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Synthesis and Design of Graphene-Based Nanostructure

as an Electromagnetic Wave Absorbing Material

Abstract

The progress of electronic information technology brings along some problems caused
by electromagnetic (EM) waves. For this reason, electromagnetic absorber materials
have drawn attention recently for application areas such as electronic, defense stealth
technology, and satellite communication systems. These materials provide magnetic
and dielectric properties which induce interaction with incident electromagnetic
radiation. These materials provide magnetic and dielectric loss properties which
induce interaction with incident electromagnetic radiation. Therefore, EM wave
absorber materials should have characteristics of thin-film thickness, lightweight,
broad bandwidth, and strong absorptivity for high efficiency. Since the traditional EM
wave absorber materials are not to be able to meet the demand, carbon-based
nanostructures, such as graphene derivatives and carbon nanotubes (CNT), have
become strong alternative materials. Graphene derivatives can provide the required
properties for EM wave absorption because of their superior properties, such as high
thermal conductivity, tensile strength, flexibility, low thermal expansion coefficient,
and lightweight. However, at that point, graphene may not be enough for the efficient
microwave absorption feature alone. Thus, graphene and derivatives are mainly used
with some supportive nanostructures such as ZnO, MnO2, and NiO. In addition, hybrid
nanomaterials enhance microwave absorption properties by increasing the impedance

matching of the structure. Especially high surface/volume ratio and interconnected 3D



network structure of graphene-based foams provide a wide working area with
adaptable properties such as broadband absorption and strong desorption. The
graphene foam will be synthesized in this thesis to examine the EM wave absorption
property. Additionally, graphene foam will be combined with the most suitable
nanostructure to be synthesized via the hydrothermal method. It is estimated that the
combination process will be increased the impedance matching of the structure. Thus,
in microwave frequency technology, unlike traditional materials which are widely
studied, the use of graphene is aimed to increase the electromagnetic wave absorption
capacity. Furthermore, in this study, the design of the experiment, providing statistical
time and cost-saving for determining optimum conditions with the less experimental

process, will be carried out.

Keywords: graphene, nanocomposite, electomagnetic wave absorption, hydrothermal
method



Elekromanyetik Dalga Sogurucu bir Malzeme Olarak

Grafen Tabanli Nanoyap1 Sentezi ve Tasarimi

Oz

Elektronik bilgi teknolojisinin gelismesi, elektromanyetik (EM) dalgalarin neden
oldugu bazi sorunlari da beraberinde getirmektedir. Bu nedenle elektromanyetik
sogurucu malzemeler son zamanlarda elektronik, savunma gizli teknoloji, uydu
haberlesme sistemleri gibi uygulama alanlarinda dikkat cekmektedir. Bu malzemeler,
gelen elektromanyetik radyasyonla etkilesime neden olan manyetik ve dielektrik kayip
mekanizmalari saglar. Bu nedenle, EM dalga sogurucu malzemeler, yiiksek verimlilik
i¢in ince film kalinligi, hafiflik, genis bant genisligi ve gii¢lii sogurma &zelliklerine
sahip olmalidir. Geleneksel EM dalga sogurucu malzemeler talebi karsilayamadigi
i¢cin grafen tlirevleri ve karbon nanotiipler (CNT) gibi karbon bazli nanoyapilar giiclii
alternatif malzemeler haline gelmistir. Grafen tiirevleri, yiiksek termal iletkenlige
sahip, yiiksek mukavemet, esneklik ve hafiflik gibi iistiin 6zelliklerinden dolay1 EM
dalga absorpsiyonu icin gerekli 6zellikleri saglayabilir. Ancak bu noktada grafen, etkili
mikrodalga absorpsiyon 6zelligi icin tek basina yeterli olmayabilir. Bu nedenle, grafen
ve tiirevleri temel olarak ZnO, MnO2 ve NiO gibi baz1 destekleyici nanoyapilarla
birlikte kullanilir. Ek olarak, hibrit nanomalzemeler, yapinin empedans eslesmesini
artirarak mikrodalga absorpsiyon oOzelliklerini gelistirir. Ozellikle grafen bazli
koptiklerin yiiksek ylizey/hacim orani ve birbirine bagh ti¢ boyutlu ag yapisi, genis
bant absorpsiyonu ve giiclii desorpsiyon gibi uyarlanabilir 6zellikleri ile genis bir

caligma alani saglar. Bu tezde EM dalga sogurma 6zelligini incelemek i¢in grafen
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kopiik/MnO2 nanotel hibrit yapisi sentezlenecektir. Hibrit yapinin, empedans
uyumunu artiracagl Ongoriilmiigiir. Boylece mikrodalga frekans teknolojisinde,
tizerinde ¢okga c¢alisilan geleneksel malzemelerden farkli olarak grafen kullanimai ile
elektromanyetik dalga sogurma kapasitesinin arttirilmasi amaglanmaktadir. Ayrica bu
calismada daha az deneysel islemle optimum kosullarin belirlenmesi i¢in istatistiksel

zaman ve maliyet tasarrufu saglayan deney tasarimi gergeklestirilmistir.

Anahtar Kelimeler: grafen, nanokompozit, elektromanyetik dalga sogurma,

hidrotermal yontem
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Chapter 1

Introduction

The advancement of electronic information technology brings along some problems
caused by electromagnetic (EM) waves. For this reason, electromagnetic absorber
materials have recently attracted attention in applications such as electronics, defense
stealth technology, and satellite communication systems. These materials provide
magnetic and dielectric loss mechanisims that cause interaction with incoming
electromagnetic radiation (1). Therefore, EM wave absorber materials should have thin
film thickness, lightweight, broad bandwidth, and strong absorption properties for high
efficiency (1-3).

Thus, carbon-based nanostructures such as graphene derivatives and carbon nanotubes
(CNTs) have become alternative materials since traditional EM wave-absorbing
materials cannot meet the demand (4). Graphene and its derivatives can provide the
required features for EM wave absorption thanks to their superior properties, such as
high thermal conductivity, tensile strength, flexibility, low thermal expansion
coefficient, and lightness (5). At this point, using graphene alone may not be sufficient
for high microwave absorption (4,6,7).

For this reason, graphene and its derivatives are mainly used with some supporting
nanostructures such as ZnO (8-10), MnO3 (11-13), and NiO (14,15). With this, the
obtained hybrid nanomaterials provide enhanced microwave absorption properties by
increasing the impedance and interfacial polarization of the structure (4). In addition,
graphene-based foams provide a wide range of working areas, especially with their
applicable properties (e.g., high surface/volume ratio, interconnected 3D network
structure, broadband absorption, and strong desorption) (16). Another purpose of using
graphene foam is to create a supportive environment for combining other

nanomaterials because of its high synergistic effect (17).



