
        

Citation for published version:
Bowen, CR, Buschhorn, S & Adamaki, V 2014, 'Manufacture and characterization of conductor-insulator
composites based on carbon nanotubes and thermally reduced graphene oxide', Pure and Applied Chemistry,
vol. 86, no. 5, pp. 765-774. https://doi.org/10.1515/pac-2013-1207

DOI:
10.1515/pac-2013-1207

Publication date:
2014

Document Version
Publisher's PDF, also known as Version of record

Link to publication

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1515/pac-2013-1207
https://doi.org/10.1515/pac-2013-1207
https://researchportal.bath.ac.uk/en/publications/cbf31ea0-f1db-4028-9e8c-ce20683621b8


Pure Appl. Chem. 2014; 86(5): 765–774

Conference paper

Chris R. Bowen*, Sam Buschhorn and Vana Adamaki

Manufacture and characterization of 
conductor-insulator composites based on 
carbon nanotubes and thermally reduced 
graphene oxide

Abstract: In this paper we present characterization data for carbon nanotube (CNT)-epoxy and thermally 
reduced graphene oxide (TRGO)-epoxy nano-composites. The frequency-dependent ac conductivity and per-
mittivity are examined as a function of volume fraction of carbon-based filler. The measured electrical prop-
erties and their frequency dependency are evaluated on the basis that such composites can be considered 
as a network of resistors and capacitors, whereby the resistors represent the conductive component (CNT or 
TRGO) and the capacitors are the insulating component (epoxy matrix). Differences observed between the 
frequency-dependent electrical properties of the CNT-epoxy and TRGO-epoxy composites are explained in 
terms of the different electrical conductivities of the CNT and TRGO phase.
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composites; NMS-IX; permittivity.
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Introduction
The introduction of fillers such as carbon nanotubes (CNT), graphene or thermally reduced graphene oxide 
(TRGO) into a polymer matrix provides numerous opportunities to tailor its electrical, thermal and mechanical 
properties. These composite systems are often termed electrically conductive nano-composites [1] since the 
introduction of a conductive carbon-based phase into an insulating polymer matrix can lead to an increase in 
the electrical conductivity by many orders of magnitude [2, 3], e.g., from 10–9 S m–1 up to 10 S m–1 or higher [3].

For CNT based composites their high aspect ratio, with a length to diameter ratio of typically 103–104 [5], 
favors percolation of the conductive CNT fibers through the composite system at low volume fractions; for 
example percolation has been observed at 0.05 vol % [4] compared to the theoretical threshold of 16 vol % for 
spherical particles [2, 6]. Potential applications of these high conductivity nano-composite materials include 
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electrostatic dissipation (antistatic materials [7]), electromagnetic interference (EMI) shielding, electromag-
netic absorbing materials and sensor systems.

In addition to enhanced electrical conductivity, these materials are attracting interest due to their poten-
tial ‘giant’ permittivity [8] where the relative permittivity of the composite can increase by three orders of 
magnitude relative to the matrix; such composites are reported to be of interest for applications such as 
high-performance capacitors [8]. This concept of an increase in effective permittivity due the addition of a 
conductive carbon phase contrasts with the addition of electrically insulating nanotubes, e.g., boron nitride, 
to a polymer which reduces the permittivity [9]. CNT based composites are by no means the optimum solu-
tion, they have the disadvantages of a tendency for the high aspect ratio nano-tubes to agglomerate during 
processing and the relative limited availability of large quantities of high quality material [10].

