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PREFACE

Communication gadgets like smartphones, laptops, WiFi rooters, etc., are
ubiquitous today. Electromagnetic (EM) waves generated from the densely packed
electronics in these devices can largely interfere with the functioning of electronic devices,
often causing pernicious consequences like data losses, information insecurity, and critical
system failures. This detrimental phenomenon is called electromagnetic interference
(EMI). The harmful effect of EMI also includes health issues for users, ranging from
insomnia, headache, fertility problems, and even cancer as well. So, it is imperative to
develop efficient electromagnetic shields to solve electromagnetic interference. Although
the conventional metallic solutions give excellent shielding, their high density and
corrosive nature make them unsuitable for portable devices and avionic applications.
Properly designed, low-dense, eco-friendly EMI shields with high absorption shielding are
highly preferred for handheld devices. Aerogels, foams, and sponges are feather-light and
can effectively attenuate EM radiations through multiple internal reflections inside their
pores and interfaces. However, imparting high conductivity and hence good shielding
efficiency (SE) in three-dimensional porous structures without compromising mechanical
strength is challenging. The present research aims to develop a new class of efficient and
green microwave attenuating aerogels through a series of facile and cost-effective
strategies. The valuable results of our research are outlined in this thesis, organized into six

chapters, with the take-home messages and future directions included in the last chapter.

Chapter 1 presents a general introduction on the basic principles and concerns
about EMI and various solutions to mitigate it. Different shielding mechanisms evolved
over time, and the necessity of green shields is also highlighted. Further, a detailed literature
survey on porous EMI shielding materials, especially microwave absorbing aerogels, is
presented. Significant challenges and the possible solutions, including choice of materials,
synthesis protocols, etc., are also outlined. This chapter broadly justifies the rationale
behind the choice of the doctoral research problem and our solutions to address it

systematically.

The first working chapter (Chapter 2) describes our efforts to realize 3D nano-
architectured carbonized aerogels using the layered oxide V2Os. Herein, a simple one-pot
hydrothermal preparation protocol is meticulously designed and implemented as a cost-

XXi



effective strategy for making robust aerogels. The low dense aerogels with 3 mm thickness
have high shielding (>25 dB) in X (8.2-12.4 GHz), Ku (12.4-18 GHz), and K (18-26.5
GHz) bands, with maximum EMI shielding efficiency (EMI SE) reaching 43 dB at 26.5
GHz. Green index (gs) is found to be >1 in the measured frequency span.

Chapter 3 reports that the realization of conducting polymer composite (CPC)
aerogels consists of inorganic V>Os nanowires and polyaniline (PANI), with exceptional
EMI shielding performance. The eco-friendly, lightweight aerogels effectively attenuate
EMI through multiple internal reflections inside the layered structure of V,0s. The
structure, morphology, formation of gel, and the EMI shielding properties of VV2Os- PANI
composite aerogel were investigated and discussed in detail. The mesoporous aerogel has
a very low density of ~0.02 g/cc with maximum EMI shielding efficiency (EMI SE) of 34
dB in the X band, with an impressive specific shielding efficiency of 1662.2 dB cm® g ™.

The green index (gs) is found to be one of the highest so far in literature (~2.91).

With a slight modification of the strategy in chapter 3, a chemically engineered 3-
dimensional array of PANI reinforced V20s aerogels were prepared, as described in
Chapter 4. Surprisingly, these acid polymerized aerogels showed exceptional shielding
efficiency of 68.1 dB in X-band, with steady bandwidth. Even in the K band, a stunning
shielding performance with a maximum of 86.1 dB is shown, translated to a record-
breaking specific shielding efficiency of 2777.4 dB cm®/g. These results demonstrate that
hierarchically porous 3D architecture realized through a meticulous control of acid
polymerization can lead to impressively high shielding performance, even without

employing costly metallic, carbonaceous, or MAX phase fillers.

In chapter 2 and 3, the synthesis takes nearly one month to complete and yield good
shielding efficiency above 99.9 %. Hence the method was further modified wherein V205
hydrogel was synthesized via a simple one-pot hydrothermal route, outlined in Chapter 5.
The V20s nanowire network constructing the gel was effectively reinforced by cross-
linking aniline. The aerogels thus obtained after freeze-drying exhibit excellent shielding
performance (71.2 dB), superior specific shielding efficiency (1338.8 dB cm®/g), and a
good green index (1.02). Various characterization tools confirmed the porous structure of
the materials and the successful incorporation of polyaniline. Interestingly, V20Os-

polyaniline aerogels prepared in the acidic medium has high conductivity, ample

XXii



mechanical strength, and absorption dominant shielding efficiency in the entire X, Ku, and

K band frequency.

Overall, this doctoral thesis has generated significant results that can push the
knowledge boundary on ultra-high shielding aerogels for exciting aeronautic applications.
Chapter 6 summarizes the significant findings and conclusions drawn from this research,
which also accommodates the scope for future work.
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Chapter ]

Electromagnetic
interference shielding-
An overview

The spurious electromagnetic (EM) waves
generated from electronic devices can largely
interfere  with each other, resulting in
electromagnetic interference (EMI) pollution. The
chapter outlines the concept and mechanisms of
EMI shielding. As the thesis mainly focuses on
lightweight shields, a brief introduction to the
available porous shielding structures is discussed.

The objectives of the thesis and the rationale

behind the choice of materials are also outlined.



1.1 Introduction

Inventions and innovations have transformed our lives dramatically. Modern man
is perpetually surrounded by communication gadgets, including mobile phones, laptops,
global positioning systems (GPS), Bluetooth, Wi-Fi routers, etc. Densely packed
electronics in these devices generate spurious electromagnetic (EM) waves. These harmful
EM waves often detrimentally interfere with the functioning of electronic devices, resulting
in issues like data losses, information insecurity, and critical system failures (Pandey et al.,
2019). This disruptive phenomenon caused by the EM waves is called electromagnetic
interference (Agnihotri et al., 2015; H. Zhao et al., 2017). The blooming growth of fifth-
generation (5G) communication technology enables data transfer to occur at breathtaking
speeds with extended connectivity. When more devices are involved in communication,

more is EMI pollution.

Besides data interference and loss, electromagnetic interference can also cause
health issues ranging from insomnia, headache, fertility problems, and even cancer as well
(Lewczuk et al., 2014). Earlier, EMI pollution was mainly confined to specific customer
groups like offices, banks, and R&D institutes. However, after the mobile phone revolution
in the new millennium, electronic devices became handy and ubiquitous, resulting in EMI
proliferating almost everywhere. Recently, some sociological issues of the present world
also catalyzed electromagnetic pollution. For example, the recent outbreak of the Covid-19
pandemic further catalyzed the wide use of communication gadgets at an unprecedented
speed. In this scenario, the concerns about EMI also increased to higher levels. EMI
shielding is the best way to protect a specific biological or electronic system from
undesirable radiations. So, it is imperative to develop efficient electromagnetic shields to

solve the menaces of electromagnetic interference.
1.2 EMI- Why the concern?

As hinted, EMI's consequences range from minor communication interruptions to
potential system failures, security breaches, and lethal accidents. Some of the significant
reasons behind electromagnetic interference becoming a global concern are as follows
(Tong, 2008):



o The potential risks of EMI arise from a multitude of sources such as cellular telephones,
TV broadcasting, digital assistance, wireless communication devices, etc. The
burgeoning demand for smaller and smart gadgets added more sources as well as
susceptors of EMI. Also, the wide use of digital circuitries generates more EMI than
analog ones.

« Dense packing as part of miniaturization brought short-distance interference between
various components on board.

o Manufacturers try to improve devices' reliability and information security that demand
EMI elimination.

« Medical equipment experiences more exposure to EMI and is thus prone to detrimental
impacts on its user.

« Military security systems need camouflaging from enemies' EM waves.

o People are more aware of the environmental pollution and health risks caused by EMI.

Electromagnetic radiation is generated along with an alternating current and
radiated in the vicinity of the source. The distance up to which the effect of this
electromagnetic field is felt depends on conducting parts associated with the EM source
(Paperman et al., 2004). Any system that has electronic circuitry is a source as well as a
victim of EMI. A prevalent example of EM interference from daily life is that use of cellular
phones is prohibited in petrol pumps because of the possible interference with the readings
of pump meters. Similar worries exist in aviation and flight control systems.
Electromagnetic interference from mobile phones and laptops used by passengers, with
aircraft systems can cause rumblings in communication and anomalies in navigation. In a
classic example, the root cause of five crashes of US Army Black Hawk Helicopters in
1987 was reported as a consequence of the coupling of high-intensity radio frequency
energy to helicopters' fly-by-wire system (Majid, 2018). At times, EMI is even dubbed as
a 'silent killer' in the medical sector. Sophisticated medical devices can resist EMI only up
to a certain level, beyond which they become abnormal or non-functional. The safety of
patients who depend on life-supporting electronic implants like pacemakers was always a
primary concern. Electronic circuits of cardiac pacemakers are prone to EMI, and their
usual mode of operation will alter when the magnitude of the surrounding electromagnetic

field exceeds immunity level of the device (Tan & Hinberg, 2004).



1.3 EMI- concepts and mechanisms
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Figure 1.1 Coupling modes of EMI

Electromagnetic energy from the source travels in all directions and causes
interference issues to another system (susceptor) through either radiated or conducted
pathways. That means three interactive elements (as shown in figure 1.1) are involved in
an EMI problem; (1) an emitter or source (culprit) of EM waves of particular energy, (2) a
susceptor that is vulnerable to this EM energy, and (3) a coupling path between these two
components; source and the susceptor. The conducted EMI is propagating via connecting
wires and signal cables. In radiated mode, undesired EM emission from a source is
transferred through the space and reaches any of the surrounding devices without any
connectors. The intensity of the radiated EMI depends on the source, distance to susceptors,
and the media surrounding the source. To limit the issues brought about by EMI,
international electromagnetic compatibility (EMC) standards were imposed by nations
(Tong, 2008). Electromagnetic compatibility is the ability of an electronic system to operate
satisfactorily within an intended electromagnetic environment without any damage due to
EMI. Another aspect of EMC is that a device is expected to work without interfering with
other equipment. In general, EMI can be controlled by suppressing EMI emissions from
the source, redirecting the electromagnetic radiations, and boosting the susceptor immunity
(Tong, 2008). There are limitations in minimizing EM energy from the source beyond a
level, and for the protection of portable devices and aircraft, it is practically impossible to
control the emissions from various sources. Diverting the EM waves in random directions
generates secondary interference issues causing environmental pollution. As the redirected
waves can reach the source detectors, the method of path modification can not be used in
military aircraft and security systems. In summary, using EMI shields to protect desired



devices from unwanted EM waves is the most desirable way to secure sensitive information

and reduce radiation bourne health hazards.

The shielding performance of a material is generally quantified by a parameter
called shielding effectiveness (SE). EMI SE tells the degree of attenuation caused by the
insertion of a shield at a specific area and is the ratio of the EM energies at a given point,
with and without the shield. The ability of a material to block microwaves is usually

expressed in terms of decibel loss (dB), defined as:

SE=20 log ( Incident EM intensity )

Outgoing EM intensity (1.2

At a specified frequency, shielding effectiveness varies with the shield thickness, the

distance between the source, and the shielding material.
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Figure 1.2 Shielding mechanisms in a material

When an EM wave is incident on a surface, it is partially reflected, the material
absorbs a little, and the rest is transmitted. According to Schelkunoff's theory, a shield
reduces the transmission by enhancing absorption, reflection, and multiple reflections
within the shielding material (Figure 1.2) (Gonschorek & Vick, 2010). The total EMI
shielding efficiency is the sum of all the three attenuating mechanisms; absorption (A),

reflection (R), and multiple reflections (M).



SE=R+A+M (1.2)

Reflection occurs when EM waves travel through two media with different
impedances. Hence, it is related to the relative impedance mismatch between the medium
of the incident wave and the shielding (Celozzi et al., 2008; Tong, 2008). The wave
impedance (Z) can be expressed as the ratio of the magnitude of the electric field (E) to the
magnetic field (H). Here, Z (=E/H) in a medium depends on the nature of the wave source
and the distance from the source. The wave impedance equals the impedance of the medium
in the far-field. For air, Zo= 377Q. Shields with good conductivity show strong reflection.
This is due to the interaction of mobile charge carriers (electrons or holes) in the shield
with the incoming EM waves. As reflection is the primary shielding mechanism in metals
and homogeneous conductive shields, these materials lead to secondary EM wave
pollution. The second important mechanism, absorption, is associated with the thickness
and physical characteristics of the shield. The intensity of radiations exponentially declines
during the propagation of EM waves through the shield. Skin depth (o) is the distance
through which the initial electric field drops to (1/e) of the incident strength (Tong, 2008).

1

0= JrEfuo

(1.3)

where f is the wave frequency, p is the magnetic permeability, and o is the electrical
conductivity. Attenuation by absorption happens through dielectric loss, ohmic loss, and
magnetic loss. The third shielding mechanism is the repeated internal reflections within the
shielding material. Multiple reflections are essential for low-frequency measurements and
samples thinner than their skin depth (Tong, 2008). For thick and porous samples, instead
of transmitting out, the energy of internally reflected signals will be absorbed within the

material, leading to a substantial reduction in EMI.

We all know that electromagnetic waves consist of periodically changing electric
(E) and magnetic (H) fields perpendicular to each other and the direction of propagation.

Let us see how a shielding material behaves in these two fields.
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Figure 1.3 (a) Shielding provided by a spherical conducting shell placed in an electric
field and (b) effect of apertures on shielding.

Figure 1.4 (a) Shielding by a spherical magnet shell with good permeability and (b)
shielding by a thin conductive shell with mild permeability and good conductivity.



Consider a conductive enclosure placed in an electric field. The external field will
cause electric charges to align along the conductor's surface. The field developed by these
charges opposes the original field inside the enclosure. The electromagnetic current prefers
the least resistance path around the exterior surface of the conductive compartment. So,
anything placed inside the chamber will be perfectly shielded from the electric field (see
figure 1.3a). An important point is to be noted here; if there is any gap or hole in the
conductor, the EM waves will certainly leak through it and limit the shielding effectiveness
(figure 1.3b) (Tong, 2008).

Now, let us use a soft magnetic material with high permeability or a thin conductive
shield with mild permeability to shield our system from a magnetic field. In the first case,
the magnetic enclosure offers a low-reluctance path, and the incoming magnetic field will
remain in the magnetic layer. The magnetic field will eventually get attenuated inside the
sheath if it has sufficient thickness (see figure 1.4a). On the other hand, an alternating
magnetic field will induce Eddy currents in the low permeable, conductive shield,
generating an H-field in the opposite direction of the applied field and thus attenuating the
external magnetic field (see figure 1.4b) (Tong, 2008). This kind of shielding does not
require expensive and thick magnetic materials. However, conductive shielding is

ineffective for low-frequency magnetic fields.
We will briefly elaborate on the impacts of various parameters on EMI shielding.
1.3.1 Distance between source and shield

Based on the distance between the EMI source and the shield, r, radiative space is
divided into near- and far-field regions (Tong, 2008). The r < A/2r (near field) region is
predominantly magnetic if the source has high current and low voltage, and the near field
is electric field dominant if the source has high voltage and low current. In the magnetic-
dominated region, the magnetic field decays at a rate of (1/r%), and the electric field
diminishes at a rate of (1/r?). The variation is vice versa in the case of an electrically
dominated field. As the distance from the source increases, r > A/2m (far-field), both the
electric and magnetic fields attenuate at the same rate (1/r), becoming plane waves (Koo et
al., 2021).



1.3.2 Electrical conductivity

Electrical conductivity directly determines the EMI shielding capability of any
material. Higher the conductivity, the higher the EMI SE. Higher electrical conductivity
promotes a reflection-dominant EMI shielding mechanism. High conductivity and high

permeability are also beneficial for increasing absorption loss (A) (Tong, 2008).

A =131t/ fuc (1.4)

where f is frequency, t is thickness, u is permeability, and o is the electrical

conductivity of shielding material.

1.3.3 Frequency of the incident waves

As the shield's impedance increases with increasing frequency, the reflection
shielding efficiency decreases with frequency. On the other hand, absorption shielding

efficiency is directly proportional to the frequency, as evident from equation 1.4.
1.3.4 Thickness of shield

Absorption shielding increases with the thickness of the shield as thickness
elongates the propagation path of EM waves. Reflection shielding, in contrast, is
independent of thickness.

1.3.5 Dielectric losses

The electromagnetic absorption is directly related to the material's complex
permittivity, i.e., & =¢' — je". The real part (¢") accounts for the capacitive energy storage
potential, and the imaginary part (¢") is related to the energy dissipation. The dielectric loss
consists of ohmic loss, resonance loss, dielectric relaxation loss, etc. (Koo et al., 2021).

1.3.5.1 Ohmic loss

Conductance current generated due to the applied electric field in a lossy dielectric
dissipates incident EM energy in the form of heat. This is called ohmic loss and is related

to its electrical conductivity (Tong, 2008).



1.3.5.2 Dielectric relaxation loss

Under an applied electromagnetic field, a material's dipoles are polarized and will
orient according to the field, resulting in relaxation loss. Polarization can be in any form,
say, electronic, ionic, thermal ion, or interfacial polarization. lonic and electronic
polarization occurs at high frequencies, ~10%* to 10%° Hz. Dipolar, interfacial, and thermal

ion displacement polarizations occur at radio to microwave frequencies (Huo et al., 2009).
1.3.5.3 Resonance loss

An applied electric field vibrates the atoms, electrons, or ions inside the shielding
material. Resonance loss induced by this motion usually takes place in the infrared to the

ultraviolet frequency range (Huo et al., 2009).
1.3.6 Magnetic losses

Similar to dielectric loss, magnetic losses are represented by the complex

permeability (u' - ju"). Magnetic loss covers the following losses:
1.3.6.1 Eddy current loss

Eddy current is the current induced in a magnetic material when subjected to a
varying magnetic field. They dissipate the incoming EM field in the form of heat. The Eddy
current loss depends on the material's thickness, permeability, and electrical conductivity.
Morphology, grain size, surface roughness, domain orientation, etc., also affect Eddy

current loss. The loss is higher for thicker and conducting samples (Dhawan et al., 2011).
1.3.6.2 Magnetic hysteresis loss

Rotation of magnetic moment and irreversible domain movement cause magnetic
hysteresis loss, and it depends strongly on the magnetic properties of the shielding material
(Dhawan et al., 2011).

1.3.6.3 Residual loss
Magnetic losses caused by the factors like thermal fluctuation, ferromagnetic and

domain wall resonance, etc., are called residual loss (Koo et al., 2021).

10



VNV VWM

1 km 1m 1 mm 0.7-0.4 pm 1A 0.01A Waveienen
104 108 1012 1016 1029 Freauency (Hz)| 1024
INFRARED ;‘z' § UV | X-Rar Gamma Ray

Rapio ‘ Microwave
i
1

~an

- ~———
_______ Common EMI prosLEms L

12 [a 8 12 18 [ 26 0 (GHz)

L|S c X Ku K Ka
% %f/g}g{ﬁ{ﬁ{{? ;/ll//lsefll//l//

7. comwonicaion 77, communicaTion 77

1111111111111

Figure 1.5 Electromagnetic spectrum showing an overview of EMI susceptible frequency
ranges. The present thesis examines EMI problems in X, Ku, and K bands; the
applications in these bands are highlighted.

In general, issues of EMI arise anywhere in the electromagnetic spectrum. The
electromagnetic spectrum has been increasingly inhabited by countless devices and
services (figure 1.5). The radio and microwave frequency range (100 kHz to 40 GHz) is
considered as the typical shielding range because most problems happen there. In the
present thesis, we concentrate mainly on shielding waves in three bands of the microwave
frequency range, namely the X (8-12 GHz), Ku (12-18 GHz), and K (18-27 GHz) bands.
The X and Ku band is utilized for radar, satellite communication, and wireless computer
networks. K band is proposed for the future 5G communications (Lalan & Ganesanpotti,
2022).

1.4  Measurement of EMI shielding effectiveness

There are a variety of techniques used to characterize the shielding ability of a
material. Most of the standard methods necessitate tailor-designed samples with specific
shapes and dimensions. Each measurement test produces a performance parameter that can
be converted to shielding efficiency in decibels using proper calculation. Usually, the
values obtained by different methods are hard to correlate; hence, each result needs to be

analyzed individually. Some of the standard techniques are briefly outlined here:

1. Open field/ Free space method
2. Shielded box method
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3. Shielded room method
4. Coaxial transmission line method

1.4.1 Open field method

< 30 meter
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Impedance stabilization _ Power
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Figure 1.6 Open field measurement setup

The open-field method measures the EMI SE of a complete electronic assembly by
assessing the radiated emission from the whole product (Geetha et al., 2009). Hence, the
method does not give details about the performance of a specific material. The
measurement setup is shown in figure 1.6. A receiver antenna placed at a 30 m distance

from the device records the transmission intensity.

1.4.2 Shielded box method

Receiver inside
Transmitter

Figure 1.7 Shielded box method of EMI SE measurement
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The shielded box method compares the EMI SE of different shielding specimens.
The test setup is illustrated in figure 1.7. A receiver antenna is fitted inside a shielded
enclosure, usually a metal box. The test sample seals the small opening in the box. The
receiver antenna records the transmitted signal strength from an outside antenna before and
after placing the test sample (Geetha et al., 2009; Tong, 2008). The measurement is limited
to a frequency of 500 MHz only. Issues like difficulty in getting adequate electrical contact
between test specimens and the enclosure, dependence of attenuation on the antenna's

position, and internal reflections inside the box make the results less reproducible.

Receiver

Spectrum analiizer

Figure 1.8 Shielded room method
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Sample holder

Figure 1.9 (a) Experimental set up of transmission line method, sample holders of (b)
coaxial line, and (c) waveguide methods
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1.4.3 Shielded room method

The shielded room method is an improved version of the box method; in particular,
the measurement frequency range is significantly improved. In this method, all the
components for the measurement are isolated from each other in separate rooms. The
transmitter and receiver antennas are placed at a fixed separation distance in two rooms
with a common wall (Singh et al., 2018). The test specimen can be placed in the aperture
of the common wall, as shown in figure 1.8. The receiver records the transmitted power
with and without mounting the sample, and the difference is taken as the shielding

effectiveness of the test sample.

1.4.4 Transmission line method

The transmission line method is the popular method used for shielding
measurement in most laboratories. The main advantages of this method are the high
reproducibility and better insight into the detailed shielding mechanism by resolving data
into reflected, absorbed, and transmitted components (Geetha et al., 2009; Singh et al.,
2018). The experimental setup consists of a vector network analyzer, transmitting and
receiving coaxial cables, and a metal sample holder, as shown in figure 1.9a. There are two
configurations for transmission line testing, viz. (i) coaxial line and (ii) waveguide methods.
The coaxial line method introduces a toroid-shaped sample between the inner and outer
conductors (figure 1.9b). A single sample can be used to measure in a broad frequency
range. For example, a sample with inner and outer diameters of 3 mm and 7 mm is used to
measure EMI SE in a frequency range of 0.5 to 18 GHz. On the other hand, a precisely
machined sample in the shape of a rectangular block is used in the waveguide method;
hence, the sample preparation is comparatively easy (figure 1.10c). However, the
dimensions of the sample vary with the waveguide used for the measurement, which in turn
depends on the measurement frequency range. For example, in the X band frequency range,
the sample dimension is 22.8 mm x 10.1 mm; the Ku band is 15.79 mm x 7.89 mm, while
the K band is 10.67 mm x 4.32. So, several waveguides are needed to measure at wide-
frequency ranges. The present thesis uses the rectangular waveguide method for all the EMI

SE measurements.
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Figure 1.10 Vector network analyzer coupled X band transmission waveguide.
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Figure 1.11 Vector network analyzer coupled X band transmission waveguide.
1.45 Measurement using the vector network analyzer

Among several techniques used to estimate the EMI shielding of materials, the
rectangular transmission waveguide technique is ideal for machinable bulk materials like
aerogels (Batrakov et al., 2016; Geetha et al., 2009; Tong, 2008). In the present
investigation, the electromagnetic characterization of all the aerogels was performed in the
X band (8.2-12.4 GHz), Ku (12.4-18 GHz), and K band (18-26.5 GHz) of the microwave

15



frequency range. For this, the samples were machined into a rectangular block to fit into
the waveguide's sample holder coupled to a vector network analyzer (VNA). Agilent
E5071C Network analyzer, Santa Clara, CA, USA, was employed for X and Ku band
measurements, and a Keysight PNA-L network analyzer N5234B was used for the K band.
A photograph of the X band measurement setup is shown in figure 1.10. Appropriate
calibrations were done before the measurement to eliminate errors due to directivity, source
match, load match, isolation, etc. Before measurement, the aerogel samples were carefully
machined with the exact size of the slot cross-section of the waveguide. The inner slot
dimensions of the waveguide sample holders are 22.8 mm x 10.1 mm for X, 15.79 mm x
7.89 mm for Ku, and 10.67 mm x 4.32 mm for K bands.

Once the aerogel was loaded inside the sample holder, the scattering parameters (S-
parameters) of reflection coefficient data Si1, Sz, and transmission data Sz1 and Si2 were
recorded from the vector network analyzer. The format of the S-parameter notation is as
follows: In Sap, 'S’ represents S-parameter, 'a' and 'b' stands for response port number and
stimulus port number, respectively. Figure 1.11 gives a good idea about the notation of S-
parameters. Using the apparent scattering parameters, the absorption shielding
effectiveness (SEabs), reflection shielding effectiveness (SErer), and the total EMI shielding
effectiveness (SEtota = SEanst SEref) Were calculated using Equations (1.5) and (1.6)
(Dijith et al., 2018).

