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Abstract

Negative permittivity (¢’ < 0) has been a vital and eye-catching electromagnetic parameter for designing new-generation
electrical devices. However, &'-negative materials generally suffer from the overhigh absolute value of &’ and serious
frequency dispersion, especially in the radio-frequency region. Hence, carbon nanotubes/polystyrene (CNTs/PS)
membranous composites were ingeniously designed and fabricated by a spin-coating procedure. The ultraweakly and
frequency-stable negative permittivity (¢~ -200) was amazingly achieved over 10 kHz-1 MHz region, attributing to the weakly
low-frequency plasmonic state within a 3-dimensional (3D) CNTs network. With increased CNTs content, hopping conduction
behavior in composites evolved to metal-like conduction. The impedance analysis based on equivalent circuit models
confirmed the inductive characteristic of £-negative materials. The obtained flexible CNTs/PS membranous composites could

significantly enrich their application on novel wearable electrical devices.
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1. Introduction

Since the negative permittivity (¢ < 0) concept was first
proposed in 1968, various electronic devices for energy
storage and transfer system, antenna setup, and
electromagnetic wave shielding were found to be related to
this physical property.?® As summarized in multiple
investigations, the negative value of real permittivity was a
common phenomenon in metals, conductive polymers or
meticulously constructed metacomposites, ascribed to
materials’ intrinsic nature related to electron concentration and
electron mobility.[59 Briefly, high electron concentration is
considered to be the vital reason contributing to a strong
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negative permittivity while electron mobility is closely related
to the frequency dispersion. As is known, metals are electron-
rich materials that may donate an extremely high negative
permittivity value (10°~107) in the metacomposites and
meanwhile their absolute value was hard to be manipulated.[*™
41 At the same time, a high electron transfer rate due to the
enormous carrier concentration has also brought an obvious
frequency dispersion in those metacomposites, which may
cause more energy loss and block the broadband application
in electromagnetic devices.['>! Normally, when the absolute
value of ¢’ is less than 1000, it could be a semi-quantifiable
criterion and summarized as the “ultraweakly” negative
permittivity. Numerous works have concentrated on tunable
negative permittivity since strong negative permittivity is
generally not an applicable ideal property for electromagnetic
devices.

Given the above thinking, many researchers have focused
on reducing electron concentration and mobility in
metacomposites by introducing another insulator phase into
the metals to “dilute” the electron density.[*”-?!1 For example,
Choy et al. reported metacomposites with 80 wt% copper
embedding into epoxy which decreased the absolute value of
negative permittivity to ~10* order.?2 In 2022, Wang et al.
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fabricated  nickel/polyaniline  metacomposites  with
ultraweakly negative permittivity (~-10°), which attributing to
the suppress of plasma oscillation in metal network by
polyaniline.?® In fact, the plasma oscillation highly relating to
the electron density could be regulated by the meticulously
designing of composition and microstructure which could
achieve a significantly decreasing of negative value of ¢’ over
the whole test frequency.

Apart from diluting metals’ electron concentration, carbon-
based materials including well-designed porous carbon,
graphene-based nanomaterials, carbon nanotubes (CNTs), and
carbon fibers were popularly adopted as conductive filler due
to their moderate electron density, as well as their lighter
weight for flexible design.["?#% For instance, Wang et al.
designed the multilayer membranous metacomposites
consisting of ¢'-negative layers to accomplish frequency-
stable  dispersion.®  Among various designs of
metacomposites, the insulator phase can be ceramics (Al>Os,
Si0,, and BaTi0O3).[Y72% and kinds of functional polymers.[-35
Wherein, polymers have won significant attention for
designing percolative composites due to their excellent
electrical insulation, lightweight, and greatly mechanical
performance.%31 By elaborately regulating the component
and microstructure, metacomposites can make precise control
of dispersion characteristics including response frequency and
magnitude of negative permittivity, to satisfy their practical
applications in electronic devices.

