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Abstract. With the development of periodic metamaterials, more attention has been paid to negative
permittivity behavior due to great potential applications. In this paper, silver nanowires (AgNWs) were
introduced to the porous carbon fibers (CFS) by an impregnation process to prepare CFS/AgNWs composites
with different content of AgNWs and the dielectric property was investigated. With the formation of conductive
network, the Drude-like negative permittivity was observed in CFS/AgNWs composites. With the increase of
AgNWs, the connectivity of conductive network became enhanced, the conductivity gradually increases, and the
absolute value of the negative dielectric constant also increases to 8.9 x 10*, which was ascribed to the
enhancement of electron density of the composite material. Further investigation revealed that the inductive
characteristic was responsible for the negative permittivity.
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1 Introduction

In the past decades, electromagnetic metamaterials with
negative permittivity and negative permeability have
attracted a wide range of attention due to their unique
electromagnetic properties, such as negative refraction [1],
perfect imaging [2] and super absorption [3,4], etc. The
application of electromagnetic metamaterials in the
antenna system can improve the directivity and tunability
and reduce the size of the antenna [5,6]. With the
development of science and technology, traditional stealth
technology and wave-absorbing materials have been
unable to meet the requirements of application. In 2006,
Pendry et al. [7] first proposed the idea of using
metamaterials to prepare an invisibility cloak, and gave
the parameters required for the design of the cloak, which
theoretically proved the feasibility of the idea. Then, a two-
dimensional invisibility cloak or carpet is prepared and
applied to the microwave frequency band. The feasibility of
electromagnetic stealth is verified experimentally [8,9]. In
addition, the high energy density and low loss and
breakdown strength make the composite material ideal
material for high performance dielectric energy storage
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capacitors [10,11]. The electromagnetic metamaterials
have a great value in the fields of wireless communication
[12], electromagnetic absorption [13] and shielding [14], etc.
To date, electromagnetic metamaterials are mainly classi-
fied into two types, namely the periodic metamaterials and
random metamaterials. In general, periodic metamaterials
are composed of structural units in the scale of sub-
wavelength and their electromagnetic performance mainly
depends on geometric shape, size and arrangement of the
structure units, rather than on their chemical composition
and microstructure. As a supplementary of periodic
metamaterials, random metamaterials termed as meta-
composites are favored owing to their facile fabrication, low
cost and tunable properties based on intrinsic properties
of materials, such as composition and miscrostructure
[15-17).

For the random metacomposites, the negative permit-
tivity can be obtained by appropriately tailoring their
microstructures. It indicates that the negative permittivity
is caused by the plasma oscillation of delocalized electrons
[18]. In fact, the negative permittivity was initially
observed in metal materials below the oscillation frequen-
cy. For the pure metal bulk, the oscillation frequency is
usually observed at visible or ultraviolet frequency region,
so the absolute values of negative permittivity can be very
huge in radio frequency region [19,20]. There is an urgent
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Fig. 1. The preparation schematic diagram of AgNWs.

requirement in obtaining tunable negative permittivity
with a low-frequency plasmon state to meet the practical
applications. In our previous investigation, metal particles
such as silver and nickel were diluted in ceramic matrix to
decrease the plasma oscillation frequency to radio
frequency [21,22]. Similarly, Tsutaoka et al. [23-26]
observed negative permittivity with a low frequency
plasmon state in resin-based composites with copper or
nickel particles. Moreover, Park et al. [27] introduced
chain-like nickel to polyvinylidene fluoride and achieve the
tunable negative permittivity. Compared with that of
metal materials, there are fewer investigations focused on
carbon materials, and the mechanism of negative permit-
tivity should be further revealed.

It indicates that the negative permittivity was in close
association with the connected network. In theory,
introducing conductive fillers can contribute to the form
of connected network, leading to a strongly negative
permittivity. Based on this idea, herein the porous carbon
fiber skeleton (CFS) was selected as the matrix to load one-
dimensional silver nanowires (AgNWs) by an impregnation
method. After introducing AgNWs, the absolute values of
negative permittivity significantly increased, which was
attributed to the enhanced connectivity of the conductive
network. The tunable negative permittivity behavior was
observed in CFS/AgNWs composites by adjusting the
composition and microstructure. In addition, the relation-
ship between the impedance and permittivity was studied.
It demonstrated that the negative permittivity was
ascribed to inductive character of conductive network.

2 Experimental procedure

2.1 Materials

The carbon fiber skeleton is provided by Hangzhou Vulcan
New Materials Technology Co., Ltd (China). In addition,
silver nitrate (AgNOs, purity ~99.99%), polyvinylpyrro-
lidone (PVP) with an average molecular weight M, of
30000, sodium chloride (NaCl), ethylene glycol (EG) and
anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd (China). All the raw materials
were used without any treatment.

