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This study is on the advantages of introducing pores in polymer blend fibres in broadband microwave
absorption. The electrospun porous and non-porous fibres of a blend, polyvinyl butyral and poly(3,4-
ethylenedioxythiophene)polystyrene sulfonate-PEDOT:PSS (PPPS), are explored. The porous PPPS fibres
(PPPS-f) demonstrated an outstanding reflection loss (RL) bandwidth (8.2-12.4 GHz, X-band) with a
minimum RL of —23 dB, whereas the non-porous PPPS-f of the same thickness did not exhibit even
adequate levels of RL. A high dielectric loss tangent and the electromagnetic attenuation constant (with
a phase constant) are the major factors contributing to this difference. Additionally, impedance matching
and the electromagnetic energy density are observed to be the major factors in porous PPPS-f
achieving this excellent microwave absorption bandwidth, a finding supported by microwave simulation
data. A bi-layer structure of porous PPPS-f and non-porous PPPS-f is also proposed to achieve an
X-band absorption bandwidth at minimum thickness. An android mobile app is also developed to
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Introduction

Rapid growth in electronics, especially high-power electronic
instruments, means more chances of electromagnetic signal
interference,' ™ affecting not only humans but also the proper
functioning of electronic devices and defense security devices
that use the X-band (8.2-12.4 GHz) frequency."” Great effort
has been made to combat these interferences through various
designs, such as by introducing magnetic and dielectric com-
ponents, incorporation of morphological patterns, and using
tailor-made materials,"” thus the need for apposite materials with
electrical conductivity, multifunctionality, and processability.
Polyvinylbutyral (PVB) has excellent moisture barrier properties
and has received tremendous attention as a device encapsulation
material, especially in organic electronics.*® Additionally, PVB is
lightweight and has stretchability, which encompasses application
areas such as portable electronics and wearable devices,” whereas it
lacks electrical conductivity. A recent investigation shows that the
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identify the RL of single and bi-layered porous PPPS-f and non-porous PPPS-f conveniently.

microwave dielectrics of a conducting polymer, poly(3,4-
ethylenedioxythiophene)polystyrene sulfonate (PEDOT:PSS), based
blend can be easily tuned, through various types of morphology.”®

The microwave absorption property is understood in terms
of reflection loss (RL), and it is expressed as (metal-backed),®™°

Zin - ZO

RL(dB) = 201log 7 17
in 0

(1)

where Z, (= 377 Q) is the free space intrinsic impedance and

Er tanh (ijd;/m) (2)

Absorber impedance, Zi, = Z .
T

where ¢, is the relative permittivity (¢, = ¢ — ig) and p, is the
relative permeability (u, = 4 — ip) of the material (for a non
magnetic material, u = 1 and u = 0), fis the frequency, d is the
thickness of the single layer absorbing material, and ¢ is the
velocity of light. For practical applications, the minimum RL
value should be —10 dB, which corresponds to 90%
absorption.*

Various research groups have reported microwave absorption
through morphology tuning.’™* However, reports on absorption
bandwidth (RL < —10 dB) engineering through morphology
tuning are very limited. To achieve the entire X-band RL <
—10 dB with a single layer is a challenge.’ Porous microwave
dielectric materials are believed to be an ideal lightweight broad-
band microwave absorber.'>'® The key interest in porous
materials for microwave absorption is that they can provide a
better impedance matching degree and effective permittivity,
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multiple reflections, and high stored electromagnetic energy
density, resulting in broadband absorption.'”*™® The present
work evaluates, for the first time, the effect of both morphological
patterning, by creating pores on the surface of fibers, and the use
of a novel polymer blend, PVB-PEDOT:PSS (PPPS), on the micro-
wave absorption behavior. The porous fibers and non-porous
solid fibres are fabricated through optimized electrospinning
parameters.