Once practically applied in a high-frequency
electromagnetic field, the serious frequency dispersion of &'-
negative materials would bring an inefficient performance and
worse stability in electronic devices. In traditional material
selection for radio frequency and lower frequency applications,
people focus on metallic materials and their electrical
conductivity, rather than the permittivity. Furthermore, the
permittivity is often overlooked because it is an imaginary
number that is difficult to measure due to the high plasma
frequency. To meet the demand for miniaturized electronic
component design, metacomposites have become a good
choice for low-frequency applications. These materials offer
new possibilities for highly integrated electronic devices and
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can help overcome the limitations of traditional materials for
achieving  optimal  performance in  low-frequency
electromagnetic fields. Accordingly, the stable &-negative
response and the relatively smaller absolute value in the
shifting frequency range are promising choices for new
electronic components to achieve impedance matching, which
has been challenging for years.®®4 In addition, such weakly
and stably negative permittivity properties were essential for
flexible membranous metacomposites when applied in
wearable equipment and flexible electronic devices.?8! (Table
1).

In this work, carbon nanotubes/polystyrene (CNTs/PS)
membranous composites were designed and produced by a
spin-coating process. A 3-dimensional (3D) CNTs network in
membranous composites was gradually constructed. The
Drude model and the equivalent circuit analysis were used to
illustrate the generation mechanisms of negative permittivity.
The hydrophobic CNTs/PS membranous composites with
certain toughness and flexibility would be a better choice for
wearable electrical devices and electromagnetic wave
shielding.

2. Experimental

2.1 Chemicals and characterizations

Polystyrene (PS, Sigma-Aldrich, purity > 99%) and carbon
nanotubes (CNTs, length: Sum, diameter: 25 nm),
Dichloromethane (DCM, CH)Cl,, Sigma-Aldrich, purity >
99%) were used as received without further purification. The
microstructures and morphological evolution of CNTs/PS
membranous composites were collected on the FESEM
(Hitachi, SU-70, Tokyo, Japan). X-ray diffraction (XRD) data
for composites were recorded on a BRUKER SRD-D2 Phaser
(260 = 10-80°, scanning rate of 20°/min). X-ray photoelectron
spectroscopy (XPS) was collected on X-ray Photoelectron
Spectrometer (PHI Model 5802). By the impedance analyzer
(Agilent E4991A), alternating current conductivity (oac),
dielectric permittivity (¢, &"), phase angle (0), and the
impedance (Z', Z") properties of the CNTs/PS membranous
composites were recorded respectively. The ¢’ (¢’ = Cd/Agy, C,
capacitance; d, membranous composite thickness) and ¢” (¢" =
d2rfAey, f = frequency, d = membranous composite thickness;
A represents electrode’s area; g = 8.85x10'2 F/m) were
calculated respectively. gac = d/RA (R means resistance). The
real part (Re (Z), Z') of impedance and the imaginary part (/m
(Z), Z") of impedance were directly read out by the analyzer
machine.

2.2 Preparation of CNTs/PS membranous composites

PS was dissolved in DCM to get the pre-stock polymer
solution (2 g/6-8 ml). Weighed CNTs of different masses were
dispersed into the pre-stock polymer solution respectively, and
after an ultrasonic and vortex treatment for 10 min, uniformly
dispersed mixtures (CNTs: PS mass weight content: 5 wt%, 10
wt%, 15 wt%, 20 wt%, 30 wt%) were achieved. CNTs/PS
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Table 1. Comparison of various e-negative materials.

. . - Average value  Stability Mechanical e Negative
£'-negative materials Filling content Refs
of ¢’ of ¢’ performance  frequency
TizAlC2-polyimide 44-88 wt% ~-108 shifting - 10 MHz-1 GHz [55]
LaosSrosMnOs - ~-10° shifting - 10 MHz-650 MHz  [52]
5wt% (0-1 wt%
BaTiOs/Ag/ epoxy AQ) T shifting - 1kHz-1 MHz [17]
. 3.58 wt%- . .
Al/acrylic polyurethane 86 41wt‘; ~-10? shifting Flexible 10 MHz-800 MHz  [12]
. 0
Ag/SiO2 17-37 wt% ~-103 shifting - 10 MHz-520 MHz  [56]
Cu/epoxy 10-80 wt% ~-104 shifting - 10 kHz-1 MHz [22]
Graphene/CaCusTisO12 1-16 wt% ~-108 shifting - 10 MHz-1 GHz [54]
MWCNTs/Al03 1-12 wt% ~-102 shifting - 10 MHz-350 MHz  [19]
Graphene/polypyrrole 10-70 wt% ~-102 shifting - 1 MHz-1 GHz [32]
MWCNTs /PVA 3 -15 wt% ~-102 shifting Flexible 580 kHz-1 MHz [37]
Graphene /PVDF 2-18 wit% ~-108 stable - 100 kHz-1 MHz [29]
MWCNTs/PANI 10-90 wt% ~-10? shifting - 100 MHz-1 GHz [24]
CNTs/PS 5-30 wt% ~-10? stable Flexible 10 kHz-1 MHz This work

