
Research Article

Xianrong Huang, Lijian Zeng, Renfu Li, Zhaojun Xi*, and Yichao Li*

Manipulating conductive network formation via
3D T-ZnO: A facile approach for a CNT-reinforced
nanocomposite

https://doi.org/10.1515/ntrev-2020-0043
received January 13, 2020; accepted January 18, 2020

Abstract: To achieve an efficient conductive network
while preserving the properties of carbon nanofillers is a
challenging and essential issue for the fabrication of
highly conductive polymeric nanocomposites. The pre-
sent paper reports a facile approach to manipulate the
network formation in the polymer matrix via introducing
the tetrapod ZnO whisker (T-ZnO) in the carbon
nanotube (CNT)-reinforced epoxy composite. The influ-
ence of T-ZnO on the CNT dispersion was evaluated by
UV-Vis spectroscopy, rheological measurement, scan-
ning electron microscopy (SEM), and electrical and
mechanical properties of the bulk composite. The results
showed that the CNTs tend to disperse more uniformly
with an increase in T-ZnO loading. An optimized ratio of
1:2 between CNTs and T-ZnO was found to significantly
enhance the electrical conductivity by 8 orders of
magnitude. A low percolation threshold of 0.25 wt%
CNTs was achieved in this hybrid CNTs/T-ZnO compo-
site, which is only 40% of the threshold value in the pure
CNTs/epoxy. The flexural strength and modulus of the
hybrid composite were also improved noticeably in

comparison to the CNTs/epoxy. The mechanism for
increasing the performance of the nanocomposite was
analyzed. These results indicated that the T-ZnO can
assist to efficiently improve the dispersion and the
formation of the conductive network, which is beneficial
to the enhancement of the mechanical and electrical
performance of the nanocomposite.
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1 Introduction

Carbon nanotubes (CNTs) are considered to be one of the
most promising carbon nanofillers for the fabrication of
high-performance multifunctional polymeric nanocom-
posites due to its ultrahigh aspect ratio and superb
mechanical, electrical, and thermal properties [1–4].
However, the strong tendency to aggregate from the van
der Waals interactions not only prevents CNTs to release
its full potential but also brings negative consequences,
such as micro-defects and poor interfaces, to the
composites. To improve the dispersibility of CNTs,
various approaches have been developed to treat CNTs,
which can be divided into two categories: covalent
modification (chemical functionalization) and noncova-
lent modification (physical or surfactant treatment) [5].
Covalent modification is to graft functional groups on
the sidewalls of CNTs via chemical or physical treat-
ments such as acids [6–8], plasma [9–12], UV/ozone [13],
and ultrasonication [14]. This method can effectively
improve the mechanical property of the nanocomposite
by disintegrating CNT bundles and strengthening its
interfacial bonding with the surrounding polymer
matrix. However, this process inevitably leads to the
disruption of the extended π conjugation in nanotubes
and hinders its pristine material properties. In compar-
ison, noncovalent modification can largely maintain the
intrinsic properties of CNTs via coating various
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surfactants such as sodium dodecyl sulfate (SDS) [15,16],
polyaniline (PANI) [17,18], Triton X-100 [19], poly(3,4-
ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT/
PSS) [20,21], and gelatin [22] on the nanofillers. However,
in practical situations, the property of the noncovalently
treated nanofillers is likely to be influenced by the
surfactants, for example, some insulated surfactants may
hinder the conductive pathways of nanofillers and decrease
the electrical conductivity of the bulk composite [22].
Moreover, some surfactants do not have strong interaction
with nanofillers that can be easily removed during washing
and filtering procedures. Therefore, it is still a challenging
and important issue to achieve high-quality dispersion
while maintaining the integrity of the nanofillers.