In this thesis study, graphene was synthesized on nickel foam substrate by chemical
vapor deposition (CVD) method and then combined with a-MnO2 nanowire structure
using hydrothermal method to measure the EM wave absorption property. It is
predicted that combining these two materials increased the EMW absorption
performance of the structure. Thus, unlike conventional materials widely studied in
microwave frequency technology, graphene in a three-dimensional (3D) foam shape
is aimed at increasing the electromagnetic wave absorption capacity. Also, MnO, NW
increases the GF's surface area and procures enhanced interfacial polarization. In
addition, a statistical-based experimental design method was used in this study to save
time and cost. In line with the information obtained from previous studies, it is
predicted that the GF/a-MnO2 nanocomposite structure will be a reference for studies
in areas such as intelligent electromagnetic wave manipulation, satellite

communication, and radar technologies.



Chapter 2

Electromagnetic Wave Absorption —

Materials Interactions

2.1 Electromagnetic Wave Absorption

Microwave and radio wave radiations are spread out by all electronic devices in low
frequencies (60 Hz). In free space, EM waves carry energy through photons, and their
energy amount affects the wavelength of the EM waves (i.e., lower frequency-lower
energy, higher frequency-higher energy). The microwave frequency reference gap is
between 3 GHz - 300 GHz, and the electrical wavelength range is between 10 cm and
1 mm, which can be seen in Figure 2.1 (18). When operating the device, the radiated
microwaves of electronic devices also cause a frequency penetration or, in other words,
EM interference (EMI).

Nowadays, many devices, such as satellites, communication devices, military devices,
and other electronic instruments, operate in microwave frequency. Moreover, these
microwave frequencies not only cause a malfunction of devices but also affect human
health. EMI shielding is the barrier to a radio wave or microwave radiation and
prevents interference. Furthermore, the shielding effectiveness (SE) can be tunable
with the choice and design of the materials to improve the penetration barrier. With
the increasing radiation source and electronics, EMI shielding materials development

has rapidly increased over the past two decades (15,19,20).
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Figure 2.1. The Electromagnetic Spectrum (18)

Absorption and reflection are the main mechanisms of the interaction of EM waves
with shielding material. The reflection mechanism takes place on the material’s surface
as a result of the interaction of charge carriers of material with the EM field, while
absorption is a mechanism occurred as a consequence of the interaction of electrical
or magnetic dipoles with the radiation. Both mechanisms are dependent on the
material’s electrical conductivity. Moreover, internal reflection is another interaction
mechanism resulting in the absorption of EM waves by scattering the incident radiation
at interfaces within the material. Accordingly, absorbed EM waves are turned into
thermal energy. On the other hand, materials should reduce the undesired emissions
and prevent disoriented external signals for efficient EMI shielding. In addition,
absorption is a more crucial mechanism than others that materials should have since
reflected waves lead to secondary EM pollution. Therefore, developing absorption-
dominant materials is indispensable for high efficiency in preventing secondary EM
pollution for many applications (19). Furthermore, an advanced absorbing material
should meet the demand, such as lightweight, thinness, low density, absorption ability
in a broad bandwidth, corrosion resistance, and electrical conductivity. Together with

this, high thermal conductivity is an essential feature for radar-absorbing materials
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(RAM) in stealth technology to avoid (e.g., aircraft and drones) from detection by
thermal sensors since EM waves are converted into thermal energy (20,21).

Previously, metals and metal particles (e.g., cobalt and iron) had been used as
traditional EMI shielding materials. However, metals have become less desirable
recently since corrosion tendency and additional weight were considered as drawbacks
on military devices in addition to their reflection-dominant EMI SE (5). Therefore,
functional materials, such as graphene and its derivatives, have drawn considerable
attention to improving effective EMI shielding materials owing to their potential to
enable high corrosion resistance, low density, and high strength. Moreover, carbon-
based materials offer large-scale production and tunability with other materials and are

mostly used as a building block of hybrid structures.

Studies recently concern mainly carbon-based materials as shielding materials because
they exhibit splendid EM-absorbing performance due to their high specific surface
area and electrical conductivity (22). For instance, Wang et al. synthesized a hybrid
structure, reduced graphene oxide (rGO)/a-Fe2Os nanoparticles, to examine the
microwave absorption property. To improve the a-Fe>Os nanostructures’ EMW
absorption function, rGO was added to the nanostructure. Obtained results show that
only o-Fe>Os nanoparticle usage is insufficient for efficient absorption after
synthesizing the hybrid structure, and there is a vast difference between the absorption
capacity of the a-Fe;Os (RL=-7.8 dB) and rGO/a-Fe.0O3 (RL=-38 dB) in the range
between 2-16 GHz. Also, it is seen that the increase in thickness and porosity enhanced
the EMW absorption (23).

In another study by Pang et al., the effect of carbon nanotubes (CNTs) content and
hydrothermal reaction time on EMW absorption performance was investigated.
Researchers enhanced the magnetic performance of crystalline manganese iron oxide
(MnFe204) nanoparticles by coated it with CNT. As a result, hybrid structures’
reflection loss (RL) reached -38 dB, unlike only nanoparticle absorption measurements

(4).

Furthermore, previous studies show that the G/a-MnO2 hybrid structure provides an
excellent EMW absorption performance in the 2-18 GHz frequency range. Therefore
GF/a-MnO2 nanostructure is a promising candidate for EMW absorber applications

besides energy storage and water oxidation catalysis applications. This thesis study
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used CVD-based graphene foam due to its good dielectric loss performance, high
specific surface area, and low density. Accordingly, a-MnO> nanowires were
synthesized on CVVD-based graphene foam to enhance the graphene foam’s absorption
performance by benefiting from MnO; nanostructures’ interfacial polarization and

impedance-matching behavior (24).

2.2 Graphene-Based Electromagnetic Wave Absorbing

Materials

EMW absorber materials aim to prevent the spread of undesired EM energy.
Reflection, transmission, and absorption phenomena must be pointed out to create
effective absorption performance. The absorber materials should scatter or suppress
the incident EMW, which is procurable with tunable impedance matching, dielectric

loss, and magnetic loss.

Until today ceramics, metals/metal particles, conductive polymers, and their hybrids
were leading the absorber materials. Nonetheless, high density, low corrosion
resistance, low durability, and insufficient absorption capacity restricted the
microwave absorption capacity of these materials. On the other hand, the carbon-based
(graphene, carbon nanotube, graphite, carbon black, graphene oxide, etc.) advanced
absorber materials have unique features for absorption performance, such as low
density, thermal stability, thin film thickness, and wide absorption bandwidth

compared with traditional materials (25,26).

In stealth technology, graphene and its derivatives have tunable properties, including
production methods (top-down and bottom-up). For example, chemical and synthetic
production methods can design complex permittivity, carrier mobility, and electrical
conductivity of graphene. Moreover, its well-designed morphology, highly porous,

and sandwich-like structure improves the EM interference.