Less work has been undertaken on the electrical characterization of graphene-epoxy and reduced gra-
phene oxide (TRGO) – epoxy composites. Graphene nano-sheets are an interesting additive material due to 
their two-dimensional morphology and exceptional electrical, mechanical and thermal properties along with 
the relative abundance of the graphite precursor material. Graphene based polymer nano-composites have 
been considered for applications [10] such as sensors, electro-static discharge materials, electromagnetic 
shielding [11] and electrodes. Graphene nano-composites can exhibit superior mechanical properties com-
pared to the host polymer matrix, high thermal stability, thermal conductivity and electrical conductivity [12]. 
A variety of methods have been employed to form graphene nano-sheets and thermal exfoliation of graphite 
oxide (GO) coupled with in situ reduction is currently a popular route to produce graphene nano-sheets in 
relatively large quantities [13]. The presence of oxygen-containing groups is also thought to facilitate the 
dispersion of the nanosheets in polar polymers [14]. As an example, polystyrene/graphene nano-composites 
exhibited a percolation threshold as low as 0.1 vol % [12, 15] and PET/graphene attained an electrical conduc-
tivity of 3.3  ×  10–5 S/m at 0.56 vol % loading; this is higher than the antistatic criterion of 10–6 S/m [13].

This paper describes the manufacture of both CNT-epoxy and TRGO-epoxy nano-composites and exam-
ines the frequency dependent properties of the carbon based nano-composites. Differences between the CNT-
epoxy and TRGO-epoxy composites are examined with respect to the frequency dependence of parameters 
such as ac conductivity, permittivity, phase angle and loss tangent (tan δ). A simple approach to understand 
the frequency dependence of properties is discussed in terms of considering the carbon-epoxy composite as 
a resistor-capacitor network.

Experimental

CNT and TRGO epoxy nano-composites

Multiwall carbon nanotubes grown by chemical vapor deposition were supplied by Bayer Material Science 
(‘Baytubes C150P’). The nanotubes typically have average inner and outer diameters of ∼4 and ∼13 nm, 
respectively [16]. The CNT length is 1–4 μm [16]. The matrix was a LY556 Bisphenol A based resin from Hunts-
man with the curing agents Araldite 917 and DY 070 in the recommended proportions [17].

The filler was incorporated in the resin and dispersed using a three-roll mill high shear dispersion system 
(EXAKT 120 E, EXAKT Advanced Technologies GmbH, Germany). Adjacent roll surfaces have a different rota-
tional speed which ensure a thorough dispersion of particles in the resin. The use of a decreasing gap size 
between the rolls and repeating the process several times with a final gap size of 5 μm with shear rates in 
excess of 107 m s–1 allows a repeatable and high degree of exfoliation of the nano-particles into the resin.

This dispersion was then mixed with the hardener and accelerator, then cured in a mold following the 
recommended cycle with a maximum temperature of 140 °C. The plate that is produced is a few mm thick and 
80 mm  ×  100 mm wide. Samples taken from different locations have similar properties if approximately 50 
μm of edge material is ground off with 400 grit abrasive paper. Final sample sizes were 10 mm  ×  10 mm with 
an approximate thickness of 1 mm between two silver paint electrodes.
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The production of the GO is given in detail in [18] and the GO has been thermally reduced to improve the 
electrical conductivity. Details of the reduction process for the TRGO is described in detail in [19]. Further 
processing is done analogous to the carbon nanotube samples to form the nano-composites.

Impedance measurements

The ac conductivity (admittance) was calculated using eq. 1,

 
2 2 .Z t

AZ Z
σ

′= ⋅
+′ ′′  

(1)

where Z′ and Z″ are the real and imaginary parts of the impedance, A is the area of the sample and t is the 
sample thickness. The real part of the relative permittivity (dielectric constant) was calculated using eq. 2,
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0

Z t
AZ Z

ε
ω ε

− ′′= ⋅
⋅ ⋅+′ ′′  

(2)

where ω is the angular frequency (2πf ), f is frequency and ε0 is the permittivity of free space. The phase angle 
(θ) between current and voltage and loss tangent (tan δ) was determined from eq. 3 and eq. 4 respectively.

