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Abstract: We systematically studied the electromagnetic properties of carbon nanohorns (CNHs) and
polystyrene composites filled with CNHs in static regime, low frequency and microwave regions.
CNHs were synthesized using the direct current arc-discharge method using solid graphite rods and
graphite rods filled by melamine mixed with graphite powder. Transmission electron microscopy and
thermo-gravimetric analysis showed that CNH agglomerates are the main product, while the addition
of melamine promotes the formation of graphite balls. Graphitic contamination causes the internal
leakage of inter-agglomerate capacity, lowering the permittivity and enhancing the conductivity
of composites. The permittivity of CNH/polystyrene composites increases with the filler fraction,
and near the dielectric threshold electromagnetic characteristics of the composites exhibit critical
behaviour. Our results suggest that CNHs with relatively high values of permittivity and contact
resistance could be used as high-k materials.
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1. Introduction

Today, polymer composites with conductive particles are an actively explored field. In particular,
the near-percolated composites with carbon nanostructures are promising for fabrication of high-k
materials [1,2]. The combination of conductive nanoparticles and very thin polymer layers in between
provides an anomalously high dielectric constant for the material [1,3]. In the vicinity of the percolation
threshold and below it, the dielectric constant of composites containing 10 wt % of randomly dispersed
carbon nanotubes showed a dielectric constant of approximately 50, while the loss tangent was
approximately 0.4 [4]. Similar properties were observed for the composite containing about 4 wt %
of graphene oxide [5]. Comparison of the dielectric properties of thin polymer films with different
types of carbon nanostructures (carbon nanotubes and nanofibers, graphene nanoplatelets) showed the
higher permittivity and conductivity when using wire-shaped structures [6]. The spherical inclusions,
such as carbon black [7] and onion-like carbon [8], showed the less impressive responses due to lower
conductivity and less effective composite filling.

Carbon nanohorns (CNHs) are nanotube-like structures with conical tips and a typical diameter
of about several nm [9,10]. Forming as roughly spherical aggregates of short conductive graphitic
tubular particles [11-14], CNHs occupy an intermediate position between wire-shaped and spherical
carbon nanostructures. Therefore, they could be attractive for electromagnetic applications. According
to the data reported, the conductivity of CNHs could vary from 1073 S/m [15] to several hundred
S/m [16,17], which is probably caused by the different densities of the materials. Addition of CNHs
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to dielectric or conductive polymer increases the conductivity slightly [18-23]. The permittivity and
microwave shielding effectiveness (SE) of the materials with CNHs have barely been investigated.
We have found just a few works devoted to three-component polymer composites, where the second
filler was presented by graphene [18,19], ferromagnetic particles [20] or their hybrids [21,22] in addition
to the CNHs.

In this report, we systematically investigate the electromagnetic properties of CNHs synthesized
using the arc discharge method. We found that the addition of melamine into the electric arc affects the
density and composition of the synthesis product. For polystyrene (PS) composites with high CNH
loading the dielectric and conductive percolation-like critical behaviors were observed.

2. Materials and Methods

2.1. Materials

The setup for arc discharge synthesis is described in detail elsewhere [24]. The principal scheme
is shown in Figure S1 (Supplementary Materials). Briefly, an upper movable cathode was made from
a water-cooled graphite rod of 60 mm diameter. A graphite anode was used which had a cross-section
of 14 x 14 mm and a length of 200 mm. The anode was placed vertically on a water-cooled holder
in bottom of the chamber opposite the cathode. All syntheses were carried out at a direct current of
500 A, a voltage of 50 V and a helium pressure of 5 x 10* Pa.

CNH samples were collected from a metallic screen placed between the evaporated electrode and
water-cooled walls of the chamber. The initial weight of the anode was ca. 70 g and the mass of the
soot deposited on the screen was ca. 10 g. Evaporation of the pure graphite rod produced the sample
denoted as SO. Previously we found that the addition of foreign components in the electric arc strongly
modifies the morphology and electromagnetic properties of product [25-27]. In this work, we altered
the arc discharge process by the addition of melamine. In particular, a cylindrical cavity in the central
part of the rod was filled with melamine mixed with graphite powder. The concentration of melamine
was about 2 and 4 wt % of the weight of the evaporated rod. The samples obtained after the syntheses
are denoted as S2 and 5S4, respectively. The duration of the syntheses of samples SO and S2 was 30 min.
When 4 wt % of melamine was added, the anode was consumed after 10 min.

2.2. Preparation of CNH/PS Composites

The procedure of preparation of PS composites with carbon nanomaterials is described in our
previous works [8,28-31]. PS and CNHs were mixed in 20 mL of chloroform under a sonication
treatment (30 W) for 30 min. In general, the fast drying of such suspensions produces highly porous
polymer samples. To avoid air bubbles in film, the CNH/PS suspensions were dried in a fume hood at
room temperature for 1 day. The content of CNHs was varied from 1 to 32 wt %, from 1 to 24 wt %
and from 1 to 30 wt% for SO/PS, S2/PS, and S4/PS composites, respectively. The further increase in the
filler loading gave fragile samples. Note, that the CNH manufacturing threshold was between the
values for composites with carbon nanotubes and carbon nanofibers (~2 wt %) [6] and carbon onions
(~35-40 wt %) [8,28]. As a result, we obtained thin plates with a thickness of 80-150 um for static and
low-frequency measurements and 280-550 um for microwave measurements. All composites obtained
had a visually uniform color from dark grey to black depending on the filler content.