—S..2
SE,p.(dB) = 1Olog(1521121 ) (1.5)
1
SEges(dB) = 10log (1—5112) (1.6)

1.5 Applications of light EMI shields

As electrical device use increases, the competition in the electronics industry
mandates radiation immunity and smooth functioning of devices in any electromagnetic
environment. Electromagnetic interference malfunction electronics on the ground as well
as to aircrafts flying 30,000 feet up in the sky. Legal requirements also demand proper
shielding of devices from printed circuit board (PCB) level. EMI problems are usually
addressed in the early developmental stages of new products. However in some places,

external shielding is an easy solution in which the whole equipment and associated cables
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are shielded. In such cases, we need light and effective shields with adequate strength and
long service life, which is broadly addressed in the present thesis. Uniquely designed EMI
shielding gaskets are used in healthcare systems, communication devices, military
equipment, automotive, etc. (Bass, 2017; Cybershield, 2017). Modern times demand the
gadgets to be as light as possible, which necessitates more R&D efforts on porous shields
and other conductive aerogel structures. Given below are some of the vital applications of

lightweight EMI shielding solutions.

1.5.1 Shielding in avionics

The consequences of electromagnetic interference in avionic equipment include
deteriorated performance or malfunction. Effective EMI management is very important in
an avionic system with many frequency-generating systems (digital circuits, switching
power supplies, and frequency synthesizers etc.) which control the power levels and signal
rates. Unintentional EMI disruptions generated from mobile phones, laptops, or any other
electronic gadgets can cause problems in the important and sensitive parts like digital
communications and GPS. Intentional threats from jamming equipment, electronic counter
measures, and other electronic weapons can even lead to potential failure of the entire
system. As mentioned earlier, basically, there are two approaches; PCB level shielding by
proper designing and use of shielding enclosures. To combat EMI, various line replaceable
units should be completely surrounded by EMI shielding material. Here, the weight of the
shield, susceptibility to corrosion, and wear are crucial. The shields should be as light as
possible for such requirements.

1.5.2 Shielding in mobile electronics

The critical way to estimate the usefulness of an electronic equipment to interfere with
aircraft communication systems is to test the electronic equipment under test at all modes
of operation during take-off, flying and landing. For android mobile phone users of modern
times, this procedure is impractical. So the practical solutions involve the following
methods (Vanguard Products, 2022).

0] Design improvement by introducing PCB level shielding: The use of shielding
cans and covers will serve this purpose, but their weight has to be reduced and
hence non-metallic solutions have to be developed.
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(i) Employing EMI shielding gaskets: Conductive elastomers with Ag or Ni plated
fillers are used for such applications. Lightweight foam based gaskets including
conductive fabric, wire mesh on soft foam substrates etc. are also popular

choices employed in consumer electronics.

1.5.3 Shielding in defence systems

EMI shielding has become a necessity in defence vehicles & equipments including
armoured trucks, tanks, drones, helicopters, and control panels, since it enables protection
to the sensitive equipments against signal interference from within and outside. Some of

the main systems where lightweight EMI protection is solicited are as follows;

Battle Tanks: EMI shields fitted in the body of tanks act as a physical barrier between the

static energy from outside and the delicate electrical and electronic components inside.

Helicopters: EMI shielding in defence flight systems including helicopters helps in
avoiding the emergency shutdown of engines and scrambling of delicate military digital

instruments.

Drones: A lightweight EMI shielding system can isolate communication gadgets from

fault-making signals (emitting and receiving).

Armoured Car: Military armoured cars create an electromagnetic environment around them
automobile due to the electronic circuits in them. Proper EMI shielding systems helps to

prevent this menace.

Control Panel: Unwanted signal interference affects the accuracy, reliability and
performance of military base control systems. Suitable EMI shielding manages

communication delays prevents device misreads, avoid equipment damages.

Mainly EMI shielding gaskets and coatings are used for the shielding purpose. In
any sector, low-dense materials are preferred over heavy metallic enclosures. Coatings are
effective in this direction as they will not much contribute to the overall weight of a system.
However, they are vulnerable to delamination and scratching, which limits their
applications. Hence, industries are searching for cost-effective and light EMI solutions like

foams, thin films, and porous composites.
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1.6 Shielding materials and methods

Conventionally, metals with high electrical conductivity, such as silver, aluminium,
and copper, were used for effective EMI shielding. Abundant free electrons in these
materials promote shielding with high reflection loss, which is one of the main
disadvantages. Reflected EM waves again cause secondary pollution in the environment.
Although metals provide excellent SE, their bulky-corrosive nature and poor acid-alkali
resistance retards their shielding performance over time and delimit their applications (H.
Zhao et al., 2017). Specific spacecraft, aircraft, and portable electronics require the shields
to be as light as possible. Hence, ceramics and polymer composite gradually took over the
metallic shields. However, most of the mechanically stable and processable polymers are
of low loss and non-conductive and hence are unsuitable for shielding applications. The
efficient strategies adopted in order to make conductive composites are (i) incorporating
conducive fillers like metallic nanostructures, carbon nanotubes, graphene, carbon fibers,
etc., (ii) introducing conductive capping such as conductive ink coating, and (iii) using
intrinsically conducting polymers. Several studies thus focus on developing lightweight
shields with conductive polymer composites (CPCs). For example, polymer composite
prepared with expanded graphite and linear low-density polyethylene particles exhibited
52.4 dB shielding effectiveness (B. Wei et al., 2021). Poly (lactic acid)/carbon nanotubes
(CNTs) composites were found to be promising for shielding applications with shielding
of 31.1 dB. Recently, Wang et al used Pickering emulsion templating and melt blending
techniques to nicely disperse CNTs in the polymer matrix (Y. Wang et al., 2022). In
addition to weight reduction and chemical stability, the machinability and design flexibility
of CPCs are attractive, too (Y. Li et al., 2019). CPCs loaded with various noble metallic
micro/nanoparticles, conducting carbon fillers (reduced graphene oxide, carbon nanotubes,
foams, powders, and fibers), and magnetic nanoparticles exhibit promising shielding
efficiency (Lalan et al., 2019).

Since EMI shielding effectiveness is proportional to the electrical conductivity,
higher EMI SE demands a higher weight percentage of the conducting filler. However, the
conductive addition, in most cases, negatively affects the cost-effectiveness and
processability of the shielding material. Also, higher filler loading may reduce the specific

shielding value due to increased density and reduction in porosity. Literature reports
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suggest that CPCs with multiple structures as porous three-dimensional conductive

networks could achieve high shielding values at low filler loadings (W. Yu et al., 2018).
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Figure 1.12 The growth of publications in the domain of EMI shielding in the last 11
years (Clarivate, 2022)

Another concern is that high conductivity causes strong secondary reflection, which
harms the environment and living systems (X. Wang et al., 2019). Thus, the shields should
ideally show an absorption dominant shielding mechanism in addition to good EMI SE.
EMI shields with superior absorption shielding efficiency can be conveniently realized
using ultra-porous structures, which provide more room for multiple internal reflections,
thereby absorbing more EM energy. So far, considerable studies have happened related to
health hazards of EMI and various means of material manifestations for EM wave
attenuation in the desired frequency range (Abbasi et al., 2019; Lewczuk et al., 2014; Y.
Wang & Jing, 2005). Figure 1.12 shows the number of publications in the past decade (2010
onwards), mainly on EMI shielding, which depicts the uptrend of literature each year (as
per the data available in Clarivate web of science, till 20-04-2022). Since the prime
emphasis of the present doctoral research is centered on light shields, let us restrict the
following discussion to porous shields alone.

In the case of lightweight shields, specific shielding effectiveness (SSE), i.e., the
shielding effectiveness divided by the mass density of shielding material, is also an
important parameter. High SSE is accomplished in intelligently designed porous aerogels
and foams (Sreedeviamma Dijith et al., 2019). Porous shields have peculiar advantages by

virtue of their absorption dominant shielding mechanism. Primarily, low secondary

20



reflections make them green and environment friendly. Secondly, the meso-, micro-, and
macroporous structure and the shield's bulk electrical/magnetic properties can contribute
significantly to their overall shielding efficiency (Singh et al., 2018; Zeng et al., 2018). In
fact, the broad scope of porosity engineering makes it easier to tune the shielding properties
for specific lightweight applications. Finally, the tailor-made porous architecture
significantly reduces the weight and cost, and multiple internal reflections inside the pores
help increase absorption shielding over reflection shielding (Zeng et al., 2018). Therefore,
developing novel synthesis protocols to generate tailor-made porosity yet retain mechanical
strength has become an area of hot research in composites. Several innovative approaches
are reported to create porous architectures. Some of the usual methods for the construction

of porous composites are listed as follows:
1.6.1 Template method

This method uses materials such as polyurethane sponge, nickel foam, anodized
alumina, etc. as templates within which the fillers are either incorporated or grown by
immersion/ chemical reactions (Z. Chen et al., 2013a; Y.-J. Wan et al., 2018). The method
offers simple preparation conditions and high flexibility. Also, biomaterials derived from
wood, cotton, tissue, paper, etc., are excellent templates with the advantages of easy
availability, biodegradability, and non-toxicity. However, the preparation involves detailed

pre-treatments and high-temperature heat-treatment to improve the performance.

1.6.2 Drying method

The drying process is crucial in the preparation of conductive networks inside a
porous material, especially in the case of aerogels. Ambient pressure drying, freeze-drying,
and supercritical drying are the widely used drying strategies, among which freeze-drying
is the most popular (L. Wang et al., 2021). In the freeze-drying method, the solvent in the
precursor suspension is frozen to ice crystals and then sublimated at a low temperature and
pressure. Pores replace the ice crystals, and the pore size largely depends on the freezing
conditions. The beauty of this method lies in the easiness of producing a well-maintained

porous network, the same as in the original dispersion.
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1.6.3 Solvothermal/ Hydrothermal method

Solvothermal and hydrothermal methods form a 3D conductive network under high
temperature and pressure inside an autoclave. Different nanostructures can be synthesized
by this simple and easy method (Huangfu et al., 2019b; X. Yang et al., 2020). The
difference between hydrothermal and solvothermal methods is that in the latter, the
processing temperature should be above the critical temperature of the solvent, which is
non-aqueous. Therefore the pressure is relatively higher than hydrothermal (Gadea et al.,
2018).

1.6.4 Foaming method

In the foaming method, foaming agents such as phenylsulfonyl hydrazine,
azodicarbonamide, etc., introduce gaseous pores inside a continuous matrix. Reports
suggest that the cellular structure in foams would help multiple reflections, decline the
dielectric constant, and bring electrical conductivity to match with good shielding
properties (L. Wang et al., 2021). Despite the mechanical property provided by the foam,
some of the polymer foams, like expanded polystyrene foams, possess lower porosity and
higher density and hence may not be apt for making light EMI shield. 3D printing is another

blooming strategy for realizing well-designed foam structures.
1.7 Porous shielding solutions

Figure 1.13 gives an idea about the emergent role of porous composites in the EMI
shielding domain in the past five years. The pie chart clearly indicates that only <30% of
the total publications report porous materials (Data taken from Clarivate web of science on
20-04-2022). So, there is vast space for exploring more, among which aerogels are
ultralight porous materials containing high volume gas phase fractions (H.-D. Huang et al.,
2015). In particular, conductive aerogels have a wide range of potential applications in fuel
cells, batteries, chemical sensors, and supercapacitors (H. B. Zhao et al., 2016). Aerogels
are much explored among various porous materials due to their low density, open porous
structure, and high internal surface area. They thus can be excellent candidates for
lightweight EMI shields. Next, we will discuss some of the porous shielding materials

reported so far and the major challenges faced in this area.
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Figure 1.13 Pie diagram showing the percentage of publications related to various
porous shielding solutions in the last five years (Clarivate, 2022).

1.7.1 Carbon-based aerogels

Various functional materials of different nano-morphologies have been integrated
into the porous skeletons of aerogels to improve the microwave attenuation of the latter.
Mostly 2D materials like graphene, MXene, etc., and other carbonaceous fillers (like CNT,
graphite powder, etc.) are used to make high shielding composite gels. Carbon-based
aerogel composites are highly competitive as excellent shields because of their potential
chemical and electrical properties. For instance, Li et al. fabricated cellulose
nanofibril/reduced graphene oxide (rGO) carbon aerogel with ultra-low density (~0.0058
g/cm?®) and high EMI SE (~33 dB) (M. Li et al., 2021). The method they adopted for the
preparation involved unidirectional freezing using a copper plate and liquid nitrogen,
followed by freeze-drying. Then the aerogels were carbonized under a nitrogen atmosphere
at 700 °C. Another carbon-based cellulose fiber/graphene aerogel with a density as low as
2.83 mg/cm? exhibited ~47.8 dB EMI shielding effectiveness (Y.-J. Wan et al., 2017). The
aerogel's remarkable mechanical resilience and excellent cycling stability make it ideal for
light shielding applications. The shielding performance of rGO@ high-density
polyethylene aerogel coated natural rubber latex foam is only moderate, with 24 dB at 4
mm thickness (Y. Sun et al., 2021). However, this work's striking features like
superoleophilicity, superhydrophobicity, and high electrical conductivity make the foams
attractive as multifunctional material. Hu et al. presented a similar multifunctional aerogel

film made of carbon nanotubes, aramid nanofibers, and fluorocarbon resin (Hu et al., 2020).
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The hydrophobic aerogel film with superior electrical conductivity (230 S/m) and huge
specific surface area (232.8 m?/g) exhibited excellent shielding effectiveness (SE) of 54.4
dB at a meager thickness of 568 um. Aramid fibers offer proper mechanical strength, and
fluorocarbon provides water-repellent features and thus long-term stability. Though the
fabrication process was a bit laborious and time-consuming, its self-cleaning property and
Joule heating performance made this aerogel unique and promising for multifunctional

applications.

Yet another interesting aerogel composition is the one derived from Ni
foam/graphene oxide (GO)/polyvinyl alcohol composite (PVA), which has a low density
of 189 mg/cm? that showed 87 dB SE at 2 mm thickness (D. Sen Li et al., 2022). Its good
compression strength (172.2 kPa) and hydrophobicity are also noticeable. There, GO and
PVA was mixed, heat-treated, poured over the Ni foam, and freeze-dried to obtain the
hybrid gels. A gentle coating with 1H,1H,2H,2H-Perfluorodecyltriethoxysilane gave the
aerogel water repellent nature. In 2021, epoxy/Ag nanowire/thermally annealed
graphene aerogel composites with a high compressive strength of 173.54 MPa was
reported, showing a SE of 84.01 dB in X-band with an absorption-dominate shielding
mechanism (Gao et al., 2021). The preparation involved hydrothermal reduction, vacuum-
assisted impregnation, and thermal annealing. Lightweight carbon aerogels fabricated by
Liao et al, showed a promising shielding capacity of 36.75 dB only at a thickness of 4 mm
(Liao et al., 2021). However, impressive elasticity, excellent compressive strain, and
specific shielding effectiveness/thickness reaching a high value of 73500 dB cm?®/g make
the aerogel promising. Due to its exceptional mechanical performance and strain/pressure
sensitivity, the material was also found to be a potential candidate for a wearable pressure
sensor. The preparation of this multifunctional shield uses pickering emulsion gel strategy,
and it involves several steps like mixing, emulsification, gelation, freeze-drying, etc. This
aerogel is also claimed to be suitable for light EMI shielding applications and flexible

pressure sensing.

All the above-reported light materials showed excellent shielding performance. In
principle, a porous conductive shield of a specific thickness can improve its SE value by
raising the conductivity of the filler or by increasing the amount of conducting filler (Zeng
et al., 2016). However, higher filler loading will rupture the conductive network inside the

porous structure and increase the overall density. It should be noted that porous

24


https://www.sciencedirect.com/topics/materials-science/aerogel

architectures employing carbonaceous fillers can improve the conductivity but result in a
high dielectric loss in the polymer matrix, thereby detrimentally affecting their EM wave
attenuation. Further, due to their poor dispersion, carbonaceous gels demand complex
synthetic procedures that solicit functionalization, auxiliary treatment, and purification
(Kumar et al., 2020).

1.7.2 MXene-based aerogels

Let us cherry-pick a few promising aerogels involving layered 2D materials outside
the carbon family, say MXene-based aerogels. TizC>Tx MXene/aramid nanofiber (ANF)
anisotropic aerogel prepared by Du et al, displayed outstanding conductivity reaching up
to 854.9 S/m and a corresponding EMI SE of 65.5 dB (Du et al., 2022). Superelastic and
highly compressible aerogels also exhibit flame retardant properties. Cellulose nanofiber
(CNF)/ammonium polyphosphate/TisC.Tx composite aerogels prepared by simple solution
mixing of exfoliated MXene and freeze-drying demonstrated average shielding
effectiveness of 55 dB with an 8 mm thick sample (Y. Zhang et al., 2021). High specific
shielding effectiveness/thickness was ~5729 dB cm?/g, and good electrical conductivity of
12 S/m was also reported. The peculiarity with this aerogel is that, unlike other MXene
composites, it had an absorption dominant shielding mechanism and was fire-resistant too.
MXene aerogel/wood-derived porous carbon composites prepared by Gu's group had
almost the same shielding performance (71.3 dB) at a density of 0.197 g/cm® (C. B. Li et
al., 2020). In this work, the natural wood template carbonized at high temperature
displayed hydrophobic nature along with a high EMI SE of 61.3 dB. The introduction of
MXene into the ordered honeycomb-like wooden skeleton acted as a "mortar-brick"
structure, improving the shielding further. The composite also showed flame retardant and
thermal insulation properties. Mechanically tough and robust MXene/aramid nanofibers
hybrid aerogel fabricated by Lu et al., shown ~56.8 dB EMI SE at 1.9 mm thickness and
SSE/thickness reached 3645.7 dB cm?/g in X band (Lu et al., 2021). In that work, aramid
nanofibers provide reversible compressibility and oxidation resistance while the MXene
boosts the electrical conductivity. Apart from good conduction loss, multiple reflections in
the microporous structure and high dielectric loss are pronounceable. TisC,Tx/carbon
nanotube hybrid aerogel developed through bidirectional freeze-drying displayed shielding
effectiveness of 103.9 dB (3 mm thickness) in the X band (Sambyal et al., 2019). The

hybrid gel has a high electrical conductivity of 9.43 S/cm and possesses better mechanical
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strength than the pristine MXene aerogel. Silicone-coated MXene/ cellulose nanofiber
aerogel film displayed an EMI SE of 39.4 dB (Xin et al., 2021). The aerogel possessed
hydrophobicity due to the silicon coating, excellent photothermal performances, and Joule
heating property. Here, the procedure was relatively more straightforward and took less
time. The outstanding specific shielding effectiveness per thickness (17586 dB cm?/g) and
EMI SE (54.3 dB at 26 pm) of TisCzTyx/calcium alginate aerogel films is one of the best
results reported by Prof. Canhui Lu's group, among the reported works (Z. Zhou et al.,
2019). Their synthesis protocol was tricky where TizC,Tx/sodium alginate mixture was air
sprayed to CaCly, and after vacuum-assisted infiltration and freeze drying, ultra-thin
TisCoTy/calcium alginate aerogel films were formed. Very recently, Li et al, prepared
lignocellulose nanofibril/gelatin/MXene composite aerogel with a maximum EMI SE of
62.1 dB for a 2 mm thick sample (Y. Li et al., 2022). The excellent fire-retardancy
properties of these gels make them unique. The synthesis method involves chemical pre-
treatment of eucalyptus powders and then mechanical defibration. Thus-formed
phosphated lignocellulose nanofibrils was combined with chemically delaminated TizsC2Tx
(MXene) and gelatine taken in fixed ratios and finally the mixture was freeze-dried to

obtain the final aerogels.

From the preceding discussion, it is evident that it is impossible to question the
central position of MXenes in EMI shielding. However, the difficulties with MXene
composites include complex procedures, relatively high cost of the materials, harsh acid

environment involved in the careful etching process of MAX phases, etc.

1.7.3 Other interesting aerogels

An intelligent attempt by Liu et al. is really noteworthy (X. Liu et al., 2021). They
synthesized low-dense, wood-derived carbon aerogels (54 mg/cm?®) that could switch from
non-shielding to shielding material upon simple compression. Here, the initial procedure
of wood sponge preparation involves laborious chemical and thermal pre-treatments. Then,
these sponges were carbonized with CNT and graphene oxide. Nevertheless, the aerogel
with 6.9 mm thickness showed only a meager EMI SE <2 dB. However, when the gel was
subjected to 75% strain, the carbon nanoparticle connectivity established good electrical
conductivity and thus improved shielding performance to a maximum of 27.6 dB in the X

band. Hence, the aerogel acts as an on/off switchable EMI shield.
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Graphene aerogel prepared by an intermediate hydrogel compression step also
shows tuneable EMI shielding properties (C. B. Li et al., 2020). With compression to 5%
and 40% of the original height of aerogel, EMI shielding values were 43.29 dB and 31.44
dB, respectively, at 2.5 mm thickness. Upon compression, the cellular microstructure of
hydrogel was changed to a layered configuration, and the aerogel's density was also
increased. As both these morphologies well support multiple reflections and shielding, Li
et al. propose that a more significant number of rGO layers and uniform microstructure due

to compressive strain might be the reason for improved EM wave attenuation.

Another wood-derived nanocomposite material, MXene@Wood aerogel with 0.108
g/cm? density, possessed anisotropic EMI shielding property with a maximum SE of 72 dB
at parallel growth direction (Zhu et al., 2021). Many researchers focus on combining
electrically conducting and magnetic components together to improve shielding capacity.
Also, the presence of magnetic material offers good impedance match and thereby reduces
secondary reflection pollution. In a similar attempt, Chen et al. fabricated absorption-
dominant cellulose/reduced graphene oxide /Fe3O4 aerogels exhibiting ~52.4 dB shielding
effectiveness with 2 mm thickness (Y. Chen et al., 2020).

Noticeable is the fact that, although these materials show excellent EMI shielding
properties, the construction of such lightweight composites involves complex synthesis
steps with various chemicals that disgorge a considerable amount of hazardous waste to the

environment.
1.8 Motivation and objectives

The inference from the above brief literature survey given in section 1.7 clearly
points out that developing ultra-porous architecture with good electrical conductivity and
thus superior EMI SE while maintaining low density is highly challenging. Some ambitious
advances have been made on carbonaceous and MXene-based gels. Yet, developing a cost-
effective, lightweight, green, and efficient EMI shielding aerogel devoid of carbonaceous

fillers (like CNT, graphene, graphite, etc.) and MXene is still challenging.

Hence, in the present thesis work, we are trying to explore light, green, and
promising shields using suitably modified layered inorganic oxide material through simple

and affordable strategies. We are focusing on aerogel-based shields to ensure high
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absorption and low density. One of the relatively cheaper layered oxide materials, V2Os,

was qualified as the principal filler component of the aerogels.
1.9  The choice of V205

The nanostructured transition metal oxide V2Os has gained remarkable attention in
various fields such as gas sensors, lithium-ion batteries, supercapacitors actuators, and
electrochromic devices due to their peculiar properties (K. Chen et al., 2021; Dhoundiyal
et al., 2021; Purushothaman et al., 2017). These properties include layered structure, non-
toxicity, low-cost and easy synthesis, abundant resources, high charging capacity, long
cycle life, high energy density, good conductivity, and multivalent oxidation states (Jiang
et al., 2019; Purushothaman et al., 2017; W. Sun et al., 2018; N. Wang et al., 2015). For
example, hydrated vanadium pentoxide (V20s.nH20) exhibits fine intercalation
characteristics owing to its layered texture and ion-exchange abilities. Several materials,
including polymers, are intercalated into the lamellar structure of a hydrated V.Os and
studied for photoactive, organic dye removal, and supercapacitor applications (Powders et
al., 2016; K. Zhou et al., 2018). Nevertheless, this fabulous property of V,0Os remains
under-explored in the field of EMI shielding. Only a few reports are found in the literature
presenting V20Os-based microwave absorbers. CdSe/V20s core-shell quantum dots with
reduced graphene oxide nanocomposite had average shielding effectiveness of 38 dB for a
1 mm thick sample (Singh et al., 2019). It is reported that hydrated vanadium pentoxide
exhibits semiconducting properties due to small polaron hopping of unpaired electrons
between the V4" and V°* sites. Hence, V-Os alone cannot provide sufficient shielding due
to poor electrical conductivity. But the expanded interlayer spacing with a transition metal
ion in the high oxidation state can accommodate other conducting structures in between
these layers and improve the conductivity. Depending on the oxidation-reduction potentials
of the reactants involved, layer reduction occurs. Further, increase in the percentage of V4
sites result in more charge carriers in the inorganic layers and hence it is expected to
significantly increase the conductivity and change the magnetic properties. So, by
intercalating suitable materials into stacked layers, we can combine high electrical
conductivity with the high redox activity of a transition metal oxide and synergistically
enhance the overall electrical properties. Here we will establish strategies to accomplish
good electrical conductivity and thus promising shielding effectiveness in V20Os-based

composite aerogels.
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Chapter 2

Carbonized V,0;
Aerogels with Excellent
Green EMI Shielding

e A novel, ultralight aerogel was prepared by simple
hydrothermal carbonization of V20s nanowires.

e The low-dense aerogels exhibit high shielding
efficiency (SE) in X, Ku, and K bands with a
maximum EMI SE of 43.24 dB at 26.5 GHz.

o Exceptional specific shielding efficiency of 5147.6
dB cm?/g is achieved in the K band.

o Aerogels possess a high green index of 1.58.
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2.1 Introduction

Being lightweight, conductive, and corrosion resistant, EMI shields using
carbonaceous materials, including carbon nanotubes (CNTS), carbon fibers, graphene, and
reduced graphene oxide composites, are actively investigated. However, a burning issue
associated with highly conducting shielding materials is that they generate a kind of
pollution through secondary reflections that damage the surrounding environment. So,
modern times demand 'greener’ shielding materials. A green shield can be defined as an
excellent EM wave attenuator with practically no or shallow reflection (X. Wang et al.,
2019). They are expected to have a good impedance match with incident waves and possess

absorption dominant shielding mechanism with broad bandwidth (D. Zhang et al., 2019).

