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CHAPTER 1
INTRODUCTION
1.1. Applications and evaluation methods of electrically conductive porous ceramic

Electrically conductive ceramic combing the merits of ceramic and conductive candidate is
a kind of functional composite with various potential applications, which is determined by its
novel structure. Therefore, it is reasonable that electrically conductive ceramic composites have
gained a surge of increased attentions as high performance heaters [1], catalysts [2-3], electrodes
[4-8] etc. via different methods recently. Up to now, even though numerous possible applications
are available for kinds of conductive ceramic composites, the most utilization is as heater and
electrode, which is mainly determined by high accessible specific surface area, high effective
and efficiency, good electrical conductivity etc. More, it is noticed that both heater and electrode
are good energy converter or accelerator, by which various reactions can be progressed via
different routes. This merit also actuates researchers to find a novel energy converter candidate
with high effective and efficiency in order to meet the research demand.

® [lectrode

Commonly, besides metal and semiconductor, composites with electrical conductivity are
also good electrode candidates. Depending on different applications, electrode materials are also
varied. Generally, various carbon forms are universally employed as electrodes by different
modifying technologies. So far, these composites involve Pt/CNT, Pd/CNT (CNT means carbon
nanotubes) [4], graphite nanosheets (GNS)/silicon oxycarbide (SiOC) [5], Hydroxyapatite
(HA)/multi-walled carbon nanotubes (MWCNTSs) [6], Nitrogen-containing carbon nanotubes
(NCNT) [7], Iron Phthalocyanine (FePc)/Carbon [8] etc. By surface modification of
carbonaceous substrates, selective reaction is possible to be designed. Based on the available
techniques and materials, it is wondered if it is possible to develop a novel ceramic electrode
candidate with electrical conductivity, physical-chemical stability and good mechanical strength.

® Heater

Conductive material especially that with porous form is also good heater meriting from high
porosity induced high accessible specific surface area and thermal insulation of matrix. Usually,
it is utilized for various organics decomposition or dehydrogenation. Transfer hydrogenation (TH)
processing with stable hydrogen donors (e.g. 2-propanol) are highly advantageous
methodologies in organic synthesis for the hydrogenation of a range of compounds which
includes carbonyl compounds and related substrates [9-11]. These protocols are generally
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simpler and more environmentally friendly as they avoid the use of molecular hydrogen
(avoiding explosion risks, leaks and related hazards), high-pressure devices and favor mild
reaction conditions that always lead to improved selectivity. Among such milder reaction
conditions, these processes have been confirmed to be high efficient way for providing hydrogen
generation system.

Especially, an extensive research on the generation of hydrogen by decomposition and
reforming of alcohol at the aid of different methods has been reported [12-27]. These methods
involve electrochemical evaluation (EE) [12-17], photo-catalytic evaluation (PE) [18-20], and
microwave-assisted heating [21-24], ultra-high-vacuum (UHV) [25-26] etc. More, organic
decomposition routes always change with different catalyst and evaluation method.

As heater, microwave-induced absorbents are good non-contacting heaters in many
reactions. Microwave-assisted heating is regarded as more ideal method for various alcohol
decompositions. In particular, microwave-assisted heating for various reactions have been
intensively investigated during the last decades. Benefits of microwave-assisted heating are
increased reaction rate and selectivity [28]. Microwave energy interacts with material at the
molecular level. During the microwave heating of a dielectric, internal electric fields are
: generated within the material. Such fields can produce translation of electrons and ions and cause
rotation of charged species. This movement can be opposed by friction, inertia and other forces
that can lead to attenuation of the electric fields and to volumetric heating of the material. Either
the ability of microwave electric field to polarize molecules or the ability of these molecules to
follow the rapid reversal of the electric field, results in the conversion of electromagnetic energy

to heat within the irradiated material.
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'] B '] | 1 ] X ] L B ] ]
—
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Electric wave

Fig. 1.1. Definition of electromagnetic wave

Herein, benefiting from these merits, it is plausible that a surge of interest has been attracted
onto microwave -absorbers in recent decades especially for organic dehydrogenation or
decomposition [28-33]. Herein, it is devoted to developing various high effective and efficiency
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microwave absorbents (Type of electromagnetic wave has been shown in Fig. 1.1) in this study.