2.3. Methods

The structure of carbon nanomaterials was studied using transmission electron microscopy (TEM)
on a JEOL 2010 microscope (JEOL Ltd., Tokyo, Japan). The images were obtained at 200 kV accelerating
voltage. Raman spectra were collected on a Spex 1877 triple spectrometer (Spectroscopy & Imaging
GmbH, Warstein, Germany) using the 488 nm line from an argon laser. Thermo-gravimetric analysis
(TGA) in Ar/O, (80:20 wt%) atmosphere was done on a STA 449 F1 Jupiter thermal analyser (Netzsch,
Selb/Bayern, Germany) in Al,O3 crucibles (900 °C max, 10 K/min).
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The direct current (DC) conductivity opc measurements of rectangular-shaped samples (1.2 x 1.2 cm)
were carried out using a four-probe technique using an R3009 measuring bridge. Electrical contacts were
made with silver glue.

The real and imaginary components of the impedance were measured using a two-contact method on
a Bio-Logic SP-300 potentiostat (Bio-Logic Science Instruments SAS, Seyssinet-Pariset, France) in a frequency
range of 1 kHz—7 MHz. For measurements, composite samples with a size of ca. 1.2 X 1.2 cm were used.
The frequency dependences of the alternating current (AC) dielectric constant exc and conductivity oac
were recovered from the impedance using the method described in [8].

Microwave measurements of composite materials were carried out using a Mikran scalar network
analyzer P2M-04A (Mikran, Tomsk, Russia) in the Airline coaxial line 12.93 mm in the range of 1-4 GHz
using the standing wave ratio sensor (SWR) DK1-04-11P-11R (Mikran, Tomsk, Russia). Composite
samples for the measurements were ring-shaped with an inner diameter of ca. 3 mm and an outer
diameter of ca. 7 mm. In the result, the powers of the wave reflected from the sample surface
(S11) and the wave passing through the sample (Sp1) were obtained. Transmittance (T), reflectance
(R), and absorbance (A) were determined from S»; and Sy; values for 1 cm thickness as: T = (S51)?,
R=(511)%andA=1-T-R.

3. Results and Discussion

3.1. Structural Characterisation

Figure 1 shows typical TEM images of CNH samples. Dark, big-size quasi-spherical particles are
composed of aggregated graphitic layers, which are usually called graphitic balls (GBs). According to
TEM study, the portion of GBs was larger for the S2 and 54 samples than for the SO sample. It has been
proposed that formation of GBs is determined by temperature gradient during the arc burning [12].
It is likely that the melamine additive in the evaporated rod influences this parameter, promoting the
formation of GBs. Arc-discharge synthesis involves many chemical and physical acts and there is
no guarantee that the variation of any synthesis parameter provides a linear effect on the structure
of the product. This is what we observed in our case. An increase in the melamine content in the
evaporated graphite rod affects the density of the CNHs powder nonlinearly. The average CNHs
density measured with a pycnometer was 0.26, 0.13, and 0.64 g/cm3 for SO, S2, and S4 samples,
respectively. The lower density of S2 CNHs correlates with lower mixing weight threshold for
S2/PS (24 wt %), implying the higher surface area and the harder viscosity issues in nano-reinforced
composite preparation. The smaller, soot-like particles are agglomerates of CNHs, consisting of one-
or few-walls. The SO sample mainly contains the particles from tightly packed “bud-like” CNHs.
Addition of melamine results in the formation of less dense CNH agglomerates, which are usually
called “dahlia-like” agglomerates. Due to a complex shape of the boundaries of these agglomerates,
we can only estimate their size using the TEM images of several distinguishable individual particles.
The average size of “dahlia-like” agglomerates was about 80 nm in the S2 sample and about 60 nm
in the 54 sample. The mean size of “bud-like” agglomerates decreased from 45 nm in the SO sample
to 27 nm in the S4 sample (Figure 52, Supplementary Materials). Moreover, single- and few-layered
graphene can be detected in the S2 and S4 samples, respectively (Figure S3, Supplementary Materials).
According to our previous work, nitrogen present in the arc discharge can promote formation of
graphene layers [27].
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Figure 1. Typical transmission electron microscopy (TEM) images of SO (a—c), S2 (d—f), and S4 (g—i) samples.