The hybridization of CNTs with other cost-effective
multifunctional filler offers an alternative to solve the
above problem. The synergistic effect of hybrid fillers on
the electrical conductivity of some polymers has been
investigated, such as the combinations of CNTs/GNP/
epoxy [23], CNTs/CB particle [24,25], and GO/T-ZnO/
epoxy [26]. A favorable synergistic effect would decrease
the percolation threshold and facilitate the formation of
the electrical conductive network in polymer matrices.
Some research efforts have been devoted to incorporate
T-ZnO into the polymer to improve the thermal con-
ductivity due to its unique structure that is easy to form
the conductive network [27,28]. Tetrapod-shaped ZnO
whisker (T-ZnO) exhibits a 3D shape in the form of four
arms interconnected together via a core at angles 109°
with respect to each other [29]. It can be expected that
the needle-like legs of T-ZnO can insert into large
agglomerates to cause disentanglement during its
mixing process with nanofillers in the polymer matrix.
If so, the dispersion of CNTs in the polymer matrix can
be manipulated via simply control the amount of T-ZnO
adding in the solution and eventually facilitate the
formation of interconnected conductive networks in the
composite. Moreover, the good mechanical property of
T-ZnO filler can also be beneficial to the enhancement of
mechanical properties of the bulk polymer composites.
To the best of author’s knowledge, the effect of T-ZnO on
the dispersibility of CNTs for the improvement of the
nanocomposites’ multifunctional properties has not
been reported so far.

In the present paper, the influence of T-ZnO on the
dispersion quality and rheological, electrical, and
mechanical properties of CNTs/epoxy nanocomposite
was comprehensively investigated. It was shown that the
addition of T-ZnO not only improves the dispersion of
CNTs but also contributes to the formation of conductive
networks, resulting in notably improved electrical and

mechanical performances. A proposed mechanism for
property enhancement with the addition of T-ZnO has
been discussed.

2 Experimental

2.1 Materials

CNTs (trademarked as TNM1) with an average diameter of
25 nm and a length of 10–30 µm were purchased from
Chengdu Organic Chemicals Co., Ltd, Sichuan, China.
Commercial epoxy resin (GCC-135) and curing agent (GCC-
137) were purchased from Kunshan green follow chemical
industry Co., Ltd, (China). The ratio between the two
components was 3:1 by mass. T-ZnO whiskers were provided
by Chengdu Crystrealm (China). The used chemicals were
purchased from a commercial source at an analytical
reagent standard without further purification.

2.2 Preparation of nanocomposites

The calculated amount of mixed raw CNTs and T-ZnO
was sufficiently dispersed by mechanically stirring for
30min. Then, the mixture was added into epoxy and
stirred for another 30min. After that, the curing agent
was added to the CNTs/T-ZnO/epoxy mixture at a ratio of
10:3. The mixture was then mechanically stirred for
30min at room temperature, followed by degassing
under vacuum for 2 h before being casting into the
aluminum mold. The mold was kept in an oven, and the
mixture was cured at 60°C for 6 h followed by post-
curing at 120°C for 4 h. Finally, a different mixing ratio of
CNTs/T-ZnO was prepared and tested to investigate
possible synergistic effects that can improve the disper-
sion of CNT in the matrix.

2.3 Characterization

A scanning electron microscope (SEM) was used to
investigate the morphologies of the fracture surfaces of
the composite after the three-point flexural test. The
dispersing state of CNTs/epoxy with and without the
addition of T-ZnO was measured by UV-visible spectra
analysis using a Shimadzu UV-3600Plus device in the
wavelength range of 200–1,100 nm. The rheological
measurements were performed with a rotational rheometer
(TA DHR-1, USA) on 60mm diameter parallel plates with
1mm gap at 80°C. A frequency sweep was conducted on the
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liquid nanocomposite system (CNTs/epoxy, CNTs:T-ZnO
(1:2)/epoxy, both without hardener) at controlled stress
(1 Pa) between 0.1 and 100 rad/s within the linear viscoelastic
range (LVR). The electrical conductivities of tested samples
were measured by a two-point measurement with a Keithley
6517B device at room temperature. The dimension of the
specimen is 59mm in length, 12mm in width, and 3mm in
thickness. The conductive silver-epoxy paste was adhered to
on both sides of each sample as electrodes to reduce possible
contact resistance. A three-point bending test was conducted
with a span length of 50mm and a crosshead rate of
2mm/min, according to ASTM D790. Each test data was the
average value of six repeated samples.