Porous structures like foams, aerogels, and sponges are apt solutions as efficient
microwave absorbers. While preserving the low density, the numerous pores on them help
EM wave to attenuate by providing enormous specific surface area for multi-reflections
(Puthiyedath Narayanan et al., 2021). Carbon-based aerogels are promising shielding
materials since they are constructed by a unique three-dimensional network of conductive
carbon (Liang et al., 2019). Recently Yu et al. fabricated anisotropic polyimide/graphene
composite aerogels by unidirectional freezing, lyophilization, and thermal imidization. The
composite aerogels exhibited excellent EMI SE of 26.1-28.8 dB in the X band, and the
specific shielding value ranged between 1373— 1518 dB-cm?/g (Z. Yu et al., 2020a). In
another attempt, low dense carbon aerogel films derived from aramid nanofiber through
blade-coating, solvent-exchange, freeze-drying, and subsequent pyrolysis under high

temperature showed excellent shielding performance of 41.4 dB (B. Zhou et al., 2021).

Literature survey suggests that, despite holding fairly good shielding performance,
the majority of the carbonaceous gels have their synthesis involves either expensive
chemical precursors or needs a laborious synthesis procedure. Hence, making a good
shielding porous structure through a facile and cost-saving method will be fascinating. In
2015, Li et al. suggested that carbon-like aerogels could be synthesized by hydrothermal
carbonization followed by pyrolysis of sugarcane (Y. Q. Li et al., 2015). They had a
maximum EMI SE of 51.0 dB in the X band with a 10 mm thick sample. However, they
displayed an inappropriate variance in shielding efficiency in the measured frequency
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range. This chapter presents a carbonized V.Os composite aerogel made through a facile

hydrothermal route with appreciable shielding efficiency and broad bandwidth.

Hydrothermal carbonization of saccharides is a well-established procedure to
produce different carbonaceous structures for numerous applications like fluorescence
emission, drug delivery, adsorbents, porous ceramics, and catalysis (X. Sun & Li, 2004; Z.
C. Yang et al., 2011). The size and shape of carbon structures are tuned for specific
applications. This is possible by varying the hydrothermal conditions such as reaction time,
reactant concentration, and reaction temperature. Several articles have already reported that
hybrid carbon composites with beautiful nanoarchitectures can be prepared by
hydrothermal carbonization of sugars in the presence of inorganic salts. Zhang et al.
succeeded in converting (NH4)2V30s/carbon composites to porous V2Os nanoparticles
through a one-pot hydrothermal route using D-glucose as carbon source (Y. Zhang et al.,
2017). The porous V.Os nanoparticles with a BET surface area of 10.6 m?/g displayed
excellent electrochemical properties. High surface area is a primary need for a 'green shield'
to increase the EM wave absorption. Also, the charge transport inside the material will be
smoother if a one-dimensional V.Os nanowire network is established within a porous

composite instead of one with nanoparticles.

In the present work, our primary goal is to develop a robust aerogel having a highly
connected, three-dimensional conductive network and good surface area with V20s.
Herein, we put forward a facile hydrothermal synthetic route to make an EMI shielding
aerogel using carbonized V20s nanowire architecture using a cheap carbon source, glucose.
Chemical structure, microstructure, and EMI properties were investigated in detail, and a

simple shielding mechanism is also proposed.
2.2 Experimental

2.2.1 Materials

Ammonium metavanadate (99%) was purchased from Sigma-Aldrich Co. USA.
Hydrochloric acid (HCI 37%) and D-Glucose anhydrous were obtained from Merck Life
Science Private Limited, Mumbai, and NICE chemicals Private Limited, Kerala,

respectively. All the chemicals were used as received without any further purification.
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2.2.2 Synthesis of carbonized V20s aerogels

In this work, carbonized V.Os hydrogels were fabricated through a simple one-step
hydrothermal method. First, the V2Os nanowire dispersion was prepared following a
reported procedure (K. Zhou et al., 2018). A few drops of deionized (DI) water were added
into ammonium metavanadate taken in a mortar, and ground well. The resulted paste was
oven-dried at 110 °C. About 1g of this ground powder was then mixed with 10 mL of 1 M
HCI with rigorous stirring. Afterward, 10 mL of DI water was added as the suspension
became red. After sedimentation, the resulting red precipitate was dispersed in hot water
(80—90 °C), and the supernatant was removed. The dispersed red solution was vigorously
stirred, and the top solution was removed; the process was repeated until a uniform
dispersion was achieved. 0.2 g dextrose was mixed with 30 mL of thus prepared vanadium
dispersion. The mixture was transferred to a Teflon-lined stainless-steel autoclave and kept
at 140 °C for 24 h. The resulting hydrogel was washed using DI water and freeze-dried for
24 h to obtain carbonized vanadium aerogels. The aerogel product thus obtained is coded
hereafter as CVO. For the sake of comparison, pure vanadium nanostructures without
carbon were also prepared by the same procedure, and shielding performance was
investigated (coded as VO). A schematic diagram of the preparation method is shown in

figure 2.1a.

2.2.3 Characterization

The hydrogels were freeze-dried at -110°C by Scanvac Cool Safe Pro 110-4, M/s.
Labogene, Denmark. Fourier transform infrared spectroscopy (FTIR) was performed to
compare the chemical structure of the pure and composite aerogels on a Perkin Elmer Series
FT-IR spectrum-2 instrument using the ATR (Attenuated Total Reflectance) method.
Raman spectra (confocal Raman microscope a-300R WITec, Inc., Germany) and wide-
angle X-ray diffractogram (WAXD, XEUSS SAXS/WAXS system using a Genixmicro-
source from Xenocs operated at 50 kV and 0.6 mA) were recorded to confirm the formation
of composites. X-ray photoelectron spectroscopy (XPS, PHI 500 Versa Probe 2 with Al Ka.
radiation) was used to evaluate the surface chemical composition of the aerogels. Scanning
electron microscopy (SEM, JEOL- JSM 5600LV) and high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai G2 30S-TWIN) observed the microstructure
and morphologies FEI Co., Hillsboro, OR, USA). Thermogravimetric analysis (TGA) was
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done by using STA 7300, Hitachi, Japan. For this, the samples were heated from 25°C to
650°C at a rate of 10°C/min in the air atmosphere. The Brunauer-Emmett-Teller (BET)
surface area and pore size were measured after degassing the samples at 150°C for 12 hours,
using a nitrogen adsorption-desorption isotherm (Gemini 2375, Micromeritics, Norcross,
USA). The pore size distributions of the aerogels were measured using the Barrett—Joyner—
Halenda (BJH) method. The DC conductivity of the samples was measured using the four-
probe method using Keithley 2450 source meter. A Keysight PNA-L N5234B network
analyzer was used in the X, Ku, and K bands to investigate the EMI shielding performance
of the aerogels. The samples were precisely machined into a rectangular shape with
dimensions 22.28 mm x 10.1 mm in X, 15.79 mm % 7.89 mm in Ku, and 10.67 mm x 4.32
mm in K band. Samples with a thickness of 3 mm were inserted one after one into a sample
holder connected between the waveguide flanges of a network analyzer. The shielding
efficiency was calculated by the scattering parameters (S-parameters, S11, S12, S21, and Sz2)

obtained from the vector network analyzer.
2.3 Results and discussion

The crystal structure of the samples was investigated by wide-angle X-ray
diffraction (WAXD), and their diffractograms are shown in figure 2.1b. Only a few Bragg
reflections are visible in the WAXD spectrum, pointing to the quasi-crystalline nature of
the samples. The peaks of the V2Os precursor seem to be a mix of two phases; say, (001) at
8.9° corresponds to layered V20s and (110), (301), and (011) at 26.3°, 30.7°, and 32.1°
matches with the orthorhombic phase of hydrated vanadium pentoxide (Kundu et al., 2017;
Q. Wei et al., 2015). Partial reduction of vanadium during hydrothermal treatment might
be responsible for the mixed phases (Ronquillo et al., 2016). Anyway, the significant part
of reflections belongs to the orthorhombic phase. As reported in earlier publications,
carbonization ends up in a little more amorphous material (Y. Zhang et al., 2017). The
symmetry of spectra of VO and CVO aerogels indicates that the layered structure of V205

is well maintained even after composite formation.

Raman spectrum of aerogels was taken at room temperature in the wavenumber
range of 100-2000 cm*(figure 2.1c). The peaks in CVO composite gel and VO aerogel are
identical, and the spectrum is symmetric with the reported Raman modes for V20s nH>O
(Abd-Alghafour et al., 2020; Londofio-Calderon et al., 2010). The dominant peak at 142
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cm corresponds to the V-O-V chain. The two peaks at 284 and 408 cm™ are associated
with the bending vibration of the V=0 bonds, and 991 cm™ is assigned to the V=0
stretching vibrations (Londofio-Calderon et al., 2010). The peaks located at 484 and 685
cm are assigned to V-O-V bending and stretching modes, respectively (Abd-alghafour et
al., 2016).
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Figure 2.1 (a)Schematic illustration of the synthesis of carbonized V20Os aerogel, (b)
WAXD pattern, and (c) Raman spectra of pristine V20s and carbonized V.Os aerogels
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Figure 2.2 (a) FTIR-ATR spectrum and (b) XPS survey spectrum of carbonized V20s
aerogels, high-resolution XPS spectra of (c) V2p, (d) C1s, and (e) O1s; (f) TGA of

aerogels.

Temperature (°C)

The composite aerogel's chemical structure and functional groups were investigated
using Fourier transform infrared (FTIR) spectroscopy (figure 2.2a). The peaks around 460
and 761 cm™* correspond to the V-O-V stretching mode, and the strong peak at 974 cm™ is
assigned to the stretching band of oxygen in the V=0 bond (Mukhtar et al., 2017). The
narrowband at 1606 cm™ and broadband near 3200 cm™ are vibration bands of -OH (Cao
et al., 2013). The bands at 1072, 1302, and 1343 cm™ are attributed to C-OH and C-O-C,

35



respectively. C=C bands at 1406 and 1618 cm™ and the C=0 band at 1573 cm™ support
glucose's aromatization (X. Sun & Li, 2004; Y. Zhang et al., 2017). The absence of any of
the characteristic bands of glucose is also consistent with the concept of the carbonization
of glucose under hydrothermal conditions (Z. C. Yang et al., 2011). As reported in the
literature, the surface functionalization by hydrophilic groups is due to the oxidation of -
OH groups in glucose under hydrothermal conditions (X. Sun & Li, 2004; Z. C. Yang et
al., 2011). Other functional groups like epoxy (C-O-C) and carbonyl (C=0) groups in the
composite aerogel might also be due to the partial oxidation during the heat treatment.

The X-ray photoelectron spectroscopy (XPS) survey spectrum in figure 2.2b shows
the presence of three elements, namely vanadium, oxygen, and carbon, existing on the
surface. It is worth noting that a soft peak of N1s may be derived from the unreacted
vanadium precursor, NH4VOz. The intense peak around 516.6 eV corresponding to V2p
can be deconvoluted into two different electronic states of V°* and V** (figure 2.2c). The
high-resolution XPS of C1s can be fitted by three peaks at 284.7, 286.1, and 288.1 eV
attributed to C=C/C-C, C-O, and C=0, respectively (figure 2.2d). The other intense peak
of O1s is marked at 530.10 eV, which can be deconvoluted to four peaks, namely, V-O
(530.0eV), C=0, O-C=0 (531.4eV), C-OH, C-0, C=0 (532.5eV) and C-O-C, C-O (532.9
eV) (figure 2.2e) (G.-C. Chen et al., 2009; Dong et al., 2016; Y. Zhang et al., 2018). As
evident from FTIR and deconvoluted XPS, many functional groups are induced into the
hydrated V20s nanowire template during the hydrothermal process. These residual
functional groups are believed to be beneficial for EMI shielding because they contribute
to polarisation and dielectric loss. In fact, the asymmetrical charge distribution in these
oxygen-containing dangling bonds polarizes them. As an electromagnetic wave passes
through the composite aerogel, these dipoles oscillate under the alternating EM field and

cause relaxation loss (Lalan et al., 2019; D. Zhang et al., 2019).

Thermal decomposition studies were done by thermogravimetric analysis (TGA),
and the results are depicted in figure 2.2f. The TGA profile of pure V205.nH20 shows two-
step weight loss as a function of temperature. The initial weight loss below 150 °C (11.86%)
is attributed to the evaporation of physisorbed water and the other volatile matter retained
in the aerogels. In the temperature range of 150-400 °C, 6.31% weight loss due to the
elimination of strongly bound water molecules is recorded (Huguenin et al., 2000). A

similar weight loss pattern is observed in carbonized aerogels with an additional loss step
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at 400 °C. This extra loss of 9.36% can be attributed to the decomposition of unstable

carbon compounds.

(a)

500 nm

Figure 2.3 (a) photographic image of carbonized V.Os aerogel resting on a flower, TEM
images of (b) VO and (c) CVO aerogels (d) TEM image of CVO aerogel showing the
carbon layer covered over V.Os nanowires () HRTEM image of CVO aerogel with

encircled portions indicating crystalline parts, SEM image of (f) VO aerogel (g&h) CVO

aerogel at different magnifications, and (i) EDS spectrum of CVO.

Figure 2.3a certifies the ultra-lightness of carbonized aerogel. The nanowire
morphology of the pure and carbonized V20s aerogels is clear from the TEM images
(figures 2.3b and c, respectively). In composite aerogel, the nanowires are rigidly bound by
polymerized carbon. A closer observation reveals that a thin layer of nanostructured carbon
is seen wrapped around the oxide nanowires (figure 2.3d). Although it is difficult to
distinguish between the carbon layer and the V20s nanowires, the HRTEM image suggests
the presence of both amorphous and crystalline phases in the composite. The marked
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portions in figure 2.3e represent some of the crystalline phases corresponding to
V205.nH20. The observation by field emission scanning electron microscope (FESEM)
provides insight into the micro-morphology of samples and is shown in figures 2.3f-h. As
seen, the pure V20s aerogel presents an irregularly arranged layered but porous structure.
The layers are highly flexible with a clean and smooth surface, as shown in figure 2.3f.
Composite aerogel is similar to the pristine form nanowire clusters but is connected by a
thin envelope of carbon layer (figure 2.3g). This carbon envelope is supposed to provide
electrical contact among V20s nanowires. Further, the highly wrinkled nanowire layers
construct a 3D architecture, which can provide a vast surface area for the interaction and
scattering of EM waves. A closer analysis shows that the distance between the layers and
diameter of pores formed by the layers varies from hundreds of nanometres to tens of
micrometers (figure 2.3h). It should be noted that if the pore size in a homogeneous
composite is 2-50 nm, it is mesoporous, whereas systems with pores size over 50 nm are
categorized as macroporous. Present aerogels fall well within meso and macroporous
regimes. These pores formed by curved layers increase multiple reflections, thereby
providing a longer propagation path for incoming electromagnetic radiations that suffer
collective attenuation. The EDS spectra shown in figure 2.3i once again authenticate the

presence of carbon in the composite gel.

The aerogels' porosity and specific surface area were further examined by nitrogen
adsorption—desorption isotherms (figure 2.4a& b). Initially, the adsorption is very low but
gradually increases with pressure. The type IV isotherm has a hysteresis loop in the high-
pressure region (P/Pg>0.3). This is because mesopores and macropores in the sample,
which agree well with the SEM observation (M. Li, Li, et al., 2011). The as-prepared V20s
gel has a surface area of 8.3 m?/g (figure 2.4a), whereas the BET surface area of carbonized
composites measures 48.2 m?/g (figure 2.4b), which is nearly six times higher than that of
the pristine one. Both aerogels contain mesopores of average diameter in the range of 1-50
nm (inset of figure 2.4a& b). The excellent surface area and presence of meso-macropores
in CVO aerogels synthesized via hydrothermal carbonization suggest they can display

excellent electromagnetic shielding properties.

The as-prepared CVO aerogels with high porosity exhibit decent electrical
conductivity (figure 2.4c). Pure aerogel has only a very low conductivity of 0.009 S/cm,

which is improved to 0.133 S/cm upon carbonization by 15 times. This considerable
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improvement is contributed by the thin carbon layer enveloping the nanowires.
Interestingly, an LED light was illuminated when the CVO aerogel was fixed in a circuit
(figure 2.4d), which clearly shows the good electrical conductivity of the hybrid gel. The
hydrothermally derived carbon over the long and highly connected V>Os nanowire network
provides abundant pathways for fast electron movement. This might be the reason for the
higher electrical conductivity. The densities of aerogels are also shown in figure 2.4c. The
aerogel density was 26 mg/cm?, slightly more significant than the pure V.Os aerogel (~21
mg/cm?). The feather-light aerogels can reduce the overall weight of equipment while used

as shields in portable devices or aerospace applications.
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Figure 2.4 N2 adsorption-desorption isotherms and pore distribution curves of (a) VO
and (b) CVO aerogel, (c) electrical conductivity and density of aerogels; (d) LED
illuminates when the circuit with aerogel is connected to a power source.

Now let us look into the possible mechanism behind the formation of carbonized
gels. In the past few decades, there have been many reports on the hydrothermal treatment
of mono- and poly- saccharides (Ryu et al., 2010; X. Sun & Li, 2004; Z. C. Yang et al.,
2011). Most of them narrate that hydrothermal carbonization using sugars at a temperature
in the range of 160- 240°C resulted in the formation of carbon spheres of diameters 100 nm

to a few micrometers. In the present research, we used a cost-effective carbon source,
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dextrose, to fabricate conducting vanadium composite aerogels. First, the finely powdered
ammonium metavanadate was treated with hydrochloric acid at room temperature and then
washed with hot water a few times. The initial yellow solution switches its color to orange
and then to deep red with time. Here, polycondensation of vanadic acid occurs, and we
obtained a deep red colloidal dispersion containing < 2um long nanofibers. To this solution,
dextrose was added and mixed well by stirring for a few hours. Upon hydrothermal
treatment of this mixture at 140°C for 24 hours, V205 nH20 sheets were formed first, and
they were dehydrated and shaped to VV.Os nanowires as the reaction progressed (N. Wang
et al., 2015). The suggested nanowire growth mechanism is the oriented attachment (OA)
growth. In this case, the nanofibers formed by polycondensation at room temperature will
orient and attach longitudinally to develop tens of micrometers long nanowires under the
high temperature and pressure of hydrothermal reaction (M. Li, Kong, et al., 2011; X. Wu
et al., 2003). Meanwhile, hydrothermal carbon formation takes place simultaneously.
According to literature, glucose carbonization starts with water loss, followed by
polymerization or condensation of the dehydrated and fragmented products (Sevilla &
Fuertes, 2009; X. Sun & Li, 2004). Subsequently, the polymer undergoes aromatization. In
the case of the hybrid system, glucose, the organic carbon source, plays an additional role
as a reductant causing the formation of V** states by partial reduction, which is evident
from XPS analysis (Y. Zhang et al., 2017). The polymerized carbon is adsorbed and bound
over the long V20s nanowires leading to the formation of carbonized V20s composite. The
growth of amorphous carbon interrupts vanadium pentoxide's crystallization to complete,
as evident from WAXD and TEM results. The temperature and reaction time are crucial
for forming the highly porous three-dimensional network. It is reported that most of the
hydrothermal carbon composites synthesized in similar routes at low temperatures with
sugars as the precursor possessed shallow surface areas, <4 m?/g (Demir-Cakan et al.,
2009). However, in the present work, the layered morphology and the carbonization
provide a high surface area, which is beneficial for good absorption shielding. Further, we
varied the temperature and reaction time of hydrothermal treatment and noticed that a
perfect gel structure is obtained with an optimum reaction temperature of 140°C and 24

hours.

The EMI shielding performance of CVVO was investigated in X (8-12 GHz), Ku (12-
18 GHz), and K (18-27 GHz) bands. To begin with, the shielding performance of pure V205

gel was compared to that of carbonized gel. For this, the gels were precisely cut into
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rectangular blocks suitable for the X band with 3 mm thickness and scattering parameters
(S11, S22, S12, and S»1) recorded from a vector network analyzer. Absorption and reflection
shielding efficiency were calculated using equations 1.5 and 1.6. Total SE mainly depends
on the overall contribution from absorption (SEabs), reflection (SErer), and multiple

reflections (SEwm).
SETotal = SEAbS + SERef + SEM (21)

Aerogel-like samples dissipate the internally reflected waves by absorption after multiple
scattering. It is said that, for porous materials having an absorption dominant shielding
mechanism, the energy of internally reflected signals will be absorbed by the material and
can be attributed to absorption (Lalan et al., 2019; Tong, 2008; X. Wu et al., 2018).

Figures 2.5 (a & b) depict the variation in absorption, reflection, and total shielding
ability of VO and CVO aerogels within the X band frequency range. The aerogels display
stable shielding efficiency with low fluctuations throughout the measured region, providing
a steady shielding bandwidth. The primary shielding mechanism in both the aerogel
samples is absorption. Although the unique layered structure of VO contributes to
absorption shielding effectiveness (~14 dB), the total EMI SE does not reach up to the
commercial benchmark of 20 dB. Reflection shielding stays less than 3.5 dB in the entire
frequency span. On the other hand, the carbonized aerogels with a thickness of only 3 mm
present an excellent EMI SE of 31.7 dB (>99.9% attenuation) in the X-band. The high
shielding efficiency can be attributed to its layered and porous structure and increased
electrical conductivity. The conducting network inside the aerogel facilitates microwave
attenuation through ohmic and heat loss, and the porous architecture provides ample room
for multiple internal reflections. Moreover, carbonization enhances interfacial polarization
and dielectric loss due to the formation of polarization centers around a large number of
functional groups. Exceptional absorption shielding efficiency up to 29.39 dB is achieved
in the X band. Absorption loss is mainly due to heat and ohmic loss inside the aerogel,
which is a function of the physical characteristics of the gel. The excellent absorption SE
validates that the robust and regular 3D porous skeleton formed in the VO gel is exactly
replicated inside the CVO gels, acceding to the SEM-assisted microstructural analysis
discussed before. Compared to VO, the absorption SE of CVO is significantly improved
by ~10 dB in the X band frequency span. The highly compact and layered microstructure
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of the CVO is mainly responsible for the pronounced increase in absorbance EMI SE.
Unlike VO gels, the highly connected nanowires and conducting layers provide charge-
transporting channels, thereby playing a significant role in the absorption SE. The slight
increase in the density of aerogels substantiates the more compact packing of layers. Also,
the increase in electrical conductivity contributes to wave attenuation, as in equation 1.4.
SEabs has a gradually increasing trend toward the higher frequency region due to this direct
proportion to frequency. On the other hand, SEres is inversely proportional to frequency as
given in equation 2.2, and hence it moderately decreases towards the higher frequencies.

The reflection shielding is given by:

SEges = —10log (

o
16feu

) (2.2)

where f, o, 1, and ¢ are the frequency of EM wave, the shield's total conductivity,
and its permeability and permittivity, respectively (M. Wang et al., 2021). It is to be noted
that the optimum conductivity of CVO aerogel limits the reflection SE in the range of 2.3
to 3.3 dB. The high degree of impedance matching is also responsible for the lower values
of reflection SE (Tong, 2008). As a result, only a negligible amount of harmful secondary
reflection enters the external environment.

Next, we probed into the dependence of shielding performance of aerogels on
thickness in the X band. Figure 2.5¢ shows the total shielding efficiency of CVO at three
different thicknesses; 3, 4, and 5 mm, namely CVO 3, CVO 4, and CVO 5, respectively.
Shielding performance is more or less linear concerning the thickness of the shield. As
expected, the reflection shielding is independent of the thickness of samples and displays a
value < 4 dB. Absorption SE reaches 30.7 and 34.3 dB, with the maximum total SE
achieving 32.6 and 37.0 dB for 4 and 5 mm thick samples. A minimum shielding efficiency
of 31.3 dB is ensured in the entire X band for the 5 mm thick aerogel. This suggests that a
5 mm thick sample will suffice for the practical requirements demanding 99.99% shielding
capacity.