 
1tan ( / )Z Zθ −= ′′ ′  (3)

 tan ( / )Z Zδ= ′ ′′  (4)

Results and discussion

Background to R-C networks of relevance to carbon-epoxy composites

Before discussing the electrical properties of CNT-epoxy and TRGO-epoxy nano-composite systems it is of 
interest to initially discuss the electrical response of composite systems in the context of resistor-capacitor 
networks. Heterogeneous materials that contain conductive and insulating phases are present in ceramics, 
polymers and the carbon-based nano-composites studied here. These materials often exhibit a very similar 
frequency-dependent conductivity and permittivity, often termed Jonscher’s “universal dielectric response” 
(UDR) [20]. A characteristic of the UDR is that at low frequencies the bulk ac conductivity is frequency inde-
pendent, σdc, while at higher frequencies the ac conductivity increases following a power law behavior 
namely,

 dc( )= nAσ ω σ ω+
 (5)

where A is a constant and 0  <  n  <  1. The relative permittivity (ε) can also be described by a power-law decay [20, 21],

 
1( ) nε ω ω −∝  (6)

Previous work [22, 23] has shown that a large network of resistors (R) and capacitors (C) can simulate a com-
posite consisting of a random distribution of regions that are conductors (resistors) and insulators (capaci-
tors). The networks exhibit fractional power law frequency dependences of ac conductivity and permittivity 
which are remarkably similar to eqs. 1 and 2. Observations from the study of R-C networks [22–24] were:
(i) at low frequencies, where R–1 > ωC, currents flow preferentially through the resistors,
(ii) at high frequencies, where R–1 < ωC, currents flow preferentially through the capacitors,
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(iii) at intermediate frequencies, where R–1 ∼ ωC, currents flow through both R and C,
(iv) power law dependencies are observed in the frequency range where currents flow through both resistors 

and capacitors; i.e., when R–1 ∼ ωC.

The power law response of the network has been observed to be related to the resistor and capacitor values 
by a logarithmic mixing rule where the complex conductivity of the network (σ*network) could be described as, 
σ*network  =  (iωC)α(R–1)1–α, where α is the fraction of capacitors. Based on the logarithmic mixing rule above, a 
random mixture of conductive and insulating phases was found to follow eq. 3 and 4 below,

 

1
0( ) ( ) coscomposite n

α α απ
σ ωεε σ −  

=   
 

(7)

 

1 1
0( ) ( ) ( ) sincomposite n

α α α απ
ε ωε ε σ− −  

=   
 

(8)

where σ is the conductivity of the conducting phase (CNT or TRGO in this work), ε is the relative permittivity 
of the insulating phase (polymer matrix) and α is the fractional volume of the material occupied by the insu-
lating phase. Equations 3 and 4 predict that the power law exponent (n) in the UDR (eqs. 1 and 2) is related to 
the fractional volumes of the conducting (1–α) and insulating (α) regions in a material at the condition where 
σ ∼ ωεε0. This R-C approach to understand ac properties has been used to describe the frequency dependent 
electrical properties of a range of carbons in a polymer matrix such as carbon black [24], multi-walled CNTs 
[26] and CNTs [27, 28]; including the use of more complex electrical networks comprised of resistors, capaci-
tors and diodes (an R-C-D network) [27].

Finally, it is of interest to note that at the condition σ ∼ ωεε0 the electrical response of the network is 
independent of the precise arrangement of resistors and capacitors since ac currents are flowing through 
both components. This is in contrast to the low frequency (dc) condition where the network response is highly 
sensitive to the arrangement of resistors (percolation paths); this is one potential reason why low frequency 
properties may vary between individual samples or are highly dependent on processing conditions for large 
surface area nanoparticles.

CNT-epoxy composites

Figure 1 shows a high-magnification scanning electron microscopy (SEM) micrograph of a cryofracture 
surface of the cured CNT-epoxy material. Bright spots represent carbon nanotubes pulled out of the surface 
or nanotubes that are still embedded in epoxy close to the surface of the fracture. The nanotubes are well 
exfoliated, but their distribution is not completely homogeneous. This is typically the case when the matrix 
allows for some re-agglomeration, e.g., through low viscosity in the initial stage of curing.