3 Results and discussion

3.1 Fabrication and characterizations of
CNTs/T-ZnO/epoxy composite

The fabrication process of CNTs/T-ZnO/epoxy nanocompo-
site is shown in Figure 1. It is observed that T-ZnO whiskers
are a 3D crystal structure with four needle-like legs joined
together via a core at an angle ca. 109° with respect to each
other. As such, to utilize the excellent structural feature of
T-ZnO as an effective dispersion filler, the first step is to mix

CNT with T-ZnO through proper mixing procedures to form
a pre-dispersed CNTs/T-ZnO hybrid filler. After that, most of
the severely entangled agglomerates can be broken into
smaller ones, which facilitated the formation of a contin-
uous conductive network. Then, CNTs/T-ZnO/epoxy nano-
composites with concentrations of 1.0, 2.0, 3.0, and 4.0wt%
CNTs/T-ZnO hybrid and with a fixed concentration of 4.0wt
% CNTs/T-ZnO at different mix ratios were fabricated. To
examine the predispersed results of the CNT, several
techniques have been applied to analyze the dispersion of
CNTs/T-ZnO in both the solvent and epoxy matrix.

To understand the dispersion and distribution of the
nanofillers in the epoxy, we analyzed the SEM images of the
fracture faces of the nanocomposite, as shown in Figure
2(a)–(d). It can be seen from Figure 2(a) and (b) that lots of
large agglomerates (marked with the red circulars) are
observed, which implies that the CNTs are severely entangled
and nonuniformly distributed over the whole matrix. With
the addition of T-ZnO, there is less probability of CNT
aggregation on the fracture surface of the CNTs/T-ZnO/epoxy
when compared with the pristine CNTs one, while the T-ZnO
was uniformly distributed (marked with red arrows) as
shown in Figure 2(c) and (d). Moreover, from the comparison
of Figure 2(a) and (b) to Figure 2(c) and (d), it shows that
there were noticeable differences in the morphologies of the
pristine CNT and CNTs/T-ZnO nanocomposites: the former
has a relatively smooth fracture surface while the latter

Figure 1: Structure of T-ZnO and schematic of the fabrication procedure of CNTs/T-ZnO/epoxy nanocomposite.
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presents a relatively rough one. This phenomenon suggests
that the addition of T-ZnO can not only improve the
dispersibility of CNTs in the epoxy but also increase the
fracture toughness of the polymer matrix via homogenization
of the stress distribution [30].

UV-vis transmission spectra can be used to describe
the dispersion state of the nanofiller in the solution [31].
Figure 2(e) shows the UV-vis transmission spectra of pristine
CNT and different ratios CNTs/T-ZnO mixture in the ethanol
solution. For each UV-vis measurement, the absolute
amount of filler was made identical by applying the
appropriate dilution factor. It can be observed that the
pristine CNT solution has the highest transmittance. This is
due to a large number of agglomerates that enable the light
source to penetrate the solution. Interestingly, for the CNTs/
T-ZnO hybrid, the transmittance decreases as the T-ZnO
percentage increases, and the more T-ZnO was added,
the lower transmittance was presented. The reason for the
improvement of CNTs/T-ZnO/epoxy is probably that the

spatial four-needle structured T-ZnO can act as a physical
needle to detach the aggregation of CNTs in the solution.

The rheological behavior of polymer nanocomposite is
strongly dependent on the dispersion state of the filler, filler
type, and the interactions between the fillers and the
polymer matrix. Figure 3(a), (b), (d), and (e) shows the
storage modulus (G′, elastic property) and loss modulus (G″,
viscous property) as a function of angular frequency for
CNTs/epoxy and CNTs:T-ZnO (1:2)/epoxy systems. It can be
seen that both G′ and G″ curves increase notably with an
increase in the angular frequency, while the slopes of G′ and
G″ gradually decrease as the filler loading increase. This
phenomenon is due to a strong interaction between
nanofiller and epoxy chains. A plateau at low-frequency
range (ω < 1) of G′ is observed in CNTs:T-ZnO (1:2)/epoxy
systems when the filler loading is 3wt%, indicating a
transition from “liquid-like” to “solid-like” viscoelastic
behavior occur (see Figure 3(a)) [32]. Moreover, a “pseudo-
solid-like” behavior, a symbol of the formation of a
continuous network, is achieved as the amount of filler
increase to 4wt% [33]. However, there is no obvious plateau
for all frequencies range for the CNTs/epoxy system, which
can be explained that the poor dispersion state of pristine
CNT develops discrete aggregates, instead of a continuous
network, allowing the free-flowing of the epoxy chains [34].
The difference between CNTs/epoxy and CNTs:T-ZnO (1:2)/
epoxy systems with respect to G′ and G″ is due to the
hybridization of CNT with T-ZnO improved dispersion state
of nanofillers in the polymer matrix [26].