membranous composites were produced by a spin coating
procedure (spin-coater CY-SP-3) and the thick and sticky
CNTs dispersion was spread evenly with the spin rate at 400
rpm/min. After being coated on the glass substrate, the DCM
in the wet membranous composites was evaporated at room

a

DCM

L
:
;
g
'S

PS chain

flexible

CA right: 92.5°
CA left: 92°

plastic cover tissue
2

temperature (20 °C) for 10 hours and the black and plain
membranous composites were able to be peeled off from the
substrate (Fig. 1a). The light, durable and flexible
membranous composite could be cropped and remolded into
desired shapes by multi-folding, bending, and cutting without

durable

Fig. 1 The experimental process sketch for CNTs/PS membranous composites (a). The flexibility and wettability of CNTs/PS
membranous composites: the light membranous composite could be multi-folding, bending, and cutting freely. The contact angle
was about 92°. (d: diameter, T: thickness, plastic cover: commercial petri dish cover, tissue: double layer lens cleaning tissue) (b).
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ruining the inner network and conductive micro-structures
(Fig. 1b).

3. Results and discussion
3.1 Microstructure of CNTs/PS membranous composites
Microstructures of CNTs/PS membranous composites with

different CNTs content were collected and presented in Fig. 2a.

PS matrix formed a completely tight layer structure when no
CNTs joined the polymer. When increasing the CNTs content
from 5 wt% to 15 wt%, fiber-shape CNTs (purple area) in the
PS layers (brown-yellow arrow) have gradually been
presented and the area-distributed CNTs implied an expanding
conductive area in the insulative matrix started to be built. The
connected CNTs network could be noticed in the 20 wt%
membranous composites in the SEM images since the fiber
crossed through the polymer matrix directedly. After 30 wt%
content of CNTs were introduced into the polymer matrix, a
stacked and connected 3D CNTs network was notably
covering the matrix surface and filling the interspace (Fig. 2a).
Such distribution has reversed the PS-covered membranous
appearance in 5 wt%-CNTs composites and obviously
depicted the CNTs networks establishment in the membranous
films. XRD patterns for CNTs/PS membranous composites
were shown in Fig. 2b and the typical diffraction peaks for
CNTs (002) and (100) were gradually strengthened along with
the increase of the CNTs content, implying the expanded
N\
\

d m

wi1% CNTsM
\ R\

6
V. P

CNTs and PS interface (Fig. 2b). The Cls XPS spectrum for
CNTs was depicted in Fig. 2¢ and the peak at binding energy
(BE) 0f284.9 ¢V and 285.8 eV were attributed to the C-C (sp?)
and C-C(sp?) by the carbon-carbon interaction.*) The peak at
BE of 291.4 eV was due to the z-7* plasmon in the benzene
rings of membranous composites from CNTs.[*241 Besides the
great flexibility, the wettability of the membranous composites
surface has been recorded by the contact angle tester as 92°,
which presented the good hydrophobic character. All the
mentioned properties of CNTs/PS membranous composites
may broaden their applications in water-shielding electrical
materials.*¢1 (Fig. 1b).

)

3.2 Dielectric properties of the CNTs/PS membranous
composites

The real permittivity (¢') and imaginary permittivity (e")
spectra for membranous composites with different CNTs
content were shown in Fig. 3. For composites with 5 wt% to
20 wt% content of CNTs, the ¢’ value was positive and
experienced a gentle improvement that could be explained by
the Maxwell-Wagner Sillars effect.[*7-4°1 Specifically, the
CNTs was surrounded and isolated by PS layers which could
be equivalent to hundreds of micro-capacitors. Furthermore,
there was an interfacial polarization effect in composites, that
is, many charge carriers were accumulated at the interface of
CNTs and PS under an external electric field. As the content

©02) (100
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Fig. 2 SEM images for 0-30 wt% CNTs content CNTs/PS membranous composites (a). XRD patterns of CNTs/PS membranous

composites(b); XPS spectrum of CNTs (¢).
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of CNTs increased from 5 wt% to 20 wt%, the equivalent
micro-capacitor area and interfacial polarization effect have
been expanded, leading to the enhanced positive permittivity
performance. As shown in Fig. 3a, the ¢’ values decreased with
increasing test frequency ascribing to the dielectric relaxation
behavior.™!