2.2.1  Graphene-Based Magnetic Metal Nanocomposites

Graphene-based magnetic metal composites comprise the hybrid form of magnetic
metal particles (e.g., Co, Ni, Fe) and graphene derivatives (e.g., rGO, graphene
nanosheet). Through interfacial interaction between graphene’s high dielectric
behavior and metal particles’ magnetic feature, these nanocomposites exhibit excellent
EMW absorption capacity (27). Yang et al. synthesized a-Fe>O3/3D graphene sponge
nanocomposite as an EMW absorber material by template-assisted preparation and co-
precipitation. Graphene and metal particles’ synergistic effect improved the
magnetic/dielectric loss mechanism with enhanced impedance matching. Their results
showed tremendous EMW absorption capacity by achieving RL=-55.7 dB at 1.4 mm
- 1.7 mm thickness in between 12.30 GHz - 16.72 GHz bandwidth (28). Also,
rGO/NiO-based EMW absorber materials have great attention through their easy
production methods and high electromagnetic absorption capacity (17). In the study
by Zhang et al., they obtained a minimum reflection loss of -55.5 dB at 10.6 GHz with
the coating layer 3.5 mm thickness (29).

2.2.2  Graphene-Based Ferrite Nanocomposites

Graphene-based magnetic metal nanocomposites’ drawbacks, such as corrosion
tendency, limited frequency spectrum capacity, and wide dielectric constant, restrict
their potential to be used in the EMI shielding application. In recent years, ferrites have
been preferable to combine with graphene because of their high physical and chemical
properties and synergistic effect (25). Xu et al. produced a magnetic graphene oxide
coated with Fe3O4 by an in-situ deposition method. Their results demonstrated that
created nanostructure has excellent corrosion resistance and minimum reflection loss
of -64.4 dB at 10.8 GHz, which is quite a high value. Furthermore, obtained
nanostructure was tested after acid treatment for seventy days, and results still show
high electromagnetic wave absorption though 16% decreased magnetization saturation
(30). Moreover, Peng et al. obtained high-performance EMI shielding material
consisting of rGO and magnetic metal oxide (MnFe2O4). Hybrid materials shielding
effectiveness of 29 dB at the X band, with an RL of -42.2 dB at 14.1 GHz, was

measured. Also, they mentioned that rGO/MnFe.O4 composites have easy production



methods and can be used in areas such as MA, EMI shielding, temperature sensing,

and electro-thermal deicing (31).

2.2.3 Graphene-Based Polymer Nanocomposites

Above-stated electromagnetic wave absorber materials mentioned are heavy-weight
and weak corrosion resistant metal-based nanocomposites. These disadvantages make
polymer composites more popular due to their flexibility, lightweight, corrosion
resistance, and low-price advantages. Therefore, especially the conductive polymer
matrix composites have more attention as an EMW absorber material (3,32). The first
use of graphene in the EMI shielding field was rGO/epoxy hybrid structure using the
in-situ reduction process. The nanocomposite, which has 15 wt% rGO content,
exhibited 21 dB EMI shielding effectiveness in X-band (8.2-12.4 GHz frequency
range) and was quite lightweight (33). In the study by Pradhan et al., they produced a
polymer composite comprised of pristine graphene, graphene sheets, o-MnO;
nanorods, 6-MnQO2 nanoparticles, and hydrogenated nitrile butadiene rubber. The
obtained composite structure showed improved dielectric, tensile, and EMI shielding
features. Therewithal, researchers demonstrated that the tensile strength, dipole
moment, and conductivity were increased with increasing graphene addition. Also, the
manganese dioxide effect was discussed, and o-MnO nanorods showed better
absorption performance due to their high aspect ratio compared to 6-MnO>
nanoparticles. Furthermore, EMW shielding measurement was achieved at the value
of 24.5 dB at a thickness of 2 mm (34).

2.2.4  Graphene-Based Ceramic Nanocomposites

Under extreme conditions like high temperatures, EMW absorber materials must show
durability and stability, notably in stealth technology. However, high-performance
graphene-based polymer or metal composites may not keep their stability in this kind
of severe conditions due to their low chemical bonding structure and low corrosion
resistance, respectively. For this reason, the remarkable properties of ceramic materials
(zinc oxide, silicon carbide, aluminum oxide, etc.) support EMW absorber materials
with their high thermal and chemical stability, high corrosion resistance, and insulator

structure. Moreover, owing to ceramics materials’ properties, such as microstructure
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controllability, electromagnetic capacity, and multi-band absorption, endows to
expand absorber materials applicability fields (25,35). Han et al. synthesized
rGO/ZnO-hollow spheres nanocomposite by hydrothermal method. The reduced
graphene oxide sheets and ZnO nanoparticles’ well-matched interaction leads to
enhanced dielectric properties with increasing polarization mechanisms and electrical
conductivity. The results exhibit that the rGO/ZnO nanocomposite was a great
absorber candidate with a measured minimum reflection loss of -45.05 dB at 9.7 GHz,
at a thickness of 2.2 mm (8). Another study also focused on the absorber materials’
shielding effectiveness at high temperatures. Li et al. worked nanocomposite called on
GO/Silicon carbide (SiC) nanowire. In this study, they aimed to increase the low
absorption capacity and permittivity of SiC by using graphene oxide, and their results
demonstrated minimum reflection loss of the composite was -14 dB at 11.8 GHz with
a thickness of 2.7 mm (frequency between 2 GHz and 18 GHz). In addition, they
reached these results at a high temperature, which is 1450°C (36). As a result, carbon-
based ceramic composite structures show efficient EMW absorption performance in

severe conditions (37).
2.2.5  Graphene-Based Multicomponent Nanocomposites

In this section, graphene-based multi-component absorbers’ efficiency will be
discussed. Graphene-based absorber materials express very effective results; however,
supporting the structures’ properties with other mechanisms makes graphene-based
materials more solid under every condition and field. As mentioned, such properties
promote the absorber/shielding effectiveness; therefore, combining two or more
material types (e.g., ferrites, ceramics, polymers, metal particles) reveals superior
reflection loss and dielectric performance (38,39). So unique properties of three-
dimensional structures, such as physicochemical, aroused interest in the EMW
absorber field. Consequently, Zhang et al., to benefit from these properties of the
graphene-based structures, synthesized 3D cobalt-nickel nanoparticles with nitrogen-
doped CNT and reduced graphene oxide sheets (3D CoNi/N-GCNT) together. The
nanocomposite’s large specific surface area, defects, voids, and abundant interfaces
created an excellent absorption mechanism with high mechanical strength and

enhanced electrical conductivity (40). Also, Liu et al. worked on multicomponent



hybrid structures, and investigated magnetically decorated G and CuS nanoflakes’
(NiFe204/G/CuS) microwave absorption (MA) properties. The experimental results
showed an outstanding MA performance and decreased EM wave irradiation;
quantitative results were a minimum reflection loss of -54.5 dB at 11.4 GHz at a
thickness of 2.5 mm (41).