As shown in Fig. 1.1, microwave is electromagnetic wave with wavelengths ranging from
as long as one meter to as short as one millimeter, or equivalently, with frequencies between 300
MHz (0.3 GHz) and 300 GHz. So far, briefly speaking, classifying with absorbing mechanism,
there are three kinds microwave absorbers. These absorbents include high magnetic loss
materials, dielectric loss material and compound materials. Among the fast progress of
microwave absorbents, the dielectric materials used for higher frequency regions have the
increased demand. Many microwave active ceramics with high quality factor (Q, Q=1/tand) and
relatively low dielectric constant (&) as well as low temperature coefficient of resonant
frequency have been extensively studied for such specific applications. In addition, the
development of low-temperature-cofired ceramics (LTCC) for microwave applications has been
paid an increased attention especially for designing multilayer materials with electrical
performance employing kinds of internal metals (such as Ag/TiO,) [36-37]. Wherein, it is
reasonable that various multi-phases composites have been explored according to their
applications in different fields and targets.

Furthermore, so far, the commonly utilized microwave-assisted organic decomposition
catalysts include: (a) Carbon-support catalyst, such as oxidized carbon (D43/1) [29], Pt/Norit
[21], N/MWNTs [32] etc., one of the important features of carbon support is its inertness, (b)
Bimetallic catalysts, e.g. Co-Pd [25], (c) Metallic/Ceramic catalyst, e.g. Me/MgO [25], Cu/ZnO
[30], Pt/CeO, Rh/CeO; and Pd/CeO; [34] etc. and (d) Ceramic catalyst, for example TiO, [33],
mesoporous Si0; (MCM-41) [35] etc.

1.2. Limitations of energy converter and available solutions

Based on above analysis, it is facilitated to get a conclusion that high effective
electromagnetic wave absorptive material at microwave frequency requires wider operating
bandwidths, thinner in the dimension and low density. Complex permittivity (e= &'-¢” ) and
permeability (u=p'-ju” ) of the absorbents play key roles in determining the absorption
properties. It is well known that high efficiency absorber indicates high permeability and
moderate permittivity. Metallic magnetic material (Co, Me, Cu, Ni, Pt, Pd, Ag etc.) always have
large saturation magnetization. More, it is reasonable their permeability values could remain high
at high frequencies according to Snoek limit [38]. However, the decreased permeability of
metallic materials at low frequency due to the eddy current effect propels researchers to find
novel absorbents with good magnetic/dielectric loss compound match.

Even though a series of absorbents with magnetic/dielectric loss match have been reported
[25,32,30,34,37,38], it is still a challenge to discover a suitable absorbent which not only meets
the demonstrated demand in practical application but also has various merits such as low cost,
environmentally friendly, simple preparing technology etc. Simultaneously, it is regarded that
ceramic bodies with electrical or thermal conductivity could resolve the difficulty we are facing
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and their absorbability result from dielectric loss under microwave irradiation.

Up to now, benefiting from the considerably low density (3.2 gecm™), adjustable electrical
resistivity, good oxidation resistance and super high temperature stabilities, SiC with various
forms are the most commonly used absorbents [39-43]. However, high cost and too complicated
preparing technology still inhibit the further extensive practical application. Therefore, it is so
emergent and significant to develop a novel low cost ceramic-based absorbent with high
effective and efficiency.

Although it was reported that sapphire (a-Al,Os3) single crystals occupies the lowest
microwave dielectric loss among all of the known crystal materials [44], Wei et al.[38], Liu et al.
[45], Janes et al. [46] and Kaur group [47] also announced the possible application of a-Al,Os-
based composites as microwave absorbers at the aid of some effective decoration ways. Herein,
it would be very intriguing if an alumina related composite with good microwave capacity and

electrical conductivity could be developed.