Raman spectra of CNH samples exhibited two peaks at 1340 cm™! (D band) and 1580 cm™
(G band) (Figure 2a), which are typical for spz—hybridized carbon nanomaterials [32]. Addition of
melamine in the evaporated graphitic rod results in a decrease of the intensity of the D band, indicating
a more perfect structure of particles in the S2 and 54 samples in comparison to those in the SO sample
(Ip/Ig = 0.98 for SO and 0.78 for S2 and S4). We suggest that the decrease in the Ip/I ratio is mainly
due to a large fraction of GBs in the 52 and 54 samples, as TEM images showed (Figure 1).
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Figure 2. Raman spectra (a) and TG and DTG curves (b) for SO, S2, and S4 samples.

The TGA of the samples detected no weight loss up to 500 °C (Figure 2b). This is evidence of the
absence of amorphous carbon in our samples. The differential thermogravimetric (DTG) curve of the
S0 sample had two peaks at ca. 620 and 750 °C, which correspond to the burning of single-walled
“bud-like” CNHs [12,33,34] and graphitic particles [12,33]. The S2 sample also burned in two stages.
Temperatures of 645 °C and 705 °C could be attributed to “dahlia-like” CNHs and GBs/graphenes,
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respectively. The DTG curve of the 54 sample had three peaks at 580 °C, 657 °C and 770 °C, which could
be ascribed to the burning of “bud-like” CNHSs, “dahlia-like” CNHs, and graphitic by-products.
The TGA data show that CNHs are the primary phase in all samples and addition of melamine in the
reaction decreased their content in the synthesis product. This result agrees with a very low density of
the SO and S2 samples. A larger density of the S4 sample is due to the notable content of graphitic
particles, as TGA determined.

3.2. Electromagnetic Properties of CNHs

Figure 3 shows the log-log frequency dependence of the conductivity cac and the permittivity
eac measured at room temperature for the CNH powders. Above 1 MHz, the conductivity increases
following a power law behaviour known as “universal dynamics response” [35]. As a result, cac(w)
can be expressed as

oac(w) = opc + A @, 1

where opc corresponds to the direct current conductivity, which can be estimated from the
low-frequency plateau in the 0 4c(w)-w plot, s = 1. The SO sample had a DC conductivity of 0.036 S/m,
whilst the samples obtained with the addition of melamine had slightly higher opc values (0.040 and
0.041 S/m for S2 and S4 samples, respectively). The AC permittivity drops with frequency. At 1 MHz,
the permittivity of the SO sample is approximately 180. This characteristic decreases to 170 for the
52 sample and 160 for the S4 sample. The relatively high value of the CNH permittivity agrees with
extremely low densities of CNHs, implying that our samples can considered weakly bounded porous
agglomerates. As a result, the permittivity component has a primary role due to its interparticle
capacity contribution, while conduction through the sample is restricted by air gaps.
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Figure 3. oac (a) and ¢ (b) of SO, S2, and S4 samples.

3.3. DC Conductivity of CNH/PS Composites

The DC conductivity of the PS composites with the S0, S2, and 54 powders is shown in Figure 4
as a function of the weight fraction of the filler. opc is negligible for filler content below 20 wt %.
With a further increase in the filler loading, the conductivity of the composite increases. Above the
percolation threshold DC conductivity should have a plateau corresponding to the electrical response
of a percolating network. Such behavior was observed for the composites with a low contents of
anisotropic fillers (graphene [36], carbon nanotubes [37,38], and carbon nanofibers [39]) and a rather
high concentration of onion-like carbon (about 7-10 wt %) [40]. Our data show that even for the
composites with maximum possible loading (manufacturing threshold), the DC conductivity does not
reach the constant value. It indicates a high interfacial resistivity, which suppresses tunneling between
adjacent CNHs.
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Figure 4. opc as the function of filler weight fraction (a) and log opc as the function of filler volume
fraction (b) measured for polystyrene (PS) composites with SO, S2, and 54 powders.

The DC conductivity decreases as P~/ (Figure 4b), where P is the volume fraction of filler in the
composite calculated from the weight fraction using the CNHs density. This means that the nature of
contacts between CNH agglomerates embedded in the PS matrix can be attributed to tunneling through
potential barriers [41]. It was shown that the tunneling mechanism determines transport through
composites with carbon black [42], carbon nanotubes [37], and onion-like carbon [43]. The linear
regions cross each other when the content of 54 sample is about 17 wt %. This behaviour could be
due to the presence of GBs, which are many in the 54 sample, and they also should contribute to the
conduction path for the highly filled S4/PS composite. For the SO/PS sample with 30 wt % filler loading
and S4/PS sample with 28 wt % filler loading, the DC conductivity is about 0.05 S/m, that is, larger
than the opc values for the SO and S4 powders found from low-frequency oac plateaus (Figure 3a).
This could be due to a partial breaking of CNH agglomerates during composite fabrication. As the
result, the interparticle distance in the composite decreases in comparison with the value in powder,
simplifying the electron hopping between conductive inclusions.