It is widely accepted that a Newton fluid demonstrates
nearly invariant complex viscosity (η*) [35]. Figure 3(c) and
(f) show the complex viscosity versus the angular frequency.
At low filler loading, the suspensions exhibit the typical
Newtonian viscosity plateau for both systems. In CNTs/
T-ZnO/epoxy composite, as the filler loading increases, the
low-frequency complex viscosity significantly increases.
This is attributed to the chain mobility of epoxy being
restricted by the nanofillers. A strong shear thinning
behavior was found with a filler loading of 4.0wt%, which
further proved that a continuous network was formed [36].
For filler loading above 2.0wt%, the orders of magnitude of
CNTs/T-ZnO/epoxy suspension are more viscous than that
of the pristine CNT/epoxy, implying that the interaction
between fillers and epoxy was more pronounced. This
observation was consistent with the G′ results.

3.2 Electrical and mechanical properties

Figure 4(a) compares the electrical conductivities of
epoxy composites filled with different concentrations of

Figure 2: (a) and (b) SEM images of fracture surface pristine CNT;
(c) and (d) CNT:T-ZnO (1:2) epoxy-based nanocomposite.
(e) Comparison of UV-vis spectra and dispersion states of 4.0 wt%
uncured CNTs/T-ZnO/epoxy diluted in the ethanol (1:50 wt%).
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CNTs/T-ZnO under the mass ratio of 1:1, 1:2, 1:3, and 1:5. It
can be found that the CNTs/T-ZnO hybrid system shows a
significant improvement in conductivity when the mix ratio
of CNTs:T-ZnO is 1:2, whereas the conductivity of CNTs/
T-ZnO/epoxy at other mass ratio is lower than that of pristine
CNT/epoxy. The enhancement may be attributed to the
effective formation of a conductive network from the
synergetic effect between CNTs and T-ZnO. To further
investigate this hypothesis, the samples of CNTs/T-ZnO at a

ratio of 1:2 were specifically tested. Figure 4(b) shows the
electrical conductivity of the CNTs:T-ZnO (1:2) hybrid system
as a function of the CNT concentration. Here, to study the
influence of T-ZnO on the percolation threshold of the
composite, the following power-law equation was used:

σ p p pc
t( ) ∝ ( − ) (1)

where σ represents the DC conductivity, p is the
concentration of conductive filler, pc is the fraction at

Figure 3: Storage modulus G′, loss modulus G″, complex viscosity η* of the epoxy-based nanocomposites as a function of angular
frequency at 80°C (a)–(c) for CNTs:T-ZnO (1:2) and (d)–(f) for pristine CNT.

Figure 4: (a) Influence of mixing ratio on electrical conductivities of epoxy nanocomposite with and without T-ZnO; (b) electrical properties
of pristine CNTs/epoxy, CNTs:T-ZnO (1:2)/epoxy under different nanofiller loadings.
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the percolation threshold, and t is a critical percolation
exponent reflects the dimensionality of the conductive
networks.

The percolation threshold derived from equation (1)
is 0.75 wt% (0.25 wt% CNTs:0.5 wt% T-ZnO) for the
CNTs/T-ZnO hybrid sample while for the pristine CNTs/
epoxy, the threshold value is 0.67 wt% which means the
addition of T-ZnO can significantly improve the disper-
sion and network formation in the composite. Moreover,
the value of exponent t for the CNTs/T-ZnO one is 3.44,
which is much bigger than the pristine CNT case (t ≈ 1.5)
and also bigger than 2 (which is believed to indicate the
three-dimensional network formation). The high expo-
nent value can be related to the formation of tunneling
percolation network [37]. Therefore, it can be deduced
that in the CNTs/T-ZnO/epoxy system, an effective
conductive network was established at a lower filler
loading than for the single CNT filled system, which
means that combining 1D CNTs with 3D T-ZnO facilitates
the formation of conductive pathways in the resin.