Results and discussion

The schematic of the electrospinning setup for the non-porous
PPPS fibres (non-porous PPPS-f) and porous PPPS fibres
(porous PPPS-f) is shown in Fig. 1(a). The recorded SEM images
of the electrospun non-porous PPPS-f are shown in Fig. 1(b).
In Fig. 1(b), the PPPS-f obtained using isopropyl alcohol are
non-porous, smooth with uniform surfaces, and have average
diameters of 931 £+ 11 nm. Fig. 1(c) shows the recorded SEM
images of porous PPPS-f. The porous PPPS-f obtained using a
solvent mixture of methanol and isopropyl alcohol (Fig. 1(c))
possess nanopores of irregular size and have diameters of
1030 £+ 9 nm. These porous fibres are slightly larger than the
non-porous ones and have striated surfaces. During the
electrospinning of porous PPPS-f the methanol evaporates
due to high vapour pressure, thus creating pores on the fibers
and imparting a more irregular morphology.

The variation of the electromagnetic parameters, viz., the
real part of the permittivity, ¢’ (corresponding to the storage
ability of electric energy), and the imaginary part of the per-
mittivity, &” (corresponding to the dissipation of electric energy
inside the material),® of both porous and non-porous PPPS-f
are shown in Fig. 2(a) and (b), respectively. In Fig. 2(a), the &’
value (~3.1) of the porous PPPS-f predominates over that of the
non-porous PPPS-f. In Fig. 2(b), significant differences in the &’
values (across the X-band) are observed between the porous and
non-porous PPPS-f. The recorded ¢” values of the porous PPPS-f
are in the range of 0.65-0.95, whereas those of the non-porous
PPPS-f show less variation and are in the range of 0.45-0.55, in

Non-Porous PPPS-f

Porous PPPS-f

= 2P
t VBT vRg

[PVB + PEDOT:PSS] + [Methanol + IPA]

Fig. 1 (a) Schematic of the electrospinning setup for non-porous PPPS-f
and porous PPPS-f. (b) Surface morphology of non-porous PPPS-f, and (c)
surface morphology of porous PPPS-f.
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Fig. 2 Variation of the recorded (a) real permittivity and (b) imaginary
permittivity of porous PPPS-f and non-porous PPPS-f in the X-band. (c)
Schematic of the absorbing structure, and (d) 3D reflection loss (RL) plot of
porous PPPS-f. Thickness dependent reflection loss (dB) of (e) porous
PPPS-f and (f) non-porous PPPS-f.

the frequency range of 8.2-12.4 GHz. The observed variation of
the electromagnetic parameters is due to the non-linear
phenomenon which is associated with charge polarization due
to point effects, the skin effect, polarized centres and interfacial
polarization.®'° The interfacial polarization for the porous PPPS-
fis expected to be higher than that of the non-porous PPPS-f, due
to the presence of voids, and is approximated from the change of
the ¢’ value i.e., A¢".'° The value of A¢” for the porous PPPS- is
~0.3, whereas for the non-porous PPPS-f it is ~0.1, clearly
indicating that interfacial polarization is prevalent in the porous
PPPS-f. In comparison to ¢’ as observed, the variation in ¢’ of
both the porous and non-porous PPPS-f is not so effective. This
lower variation in &’ could be due to the presence of voids with a
larger diameter in the porous PPPS-f."" This variation can also be
understood through Maxwell-Garnett (MG) theory,"* which
indicates the medium’s effective permittivity. According to MG
theory, the effective permittivity (c) can be expressed as:'!

. :F(82+281)+2p(82*81)
o= (e2+261) — p(e2 — 1)

(3)

where ¢, and ¢, represent the permittivity of the solid-state and
gas phase, respectively, and p is the volume fraction of the guest
in the effective medium. As for the gas phase, the permittivity is
nearly 1; therefore, here ¢, can be considered as 1. Thus, from
eqn (3), it is clear that e.¢ will decrease with an increase in the
void concentration. Hence, less pronounced variation is
observed in the porous PPPS-f; in other words, the porous
PPPS-f have better impedance matching properties.