3.4. AC Permittivity and Conductivity of CNH/PS Composites

Figure 5 shows the AC permittivity esc of composites containing 1-32 wt % of CNHs at
1 MHz. The eac(w) values measured in the 1 kHz-7 MHz frequency range are collected in Figure
S4 (Supplementary Materials). The permittivity of the free matrix is featureless across the frequency
range shown and has a constant value of about 2.6, which is close to the expected value for dense bulk
PS. This means that the method used for preparation of composite samples avoided the appearance
of additional air bubbles, which increase the sample’s porosity. The conductivity of the free matrix
(ops ~ 1072 S/m for 1 MHz) is negligible in comparison with the values for CNH powders.
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Figure 5. ¢aoc (a) and oac (b) of carbon nanohorn (CNH)/PS composites at 1 MHz. Dashed lines are
the fitts of experimental data by Equations (2) and (3).
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At 1 MHz, the permittivity of SO/PS, S2/PS, and S4/PS composites increases with the filler loading,
and at a critical value Pc (59, 62, and 33 vol%, respectively) it reaches the maximum values of 62, 34,
and 13, respectively (esc = 300, 58 and 55 at 1 KHz, see Figure S4). Note that the PS-based composites
with quasi-spherical onion-like carbon showed the percolation threshold near 20 wt% [8,29] that
is close to the value for CNH-based composites. However, the addition of CNHs, which is more
conductive than onion-like carbon, enhanced the permittivity more. Further increase of the CNH
content decreased the permittivity to approximately 8, 4 and 7 for the SO/PS, S2/PS, and S4/PS samples,
respectively. A high permittivity and a large tunneling resistivity of CNH/PS composites suggest that
CNHs are promising for use in the fabrication of high-k materials.

In general, the permittivity diverged as P is approached from either side:

eac = e |P - Pcl™, (2)

where t is the critical exponent. Fitting of the data measured by Equation (2) gives ¢ = 0.61 for composites
with S0 and S2 fillers and ¢ = 0.35 for S4/PS samples (dashed lines in Figure 5a). These values, lower than
the universal value for three-dimensional percolating systems (s = 0.8) [44], can mean that the percolation
takes place in a network displaying more “dead arms” than classical random network. The reason for
critical behaviour (2) for the permittivity is the existence of network of inter-agglomerate microcapacitors.
The higher effective electric field that develops around the closely-packed agglomerates separated
by the PS layer can be the cause of the critical increase in permittivity in the CNH/PS composites.
When filler content is above the critical loading Pc, hopping conduction through bulk samples occurrs.
Internal leakage of the capacitors results in lower permittivity.

For low filler content, c5c of CNH/PS samples demonstrates PS-like dispersion (Figure S4).
Starting from 10 wt % of the SO sample and 12 wt % of the 52 and S4 samples, it follows a power law
dependence similar to that of the CNH powders. Fitting of ooc with Equation (1) gives the opc and
s values listed in Table 1. One can see that general trends of the s parameter obtained and volume
fraction P agree with each other.

Table 1. Parameters describing charge-transport properties of CNH/PS composites below the
percolation threshold.

S0/PS S2/PS S4/PS
P, opC, s Pl P, opCy s Pr P, opcC, s PI
wt % S/m vol% wt% S/m vol% wt% S/m vol%
10 6x107° 011 31 10 2x107° 031 47 12 4x107° 016 18
15 6x107% 024 41 15 1x107* 044 59 15 1x107% 024 22
17 2x107% 035 45 16 5%x107% 056 60 19 7x107%  0.25 28
20 3x107% 039 50 17 1x1072 058 62 20 3x107% 0.32 29
25 8x103 051 57 24 1x1072 034 34

27 1x1072 061 60

Near the dielectric threshold, the composites also show AC conductivity critical behavior with
the maximal conductivity of approximately 0.012 S/m for SO/PS and S2/PS samples and 0.015 S/m for
the S4/PS sample (Figure 5b). Below this loading, the conductivity can be approximated within the
generalized effective medium equations for binary systems [45]:

(1 = P) (ops"" — aac)(ops™™ + Aoac™) + P (oenu — oac ) (oonu™™ + Aoac™) =0,  (3)

where ocny is conductivity of CNHs at 1 MHz, A is a volume fraction-dependent coefficient, and u is
the fitting parameter (1 ~ 1 for all samples).

A further increase in the CNHs content decreases the ooc value. We suggest that the amount of
PS is not sufficient to bind the porous filler at CNH contents above 58, 62, and 32 vol% of SO, S2, and 54,
respectively. As a result, the CNH agglomerates would not be kept tight enough to transfer electrons
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and, thus, the electrical conductivity of the composite would be decreased. The similar behavior of
oac of highly filled polymer composites is in agreement with the previous works [46,47].