Skin depth (d) is the distance through which the initial intensity reduces to 37%.
The relation of skin depth with absorption shielding efficiency of materials with a fixed
thickness, t is:(Zhan et al., 2019)

SEus = 205 loge (2.3)

Figure 2.5d shows the higher skin depth of pure aerogels in the X band frequency range,
~2 mm. Upon carbonization, the value was immensely reduced to ~1 mm. So, CVO
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aerogels with >1 mm thickness can well attenuate the EM waves inside them.
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Figure 2.5 Frequency-dependent variation of total EMI shielding effectiveness (SEtotal),
reflection shielding effectiveness (SEref), and absorption shielding effectiveness (SEans) of
(a) VO and (b) CVO aerogels (c) Variation of total shielding efficiency of aerogels with
different thicknesses3-, 4- and 5-mm and (d) frequency variation of skin depth of aerogels
in X band. Frequency-dependent variation of total EMI shielding effectiveness (SEvotal),
reflection shielding effectiveness (SEref), and absorption shielding effectiveness (SEaps) of
CVO aerogel in (e) Ku band and (f) K band.
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Further, the shielding efficiency of aerogels was investigated in Ku and K bands
(figure 2.5e and f). CVVO gels with 3 mm thickness depict a maximum shielding efficiency
of 36.95 dB and 43.24 dB in the Ku and K band. The aerogels have high absorption
shielding with a shallow reflection below 3.5 dB in the entire Ku and K bands. In brief, the
hybrid CVO aerogel is a potential shielding solution for portable devices, with broad

bandwidth in all three frequency bands, X, Ku, and K bands.

The detailed shielding mechanism can be summarised as illustrated in figure 2.6a.
The aerogel's meso- and macropore structures favor the facile entry of incoming
electromagnetic waves into the aerogel due to suitable impedance matching with the
interface. As the EM waves penetrate CVO aerogel, the highly interconnected 3D
conductive network enhances the conduction loss. The continuous conducting wires
facilitate necessary electron transport channels, which promotes dielectric loss. The
abundant polarization centers provided by the functional groups of CVO and interfaces
between V.05 nanowires and polymerized carbon would produce lots of dipoles. These
dipoles will rotate by absorbing energy from the alternating electromagnetic field, and
relaxation occurs, resulting in EM attenuation. In addition, the unfiltered waves will get
trapped inside the wrinkled and folded layers and eventually attenuate inside them. Also,
the vast interface area provided by the aerogel's layered-porous architecture encourages
multi-scattering and internal reflections inside the aerogel. These multiple internal
reflections elongate the propagation path of the incident waves and dissipate them within
the aerogel. Finally, the synergistic effects caused by the combination of organic carbon
and hydrated V20s nanowires might also be responsible for high shielding performance. In
summary, the unique porous morphology combined with the good electrical and dielectric

properties of CVO aerogels makes them suitable for light EMI shielding applications.

The EMI SE normalized by density is a crucial term for light and porous shielding
structures like aerogels. Specific shielding efficiency (SSE=SErota/density) and thickness
averaged SSE (SSE/thickness) are commonly used to compare the shielding performance
among different light materials. Materials with high specific shielding capacity are highly
preferred in portable electronic and aeronautical applications. The calculated SSE values
of CVO aerogel at different frequency bands are shown in figure 2.6b. The maximum
SSE/thickness in the K band is 5147.6 dB cm?/g, much higher than many reported low-

dense aerogels (figure 2.6¢). Table 2.1 highlights aerogels' excellent specific shielding
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ability in present work compared to similar materials in literature. For example, Han et al.
prepared graphene oxide aerogel film/polymer composites with high shielding efficiency
of 53 dB. As its density is 0.122 g/cm?, SSE/thickness turns out to be ~2800 dB cm?/g (Han
et al., 2016). Table 2.1 below suggests that the outstanding normalized SSE possessed by

CVO aerogels makes them a competitive candidate among light-shielding materials.
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Figure 2.6 (a) lllustration showing the possible shielding mechanism in CVO aerogel; (b)
Specific shielding efficiency (SSE), (c) SSE/thickness, and (d) green index of CVO aerogel
in X, Ku, and K bands. The values correspond to the maximum frequency of each band.
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Table 2.1. Comparison of present work's EMI SE, SSE, and SSE/thickness with other
reported results. The values are measured at X band frequency.

SI Sample EMI Thick- SSE SSE/ Ref
No SE  ness (dB thickness
(dB) (mm) cm®g) (dBcm?qg)
1 Cellulose composite  20.8 2.5 219 876 (H. D. Huang
aerogel et al., 2015)
2 MXene carbon 71.3 3 360 1200 (Liang et al.,
composite aerogel 2020)
3 GO-polymer aerogel 53 1.55 434 2800 (Han et al.,
film 2016)
4 Aerogel-like Carbon 51 10 455 455 (Y. Q. Lietal.,
2015)
5 Graphene-carbon 37 3 529 1763.333 (W. L. Song et
hybrid aerogel al., 2015)
6 Carbon aerogel 40 4 700 1750 (Vazhayal et
al., 2020)
7 Sponge-supported 27.3 12 1437 11975 (C. Liuetal.,
rGO aerogel 2016)
8  V20s-PANI aerogels 34.7 6 1662.2  2770.333 (Puthiyedath
Narayanan et
al., 2021)
9 Carbonized V20s 31.7 3 11329 3776.333 Present work
aerogels

Lots of materials are available with the same or higher shielding capacity at even
lower thicknesses. The main three parameters that distinguish CVVO from those shields are
cost-effectiveness, ease of synthesis, and its 'green’ nature. The materials with outstanding
EMI attenuation properties usually generate strong secondary reflection, which risks the
environment's health. Bringing high EM loss in an environment-friendly shielding

architecture is highly challenging. So, it is high time to consider the 'greenness' of our CVO
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aerogels. For this, we examined the green index, gs which can be calculated from scattering
parameters using the following equation (X. Wang et al., 2019):

=2 -1 (2.4)
Although many EMI shields have superior SE and SSE, only a few are reported with
impressive green values. Generally, shields with gs values >1 are considered green among
EM wave attenuators. An ideal green shield needs the following features: (1) strong
absorption, (2) low reflection, (3) high EM loss, and (4) good impedance matching. In the
case of CVO aerogels, the impedance of the porous surface matches well with that of
incoming EM waves. Also, the layered microstructure enhances absorption with multiple
reflections inside its vast interfaces. The lower conductivity value reduces the reflection,
which we already discussed, considering its EMI performance. With polarization and
ohmic losses, the cumulative EM loss is high enough to achieve a green index value as
great as 1.58 in the K band. The gs were >1 in X and Ku bands, as shown in figure 2.6d.
Hence the present ultra-light CVO aerogels exhibiting tailorable EMI shielding properties,
are eco-friendly and suitable as shields in portable devices. These results demonstrate that
instead of employing expensive 2D materials like graphene and MXene for developing
efficient EMI shielding solutions, interesting mesoporous structures can be made through
one-pot synthesis using relatively cheaper precursors, which could also show incredible
green shielding properties.

2.4  Conclusions

In summary, a novel, ultralight carbonaceous aerogel with high EMI shielding
performance was developed by the carbonization of the V20s nanowire network. The one-
pot hydrothermal preparation method is appealing mainly for two reasons; firstly, it saves
time, and secondly, it is less laborious. Advantageous is the choice of precursor materials,
ammonium metavanadate and the carbon source D-glucose, that are cheaper and abundant,
making the final product relatively low-cost. Spectroscopic analyses and elemental
mapping confirmed the carbonization of VV,Os nanowires that constitute the 3D structure of
the aerogel. The specific surface area of the composite aerogel was found to increase nearly
six times upon carbonization compared to the pure V20s aerogel. BET isotherm also

suggests the presence of a fair amount of micro and mesopores. Low dense CVO aerogel
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(26 mg/cm?®) exhibits good electrical conductivity of 0.133 S/cm. Superior EMI shielding
performance of 31.7 dB (3 mm thickness) with exceptional absorption shielding efficiency
of 29.39 dB is achieved in the X band. An aerogel sample with 5 mm thickness shows
shielding efficiency up to 37 dB in the same band. As observed in the SEM image, the
ingenious porous structure promotes multiple internal reflections and scattering of EM
waves inside the aerogel interfaces, thus contributing to higher absorption shielding
efficiency. The extended carbonized V20s nanowire network provides highly connected
charge transport channels, which helps dissipation of electromagnetic waves trapped inside
the aerogel. CVO gels with 3 mm thickness achieve maximum shielding efficiency of 36.95
dB and 43.24 dB in the Ku and K bands. The high shielding ability of gels can be attributed
to the peculiar morphology and synergistic effects of polymerized carbon and hydrated
V205 nanowires. All the measured samples show broad bandwidth throughout the
frequency bands measured. The CVO aerogels display high specific shielding efficiency
and SSE/thickness of 1544 dB cm®g and 5147.6 dB cm?/g, respectively, in the K band.
These values were found to be much higher compared to many reported low-dense
aerogels. The aerogel also possesses an exceptional green index value of 1.58 at 26.5 GHz.
Using cheaper precursors employed here, the facile hydrothermal strategy opens new

avenues for growing efficient, environment-friendly EMI shields with affordable materials.
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Chapter

Aerogels of V,05
Nanowires Reinforced

by Polyaniline for EMI
Shielding

Novel ultra-light EMI shielding aerogels made of a
3D network of nanowires of layered oxide V205 are
reported for the first time.

The V205 gel network reinforced by PANI was
prepared by a facile polymerization followed by
freeze-drying.

Lightweight aerogels of density as low as 0.02 g/cm?
displayed an impressive specific shielding
efficiency of 1662.2 dB cm® g*

V205 -PANI aerogels show an absorption-dominant
shielding mechanism with the highest green index of
~2.91.
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3.1 Introduction

Hydrogels amalgamate the advantages of the excellent electronic properties of
conducting polymers with a three-dimensional (3D) continuous network based on an
inorganic oxide. Polyaniline, probably the most studied conducting polymer, is a favorable
candidate in EMI shielding aerogels because of its easy availability, ease of synthesis, low
cost, controllable electrical conductivity, and better environmental stability (Bhadra et al.,
2009; Stejskal et al., 2008). Recently, Huangfu et al. investigated the shielding property of
PANI/Multi-walled carbon nanotube (MWCNT)/graphene aerogel and found that they
could achieve a maximum shielding efficiency of 42 dB in the frequency range of the X
band (Huangfu et al., 2019). Polyaniline (PANI)/graphene aerogel (GA) synthesized via
the in-situ polymerization process using ammonium persulfate as the oxidizing agent has
shown an EMI SE of 42.3 dB at 11.2 GHz for a sample thickness of 3 mm (Y. Wang et al.,
2019).

Although scores of publications surface every month on EMI shielding, less focus
has been made on synthesizing aerogels, especially carbon filler-free conductive polymer
aerogels, with good shielding efficiency. A combination of three- dimensional, porous
inorganic nanoarchitecture and properties of a conducting polymer is charming for an
electromagnetic shield. The synthesis of carbon-free conductive aerogels is a big challenge
due to the criticality in maintaining electronic transport and the complications involved in
supercritical drying, which can likely result in gel collapse from capillary action. Making
environmentally friendly EMI shields, which do not create EM pollution through secondary
reflection, is also important. As seen in the previous chapter, the green index is assigned to
measure the eco-friendliness of EMI shields. Green shields require less reflection loss and
high absorption loss (X. Wang et al., 2019). Here in this chapter, we discuss the EMI
shielding aspects of V.Os nanowires fortified into a 3D network, which acts as an oxidizing
template to synthesize polyaniline-based hydrogel. (Ahirrao et al., 2018; Purushothaman
etal., 2017; Xiong et al., 2008).

In the present research, green V>Os — PANI composite aerogel was prepared by
polymerizing aniline monomer using three- dimensional array of V205 nanowires. In sharp
contrast to the previous chapter, carbonization and hydrothermal conditions are avoided
here, while PANI is used as the polymer matrix. To the best of our knowledge, ours is the
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first report on using a combination of layered inorganic oxide (V20s) and a conducting
polymer (PANI) in lightweight microwave attenuator applications. The structure,
morphology, formation of gel, and the EMI shielding properties of V20Os — PANI composite
aerogel are investigated in detail. The aerogel has a very low density with a maximum EMI
SE of 34 dB in the X band and an impressive specific EMI SE of 1662.2 dB cm® g .

3.2 Experimental

3.2.1 Materials

Ammonium metavanadate (NH4V O3z, 99%) was purchased from Sigma-Aldrich Co.
USA. Aniline (CeHsNH2), and hydrochloric acid (HCI, 37%) were obtained from Merck
Life Science Private Limited, Mumbai. All the chemicals were used as received without

any further treatment.
3.2.2 Synthesis of V20s nanowire dispersions

The V20s nanowire dispersion was prepared following the same procedure as in
chapter 2. The obtained dispersion was then refilled with hot water to a total volume of 40
mL. In order to study the effect of aging in the EMI assay, the dispersions were kept from
5 days to 70 days. The dispersion after a proper aging period is named the V20s precursor.

3.2.3 Synthesis of hydrogel

About 0.42 mL of aniline monomer was dispersed in 40 mL of deionized water.
The viscous V20s nanowire dispersion was taken in a rectangular-shaped mold of an
appropriate dimension. Composite hydrogels of V.0s-PANI were synthesized by
immersing the mold of V>0s nanowire dispersion in the prepared aniline monomer
dispersion. Gelation happens instantaneously. The solution was kept at room temperature
for a few hours to complete the gelation. Hydrogels were freeze-dried at -60 °C for 24
hours, and the V20s -PANI aerogels (VP aerogels) were obtained. For comparison, the
corresponding V20s aerogel (V aerogel) was also fabricated by directly freeze-drying the
V20s precursor solution at -60 °C for 24 hours. Samples with and without polymerization
were coded as VP and V, respectively, and the following number is the days of aging of

V20s dispersion. For example, V 30 means the V20s aerogel sample (i.e., without
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polymerization) with an aging period of 30 days, while VP 30 is V20s -PANI composite

&

with its precursor stored for 30 days.
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Figure 3.1 Schematic illustrating the fabrication of V>Os- PANI aerogel

3.2.4 Characterization

The formation of V205 and V.Os- polyaniline composite was identified and
confirmed by detailed spectroscopic analysis. The Fourier transform infrared (FTIR) was
used to compare the precursor's chemical structure before and after polymerization using
Nicolet Magna 560 FTIR (Thermo Scientific, Waltham, MA, USA). Raman spectra were
recorded with a confocal Raman microscope (a-300R WITec Inc., Ulm, Germany). The
microstructures of the samples were analyzed using a scanning electron microscope (SEM)
(JEOL- JSM 5600LV, Akishima, Tokyo, Japan). WAXD measurements were carried out
on a XEUSS SAXS/WAXS system using a Genixmicro-source (Xenocs, Grenoble, France)
operated at 50 kV and 0.6 mA to identify the chemical structure of precursor dispersion.
The morphology and nanowire growth with aging was studied by high-resolution
transmission electron microscopy — HRTEM (FEI Tecnai G2 30S-TWIN, FEI Co.,
Hillsboro, OR, USA). The chemical composition was analyzed using X-ray Photoelectron

Spectroscopy (XPS) 500 Versa Probe 2 with Al Ka radiation (PHI, Physical Electronics,
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Chanhassen, MN, USA). Thermogravimetric analysis was done using a Simultaneous
Thermogravimetric Analyzer (STA 7300, Hitachi, Japan). The samples were heated from
25°C to 650°C at a rate of 10°C min in the air atmosphere. The Brunauer—Emmett—Teller
(BET) surface area and pore size of the samples were measured after degassing the samples
at room temperature for 12 hours using a nitrogen adsorption-desorption isotherm (Gemini
2375, Micromeritics, Norcross, USA). The pore size distributions of the aerogels were
measured using the Barrett—Joyner—Halenda (BJH) method. The DC conductivity of the
samples was calculated using the four-probe method from Keithley 2450 source meter.

Here in the present investigation, the electromagnetic characterization of the V20s
and V.0s- PANI aerogels was performed at the X band (8.2-12.4 GHz) of the microwave
frequency range by VNA, Agilent E5071C, Santa Clara, CA, USA. The dimension of
samples used in the X band is 22.8 mm x 10.1 mm x 6 mm. Keysight PNA-L network
analyzer N5234B was used for the Ku and K band measurements. The corresponding
sample dimensions are 15.79 mm x 7.89 mm x 6 mm for the Ku band and 10.67 mm x 4.32
mm x 4 mm for the K band.

3.3 Results and discussion

Figure 3.2 TEM images of V205 dispersion 0, 5, and 30 days of storage

The aerogels synthesis involves several tricky steps, which begin with meticulous
growing and crosslinking of solid nanoparticles to form a three-dimensional solid network
wherein pores are filled with solvent. This is attained by aging to give sufficient strength
to the network, and then the solvent is carefully removed by freeze-drying, leaving the
aerogel structure intact. The schematic of the synthesis procedure adapted for the

preparation of V,Os-PANI hydrogel is shown in Figure 3.1. Initially, ribbon-like hydrated
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V205 nanofibers were prepared through polycondensation of vanadic acid in the water at
room temperature. In this method, a fine powder of ammonium metavanadate was acidified
with hydrochloric acid. As time passes, the solution turns its color from yellow to orange
and then to red. The deep red, colloidal dispersion remained at room temperature for a few

weeks.

Figure 3.2 shows the transmission electron microscopy (TEM) images of V205
nanoribbons at different duration of aging. Longitudinal dimensions of nanofibers in the
range of 0.3 — 2 um were formed initially, and subsequently, they have grown up to tens of
micrometers. In contrast, there is no significant change in the width of wires during aging.
As seen, a network of intertwined nanowires was obtained with storage times beyond
fifteen days. The proportionate increase in the length of V205 nanowires with reaction time
is ascribed to the self-assembling nature of V.Os nanowires, even at room temperature.
This is explained by the mechanism of oriented attachment growth in which V205
nanofibers orient and attach to form ultra-long wires (M. Li, Kong, et al., 2011). The as-
prepared V20s nanofiber dispersion was carefully immersed in an aniline solution where
in-situ oxidative polymerization occurs rapidly. The color switch from deep red to dark
green confirms the polymerization of aniline. Gelation happens simultaneously, and the
tube-inversion test verified the formation of a hydrogel. Here, the strong oxidizing
character of the vanadium oxide causes polymerization. At the same time, they act as an
inorganic template on which the organic material can bind and grow (Sacanna & Pine,
2011). The absence of any residue in the final solution indicates that the polymerization
happens selectively over the nanowires. It is reported that gelation in a colloidal suspension
of long fibrils leads to structures with low solid content. The high aspect ratio of the colloids
is said to be the reason for the observed yield stress at low concentrations (Philipse &
Wierenga, 1998). Hence, in the present V2Os colloidal system, the formation of a 3D
network is possible because of the high aspect ratio of nanowires. The fast polymerization
of aniline makes a permanent hydrogel structure that is retained after its lyophilization.
Hydrogels, which differ in shape and size, could be prepared directly using different molds.
We observed that the reaction conditions and storage time play a vital role in hydrogel
formation. After several trials, we found that V.Os-PANI aerogel prepared with an aging
time of 30 days has ample machinability and good EMI shielding efficiency of 34.74 dB.

Hence, this sample was qualified for further characterizations.
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Figure 3.3 (a&b) SEM images of V 30 aerogels at different magnifications, (c&d) SEM
images of VP 30 aerogels at different magnifications.

The microscopic structure of the aerogel is obtained from scanning electron
microscopy (SEM). Figures 3.3a-d shows SEM images of V20s precursor and V20s-PANI
aerogel at different magnifications. SEM image clearly reveals that the aerogel has an ultra-
porous but layered structure, with each sheet in a layer consisting of interwoven nanowires
with diameters less than 20 nm. Nanowires are clustered together to form web-like
structures that are extended as sheets woven with nanowires. The observed irregularly
arranged layered 3D aerogel architecture is believed to be beneficial to multiple internal
reflections of electromagnetic waves, which helps to achieve absorption dominant EMI
shielding effectiveness. Also, the folds in the layers and voids between sheets provide more
interfaces for the dissipation of electromagnetic waves. The magnified image of the V20s
precursor shows a sea of uniformly distributed nanowires that forms a matrix. After
polymerization, several fibers are aligned to form a small bundle-like structure bound
together by the polymer. Figure 3.3d shows the magnified portion of a single aerogel layer,
where the polymer well bounds the nanowires. The presence of polymer can be identified
by the bright regions in this SEM image.
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Transmission electron microscopy (TEM) (see figure 3.4a-d) further confirmed the
nanowire morphology of V»0s dispersion. Nanowires are ultrathin with an average
diameter in the range of 4-16 nm. TEM and SEM results of the aerogel and V20Os dispersion
show the retention of the precursor's skeleton even after the gelation. This suggests that the
structure of precursor dispersion played an essential role as a chassis for forming V20s-
PANI hydrogel (see figure 3.4f). The observed high aspect ratio of nanowires is vital in
determining the connectivity and electron conductivity, which can also be beneficial to
supplement the shielding efficiency of the final aerogel. Figures 3.4e & g show the
photographic images of aerogels V 30 and VP 30. The aerogels are so light that they could

lay on a delicate flower's stamen without drooping.

The chemical structure of the precursor dispersion was characterized by wide-angle
X-ray diffraction (WAXD). Diffraction patterns of the dispersion and V20s- PANI aerogel
are shown in figure 3.5a. Five reflection peaks are observed at 26 values of 15.2°, 21.8°,
26.6°, 31.1°, and 32.49, respectively, corresponding to (200), (101), (110), (301), and (011)
reflections of the orthorhombic V.0s (Abd-alghafour et al., 2016). Surprisingly, the
WAXD pattern of V,Os-PANI aerogel is similar to that of the VV,Os precursor with no
additional peaks of PANI. This may be due to low crystallinity and lower volume
percentage of conducting polymer in the VP aerogel (Mostafaei & Zolriasatein, 2012).
However, the remarkable decline in the intensity of peaks suggests the presence of foreign
incorporation in the initial precursor. Let us further examine the aerogels using infrared and

Raman spectroscopy to assess the presence of PANI in the composites.

The formation of PANI in the final aerogel was examined by FT-IR spectroscopy
(figure 3.5b). The bands at 1558 and 1450 cm™* are attributed to C=C and C=N stretching
of the benzenoid and quinoid ring units in PANI, respectively. The bands related to C—N
stretching and C—H bending of phenyl units are found at 1240 and 1127 cm™* (K. Zhou et
al., 2018). The peaks around 472 cm™ are assigned to V-O-V stretching mode, and peaks
at 608 and 711 cm™ correspond to the stretching of triply coordinated oxygen atoms
between three vanadium atoms. Doubly coordinated oxygen bond, V-O-V contributes to
the peak at 828 cm™ (Chu et al., 2016; Margoni et al., 2017; X. Zhou et al., 2013).
Characteristic peak at 1000 cm™ can be assigned to the terminal oxygen stretching in the
V=0 bond (Pandit et al., 2017). The deformation band of H2O is situated at 1609 cm™ (Cao
etal., 2013).
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Figure 3.4 (a) & (b) TEM images of V 30 aerogels, (¢) & (d) TEM images of VP 30
aerogels, photographic images of (e) V 30 aerogel resting on a flower, (f) VP 30 hydrogel
floating in DI water and (g) VP 30 aerogel resting on a flower.

(a) —V,0, precursor (b) — V,0, precursor
——V,0,- PANI aerogel —— V,0,- PANI aerogel
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Figure 3.5 (a) WAXD pattern and (b) FTIR spectra of V20s precursor and V20s-PANI
aerogel

The formation of polyaniline was further confirmed using Raman spectroscopy,
which can distinguish the vibrations of benzenoid and quinoid segments in PANI. Figure
3.6a displays the Raman spectra of V20s precursor and V20s- PANI aerogel in the
wavelength range of 0-1750 cm™. The spectrum for precursor shows characteristic bands
of V20s. The peaks can be assigned to Raman modes for the V20s orthorhombic phase.

The dominant peak at 143 cm™! is attributed to the V-O-V chain vibrations, pointing out
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the layered orthorhombic structure of the V20s phase (Abd-alghafour et al., 2016). The
peak located at 289 cm™ is assigned to the bending vibration of the V=0 bonds. The peak
located at 484 cm™ is assigned to the bending vibrations of the bridging V-O-V (doubly
coordinated oxygen) (Ahmad et al., 2015). The peak at 693 cm™ is assigned to the doubly
coordinated oxygen (V-0-V) stretching mode, which results from corner-shared oxygen
common to both pyramids. The peak at 995 cm™* corresponds to the V=0 stretching mode,
which is associated with the crystallinity quality and stoichiometry of the samples (Abd-
alghafour et al., 2016; Ahmad et al., 2015). The peaks at 1170, 1340, and 1561 cm™ in the
V>0s- PANI aerogel spectrum are assigned to in-plane C-H bending of the quinoid ring,
the C-N stretching vibration, and C=C is stretching of the benzenoid ring respectively,
confirming the presence of PANI (Jin et al., 2018). Thus, our Raman and FTIR studies

undisputedly confirmed the polymerization of aniline in the aerogel.