2.2 Preparation of AgNWs

Figure 1 shows the preparation schematic diagram of
AgNWs. AgNWs were synthesized by a polyol method.

Firstly, add 5.8 g of PVP powder and 184 ml of EG into the
flask. Then put the flake in oil bath pot to uniformly heat
from room temperature (RT) to 195°C along with
magnetic stirring. Subsequently, add 0.036 g of NaCl into
60ml of EG to completely dissolve, and then slowly drop
6 ml of the prepared NaCl solution into the flask. After
that, dissolve 1.529 g of AgNOj5 into 10 ml of EG and drop
the AgNOj3 solution into flask. After reacting for 15min,
the solution naturally cooled to RT, then centrifuged at
10 000 rpm to collect the AgNWs. Finally, the collected
AgNWs were repeatedly washed with deionized water to
remove PVP and EG until the supernatant became
colorless. In this experiment, AgNOj; was used as the
source of AgNWs and PVP was used as the structure-
oriented reagent. EG and NaCl were used as reducing agent
and additive, respectively.

2.3 Preparation of CFS/AgNWSs composites

The CFS was used as matrix. Before the impregnation
process, the CFS was completely dried in a vacuum drying
oven then obtained its initial mass. The prepared AgNWs
were dispersed in deionized water and stirred continuously
to form AgNWs suspension. Subsequently, the dried CFS
was impregnated into AgNWs suspension. After impreg-
nation process, the CFS was placed in a blast air oven to
dry at 120°C for 1h. Finally, CFS/AgNWs composites
with different content of AgNWs (0, 0.67, 1.37, 2.08, 3.03,
3.68 and 4.03wt%) were prepared by repeatedly impreg-
nation and drying.

2.4 Characterization and measurement

The microstructure and distribution of the samples were
observed by field emission scanning electron microscope
(FESEM: JSM 7500F, Japan). X-ray diffraction (XRD:
PANalytical X’pert PRO, the Netherlands) was used to
analyze the phase and crystal structure of the prepared
materials. The scanning range was 10-90°, and the
scanning speed was 5°/min. An LCR meter (Keysight,
E4980AL, USA) was used to test the dielectric properties of
the samples in the frequency range of 10 kHz—1 MHz. After
the equipment was calibrated and compensated, the
sample was placed between two electrodes for measure-
ment. The impedance and capacitance of the samples were
measured directly by LCR meter at room temperature. The
permittivity (&), impedance modulus (]Z]) and AC
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Fig. 2. XRD patterns of CFS and CFS/AgNWs composites with
different content of AgNWs.

conductivity (o,.) are calculated as follows,

Cd
Sl :go_A (1)
ERVIVAR VAl (2)
d
Oy :ﬁ (3)

where d is the sample thickness, A is the area of electrode,
C is capacitance ¢y is the vacuum dielectric constant
(8.85x 107 '* F/m), Z' and Z” are the real and imaginary
impedance, R is the resistance and S is the area of
sample.

3 Results and discussion

The XRD phase analysis of CFS/AgNWs composites is
shown in Figure 2. The XRD test conditions are scanning
speed 5°/min and scanning range 10-90° at room
temperature. For the pure CFS, three distinct characteris-
tic peaks were observed at about 26°, 43° and 53°,
corresponding to (002), (101) and (004) crystal surfaces,
respectively. In the radial direction of carbon fiber, the
(002) crystal surface is closely related to the interlaminar
space. The presence of strong diffraction peaks at about
26° corresponding to (101) and (004) crystal faces indicated
that the CFS had a high graphitization [28], which was
conducive to the increase of conductivity. When AgNWs
were introduced into the CFS, five peaks were observed at
around 38.1°, 43.8°, 64.1°, 77.3° and 81.8°, consistent with
JCPDS card (#00-004-0783) of silver [29]. With the
increase of AgNWs, the diffraction intensity of silver

different content of AgNWs. (a—d) represents 0, 1.37, 3.03 and
4.03wt% content of AgNWs.
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Fig. 4. The AC conductivity spectra of CFS/AgNWs composites
with different content of AgNWs.

increased, but the position of characteristic peak did not
shift. According to XRD analysis, it indicated that CFS/
AgNWs composites were prepared.

Figure 3 shows the SEM images of the CFS/AgNWs
composites with different AgNWs content. The AgNWs in
the composites were uniformly distributed on the CFS.
When the content of AgNWs was 0.67 wt%, AgNWs
distributed in the CFS in isolation. With the increase of
AgNWs content, AgNWs connected with each other and a
new network formed among the CFS, so that the
connectivity of the conductive network became enhanced.