Figure 5 shows the flexural properties of CNTs/epoxy
nanocomposites with and without the addition of T-ZnO.
Nanocomposites containing CNTs/T-ZnO hybrid fillers
exhibited better performances than the pristine CNTs/
epoxy composite. With an increase in the filler content,
both the flexural strength and modulus of the nano-
composites reinforced with T-ZnO increased consis-
tently, whereas they became saturated after a peak at
filler content at 1.0 wt% for strength and 3.0 wt% for
modulus. This result can be interpreted by 3D T-ZnO that
possesses a spatial four-needled structure which allows
the stress of the sample to be uniformly distributed. For
the pristine CNT system, the flexural strength and
modulus became declined at a filler content above
1.0 wt%. It is suspected that the decrease was caused

by poor dispersibility of pristine CNTs and nonuniformly
distribution in the epoxy matrix. In addition, a shorter
error bar of flexural strength and modulus for CNTs/
T-ZnO system indicated a stable and homogenous CNT
distribution in the matrix, which can be achieved with
the help of T-ZnO (see Figure 5). The electrical
performance of the present CNTs/T-ZnO hybrid (1:2)
composite is also compared with other epoxy-based
nanocomposites from various treatment methods as
shown in Table 1. It can be observed that the present
method can achieve a relatively high electrical con-
ductivity with the lowest percolation value. This result
demonstrates the impressive efficiency of T-ZnO on the
manipulation of conductive networks in the composite
when compared with other physical or chemical treat-
ment methods. In addition, the strengthening effect of
T-ZnO also attributes to the overall mechanical perfor-
mance of the composite, which showed excel improve-
ments when compared with other results.

3.3 Mechanism analysis

From the above results, we propose a possible mechanism
for interpreting the influence of T-ZnO in the improve-
ment of dispersibility and the formation of a conductive
pathway in the composite, as shown in Figure 6. Pristine
CNTs tend to be highly entangled due to the strong
intertube interaction, especially for CVD-grown CNT
(Figure 6(a)) [42]. When large amounts of needle-shaped
T-ZnOs are introduced in the polymer matrix, the sharp tips
will effectively penetrate into aggregates and break them
into many small agglomerates, as shown in Figure 6(a).
However, the extent of aggregates breakage is believed to

Figure 5: (a) Flexural strength and (b) flexural modulus of CNTs/epoxy nanocomposites with and without T-ZnO.
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be controlled by the loading of T-ZnO in the polymer, as
already demonstrated by the UV-vis spectrum and electrical
conductivity results in Figures 2 and 4. Assuming that the
total amount of hybrid nanofillers (T-ZnO/CNTs) is fixed
and the mass ratio between T-ZnO and CNT is 1:1, most of
the CNTs are still in an entangled state because the
proportion of T-ZnO is relatively low. In this case, an
effective conductive pathway is difficult to be established
owing to the agglomerated CNTs nonuniformly distributed
in the resin, as shown in Figure 6(b). With an increase in
T-ZnO, more agglomerates are broken into smaller ones and
constructed into conductive networks as plotted in Figure
6(c). However, the proportion of T-ZnO should not be too
high, such as at a ratio of 1:5 since the formation of
conductive paths is hindered by the excessive addition of
T-ZnO, as shown in Figure 6(d). It shows that the ratio of
1:2 is the optimum choice to achieve the best electrical
performance with a suitable dispersion state. Further
detailed investigations will be conducted to verify the
present hypothesis.

4 Conclusions

In this article, a T-ZnO whisker was used as a
complement filler to hybridize CNTs, which not only
improves the dispersion of CNTs but also constructs
high-efficient conductive networks within an epoxy
resin. This can be confirmed from multiple results that
the epoxy-based nanocomposites with CNTs/T-ZnO
hybrid fillers exhibited a synergistic effect for both
electrical and flexural properties when CNTs/T-ZnO ratio
of 1:2 was used. UV-visible spectra analysis, scanning
electron microscope analysis, rheological measure-
ments, electrical measurement, and three-point bending
tests have been conducted and verified that T-ZnO can
effectively improve the dispersion state, electrical and
mechanical properties of the CNTs/T-ZnO/epoxy when
compared with the CNTs/epoxy composite. In summary,
this study showed that the hybridization of CNTs with
T-ZnO is a facile approach that offers an alternative to
effectively improving the dispersibility of CNTs, resulting
in good electrical and mechanical properties of epoxy-
based nanocomposites.