After the CNTs content increased to 30 wt%, the ¢’ value
became negative, implying a 3D conductive CNTs network in
the CNTs/PS membranous composite. The relationship
between ¢’ and frequency was well-fitted and explained by the

Drude model:[2

2
@p

gr(w)=1- peavel (1
_ [mesre?
wp = Q/meffgo (2)

wp(wp = 27fy,): angular plasma frequency, (f,, the plasma
frequency),
w(w = 2xf): angular frequency of the applied electrical field,

*  5wit% CNTs
300+ * 10 wt% CN'1s
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20 wt% CNTs
membranous composite

I'p: damping constant,

€0: 8.85 x 10712 F/m,

ney effective concentration of free electrons,
mey: effective weight of electron,

e: electron charge (1.6 x 1071° C).

As depicted in the formula (2), the effective electron
concentration and electron weight are two important
parameters that will change the ®, and further influence
negative permittivity, as well as the frequency dispersion.
With the conductive CNTs content increase, the effective
concentration and weight of free electrons would strengthen
the plasma oscillation effect in CNTs/PS metacomposite and
further lead to the upgraded ,.5**1 The absolute value of &’
(30 wt% CNTs/PS membranous composite) was as low as
about 200 with a frequency-stable dispersion from 1 kHz to
1MHz, showing competitive ¢-negative property, frequency
stability, and mechanical performance compared to the
reported metacomposites in Table 1.

b
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-

Fig. 3 Frequency dependences of (a) ¢, (b) £”, (¢) 8 and (d) gac for the CNTs/PS membranous composites, the electrical percolation

effect of membranous composites (e-f).
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Normally, imaginary permittivity (¢”) was adopted to
explain the dielectric loss in the composite materials, which
was the collaboration result of the interfacial polarization
effect and electrical conduction process in different
materials.l>"%1 As presented in Fig. 3b, the ¢” value increased
with increasing CNTs content, suggesting an enhancement of
dielectric loss in membranous composites. In composites with
5-15 wt% CNTs content, the interfacial polarization effect was
the primary source for dielectric loss. When the CNTs content
increased to 30wt%, the conduction loss played the main role
in dielectric loss which exactly corresponding to the formed
3D conductive CNTs network in composites.

Both positive permittivity and negative phase angle (6)
could confirm the capacitive behavior in the equivalent circuit.
In contrast, the negative permittivity and positive phase angle
indicated the inductive characters. In composites of 5-20 wt%
CNTs content, the 6 value was negative within the test
frequency, indicating that voltage lags current, which was
consistent with the positive permittivity shown in Fig. 3a.
When the CNTs content increased to 30 wt%, the phase angle
changed to positive value along with negative permittivity
behavior. As presented in Fig. 3¢, the negative permittivity of
membranous composites showed the positive 6 value,
indicating a reverse dielectric response compared to e'-positive
materials.

For CNTs/PS composites, alternating current conductivity
(oac) changed with CNTs content, as well as increasing
frequency (Fig. 3d). The oac of composites increased with the
enhanced CNTs clusters from 5 wt% to 30 wt% content of
CNTs. For composites at low CNTSs content, the connectivity
and conductivity were interrupted by the insulating polymer
which resulted in a low oxc value around 107-10° (S-cm™) and
an unconnected circuit (Fig. 3e). Further increasing the CNTs
content, the conductive CNTs network was constructed and
continuously promoted the o, value to 102 (S-cm™) along
with conductive circuit with a light bulb (Fig. 3f). Apart from
the influence of CNTs content, the oac climbed up with
gradually changing frequency from 10 kHz to 1MHz that well-
fitted by the Jonscher power law?: g(w) < Aw™ (where o =
2xf'is the angular frequency, n is the fractional exponent, and
A is the pre-exponential factor) and the fitting results were
presented in the figure. These shifting trends indicated a
hopping conduction behavior in membranous composites (5-
20 wt% CNTS) that the electrons “jumped” from the host to
neighbored CNTs under the electric field (Fig. 4). When CNTs
content reached 20 wt%, a direct current (dc) conductivity
platcau and higher oac were presented, showing a dc
conductivity behavior and occurrence of percolation. In
composite of 30 wt% CNTSs, the oac slightly decreased in the
high-frequency region (insert in Fig. 3d), implying a metal-
like conduction along with skin effect that the electrons
quickly transferred in low depth.5t59 Different oac changing
rules were consistent with the percolative microstructure of
CNTs/PS composites as shown in Fig. 2a. Continuously
increasing CNTs successfully bridged the insulated PS matrix