The surface composition and chemical state of the V.Os- PANI aerogel were
studied by X-ray Photoelectron Spectroscopy (XPS). XPS survey scan (Figure 3.6b)
reveals the chemical state of vanadium (V), oxygen (O), nitrogen (N), and carbon (C). Two
peaks observed at around 517 and 524 eV, respectively, are assigned to V 2pszand V 2p1s..
The deconvoluted V2p spectra (figure 3.6¢c) suggest that the aerogel contains
predominantly V(V) (517.1 eV) and a small amount of V(IV) (515.7 eV). This indirectly
proves that the aerogel's major skeleton is built by V20s nanowires. The +4 oxidation state
may be due to the small amount of VO?* ion formed by partial reduction of vanadium in
ammonium metavanadate salt by its reaction with hot hydrochloric acid (lbris et al., 2005).
O1s peak at 531 eV shows the presence of oxygen. The peak centered at 285 eV is assigned
to the carbon backbone of PANI. The results of the curve-fitting show three broad peaks,
at 284.6, 285.6, and 287 eV (see Figure 3.6d). The peak at 284.6 eV indicates the presence
of quinoid structure and benzenoid rings, whereas peaks at ~285.6 and 287 eV are attributed
to C-N and C-O, respectively. N1s peak observed at 400.7 eV can be attributed to PANI.
The asymmetric peak can be deconvoluted into three peaks, namely, quinoid amine (—N=)
at 399.6 eV, benzenoid amine (-NH-) at 400.4 eV, and the nitrogen cationic radical (-N*)
at 401.4 eV (Patil et al., 2018) (See figure 3.6e).
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Figure 3.7 (a) TGA of V.Os-PANI aerogels prepared with V,Os dispersions at different
periods of aging. (b) N2 adsorption-desorption isotherms of V 30 and VP 30 aerogels, N2
adsorption-desorption isotherms, and pore distribution curves of aerogels (c) VP 20, (d)

VP 30, (e) VP 40, and (f) tabulation of density and surface area of aerogels.

In order to understand the composition of aerogel samples, thermogravimetric
analysis (TGA) was done. TGA diagram of V20s -PANI aerogel (Figure 3.7a) shows two
different weight loss steps. The initial weight loss below 100 °C is due to the evaporation

of water and other volatile matter retained in the sample. Polyaniline decomposition occurs
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near 400 °C (Park et al., 2010). The amount of V20s in the V.Os-PANI aerogels is indicated
by the plateau above 400 °C. The V20s contents in the aerogels VP 20, VP 30, and VP 40
are estimated to be approximately 81%, 76%, and 75%, respectively. This implies that the
sample VP 30 has a higher polymer content than other samples. The higher the amount of
PANI in the composite, the higher the conductivity. Hence VP 30 is expected to have more

shielding efficiency.

The BET surface area was determined for samples from the nitrogen
adsorption—desorption isotherms. The observed isotherm (Figure 3.7b) belongs to type IV
of the Brunauer—Deming—Deming—Teller classification. The actual BET surface area and
pore volume of the V.0s-PANI aerogel obtained are 26.74 m?/g and 0.075 cm@/g,
respectively. The surface area of various aerogel samples is given in figure 3.7f. Compared
with the V2Os precursor, aerogel shows approximately seven times increase in the surface
area and eight times increase in pore volume. Polymerization clearly increased the specific
surface area and pore volume, favoring the dissipation of electromagnetic waves. The pore
size distribution curve indicates that the main pore diameter of aerogel samples has a wide
pore size distribution range of 5- 100 nm, with the main pore diameter in the range of 5- 50
nm. BET isotherms and pore distribution curves of samples VP 20 — 40 are shown in figure
3.7c-e. The improved high specific surface area and interlayer voids are believed to increase
the propagation path of the electromagnetic waves and thus favor efficient EM energy

dissipation.

The lightness of aerogels was verified by measuring their densities. There is no
observable difference in the density of samples V 30 and VP 30. The apparent density of
samples is ~0.02 g/cc. Figure 3.7f gives the densities of various samples. It is evident that
the ultra-low density helps to improve the specific shielding efficiency of V.05 -PANI

aerogels as an attractive candidate for lightweight shielding applications.
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Figure 3.8. Frequency-dependent variation of total EMI shielding effectiveness (SEtotal),
reflection shielding effectiveness (SEref), and absorption shielding effectiveness (SEabs) of
(@) V 30 (b) VP 30 over X band frequency range (8.2-12.4 GHz). (c) The electrical
conductivity of various aerogels. (d) A digital image showing an as-prepared VP aerogel
(340 mg) supports ~1000 times its weight (~340 g). Each bolt weighs ~30g. (e)Schematic
illustration of the shielding mechanism happening at the polymer wrapped V.Os layers in
the interior of the aerogel.
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Figures 3.8a and b depict the variation of the EMI SE of V.05 -PANI aerogel of
thickness 6 mm as a function of frequency. EMI SE values of the composite aerogels were
determined in the X band of the microwave frequency range (8.2-12.4 GHz), widely used
in broadband communications, satellite communications, space communications, and
radars (Dragoman et al., 2019). Aerogels show excellent EMI shielding efficiency above
20 dB, the minimum required SE for commercial applications. With different periods of
aging of V,Os dispersion, the total shielding efficiency value of V20s -PANI aerogel varies
between 23-35 dB. For an aging period of 30 days, aerogel showed a maximum shielding
efficiency of 34.74 dB. The specific EMI SE values of V 30 and VP 30 were calculated to
be 883.5 and 1662.2 dB cm? g, respectively.

As seen before, the basic mechanism of EMI shielding is the sum of the contribution
due to reflection from the material surface (SEref), absorption (SEans), and the multiple
internal reflections of electromagnetic radiation (Dijith et al., 2018). Reflection loss comes
from the mismatch in impedance between the incident wave and shielding material.
Shielding through absorption is due to ohmic and heating loss in the shielding material
(Lalan et al., 2019). It can be clearly seen that SEaps values are much larger than SErer over
the entire frequency range. For V 30, the values of SErotal, SEabs, and SErer at the frequency
12.4 GHz are 14.99, 13.72, and 1.27 dB, respectively, while the corresponding values for
VP 30 are 34.74, 33.46, and 1.28 dB, respectively. This clearly suggests that aerogel
samples exhibit an absorption dominant shielding mechanism, which is obvious for porous
shielding materials. High volume gas fractions in aerogels reduce the reflection loss, as
they could minimize the impedance mismatch. Since the reflection loss of the electric field
is inversely proportional to frequency, maximum shielding efficiency due to reflection is
achieved at a lower frequency range. Unlike reflection loss, shielding by absorption shows
an increasing trend with frequency. This is expected because absorption loss in a material

is proportional to the square root of frequency, given by Equation 3.1;
A=131t\/fuo (3.2)

where A is the absorption loss, t is the thickness of the shielding material, f is
frequency, and p is relative permeability (Tong, 2008).
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Compared to the V205 sample, V20s -PANI aerogel's SE nearly doubled. Improved
shielding efficiency after polymerization can be attributed to increased interconnections
between the nanowires and enhancement of interaction between electromagnetic waves and
conducting polymer. The electrical conductivity of composite material is a crucial
parameter in determining EMI shielding performance. Figure 3.8c shows the electrical
conductivity of samples. With the introduction of conducting polymer, electrical
conductivity is increased by ten times that of the sample before polymerization. The aging
of nanowire dispersion controls the nanowire growth and determines polyaniline's
conjugation and chain length. Samples with a higher amount of polymer and longer
polymer chains will be expected to show higher conductivities (C. G. Wu et al., 1996).
From TEM and TG analyses, it is clear that VP 30 has longer nanowires and higher PANI
content. Hence it has a higher conductivity of 1.69 x 102S cm™ than V 30. This obviously
contributes to its better EMI SE.

The above results suggest that the incorporation of PANI though marginally only
improves the SErer Value, significantly improves the SEaps values. The formation of a more
conducting network by PANI contributes to the overall absorption loss of the aerogel. As
a result of simultaneous polymerization and gelation, the polymer binds the V.Os
nanowires together to form interconnected 3D architecture with more interfaces. This
multilevel layered 3D structure enhances the specific surface area of the sample, which is
evident from BET analysis. This causes abundant multi-scattering and enhances the
transmission path of EM waves, resulting in a significantly improved shielding
performance. The irregularly arranged layers and the folds on the layers bring about more
reflection for the EM wave (Figure 3.8e). This increases the propagation path of EM waves
and causes their attenuation. In conclusion, the excellent EMI performance of the V20s -
PANI sample is from the synergistic effect between conducting polymer and the 3D
framework construction (D. Zhang et al., 2019). In addition to the improvement in
microwave attenuation, the polymer reinforcement has significantly improved the
compressive strength of the V20s-PANI aerogel. Our qualitative testing proves that (see
Figure 3.8d) the as-prepared VP aerogel (340 mg) could support up to 1000 times its weight
(~340 g). However, detailed mechanical testing is needed to confirm its mechanical
strength quantitatively.

64



- & VP20
= (a) 41 ¢ (b) : VP25
%% % VP30
32 4 3.54 'A‘. 3 VP35
RS 2 VP40
o ® VP45
304 %20 VP 50
i)
__ 284
)
g
» 26
2
w
D 24
224 i
fanss ."' 3
20 o .&c@”igﬁ& 1
Sraneneatt®®
18 T T L} L 1'0 L} L L J
8 9 10 1 12 8 9 10 1 12
Frequency (GHz) Frequency (GHz)
36 74
35.00 (d) 1
34 4
J * VP25 30.00
Y VP30 o 26.9
32 VP35 2021 25.3126:30 55 28 “ = 25.3826:37
2 VP40 24.17 a a— =
1 ® vPas| o= 25.00 pr—
30 4 w5 | 5
. VP 55 o
m [ VP 60 20.00
T 284 Lo v
3 s
u w 15.00
* 8
2 10.00
5.00
0.00 =r = = = = = = =Y =
- T - T - -
8 9 10 1 12 20 25 30 35 40 45 50 55 60
Frequency (GHz) Ageing of precursor dispersion

Figure 3.9 Frequency variation of the(a) SEavs, (b) SEref, and (€) SEtotal Of V205 -PANI
aerogels prepared with different aging. (d) Variation of maximum shielding efficiency of
composite aerogels as a function of the aging time of the precursor dispersion.

The frequency variation of the SEref, SEabs, and SEtota 0f V205 -PANI aerogels
prepared with different aging times ranging from 20 days to 60 days in the X band
frequency range is given in Figure 3.9a-c. All the samples have an SE value greater than
20 dB (<1% of incident waves are transmitted). As aging increases from 20 to 30 days, the
aspect ratio of nanowires increases. The high aspect ratio improves the connectivity inside
the aerogel, enhancing the EMI SE. Figure 3.9d shows the variation of maximum shielding
efficiency with aging. Max EMI SE for aerogels aged over 30 days varies around 26 dB.
Slight variations may be due to machining errors with the samples. Aerogel with 30 days
of aging shows superior shielding efficiency compared to all other samples. As evident
from TEM and TG analyses, the extreme aspect ratio and highest PANI content could be
the reasons for the highest EMI SE. It can be inferred that the aspect ratio of nanowires in

VP 30 is optimum for forming an efficient PANI conducting network.
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Table 3.1 A comparative analysis of shielding effectiveness values of porous materials

measured in X-band.
Sl Sample type
No

1 MWCNT/Cellulose
aerogels

N

Anisotropic Graphene
Aerogels

3 PAM/CNF/MWCNT
composite hydrogels

4 Pyrolyzed/ ARF
aerogels
5 Graphene-PMMA
foam
6 CB/EPDM
7 CNT-PS foam
composite

8  PEl/graphene/Fesz0s f
oam

9 Graphene/PEI foam

10 MXene/Calcium
alginate aerogel film

11 ~ PP—SSF composite
foams

12 Nano-copper/CDCF

13 C/SiO2/SiC aerogels

14 Cellulose composite
aerogel

15  Cellulose composite
aerogel
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EMI  Thick SSE Ref
SE ness (dB
(dB) (mm) cm?/g)
19.1 2 - (C. Wan et al., 2016)
32 4 - (X. H. Lietal., 2016)
28.5 2 - (W. Yang et al.,
2018)
20 2 - (Abolghasemi
Mahani et al., 2018)
19 2.4 25 (H. Bin Zhang et al.,
2011)
18 55 30.3 (Ghosh &
Chakrabarti, 2000)
20 1.2 33.1 (Y. Yang & Gupta,
2005)
18.2 2.5 41.5 (Shen et al., 2013)
12.8 2.3 44.1 (Ling et al., 2013)
543  0.026 46 (Z. Zhou et al., 2019)
48 3.1 75 (Ameli et al., 2014)
29.3 2 92 (Jiao et al., 2019)
24 6 120 (Anetal., 2019)
20.8 2.5 219 (H. D. Huang et al.,
2015)
20.8 2.5 219  (H.-D. Huang et al.,

2015)



CuNi-CNT foam 54.6 1.5 237.4 (Jietal., 2014)

Graphene foam 56 1 311 (Xing et al., 2019)
Graphene/PDMS 20 1 333 (Z.Chenetal.,
foam 2013b)
Phthalonitrile Carbon  51.2 2 341.1 (L. Zhang et al.,
Foam 2016)
MXene carbon 71.3 3 360 (Liang et al., 2020)
aerogel

GO-polymer aerogel 53 1.55 434 (Han et al., 2016)
film

DLG/Ni NPs/CFs 50.6 0.65 448 (C. Wan et al., 2020)

Aerogel-like Carbon 51 10 455 (Y. Q. Lietal., 2015)
Graphene-carbon 37 3 529 (W. L. Song et al.,
aerogel 2015)
Carbon aerogel 40 4 700 (Vazhayal et al.,
2020)
Graphene oxide- 58.4 2 1061  (C. Wan & Li, 2016)
cellulose aerogels
Porous 20 2.3 1148 (Zeng et al., 2016)
MWCNT/WPU
Sponge-supported 27.3 12 1437 (C. Liuetal., 2016)
rGO aerogel

V20s5-PANI aerogels  34.7 6 1662.2 Present work
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Figure 3.10 Frequency variation of the SEabs, SEref, and SEtotar 0f VP 30 in (a) Ku and (b)
K bands.
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Figure 3.11 Comparison of EMI shielding performance of VP aerogels with the reported
porous materials. SE/density (SSE) versus the thickness of different materials. References
in the graph are given in Table 3.1.

Further, the shielding efficiency of the VP 30 aerogel was examined in both Ku
(12.4-18 GHz) and K bands (18-26.5 GHz) of the electromagnetic spectrum. The sample
thickness in Ku and K bands is 6 mm and 4 mm. The shielding values could reach up to a
maximum of 36.54 dB and 40.97 dB in Ku and K bands, respectively (figures 3.10a& b).
Absorption shielding varies from 30.33 dB to 34.43 dB, and reflection falls below 3.6 dB
in the Ku band. Absorption shielding efficiency reaches 38.8 dB at 26.5 GHz, which is
expected since the absorption loss increases as a function of frequency. The specific
shielding effectiveness of the VP 30 has maxima of 1740 dB cm?®/g in the Ku band and 1951
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dB cm?®/g in the K band. The corresponding thickness normalized SSE (SSE/thickness) are
respectively 2900 and 3252 dB cm?/g.

Figure 3.11 gives a graph indicating the SSE values versus the thickness of various
porous EMI shielding materials reported in the literature compared with V20s-PANI
aerogels. Only a few studies reported on carbonless aerogels as efficient microwave
absorbers. In contrast, most materials use either carbon in some form or MXene, which all
have cumbersome synthesis processes. The green absorber reported here could be the one
with a lightweight, cost-effective EMI shield, synthesized with very few chemicals through
a simple procedure. This comparison strongly indicates that these V20s-PANI aerogels
have immense potential as light, green, and high-power microwave absorbers. Table 3.1
summarises some of the previously reported works on porous foams/aerogels and their
corresponding attenuation efficiency, along with the thickness and their specific shielding
performance at the X-band frequency range. The reported values show that the fabricated
aerogels are potential candidates for avionic and space EMI shielding applications due to

their exceptional specific shielding values.

Figure 3.12a schematically illustrates the detailed shielding mechanism across the
aerogel samples. Firstly, part of the incoming waves is reflected at the interface between
VP 30 and air because of their impedance mismatch while the remaining travels into the
sample. The array of nanowires in the V2Os dispersion, which acts as an effective substrate
for polymerizing aniline, forms a three-dimensional conducting network. The presence of
polymer makes these nanowires closer together to form more conducting layers. The
connected network of wires in layers helps to shield the waves emanating through the
aerogel. The folds in individual layers and space between the layers of aerogel trap and
attenuate the entered electromagnetic waves by reflection, multiple absorption, and

scattering.

High absorption and low reflection towards incident EM waves make the aerogels
green EMI shields. The shielding material's green index (gs) is calculated using equation
3.2 (D. Zhang et al., 2019).

1 S212
gS - 5112 5112

~1 (3.2)
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Figure 3.12 (a)A schematic illustration of the EMI shielding mechanism, (b)green index
(gs) of V20s-PANI aerogels prepared with different aging.

The greater the value of gs, the greener the shielding material. Figure (3.12b) presents the
values of the green index of aerogels with various aging periods. All the aerogel samples
have a green index greater than 1, indicating green EMI shielding. Good impedance
matching of aerogels helps easily transmit EM waves through the shield, reducing the
reflection loss. The closer the impedances of shield and EM waves, the minimal the

reflection. The impedance of conducting materials is low; hence, the impedance mismatch

70



with incoming electromagnetic waves gives rise to more reflection (Tong, 2008). Here, the
lower conductivity of aerogels favors the green shielding, and at the same time, the porous
nature enhances the total shielding efficiency by higher EM wave absorption. Also, the
absence of carbonaceous fillers and other metallic nanostructures makes the samples eco-
friendly. Hence this V20s -PANI aerogel prepared by a very simple strategy could be used

as an efficient green, lightweight EM wave absorber.
3.4 Conclusions

From aeronautics to portable electronics, lightweight and robust electromagnetic
interference, shielding materials are in huge demand. In this work, we demonstrate that
without employing 2D materials like graphene or MXene, cost-effective oxides like V20s
could be used for generating green, robust EMI shielding aerogels with an impressive
performance in the X-band. The fabrication of shielding material follows a simple and
economical route. The V.0s-PANI composite hydrogel was primarily prepared by
simultaneous polymerization and gelation of V.Os nanowire dispersion with aniline
monomer. The V.0s nanowire network acts as a 3D skeleton as well as an excellent
oxidizing agent for polymerization. After gelation, the hydrogel was freeze-dried to form
V205 -PANI aerogel, to yield maximum microwave attenuation. The present research
reveals that using the current strategy of controlled storing conditions of VV20s dispersion,
we can tune the shielding performance via tailoring the nanowire growth. Remarkable
shielding efficiency of 34.74 dB at X band was achieved for the CPC aerogel with the aging
of 30 days. Interestingly, the EMI SE of the V20s -PANI composite shows a 50% increase
over that of the sample without polymer. The high shielding is corroborated by visible
improvement in electrical conductivity from 2.6 x 10 to 1.69 x 102S cm™ and the surface
area of the mesoporous samples. The growth of the 3D porous network structure made the
density of aerogel as low as 20.0 mg/cm?, and hence, the specific shielding efficiency of
V205 -PANI aerogel achieved a high value of 1662.2 dB cm?® g in the X band. The EMI
SE achieved ~41 dB in the K band at a thickness of 4 mm with a thickness normalized SSE
of 3252 dB cm?/g. These robust but ultra-lightweight aerogels could be used as efficient

EMI shields in portable gadgets and avionic devices.
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Chapter

Acid Polymerized

V,0;5-PANI Aerogels
with Improved EMI SE

e Acid polymerized, mechanically robust aerogels of
V-0s- PANI with high electrical conductivity (4.4
S/cm) is reported.

e Ultra-light aerogels (density = 0.03 g/cm?®) have
absorption dominant shielding and broad band
width.

e Polymerized aerogels display impressive SE of 68.1
dB and SSE of 2196.8 dB cm®/g in the X band.

e EMI SE reaches 86.1 dB in the K band with an
excellent SSE/thickness of 9258.1 dB cm?/g.
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4.1 Introduction

In the construction of aerogel shields, the choice of the conductive polymer and apt
matrix is highly critical. The previous chapter (chapter 3) investigation provided vital clues
about the microwave attenuation of V.Os-PANI aerogels. Polyaniline (PANI) is a noble
candidate from the conducting polymers with low density, good chemical stability, and
tunable conductivity (W. Huang et al., 1986). Several reports, including our own
investigation, proved that PANI is an excellently lossy microwave absorbing material with
good environmental stability (Gopakumar et al., 2018; J. Liu et al., 2019; K. Zhou et al.,
2018). Although PANI can be produced cheaply and effortlessly, achieving high
conductivity in them is challenging since the synthesis conditions largely affect the
morphology and properties of PANI (Karatchevtseva et al., 2006; J. Liu et al., 2019).
Several researchers have studied different polyaniline composites for shielding purposes
because of their conducting nature (Huangfu et al., 2019; Joseph et al., 2015, 2016). Wang
et al. prepared polyaniline/graphene aerogels using the hydrothermal technique and found
their shielding capacity to be 42.3 dB for 3 mm thick samples (Y. Wang et al., 2019).
Recently, Zhang et al. prepared an integrated leather solid waste/poly(vinyl
alcohol)/polyaniline aerogel to show an EMI shielding effectiveness of more than 40 dB
(T. Zhang et al., 2021).

As the previous chapter shows, conducting polymers combined with layered
semiconducting oxides can lead to promising electrical transport properties. Few reports in
the literature present V20Os-based aerogels as excellent microwave absorbers. In this regard,
ours was the earliest effort to develop V20s-based green EMI shielding gels, owing to their
less environmental hazard resulting from the effective attenuation of spurious waves with
minimal secondary reflection(Puthiyedath Narayanan et al., 2021). We later realized that
the shielding performance of V20s-PANI composite aerogels could be maximized if the in-
situ polymerization of the conducting polymer is completed, which is possible only in a

strong acidic environment.

In the present study, microstructure engineered V20Os-PANI composite aerogels
were prepared using a facile, in-situ oxidative polymerization in the presence of

hydrochloric acid. The structure, morphology, thermal stability, electrical conductivity, and
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electromagnetic shielding properties were examined, and we got the highest EMI shielding

for V.0s-PANI composite aerogels reported in the literature.
4.2  Experimental

421 Materials

Ammonium metavanadate (99%) was purchased from Sigma-Aldrich Co., USA.
Aniline and hydrochloric acid (HCI 37%) were obtained from Merck Life Science Private

Limited, Mumbai. All the chemicals were used as received without any further treatment.

/>

@ ng

V,Os nanowire dispersion, after aging, Mold is immersed in
transferred to mold aniline dispersion

Freeze-dry

ne>

Figure 4.1 Schematic illustration of the fabrication of V.0s-PANI@HCI aerogel

4.2.2 Synthesis of V205 — PANI@ HCI aerogels

Herein, V20s — PANI@ HCI hybrid hydrogels were fabricated employing simple
and effective in-situ polymerization of V.Os nanowire dispersion (figure 4.1). Hydrated
vanadium pentoxide with layered microstructure in well-dispersed form was prepared
through the same procedure as in chapter 3. Similar to the same process, the prepared
dispersions were kept undisturbed for 15-60 days to investigate aging-dependent shielding
properties. Meanwhile, pure V20s aerogel was also prepared by direct freeze-drying of this

dispersion for comparison.
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To prepare hybrid hydrogel, aniline monomer was dispersed in dilute HCI (0.25 and
1 M), and V20s nanowire dispersion took in a mold was immersed in it. Gelation and
polymerization were allowed to happen simultaneously at room temperature. Hydrogels
were formed within a few hours and were freeze-dried at -100 °C for 48 hours to obtain
final aerogels. Hereafter, pure V20s aerogel and V205 -PANI@ HCI hybrid aerogel samples
with the highest EMI SE were coded as VHA and VPHA, respectively.

4.2.3 Characterization

The hydrogels employed in this investigation were freeze-dried using Scanvac Cool
Safe Pro 110-4, M/s. Labogene, Denmark at -110°C. High-resolution transmission electron
microscopy (HRTEM) (FEI Tecnai G2 30S-TWIN, FEI Co., Hillsboro, OR, USA)
and field emission scanning electron microscopy (FESEM) using an FEI-Nova Nano SEM
450 (beam potential of 10 kV) were used to observe the microstructure and morphology of
the surface of the sample. V205 precursor (VHA) and V20s-polyaniline composites
(VPHA) were characterized with a Perkin Elmer Series FT-IR spectrum-2 Fourier-
transform infrared (FT-IR, ATR mode) spectrometer, confocal Raman microscope (a-300R
WITec, Inc., Germany), Wide-angle X-ray diffractometer (XEUSS SAXS/WAXS system
using a Genixmicro-source from Xenocs operated at 50 kV and 0.6 mA) and a PHI 500
Versa Probe 2 X-ray Photoelectron Spectroscope (Al Ko radiation). Thermal
decomposition was studied by a thermogravimetric analyzer (STA 7300, Hitachi, Japan) at
a heating rate of 10°/min from 25 to 650°C under air atmosphere. The surface area was
measured using the Brunauer—Emmett—Teller (BET) method, using a nitrogen adsorption-
desorption isotherm (Gemini 2375, Micromeritics, Norcross, USA). The pore size
distributions of the aerogels were measured using the Barrett—Joyner—Halenda (BJH)
method. The DC conductivity of the samples was recorded by the four-probe method using
Keithley 2450 source meter. The electromagnetic characterization of the V205 and V,Os-
PANI@ HCI composite aerogels was measured using a rectangular transmission
waveguide technique, with a Keysight PNA-L network analyzer N5234B, at X band (8.2-
12.4 GHz), Ku (12.4-18 GHz) and K band (18-26.5 GHz) of the microwave frequency
range, at room temperature. All samples were precisely machined into 3 mm thick
rectangular blocks suiting exactly with the inner slot dimensions of the waveguide sample
holders; 22.8 mm x 10.1 mm for X, 15.79 mm x 7.89 mm for Ku, and 10.67 mm x 4.32

mm for K bands.
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4.3  Results and discussion

One-dimensional nanostructures such as nanowires have been gaining attention as
indispensable functional components in communication nanodevices due to their
dimensionality and quantum confinement effect (Dubal et al., 2011). In the present work,
as prepared V20s nanowires in precursor were aged for more than 15 days to attain ultra-
long nanowires through oriented homogeneous nucleation of polyaniline units. The cluster
of these lengthy hydrated nanowires plays a prominent role in forming free-standing sheets
that construct the skeleton of composite hydrogels. Polycondensation of ammonium
metavanadate in dilute HCI at room temperature sets ion exchange between NH4" and H*
ions, and hydrated V.05 nanowires of length >10 um were formed with a storage time of
>15 days (Xiong et al., 2008). As the previous chapter shows, the nanowire growth
mechanism can be oriented attachment (OA) in the colloidal state. In this model, adjacent
nanostructures self-organize by the coalescence of solid particles. Nanocrystals in the
colloidal dispersion collide with each other, and an effective collision between particles
with common crystallographic orientation leads to an irreversibly oriented attachment
(Dalmaschio et al., 2010; M. Li, Kong, et al., 2011). As shown in Figures 4.2 a & b, the as-
prepared V20s dispersion has a nanobelt-like morphology with a length <1 pum. Nanowire
growth continues through self-assembling interactions among 1D structures in a well-
dispersed colloidal state. Here, the nanobelts imbricate and attach to each other (see figure

4.2b) to form high aspect ratio nanowires (Dalmaschio et al., 2010).