2.2.6  Graphene-Based Carbon Material Nanocomposites

Carbon-based materials have drawn much attention due to their superior
electromagnetic wave absorption effectiveness properties. In addition, their gifted
features, such as low resistivity, conductive features, and polarization loss
mechanisms, made them unique in many areas. Moreover, graphene and carbon
materials have adjustable defects, dielectric features, corrosion resistivity, and low-
weight structure (42). In the study by Chen et al., ultralight multiwalled carbon
nanotube (MWCNT)/graphene foam hybrid structure was synthesized via the
solvothermal method to examine its microwave absorption effectiveness. The results
showed that the hybrid structure exhibits remarkable microwave absorption in low
frequencies owing to tunable conductivity and permittivity behavior by regulating
MWCNT loading in the structure. Attained reflection loss was -39.5 dB, and
absorption intensity exceeded 22.5 dB in both the X band (8-12 GHz) and C band (4-
8 GHz) measurements (43). Another group investigated rGO/CNT hybrid’s EMW
absorption performance by dispersing CNT and rGO into poly(dimethyl siloxane)
(PDMS) to achieve high absorption via heterogeneous interfacial polarization. The
obtained hybrid structure has a 5 wt% filler load with the 2.75 mm thickness reaching
RL=-55 dB at 10.1 GHz. Thereby, Kong et al. showed that the three-dimensional
rGO/CNT/PDMS hybrid structure is a great candidate as an EMW absorber material
associated with its lightweight and high absorption capacity (44). Like the studies
mentioned above, Liu et al. also synthesized ultralight-weight, high-performance
EMW absorbing material via the hydrothermal method. They used 3D expanded
graphite (EG) and 2D MoS; nanosheets to create the 3D network structure. The
interconnected porous structure of worm-like graphite enables an enhanced impedance
matching with multiple reflections and scatterings of EM waves by means of its natural

morphological feature. In addition, to achieve improved dipole and interfacial
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polarization, the interfaces were increased via MoS; nanosheets. As a result, an
efficient EMW absorber hybrid structure via -52.3 dB reflection loss was obtained
(45).

Although carbon-based materials have great attention, studies dealing with CVD-
based graphene as an EMI shielding material are rare. Nevertheless, the CVD-based
graphene structure has a high potential to ensure high EMI SE performance owing to
its high-quality originating from its production technique (46). Therefore, more
insights are required to utilize the known superior features of graphene in a broad range
of applications. Considering this importance, this thesis study is focused on the
examined CVD-based graphene foam to combine with MnO2 nanomaterials as EMI

shielding material to guide further studies.

2.3 CVD-Based Graphene Foam and Electromagnetic
Wave Absorption

Graphene is an excellent material in the 2D materials world, in favor of its superior
properties since it was rediscovered in 2004 by Konstantin Novoselov and Andre Geim
using the mechanical exfoliation method from graphite. Graphene is the thinnest and
strongest material ever; in addition to that, its lightweight, superhydrophobicity, high
electron mobility, and elasticity also make graphene extraordinary (47-50).

Graphene comprises tightly packed monolayer carbon atoms into a two-dimensional
(2D) honeycomb lattice. Additionally, it can appear in different allotropes of carbon,
e.g., zero-dimensional (OD) fullerenes, one-dimensional (1D) carbon nanotubes, or
three-dimensional (3D) graphite. Graphene comprises tightly packed monolayer
carbon atoms (C) into a two-dimensional (2D) honeycomb lattice. Carbon atoms have
six electrons, separated into two of the inner and four of the outer shell. The outer shell
electrons use for chemical bonding, and every carbon atom bond to three carbon atoms
on graphene's two-dimensional plane, leaving one electron for electron conduction; it
is called pi (m) electrons. These pi electrons enhance graphene's C-C bonds. Moreover,
graphene is a zero-gap semiconductor, which provides low resistivity and high
conductivity (48). Additionally, it can appear in different allotropes of carbon, e.g.,

zero-dimensional (OD) fullerenes, one-dimensional (1D) carbon nanotubes, or three-
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dimensional (3D) graphite. However, 2D graphene' sp? hybridization and atomic
thickness (0.345 nm) ensure outstanding properties, such as high electrical-thermal
conductivity and mechanical strength (51). The whole of those superior features leads
to graphenes becoming the most popular 2D material in many areas, such as

supercapacitors (52), EMI shielding materials (53), sensors (54), and solar cells (55).

As far as the author knows there is very limited studies conducted on hybrid structure
of CVD-based graphene as EMI shielding material. Chen et al. synthesized CVD-
based graphene foam and poly (dimethyl siloxane) (PDMS) composite as an EMI
shielding material. This composite exhibited 30 dB EMI shielding effectiveness at a
quite low amount of graphene loading conditions, which is relatively high compared
with traditional, polymer, or metal-based shielding materials. Moreover, they
examined the stability of the hybrid structure by bending the structure 10.000 times,
and GF/PDMS hybrid structure showed unique flexibility without damage and loss of
shielding effectiveness (56).

Another aspect of this thesis study was the easy production ability of the hybrid
structure due to the use of the CVD method to synthesize the graphene foam. The
template-assisted CVD method is used most to synthesize 3D graphene foam. In the
system, graphene synthesis occurs through carbon precursor, hydrogen, and argon
gases flowing into the tube furnace under efficient temperatures. Under these
conditions, 2D graphene settle and grows on the metallic or non-metallic template and
takes its shape (57).

Also, as a carbon precursor, there are some sources, methane, benzene, polyvinyl-
alcohol, and acetylene (used with the flow of argon and hydrogen gases-controlled
atmospheres). Furthermore, their utilization temperature ranges between 900°C-
1050°C. Experimental processes include several steps to obtain graphene foam by
CVD method: cleaning the template, removing the oxide layer on the template (metal
substrate), graphene growth (by releasing the carbon source), and metal template
etching (after CVD growth of graphene) (35,58).