1.3. Preparing methods of ALOs-based composite with electrical conductivity and

microwave absorbability

It is noticed that most of alumina-matrix microwave absorbers are commonly modified with
different ferrotype metallic particles as introduced in references [45-48]. These particles include
Fe, Co, Pd, Cu, Pt etc. Furthermore, as-mentioned composites also announce their activity as
electrocatalyst. Electrochemical and microwave activities can be enhanced by making suitable
match between matrix and particles. More, it is interesting if it would be possible to develop a
AL, O3 supported composite which not only has good functional activity but also can overcome
some defects of ceramic such as insulation, fragility etc. Taking these factors into consideration,
it is so emergent, significant and necessary for us to discover a novel multi-functional composite
with electrical conductivity and microwave absorbability.

For electrically conductive ceramic material, so far, several methods have been attempted.
Briefly, to overcome the electrical insulation of ceramic, metal or conductive oxides were
commonly most reported. The key point of this method is making physical contacted a great
number of cross-linked conductive pathways or networks allowing electron transferring vehicles,
thereby forming high electrical conductivity.

Comparing with metallic additives, various carbon forms especially for graphite, carbon
nanotubes (CNT) with graphitic structure are regarded as super-electrical conductor and
dielectric loss microwave absorbents candidates [49-56]. Bockrath et al. [49] has reported the
electrical properties of individual bundles or “ropes” of single-walled carbon nanotubes (SWNT).
According to them, it was claimed that structure of SWNT (diameter and helicity) determines its
conducting: properties. Usually, a CNT can be imaged as a piece of rolled graphene creating a
seamless cylinder (Fig.1.2 (A)). To a large part, good electrical conductivity merits from the
peculiar electronic structure of graphene [50]. In graphene sheet, its band structure and the
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hexagonal shape of its first Brillouin zone are discovered as displayed in Fig. 1.2 (B). It is
noticed that the valence m and conduction n* state are seen to jbin at six points lying at the Fermi
energy (Fermi points). In the same graphene sheet, electron motion route changes with direction
(I'-K  direction and K-points) encountering semiconductor-like band gap or metallic-like
behaviors. More, meriting from the unconventional quantum Hall effect of various carbon forms
with graphitic structure, graphene responses to magnetic field irradiation. Mechanism of
graphene sheet microwave activity has been well discussed by Meera et al. [51]. A schematic of
this situation is shown in Fig.1.3. In their principle, a monolayer graphene sheet is considered to
be placed in the XY plane. A plane electromagnetic wave with wave vector qq is made incident at
an arbitrary angle denoted by 8y with respect to the normal to the plane of the graphene sheet
(along the Z axis). The incident wave is regarded as to be elliptically polarized, which is the most
general way of considering a plane wave, with its electric field written as a linear combination of
the two polarization directions, defined by the two unit vectors denoted by o, and @i,. The
incident polarization is known as the aspect ratio of the incident polarization ellipse.

Fig.1.2. (A) Graphene sheet and (B) Top: Band-structure of the 2D graphene sheet (gray

surface). The calence and condution band meet at six points (K-points) lying at the fermi
energy. Bottom:The first brillion zone of graphene. The black lines represent the allowed

states of a (3, 3) nanotube.*”

According to the same principle, carbon with quasi-graphene structure is good microwave
absorptive candidates. Simultaneously, it is intriguing to explore a novel electrical conductive
alumina (CA) carbon/Al,O3 composite. To date, several techniques have been developed to
fabricate Al;O3-based electrical composites [57-63]. These methods involve hot press [61], spark
plasma [62], sol-gel [63] etc. However, it is still difficult to make uniform dispersed conductive

networks (CN) in Al;O; matrix. Various carbon forms acting as additive are facilitated to
) 5



agglomerate in composite leading to segregated conductive phase and weak bending strength.

Polarization ellipse
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Fig.1.3. Schematic diagram for a plane electromagnetic wave incident on a graphene sheet in
the X ¥ plane and getting reflected. The red (downward) arrow shows the incident light and
the blue (upward) arrow shows the reflected light, with the incident wave vector denoted by q°
and the reflected wave vector by q's. The incident electric field is shown by the green (light
grey) allow. The incident polarization ellipse and the two unit vectors which define the

[51]

polarization components are also shown separately.
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Thus, that is certainly necessary to explore a new process that not only is simple and direct
method, but also provides homogeneously dispersed conductive networks.

