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Abstract

Frequency and density dependencies of the effective conductivity and permittivity of carbon nanotube
(CNT) and graphene nanoplatelet (GNP) based polymer composites are studied in the microwave
(0.1-20, 26—36 GHz) and terahertz (0.2—1.0 THz) ranges. Strong frequency dependencies of the
effective conductivity are associated with the screening effect occurred in individual nanoparticles and
their agglomerates. Density dependencies are fitted with power-law formulas with frequency
dependent exponents. Thin films comprising the CNTs or GNPs were proposed to consider as
‘perfect’ composites with the maximal possible electromagnetic interaction of the inclusions.
Comparison between films and polymer composites has been done. The ratio of the microwave to
terahertz conductivities of the composite is proposed to estimate the efficacy of GNP interaction with
the electromagnetic field. Synergy effect in the enhancement of the effective microwave conductivity is
demonstrated for the composite comprising a mixture of CNTs and GNPs.

The inclusion of conductive nanoparticles into dielectric polymer matrix leads to the formation in it of
conductive pathways so that the composite material becomes conductive itself. Percolation theory introduces a
percolation threshold p.—a minimal concentration of a filler needed to transfer the material from insulating to
conducting state [1]. The value p, strongly depends on the aspect ratio of the filler (nano-) particles and their
distribution in the polymer matrix [2, 3].

Composite materials with carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs) as inclusions have
been actively studied for two past decades, see e.g. [4—10]. Many efforts have been made to reach low percolation
threshold which typically lays in the ranges ~0.002 — 1%, ~0.02 — 1%, and ~0.1 — 6 % for single-walled CNT
(SWCNT), multi-walled CNT (MWCNT), and GNP based composite, respectively [7, 11, 12]. The
concentration dependence of the static electrical conductivity above the percolation threshold fora 3D CNT
network has been shown to follow the power-law with the exponent in the range (1, 4) peaking at about 2 [4].

The concentration dependence of the effective conductivity . 0of CNT and GNP based composites in the
high-frequency range is not the same as in the static regime. The broadband spectroscopy study [6, 13, 14]
carried out for both GNP and CNT composites has shown that the effective conductivity in the microwave and
terahertz ranges is several orders higher than that in the static regime even at high filler loading (e.g., at 4 wt%,
thatis above the percolation threshold). The difference could be mainly due to two reasons: (i) some inclusions
are not involved in conductive network of the composite, so that they contribute into dynamic but not into static
effective electrical conductivity; (ii) the contact resistance between inclusions contributes much weaker to the
dynamic effective conductivity than to the static one.

It should be noted that the intrinsic conductivity of the carbon inclusions is almost frequency independent
below 1 THz and it follows the Drude law [ 15, 16] with the relaxation time being typically less than 100 fs. For
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example, for SWCNTs of high crystalline quality, it is found that 7 ~ 60-100 fs at room temperature in the
range 0.2-1.0 THz [17, 18]. So, the mean free path of the electrons on the Fermi level is less than 100 nm in
SWCNTs, and it is much less than typical tube length (>500 nm). That is also true for MWCNTs and GNPs as
they are more defective than SWCNTs, for example, it was found that 7 = 26 fs for reduced graphene oxide in
the terahertz range [19].

Since the intrinsic conductivity of inclusions practically does not depend on frequency f, one may conclude
that the effective field within each nanoparticle strongly depends on the frequency. As discussed in [20, 21], the
screening effect within CNTs or their agglomerates is the main mechanism that leads to a strong frequency
dependence of ¢ f). Screening effect appears as a result of the compensation of the incident field by the
depolarizing field of the inclusion. The effect is stronger at lower frequencies and for smaller size nanoparticles
[20, 22]. It weakens when particles form a conductive network that is similar, in some respect, to an increase of
the effective particle sizes. In this paper, we demonstrate that namely, the screening effect is the main mechanism
which determines frequency dependence of the effective conductivity of both GNP and CNT composites. We
compare the electromagnetic response of CNT and GNP composites and show that the screening effect appears
to be stronger in the GNPs than in the CNT's for our samples.