3.5. Electromagnetic Shielding Effectiveness of CNH/PS Composites

Microwave transmission T, reflection R, and absorption A of S0/PS and S4/PS composites are
shown in Figure 6. The samples with 5 and 10 wt % of CNHs loading are almost opaque. Increase of
the filler concentration reduces the transmittance significantly. For SO/PS samples containing 5-25 wt%
of filler, the electromagnetic attenuation ability is due to equivalent contributions from reflection
and absorption mechanisms (Figure 7a), while the reflection becomes dominant for the composite
with 30 wt % of CNHs, which is above the critical loading fraction observed from AC measurements
(~28 wt %, Supporting Information). A further increase in the content of SO powder slightly decreases
the transmission. This effect is more pronounced for S4/PS samples where the T value changes from
13% for 25 wt % loading to 79% for 30 wt % loading (Figure 7b). At that, the reflection displays a reverse
trend at the same 5S4 content, indicating the dominant role of inter-agglomerate conduction paths in
attenuation ability of CNH/PS composites.
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Figure 6. Transmission, reflection, absorption of SO0/PS (a—c) and S4/PS (d—f) composites.
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Figure 7. Transmission, absorption, and reflection of SO/PS (a) and S4/PS (b) composites at 3 GHz.

4. Conclusions

This work aimed to expand the poorly studied field of CNHs. CNHs were synthesized by
an arc-discharge of graphite rod without or with the addition of melamine. SEM and TGA data
confirmed the formation of nanohorn agglomerates. At 1 MHz, the CNH powders showed relatively
high permittivity (160-180) and rather low conductivity (ca. 0.04 S/m) indicating the primary role of
micropacacity behavior of neighbor CNH agglomerates. The addition of melamine: (1) unbalances the
electric arc, resulting in the tearing of graphitic fragments; and (2) affects the temperature gradient,
preventing the formation of CNHs that gain up to 30 wt % of graphite particles in the product. Graphitic
contaminations cause an internal leakage of inter-agglomerate capacity, lowering the permittivity and
enhancing the conductivity of CNH/PS composites. The percolation-like critical behaviours were
observed for low-frequency permittivity and conductivity, as well as for the microwave electromagnetic
response of composites.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/11/1848/s1,
Figure S1: Principal scheme of arc-discharge setup; Figure S2: Histograms of the size distribution of CNHs;
Figure 53: TEM images; Figure S4: AC permittivity and conductivity for composites containing in 1 kHz-7 MHz
frequency range.

Author Contributions: Conceptualization, O.V.S., L.G.B., A.V.O.; material preparation, K.LB., A.V.G.; morphology
characterization, K.I.B., O.V.S., PE.P; electromagnetic material and data processing, K.I.B.; writing—original draft
preparation, O.V.S,, L.G.B. and A.V.O,; visualization, O.V.S.

Funding: This research received no external funding.

Acknowledgments: O.V.S.,, L.G.B.,, and A.V.O. are thankful for the support by Tomsk State University
Competitiveness Improvement Program. The authors thank L.I. Nasonova for the syntheses, A.V. Ishchenko for
the TEM measurements, D.S. Bychanok and G.V. Gorokhov for technical assistance in the GHz part.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dang, Z.-M.; Yuan, ].-K,; Zha, ].-W.; Zhou, T; Li, S.-T.; Hu, G.-H. Fundamentals, processes and applications
of high-permittivity polymer-matrix composites. Prog. Mater. Sci. 2012, 57, 660-723. [CrossRef]

2. Yaun, J. Percolation of carbon materials for high-k polymer nanocomposites. Chin. Chem. Lett. 2017, 28,
2036-2044. [CrossRef]

3. Nan, C.-W,; Shen, Y.; Ma, J. Physical properties of composites near percolation. Annu. Rev. Matter. Res. 2010,
40, 131-152. [CrossRef]

4. Yuan, ]J.-K,; Yao, S.-H.; Dang, Z.-M.; Sylvestre, A.; Genestoux, M.; Bai, J. Giant Dielectric permittivity
nanocomposites: Realizing true potential of pristine carbon nanotubes in polyvinylidene fluoride matrix
through an enhanced interfacial interaction. J. Phys. Chem. C 2011, 115, 5515-5521. [CrossRef]

5. Wu, G, Huang, X,; Xie, L.; Wu, X;; Yu, ].; Jiang, P. Morphology-controllable graphene—TiO, nanorod hybrid
nanostructures for polymer composites with high dielectric performance. . Chem. Phys. 2011, 21, 17729. [CrossRef]


http://www.mdpi.com/1996-1944/12/11/1848/s1
http://dx.doi.org/10.1016/j.pmatsci.2011.08.001
http://dx.doi.org/10.1016/j.cclet.2017.08.020
http://dx.doi.org/10.1146/annurev-matsci-070909-104529
http://dx.doi.org/10.1021/jp1117163
http://dx.doi.org/10.1039/c1jm12903a

Materials 2019, 12, 1848 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Micheli, D.; Vricella, A.; Pastore, R.; Marchetti, M. Synthesis and electromagnetic characterization of frequency
selective radar absorbing materials using carbon nanopowders. Carbon 2014, 77, 756-774. [CrossRef]

Selvi, M.; Devaraju, S.; Sethuraman, K.; Alagar, M. Carbon black-polybenzoxazine nanocomposites for high
k dielectric applications. Polym. Compos. 2014, 35, 2121-2128. [CrossRef]