Then, as introduced in our group [64-65], electrically conductive alumina (CA) with two
forms dense and porous, namely CDA and CPA, were fabricated by the combination of
gel-casting and high temperature reductive sintering (HTRS) in argon atmosphere.

Gelcasting has been widely believed as a novel near-net-shape forming method derived
from traditional ceramics and polymer chemistry [64-68]. This process is based on the
polymerization of organic monomers and simultaneous solidification of concentrated slurry to
green bodies. Especially, gelcasting provides a rapid forming cycle, good wet and dried strength
making large parts at low cost. During gelcasting proceeding, polymerization of monomer
(Methyacrylamide) was free radically initialized by ammonium persulfate. There are two
available procedures in casting procedures, namely generation of free radicals by initiator and
catalyst (Tetramethyl ethylene diamine) and polymerization of free radicals and monomer. By
gelcasting, Al,O3 grains were cross-connected by polymer binder networks (as shown in Fig. 1.4
(a), BN means binder networks).

Fig. 1.5. TEM images of CA (G = Graphite, A =Alumina)
i



As-received alumina green bodies were reductively sintered in novel atmosphere resulting
nano-carbon networks (NCN) with graphitic structure (as shown in Fig. 1.4 (b)) in CA. The NCN
was converted from polymer binder networks via HTRS. And the graphitization degree of carbon
changes with HTRS temperature as introduced by Kato et al. [69] CA sintered at 1700 °C in Ar
owns good graphitic orientation as good as graphite. As shown in Fig. 1.5, morphologies of CA
are shown. It is known that graphite and alumina co-exist in this binary composite. More, the
graphitic structure of NCN is detected by Raman spectroscopy as shown in Fig. 1.6, which
claims typical graphitic crystal structure of NCN in CA. The hexagonal electronic energy
dispersive feature of two-dimensional graphene also has been reported by Skipa et al.[76].
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Fig. 1.6. Raman spectroscopy of CPA and Graphite reference

Nano-carbon networks (NCN) forms three-dimensional graphitic cross-linked paths in CA.
Typically, high graphitization degree of carbon in CA is comparable to graphite. Taking this
unique structure into consideration, various attempts have been made to develop its different
potential applications as introduced in references [70-75]. Based on their study, several items are

concluded as follows:

Good isotropic electrical conductivity of CA meriting from NCN
Physical and chemical stability in aggressive condition

Possible application as electrode materials in fuel cells
Three-dimensional high porosity composite

Necessary of improving electro-activity via suitable methods



1.4. Thesis statement and Thesis organization

In this thesis, it is aimed at developing potential applications of electrically conductive
alumina (CA) as energy converter by electrochemical and microwave irradiation methods. All of
the attempts benefit from the unique graphitic nano-carbon networks (NCN) in CA. By
discussing the physico-chemical properties of CA in much more detail, various vehicles have
been proposed to enhance its performances. Then, this thesis is expected to explore available
applications of CA by suitable structural or surface modifications.

Besides of this chapter, there are five chapters for arranging this thesis as follows:

In chapter 2, electrochemical activity of CPA was demonstrated. In order to increase its
performances, briefly speaking, two methods had been conducted, that was covalent
modification and heterogeneous particles decoration. It was supported that increased
electrochemical activity of CPA by covalent functionalization was attributed to the increased
hydrophilicity, by which larger real active surface was reached. Comparing with as-received
CPA, Pt and Ni particles modification resulted in the enhanced behaviors. Finally, advantages
and limits of CA as cell electrode were concluded.

In chapter 3, physico-chemical property and basic microwave absorption behavior of CA
were investigated. By discussing the effect of HTRS temperature, porosity carbon content and
size of CA, it was devoted to developing the potential application of CA as microwave absorber.
By discussing different effect factors, microwave-assisted non-contacting heating of CA for
non-polar paraffin liquid under microwave irradiation was investigated.