The broadband conductivity spectra [6, 13, 14] also demonstrate that the dependence of o.¢ on the filler
concentration gets weaker as frequency increases. Very few papers analyze the concentration dependence of o
for CNT and GNP composites in the microwave and terahertz ranges. Recently, it has been shown that the
concentration dependence at 30 GHz follows the power-law with the exponent 3beingin the range 1.7 =+ 0.1
and 2.0 £ 0.2 for MWCNT and SWCNT sponges, respectively [23], and 3 = 1.3 for hybrid films comprising
SWCNTs and WS, nanotubes [17]. In the terahertz range, the exponent is found to be close to unity [17, 24]. At
frequency 1MHz, the concentration dependence of the conductivity of MWCNT polymer composite has been
also fitted with power-law with the exponent 0.4 [25]. Here, we demonstrate the power-law dependence of the
conductivity on the filler concentration for CNT and GNP composites in a wide frequency range from 100 MHz
up to 1 THz. We also propose to determine GNP concentration from the terahertz measurements, in the same
manner as it has been done for CNT composites [17, 24, 26].

1. Material and preparation technique

In our work, the poly(lactic) acid Ingeo PLA 3D850 from Nature Works, USA was used as a matrix polymer.
Graphene nanoplatelets (TNGNPs), MWCNTs (TNIMH4) and industrial grade of graphene nanoplatelets
(TNIGNPs) were supplied from Times Nano, Chengdu, China. TNIGNPs have a number of graphene layers less
than 30; the size of the platelets is 2-16 pm. Hereinafter, we shall call this material as large-size GNPs. We shall
call TNGNPs as small-size GNPs, as they have a smaller size of platelets (5-10 pm) and the number of graphene
layers (<20). MWCNTs have outer diameter 10-30 nm, inner diameters 5-10 nm, length 10-30 ym and

purity >95%.

To fabricate polymer composite, the PLA pellets and fillers were dried and melt mixed in twin screw extruder
in the temperature range 170 °C-180 °C and a screw speed of 40 rpm. Two masterbatches of 6 wt% TNIGNPs
and 6 wt% MWCNTs were prepared by one extrusion run. Then, the masterbatches were diluted by extrusion
with the neat PLA to produce mono-filler composites of 1.5 and 3 wt% filler contents, as well as bi-filler
composites with various proportions of both fillers. Details of sample characterization with the electron
microscopy, rheological methods, and dielectric and Raman spectroscopy are presented in [27, 28]. The samples
and their static conductivities are collected in table 1.

CNT films were prepared via the vacuum filtration technique [29]. Briefly, a MWCNT material was
dispersed by ultrasonic treatment (Ultrasonic device UZDN-2T, 44 kHz, maximum power) for 1 hin an
aqueous suspension with 1 wt% sodium-dodecylsulfate. The suspension of CNTs was centrifuged at 1000 g for
20 min and then it was filtrated through a cellulose nitrate membrane filter (0.2 pm pore size, the thickness of
100 pm) causinga CNT film to collect on the filter. The obtained film was washed with distillate water to remove
the surfactant. The filter was then dissolved with acetone and the film was transferred on the 10 um-thick poly-
tetrafluoroethylene (PTFE) substrate for terahertz and microwave measurements.

For the preparation of the GNP film, a GNP material was dispersed by ultrasonic treatment for 10 h in
isopropyl alcohol. Immediately after ultrasonication, the suspension was left for 7 h. Heavy and large particles
were precipitated and upper part of the suspension with smaller particles was filtered through a filter previously
coated with a 3 pm thick film comprising non-conductive inorganic WS, nanotubes [30]. This film was
prepared with filtration methods as described in [21], it is transparent below 1 THz and plays a role of supporting
substrate for GNP film during its transfer onto PTFE substrate. The thicknesses of the CNT and GNP films were
in the range 1-2 pm.
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Table 1. Samples and their static electrical

conductivity.

