxy composite

@ Springer

amount of the hybrid fillers was little and modified reduced
graphene oxide can well combined with epoxy.

In order to illuminate the thermal properties of compos-
ite, Fig. 6 showed the thermal conductivity of composites.
With the increasing of fillers loading from 0 to 0.8 wt%, the
thermal conductivity increased gradually. In particularly,
the thermal conductivity of CuNWs/NH,-rGO/epoxy was
higher than that of the same loading amount of NH,-rGO/
epoxy and CuNWs/epoxy composite, proving that the two
kinds of fillers had synergistic effect when using together.
First, interfacial adhesion [35, 36] between CuNWSs and
active amino groups on reduced graphene oxide allowed
CuNWs to perform a thermal bridge to connect different
layers of dimensional graphene oxide, which promoted the
formation of perfect thermal conductive network and led to
the high thermal conductivity of the composites. Besides,
modified graphene can improve the interfacial interaction
between fillers and the epoxy matrix. When the interfacial
interaction between the fillers and resin matrix enhanced,
the interfacial thermal conductivity also gets improved sig-
nificantly [37].

The volume resistivity curve of pure epoxy and its com-
posites were shown in Fig. 7. As expected, compared with
the pure epoxy, the volume conductivity of composites
were lower. It indicated that the conductive network of fill-
ers in resin matrix have formed. According to the mecha-
nisms of electrical conduction, there was a percolation den-
sity of the fillers in the insulating matrix and the fillers can
contact with each other and perfect network will be formed
when above the percolation density. Therefore, the electri-
cal conductivity of the composites will improve. The syn-
ergetic effect of CuNWs and NH,-rGO can make CuNWs
contact each other and form perfect conductive networks,

0.45
—=&— CuNWSs/NH,-rGO/epoxy

—e— CuNWs/epoxy
—4— NH,-rGO/epoxy

0.40
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0.25 +

Thermal conductivity (W/mK)

0.20

0.15 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8

Filler contents (wt%)

Fig. 6 Thermal conductivity of pure epoxy and its composites filled
with 0.2, 0.4, 0.6, 0.8 wt% of CuNWs, NH,-rGO, CuNWs/NH,-rGO
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Fig. 7 Volume resistivity of pure epoxy and its composites incorpo-
rated with filler content of 0.8 wt%

which led to the high electrical conductivity of the com-
posites. Thus, the volume conductivity of composites will
decrease.

The dielectric constants of epoxy and its composites
incorporated with filler content of 0.8 wt% under the fre-
quency band from 10 to 60 MHz were shown in Fig. 8.
From the curve, we can see that the dielectric constant
was almost independent with the frequency in the meas-
ured frequency range from 10 to 60 MHz and the dielec-
tric constants of the epoxy composites were all higher than
the pure epoxy. Meanwhile, we can see the value of dielec-
tric constant can be ranked as NH,-rGO/epoxy > CuNWs/

5.1 - e epoxy
—0— NH2-rGO/epoxy
4.8 —A— CuNWs/epoxy
—v— CuNWs/NH2-rGO/epoxy
4.5 .
- ¢ . 4‘\\—\\',,,,'0— ——e
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g v- Ny v
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304 »— w— = g 2 g =
2.7 T T T T T T T T T T T
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Frequency / MHz

Fig. 8 Frequency dependence of dielectric constant of epoxy resin
and its composites incorporated with filler content of 0.8 wt%

NH,-rGO/epoxy > CuNWs/epoxy >epoxy. As known, the
dielectric constant depended on the polarizability of hybrid
directly. Hence, the reasons of the rank of dielectric con-
stant can be explained as following. Firstly, compared with
CuNWs/epoxy, CuNWs/NH,-rGO/epoxy contained polar
group —-NH, and few unreacted -COOH which can be seen
from FT-IR spectra above. It resulted in CuNWs/NH,-rGO/
epoxy >CuNWs/epoxy. Similarly, as for NH,-rGO/epoxy,
not only NH,-rGO contained more polar group -NH, and
few unreacted —COOH, but also excessive NH,-rGO led
to agglomeration or poor dispersion in the resin, weaken-
ing the restriction of the interfacial region on the molecu-
lar chain, which resulted in NH,-rGO/epoxy >CuNWs/
NH,-rGO/epoxy.

The thermal resistance of the composites had a major
impact on the thermal property of the composites. Fig-
ure 9 showed TGA and its corresponding differential ther-
mogravimetric (DTG) curves for pure epoxy and CuNWs/
NH,-rGO/epoxy composite incorporated with filler content
of 0.8 wt% to investigate the thermal stability of compos-
ites. In the TGA curve, the char yield of CUNWs/NH,-1GO/
epoxy composite increased compared with pure epoxy.
From the DTG curves we can find that the maximum degra-
dation rate of CuNWs/NH,-rGO/epoxy systems was lower
than pure epoxy. The result confirmed that hybrid fillers can
improve the thermal property of matrix. This may be attrib-
uted to the following facts. Firstly, the reaction between
CuNWSs/NH,-rGO and epoxy resin contributed to a better
compatibility with epoxy, which restricted the movement
of polymer chain and further delayed the decomposition of
polymer at high temperature. Secondly, the barrier effect
of inherent characteristic layered structure of GO can work
as mass-transport barrier to restrain the chain motion and
substance exchange. For example, gaseous substances dif-
fusion and the formation of new free-radicals. In addition,

100 - r-3.0
——epoxy

— NH,-rGO/CuNWs/epoxy

N
o

80
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Fig.9 TG and DTG curves of epoxy and CuNWs/NH,-rGO/epoxy
composite incorporated with filler content of 0.8 wt%
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the structure characteristics of GO was similar with the car-
bonaceous char being formed in the process of decomposi-
tion, which can also facilitate the growth of heat insulation
char layer and delayed the decomposition of composites.

4 Conclusion

CuNWs and NH,-rGO have been successfully synthesized
by a facile and effective method. Then hybrid fillers of 1-D
CuNWs and 2-D reduced graphene oxide with active amino
groups as additives were added into epoxy to prepare
CuNWSs/NH,-r1GO/epoxy composite. The result showed
that the prepared CuNWs possessed high aspect ratio, uni-
form diameter, good dispersity and morphology. Moreo-
ver, the hybrid fillers of CuNWs and NH,-rGO nanosheets
compounded uniformly and CuNWs/NH,-rGO/epoxy com-
posite revealed better thermal conductivity and lower vol-
ume resistivity compared with pure epoxy and the same
amount of CuNWs/epoxy and NH,-rGO/epoxy. When the
content of hybrid fillers was 0.8 wt%, the CuNWs/NH,-
rGO/epoxy composite showed the highest thermal con-
ductivity of 0.43 W/(m-K) and lower volume resistivity of
2.69% 10" Q-cm, respectively. It indicated the synergetic
effect between CuNWs and NH,-rGO. The combination
of two fillers can not only improve interfacial interaction
between fillers and the resin matrix but also improve ther-
mal conductivity of composites.
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