In chapter 4, considering the crystal structure similarity between NCN in CA and carbon
nanotubes (CNT), another novel conductive alumina (CA, CNT/NCN/AL,Os (CNT/CPA)) was
fabricated employing CNT as structural modifying element. Before making CNT/ALO, slurry,
as-received CNT was covalently pre-treated with concentrated acids at different conditions
(investigating treating temperature and time), it was known that the increased dispersibility of
CNT merited from grafted functional groups. By the same gelcasting and HTRS in Ar with CPA,
CNT/CPA was fabricated. In this chapter, it was expected to make a CNT reinforced ternary
composite (CNT/NCN/ Al,03) with enhanced microwave absorptive absorbability. The related
influence factors have been well discussed.

In chapter 5, surface modifications of substrates were completed by uniformly dispersed Pt
nanoparticles by microwave-assisted irradiation method. Substrates were CPA and CNT/CPA.
Briefly speaking, two components, namely Al,O; and carbon (NCN or CNT/NCN) with
three-dimensional graphitc structure were available in matrices. Al,O3 grains were microwave
transparent while carbon was microwave active. Then, it was possible to realize the selective
deposition of Pt nanoparticles on matrix. Moreover, comparing with conventional heating
method, more simple, ultrafine and selective deposition of Pt nanoparticles on substrate was
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arrived by microwave irradiation. Benefiting from the metal/dielectric loss match in as-received

composites, the increased microwave absorptive heating performance of multi-phase composite

was achieved.
Finally, in chapter 6, the concluding remarks of the present work were stated and the future

directions of this research work were recommended.

1.5. Thesis innovations and significances

< (Innovations)

>
>

Enhanced electro-chemical activity of CPA was developed via methods

Microwave absorbability of binary dielectric electrically conductive alumina (CA) was
discovered

Potential application of CA as passive heating Elements (PHEs) for non-polar liquid
was explored

A novel conductive porous alumina (CPA) structurally modified- by CNT was fabricated,
which has enhanced microwave absorptive behavior

Ultrafine Pt nanoparticles was anchored on substrates (CPA and CNT/CPA) via
microwave irradiation method

Increased microwave-assisted heating behaviors of metal/dielectric loss match
composites (Pt/CPA and Pt/CNT/CPA) were demonstrated

< (Significances)

>

Confirming the feasible way for conductive alumina (CA) with increased electro-
chemical performance

Demonstrating the possible application of conductive alumina (CA) as electromagnetic
wave absorbent at microwave region.

Announcing the feasibility of CNT reinforced ternary composite with enhanced
absorptive performance

Claiming the high efficiency way for preparing metal/dielectric composite employing
CPA and CNT/CPA as substrate via microwave irradiation method

Exploring the potential application of CA as microwave-assisted non-conductive heater
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CHAPTER 2

SURFACE MODIFICATION OF ELECTRICALLY CONDUCTIVE
POROUS ALUMINA (CPA) VIA CHEMICAL METHODS AND
ELECTROCHEMICAL STUDIES

2.1 Introduction

Electrically conductive porous alumina abbreviated as CPA has been paid a surge of
attention since its discovery because of its outstanding instinctive properties and sorts of
potential applications in various fields [1-3] especially as fuel cells. CPA was fabricated by
gelcasting and reductive sintering in Ar atmosphere. At the aid of reductive sintering, polymer
networks formed in gel-casted green body can be converted to be inner-connected carbon [1].
Comparing with conductive ceramics prepared by other conventional methods, such as
impregnating metal elements (Cr, Mg) into alumina [4] or employing conductive component as a
host matrix [5], as-fabricated CPA has been confirmed to be a novel material with convenient,
low cost, good physical and chemical properties. In CPA, the mechanical strength and thermal
stability are attributed to porous alumina matrix, and the conductivity is derived from the
nano-carbon networks (NCN) along the alumina grains. NCN is converted from polymer by high
temperature reductive sintering (HTRS) in Ar. Moreover, due to the existence of nano-carbon,
physical and chemical stability and ideal mechanical strength, many potential applications also
can be expected, such as catalyst support, electrode and capacitor and so on. In our group,
relative study reported by Liu et al. [3] also announces the potential application of conductive
alumina (CA) as electrodes in fuel cells.