Sample st (S/cm)
1.5% GNP <107
3.0% GNP <1071°
6.0% GNP 21 x 10°¢
1.5% CNT <107
3.0% CNT 4x10°°
6.0% CNT 40 x 107°¢
1.5% GNP + 4.5% CNT 100 x 107
3.0% GNP + 3.0% CNT 74 x 10°°
4.5% GNP + 1.5% CNT 60 x 107°¢

1.5% GNP + 1.5% CNT 0.026 x 10°°¢

Note. Numbers in percents indicate weight
fractions of CNTs and GNPs.

Raman spectroscopy was performed using the Raman spectrometer combined with the confocal microscope
Nanofinder High End (Tokyo Instruments) with 532 nm laser excitation.

The complex transmission of the samples was measured under normal incidence in the range 0.2-1.0 THz
using time-domain terahertz spectrometer (EKSPLA, Vilnius, Lithuania). The sample conductivity was then
calculated using the Fresnel equations for dielectric slab [31]. The microwave conductivity measurements in the
ranges 0.1-18 GHz and 26-36 GHz were performed by waveguide method [32] using a vector analyzer R4AM-18
(MICRAN, Tomsk, Russia) and a scalar network analyzer R2-408R (ELMIKA, Vilnius, Lithuania), respectively.
Effective conductivity of the samples in the range 25 Hz—10 MHz was measured with a broadband analyzer
7-28 (MNIPI, Belarus).

2. Results and discussion

Typical scanning electron microscopy (SEM) images of the films comprising small- and large-size GNPs and
MWCNTs are represented in figure 1. The difference in size between different GNP samples is clearly seen in
figures 1(a), (b). Note also that MWCNT's are curved and their lengths become several micrometers after
ultrasonic treatment [33].

Normalized Raman spectra of large- and small-size GNPs are shown in figure 2. The dominant features are a
D-band (1320-1350 cm '), 2D-band (2650-2750 cm '), and high-frequency G-band (1570-1600 cm ") [34].
D-band occurs due to disorder-induced symmetry-lowering effects. The 2D-band is an overtone of the D-band
due to a two-phonon double-resonant scattering process, and G-band originates from tangential vibrations of
spy-hybridized carbon atoms. Normalized Raman spectra of large- and small-size GNPs are very similar
indicating that the crystalline structure of both materials is the same. The small ratio of the intensity of G-mode
to that of the D-mode I,/Is = 0.055 indicates the high crystalline quality of both samples.

Figure 3 demonstrates frequency dependences of the real parts of the effective permittivity e.and
conductivity o.gand dielectric loss tangent tan ¢ = Im(e.g) / Re(eesr) for films comprising large- and small-size
GNPs. The differences between the samples are identical to those observed for films comprising short and long
CNTs[35]. Namely, (i) the real parts of the conductivity and permittivity and loss tangent are larger for large-size
GNPs, and (ii) frequency dependence of the conductivity is stronger for smaller-size GNPs. Thus, we can
conclude that the finite-size effect strongly influences the interaction between GNPs and electromagnetic field.
Further, we shall consider GNP samples comprising only large-size GNPs, as they show a stronger
electromagnetic response.

Figure 4 shows the spectra of the real part of the effective conductivity of CNT/PLA and GNP/PLA
composites at different mass fractions of the inclusions. Strong frequency dependence Re[e . f)] at low
frequencies (<1 kHz) for GNP/PLA samples at 1.5 and 3 wt% and for CNT/PLA samples at 1.5 wt% indicates
the absence of the percolation effect. Very weak frequency dependence Re[e.4( f)] of other samples below 1 kHz
indicates that this sample concentration is above the percolation threshold.