As a result, large and continuous interconnected surface characteristics of CVD-based
graphene foam ensures a high synergistic effect to combine with other nanostructures.
Towards the considerations mentioned earlier, remarkable properties of graphene

foam provide the required features for EM wave absorbers.
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2.4 Electromagnetic Wave Absorption of Manganese
Oxide

The microwave loss mechanism is separated into dielectric and magnetic loss.
Dielectric loss mechanism can be provided via carbon-based materials, ceramics, and
conductive polymers, while magnetic loss can be stabilized by metallic alloys,
magnetic/transition metals and their oxides, and ferrites. Besides, reflection loss
mechanism is used to measure the EM wave absorption, and -10 dB and lesser dB
results exhibit more than 90% absorption of the electromagnetic microwave. To create
these mechanisms, some metal oxides (e.g., TiO2, MnO, NiO, Fez0a) are valuable
due to their easy fabrication, applicability, their low costs, and environmentally
friendly nature (59). Especially manganese dioxide (MnO) NPs exhibit effective MA
performance besides their natural abundance, dielectric performance, easy production
methods, non-toxicity, and low cost. Therefore, MnO> is a highly attractive metal
oxide in many areas, such as EMI shielding, energy storage, and water purification.
MnO2 nanomaterials have different types of structural forms (e.g., a, B, 9, y), achieving
by linking its basic MnOs octahedra structure differently. a-MnO> differs from the
other forms of MnOs octahedra owing to its tunnel structure, ensuring changeable
cations as desired and providing flexibility (60). Furthermore, several methods, such
as hydrothermal, sol-gel, and electrochemical methods, are available to synthesize
MnQO:2 nanostructures in the required form. Amongst them, the hydrothermal method
is one of the most used methods to synthesize MnO: nanostructures thanks to its
simplest, cost-effectiveness, and ensures the synthesis in low temperatures. Moreover,
this method offers an entirely controllable synthesis in terms of time, temperature, and
concentration. In addition to these, MnO2 nanostructures show more preferable
compared to the bulk structure of MnO., physicochemical character, higher surface
area, and low density. Also, a-MnO: exhibits an even larger specific surface area and
adsorbs more oxygen to contrast with other morphologic structures (4,61,62). In the
study by Wang et al., a-MnQO> nanowires were synthesized, and the nanowires' lengths
were around 30 microns and a diameter of 40 nm, so ultra-long wires were grown via
the hydrothermal method. They measured a-MnO2 NW's MA absorption properties,
and the results show that due to its dielectric loss and really high aspect ratio, a-MnO-

NWs exhibit superior MA absorption properties (63). Song et al. worked on
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synthesizing MnOz in different crystal structures and morphologies to examine their
effects on microwave absorption. As a result of their investigations, in two different
phases (a and 6) and two different morphologies (nanowire and microsphere), a-MnO>
provide better dielectric loss compared to 6-MnO.s due to their higher conductivity.
When the morphologies were compared, it was observed that nanowires exhibited
better absorption properties than microspheres due to having more interfaces and high
aspect ratio. The structures compared in the study conducted by Song et al. provide
supporting results that electromagnetic wave absorber materials can be synthesized
with desired properties by controlling the phase and morphology (64). In the study by
Wu et al., MnO; layers were synthesized on RGO by hydrothermal method in the
EMW absorption field. Similar to the study of Song et al., it has been observed that
the electromagnetic wave absorption properties of MnO; alone are not sufficient.
However, the hybrid structure's minimum reflection loss reached -26.7 dB at 11.04
GHz, at a thickness of 2.6 mm (65). In another study by Zhang et al., GO synthesized
in the foam form via the chemical method to obtain a three-dimensional structure, and
MnO; was grown on GO foam via the hydrothermal method. The most substantial
electromagnetic absorption obtained by the final hybrid structure, with a thickness of
2.6 mm, measured at the 7.0 GHz bandwidth with a reflection loss of -53 dB. These

study result exhibits the advantages of using graphene in foam form (66).

2.5 Motivation

The literature overview indicates that the GF/MnO2 hybrid structure had not been
studied in this area compared to other graphene derivatives. In addition, it is
noteworthy that mostly GO/rGO was synthesized in foam form by chemical methods
as EMI shielding material to resemble the GFs morphology. Another purpose of the
favor of CVD-based graphene in the thesis study is to contribute to the electromagnetic
absorption property of GF, which is less common in the literature. At the same time,
MnOz2, which is one of the metal oxides with various microstructures, is expected to
contribute to the study in the related field thanks to its well thermal stability,
supporting nanostructures in different phases and morphologies, easy synthesize and
non-toxic behavior. Within the scope of the thesis, it is planned to save time and cost
by using appropriate statistical-based experimental design methods. Moreover, it has

yet to be encountered in the previous studies, performed experimental design with
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GF/a-MnO2 nanocomposite used in the EMI shielding, and it demonstrates another
aspect of the proposed thesis that will contribute to the literature. Figure 2.2 represents

all the experimental steps conducted in this thesis study schematically.

l
DI

Seeding Layer Sol.

GF/a-MnO2 NW

Stirred 15 min
: 4
1//
Pre@ !o ‘g}i/lo'n

Figure 2.2. GF/a-MnO: hybrid structures experimental steps
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Chapter 3

Materials and Method

3.1 Graphene Foam Synthesis via Chemical Vapor
Deposition (CVD) Method

Graphene was synthesized on a nickel (Ni) foam substrate (420 g/m? in area density
and ~1.6 mm in thickness, Alantum Corp-China) by atmospheric pressure CVD (AP-
CVD) under the flow of argon/hydrogen/methane (Ar/H2/CH4) (1000/10/20 sccm)
gases at 1000°C. All gases were at high purity. Before synthesizing the graphene, Ni
foam was cleansed with acetone to prevent contaminations. After the cleaned Ni foam
was placed into the tube furnace, before releasing the CHj also, its surface oxide was
removed via Hz and Ar gases. The synthesized Ni-G structure was then coated with
poly (methyl methacrylate) (PMMA, Mw~996000, Sigma-Aldrich) and cured at
elevated temperatures for 15 min. Later on, to eliminate the nickel from the PMMA-
coated graphene, the Ni-G/PMMA was immersed in 3M HCI acid (HCI, 37%, Sigma-
Aldrich) solution for 5 hours at 80°C. Next, the obtained G/PMMA structure was
washed with distilled water and placed into hot acetone (C3HsO, purity >99.5%,
Sigma-Aldrich) to remove the polymer residual. Finally, bare graphene foam was
washed with DI and dried.

3.2 Seeding Layer Application of Graphene Foam
The seeding layer was applied on the graphene foam surface to create nucleation sites
for the growth of MnO> nanostructures and stabilize the propagation. The seeding layer

concentration was decided via a preliminary experimental study. First of all, four

16



different concentrations of potassium permanganate (KMnOs, purity >99.0%,
Mw=158.03, Isolab) aqueous solution was prepared; 0.025 M, 0.050 M, 0.075 M, and
0.1 M. Then graphene foams were immersed into seeding layer solution for 15 min at
room temperature and dried for 2 hours at 50°C. Among the seeding layer solution
concentrations, synthesized GF/MnO., NWs with 0.075M concentration
characterizations resulted in better NW content and regularity. Therefore,
hydrothermal synthesis was maintained with a 0.075 M concentration of KMnQO4/H,0
formulation to obtain GF/a-MnO2 NWs.

3.3 Experimental Design

Design of Experiment (DoE) is an approach involving several statistical methods to
obtain a systematic roadmap for experiments and manufacturing processes by
correlating pre-defined design variables. Accordingly, it is crucial to determine the
most proper method among DoE methods, such as Full Factorial, Central Composite,
Box-Behnken, and Taguchi, according to the relevant experimental conditions to
interpret the phenomenon realistically (67,68). Among these, the full factorial design
constitutes the experimental runs by associating factors with every other one, so all

possible combinations of design variables are considered (67).