So far, various methods have been reported for fabricating suitable electrode material
employing different substrates [11-15]. Among kinds of available surface modifying routes for
carbonaceous materials [6-10], anchoring oxygen-functional groups at the aid of pre-treatment
employing mixed acids has been confirmed to be one of the most effective methods for
developing further investigations, by which the intact carbon crystal structure (hexagon) can be
partly replaced by various oxygen-functional groups, which ascribes to the enhancement of
hydrophilicity of acid-treated ones. Herein, in this chapter, we would like to introduce the
available surface modification technology for broad applications in cells. Briefly speaking, two
ways were involved for surface modification, namely covalent and hetorogeneous modification.

2.2. Experimental Procedures
2.2.1. Surface modification of CPA
2.2.1.1. Fabrication of CPA

Electrically conductive porous alumina (CPA) was prepared using gelcasting and high
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temperature reductive sintering (HTRS) under inert atmosphere (Ar) [1-3]. The mixture of
premix solution containing methacrylamide, N,N'-methylenebisacrylamide, alumina powder (AL
160SG-4, Showa Denko, Japan) with mean particle size of 0.60 um with solid loading of 54
vol% and ammonium polycarboxylate acid (Chukyo Yushi, Japan) as a dispersant were
ball-milled for 24 h, followed by degassing, mechanical foaming, adding ammonium
peroxodisulfate (Initiator) and N,N,N' N’,-tetramethylethylenediamine (catalyst) into the slurry
to initiate polymerization and to form gel-green body. The well-dried green body was sintered at
1700 °C for 2h in a gas-tight furnace under argon atmosphere. Through the reductive sintering,
nano-carbon networks can be formed along the porous alumina grains [1], which is responsible
for the electrical conductivity of resulted ceramics. The conductive porous alumina (CPA) has
0.72 wt% of pyrolyzed carbon measured by TG/DTA. The bending strength is about 20~30 MPa
and the bulk porosity is about 66.23 %. For further investigation, as-prepared CPA was cut into

small plates (15 mm»20 mmx2 mm).
2.2.1.2. Covalent modification of CPA

The CPA plates were immersed into mixed acids (H;SO4/HNO;=3:1, v/v) subjected to
ultrasonication for 60 min, followed by extensive washing with distilled water until the pH
reached netural. As-resulted sample was denoted as pre-treated CPA. Pre-treating condition was
optimized by different pre-treating time for 15 min, 30 min, 90 min and 120 min at room

temperature.
2.2.1.3. Preparing Pt/CPA and Ni/CPA composites

3.094 g of pre-treated-60 min CPA was soaked into 10 ml of Ni(AC), (0.027 M) solution
and evaporated at 60 °C for 24 h. Finally, as-resulted sample was refluxed in 20 ml 0.4 M N,H,
aqueous solution at 75 °C for 3h, followed by thoroughly washing and drying and the obtained
sample was named as Ni/CPA.

1.028 g of pre-treated-60 min CPA was soaked into 5 ml of H;PtCls (0.006 M) ethanol
solution followed by evaporation at 60 °C for 24 h. Finally, as-received Pt*'/CPA were refluxed
in EG at 140 °C for 1 h and followed by thoroughly washing with distilled water and drying at 90
°C for 24 h. Wherein, the CPA plates modified with Pt nanoparticles are denoted as Pt/CPA.

2.2.1.4. Characterization

The pre-treated CPA plates were characterized by field-emission scanning electron
microscope (FE-SEM, JEOL, JSM7000F) equipped with electron diffraction X-ray spectroscopy
(EDS, JEOL, JSM7000F), X-ray diffraction (XRD, RINT, Rigaku, Japan), X-ray photoelectron
spectroscopy (XPS, Surface Science Instruments, United Kingdom, SSX-100) and Raman
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spectroscopy (JEOL, NRS-3100) employing graphite (KGR-3, Akechi Ceramics (Co., Japan)) as

reference.