Gavrilov, N.N.; Okotrub, A.V.; Bulusheva, L.G.; Sedelnikova, O.V.; Yushina, I.V.; Kuznetsov, V.L. Dielectric
properties of polystyrene/onion-like carbon composites in frequency range of 0.5-500 kHz. Compos. Sci.
Technol. 2010, 70, 719-724. [CrossRef]

Karousis, N.; Suarez-Martinez, I.; Ewels, C.P.; Tagmatarchis, N. Structure, properties, functionalization, and
applications of carbon nanohorns. Chem. Rev. 2016, 116, 4850-4883. [CrossRef]

Yudasaka, M.; Iijima, S.; Crespi, V.H. Single-wall carbon nanohorns and nanocones. In Carbon Nanotubes:
Advanced Topics in the Synthesis, Structure, Properties and Applications, 2nd ed.; Jorio, A., Dresselhaus, G.,
Dresselhaus, M.S., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; Volume 111, pp. 605-629.
Yamaguchi, T.; Bandow, S.; Iijima, S. Synthesis of carbon nanohorn particles by simple pulsed arc discharge
ignited between pre-heated carbon rods. Chem. Phys. Lett 2004, 389, 181-185. [CrossRef]

Li, N.; Wang, Z.; Zhao, K; Shi, Z.; Gu, Z.; Xu, S. Synthesis of single-wall carbon nanohorns by arc-discharge
in air and their formation mechanism. Carbon 2010, 48, 1580-1585. [CrossRef]

Gattia, D.M.; Vittori Antisari, M.; Marazzi, R.; Pilloni, L.; Contini, V.; Montone, A. Arc-discharge synthesis of
carbon nano horns and multiwalled carbon nanotubes. Mater. Sci. Forum 2006, 518, 23-28. [CrossRef]
Gattia, D.M.; Vittori Antisari, M.; Marazzi, R. AC arc discharge synthesis of single-walled nanohorns and
highly convoluted graphene sheets. Nanotechnology 2007, 18, 255604. [CrossRef]

Khoerunnisa, F; Fujimori, T.; Itoh, T.; Kanoh, H.; Ohba, T.; Yudasak, M.; lijima, S.; Kaneko, K. Electronically
modified single wall carbon nanohorns with iodine adsorption. Chem. Phys. Lett. 2011, 501, 485-490.
[CrossRef]

Tao, Y.; Noguchi, D.; Yang, C.-M.; Kanoh, H.; Tanaka, H.; Yadasaka, M.; lijima, S.; Janeko, K. Conductive
and mesoporous single-wall carbon nanohorn/organic aerogel composites. Langmuir 2007, 23, 9155-9157.
[CrossRef] [PubMed]

Unni, S.M,; Bhange, S.N.; lllathvalappil, R.; Mutneja, N.; Patil, K.R.; Kurungot, S. Nitrogen-induced surface area
and conductivity modulation of carbon nanohorn and its function as an efficient metal-free oxygen reduction
electrocatalyst for anion-exchange membrane fuel cells. Small 2015, 11, 352-360. [CrossRef] [PubMed]
Fraczek-Szczypta, A.; Blazewicz, S. Manufacturing and physico-mechanical characterization of carbon
nanohorns/polyacrylonitrile nanocomposites. J. Mater. Sci. 2011, 46, 5680-5689. [CrossRef]

Famengo, A.; Ferrario, A.; Boldrini, S.; Battiston, S.; Fiameni, S.; Pagura, C.; Fabrizio, M. Polyaniline-carbon
nanohorn composites as thermoelectric materials. Polym. Int. 2017, 66, 1724-1730. [CrossRef]

Bera, R.; Suin, S.; Maiti, S.; Shrivastava, N.K.; Khatua, B.B. Carbon nanohorn and graphene nanoplate based
polystyrene nanocomposites for superior electromagnetic interference shielding applications. J. Appl. Polym.
Sci. 2015, 132, 42803. [CrossRef]

Bera, R.; Karan, S.K,; Das, A.K,; Paria, S.; Khatua, B.B. Single wall carbon nanohorn (SWCNH)/graphene
nanoplate/poly (methyl methacrylate) nanocomposites: A promising material for electromagnetic interference
shielding applications. RSC Adv. 2015, 5, 70482-70493. [CrossRef]

Bera, R.; Das, A K.; Maitra, A,; Paria, S.; Karan, S.K.; Khatua, B.B. Salt leached viable porous Fe3O,4 decorated
polyaniline-SWCNH/PVDF composite spectacles as an admirable electromagnetic shielding efficiency in
extended Ku-band region. Compos. Part B Eng. 2017, 129, 210-220. [CrossRef]

Bera, R.; Maitra, A.; Paria, S.; Karan, S.K.; Das, A.K,; Bera, A.; Si, S.K.; Halder, L.; De, A.; Khatua, B.B.
An approach to widen the electromagnetic shielding efficiency in PDMS/ferrous ferric oxide decorated
RGO-SWCNH composite through pressure induced tunability. Chem. Eng. J. 2018, 335, 501-509. [CrossRef]
Okotrub, A.V,; Shevtsov, Y.V.; Nasonova, L.I; Sinyakov, D.E.; Chuvilin, A.V.; Gutakovskii, A.K.; Mazalov, L.N.
Arc-discharge synthesis of single-shell carbon particles. Inorg. Mater. 1996, 32, 858-861.