Acknowledgments: This work is sponsored by Project
funded by China Postdoctoral Science Foundation (Grant
No. 2016M602304) and Hubei Chenguang Talented Youth
Development Foundation (HBCG). The authors are also
grateful to the Analytical & Testing Center and AdvancedTa

bl
e
1:

C
om

pa
ri
so

n
of

th
e
el
ec
tr
ic
al

an
d
m
ec
ha

ni
ca
l
pr
op

er
ti
es

of
th
e
C
N
Ts
/T
-Z
nO

/e
po

xy
w
it
h
ot
he

r
ep

ox
y-
ba

se
d
na

no
co

m
po

si
te
s
in

th
e
lit
er
at
ur
e

Fi
ll
er

ty
pe

CN
Ts

CN
Ts

(p
ol
ya

ni
lin

e)
CN

Ts
(a
ci
d)

G
N
P/

CN
Ts

G
N
P/

CN
Ts

CN
Ts
/T
-Z
nO

M
et
ho

d
M
ec
ha

ni
ca
l
m
ix
in
g
+

ul
tr
as

on
ic
at
io
n

M
ec
ha

ni
ca
l
m
ix
in
g
+

ca
st
in
g

U
lt
ra
so

ni
ca
ti
on

M
ec
ha

ni
ca
l
st
ir
ri
ng

+
so

ni
ca
ti
on

Th
re
e-
ro
ll
m
ill
in
g
+

ho
t
pr
es

si
ng

M
ec
ha

ni
ca
l

st
ir
ri
ng

El
ec
tr
ic
al

pr
op

er
ty

Pe
rc
ol
at
io
n
th
re
sh

ol
d
(w

t%
)

0
.5

0
.6

0
.4

0
.6
2

—
0
.2
5
(C
N
Ts
)

M
ix
ed

ra
ti
o

—
—

—
2:
8

1:
4

1:
2

M
ax

im
um

el
ec
tr
ic
al

co
nd

uc
ti
vi
ty

(S
/m

)
10

−
2

10
−
3

3
×
10

−
3

10
−
2

2
×
10

−
3

8
×
10

−
3

Re
fe
re
nc

e
[3
8
]

[3
9]

[4
0
]

[2
3]

[4
1]

O
ur

w
or
k

540  Xianrong Huang et al.



Manufacturing and Technology Experiment Center at
Huazhong University of Science and Technology for using
UV-vis and SEM devices.

Conflict of interest: The authors declare no conflict of
interest regarding the publication of this paper.

References

[1] Blackburn JL, Ferguson AJ, Cho C, Grunlan JC. Carbon-
nanotube-based thermoelectric materials and devices.
Adv Mater. 2018;30:1704386.

[2] Messina E, Leone N, Foti A, Di Marco G, Riccucci C, Di Carlo G,
et al. Double-wall nanotubes and graphene nanoplatelets for
hybrid conductive adhesives with enhanced thermal and
electrical conductivity. ACS Appl Mater Interfaces.
2016;8:23244–59.

[3] Coleman JN, Khan U, Blau WJ, Gun KoYK. Small but strong:
a review of the mechanical properties of carbon nanotube–
polymer composites. Carbon. 2006;44:1624–52.

[4] Moniruzzaman M, Winey KI. Polymer nanocomposites containing
carbon nanotubes. Macromolecules. 2006;39:5194–205.

[5] Ma PC, Siddiqui NA, Marom G, Kim J. Dispersion and
functionalization of carbon nanotubes for polymer-based nano-
composites: a review. Composites Part A. 2010;41:1345–67.

[6] Wang Z, Shirley MD, Meikle ST, Whitby RLD, Mikhalovsky SV.
The surface acidity of acid oxidised multi-walled carbon
nanotubes and the influence of in situ generated fulvic acids on
their stability in aqueous dispersions. Carbon. 2009;47:73–79.

[7] Hussain S, Jha P, Chouksey A, Raman R, Islam SS, Islam T,
et al. Spectroscopic investigation of modified single wall
carbon nanotube (SWCNT). J Mod Phys. 2011;02:538–43.

[8] Sahoo NG, Rana S, Cho JW, Li L, Chan SH. Polymer
nanocomposites based on functionalized carbon nanotubes.
Prog Polym Sci. 2010;35:837–67.

[9] Ritts AC, Yu Q, Li H, Lombardo SJ, Han X, Xia Z, et al. Plasma
treated multi-walled carbon nanotubes (MWCNTs) for epoxy
nanocomposites. Polymers. 2011;3:2142–55.