Within the scope of this study, a full factorial design was performed by Design-Expert
software to build a dataset for further studies alongside generating a systematic
roadmap. The reason behind choosing the full factorial design in this thesis is to
evaluate all possible matching of parameters with each other. With this intent,
temperature, time, and solution concentration were determined as factors to be used in
the full factorial design to investigate the effect of hydrothermal process parameters
on the EMI SE of GF/MnO nanocomposite. Based on the literature studies, the factor
levels were specified in an interval as a minimum and maximum value by targeting to
synthesize MnO: in nanowire form due to its high surface area and EM wave
absorption capability (64,69-73). Table 3.1 shows factors with their levels used in the

full factorial design.
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Table 3.1. Variables utilized in full factorial design with their levels

Levels
Factors
min. max.
Temperature (°C) 140 180
Time (h) 6 12
Concentration (M) 0.07 0.2

3.4 Graphene Foam/a-MnO, NWSs Synthesis via
Hydrothermal Method

The seed-induced GF samples followed the hydrothermal process for a-MnO2 NWs
synthesis. First, the hydrothermal route's precursor solution concentration was defined
via experimental design. After that, achieved literature survey parameters were
performed by the Design-Expert, and obtained possible combinations were used for

the experimental section.

Table 3.2. Experimental design results

Factor 1 Factor 2 Factor 3
Run Temperature (°C) Time (h) Concentration (M) pH
F-1 140 6 0.07M 0.93
F-2 180 6 0.07M 0.96
F-3 140 12 0.07M 0.95
F-4 180 12 0.07M 0.95
F-5 140 6 02M 1.54
F-6 180 6 02M 1.45
F-7 140 12 0.2M 1.45
F-8 180 12 02M 1.30

For the first four samples of hydrothermal synthesis, the precursor solution (0.07 M)
consists of 0.1 M KMnO4 powder and an aqueous 0.15 M HCI solution. This solution

was stirred for 10 min, then seed-induced graphene foams and precursor solution were
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transferred into a 100 ml Teflon-lined stainless-steel reactor. Next, for the a-MnO:
NW synthesis, the reactor was placed into an oven at the listed temperature and times
demonstrated in Table 3.2 Samples named F-5, F-6, F-7, and F-8 were then
synthesized by parameters shown in Table 3.2, and the precursor solutions were
comprised of 0.008 M KMnO4 and an aqueous 0.04 M HCI solution.

Stirred 15 min
Precursor Solution

HC1 /DI solution

VRIS 310

GF/a-MnO2 NW '
) \%

Figure 3.1. Graphical abstract of the MnO2 NW growth via hydrothermal method
3.5 Characterization

The GF/a-MnO2 NWs morphological investigation scanning electron microscopy
(SEM, Carl Zeiss Sigma, 300 VP) was performed. The magnifications of the samples
were x100, x5.00k, and x10k. Additionally, X-ray diffraction (XRD, Siemens D-500
diffractometer, Thermo Scientific ARL) detected each sample's phase composition
with Cu-Ka radiation (A = 0.15418 nm). XRD analysis was performed in the range
between 10°<20<70° with the 2°/min scanning speed. Raman spectroscopy
(Renishaw/inVia™ confocal Raman microscope) was utilized for structural
characterization using a 532 nm wavelength laser. EMI SE of GF/a-MnO2 NWs hybrid
structures was measured in 8-12 GHz bandwidth (X-band) through a two-port vector
network analyzer (VNA, Agilent Technologies N5230C, DEU/EMUM). The achieved
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scattering parameters (S-parameters), denoting the input-output relationship of a
network with N ports, were converted to the relevant shielding effectiveness (SE)
values of hybrid structures by the following equations showing the interconnection of

total SE with absorption, reflection, and multiple internal reflection mechanisms (74):

SEr =10 l0:‘:{10(1/|521|2) (1.1)
SEr = 10 log1o(1/(1 - |511|2)) (1.2)

where SET, SER, SEa, and SEwm correspond to shielding effectiveness originating from
total, reflection, absorption, and multiple internal reflection loss, respectively. In
equations (1.1) and (1.2), |S;;|? and |S,, |? are S-parameters representing the reflection
and transmission coefficients obtained from VNA, respectively. It should be
emphasized that both transmission and reflection coefficients should be considered as
fractions or percentages rather than in dB unit (74). Moreover, the SEm mechanism is
assumed negligible when total effectiveness is over 15 dB. Hence, equation (1.3) can

be written for SET, and SEa can be derived in terms of S-parameters as follows (74,75):

SE; = SE, + SEx  (when SE; > 15 dB) (1.4)

SE, =10 logyo ((1 — |511|2)/|521|2) (1.5)
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Chapter 4

Result and Discussion

4.1 Scanning Electron Microscopy (SEM)

The GF/MnO: hybrid structures' morphological characteristics were examined along
with the SEM images. Considering the SEM images, only two samples were fully
covered with MnO> NWs. Therefore, the literature-based synthesis parameters
deficiencies emerged with this thesis's experimental results. According to the synthesis
parameters design with upper and lower limits, the intermediate values also must be in
the experimental design to reach the most effective results in the study. Figure 4.1
showed that x100 magnification of the samples, the first image (a) indicates the bare
graphene foam; the 3D structure and regular shape of the graphene foam were
preserved well, even after some chemical treatments, as mentioned in the graphene
foam synthesis section. The rest of the images indicate F-1, F-2, F-3, F-4, F-5, F-6, F-
7, and F-8 respectively. Figure 4.1, images ¢ (F-2), d (F-3), and e (F-4) express the
damaged foam morphology due to the hydrothermal parameters used (temperature,
concentration, and time). Thus, it is thought that for the growth of MnO:
nanostructures, high temperatures (180°C) and too-low pH values were not eligible.
These growth parameters were also damaged to the graphene architecture, as seen
more closely in Figure 4.1, which shows the x1.00k magnification of samples. Besides,
Figure 4.1 demonstrates only GF/MnO. hybrid structures. Here, it can be seen that
Figure 4.1, e, and g have much more nanowires on the graphene foam with some
agglomerations. As compared F-5 (e) to F-7 (g) samples, results showed nanowire
diameter and agglomerations were increased via increased synthesis temperature and
time parameters. Due to the high supersaturation degree, the diffusion mechanisms

break at high temperatures, and aggregations will occur. However, it leads to thick and
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rough nanostructure growth. Figure 4.1, e (F-5) has a fine MnO2 nanowire structure
due to the low synthesis temperature and relatively high pH value of precursor solution
concentration compared with Figure 4.1, g (F-7). Moreover, it is proved with the
sample named F-8 (Figure 4.3, h) the high temperature and time parameters tend to
cause an overgrowth of nanowires' diameters and agglomerations. Therefore, all
synthesized samples demonstrated that the experimental process parameters must be

at lower temperatures and time together with efficient solutions concentration.
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Figure 4.1. X100 SEM images, GF, F-1, F-2, F-3, F-4, F-5, F-6, F-7, F-8 respectively
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Figure 4.2. x1.00k SEM images, GF, F-1, F-2, F-3, F-4, F-5, F-6, F-7, F-8
respectively
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Figure 4.3. x10.00k SEM images, F-1, F-2, F-3, F-4, F-5, F-6, F-7, F-8 respectively
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Figure 4.4. X500 SEM images of F-5 and F-7 respectively