Plyushch, A.O.; Sokol, A.A.; Lapko, K.N.; Kuzhir, P.P.; Fedoseeva, Y.V.; Romanenko, A.l; Anikeeva, O.B.;
Bulusheva, L.G.; Okotrub, A.V. Electromagnetic properties of phosphate composite materials with
boron-containing carbon nanotubes. Phys. Solid State 2014, 56, 2537-2542. [CrossRef]

Shuba, M.V,; Yuko, D.I.; Kuzhir, P.P.; Maksimenko, S.A.; Chigir, G.G.; Pyatlitski, A.N.; Sedelnikova, O.V.,;
Okotrub, A.V.; Lambin, P. Localized plasmon resonance in boron-doped multiwalled carbon nanotubes.
Phys. Rev. B 2018, 97, 205427. [CrossRef]


http://dx.doi.org/10.1016/j.carbon.2014.05.080
http://dx.doi.org/10.1002/pc.22874
http://dx.doi.org/10.1016/j.compscitech.2009.12.026
http://dx.doi.org/10.1021/acs.chemrev.5b00611
http://dx.doi.org/10.1016/j.cplett.2004.03.068
http://dx.doi.org/10.1016/j.carbon.2009.12.055
http://dx.doi.org/10.4028/www.scientific.net/MSF.518.23
http://dx.doi.org/10.1088/0957-4484/18/25/255604
http://dx.doi.org/10.1016/j.cplett.2010.11.086
http://dx.doi.org/10.1021/la701660w
http://www.ncbi.nlm.nih.gov/pubmed/17663573
http://dx.doi.org/10.1002/smll.201303892
http://www.ncbi.nlm.nih.gov/pubmed/25155361
http://dx.doi.org/10.1007/s10853-011-5519-3
http://dx.doi.org/10.1002/pi.5366
http://dx.doi.org/10.1002/app.42803
http://dx.doi.org/10.1039/C5RA07718D
http://dx.doi.org/10.1016/j.compositesb.2017.07.073
http://dx.doi.org/10.1016/j.cej.2017.10.178
http://dx.doi.org/10.1134/S1063783414120257
http://dx.doi.org/10.1103/PhysRevB.97.205427

Materials 2019, 12, 1848 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Sedelnikova, O.V.; Fedoseeva, Yu.V.; Romanenko, A.L;; Gusel’nikov, A.V.; Vilkov, O.Y.; Maksomenko, E.A.;
Bychanok, D.S.; Kuzhir, PP; Bulusheva, L.G.; Okotrub, A.V. Effect of boron and nitrogen additives on
structure and transport properties of arc-produced carbon. Carbon 2019, 142, 660-668. [CrossRef]

Gavrilov, N.N.; Okotrub, A.V.; Bulusheva, L.G.; Kuznetsov, V.L.; Moseenkov, S.I. Low-frequency (10-50 kHz)
impedance of polystyrene-onion-like-carbon composites. Tech. Phys. Lett. 2009, 35, 85-88. [CrossRef]
Sedelnikova, O.V,; Gavrilov, N.N.; Bulusheva, L.G.; Okotrub, A.V. Maxwell-Garnett description of oermittivity
of onion-like carbon-polystyrene composites. . Nanoelectron. Optoelectron. 2009, 4, 267-270. [CrossRef]
Sedelnikova, O.V.; Kanygin, M.A.; Korovib, E.Y.; Bulusheva, L.G.; Suslyaev, V.I.; Okotrub, A.V. Effect of
fabrication method on the structure and electromagnetic response of carbon nanotube/polystyrene composites
in low-frequency and Ka bands. Compos. Sci. Technol. 2014, 102, 59-64. [CrossRef]

Kanygin, M.A.; Sedelnikova, O.V.; Bulusheva, L.G.; Okotrub, A.V. Polymer-assisted forge-rolling
disaggregation of detonation nanodiamonds and onion-like carbon. Int. J. Nanotechnol. 2015, 12, 1820191.
[CrossRef]

Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron—phonon coupling, doping
and nonadiabatic effects. Solid State Commun. 2007, 143, 47-57. [CrossRef]

Fan, J.; Yudasaka, M.; Kasuya, D.; Azami, T.; Yuge, R.; Imai, H.; Kubo, Y,; Iijima, S. Micrometer-sized graphitic
balls produced together with single-wall carbon nanohorns. J. Phys. Chem. B 2005, 109, 10756-10759.
[CrossRef] [PubMed]

Azami, T.; Kasuya, D.; Yuge, R.; Yudasaka, M.; lijima, S.; Yoshitake, T.; Kubo, Y. Large-scale production of
single-wall carbon nanohorns with high purity. J. Phys. Chem. C 2008, 112, 1330-1334. [CrossRef]