[10] Xiao N, Dong XC, Song L, Liu DY, Tay Y, Wu SX, et al. Enhanced
thermopower of graphene films with oxygen plasma treat-
ment. ACS Nano. 2011;5:2749–55.

[11] Williams J, Graddage N, Rahatekar S. Effects of plasma
modified carbon nanotube interlaminar coating on crack
propagation in glass epoxy composites. Composites Part A.
2013;54:173–81.

[12] Williams J, Broughton W, Koukoulas T, Rahatekar SS. Plasma
treatment as a method for functionalising and improving
dispersion of carbon nanotubes in epoxy resins. J Mater Sci.
2013;48:1005–13.

[13] Sham M, Kim J. Surface functionalities of multi-wall carbon
nanotubes after UV/ozone and teta treatments. Carbon.
2006;44:768–77.

[14] Gkikas G, Barkoula NM, Paipetis AS. Effect of dispersion
conditions on the thermo-mechanical and toughness proper-
ties of multi walled carbon nanotubes-reinforced epoxy.
Composites Part B. 2012;43:2697–705.

[15] Kwon YJ, Kim Y, Jeon H, Cho S, Lee W, Lee JU. Graphene/
carbon nanotube hybrid as a multi-functional interfacial
reinforcement for carbon fiber-reinforced composites.
Composites Part B. 2017;122:23–30.

[16] Yu JR, Grossiord N, Koning CE, Loos J. Controlling the
dispersion of multi-wall carbon nanotubes in aqueous
surfactant solution. Carbon. 2007;45:618–23.

[17] Konyushenko EN, Stejskal J, Trchová M, Hradil J, Kovářová J,
Prokeš J, et al. Multi-wall carbon nanotubes coated with
polyaniline. Polymer. 2006;47:5715–23.

[18] Kim DK, Wha OhK, Kim SH. Synthesis of polyaniline/multiwall
carbon nanotube composite via inverse emulsion polymeri-
zation. J Polym Sci Part B Polym Phys. 2008;46:2255–66.

[19] Bai YC, Lin DH, Wu FC, Wang ZY, Xing BS. Adsorption of triton
x-series surfactants and its role in stabilizing multi-walled
carbon nanotube suspensions. Chemosphere. 2010;79:362–7.

[20] Zhou J, Lubineau G. Improving electrical conductivity in
polycarbonate nanocomposites using highly conductive

Figure 6: Possible mechanism of the manipulation effect of T-ZnO in the network formation in the epoxy resin under different CNTs:T-ZnO
ratios. (a) CNTs agglomerates reduced from T-ZnO. (b) CNTs:T-ZnO = 1:1. (c) CNTs:T-ZnO = 1:2. (d) CNTs:T-ZnO = 1:5.

Manipulating conductive network formation via 3D T-ZnO  541



PEDOT/PSS coated mwcnts. ACS Appl Mater Interfaces.
2013;5:6189–6200.

[21] Wu Q, Hu JL. Waterborne polyurethane based thermoelectric
composites and their application potential in wearable
thermoelectric textiles. Composites Part B. 2016;107:59–66.

[22] Li YC, Li RF, Fu XW, Wang Y, Zhong WH. A bio-surfactant for
defect control: multifunctional gelatin coated mwcnts for
conductive epoxy nanocomposites. Compos Sci Technol.
2018;159:216–24.

[23] Kim YJ, An KJ, Suh KS, Choi HD, Kwon JH, Chung YC, et al.
Hybridization of oxidized MWNT and silver powder in
polyurethane matrix for electromagnetic interference
shielding application. IEEE Trans Electromagn Compat.
2005;47:872–9.

[24] Sun Y, Bao HD, Guo ZX, Yu J. Modeling of the electrical
percolation of mixed carbon fillers in polymer-based compo-
sites. Macromolecules. 2009;42:459–63.

[25] Baltzis D, Bekas DG, Tzachristas G, Parlamas A, Karabela M,
Zafeiropoulos NE, et al. Multi-scaled carbon reinforcements in
ternary epoxy composite materials: dispersion and electrical
impedance study. Compos Sci Technol. 2017;153:7–17.

[26] Jiang Y, Sun RH, Zhang HB, Min P, Yang DZ, Yu ZZ. Graphene-
coated ZnO tetrapod whiskers for thermally and electrically
conductive epoxy composites. Composites Part A. 2017;94:104–12.