The microwave absorption properties of a material can be
understood in terms of reflection loss (RL) for a perfect electric

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conductor (PEC) or metal backed condition,”"® as shown in
Fig. 2(c). The thickness-dependent 3D RL plot of the porous
PPPS-f is shown in Fig. 2(d). Fig. 2(e) and (f) show the RL for
different thicknesses (2.5-5 mm) of the porous and non-porous
PPPS-f, respectively. The porous PPPS-f exhibit an optimum RL,
with an excellent bandwidth (RL < —10 dB). In fact, single-layer
porous PPPS-f cover effective absorption for the entire X-band,
with a minimum RL value (—15 dB), whereas no specific RL
bandwidth is seen for the non-porous PPPS-f. For both the
porous and non-porous PPPS-f, the variation of the RL in the X-
band follows a nearly linear trend until 4 mm thickness. In the
porous PPPS-f, the minimum RL values are —11 dB, —18 dB and
—23 dB for thicknesses of 3 mm, 3.5 mm and 4 mm, respec-
tively (Fig. 2(d and e)). Further observation shows that, as the
thickness is increased to 5 mm, the minimum RL peak tends
towards the low-frequency region. The RL fluctuation in
Fig. 2(d-f) is due to the quarter wavelength resonance’ "’
(arises due to geometrical or structural effects) and it can be
correlated with a matching thickness (d,,) and matching fre-

quency (fm),
A R TI
dm:%:nc/("‘fm |8r||:ur|) I’l:1,3,5~~

From eqn (4), it is clear that the optimal RL intrinsically
depends on d, and f;,, and for a particular pair (d, fm) strong
dissipation of the incident electromagnetic wave energy takes
place resulting in excellent absorption.® ™ In other words, for a
particular thickness, the minimum RL value peak of the
absorber (porous PPPS-f, non-porous PPPS-f) is associated with
a specific frequency, and since d,, and f,, are inversely related,
therefore, on increasing the thickness the RL peak shifts
towards the low frequency region.’™*®

The density of the porous PPPS- is less (0.39 g cm ™) than
the non-porous PPPS-f (0.51 g cm ™ ); therefore, the specific RL

4)
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(SRL) value, i.e., RLy, (RL < —10 dB)/density, is very high for
the porous PPPS-f. The factor SRL/thickness (d) is more realistic
as it intrinsically depends on the RL, density and thickness of
the absorption material.> The obtained SRL/d of the porous
PPPS-f is 102.5 dB ecm” g~ ', whereas this factor is 0 for the non-
porous PPPS-f (for 5 mm thickness) in the frequency range 8.2-
12.4 GHz. Thus, it indicates the lightweight microwave absorp-
tion characteristics of the porous PPPS-f.

The major factors contributing in turn to this outstanding
RL bandwidth of the porous PPPS-f are the dielectric loss

/!

g
tangent (tan 0=—

/), electromagnetic (EM) attenuation coeffi-
&

cient («), phase constant (8), EM energy density and impedance
matching.’® The tand values of both the porous and non-
porous PPPS-f are shown in Fig. 3(a). In the X-band, the tan ¢
values range between 0.21 and 0.31 for the porous PPPS-f and
0.15 and 0.18 for the non-porous PPPS-f. Thus, the tan J values
for the porous PPPS-f are predominant and indicate high
absorption capability.

According to electromagnetic theory, the microwave power
absorption per unit volume due to the dielectric loss (W m™?)
can be expressed as'’

1
v

|R]> -1
2o

R R R|? 1
e 2ud fuefz“d sin(d) fl—ﬁ‘e*z“d sin(2Bd —6) f|2—o|(e’4°“l +Z

1—2|R|?e~2dcos(2fd —25)+|R|*e4

(5)

where o is the angular frequency, E, is the amplitude of the
microwave electric field strength, and T'and R are the transmission
and reflection coefficients at the interface between free space and
the magnetic dielectric medium, respectively. o and f are the
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Fig. 3 Variation of the (a) dielectric loss tangent, (b) attenuation constant, (c) phase constant and (d) normalized EM energy density with respect to
£olEol? of the porous PPPS-f and non-porous PPPS-f in the frequency range 8.2-12.4 GHz. CST-Microwave Studio simulated accepted power (P,) results
for various thicknesses of the (e) porous PPPS-f and (f) non-porous PPPS-f in the frequency range 8.2-12.4 GHz (X-band).
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electromagnetic (EM) field attenuation factor and phase constant,
respectively, which can be expressed as,"”