Figure 5 shows the spectra of the real part of the conductivity and permittivity of PLA, CNT film and CNT/
PLA composites at different CN'T mass fractions. The same spectra are shown in figure 6 for GNP film and
GNP/PLA composites. The conductivity of the film and composites both for CNT and GNP samples increases
with frequency. Frequency dependence of the conductivity is stronger for the composites with lower weight
concentration, and it is the weakest for the films. Qualitatively similar behavior of the conductivity in figures 5
and 6 indicates that the mechanism of electromagnetic interaction could be the same in GNP and CNT samples.
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Figure 1. SEM image of the film comprising (a) large- and (b) small-size GNPs and (c) MWCNTs.
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Figure 2. Raman spectra of large- and small-size GNPs.

Indeed, it has been shown that CNT and GNP can be modeled as a spheroid (prolate or oblate) made of
anisotropic conducting material [36-39]. This model takes into account the screening effect in individual
nanoparticle and qualitatively explains the strong frequency dependence of the effective conductivity of the CNT
and GNP composites in the microwave and subterahertz ranges.

Since the intrinsic conductivity of the inclusions practically does not depend on the frequency[15, 19], one
can suppose that the effective electromagnetic field within nanoparticles and their agglomerates is smaller than
the incident field and it depends on the frequency. Following the paper [21] we associate strong frequency
dependence in figures 5 and 6 with the screening effect due to the polarization of the inclusion in the quasi-static
regime of its electromagnetic interaction [20, 22]. The screening effect is smaller when particles form a
conducting network; this explains the weaker frequency dependence of o for the films than for the composites
in figures 5and 6.

Let us note that the screening effect is weak for long-length CNTs (>1 pm) in the terahertz range (>1 THz)
and the effective conductivity of the composite can be approximately found as a sum of the conductances of the
inclusions in the unit volume with a factor 1/3 which takes into account the random orientation of the
nanoparticles [36]. The conductivity of CNT and GNP films at 1 THz is 55 S/cm and 87 S/cm, respectively, i.e. it
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Figure 3. Frequency dependence of (a) Re(ef), (b) Re(oef) and (c) tan 6 for films comprising large- and small-size GNPs.
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Figure 4. Frequency dependence of Re (o) for the (a) CNT/PLA and (b) GNP/PLA composites at different filler mass fractions 1.5,
3,and 6 wt%. Data for the PLA are shown by a dotted line.

is approximately of the same order. The same is observed for the GNP and CNT composites at the same loading.
This means that roughly speaking, the quantity of quasi-free charges per unit volume is approximately identical
for GNP and CNT samples at the same filler concentration. However, the microwave conductivities of GNP
samples are much smaller than those of CNT samples at the same weight concentration of the inclusions
(compare figures 5 and 6), i.e., the frequency dependence o ¢ f) is stronger for the GNP than for the CNT
samples. The same difference between GNPs and CNT's has been reported in the range of 0.1-1.0 THz [40]. This
can be explained by the fact that the GNPs are stronger isolated from one another than the CNTs, and
consequently, the screening effect is stronger in the GNPs than in the CNTs. Stronger isolation may occur if the
charge transport is hampered. For example, in the case of GNP, the electrons have to move along a conductive
path which includes tunneling barriers not only between the adjacent graphene flacks but also between the layers
of each multilayer flack.

Figures 7 and 8 show the values Re(e.gr — ¢,) and Re(oer — o1,) versus weight concentration F of the fillers
at different frequencies for CN'T and GNP samples, respectively. Here, the effect of the dielectric matrix has been
excluded by the subtraction of the permittivity €, and conductivity o, of the PLA. In order to show how the
concentration dependence changes with frequency, the data in figures 7 and 8 were fitted with power-law
formulas Re(e. — €,) = AF®, and Re(o.¢ — oy,) = BFY. The exponents o and 3at different frequencies are
represented in figures 9(a), (b). Atlow frequencies, the screening effect is stronger providing stronger
concentration dependence and consequently the larger value of the exponents 3 and a. Inequalities 5 > 1 and
o > 1 occur due to the effect of contacts—the screening effect becomes weaker when the number of
interparticle contacts increases. The influence of contacts is stronger at lower frequencies, that is why the
exponents decrease as frequency increases. In the terahertz range, the effect of contacts vanishes and the values of
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Figure 5. Frequency dependence of (a) Re(e.¢) and (b) Re(cyr) for the CNT film, PLA, and CNT/PLA composites at different CNT
mass fractions 1.5, 3, and 6 wt%.