Figure 4 shows the AC conductivity spectra of CFS/
AgNWs composites with different content of AgNWs. Pure
CFS had a relatively low conductivity in the test frequency
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Fig. 5. The permittivity spectra of CFS/ AgNWs composites
with different content of AgNWs (0-4.03 wt%). The solid lines
present the fitted results based on the Drude model.

range. When AgNWs were introduced to the CFS, the
conductivity of the composites was effectively improved.
With the increase of AgNWs, the electrical conductivity of
the resulting composites got enhanced. On the other hand,
the conductivity gradually decreased in high frequency
region, which should be ascribed to the skin effect. As is
well known, the pure CFS possessed a good conductivity
after graphitization, so CFS can be regarded as a
conductor. The connectivity of the conductive network
became enhanced due to the existence of AgNWs. Hence,
CFS/AgNWs composites exhibited metal-like characteris-
tic. Therefore, the conductivity decreased with the increase
of frequency owing to skin effect.

The dielectric properties of CFS/PVA composites were
discussed as above. The PVA of insulation property was
introduced into the CFS skeleton to realize the regulation
of weak negative dielectric properties by changing the
electron concentration [30]. In this paper, the innovation is
reflected in the introduction of AgNWs with strong
conductivity on the basis of CFS, which makes it easier
to form a conductive network with increased electron
concentration, so as to study the regulation of dielectric
properties. Figure 5 shows the permittivity spectra of CFS/
AgNWs composites with different content of AgNWs. For
the pure CFS, the permittivity was negative in the whole
test frequency. With the increase of AgNWs, the negative
permittivity behavior was also maintained in CFS/AgNWs
composites. Meanwhile, the absolute values of negative
permittivity increased for the composites with more
content of AgNWs. On the other hand, along with the
increase of AgNWs, the frequency dispersive behavior
became stronger, especially in the composites with 4.03 wt%
AgNWs. The pure CFS possessed a high conductivity after
graphitization. After introducing AgNWs to the CFS, the
conductive AgNWs contributed to the connectivity of
network, leading to the increase of electron concentration.
Drude model was used to explore the mechanism of negative

permittivity, which can be expressed as follows [31-33],

2
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" »? + w?
Nefre?
0 = (5)
Mefreo

where w,, (w, = 2rf,) is the plasma angular frequency, f, is
the plasma frequency, w is the angular frequency of the
applied electric field, w, (w, = 2rf;) is the damping angular
frequency, & is permittivity of vacuum (8.85 x 10~ 2 F /m),
negr 18 the effective concentration of conduction electrons,
M. is the effective mass of electron and e is electron charge
(1.6 x 107C). The solid lines were well fitted by the Drude
model.

Equivalent circuit analysis is a simple and effective
method to investigate the electrical properties of materials.
In order to further reveal the mechanism of negative
permittivity, the impedance spectra of CFS/AgNWs
composites were analyzed according to equivalent circuit
model (Fig. 6). With the increase of AgNWs, the
impedance module values gradually decreased, indicating
that the conductivity increased. According to the fitted
results, for CFS/AgNWs composites with a low content of
AgNWs (0-2.08 wt%), it can be equivalent to the circuit
model composed of parallel resistor R, capacitor Cj,
resistor R; and inductor L;. In general, the inductor and
capacitor show different responses to the AC electric field,
which can be described as inductive reactance (Z;) and
capacitive reactance (Z¢). The total reactance is expressed
as Z" =7y, — Zc [21]. On the other hand, for the resulting
composites with higher content of AgNWs (3.03-4.03 wt%),
it can be equivalent to the circuit of capacitance C and
resistance R,,, R1, Ry and inductance L; and Ly. Due to the
enhanced connectivity of conductive network among the
composites, the inductive characteristic increased. Further
investigation revealed that permittivity and impedance
conformed to the following relationship,

z"
!
S 6
or 21 fCo(Z"” + Z™) (6)

where 7', Z" are the resistance and reactance, C, is the
vacuum capacitance and f is test frequency. When the
permittivity was negative value, the corresponding reac-
tance was positive value, suggesting an inductive charac-
teristic. Based on this equation, we can draw a brief
conclusion that the inductive characteristic is responsible
for the negative permittivity.

4 Conclusions

In this paper, CFS/AgNWs composites with different
content of AgNWs were prepared by an impregnation
process. The carbon fiber skeleton shows Drude-like
negative permittivity due to itself conductive network.
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Fig. 6. Impedance module spectra of CFS/AgNWs composites with different content of AgNWs.

When AgNWs were introduced, the absolute values of
CFS/AgNWs composites increased, which was attributed
to the enhanced connectivity of the conductive network,
leading to the increase of electron density. In addition,
further investigation revealed that the inductive charac-
teristic was responsible for the negative permittivity.
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