The preparation method adopted in the present investigation is briefed in figure 4.1.
After introducing vanadium salt into the acid-water mix, the solution turned yellow, and
increased coordination shifted the color to crimson red. Aging for optimal duration brought
about a sufficiently thick V20s precursor dispersion comprised of robust nanowires. The
dispersion was taken in a mold and immersed in the aniline-acid solution. We could observe
the pretty rapid formation of the gel. An earlier report suggests that polymerization of the
aniline monomer is highly efficient only in the presence of a protonic acid (Golba et al.,
2020). Here, HCI acts as a strong polar solvent that plays a critical role in assembling the
polyaniline nuclei, leading to the direction-oriented fiber structure by suppressing
secondary growth. Further, owing to the strong oxidizing ability of V20s, the aniline
monomers are readily polymerized in the vicinity of hydrochloric acid, simultaneously with
gelation. Finally, the trapped liquid within the continuous three-dimensional oxide skeleton
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of nanocomposite hydrogel is carefully removed to obtain low-dense homogenously
constructed hybrid aerogels. It is believed that the high degree of polymerization of the
conducting polymer within the layered oxide network supplements the aerogels' electron

transport and microwave attenuation characteristics.

Figure 4.2 (a&b) TEM images of as-synthesized V2Os precursor dispersion at different
magnifications; The arrows point to the overlapping of nanobelts to form longer
nanowires.

Figure 4.3a shows the photographic image of a lightweight VPHA aerogel. FESEM
image of VHA in Figure 4.3b shows a flake-like microstructure of V205 aerogel. The high-
magnification reveals that each flake is constructed with several microns long intertwined
nanowires of width <50 nm. Meanwhile, the morphology of polymerized aerogels VPHA
(figure 4.3d-f) drastically varies from that of the VHA aerogels. They possess an
impressively homogeneous and meso-macroporous microstructure that provides vast space
for scattering and internal reflections of incident EM waves. The detailed scanning electron
microscopy reveals that the aerogels have a dual pore-like structure with the big pores that
form with the sublimation of ice having the dimension of 1-3 um, whereas the smaller pores
that form between the nanowires have a diameter between 100 and 500 nm. The aerogel
possesses an open cellular construction of interconnected pores created through triangular
or quadrangular junctions. Recently reported rGO@FeNi/Epoxy composites exhibited a
high EMI SE of 46 dB mainly due to their regular honeycomb-like microstructure (P. Song
et al., 2022). Hence, the regularly ordered porosity created in VPHA aerogels is also

expected to contribute to good shielding properties.
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Figure 4.3 (a) VPHA aerogel resting on a flower. (b&c) FESEM and TEM images of
VHA aerogels (d, e, &f) FESEM images of VPHA aerogels at different magnifications
(9&h) TEM images of VPHA aerogels at different magnifications. (i) EDS spectrum of

VPHA, (j) elemental mapping of VPHA.

TEM images were recorded to unveil the fine structures of aerogels further. It can
be seen from Figure 4.3c that VHA consists of ultra-thin nanowires of a high aspect ratio.
The diameter of the nanowires in VHA is typically around 10 nm. VPHA composite
aerogels also emulate the nanowire morphology of VHA. The well-maintained nanowire
morphology of the composite indicates that the hydrated vanadium pentoxide nanowires
were uniformly coated and reinforced by polyaniline. After polymerization, the V20Os NWs
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tend to form a bunch with their bundle diameter ranging between 50 to 60 nm. Figures 4.3g
& h clearly show that the NWs are distinctly flexible, with some even circularly bent. Such
microstructure is of great significance for microwave attenuation. This is because interfaces
and voids inside the porous microstructure provide vast surface area for the incidence of
electromagnetic waves and thus intensify the microwave absorption performance by
multiple reflections (Y. J. Wan et al., 2017; Zeng et al., 2016). Moreover, the nanowires
are bound together, forming a well-connected conductive network. This peculiar structure
of VPHA composite, made of hierarchically porous layered morphology of polygonal
comb-like microstructure with substantially connected layers at the microscale, bent and
folded to form conductive aerogel at the macroscale, is expected to enhance the overall
EMI shielding performance. The formation of a more connected and conducting skeleton
is supplemented by electron transport of the conducting polymer due to the delocalization
of m electrons, which can also contribute to the shielding ability. EDS spectrum of the
composite gel (figure 4.3i) clearly indicates the presence of polymer. The claim of uniform
polymer coating on the layered oxide is further supported by the chemical mapping spectra
of VPHA that show a more or less uniform presence of elements V, O, C, and N (figure
4.3)).

The crystalline structure of all as-synthesized samples was investigated by wide-
angle X-ray diffraction (WAXD) (figure 4.4a). Only a few Bragg reflections are visible in
the WAXD spectrum, pointing to the amorphous nature of gels. The peaks of the V205
precursor match with the layered orthorhombic structure of hydrated vanadium pentoxide.
Peaks observed at 20 values of 15.3°, 21.6°, 26.4°, 30.5°, and 31.6° are attributed to (200),
(101), (110), (301), and (011) reflections (Abd-alghafour et al., 2016). Intercalation of
polymer ends up in a much more amorphous material, as evident in Figure 4.4a. The
absence of changes in composite peaks after polymerization compared with VHA indicates

that the precursor's layered structure is well maintained.
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Figure 4.4 (a) WAXD pattern, (b) FTIR spectra, and (c) Raman spectra of VHA and
VPHA aerogels (d) XPS survey spectrum of VPHA aerogel High-resolution XPS spectra
of (e) V2p, (f) Cls, (g) N1s in VPHA aerogel, and (h) TGA of VHA and VPHA aerogels
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The formation of hybrid V20s- PANI@ HCI aerogel was authenticated by Fourier
transform infrared (FTIR) analysis (figure 4.4b). The peaks in the FTIR spectra of VHA
around 450 and 714 cm™ are assigned to the V-O-V stretching mode's asymmetric and
symmetric stretching bands (Mukhtar et al., 2017). The peak at 836 cm™ is attributed to the
coupled vibration V=0 and V-O-V (Derkaoui et al., 2017). The strong peak at 964 cm™
corresponds to the terminal symmetric stretching band of oxygen in the V=0 bond
(Mukhtar et al., 2017). The narrowband at 1606 cm™ is due to stretching vibrations of the
water molecule (Cao et al., 2013). The characteristic peaks ranging from 1000 to 1800 cm"
! confirm polyaniline formation. The bands at 1565 and 1484 cm™ are attributed to ring
stretching of quinoid and benzenoid form in PANI, C=N, and C=C, respectively. The bands
related to the C—N stretching of an aromatic amine appear around 1298 and 1237 cm™,
Besides, the band near 1110 cm™ has been attributed to electronic-like absorption of
N=Q=N (Q denotes the quinoid ring) stretching mode (John et al., 2010). Also, the weaker
V=0 bonds in V20s- PANI@ HCI aerogel indicate the polymer's intercalation into the V205

matrix.

Raman spectrum of aerogels was taken at room temperature in the wavenumber
range of 100-2000 cm™ (see figure 4.4c). The peaks of pure V2Os aerogel are symmetric
with the reported Raman modes for V20s.nH20 (Abd-Alghafour et al., 2020; Londofio-
Calderén et al., 2010). The dominant peak at 142 cm™ corresponds to V-O-V chain
vibrations. The two peaks at 284 and 408 cm™ are associated with the bending vibration of
the V=0 bonds, and the one at 991 cm™ is assigned to the V=0 stretching vibrations
(Londofio-Calderdn et al., 2010). The peaks located at 484 and 685 cm™ are assigned to
V-O-V bending and stretching modes, respectively (Abd-alghafour et al., 2016). The
presence of protonated polyaniline is manifested by the Raman bands in the wavenumber
range of 1000 to 1700 cm™. The peak observed at 1175 cm™ can be assigned to the C-H in-
plane bending vibrations of aromatic rings. Raman bands at 1241 and 1420 cmare set to
the C-N stretching mode(Moravkova & Dmitrieva, 2017; Rohom et al., 2014). The band
around 1350 cm™ is attributable to C-N* vibrations of polaronic structures in PANI
(Rohom et al., 2014). The band at 1580 cm™ is related to C=C stretching vibrations in a
quinonoid ring (Stejskal et al., 2015). Therefore, the FTIR and Raman results are consistent
with the polymerization of polyaniline over hydrated V>Os nanowires, which is in good

agreement with the SEM and TEM observations.
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X-ray photoelectron spectroscopy (XPS) characterization is conducted to study the
surface composition and chemical structure of the obtained V.0s-PANI@ HCI aerogels.
The XPS survey scan (figure 4.4d) revealed the presence of nitrogen (N), oxygen (O),
vanadium (V), chlorine (CI), and carbon(C) in the nanocomposite aerogel. The high-
resolution XPS of V2ps2 and V2py» peaks states can be fitted by two different electronic
states of V°* and V**. Figure 4.4e shows the deconvoluted VV2ps:2 binding energies with V°*
located at 517.2 eV and V#*at 515.9 eV. The broad peak centered at approximately 530 eV
is assigned to oxygen present in the lattice. The XPS peak due to the carbon backbone of
PANI at ~285 eV can be deconvoluted to two prominent peaks. The peak at 284.5 eV
corresponds to C-H/ C-C functional carbon of the quinoid ring, and that at 285.0 eV is
attributed to C-N (figure 4.4f). N1s region of the composite gels can be deconvoluted into
two synthetic peaks, consistent with the typically reported values for benzenoid amine
(399.4 eV) and quinoid amine (400.9 eV) (figure 4.4q) (Patil et al., 2018; Waghmode et
al., 2017). The chlorine peaks in the survey spectrum indicate that hydrochloric acid's
presence during the gelation enhances the degree of polymerization. Further, it also

suggests that a part of HCI gets doped into the composite aerogel.

The thermal decomposition of as-synthesized aerogels was analyzed by
thermogravimetric analysis (TGA), as depicted in figure 4.4h. The TGA profile of pure
V20s5.nH20 aerogel shows two-step weight loss as a function of temperature. The initial
weight loss below 100 °C was attributed to the evaporation of physisorbed water and the
other volatile matter retained in the aerogels. The second weight loss of 9.21%, witnessed
in the range of 100-390 °C, is attributed to the loss of water bound to vanadium sites
exposed to the interlayer region and crystallization to orthorhombic vanadium pentoxide
(Huguenin et al., 2000). In composite aerogels, the weight loss in this second step is
increased to 16.88%. The extra loss is due to the simultaneous decomposition of polymer
and removal of strongly bonded water. In addition to these two weight loss steps, V20s-
PANI composite sample shows a third significant weight loss of 7.35% after 450 °C. This
was attributed to the thermo-oxidative decomposition of polyaniline (Hasan et al., 2015).
The plateau above 450 °C in the TGA diagrams indicates the approximate amount of V20s
in the composite aerogels, corresponding to 82.2 wt% for pure V20s aerogel. Clearly, the
weight percentage of V20Os in the hybrid aerogels after thermal treatment is lowered to
50.2%, indicating the presence of polyaniline. In this way, a high degree of polymerization

improves the thermal stability of the aerogel.
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Textural properties of the aerogels were studied using N2 adsorption—desorption
isotherms (figures 4.5a & b). At low relative pressure, only a small volume of nitrogen gas
was adsorbed by the aerogels VHA and VPHA, and the gels consisted of mostly small
mesopores (2-50 nm) (insets of figures 4.5a & b). Moreover, the adsorption isotherm of
pure V205 aerogel features a relatively low specific surface area of 8.84 m?/g. However,
the BET surface area of the polymerized sample is about 24.67 m?/g. The high surface area
provides more space for scattering and internal reflection of incident EM waves and thus
can support absorption dominant shielding.

Figure 4.5¢ shows the electrical conductivities of aerogels aged 15-45 days.
Polymerization in the presence of acid endows VPHA aerogels with 2150 times higher
conductivity (~4.3 S.cm™) than pure V20s aerogel (0.002 S.cm™). It is known that the
electrical conductivity of PANI composites varies at different pH values. Mohsin et al.
reported that the electrical conductivity value increases with a decrease in the pH of the
solution (Ali Mohsin et al., 2020). The treatment of monomer with a highly oxidizing
template of V20s in the presence of HCI accelerates the polymerization rate and leads to
preferential protonation. This increases the number of polaron in the polymer chain and
their mobility, thereby boosting conductivity values. High conductivity along with
increased connectivity is a rare combination for porous materials, and it can endow the

aerogels with supreme shielding efficiency.

The ultra-low density of these aerogels is also quite striking (figure 4.5d). Notably,
the pure V2Os aerogels have a very low density, measured to be ~20.0 mg/cm?®. With the
incorporation of polyaniline, the density is slightly increased to ~31.0 mg/cm?. However,
the acid polymerization reinforces the aerogel architecture. In this regard, the weight-
bearing capacity and structural stability of VPHA were qualitatively examined. For this, an
as-prepared VPHA but machined aerogel block of dimension 2 x 2 x 0.5 cm? (approximate
weight ~850 mg) was periodically loaded with standard weights. It was found to hold weight
up to ~240g without any structural deformations. The well-retained three-dimensional
porous structure without breaks confirms the better compressive strength of nanocomposite

aerogel, much higher than that of pure V20s gel.
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Figure 4.5 N2 adsorption-desorption isotherms of (a) VHA and (b) VPHA aerogels. (c)
the electrical conductivity and (d) density of VHA and VPHA aerogels. (e) Total EMI
shielding effectiveness (SErotal), reflection shielding effectiveness (SErer), and absorption
shielding effectiveness (SEans) of VPHA aerogels at 12.4 GHz at different storage days.

To evaluate EMI shielding performance, S parameters of V20s- PANI@ HCI
aerogels were measured in the X-band range (8.2-12.4 GHz), where various medical
electronic devices and communication systems work. The samples were machined to get a
thickness of 3 mm. Reflection shielding effectiveness (SEref), absorption shielding
effectiveness (SEans), and total EMI shielding effectiveness (SEtota) Of aerogels were
calculated from S parameters. Here, SEres is related to the relative impedance mismatch
between the incident wave and shielding material, while SEaps is associated with the

physical characteristics of the shield. The greater the impedance mismatch between the
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incident wave and shielding material, the greater the reflection losses (Lalan et al., 2019).
Shields with higher conductivity show strong reflection due to impedance conflict, leading
to secondary EM wave pollution. But in the case of VPHA aerogels, the high volume of air
pockets on the surface promotes suitable pairing of impedance and reduces the reflection
loss. For non-magnetic samples, absorption loss originates mainly from the dielectric loss,
composed of polarization and conductive loss (L. Wang et al., 2021). The formation of an
electrically conductive network is crucial for imparting conductive loss. Thus, both SEaps
and SErer are intimately related to the shield's conductivity, frequency, permittivity, and

permeability, as given in the following equations 4.1 and 4.2;

SEaps = —8.68 t VLA (4.1)
SEger = —10log (16;“) (4.2)

where t, f, u, & and o are the shield's thickness, frequency, permeability,

permittivity and total conductivity (M. Wang et al., 2021).

First, the time-dependent storage variation of EMI SE of composite aerogels
polymerized in 0.25M HCI and aniline mixture was investigated in the X band. As shown
in figure 4.5e, all the samples with an aging period of over 20 days are excellent
electromagnetic shields, with EMI SE values exceeding 40 dB. This implies that the
ultralight aerogels with a thickness of ~3 mm transmit less than 0.01% of the incident power
throughout the X band frequency range. The highest SEtota 0f V205- PANI@HCI aerogel
reaches 55.2 dB (i.e., >99.9997% of the incident waves are shielded) with aging of 35 days
(i.e., VPHA 35). The EMI shielding material should have strong absorption and weak
reflection on qualifying as an ideal eco-friendly shield. It is clear from figure 4.5e that the
absorption shielding effectiveness exceeds reflection shielding effectiveness by more than
four times. For example, the absorption SE of VPHA 35 (46.8 dB) is nearly six times its
reflection SE, while that of VPHA 45 (40.53 dB) is over ten times its reflection SE of 3.73
dB. Here, the number following the sample name indicates the number of storage days of
V20s dispersion. Evidently, this absorption dominance makes VPHA aerogels green. Figure
4.6a shows the minimum and maximum values of total EMI SE in the X band frequency

range, and figures 4.6b-d depicts the detailed variation of SEabs, SErer, and SETotai With
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frequency. All the gels have good SE with minor variance in the entire bandwidth, making

them suitable for practical applications.

Figures 4.6 e&f depict the SEiotal, SEans, and SErer of V205 and V20s- PANI@ HCI
aerogels with 35 days of aging, in the frequency range of 8.2-12.4 GHz. Evidently, we can
find that the shielding efficiency has been significantly enhanced with the HCl-assisted
polymerization of V20s. Impressive is to note that the total EMI SE value as high as 55.2
dB is achieved for VPHA 35 while specific shielding efficiency reaches 1780.6 dB cm?/g.
Both the samples VHA 35 and VPHA 35 show absorption dominant shielding performance
with relatively low SEger values. Shielding efficiency due to reflection falls below ~2.5 at
8.2 GHz for VHA 35 and gradually decreases to 1.02 dB as frequency increases. In the case
of VPHA 35, SEres varies from 10.65 to 8.36 dB towards the higher frequency, which is
less than 20 % of the total shielding effectiveness. The Absorption shielding efficiency of
VHA 35 varies between 7.2 and 7.8 dB, while that of VPHA 35 was significantly improved
to values varying from 41.7 to 46.8 dB. The declining and inclining trends of absorption
and reflection SE with frequency are evident from the direct relationship between frequency
and respective shielding efficiency in equations 4.1 and 4.2. The sample VPHA 35 shows a
minimum 52.4 dB shielding efficiency in the X-band, which can be translated as 99.9994
% of the incident waves are blocked. Hence the shielding of the presently developed
polymer composite is impressive in the entire X band region, with a total SE achieved
maximum of 55.2 dB at 12.4 GHz. The rise in shielding performance is obviously due to
the porous morphology and more interlayer connections, resulting in higher polaron
conduction that improves both conductivity and internal reflections. As seen before, the
HCI doping in polyaniline enhances the conductive network inside the three-dimensional
oxide network. Hence, the shielding is more effective in the composite than pure V205

aerogel.
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Figure 4.6 (a) Minimum and maximum total SE of aerogels with different aging periods

shielding effectiveness (SEtotal) of VPHA aerogels (0.25M HCI) prepared with different
aging, frequency-dependent variation of SEvotal, SEret, and SEaps 0f (€) VHA 35 and (f)
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Now, it became imperative to investigate the effect of acid concentration during
polymerization and subsequent nucleation of gel, which was systematically studied by
increasing the molarity of HCI in the aniline dispersion. Shielding performance of VPHA
35 with 1 M HCI (namely VPHA, and all the above characterization studies corresponds to
this sample) in the X band is shown in figure 4.7a. We can find that the shielding efficiency
has been enhanced with an increase in acid concentration during the polymerization of
V20s. As expected, VHA and VPHA show absorption dominant shielding performance
with relatively low SERger values. As shown, SEger varies from 9.6 to 7.8 dB towards the
higher frequency, which is actually less than 20 % of the total shielding effectiveness.
Meanwhile, absorption shielding efficiency is significantly improved to the range 51.4 -
60.3 dB. Compared to VHA, VPHA has nearly eight times higher total SE. The sample
VPHA shows a minimum of 61.0 dB and a maximum of 68.1 dB total shielding efficiency
in the X-band, corresponding to 99.99992% and 99.99998% blocking of the incident
waves, respectively. It is also remarkable that the specific shielding efficiency
(SSE=SE/aerogel density) reaches 2196.8 dB cm®/g. The conductance loss, a key parameter
in determining EMI shielding performance, results from the movement of charges in the
shield. The binding nature of polymer enhances the interconnections between the
nanowires, whereas a high degree of polymerization eases the directional flow of charged
particles (Park et al., 2010). When the concentration of acid increases at the time of
polymerization, the degree of protonation (which largely depends on the pH of the solution)
also increases (Ali Mohsin et al., 2020; Detsri & Dubas, 2009). The higher the extent of
protonation, the greater the inter-chain charge transport in the form of polarons, which
largely contributes to the conductivity of polyaniline. In a nutshell, improvement in
electrical conductivity of the composite aerogel combined with the chemically engineered

porous morphology magnifies the shielding efficiency of VPHA aerogels.
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Figure 4.7 Frequency-dependent variation of total EMI shielding effectiveness (SEtotal),
reflection shielding effectiveness (SErer), and absorption shielding effectiveness (SEans) of
VPHA (VPHA 35 with 1 M HCI) in (a) X (b) Ku and (c) K band. (d) Maxima of SSE and
SSE/thickness of VPHA in X, Ku, and K bands and (e) a schematic illustration of the EMI
shielding mechanism
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Further, the shielding efficiency of the VPHA aerogel was examined in both Ku
(12.4-18 GHz) and K bands (18-26.5 GHz) of the electromagnetic spectrum as well. The
significant surge in 5G technology and Internet of Things (IoT) demand for reliable EMI
shields with high performance in high-frequency bands. Surprisingly, the total shielding
values could reach up to maxima of 81.9 dB and 86.1 dB in Ku and K bands, respectively
(figures 4.7b&c). Compared to absorption shielding, which varies from 63.2 dB to 75.7 dB,
shielding due to reflection is as low as ~7 dB in the Ku band. Absorption shielding
efficiency in the K band reaches an even higher value of 80.5 dB, which is expected since
the absorption loss increases with increased frequency. Obviously, the massive absorption
of the newly designed aerogel stems from high electrical conductivity and the hierarchically

porous network formed inside the aerogel.

High EMI SE combined with low density endows VPHA aerogels exceptional
specific EMI SE as high as 2196.8 dB cm®/g in the X-band frequency range. The superior
specific shielding efficiency (SSE) and SSE/thickness of VPHA in X, Ku, and K bands are
shown in figure 4.7d. The SSE/thickness achieved a supreme value of 9258.1 dB cm?/g in
the K band. This normalized specific absorption is massively better by 2.5 times than the
similar V20s-PANI aerogel already reported by us (Puthiyedath Narayanan et al., 2021).
Green, lightweight, and mechanically robust aerogels like VPHA with excellent specific
EMI SE, qualify them as efficient EMI shields in aircraft and portable device applications.

The possible shielding mechanism in the aerogels is illustrated in figure 4.7e. Good
impedance matching due to high porosity facilitates the ease of entry of electromagnetic
waves into the interior of the VPHA aerogel. A few portions of the waves are still get
reflected. The highly connected conductive network formed by the oxide-polymer network
improves the electron transfer channels and thus dissipates the entered EM energy by
electric loss. The hierarchical architecture of the gel facilitates the electromagnetic waves
to get trapped and eventually reabsorbed inside the inner voids and pores by multiple
internal reflections and scattering. The high surface area of porous morphology promotes
prolonged transmission paths, resulting in attenuation of the EM waves. In a nutshell, the
porous structure, interlinked three-dimensional conductive polymer network, and
synergistic effects of V,0s and PANI endow the composite aerogel with excellent EMI

shielding property and superior specific shielding values.
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Table 4.1. A comparative analysis of shielding effectiveness values of porous materials
measured in X-band.