6 | Eng. Sci., 2023, 24, 920

and finally contributed to a stacked and continuous 3-
dimensional network after 30 wt% content CNTS reached.

The percolative evolution process of CNTs/PS
metacomposites under an alternative external electrical field
was exhibited in Fig. 4. The charge carriers between CNTs and
PS were accumulated through interfacial polarization under an
electrical field and the hopping conduction were achieved for
composites at low CNTs content. With increasing CNTs
content, the isolated CNTs tend to be clusters and the
interfacial polarization was gradually enhanced, leading to
obviously improvement of positive ¢’, as shown in Fig. 3a.
Typically, the decreasing trend of positive &’ with increasing
frequency originated from the leakage current within the CNTs
clusters. When the CNTs content increased to 30 wt%, the 3D
CNTs network was formed and the low-frequency plasma
oscillation was strengthened, triggering the transition from
hopping conduction to metal-like conduction, while causing
the e"-negative response over whole test frequency band.

3.3 Impedance and equivalent circuit simulation for
CNTs/PS membranous composites
Dielectric materials exposed to the alternating electric field
might work as capacitors (C), inductors (L), or resistors (R) as
well as the combined groups. Real and imaginary impedance
(Z) spectra of CNTs/PS membranous composites were
analyzed by equivalent circuits to clarify the electrical
character of &-negative materials. Chi-square values are
commonly accepted to compare the correlation between
experimental data and simulated values, the smaller the Chi-
square value is, the more accurate the equivalent circuit fit. As
shown in Figs. 5a-c, the imaginary impedance Im (Z) kept a
negative value over the test frequency (10 kHz to 1IMHz) for
composites with 5 wt%, 10 wt%, and 20 wt% CNTs content.
The fitted lines were also shown in the figures according to the
simulation data. The Chi-square values were 1.23 x 107, 1.23
x 10~ and 8.24 x 1077, respectively. The capacitors (C) in the
equivalent circuit attribute to the equivalent micro-capacitors
consisting of CNTs and PS matrix, that is, isolated CNTs
separated by the insulating PS, as discussed in the
microstructural evolution of CNTs/PS composites. Thus, &'
positive CNTs/PS composites could be considered as
capacitive dielectrics, which shows promising applications in
miniaturized and flexible energy storage devices.
Interestingly, as displayed in Fig. 5d, composite with 30 wt%
CNTs content shows positive value of Im (Z) over 10 kHz-1
MHz regions. In contrast, the inductors appeared in the
simulated equivalent circuit which specifically assembled by
the capacitor (C), three resistors (Ri, R» and R3) and two
inductors (L; and L). The Chi-square for the fitting curve was
as low as 1.06 x 107, indicating a good consistency with the
dielectric performance. The employment of inductors
indicates that ¢’-negative CNTs/PS composites are
intrinsically inductive which could be applied on new-
generation wearable coil-less electrical inductors, etc.
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Fig. 4 Evolution process schematic and generation mechanism of negative permittivity.
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Fig. 5 Impedance spectra and equivalent circuits model of the CNTs/PS membranous composites (a-d).

4. Conclusion

In summary, flexible CNTs/PS membranous composites
achieved ultraweakly and frequency-stable negative
permittivity (¢’ ~ -200) over the 10 kHz-1 MHz band.
Increasing CNTs content from 5 wt% to 30 wt% in
membranous composites has gradually bridged the CNTs
network in the insulated PS polymer. Established 3D CNTs
network in composites realized the metal-like conduction. The
impedance analysis based on equivalent circuit models with
low Chi-square value successfully confirmed the inductive
characteristic of &-negative metacomposites. The flexible
hydrophobic CNTs/PS membranous composites with
ultraweakly and frequency-stable negative ¢’ properties will
enrich choices for wearable electrical applications.
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