\/iﬂf [ 2 2 {
o= ; % (ﬂllgll_#/8/)+{(ﬂ//sl/_ﬂl£/) +(ﬂ,8”+,u”8,) } (6)
- 21
onf 3
ﬁ:\/;nfx (8//4,7/1”8”)+{(,u”s”7/1,8/)2+(,u,8”+,u”8,)2}2 (7)

The calculated EM attenuation coefficient (c)>° values of both the
porous and non-porous PPPS-f shown in Fig. 3(b) are between 35
and 70 and 25 and 40, respectively. The tan ¢ values of the porous
PPPS-f are predominant; therefore, as expected, the o values of the
porous PPPS-f are also very high. Thus, excellent EM attenuation is
taking place in the porous PPPS-f. The phase constant (f) is also an
important factor as the contribution of dielectric loss (Qg) to the
microwave power absorption per unit volume (W m™?) also
depends on it."” The variation of the calculated § value of the
porous PPPS-f and non-porous PPPS-f is shown in Fig. 3(c).
Fig. 3(c) indicates that the f§ value of the porous PPPS-f (f§ value
range 330-500) is intrinsically predominant as compared to the
non-porous PPPS-f (f value is 320-470). Thus, the high « and f
values indicate the high microwave power absorption density of
the porous PPPSf as compared to the non-porous PPPSH.
To determine the average power absorption density in the porous
PPPS- and non-porous-PPPS-f, the incident E, is assumed to be
4754 V m~' (commonly used for most microwave applications
including household) for 8.2 GHz. The obtained Q,, of 5 mm thick
porous PPPS-f and non-porous PPPS-f was 59052535.5 W m ™ and
58275345.86 W m > respectively. The difference in Qyy, €., AQ,y,
was found to be 777189.7 W m >, indicating excellent microwave
power absorption characteristics of the porous PPPS-.

According to electromagnetism theory,'® the total electro-
magnetic energy density consists of two terms, viz., the stored
electromagnetic energy density (x5) and dissipated electro-
magnetic energy density (ugq). Mathematically, it can be
expressed as,'®

Total electromagnetic energy density(u) = us + ug
= gl (¢ + 22 ®)
= 46() ) & 7

where 7 is the damping frequency. The y value can be calculated
; wP2 /" prz
from the relations ¢ =1 — el and ¢" = 3 where w, para-
meterizes the interaction strength between the dipole oscilla-
tors in the medium and the electric field. The normalized
electromagnetic energy density (x) of the porous PPPS-f and
non-porous PPPS-f is shown in Fig. 3(d). The normalized u
value of the porous PPPS-f is higher than the non-porous PPPS-
f. Thus, it indicates the high relative absorption bandwidth of
the porous PPPS-f as compared to the non-porous PPPS-f. In
order to validate the above discussion, standard EM simula-
tions are carried out using CST-Microwave Studio [4, 6, and 9].
The resulting power levels accepted by both the porous and
non-porous PPPS-f are shown in Fig. 3(e) and (f), respectively.
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The simulation results indicate that the power accepted by the
porous PPPS-f is greater than that for the non-porous PPPS-f,
especially for the 5 mm thickness.

The loss mechanism of electromagnetic waves also can be
understood from the EM power conversion due to the charge
transport (P.) and relaxation (P,). Based on Debye theory,"”*°
two factors, viz., ¢.” (corresponds to the contribution of charge
transport to ¢”) and e,"” (corresponds to the contribution of
relaxation to ¢”), are considered, and ¢’ = ¢.” +¢,". The P, and P,
values intrinsically depend on &.” and &,", respectively. The & ”

. o o .
value'®*° depends on the electrical conductivity (¢! = —, g is
we(

the conductivity).">*° As shown in Fig. 4(a and b), the Cole-Cole
plots show that in the porous PPPS-f semicircles (each semi-
circle corresponds to dielctric relaxation®'®) are observed. It
suggests that &,” can not be ignored. Hence energy conversion
due to dielectric relaxation is also an important factor in the
porous PPPS-f, resulting in better absorption.