10007 ) |——PLA

2——1.5% GNP

3 3% GNP

1004 4 6% GNP 5
4 5— GNP film
\
3w

2

1/

(b)

Re(geff)

104

b

[
(=)
<
{
(9]

Re(o,,) (S/cm)
U¥
X511

) R 2 -1
10 10 10 10
S (THz)

Figure 6. Frequency dependence of (a) Re(z.) and (b) Re(cyr) for the GNP film, PLA, and GNP/PLA composites at different GNP
mass fractions 1.5, 3, and 6 wt%.

Band a reach unity. The almost linear dependence of the composite conductivity on the mass fraction of
nanoparticles in the terahertz range can be used for quantitative estimation of the filler density in the polymer
matrix.

It should be noticed that the GNP samples at 1.5 and 3 wt% and CNT sample at 1.5 wt% are below the
percolation threshold whereas other samples are above the percolation threshold (see their conductivities in
table 1 and figure 4(a)). However, there is no any possibility to identify from spectra in figures 5-8 either the
concentration of fillers is above or below the percolation threshold, i.e. the concentration dependence of the
effective conductivity in static regime differs significantly from that in the microwave range [6, 13, 14].
Meanwhile, the dielectric loss tangent is rather sensitive to the percolation phenomena: it is much smaller than
unity for composites below the percolation threshold. Figure 10 shows the frequency dependence of the value
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PLA matrix.
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Figure 8. Contribution of GNPs to the permittivity and conductivity of GNP/PLA composites versus GNP mass fraction at different
frequencies. The values (a) Re(eef — &) and (b) Re(a.f — o7,) were obtained from figure 6, where ¢, and oy, are parameters of the
PLA matrix.

tand = Im(e.r — €4)/ Re(eer — e + 1) for CNT and GNP films and composites. Here, we determined loss
tangent in such a way to exclude from consideration the influence of the polymer matrix with the permittivity e;
itis supposed for the films thate;, = 1. The value of tand is close to or larger than unity for CNT and GNP films
as they perform a good conductive network. Moreover, the value of tané is larger for CNT than for GNP film
indicating that interparticle electron transport is more effective in CNT than in GNP film. A very small value of
the loss tangent for 1.5, 3 wt% GNP /PLA composites and for 1.5 wt% CNT/PLA composite in a wide range
(1-36 GHz) is explained by the absence of the conductive network. For the concentrations above the percolation
threshold (see 6 wt% GNP and 6 wt% CNT in figure 10), the loss tangent is rather high and it decreases with
increasing frequency in the range 1-36 GHz and then increases in the range 0.2-1.0 THz.

To estimate the efficiency of inclusion interaction with the electromagnetic wave at specific frequency f, the
following parameters are proposed for CNT composites [21]:

g(f’ﬁ)) = O-eff(f)/geff(ﬁ))) (1)
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mass fraction of the inclusions for CNT/PLA and GNP/PLA composites.
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Figure 10. Frequency dependence of the dielectric loss tangent for CNT and GNP films and composites at different filler mass

and

8(fs fo) = 8(f, fo)/gﬁlm(f’ fo)s

2)