Figure 4.5. x20.00k SEM images of F-5 and F-7 respectively

4.2 X-Ray Diffraction Analysis (XRD)

The XRD graph of the GF/MnO2 nanocomposites accomplished to examine the
changes in the crystallographic structure depending on the hydrothermal solution
concentration, time, and temperature are shown in Figure 4.5. The spectra indicate that
a-MnO2 NWs and GF peaks were obtained successfully. Figure 4.4 shows the XRD
pattern of GF/a-MnO2 NWs and GF, which correspond to the standard cards for a-
MnO; and carbon, JCPDS 44-0141 and JCPDS 75-1621, respectively. This figure
shows the XRD pattern of the a-MnO2 NWSs with nine well-defined diffraction peaks
with 20 values of 12.98°, 18.34°, 28.78°, 37.66°, 42.14°, 49.90°, 56.44°, 60.26° and
65.84°, correspond to the (110), (200), (310), (211), (301), (411), (600), (521), and
(002) respectively, reflecting a-MnOz tetragonal phases (JPCDS44-0141).
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Figure 4.4. XRD graph of the GF and GF/a-MnO

Furthermore, according to JCPDS 75-1621, the XRD spectrum of GF's corresponds to
the two prominent peaks 26=26.2° and 54.5° (002) and (004) of the graphene structure.
This observation is the clearest evidence that nanocomposite components are present
in GF and MnO2 NW in perfect harmony and high purity without damaging the crystal
structure. Nevertheless, the SEM images demonstrate that not all samples are fully
covered with MnO> NWs except F-5 and F-7. At this point, we can say that the MnO>
NWs in the alpha phase show more regular and intense growth on GF by increasing

the amount of KMnQOj4 and synthesizing them at low temperatures.
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Figure 4.5. XRD graph of the all GF/a-MnO; samples

4.3 Raman Spectroscopy

The Raman spectroscopy of the samples in Figure 4.6 shows that the four characteristic

peaks 180, 356, 576, and 640 cm™ are associated with Mn-O lattice vibrations in a-

MnO2 and Mn-O-Mn bending modes. Previous studies have supported the presence of

a strong peak of about 640 cm™ and weak bands of about 180, 356, and 576 cm™

(76,77). Furthermore, prominent Raman peaks in graphene were observed around

1350, 1580, and 2697 cm™, corresponding to D, G, and 2D bands. Thus, GF and a-

MnO2 nanostructures are utterly present in the structure, as mentioned in the
analysis results.
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Figure 4.6. Raman spectrum of the GF/a-MnO samples

D band indicates the structural defects, and the G band reveals the crystallinity of the
graphene. The intensities ratios of these bands (Io/lg) allow us to determine the
structural disorder of the graphene (78). Besides, the intensity ratios of the 2D and G
bands (loo/lg) display the graphene layer numbers; Table 4.1 demonstrates these
intensity ratios. Sample F-1 has the lowest Ip/lg ratio (0.02), while F-3 has the highest
ratio (0.88). As a consequence of the ratios, there are several outputs; the graphene
foams have a large specific surface area and high electron mobility, providing an active
surface for the growth of the MnO2 nanostructures. Also, their synergistic harmony
ensures a fast and reversible redox reaction on the surface of the graphene. In addition
to that, the increased nanostructure concentration on the graphene surface leads to
changes in crystallinity owing to carbon atoms reduction (13,51). These reasons and
GF's natural defect feature affect the peak intensities ratio. Considering the I2p/lg ratios
of the samples, Table 4.1 demonstrates that F-1 and F-2 samples were single layers,

and the rest were bilayer graphene. However, graphene foam structures' layer number
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variability also displays their structural irregularities (79). Additionally, the 2D bands'
rightward shifting expresses the mechanical strain among the GF and MnO; atoms via

the decreased phonon energy (80).

Table 4.1. Raman spectrum intensity ratios of the samples

Sample In/lc l20/lc
F-1 0,02 1,7
F-2 0,52 2,7
F-3 0,88 1,3
F-4 0,7 0,9
F-5 0,77 0,9
F-6 0,6 1,0
F-7 0,66 0,7
F-8 0,87 1,1

4.4 Vector Network Analysis (VNA)

There are three mechanisms of EMI SE consist of absorption (SEa), reflection (SEr),
and multiple reflections (SEwm), and multiple reflections are negligible when SE (Total)
is more than 15 dB. Therefore, SEa, SEr, and SEt graphs are given in this section. The
SE absorption mechanism interacts with the electromagnetic waves and converts EM
energy to internal/thermal energy. Moreover, the reflection mechanism works with the
conduction of the charge carriers; mostly, conductive materials exhibit high reflection.
Therefore, these two mechanisms (SEa and SEr) dominate the EMI SE. As concerns,
EMI SE demonstrates the percentage of blocked waves by the material. In general,
greater than 20 dB EMI SE value indicates the incident radiation blocked 99% (81).

The Figure 4.7 represents the result of the maximum SEr values of hybrid structures:
F-7>F-5>F-2>F-1>F-3>F-6>F-8>GF>F-4. As expected, the highest two SE+ values
belong to samples F-7 (53 dB) and F-5 (36 dB) due to their MnO2 NWs content. The
sample's foam structure may be damaged by reason of sample preparation and the way
to place it on to VNA waveguide. Therefore, the difference between the samples may

be caused by defects or damage.
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Figure 4.7. SE Total of all GF/MnQO_ samples

Besides the total shielding effectiveness, the absorption and reflection capacity of the
samples is essential; Figure 4.8 (SEa) indicates the absorption effectiveness values,
and the order from highest to lowest value is as follows; F-7>F-5>F-2>F-1>F-3>F-
6>F-8>F-4>GF, which are very similar to the order of the SEr results. Considering
Figure 4.9 (SERr), values of the reflection effectiveness are as follows; GF>F-1>F-2>F-
6>F-3>F-4>F-8>F-5>F-7. As a result, GF/MnO- hybrids named F-7 and F-5 exhibited
great shielding effectiveness by supporting the structure via excellent absorption and

minimum reflection capacity.
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Table 4.2 expresses the sample's total shielding effectiveness values with their
absorption and reflection ranges. With this table, the exact absorption and reflection
measurements are clearly seen. The observed results of the samples GF and F-4 also
proved that total SE values were essential; however, the reflection and absorption
ratios must be controlled to detect the exact shielding effectiveness mechanism of the
final structure. The absorption-dominant shielding performance was achieved except
for the GF sample, even with wire content deficiency for all GF/a-MnO: hybrids.
Consequently, for EMI shielding materials, it can be said that if graphene is supported
via additional nanostructure, the reflection-dominant mechanism can be changed to an

absorption-dominant mechanism.