The high dielectric loss tangent and high EM-attenuation ()
are the key factors in the porous PPPS-f for excellent electro-
magnetic loss, resulting in a high electromagnetic power
absorption density. However, the EM impedance matching is
another key factor in the porous PPPS-f. The presence of
nanopores in the PPPS-f leads to better EM impedance matching
through the effective permittivity; consequently, it contributes to
achieve a better RL."' The relationship between the EM
impedance matching degree (4) and RL value was reported by
Zhai et al.>' A is expressed as,”’

A = |sinh(Kfd) — M| (9)

where K and M depend on the relative complex permittivity and
permeability as follows,>"

_ A/ sin[(Se + 6m) /2]

K
¢ COS J COS Oy

(10)

M = [41 cos Jee’ cOS Oy

-1

X . Om —
(i cos S — & cos 6 )+ (tanu

2
3 ) (i cos 3. + & cos Spn)°

(1)

A smaller 4 value implies better microwave absorption char-
acteristics (or minimum RL value).>' The calculated 4 value for
the porous PPPS-f (2-0.58) was found to be less than that for the
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Fig. 4 Cole—Cole plot of the (a) non-porous PPPS-f and (b) porous-PPPS-f.
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Fig. 5 Absorption coefficient (A) of the (a) non-porous PPPS-f and (b) porous PPPS-f in the X-band (8.2-12.4 GHz).

non-porous PPPS-f (2.9-1.1) in the X-band for the studied
thicknesses (1-5 mm). Thus, the obtained 4 value analysis
suggests that the porous PPPS-f possess better EM impedance
matching and microwave absorption characteristics than the
non-porous PPPS-f. Further, the presence of pores may lead to
an additional pathway for electromagnetic energy losses."” This
process can be understood through the antenna mechanism as
well as through multiple reflections.'® According to the antenna
mechanism,”"® the incident microwave energy propagates
through fibres in the form of a microcurrent, acting as a
receiver antenna and transmitting the energy to the microcurrent.
The presence of more nanopores (where the surface area to
volume ratio is very high) increases the resistance in the fibres;
therefore, energy is lost and is absorbed primarily throughout the
porous PPPSf. In addition, the existence of dihedral angles
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Fig. 6

Developed App

(created by the nanopores) in the porous PPPS-f may create the
space for multiple reflections and thus increased the propagation
paths of the microwaves in the absorber, resulting in more
absorption.

According to electromagnetic theory,>* the electromagnetic
absorption coefficient (4) of a plane EM wave can be expressed

as,??

_ 2nde; tan S,
AR (12)

where 1 is the wavelength (i = Jg) Fig. 5(a) and (b) show the
obtained A values of the non-porous PPPS-f and porous PPPS-f,
respectively. The A value of non-porous PPPS-f was obtained to
be 0.1-0.43 (for 1-5 mm thickness, Fig. 5(a)). As shown in

b) ° P
A—d1= \md2=2m|‘n>
St v d1=2.25 mm d2= 2.25 mm
a 4 d1=2.5mm d2= 2.5 mm
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2 -10 e,
2
= A
2
b1
3
=
Y
&
8 9 10 11 12
Frequency (GHz)
o (e) o ]
o= Reflection loss (dB)
G Q
Single layer
I
o a
» About
.

(a) Schematic of the proposed bi-layer structure. (b) Reflection loss (dB) for different d; and d, values of the bi-layer structure in the frequency

range 8.2-12.4 GHz. Screenshot of (c) the home page of the Google Pixel phone, (d) the developed app and (e) the app home page.
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Fig. 5(b), for 5 mm thick porous PPPS-f, the A value lies in the
range 0.35-0.73. A remarkable improvement of “4” was found
in the porous PPPS-f as compared to the non-porous PPPS-f.
Thus, it reveals that the microwave absorption characteristics
of the porous PPPS-f are much stronger than the non-porous
PPPS-.