Sl Sample name EMI | Thick | SSE | SSE/thick Ref
No SE ness (dB ness (dB
(dB) | (mm) | cmdg) cm?/g)

1 | Sponge-supported 27.3 12 1437 1197.5 (C.Liuetal.,
rGO aerogel 2016)

2 | C/SIO./SiC 24 6 120 200.0 (Anetal.,
aerogels 2019)

3 | Cellulose 20.8 2.5 219 876.0 (H. D. Huang
composite aerogel et al., 2015)

4 | Carbon aerogel 40 4 700 1750.0 (Vazhayal et

al., 2020)

5 | Graphene-carbon 37 3 529 1763.3 | (W. L. Song et
hybrid aerogel al., 2015)

6 | Aerogel-like 51 10 455 455.0 (Y.Q. Liet
Carbon al., 2015)

7 | Polyimide/Graphen | 28.8 25 369 1518 (Z. Yuetal.,
e Composite 2020b)
Aerogels

8 | GO-polymer 53 1.55 434 2800.0 (Hanetal.,
aerogel film 2016)

9 | MXene carbon 71.3 3 360 1200.0 (Liang et al.,
aerogel 2020)

10 | Leather solid waste 40 2 73 365.0 (T. Zhang et
/[PVA/PANI al., 2021)
aerogel

11 | V20s-PANI 34.7 6 1662.2 2770.3 (Puthiyedath
aerogels Narayanan et

al., 2021)

12 | V20s-PANI@HCI 68.1 3 2196.8 7322.6 Present work

aerogels

A survey on the EMI shielding performance of similar porous EMI shielding
materials in the X band in the aspects of shield thickness and shielding effectiveness is given
in table 4.1. In addition, specific EMI SE (SSE=SE/aerogel density) and thickness averaged
SSE (SSE/thickness), which we believe are more comprehensive and normalized criteria
than total SE in porous materials, are also summarized. Remarkably, the excellent specific

shielding values of the present V20s-PANI@ HCI aerogels are significantly higher than
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most other materials among EMI shielding gels. As discussed earlier, the present work's
exceptional SSE and SSE/t values may be attributed to its ultralow density (~ 30 mg/cm®)
and other factors like the synergistic effect between conductive polymer and the peculiar
layered V20s nanofibers, assembled in hierarchically porous construction. It is worthwhile
to note that most highly effective lightweight shields are formed using mesoporous
composite architectures, with either carbonaceous components (CNT, graphene, GO,
graphite, etc.) or MXene used as the filler to impart sufficient electrical transport. For
example, Wang et al. synthesized MXene (TizC,Tx)/PBO nanofiber films with excellent
SSE/thickness of 8211 dB cm?/g with 70 wt% loading of polyetherimide-functionalized
Ti3sC,Tx nanosheets (L. Wang et al., 2022). To the best of our knowledge, ours is the first-
ever report on creating aerogels without the above-mentioned fillers to achieve the so far
highest specific shielding per unit thickness. These robust and lightweight shielding

solutions are useful for EM wave attenuation in aeronautical structures and portable devices.
4.4  Conclusions

In summary, a hybrid aerogel comprising hydrated vanadium pentoxide nanowires
and polyaniline (PANI) was prepared by introducing aniline monomer to oxidative V.05
template in the presence of a strong acid, HCI. Polyaniline, grown over the V205 nanowire
bundles, binds the wires to form a robust 3D networked, porous structure. The high degree
of polymerization in controlled addition of HCI promotes the porosity to organize
hierarchically, with substantially connected polygonal comb-like microstructure at the
microscale, whose blocks are bent and folded to form conductive aerogel at the macroscale.
Their organized microstructure facilitates the efficient conduction of charge carriers in the
polymer chain, thereby boosting their conductivity values. Thus, the polymerization of
V20s-PANI aerogels in an acid medium derives high conductivity aerogels (~4.3 S.cm™),
whose electrical conductivity is 2150 times better than that of pure V205 aerogel (~0.002
S.cm™). The V20s-PANI aerogels aged for a period of 35 days are found to be ultralight in
density (~32.0 mg/cm?®). An adequately machined aerogel block of 850 mg can hold a
weight up to ~240g without any structural deformations, which means that the well-retained
three-dimensional porous structure provides sufficient compressive strength to the
nanocomposite aerogel, much better than that of pure V.Os gel. All the aerogel composites
used in this research showed absorption dominant shielding performance with relatively
low reflection shielding values (percentage SEref < 20% total EMI SE). Compared to V20s
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aerogel, the high shielding V.Os-PANI composite aerogels have nearly eight times higher
shielding efficiency. The sample V20s-PANI aerogels aged for 35 days show a maximum
of 68.1 dB total shielding efficiency in the X-band, corresponding to 99.99998% blocking
of the incident waves, respectively. These aerogels show better shielding performance in
the Ku and K bands (81.9 dB and 86.1 dB, respectively). The specific shielding efficiency
is 2777.4 dB cm®/g, while SSE/thickness shows an impressive value of 9258.1 dB cm?/g,
which is at least 2.5 times more than the nearest report. Based on the experimental results,
we believe that the meso and macroporous structure combined with the high electrical
conductivity of polymer adds up to high EM wave absorption. Moreover, the synergistic
effect between the two components, V20s and PANI, leads to remarkable improvements in
properties. To the best of our knowledge, ours is the first-ever report on creating aerogels
without the carbonaceous and MXene fillers to achieve the so far highest specific
shielding/thickness. Further, this study provides an economical and effective way to obtain
a promising carbon filler-free candidate for ultra-light shields that can be used in portable

electronic mobile devices and aeronautic structures.
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Chapter 5

Hydrothermally
Derived Vanadium
Pentoxide -Polyaniline
Aerogels

e Novel hydrothermally derived EMI shielding
aerogels made of V20s and polyaniline are reported
for the first time

e Mechanically stable and light aerogels have a good
green index (>1) and high electrical conductivity
(5.11 S/cm)

e V205 -PANI aerogels have broad bandwidth with
EMI SE reaching 53.6 dB in the X band

e EMI SE reaches 71.2 dB in the K band with an
exceptional SSE/thickness of 5929.2 dB cm?/g.
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5.1 Introduction

Our previous two chapters discussed highly porous V2Os- PANI aerogels prepared
by polymerizing the vanadium pentoxide precursor solution prepared by polycondensation
of vanadic acid. They exhibited an impressive EMI SE >30 dB even at a nominal density
of ~20 mg/cm?3. Noticeable is the fact that, although these materials show excellent EMI
shielding properties, the construction of the aerogels is time-consuming, as it needs at least
20-30 days to obtain sufficient shielding. Herein, we aimed to formulate a cheap alternative
to integrate the conductive polymer within the porous inorganic skeleton of vanadium

pentoxide to achieve excellent shielding values within a short period.

Hydrothermal synthesis is a competent tool for creating distinct, beautiful
nanoscopic V20s morphologies compared to other methods such as sol-gel, template-
assisted growth, and electrospinning (Ahirrao et al., 2018; G. P. Li & Luo, 2007; Xiong et
al., 2008). Specific nanostructures, unattainable by other traditional routes, can be
developed efficiently by the hydrothermal method. This is important since forming 3D
porous architectures requires longer nanowires to form a robust cell wall skeleton. As
discussed in chapters 2 and 3, polycondensation of vanadic acid in water yields V20s.nH>O
nanowires, but it takes several weeks to obtain micrometers long nanowires. On the other
hand, hydrothermal reactions are cost-effective, time- and labor-saving methods to
synthesize excellent vanadium oxide nanostructures with a high aspect ratio (Y. Wang &
Cao, 2006). Once the synthesis protocol for a standard hydrothermal procedure with
optimum reaction temperature, the concentration of solvents, pH value of the system,
reaction time, autoclave geometries, etc., is established, it is easier to develop three-

dimensional architectures made of desired nanostructures (Krumeich et al., 1999).

The present study demonstrates a high-pressure-assisted facile strategy to
synthesize a green polymer composite aerogel with more efficient EMI shielding. Herein,
V205 hydrogel synthesized by the simple one-pot hydrothermal method was reinforced by
conducting polymer polyaniline followed by the freeze-drying process to obtain V20s-
polyaniline aerogel. The advantage is that ultra-low-dense aerogels' nature and pore
distribution can be readily tuned using this method. Aerogels' formation mechanism,

morphology, and EMI properties were systematically investigated and discussed.
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Figure 5.1 Schematic illustration of the synthesis of V2Os- PANI aerogel.
5.2  Experimental

5.2.1 Materials

Ammonium metavanadate (99%) was purchased from Sigma-Aldrich Co. USA. Aniline
and hydrochloric acid (HCI 37%) were obtained from Merck Life Science Private Limited,

Mumbai. All the chemicals were used as received without any further treatment.
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5.2.2 Hydrothermal preparation of V20s hydrogel

The V205 gel was prepared by the simple and time-saving hydrothermal method
(see figure 5.1). Initially, the V2Os dispersion was prepared through the same protocol, as
described in chapter 2. Final dispersion was made to 40 mL by adding hot water, transferred
to a Teflon-lined autoclave, and heated to 140 °C for 24 hours. The resulting VV.Os hydrogel

was washed with DI water several times to purify it.
5.2.3 Preparation of V20s- PANI aerogels

The V205 hydrogel was immersed in a solution of aniline monomer in deionized
water. Polymerization was evident from the sudden hydrogel color change from dark red
to emerald dark green. The solution was kept undisturbed for about 3-5 hours until the
polymerization was complete. Finally, the V20s- PANI hydrogel was freeze-dried at -110
°C for 24 hours to form the V.0s- PANI (VPHT) aerogel. Similarly, V20s- PANI@HCI
(VPHTH) aerogel was prepared with only a slight variation in the monomer composition.
In the case of VPHTH, aniline solution was prepared by dissolving the same amount of
monomer in 1M hydrochloric acid. Then V20s hydrogel was immersed in it, followed by
freeze-drying. For comparison, pure V20s hydrogel was also freeze-dried under the same

conditions, and the sample was named VHT.
5.2.4 Characterization

The three hydrogels of VHT, VPHT, and VPHTH were freeze-dried at -110°C by
Scanvac Cool Safe Pro 110-4, M/s. Labogene, Denmark. Fourier transform infrared
spectroscopy (FTIR) was performed to compare the chemical structure of the pure and
composite aerogels using a Perkin Elmer Series FTIR spectrum-2 instrument through the
ATR method. Raman spectra (confocal Raman microscope a-300R WITec, Inc., Germany)
and Wide-angle X-ray diffractogram (Xeuss SAXS/WAXS system using a Genixmicro-
source from Xenocs (Grenoble, France), operated at 50 kV and 0.6 mA) were recorded to
confirm the formation of composites. X-ray photoelectron spectroscopy (PHI 500 Versa
Probe 2 with Al Ka radiation) was used to evaluate the surface chemical composition of
the aerogels. Field emission scanning electron microscopy (FESEM, FEI-Nova Nano SEM
450, beam potential of 10 kV) and high-resolution transmission electron microscopy (FEI
Tecnai G2 30S-TWIN, FEI Co., Hillsboro, OR, USA) observed the microstructure and
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morphologies. Thermogravimetric analysis was done using a simultaneous
thermogravimetric analyzer (STA 7300, Hitachi, Japan). For this testing, the samples were
heated from 25°C to 650°C at a rate of 10°C/min in the air atmosphere. The Brunauer—
Emmett-Teller (BET) surface area and pore size of the samples were measured after
degassing the samples at 150°C for 12 hours using a nitrogen adsorption-desorption
isotherm (Gemini 2375, Micromeritics, Norcross, USA). The pore size distributions of the
aerogels were measured using the Barrett—Joyner—Halenda (BJH) method. The DC
conductivity of the samples was measured using the four-probe method from Keithley 2450
source meter. A Keysight PNA-L N5234B network analyzer was used in the X, Ku, and K
bands to investigate the EMI shielding performance of the aerogels. All the aerogel samples

were precise to a thickness of 3 mm.

5.3 Results and discussion

There are several methods to prepare vanadium pentoxide nanostructures (Ahirrao
etal., 2018; Dong et al., 2016; Xiong et al., 2008). Herein, we introduce an effortless, two-
step method to prepare the aerogels. Figure 5.1 illustrates a schematic of the preparation of
V20s-PANI composite aerogels. A dispersion of hydrated V20s nanoribbons having less
than 2 um in length was prepared through polycondensation of vanadic acid in DI water at
room temperature. After hydrothermal treatment in an autoclave, the colloidal dispersion
produced a crimson red colored V2Os hydrogel (see figure 5.2a). During the hydrothermal
reaction, decavanadic acid was formed, which then dissociated to V205 gel. V20s nH20
sheets were developed by dehydration of VV2Os gel. As the reaction progressed, these V20s
nH2O sheets were further dehydrated and shaped into V20s nanowires (N. Wang et al.,
2015). The oriented attachment growth mechanism can explain nanowire growth, which
has been recognized as a primary growth mechanism during the hydrothermal synthesis of
various materials. The nanowires are self-assembled by their electrical attraction (X. Wu et
al., 2003). The nanofibers orient and attach to form ultra-long wires in such a way to lower
the surface energy (M. Li, Kong, et al., 2011). The temperature and reaction time is crucial
for the formation of the hydrogel. Primarily, we have noticed that no gel structure was
found if the reaction temperature and time exceeded the optimum values of 140°C and 24
h. Secondly, the penetration of polyaniline solution into the inorganic oxide gel matrix had
to be meticulously designed and was also tricky. Incorporating the solution of conducting
polymers into a hydrogel matrix is rarely used as a technique to derive conductive aerogels.
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In the case of VPHT and VPHTH gel synthesis, the hydrogel was carefully dipped into the
respective aniline solution and waited for a few hours for complete polymerization, as
shown in figure 5.1. Polymerization and gelation started immediately after the immersion,
with a sudden color change from orange-red to dark green; green corresponds to the
emeraldine form of polyaniline (W. Huang et al., 1986). The composite hydrogel thus
formed is rather stable and robust (figure 5.2a). The wet hydrogel can be described as a
nanocomposite of a liquid phase trapped within a continuous vanadium oxide nanowire
network. Finally, freeze-drying was adopted to convert hydrogel to light aerogel. In the
process, the liquid inside the gel's pore will get frozen to a solid phase and then sublimed
out of the gel. The freeze-drying process exerts low capillary forces on the pore walls, so

the high porosity is well maintained in the dried aerogel (Y. Chen et al., 2021).

The light composite aerogel, VPHTH, is shown in figure 5.2b, and detailed
microstructure was observed by optical microscopy. The optical microscopic image of the
VHT (figure 5.2c) indicates highly crinkled layers with random orientation. This unique
architecture, which provides more specific surface area, is highly beneficial for the
shielding purpose. The uneven structure increases the number of contact points for an
incoming wave, leading to abundant multi-scattering in the aerogel samples. This, in turn,
can enhance the transmission path and can thus significantly attenuate the incident EM
waves. The detailed elemental mappings of VPHTH explain the homogeneous distribution
of elements (figure 5.2d). The uniform coating of components in PANI over vanadium
pentoxide wires helps improve microwave absorption performances. The morphology of
the aerogels with and without polymer was also examined using FESEM. The
interconnected 3D network structure of aerogels is clearly visible in SEM images with high
magnification (figures 5.3a&c), and figure 5.3c validates the binding of nanowires by the
polymer. The morphology of composites VPHT (figure 5.3d) and VPHTH (figure 5.3e&f)
perfectly emulates the highly porous and layered morphology of VHT (figure 5.3b) created
by the sublimation of ice crystals during the freeze-drying. This implies that the polymer is
uniformly coated over vanadium oxide wires without damaging its nanoskeleton. Stacked
nanosheets are visible in figure 5.3e. We believe that the seemingly rough nature of layers
and their irregular alignment supports more scattering and internal reflections of EM waves.
Moreover, the voids and space between the wrinkled nanosheets can also increase the
propagation path of EM waves into their depths and crevasses and dissipate them by more

reflections. The ultra-thin V205 nanowires obtained after the hydrothermal treatment are
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several micrometers long (> 20 um). TEM images (figures 5.3g-i) substantiate the high
aspect ratio of ultra-thin nanowires with 8-15 nm width. The optimum aspect ratio of the
reinforcing wires is essential for forming a robust gel. Consistent with SEM, the bundles
of wires seem wrapped by the polymer and are clearly seen in TEM images of VPHT (figure
5.3h) and VPHTH (figure 5.3i).

Figure 5.4a illustrates the WAXD pattern of the aerogels VHT, VPHT, and
VPHTH. Itis reported that the partial reduction of vanadium (V°* to V#*) occurs during the
hydrothermal synthesis, and hence, the peaks are a mixture of two different phases of
V20s:-nH20. Peaks observed at 20 values of 8.9° and 21.5° respectively correspond to (001)
and (003) reflections of layered vanadium pentoxide. Previous reports suggest that the
extreme orientation along (00I) planes is initiated during hydrogel's hydrothermal growth
(Kundu et al., 2017; Q. Wei et al., 2015). Peaks at 26.3°, 30.7°, and 32.1° are indexed to
orthorhombic phases of vanadium pentoxide (Kundu et al., 2017). In other words, the XRD
pattern shows a significant part of reflections corresponding to V2Os in the orthorhombic
phase and a minor remnant of V2Os in the monoclinic phase (Ronquillo et al., 2016). As
evident from figure 5.4a, the reflection peaks of both V205 precursor and V.0Os-PANI
aerogel are alike and without any additional peaks of PANI. So, incorporating PANI into
the V205 matrix does not change its crystalline construction, which can be due to the low
volume percentage of polymer or the possibility that reticular planes of the semi-crystalline
polymer do not repeat in order. However, a significant decline in the intensity of V.05
peaks is a consequence of the inclusion of polymer. This indirectly means that the hydrated
V205 nanowires are homogeneously enwrapped by polyaniline without affecting their
crystalline order. But polymerization must have resulted in a less crystalline composite.
The crystallinity of the PANI sample depends on several factors, including the preparation
conditions like pH, temperature, doping level, etc. Our observation of low crystallinity in
polymer corroborates an earlier report that polymerization in an acidic medium yields
PANI having low crystallinity (Fosong et al., 1988). Since WAXD could not confirm it, let
us further examine the aerogels using infrared and Raman spectroscopy to assess the

presence of PANI in the composites.
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Flgure 5.2 Photographic image of (a) V20s hydrogel, (b) V2Os- PANI@HCI composite
aerogel (VPHTH) resting on a flower, (c) optical image of V20s aerogel (VHT); (d)
Elemental mapping of VPHTH aerogel.
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Figure 5.3 SEM images of (a& b) VHT, (c& d) VPHT, (e& f) VPHTH aerogels, TEM
images of (g) VHT, (h) VPHT, and (i) VPHTH aerogels.
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Figure 5.4 (a) WAXD pattern and (b) Raman spectra of V.Os precursor and V2Os-PANI
aerogel; (c) FTIR-ATR spectra of aerogels, (d) XPS survey spectrum of V2Os-PANI
aerogels, high-resolution XPS spectra of (e& ) V2p, (g& h) N1s, and (i& j) Cls in VPHT

and VPHTH respectively.
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Raman spectrum of aerogels was taken at room temperature in the wavenumber
range of 100-1500 cm™* (figure 5.4b). The peaks of pure V20s aerogel are symmetric with
the reported Raman modes for V20s nH>O (Abd-alghafour et al., 2016; Abd-Alghafour et
al., 2020; Londofio-Calderon et al., 2010). The dominant peak at 140 cm™* corresponding
to V-O-V chain vibrations indicates the layer structure of the V205 precursor. The two
peaks at 281 and 405 are associated with the bending vibration of the V=0 bonds, and 991
cm L is assigned to the V=0 stretching vibrations (Londofio-Calderdn et al., 2010). The
peaks located at 478 and 685 cm™* are assigned to bridging V-O-V bending and stretching
modes, respectively (Abd-alghafour et al., 2016; Londofio-Calderon et al., 2010). Raman
peak at 523 is attributed to triply coordinated oxygen, V3-O stretching modes (Londofio-
Calderon et al., 2010). Strangely enough, the polymerization did not make any visible
difference in the Raman spectrum. This may be due to the relatively low volume percentage

of polymer compared to V20s.

The FTIR results (figure 5.4c) of the pure vanadium oxide hydrogel (VHT) show
peaks around 459, 505, and 714 cm™ due to the V-O-V stretching mode. The absorption
peak at 837 cm™ is the vibration of doubly coordinated oxygen bonds. The peak at 964 cm”
1 corresponds to the stretching vibration of terminal oxygen bonds V=0 (Derkaoui et al.,
2017; Mukhtar et al., 2017). The broader band near 1409 cm™ and the narrow band at 1610
cm are attributed to the water molecules chemically bonded to the oxide network (Cao et
al., 2013). Five bands observed in the wavenumber range 10001600 cm™ clearly describe
the intercalation of polymer within the V.Os matrix. The peak at 1120 cm™ shows the
stretching of N=Q=N (where Q denotes the quinoid ring). The characteristic peaks at 1240
and 1300 cm correspond to C—N stretching band of aromatic amine. The ring stretching
of quinoid and benzenoid form are observed at 1585 and 1480 cm™?, respectively (John et
al., 2010). Hence the FTIR results clearly reveal the signatures of polymerization in the

composite aerogel.

In order to authenticate the presence of polyaniline in the composite, its chemical
structure was further explored by conducting XPS measurements. The survey spectra of
VPHT and VPHTH (figure 5.4d) reveal the presence of N1s and C1s in the composite form,
confirming the intercalation of the polymer. The deconvoluted V2paz. binding energies of
both VPHT and VPHTH match with the electronic states of \VV°* and V** as shown in figures
5.4e&f, respectively. The peak at 530 eV corresponds to O1s, and the peak centered around
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285 eV corresponds to the carbon backbone of PANI. N1s region of both composites can
be deconvoluted into two synthetic peaks. The fitted peaks of VPHT at 399.8 eV and 401.4
eV are consistent with the typically reported values for the quinoid amine (=N-) and the
nitrogen cationic radical (—N"), respectively (figure 5.4g). Similarly, three peaks are
observed in VPHTH (figure 5.4h) at slightly different binding energies, 398.7 eV (=N-),
399.7 eV(-NH-), and 401.5 eV (-N*) (Patil et al., 2018; Waghmode et al., 2017). The C1s
peak can be deconvoluted into two prominent peaks of C—H/ C—C functional carbon of the
quinoid ring and the C-N bond (figure 5.4 i& j). Unlike VPHT, the survey spectrum of
VPHTH shows chlorine peaks which implies the existence of hydrochloric acid during the
gelation, something which not only helps polymerization but also gets doped into the

composite aerogel.

Thermogravimetric analysis (TGA) was carried out for all the samples VHT,
VPHT, and VPHTH, and the results are shown in figure 5.5a. The TG curve of V20s.nH,0O
aerogel exhibits two prominent weight loss slopes. A steep fall in the curve followed by a
gradual weight loss until 100°C corresponds to the loss of weakly bound water. As
temperatures increased, the tightly bonded physisorbed hydroxyl molecules started to
evaporate. As per the literature reports, the second weight loss step at the proximity of 340
°C is probably due to phase conversion from the disordered layer phase to the orthorhombic
phase with additional elimination of water (Goti¢ et al., 2003). The total weight loss of the
pure V205 sample, VHT, is about 17 % until 380 °C, after which weight remains constant.
For the polymer reinforced sample VPHT, the initial loss till 104 °C due to the removal of
bound water is ~8.1%. The increase in weight loss (~18.4%) in the subsequent gravimetric
loss step compared to VHT indicates polymer decomposition and phase change of V20s. A
seemingly different weight loss profile was obtained for the composite aerogel synthesized
in acidic atmosphere (VPHTH). Here, a significant weight loss of ~30% occurs at low
temperatures. This is due to the evaporation of excess adsorbed moisture and doped
molecules in the emeraldine form of polyaniline (Cruz-Pacheco et al., 2020). As the
temperature reached beyond 100 °C, the tightly bonded water molecules were removed,
and crystallization to orthorhombic V.Os started. Decomposition of polyaniline backbone
units also occurs in the temperature range of 300 to 500°C (weight loss ~ 38.2%). Higher
polyaniline content implies polymerization is more efficient with the presence of acid in
VPHTH. From the retained weight percentage after the complete burn-off of the polymer

at 440 °C, we can calculate the amount of V205 contained. In the case of the pure sample
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VHT, 83% of the initial weight remains, while the values are 75% and 11% for VPHT and
VPHTH, respectively. The lower percentage of V.Os suggests that the content of the
polymer is highest in VPHTH, which obviously can improve the conductivity and hence

the microwave attenuation.

Figures 5.5b-d show the nitrogen adsorption/desorption isotherm of VHT, VPHT,
and VPHTH. The isotherm exhibits mesoporous nature, consistent with the sheet-like,
porous three-dimensional structure. The actual BET surface area and pore volume of the
VHT are estimated to be 8.26 m? /g and 0.048 cm3/g, respectively. Upon polymerization,
the surface area and pore volume visibly improved to 22.94 and 0.087 m? /g for VPHT and
23.19 and 0.090 m? /g for VPHTH, respectively. Therefore, with the addition of polymer,
the BET surface area increased nearly three times which can favor the dissipation of
electromagnetic energy by prolonged propagation path of the EM waves and total internal
reflection. The pore size distribution (inset of figures 5.5b-d) shows that the peak pore
diameter is 0-50 nm. The synergistic contribution of mesopores (suggested from BET
analysis) and macropores (pore size >500 nm, as evident from the SEM images) qualify

the gels as suitable for highly absorbing microwave attenuators.