Jonscher, A.K. The “universal’ dielectric response. Nature 1977, 267, 673-679. [CrossRef]

Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R D.; Nguyen, S.T.;
Ruoff, R:S. Graphene-based composite materials. Nature 2006, 442, 282-286. [CrossRef] [PubMed]

Berrau, S.; Demont, P; Peigney, A.; Laurent, C.; Lacabanne, C. DC and AC conductivity of carbon
nanotubes—polyepoxy composites. Macromolecules 2003, 36, 5187-5194. [CrossRef]

Bryning, M.B.; Islam, MLE,; Kikkawa, ].M.; Yogh, A.G. Very Low Conductivity Threshold in Bulk Isotropic
Single-Walled Carbon Nanotube-Epoxy Composites. Adv. Mater. 2005, 17, 1186-1191. [CrossRef]
Rainindi, M.; Guadagno, L.; Vertuccio, L.; Naddeo, C.; Barra, G.; Spinelli, G.; Lamberti, P.; Tucci, V.;
Lafdi, K. Electrical conductivity of carbon nanofiber reinforced resins: Potentiality of Tunneling Atomic
Force Microscopy (TUNA) technique. Compos. Part B Eng. 2018, 143, 148-160.

Macutkevic, J.; Kranauskaite, I.; Banys, J.; Moseenkov, S.; Kuznetsov, V.; Shenderova, O. Metal-insulator
transition and size dependent electrical percolation in onion-like carbon/polydimethylsiloxane composites.
J. Appl. Phys. 2014, 115, 213702. [CrossRef]

Connor, M.T,; Roy, S.; Ezquerra, T.A.; Balta Calleja, F. Broadband ac conductivity of conductor-polymer
composites. J. Phys. Rev. B 1998, 57, 2286. [CrossRef]

Zhang, W.; Blackburn, R.S.; Dehghani-Sanij, A. Effect of carbon black concentration on electrical conductivity
of epoxy resin—carbon black-silica nanocomposites. . Mater. Sci. 2007, 42, 7861-7865. [CrossRef]
Grimaldi, C.; Kecsenovity, E.; Majidian, M.; Kuznetsov, V.L.; Magrez, A.; Forrd, L. Electrical transport in
onion-like carbon-PMMA nanocomposites. Appl. Phys. Lett. 2019, 114, 103102. [CrossRef]

Efros, A.L.; Shklovskii, B.I. Critical behaviour of conductivity and dielectric constant near the metal-non-metal
transition threshold. Phys. Status Solidi B 1976, 76, 475-785. [CrossRef]

McLachlan, D.S. Analytical functions for the DC and AC conductivity of conductor-insulator composites.
J. Electroceramics 2000, 5, 93-110. [CrossRef]

Sumita, M.; Sakata, K.; Hayakawa, Y.; Asai, S.; Miyasaka, K.; Tanemura, M. Double percolation effect on the
electrical conductivity of conductive particles filled polymer blends. Colloid Polym. Sci. 1992, 270, 134139.
[CrossRef]

Lee, ].H.; Jang, YK.; Hong, C.E.; Kim, N.H,; Li, P,; Lee, H.K. Effect of carbon fillers on properties of polymer
composite bipolar plates of fuel cells. J. Pow. Sources 2009, 193, 523-529. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.carbon.2018.11.071
http://dx.doi.org/10.1134/S106378500901026X
http://dx.doi.org/10.1166/jno.2009.1028
http://dx.doi.org/10.1016/j.compscitech.2014.07.013
http://dx.doi.org/10.1504/IJNT.2015.067203
http://dx.doi.org/10.1016/j.ssc.2007.03.052
http://dx.doi.org/10.1021/jp050548y
http://www.ncbi.nlm.nih.gov/pubmed/16852307
http://dx.doi.org/10.1021/jp076365o
http://dx.doi.org/10.1038/267673a0
http://dx.doi.org/10.1038/nature04969
http://www.ncbi.nlm.nih.gov/pubmed/16855586
http://dx.doi.org/10.1021/ma021263b
http://dx.doi.org/10.1002/adma.200401649
http://dx.doi.org/10.1063/1.4880995
http://dx.doi.org/10.1103/PhysRevB.57.2286
http://dx.doi.org/10.1007/s10853-007-1670-2
http://dx.doi.org/10.1063/1.5085936
http://dx.doi.org/10.1002/pssb.2220760205
http://dx.doi.org/10.1023/A:1009954017351
http://dx.doi.org/10.1007/BF00652179
http://dx.doi.org/10.1016/j.jpowsour.2009.04.029
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of CNH/PS Composites 
	Methods 

	Results and Discussion 
	Structural Characterisation 
	Electromagnetic Properties of CNHs 
	DC Conductivity of CNH/PS Composites 
	AC Permittivity and Conductivity of CNH/PS Composites 
	Electromagnetic Shielding Effectiveness of CNH/PS Composites 

	Conclusions 
	References