A tandem structure is preferred for high absorption with a
high absorption bandwidth at minimum thickness.”*™* As a
case study, a bi-layer structure of porous PPPS-f and non-porous
PPPS-f is also studied. As shown in Fig. 6(a), the porous PPPS-f
are on top with thickness d; and the non-porous PPPS-f, having
thickness d,, are kept at the bottom and are PEC or metal
backed. The RL of this structure can be expressed as,****

Zin) — 2o
RL(dB) = 20log|———— 13
(4B) = 20l0g 7201 (13)
Here,
2nfdy /s €
&(zm(l) v (jif Vi mr))
&r &r c
Zin(2) = (14)
2nfdy /1€
& —+ Zin(l) tanh (j—nf 2 ﬂ2r62r)
&r C
2nfd /1€
Zin(t) = /%tanh Q%) (15)
T

Here, &, and pu,, correspond to the relative permittivity and
permeability of the d; layer and &,, and p,, correspond to the
relative permittivity and permeability of the d, layer.

The obtained RL for different d; and d, values is shown in
Fig. 6(b). The minimm RL value —19 dB is obtained with entire
X-band absorption for d; =2 mm and d, = 2 mm. Thus, it shows
that a 4 mm thick bi-layer structure of porous PPPS-f (on top)
and non-porous PPPS-f (bottom) exhibits an excellent absorption
bandwidth (RL < —10 dB) in the frequency range 8.2-12.4 GHz,
which is comparatively less thick than a single layer of porous
PPPS (5 mm).

In order to identify the RL value easily and quickly for
different thicknesses of porous PPPS-f and non-porous PPPS-,
an android app is developed (for both single layer and bi-layer).
The mobile application is created using Android Studio (2.3.3)
which is based on Java programming. The screenshots (Google
Pixel) of the developed mobile application are shown in Fig. 6(c-e).

Conclusions

Therefore, through this study, it can be said that the electro-
spun porous PPPS-f exhibit outstanding absorption bandwidth
(RL < —10 dB) across the entire X-band (8.2-12.4 GHz) of
microwave absorption, with a minimum RL value of —23 dB for
a 5 mm thickness. In contrast, for the same thickness, the non-
porous PPPS-f reveal an inadequate RL value. The mechanisms
studied indicate that both the dielectric loss tangent and the
electromagnetic attenuation are intrinsically predominant in
the porous PPPS-f. The microwave power absorption density
due to the dielectric loss is very high for the porous PPPS-f as
compared to the non-porous PPPS-f. Further, the presence of
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nanopores in the porous PPPS-f has contributed to impedance
matching, multiple reflections and high stored electromagnetic
energy density, resulting in excellent bandwidth. The micro-
wave simulation data supports the experimental observation,
implying that the porous fibre morphology
can enhance the RL compared to the plain fibre morphology.
The tandem structure of bi-layered porous PPPS-f and
non-porous PPPS-f shows an excellent X-band absorption
bandwidth at relatively lower thickness (4 mm), indicating a
most promising porous PPPS-f and non-porous PPPS-f combi-
nation for efficient microwave absorption.

structure

Experimental

PVB, purchased from Synpol Pvt. Ltd, is dissolved in solvents
such as methanol and isopropyl alcohol (S D Fine Chem. Ltd) to
obtain a 15% (w/v) solution. The solution is blended with 1 ml
of PEDOT:PSS, purchased from Clevios Heraeus. The electro-
spinning is carried out at an applied voltage of 10 kV (source:
Gamma DC high voltage instrument, USA) with a flow rate of
1 ml h™' (maintained by a Holmarc SPLF-2D) and a tip-to-
collector distance of 8 cm on an aluminum grounded collector
for a period of 1 h. For the porous fibres a mixture of methanol
and isopropyl alcohol (1: 1) is used, whereas for the non-porous
fibres only isopropyl alcohol is used. The surface morphology of
the electrospun fibres is investigated using a field emission
scanning electron microscope (FESEM, Carl Zeiss). The electro-
spun fibres are compressed and electromagnetic parameters
such as the relative permittivity, ¢, (¢, = ¢ — i¢), and relative
permeability, p, (@, = ¢ — iu), are measured using an Agilent
vector network analyser (Agilent N5201) in the X-band
(8.2-12.4 GHz) through the standard waveguide method.
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