Fig. 1 Scanning electron microscopy image of cryofracture of 0.3 wt % CNT – epoxy composite.
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Fig. 2 (a) ac conductivity, (b) relative permittivity and (c) tan δ as a function of frequency for CNT – epoxy composites.

Figure 2a shows the frequency dependency of the real part of the complex conductivity of the CNT-epoxy 
composites for a variety of CNT loadings (0 to 0.6 wt %). The conductivity of the pure epoxy material (LY556) 
rises linearly with frequency and in this case the fraction of capacitors (α) in eq. 3 can be considered to be 
unity so that σ(ω)  =  ωεepoxyε0; this is typical of a highly insulating material (dielectric) [2].

As a small amount of CNT is added to the epoxy (e.g., 0.05 wt %) the low frequency conductivity, σdc, 
at ∼10 Hz in Fig. 2a rises by over six orders of magnitude. In addition to increasing in magnitude, the con-
ductivity becomes almost frequency independent across the whole frequency range studied here. Greater 
 additions of CNT lead to the conductivity continuing to increase, although the rate of increase is smaller 
with increasing CNT content; for example the increase is less than an order of magnitude for CNT additions 
of 0.3 wt % to 0.6 wt %.

This immediate transition from a frequency dependent conductivity at 0 wt % to a frequency independent 
conductivity at low CNT weight fractions of 0.05 wt % (and above) is a result of the high electrical conductivity of 
the CNT nanotubes combined with their pronounced tendency to percolate to create conductive paths across the 
nano-composite structure. The electrical conductivity of the C150P carbon nanotubes (σC150P) is reported to be as 
high as 106 S/m [29] and indirect methods have measured a conductivity of 3981 S/m [30]. The measured relative 
permittivity of the epoxy is εepoxy ∼ 5 (see Fig. 2b). If we consider the CNT-epoxy system as a network of resistors of 
conductivity σC150P and capacitors of permittivity εepoxy then σC150P  >  >  2π.f.εepoxy.ε0 for the frequencies examined in 
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this work (less than 106 Hz). Based on such a high electrical conductivity and the CNT, UDR behavior of the type 
in eq. 1 would only be observed at much higher frequencies (in excess of 10 THz); for example Nuzhyy et al. [31] 
observed the UDR on CNT-polymer composites by characterization up to THz frequencies.

Figure 2b shows the frequency dependent relative permittivity of the CNT-epoxy nano-composites for the 
same range of CNT volume fractions. The pure epoxy (LY556) has a constant relative permittivity as a function 
of frequency at ∼5, as would be expected for a dielectric phase and corresponds to the fraction of capacitors 
(α) being unity in eq. 8 and the permittivity being frequency independent. As CNTs are added to the epoxy the 
relative permittivity rises, especially at low frequencies (less than 1 kHz), and increases from a ∼5 for the pure 
epoxy to ∼500 for CNT fractions of 0.1 wt % and above. Similar behavior was reported by Yuan et al. [8] on CNT 
dispersed in a polyvinylidene fluoride (PVDF) matrix who suggested this is due to the percolated network 
consisting of CNTs that are almost touching each other but remain electrically insulated. Pötschke et al. [5, 
32] and Liang et al. [33] also observed a similar decrease in the real part of the permittivity with frequency.