[27] Yuan FY, Zhang HB, Li XF, Li XZ, Yu ZZ. Synergistic effect of
boron nitride flakes and tetrapod-shaped ZnO whiskers on the
thermal conductivity of electrically insulating phenol formal-
dehyde composites. Composites Part A. 2013;53:137–44.

[28] Guo LC, Zhang ZY, Kang RY, Chen YP, Hou X, Wu Y, et al.
Enhanced thermal conductivity of epoxy composites filled with
tetrapod-shaped ZnO. RSC Adv. 2018;8:12337–43.

[29] Zhou ZW, Peng WM, Ke SY, Deng H. Tetrapod-shaped ZnO
whisker and its composites. J Mater Process Technol.
1999;89–90:415–8.

[30] Leopold C, Augustin T, Schwebler T, Lehmann J, Liebig WV,
Fiedler B. Influence of carbon nanoparticle modification on the
mechanical and electrical properties of epoxy in small
volumes. J Colloid Interface Sci. 2017;506:620–32.

[31] Alafogianni P, Dassios K, Farmaki S, Antiohos SK, Matikas TE,
Barkoula NM. On the efficiency of UV-vis spectroscopy in
assessing the dispersion quality in sonicated aqueous

suspensions of carbon nanotubes. Colloids Surf A.
2016;495:118–24.

[32] Zheng Q, Cao YX, Du M. Preparing temperature-dependent
dynamic rheological properties of polypropylene filled with
ultra-fine powdered rubber. J Mater Sci. 2004;39:1813–4.

[33] Potts JR, Dreyer DR, Bielawski CW, Ruoff RS. Graphene-based
polymer nanocomposites. Polymer. 2011;52:5–25.

[34] Varela-Rizo H, Montes De Oca G, Rodriguez-Pastor I, Monti M,
Terenzi A, Martin-Gullon I. Analysis of the electrical and
rheological behavior of different processed cnf/pmma nano-
composites. Compos Sci Technol. 2012;72:218–24.

[35] Yuan SQ, Bai JM, Chua CK, Wei J, Zhou K. Highly enhanced
thermal conductivity of thermoplastic nanocomposites with a
low mass fraction of mwcnts by a facilitated latex approach.
Composites Part A. 2016;90:699–710.

[36] Zhu JH, Wei SY, Yadav A, Guo ZH. Rheological behaviors and
electrical conductivity of epoxy resin nanocomposites sus-
pended with in situ stabilized carbon nanofibers. Polymer.
2010;51:2643–51.

[37] Grimaldi C, Balberg I. Tunneling and nonuniversality in
continuum percolation systems. Phys Rev Lett.
2006;96:066602.

[38] Vahedi F, Shahverdi HR, Shokrieh MM, Esmkhani M. Effects of
carbon nanotube content on the mechanical and electrical
properties of epoxy-based composites. New Carbon Mater.
2014;29:419–25.

[39] Xu J, Yao P, Jiang ZY, Liu HJ, Li X, Liu LT, et al. Preparation,
morphology, and properties of conducting polyaniline-grafted
multiwalled carbon nanotubes/epoxy composites. J Appl
Polym Sci. 2012;125:E334–41.

[40] Gantayat S, Sarkar N, Prusty G, Rout D, Swain SK. Designing of
epoxy matrix by chemically modified multiwalled carbon
nanotubes. Adv Polym Tech. 2018;37:176–84.

[41] Ghaleb ZA, Mariatti M, Ariff ZM. Synergy effects of graphene
and multiwalled carbon nanotubes hybrid system on proper-
ties of epoxy nanocomposites. J Reinf Plast Compos.
2017;36:685–95.

[42] Geng Y, Liu MY, Li J, Shi XM, Kim JK. Effects of surfactant
treatment on mechanical and electrical properties of CNT/
epoxy nanocomposites. Composites Part A.
2008;39:1876–1883.

542  Xianrong Huang et al.


	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of nanocomposites
	2.3 Characterization

	3 Results and discussion
	3.1 Fabrication and characterizations of CNTs/T-ZnO/epoxy composite
	3.2 Electrical and mechanical properties
	3.3 Mechanism analysis

	4 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU <FEFF0056006500720073006900740061002000410064006f00620065002000440069007300740069006c006c00650072002000530065007400740069006e0067007300200066006f0072002000410064006f006200650020004100630072006f006200610074002000760036>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