where f; is a frequency, at which the screening effect vanishes and electromagnetic interaction is maximally
possible. Further, for our estimations, we assume that f, = 1 THz for our samples. gz,,.( f; fo) is the parameter g
for a pure film containing the very same kind of nanoparticles as the composite material does. Since the maximal
electromagnetic interaction with fillers occurs when they are densely packed forming a thin film, one can
consider this film as a perfect composite with maximal possible parameter g. As the mechanism of the
electromagnetic interaction is the same both for CNTs and GNPs, the parameters gand g, can be applied for the
characterization of GNP based composite as well.
Figures 9(c), (d) shows the parameters gand g, at 30 GHz for CNT and GNP samples versus the weight
concentration of nanoparticles. As shown in figure 9(c), the parameter g for CNT samples is 0.01-0.02 meaning
that, roughly speaking, only 1%—2% of the charge carriers contribute to the electromagnetic response of the
composite, whereas other charge carriers are screened. For GNP samples, the parameter gis 410 times less than
for CNT samples and it depends strongly on the filler concentration. Thus, in spite of the similar intrinsic
conductivity of the GNP and CNT, the latter interacts more effectively with the microwave radiation. The
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parameter g, at 30 GHz is between 0.02 and 0.09 (see figure 9(d)) meaning that the efficiency of the filler
interaction with the electromagnetic field is 2%—9% in comparison with that for the films.

Figure 11 shows the real part of the effective conductivity of the bi-filler GNP/CNT polymer composites
versus the relative content of GNP X at total filler content 6 wt% and different frequencies. One can see from
figure 11 that the effective conductivity at 1 THz practically does not depend on X providing confirmation that
(i) the terahertz conductivity of our samples is determined by the intrinsic conductivity of our fillers, and (ii) the
number of free-charge carriers per unit mass of nanofillers is the same for the GNP and CNT materials. The
dependence Re(c.¢) on X becomes stronger as frequency decreases. This is in agreement with our outcome that
the microwave field interacts with the CNTs more effectively than with the GNPs.

One may say about a synergistic effect if the co-contribution of two types of fillers to the conductivity is more
than the sum of individual filler’s contributions [41]. Cross symbols in figure 11 indicate the sum of the
conductivities of 3 wt% GNP and 3 wt% CNT composites at different frequencies. Comparing them with the
conductivity of bi-filler composite at X = 0.5, we may say that the synergy effect occurs in the bi-filler samples.
This effect is weak in the terahertz range, where the conductivity of the bi-filler sample almost coincides with the
sum of the conductivities of the one-filler samples, whereas it is strong at 2 GHz where the difference in the
conductivities appears to be 2.6 times. There are two possible reasons of the synergy effect: (i) fillers of one type
can improve the dispersion of the fillers of another type, and (ii) the electrical contacts between fillers of different
types lead to additional conducting pathways in the composite and consequently to a weakening of the screening
effect.

Let us notice that our results are in agreement with [41—44] where a synergistic effect in the enhancement of
electrical properties and electromagnetic interference shielding response for hybrid GNP/CNT polymer
composites and forms has been demonstrated.

3. Conclusion

The frequency and filler density dependencies of the effective conductivity of polymer composites with CNT's
and GNPs embedded have been measured, compared and analyzed in the microwave and terahertz frequency
ranges. We explain the observed strong frequency dependence of the conductivity by the screening effect both in
individual nanoparticles and their agglomerates. This effect is strong at low frequencies and rather weak in the
terahertz range.

We have shown that the density dependencies can be fitted with the power-law formulas with frequency
dependent exponents being about 3 at 100 MHz and about 1 at 1 THz when mass fraction varies in the range
from 1.5 to 6 wt%. Though this range includes the percolation threshold, there are no so strong changes in the
effective conductivity of the composites as it happens in the static regime. As the terahertz effective conductivity
is almost proportional to the concentration of nanofillers, it can be used for the estimation of the filler
concentration.

Thin films made of CNTs or GNPs were proposed to consider as ‘perfect’ composites with respect to their
electromagnetic interaction. It is reasonable to compare their parameters with those of the composites. The ratio
of the microwave to terahertz effective conductivities is proposed for the estimation of the efficacy of the
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electromagnetic interaction of GNPs within the GNP-based composite. The application of this ratio to CNT-
based composite has been recently justified in [21].

Synergy effect in the enhancement of the effective conductivity is demonstrated for the composite
comprising a mixture of CNTs and GNPs. This effect is weak in the terahertz range and becomes stronger as
frequency decreases.
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