In many systems the addition of a conductive filler to an insulating matrix leads to a permittivity that 
decreases with increasing frequency. However in this system the permittivity is frequency independent up 
to relatively high frequencies ( < 103 Hz), see Fig. 2b. At low frequencies conductive paths flow preferentially 
through the conductive CNT filler since σC150P  >  >  2π.f.εepoxy.ε0 and the high effective permittivity is thought to 
be a result of small regions of insulating matrix between the conductive regions. Jiang et al. [34] describe 
these regions as one in which the CNTs are separated by a small layer of polymer and can be regarded as a 
series of ‘micro-capacitors’ which allows the composite to store charge. The frequency independence of per-
mittivity at low frequencies is a result of the high conductivity of the CNT additions (σC150P  >  >  2π.f.εepoxy.ε0) and 
ac currents continue to flow preferentially through the CNT phase for frequencies up to 103 Hz and the effec-
tive permittivity remains constant and high due to the ‘micro-capacitor’ regions. As the frequency rises the 
ac conductivity of the dielectric phase (2π.f.εepoxy.ε0) rises and the permittivity is no longer dominated by the 
‘micro-capacitor’ regions. This leads to the effective permittivity decreasing with increasing frequency which, 
at a sufficiently high frequency, will approach the permittivity values of the pure LY556 material (see Fig. 2b).

The high dielectric constant at low frequency may initially appear attractive for applications such as 
volume efficient capacitors, however since the nano-composite consists of thin regions of polymer separated 
by conductive material there is a reduction in electrical breakdown strength [25].

The variation of tan δ (loss tangent) with frequency for the CNT-epoxy composites is shown in Fig. 2c. For 
the pure epoxy matrix tan δ is low in magnitude (10–2–10–3) and almost frequency independent; consistent 
with the material behaving as a dielectric. As CNTs are added to the epoxy the loss tangent rises significantly 
(e.g., 103 at 10 Hz for 0.05 wt %) and becomes frequency dependent. The frequency dependency arises since 
the loss tangent is the ratio of the real to imaginary permittivity (eq. 4) and the contribution of conductivity to 
the loss tangent is larger at low frequencies where the current flow occurs preferentially through the conduc-
tive phase (the resistors in the R-C network) [35].

Figure 3 shows complex plane impedance diagrams, namely real (Z′) versus imaginary (Z″) impedance 
for CNT-epoxy nano-composites for different CNT volume fractions (0.05 wt %, 0.3 wt %. 0.5 wt %, 0.6 wt %), 
where the impedance values have been normalized with respect to sample geometry (area and thickness). 
For the pure epoxy the response is purely capacitive and therefore no semi-circle is observed since there is no 
real component and Z′∼0 (data not shown). From Fig. 3 it can be observed that as CNTs are added to the epoxy 
the introduction of real component to the impedance leads to the formation a semi-circle which is typical of 
a parallel RC circuit [36]. The low frequency intercept on the Z′ axis (maximum value of Z′) corresponds to 
the resistivity of the sample and gradually decreases as CNT fraction increases (compare Fig. 3a to 3d). The 
maximum value of the imaginary component also decreases with increasing CNT.

TRGO-epoxy composites

Figure 4 shows an SEM micrograph of a cryofracture surface of an intermediate product in the cured form. 
Here the dispersion is deliberately not completed, as the achievable contrast is generally too low for a mean-
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Fig. 3 Real and imaginary impedance for CNT-epoxy composites with (a) 0.05 wt % CNT (b) 0.3 wt % CNT (c) 0.5 wt% CNT (d) 0.6 
wt % CNT.

Fig. 4 Scanning electron microscopy image cryofracture of a 0.3 wt % TRGO-epoxy composite.

ingful image of the final product. However, even after the initial stages of dispersion a good distribution of 
carbon particles, visible as bright specks, is observed. The bright contour lines are due to the fracture surface 
and cannot be directly attributed to the immediate presence of TRGO.