Table 4.2. SE values of the samples

SEa (dB) SEr (dB)
Sample SEr (dB) i i

max min max Min
GF 26.41 16.52 6.70 18.70 8.71
F-1 33.64 23.97 17.24 15.32 7.95
F-2 34.66 25.37 19.35 13.64 7.94
F-3 30.20 20.94 17.33 12.54 7.48
F-4 26.15 17.79 13.73 11.63 7.22
F-5 35.97 27.25 23.12 11.93 7.21
F-6 29 19.64 15.35 12.63 7.57
F-7 52.79 44,99 33.39 11.25 7.35
F-8 27.82 19.37 15.32 11.01 7.31
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Chapter 5

Conclusion

EMI shielding materials draw great attention, especially in stealth technology. In
recent years, carbon-based EMI shielding materials demonstrated high shielding
effectiveness with an enhanced absorption capacity. Nevertheless, almost all designed
carbon-based absorber materials are synthesized using GO and CNT. To benefit from
the foam structures' interconnected network structure and large, porous surface area,
the researchers have been synthesizing these carbon-based materials in foam shape
using chemical methods. One of the distinguishing aspects of this thesis is the use of
CVD-based graphene foam; compared to GO and CNT, there are very limited study
dealing with CVD-based graphene as an EMI shielding material. Nevertheless, the
CVD-based graphene structure has a high potential to ensure high EMI SE
performance owing to its high-quality originating from its production technique.
However, combining two or more material types (e.g., ferrites, ceramics, polymers,
metal particles) with graphene, reveals superior reflection loss and dielectric

performance.

This thesis presented a successfully synthesized CVD-based GF/a-MnO2 NW hybrid
structures as an EMI shielding material. Before starting the laboratory experiments to
obtain desired nanostructures, the experimental design was performed to achieve a
systematic roadmap. The design parameters included the hydrothermal process
parameters such as temperature, time, and precursor solution concentration. Based on
the literature studies, factor levels were specified in an interval as a minimum and
maximum value by aiming to synthesize MnOz in nanowire form due to its high
surface area and EM wave absorption capability. Then, obtained design parameters

were used for the growth of MnO> NW by hydrothermal synthesis.
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After experimental studies, the critical parameters were well understood in the MnO>
NW growth mechanism. Obtained GF/a-MnO> hybrid structures’' SEM images indicate

several morphological tendencies of the MnO2 nanowire growth mechanisms.

e Concerning preliminary studies, results show that the seeding layer application
dominates the morphological changes of the MnO..

e Precursor solutions that were saturated per K ions provided an increase in MnO2
NW length.

e The thickness of the nanostructures was increased with increasing synthesis
temperatures.

e High synthesis temperatures were nonviable for the growth of MnO:
nanostructure due to the high supersaturation levels hindering the nanostructures'
agglomerate and growth.

e Lower pH values (below 1.0), while damaging the graphenes' foam structure,
prevented the nucleation propagation of the MnOg octahedra.

e Long periods of reaction times ensure the refinement of the MnO2 nanowire

morphology.

Experimental results show that the CVD-based graphene foam's absorption
performance was not as high as their hybrids; even so, the EMI SE performance of GF
was measured as 26 dB with more than 99% effectiveness. On the other hand, GF/a-
MnO. hybrid structure exhibits superior EMI SE, which is more than 99.999% (81)
with 53 dB at a frequency range of 8-12 GHz. As a result, this study demonstrated the
GF/a-MnO2 NW hybrid structure as a promising candidate as an EMI shielding
material. Considering the excellent EMI SE measurements, this hybrid structure can
be used as well for commercial applications such as stealth technology and guide

further studies.

Outlook and Future Works: The absorption-dominant EMI shielding mechanism is
crucial for EMI shielding materials; with this mechanism, the secondary EM pollution
created by reflected EM waves can be controlled and decreased. With this aim, the
chosen materials must be in harmony with each other and show high absorption
behavior. In this study, the GF/a-MnOz hybrid material provides unigue absorption by
comparison with the other carbon and traditional EMW absorber materials. By using
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CVD-based graphene foam, we acquired a well-designed morphology, highly porous
3D structure, high thermal and electrical conductivity, and lower density design.
Additionally, a-MnO2 nanowires were grown on the graphene foam to support and
enhance the absorption performance. The a-MnO2 NW's dielectric and magnetic loss
mechanisms increase the MA performance of the hybrid structure. Also, their non-
toxicity, natural abundance, and easy production methods make them preferable. In
the preferred design, while the MnOz nanostructure was used in wire form, the G was
used in foam form; with this hybrid structure, we achieved morphological advantages
of creating more surface area and internal reflections to dissipate the EM waves by
using the structural benefit of the nanowires and 3D GF structure.

Table 5.1. EMI SE comparison with other studies
Thickness EMI SE  Frequency

Materials Ref.
(mm) (dB) Range

Graphite oxide/Epoxy - 21 X-band (33)
GnP/a-MnO2/3-MnO2/HNBR 2 24.5 X-band (34)
MWCNT/GO foam 2 22.5 X-band (43)
GF/PDMS ~1 30 X-band (56)
PDA/rGO foam ~0.032 26.5 X-band (82)
GF/a-MnO ~15 53 X-band  This study

In order to optimize the GF/a-MnO2 NW hybrid structure, many options can be
considered; for instance, each additional ferrite, polymer, ceramic, or metal particle
will reveal a different shielding mechanism improvement. Especially in the preferred
design (GF/a-MnO>), adding polymer as a matrix material will increase the reflection
loss much more than in Chen et al.'s (56) study due to the escalated interfacial

polarization via MnO2 NWs.

Compared with the other studies, the GF/a-MnO2 hybrid structure's EMI SE value is
quite high. PDMS may be used for further studies to preserve the foam structure and
give extra flexibility. Also, the polymer's high corrosion resistance, lightweight, and
low-price advantages provide high applicability for EMI shielding materials. Besides,
highly magnetic metal oxides can be added to the structure to achieve enhanced

impedance matching and loss mechanisms.
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Lastly, the experimental design used in the study should be repeated by adding
intermediate values (temperature, time, concentration). Thus, the most accurate and
efficient synthesis parameters can be achieved. After the experimental studies, using
mathematical modeling methods, optimum EMI SE values can be obtained in line with
the outputs obtained from the experimental studies, and thus the study can be enriched.
Also, with the help of optimization methods, time, raw material, and cost savings can

be systematically ensured.
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