Figure 5.5e shows the electrical conductivity of VHT, VPHT, and VPHTH
aerogels. It can be seen that the addition of polymer significantly improves the conductivity
of aerogels. This is because polyaniline enhances the conductive network inside the three-
dimensional oxide network. Studies proved that the conductivity of the emeraldine form of
polyaniline varies depending on the degree of protonation, from 1071° S/cm (insulating
state) to ~101-102 S/cm (metallic state) (Ali Mohsin et al., 2020). VPHTH composites
show the highest conductivity (~5.1 S/cm) compared to others, owing to the higher
protonation of polymer in the presence of the acid medium. A visible increase in electrical
conductivity with a decreased pH of the monomer solution was reported earlier (Ali Mohsin
et al., 2020). The inter-chain charge transport depends on protonation, which mainly
contributes to the conductivity of polyaniline (Hassan et al., 2012; W. Huang et al., 1986).
The degree of protonation largely depends on the pH of the solution and the oxidation state
of PANI (Detsri & Dubas, 2009). Here, with the presence of an acid, protonation and hence
the polymerization of aniline increases. Accordingly, the electrical conductivity also
increases (Ali Mohsin et al., 2020). It may be recalled that more presence of polymer in

VPHTH aerogel was evident from TG analysis (see figure 5.5a). The combined effect of
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the electrical transport characteristics of PANI and the extended nanowire network of V20s
might be the reason for the high conductivity of the composite aerogel. The densities of
aerogel samples are shown in figure 5.5f. Such high conductivities of VPHT and VPHTH
at ultra-low densities of ~0.04 g/cm? can be ascribed to the well-interconnected nanowire

network in the layers of composite aerogels.
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Figure 5.5 (a) TGA of aerogels and N2 adsorption-desorption isotherms and pore
distribution curves of (b) VHT, (c) VPHT, and (d) VPHTH aerogels; (e) The electrical
conductivity of various aerogels and (f) Density of aerogels.
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Finally, we conducted all the essential EMI shielding measurements in X, Ku, and
K bands to assess aerogels' EM wave attenuation ability. As hinted before, aerogels with
well-layered conductive network structures are expected to display promising shielding
effectiveness. In the beginning, the total EMI SE of all the aerogels with a thickness of 3
mm was measured in the X band frequency range of 8.2-12.4 GHz, using the transmission
waveguide method, and the results are shown in figure 5.6a. The unpolymerized aerogel
VHT reveals only a feeble EMI shielding ability, less than the minimum practical
requirement of 20 dB, primarily due to its insulating nature. After polymerization, the
layered 3D network becomes more electrically conducting, resulting in a pronounced
increase in EMI shielding efficiency. It is noteworthy that, for all the aerogels, the total
EMI SE curves have only narrow fluctuations within the wide frequency range and thus
provide an unperturbed shielding bandwidth. As expected, VPHTH aerogels show superior
EMI shielding efficiency owing to their three-dimensional mesoporous network, large
surface area, and highest electrical conductivity among the three categories of aerogels
tested. A detailed picture of shielding ability was investigated to unveil the primary
mechanism of shielding. Total SE was calculated as the overall sum of the contribution
from three shielding mechanisms, absorption (SEabs), reflection (SEref), and multiple

internal reflections (SEwm).

Figures 5.6b-d depict the variation of aerogels' absorption, reflection, and total
shielding ability within the X band frequency range. These results suggest that all these
aerogel samples dissipate EM waves primarily by the absorption shielding mechanism.
Clearly, the dominant part of the total shielding potential of VHT samples is absorption-
type (~14 dB) due to their peculiarly layered and porous structure. The aerogels formed
after incorporating conducting polymer show significantly enhanced shielding performance
with absorption SE (>20 dB). In accordance with the SEM results, the robust and regular
3D network constructed within the VHT was well maintained even after the polymerization
in VPHT and VPHTH aerogels. Compared to VHT, the absorption SE of VPHT was
slightly improved, and that of VPHTH was significantly increased in the measured
frequency span. This pronounced improvement of SE after polymerization is evident from
the proportional relation between absorption factor (A) and electrical conductivity (o)

(Tong, 2008).

A =131t/ fuo (5.2
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where [ is the relative permeability and t is the thickness of shielding material.

60 18
¢o0]
] (2) . 16 (wuoawo““"’“a“
' -
L]
. oaoaaaooow”""“a
- P!
" M 2999 o SERef
12 o SEAbs
404 ] o SE Total
o %‘ 10 4
uE.f 304 VPHT 2 5l
7] o (2]
64
. Y4,
QIIIIIIIIIIIIIIIIIIIIDIIIIIIIP I 4-
JJM
10 4 24 \]J\'JJ)J-‘JJJJJJJJQJQJJQQJ
. ) . . . v T v T v T v T v
8 9 10 1 12 8 9 10 1" 12
Frequency (GHz) Frequency (GHz)
30 N
c 2999 ) (d- 2 A2
1 () L se00eaadeddtae 50 -
25 o“aq“”;gaaeo
2
) 2000009992 %0 o SERef
M @ SE Ref T @ SEAbs
Lb o SEAbs o SE Total
@ SE Total )
g a 30 -
I 15 4 (L‘IQJ
@ 20
10
10
54 302322000039200002900 1T
999220030000000000000000 01— T T r .
L] ) L] L]
8 9 10 1 12 8 & b U ge
Frequency (GHz) Frequency (GHz)
25
(e) - VHT 35(f) SE Ref | SE Abs  SE Total —
@ VPHT a—
2.0 VPHTH 30 p—r
M 25 a—
Tt ) [
£ 1.5 320
e YEERR) @ i
- T i P
2 ERXRTNNNN 15
3 il M |2
2 1.0 w
= 10
w |
0.5+ - ssssana 5 L &
0 — 4 !
VHT VPHT | VHT VPHT
n'n L] L T T L .
8 9 10 11 12 Thickness
3mm mm

Frequency (GHz)

Figure 5.6 (a) Frequency-dependent variation of total EMI shielding effectiveness of
aerogels over X band. Frequency-dependent variation of total EMI shielding effectiveness
(SErtotal), reflection shielding effectiveness (SErer), and absorption shielding effectiveness
(SEawbs) of (b) VHT (c) VPHT, and (d) VPHTH over X band frequency range (8.2-12.4

GHz) and (e) frequency variation of skin depth of aerogels in X band; (f) Shielding

efficiency of VHT and VPHT aerogels at two different thicknesses at 12.4 GHz

Conductivity plays a major role in the absorption SE because the incident electromagnetic

waves' micro-current generated inside the system will eventually attenuate the waves. The
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observable increasing trend of absorption shielding efficiency with frequency is also
elucidated by Equation 5.1. Furthermore, the slight increase in density of aerogels suggests
a more compact packing of layers favoring EM absorption. It is well established that higher
electron transport in HCI polymerized gels can supplement to the higher SEr. Hence,
reflection SE is marginally better for the acid polymerized composite aerogels, VPHTH.
Usually, shields with high electrical conductivity show strong reflection when the
differences in impedance aggravate. But luckily, here, the seemingly better impedance
match between the incident wave and aerogels keeps the reflection SE values to stay less

than 7 dB, thus contributing little to secondary pollution (Tong, 2008).

Skin depth () is another important parameter of EMI shielding materials, defining
the distance through which the EM intensity reduces to 1/e times the incident intensity.
Skin depth is related to the absorption shielding efficiency of materials with a fixed
thickness, t as follows (Zhan et al., 2019):

SEus = 205 loge (5.2)

Figure 5.6e shows the skin depth of aerogels in the X band frequency range. The average
values in the 8.2-12.4 GHz frequency range are 1.9, 1.1, and 0.5 mm for VHT, VPHT, and
VPHTH. The values of polymerized samples are much lower than the thickness of the
aerogels (3 mm), suggesting they can efficiently shield the EM waves. The sharp decrease

in skin depth of VPHTH once indirectly validates its outstanding shielding capability.

Well-known is the fact that highly conductive and porous materials dissipate
electromagnetic waves more effectively. The polymerized VPHT gels show only ample
shielding efficiency at 3 mm thickness. So next, we briefly investigated the dependence of
shielding performance of VHT and VPHT aerogels as a function of thickness in the X band.
Figure 5.6f shows the shielding efficiency of VHT and VPHT at two different thicknesses,
3and 5 mm, at 12.4 GHz. It is evident that VHT samples exhibit mild shielding ability, less
than the minimum practical requirement of 20 dB, even after increasing thickness.
However, the VPHT aerogels showed strong EMI shielding potential that reaches up to
33.7 dB for a 5 mm sample (blocking above 99.9% of the incident waves). It must be
notable that, although polymerization improves shielding efficiency much, there is only a
slight variation in the reflection SE. This is because the aerogels preserve their structure

and thereby support the concept of 'green shielding’ by absorbing most incoming waves,
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even after the polymerization (X. Wang et al., 2019). Further, the thickness variation of
EMI SE of VPHT aerogels was also examined, and the results with total EMI SE at 8.2 and
12.4 GHz are shown in figure 5.7a. VPHT aerogels with thicknesses greater than 2 mm
have potential shielding efficiency in the entire X band frequency region. Maximum SE
reaches 51.27 dB at a sample thickness of 8 mm. Figure 5.7b shows the variation in the
percentage of reflection and absorption shielding efficiency of VPHT with the thickness of
the shield. The gradual increase in the rate of absorption SE with the thickness results from
the layered morphology. From these results, we can infer that the homogeneous
morphology of gels is not lost even while thinning down the shield, which plays a crucial

role in determining EMI SE apart from conductivity.
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Figure 5.7 (a) Variation of EMI SE of VPHT aerogels at different thicknesses at start and
end frequencies of X band. (b) Percentage contribution of reflection and absorption
shielding effectiveness of VPHT towards total shielding efficiency as a function of shield
thickness at 8.2 GHz; Frequency-dependent variation of total EMI shielding effectiveness
of aerogels over (¢) Ku band and (d) K band.
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Further, the total shielding performance of aerogels with 3 mm thickness was
studied in 12.4-18 GHz (Ku-band) and 18-26.5 GHz (K-band) (figure 5.7c&d).
Polymerized gels exhibit EMI SEtotal Values greater than 28 dB (equivalent to >99.84% of
the incident waves are blocked by the shield) with a density of only ~0.04 g/cm? in the
entire frequency span Ku and K band. They present exceptional EMI SE values of >55 dB
in the Ku band frequency span and >63 dB in the K band. The highest shielding
performance of 71.1 dB is achieved at 26.5 GHz, which indicates that a meager
<0.0000078% of incident radiation power is transmitted through the shield, whereas the

vast majority is shielded through absorption or reflection.

Figure 5.8 shows the detailed shielding performance of VPHT and VPHTH aerogels
in Ku and K bands. Absorption shielding efficiency values of VPHT and VPHTH reach
maxima of 28.5 and 66.0 dB, respectively, at the far end of the frequency span, 26.5 GHz.
The declining and inclining trends of absorption and reflection SE with frequency are
evident from the direct relationship between frequency and respective shielding efficiency
in equations 4.1 and 4.2. Compared to VHT, the absorption SE of VPHT increased by ~2
times while that of VPHTH by ~5 times in the measured frequency span. On average, the
percentage contribution of absorption SE to total SE for VPHT and VPHTH are ~95%,
93% in the Ku band, and 86%, 91% in the K band. Hence the aerogels preserve greenness
by absorbing most of the EM waves in all three frequency bands, even after the
polymerization. The principal driver for high absorbance is the porous morphology of gel
inside which the EM wave is internally reflected multiple times and completely attenuated.
Moreover, the interfacial polarization in the pore boundaries will improve the dielectric
loss. Thus, most of the incident radiation will be infiltrated to aerogels' depth, resulting in

increased SEaps.
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Figure 5.8 Frequency-dependent variation of total EMI shielding effectiveness (SEotar),
reflection shielding effectiveness (SEref), and absorption shielding effectiveness (SEabs) of
(@) VPHT and (b) VPHTH over Ku band; (c) VPHT and (d) VPHTH over K band.

Notably, the specific shielding effectiveness (SSE = Total SE/density) is a crucial
term for low dense and porous shielding materials used in avionic applications. The bar
diagram (figure 5.9a) shows the specific shielding performance and SSE/thickness of
aerogels at the highest frequency of each X, Ku, and K band. SSE of VHT and VPHT
comes around 800 dB cm?/g, while that of VPHTH exceeds 1300 dB cm?/g in the entire
bandwidth. SSE/thickness of VPHTH increases from 4463 dB cm?/g in the X band to 5929
dB cm?/g in the K band. These values exceed most of the other reported SSEs of aerogels.
Figure 5.9b compares the SSE of shielding materials reported in the literature, highlighting
ultra-low-dense aerogels' excellent shielding nature. The corresponding shielding values
are shown in Table 5.1. Other than the works displayed here, no other aerogels reported
higher SSE without employing either carbonaceous or MXene fillers, to the best of our
knowledge (Bian et al., 2019; Hu et al., 2020; Zeng et al., 2020). Nonetheless, the cost-
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effective, straightforward and facile synthesis protocol makes our V20s- PANI aerogels a

promising candidate in the field of lightweight EMI shielding materials.
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Figure 5.9 (a) SE/density (SSE) and SSE/ thickness of VHT, VPHT, and VPHTH aerogels
in X, Ku, and K bands; and (b) comparison of EMI shielding performance of aerogels in
X band with the reported porous materials. SSE versus the thickness of different
materials. References in the graph are given in Table 5.1; (c) An illustration of a possible
shielding mechanism and (d) the bar diagram showing the green index of aerogels at 10
GHz.

The shielding mechanism of the present shield can be pictorially visualized as given
in figure 5.9c. Macropores on the aerogel surface administer the incident EM waves
entering the aerogel by partial reflection due to impedance mismatch at the surface and
partial absorption. The unfiltered portion of the waves is trapped inside the macro and
mesopores in the 3D skeleton of nanowires. Here, hierarchical porosity helps mitigate these
EM waves by providing more surface area for scattering and long paths to maneuver the
waves through multiple internal reflections. In other words, the folds and inner voids in the
V20s-PANI layers can multiply the propagation path length of electromagnetic waves and
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enhance the interfacial polarization, thereby augmenting the EMI shielding performance.

On top of this, the conducting skin formed by polymer on V205 nanowires further enhances

the electron transfer channels and thus promotes charge transfer which decays EM energy.

Also, the defects and dangling bonds inside the porous composite structure can induce

charge asymmetric distribution, producing polarization centers that absorb electromagnetic

energy. In short, the synergistic effects of porosity governed microstructure of PANI -V20s

play a significant role in the overall shielding performance of composite aerogels.

Table 5.1 A comparative analysis of specific shielding effectiveness values of porous
materials measured in X-band.

Thick- SSE SSE/
Sl Sample EMI _
ness (dB thickness Ref
No name SE (dB)
(mm) cm?®/g) | (dB cm?/g)
Aerogel- (Y. Q. Liet
1
like Carbon >1 10 459 4550 al., 2015)
Carbon (Vazhayal et
2
aerogel 40 4 700 1750.0 al., 2020)
C/SiOa/SiC (Anetal.
3 24 12 200. ’
aerogels 0 0 00.0 2019)
GO-
4 | polymer 53 1.55 434 2800.0 (Hanetal,
. 2016)
aerogel film
Sponge- .
5 | supported = 27.3 12 1437 | 11975 | (CLuetal,
2016)
rGO aerogel
M>Xene (Liang et al
6 | carbon 713 3 360 1200.0 getat.
2020)
aerogel
Cellulose
7 . (H. D. Huang
composite 20.8 2.5 219 876.0 etal., 2015)
aerogel
Graphene (Xing et al.,
8
foam 56 1 311.0 3110 2019)
g | CUNICNT | o) g 15 2374 | 15827 | (Jietal., 2014)
foam
Graphene-
10 | carbon 37 3 529 17633 | (W- L. Songet
al., 2015)
aerogel
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Several publications report light and thin EMI shields, but few probe into high-
performing shields with simultaneous environment friendliness, which is relevant in
modern times. Previous chapters show that a 'green’ EMI shield protects an intended
system/area from unwanted radiations without sending hazardous secondary reflections
back to the surrounding environment (X. Wang et al., 2019). We calculated the green index
(9s), the parameter portraying the ecological value of a shield and defined as:

go = 1SL —1 (5.3)
A high green index needs more absorption loss with shallow reflection. High shielding
demands good conducting properties, which causes more reflection. Hence, developing a
pollution-free shield with excellent shielding property is arduous. Figure 5.9d depicts the
green index of aerogels at 10 GHz. VHT and VPHT display high gs >3 mainly due to their
low conductivity and porous structure. Meanwhile, VPHTH has a lower but good green
value of 1.02. A shield can be considered green and efficient if gs>1 and EMI SE>30 dB
(X. Wang et al., 2019). We can say that VPHTH has optimum EMI SE and green index
values. The chemically engineered microstructure of aerogel is the main driver for bringing
synergy between superior shielding and eco-friendliness. Also, good impedance matching
between the aerogel and incident waves helps to absorb a significant portion of incoming
waves and thus contributes to a high green index value. It is notable that, among the studied
green EMI shielding aerogels, VPHTH shows exceptional shielding performance with
>91% of absorption in the entire measured frequency band. The rare combination of
outstanding SE, ultra-low density, and optimal green index of VPHTH make it a unique,
carbon-less choice of lightweight shields, perfectly fitting for military, aerospace, and

portable applications.
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5.4 Conclusions

In summary, V20s-PANI aerogels were successfully fabricated via a novel
economic strategy wherein V20s hydrogel was initially synthesized by the simple one-pot
hydrothermal method, which was subsequently reinforced by polyaniline, followed by the
freeze-drying process to obtain vanadium pentoxide- polyaniline aerogels. The
spectroscopic analyses revealed the effects of polymerization that reinforced the 3D
architecture made of V20s nanowires. The microstructural analysis confirms that the
aerogels display highly layered and porous architecture that can provide absorption
dominant shielding performance. Thermogravimetric data suggests that the content of the
polymer is highest in acid polymerized aerogel, which obviously can improve the
conductivity. The electrical conductivity measurement supports this observation with the
highest conductivity (~5.1 S/cm) among the three aerogels (VHT, VPHT, and VPHTH) for
VPHTH. This is due to the higher protonation of polymer in the presence of the acid
medium. Upon polymerization, the BET surface area was found to be three times that of
VHT (=23 m? /g). V20s-PANI aerogels polymerized in acid environment show maxima of
53.6 and 66.0 dB in X and Ku bands, respectively. The stunning electromagnetic
performance of 71.2 dB at 26.5 GHz in the K band at a very low density of 0.04 g/cm?, is
really remarkable. This impressive show of microwave attenuation indicates that a meager
<0.0000078% of incident radiation power is only transmitted through the shield, whereas
the vast majority is shielded through either absorption or reflection. This systematic
investigation suggests that the hydrothermally derived aerogels' high conductivity and
porous architecture are mainly responsible for the shielding performance. The brilliantly
engineered aerogels morphology brings together the rare combination of eco-friendliness
and superior shielding ability. Moreover, the aerogels contain neither carbonaceous fillers
nor metallic particles, making them hazardless shielding structures. The relatively facile
synthesis protocol used in the present research provides vital hints to cost-effectively

creating excellent green shields.
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6.1 Summary

Owing to the complex synthetic procedures involved, realizing lightweight EMI
shielding aerogels without employing carbonaceous materials as the chief filler component
is highly challenging. Green electromagnetic interference shielding materials are the most
promising among EM wave attenuating solutions by virtue of their less environmental
burden resulting from efficiently attenuating spurious waves with minimal secondary
reflection. Against this background, the present doctoral study tries to establish a few facile
strategies for developing aerogels-based EM wave absorbers using V20s as the skeletal
nanowire matrix. Herein, novel ultralight aerogels were prepared by innovative
polycondensation and hydrothermal approaches. The resultant nanowire fortified
architectures showed impressive shielding effectiveness, far greater than the commercial

standard of 20 dB. The significant findings from each chapter are summarized below:

O Our earlier efforts were dedicated to synthesizing carbonized V20s aerogels through
simple hydrothermal carbonization of V.Os nanofibers, using a cheap carbon source,
D-glucose. The highly porous aerogels with a density of 0.026 g/cm? exhibit high
specific surface area (48.2 m?/g) and good electrical conductivity (0.133 S/cm). The
rigid three-dimensional (3D) conductive networks inside the
aerogel simultaneously support EM wave dissipation through multiple internal
reflections and reduce shield density. High shielding efficiency (SE) was achieved in
X, Ku, and K bands with a maximum EMI SE of 43.24 dB at 26.5 GHz. Exceptional
specific shielding efficiency of 1544 dB cm®g was achieved in the K band with a high
green index of 1.58. These results explore the possibility of using a conducting polymer
to reinforce the V.05 nanowire skeleton instead of carbonization.

O With the intention of reducing the graphitic carbon content in the aerogels, conducting
polymer polyaniline was carefully introduced into the V20s nanowire dispersion to
impart electrical conductivity and structural reinforcement in the aerogel. The
morphology of the pure V20s aerogel is precisely copied in the V20s- PANI composite
aerogel but with added mechanical strength. The mesoporous aerogel has a very low
density of ~0.02 g/cm®. A detailed investigation was carried out to understand the
variation of shielding effectiveness with the aging of V20s nanofiber dispersion. The
results show that aerogels made of ~30 days aged dispersion has the maximum EMI
shielding efficiency of 34 dB in the X band, with an impressive specific shielding
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efficiency of 1662.2 dB cm®/g. The maximum EMI SE reaches ~41 dB in the K band
with a 6 mm thick gel, and the corresponding SSE is 1950.5 dB cm®/g. The green index
(9s) of V20s-PANI aerogel is among the highest so far (~2.91), but the shielding
efficiency can be further improved through a drastic modification of the
polymerization conditions.

As polymerization will be complete only in an intense acid atmosphere, V2Os-
PANI@HCI composite aerogels were prepared, and remarkable differences in
morphology as well as in shielding properties were observed. Herein, a meticulously
designed 3-dimensional array of V20s nanofibers was reinforced by polyaniline
(PANI) in the presence of hydrochloric acid and obtained a meso-macroporous
structure. The aging of V2Os dispersion and acid concentrations were optimized to get
maximum shielding performance. The composite aerogel with ~35 days of aging
showed exceptional shielding effectiveness of 68.1 dB in X-band, with a steady
bandwidth. Even in the K band, a stunning shielding performance with a maximum of
86.1 dB was displayed, which can be translated to a specific shielding efficiency of
2777.4 dB cm®/g. Having got high shielding parameters, our efforts are further directed
to simplify the synthesis protocol.

Fabricating the aerogels via several week-long procedures is sluggish and needs to be
decluttered. Hence, in the final working chapter, we attempted to prepare a V20s-
PANI aerogel within a few days without compromising the shielding characteristics.
V205 hydrogel was synthesized via a simple one-pot hydrothermal route, and the
nanowire network inside this gel was polymerized by aniline. Aerogels obtained after
freeze-drying exhibited improved mechanical properties and showed excellent
shielding performance (71.2 dB in K band), superior specific shielding efficiency
(1338.8 dB cm®/g), and good green index (1.02). The porous structure of the materials
and successful incorporation of polyaniline was confirmed by scanning electron
microscopy and various spectroscopic analyses. This work opens the door to numerous
facile pathways involving hydrothermal conditions through which robust, lightweight
shielding solutions can be evolved.

Our research findings demonstrate that hierarchically porous three-dimensional

(3D) architecture realized through meticulous control of synthesis conditions can lead to

impressively high shielding performance. Few aerogels could show exceptional

electromagnetic interference (EMI) shielding above 60 dB with broad bandwidth without

employing costly metallic, carbonaceous, or MAX phase fillers. Noteworthy is the fact that
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we could achieve this goal by using relatively budget-friendly layered oxide, V20s. All the
aerogels discussed in this work have ample mechanical strength and absorption dominant
shielding efficiency in the entire X, Ku, and K band frequency ranges. Layered and porous
morphology, the electrical conductivity of composites, and the synergistic effect of the
constituents are the main reasons for the promising shielding capacity of aerogels. V20s-
based aerogels prepared through the hydrothermal synthesis route disgorged less chemical
waste and exhibited a high green index. In a nutshell, this thesis proves that simple and
cost-effective strategies can prepare light, eco-friendly aerogels with supreme shielding

properties.

6.2 Scope for future research

» In the present thesis work, we tried only one conducting polymer, polyaniline, to
impart conductivity in composite aerogels. V.Os- based aerogels with other
conducting polymers (e.g., Polypyrrole) can also be prepared and tested for
absorption dominant green shielding performance.

» Though the aerogels have good load-bearing capacity, improving their mechanical
strength and machinability is desirable. In order to achieve better strength, synthetic
strategy is to be modified- possibly using bio-materials (like reinforcement of
materials like an eggshell membrane)- such that it does not damage the micro
architecture of the aerogels.

» The effect of incorporating magnetic nanofillers, say ferrite or Ni nanostructures, in
improving shielding efficiency through magnetic loss is a novel horizon to be
explored.

» Temperature-dependent variation of shielding efficiency of the prepared aerogels is
to be studied. This information is helpful for applications in the 5G communication
regime.

» Knowing the electric and magnetic properties of the constituent components (V205
and PANI), the shielding effectiveness of the composite can be modelled using
COMSOL Multiphysics software, and the results can be compared with the
experimental values.

* Nowadays, multifunctional materials always have the upper hand in every
commercial sector. For example, an EMI shield cum sensor, a shield with fire-

retardancy, a shield with some switching properties, energy harvesting shields, etc.,
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will be more interesting. Such possibilities can be explored using the high EMI

shielding parameters of the present aerogels.
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