Figure 5 shows the ac conductivity as a function of frequency for the TRGO-epoxy nano-composites. 
The pure epoxy matrix exhibits a low conductivity which rises linearly with frequency. As TRGO is added to 
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the matrix the low frequency conductivity begins to rise; the increase is smaller compared to the CNT-epoxy 
system (compare Fig. 2a and 5a). The TRGO-epoxy composites in which the weight fractions are in excess of 
0.1 wt % exhibit typical UDR behavior, i.e., at low frequencies the bulk ac conductivity is frequency independ-
ent while at higher frequencies the ac conductivity increases following a power law. In this case the TRGO 
has a lower conductivity than the CNT; for example reported values are in the range of 6  ×  10–5 S/m to 20 S/m 
[37] so that the condition σTRGO ∼ 2πfεepoxyε0 is achieved within the frequency range studied (e.g., 200 kHz for a 
conductivity of 6  ×  10–5 S/m). Figure 5b shows the variation of dielectric constant (relative permittivity) as a 
function of frequency. For the pure epoxy material, the dielectric constant is almost frequency independent 
and as TRGO is gradually added to the matrix the composites exhibits UDR in that the dielectric constant is 
high at low frequency and then falls with increasing frequency. In contrast to the CNT composites (Fig. 2b), 
the dielectric constant of the TRGO-composites decreases with increasing frequency for the frequency range 
examined; this is due to the lower conductivity of the TRGO compared to the CNT composites. At high fre-
quencies ( > 105 Hz) the dielectric constant approaches the same value and is less dependent on TRGO content; 
this is a consequence of the ac current paths including the insulating epoxy phase to a larger degree and is 
analogous to the condition R–1 ∼ ωC in the R-C network. This transition from currents flowing through the con-
ductive component at low frequency (R–1  >  ωC) to currents flowing through both conductive and insulating 
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phases at R–1 ∼ ωC can be seen by examination of the variation of phase angle with frequency (Fig. 5c). For the 
epoxy material the phase angle between current and voltage is 90° since the material is insulating and behav-
ing purely as a capacitor. As TRGO is added the phase angle approaches zero, especially for the composites 
in excess of 0.1 wt % at low frequency (less than 102 Hz). As the frequency increases and 2πfεepoxyε0 rises and 
approaches σTRGO currents begin to flow through the capacitative phase and the phase angle begins to return 
to 90°; see the phase angle at frequencies greater than 105 Hz in Fig. 5c.

Conclusions
This paper has undertaken the manufacture and characterization of the frequency dependent conductivity 
and permittivity of CNT-epoxy and TRGO-epoxy nano-composites and discussed their behavior in terms of 
a simple R-C electrical network. For the CNT-epoxy system the initially dielectric epoxy exhibits a frequency 
dependent conductivity, σ(ω)  =  ωεepoxyε0. Since σC150P  >  >  2πfεepoxyε0 the addition of percolated and high con-
ductivity CNTs to the epoxy results in a rapid transition to purely conductive behavior with a frequency inde-
pendent conductivity. Electrical conductivities of the order of 10–2 S/m were achieved for additions of 0.3 wt % 
to the epoxy matrix. For the TRGO-epoxy system the lower electrical conductivity leads to a more gradual 
change in electrical properties. Additions of approximately 0.3 wt % TRGO led to a low frequency electrical 
conductivity of the order of 10–5–10–6 S/m. In contrast to the CNT-epoxy system, the TRGO-epoxy composites 
exhibit UDR behavior and a frequency dependent ac conductivity and permittivity. At low frequencies the 
TRGO loaded epoxies have a frequency independent conductivity since currents flow preferentially through 
the conductive TRGO phase. As the frequency increases and σGO ∼ 2πfεepoxyε0 ac current paths include the 
insulating epoxy phase leading to the ac conductivity rising with frequency and permittivity falling with 
frequency; this is also observed in the phase angle which changes from low values at low frequency (restive 
behavior) to 90° at higher frequencies. The R-C network provides an insight to the variation of properties 
such as conductivity, permittivity, loss and phase angle which frequency and provides a simple approach to 
understand requirements to tune the frequency dependent properties of carbon-epoxy nano-composites for 
specific applications.
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