2.2.2. Evaluation of Electrochemical Performances of CPA-based composites

Reference
Electrode
Counter Working
Electrode i o Electrode
oo °
° o 0

Fig. 2.1 Three electrodes electrochemical test

cells

2.3. Results and Discussion
2.3.1. Effects of pre-treatment on CPA

Electrochemical performances of CPA-
based composites were investigated by
employing a  potentiostat/galvanostat
system (HZ-5000, HOKUTO DENKO) at
room temperature. In this test, a typical
three-electrode system has been constructed.
This system was consisted of a working
electrode of CPA (with/without pre-
treatment), Ni/CPA and Pt/CPA, a counter
electrode of a platinum plate and a
reference electrode of Ag/AgCl electrode
with statured KCI (Fig.2.1). Different
electrolytes 0.5 M H;SO4 and 1 M NaOH
were employed for performance evaluation.

2.3.1.1. Physico-chemical property of pre-treated CPA

\

100 nm‘]

Intensity

A
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Fig. 2.2. (a) FE-SEM image of as-fabricated CPA (b) XRD pattern of as-fabricated CPA (C:
carbon, A: Alumina)
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FE-SEM image of as-prepared CPA is displayed in Fig. 2.2 (a). There are inner-connected
nano-carbon networks (NCN) along alumina grains. The NCN converted from polymer
monomer by reductive sintering contributes to the electrical conductivity of the ceramics. As
introduced in our previous studies [1-3], the formed networks were confirmed to be graphite,
which makes more desired applications become reality by some efficient methods. And
according to the XRD patterns as shown in Fig. 2.2 (b), the detected peaks at 16° and 23° reflect
the existence of carbon in CPA, while other peaks in this pattern reflect alumina phase. The
absence of other diffraction peaks in the detected materials indicates that during the fabricating
process, others phases did not occur expect purified alumina and pyrolyzed carbon converted
from polymer.

Raman spectra is commonly regarded
as an efficient way to characterize structure

a. graphite, R (Graphite)=0.58
b. Pre-treated CPA, R_, _ (Pre-treated CPA-60 min)=0.68

GGRA, Ry (CPAF0.3 conjugated and C-C double band [6,7,16].
Fig.2.3 shows Raman spectroscopy of CPA

of various carbonaceous materials with

with/without surface pre-treatment-60 min
employirig graphite as reference. There are
obvious Raman peaks for graphite structure

material around 1350 cm ' and 1575 cm ™,

which also can be annotated as D band and

G band, respectively. By comparing the

Raman spectra of CPA with/without
pre-treatment-60 min with graphite, useful

Fig. 2.3. Raman spectra of conductive porous information can be arrived as follows: (a)
alumina (a) graphite (b) Pre-treated CPA (c) the existence of graphite can be verified in
as-fabricated CPA (R: the intensity ratio of D as-fabricated CPA (with/without) acid-

band and G band) treatment. (b) by comparing the intensity of

D band relative to G band for as-fabricated
CPA and acid-treated CPA (Fig. 2.3 (b) and (c)), a larger one can be observed for acid-treated
CPA, which means that defects of graphite structure in CPA increases with acid-treatment
because the intensity of D band of graphite is opposed to the intact extent of hexagonal structure,
this conclusion also can be confirmed by the increased R (Ip/Ig) value as shown in Fig.2.3 (c).

As confirmed by Wong et al.[6] and Kotov et al. [7], after pre-treatment with mixed acids,
the intact hexagonal of carbon was destructed resulting sp’ from sp® to C-C band, which was
aroused by the reaction between mixed acids and nano-carbon networks (NCN) and kinds of
oxygen-functional groups can be introduced onto the graphite defects resulting enhanced
hydrophilicity. Optimum pre-treating condition was reached by discussing different treating time
for 15 min, 30 min, 60 min; 90 min and 120 min, respectively. However, due to the unique

structure of CPA, it is difficult to determine the suitable condition.
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a. CPA

b. Pre-treated CPA-15 mmn
c Pre-treated CPA-30 min
d. Pre-treated CPA-60 min
e. Pre-treated CPA-90 min

Intensity

f Pre-treated CPA-120 min
A A

Table 2.1. Analysis results from Raman spectroscopy

Sample HalGl' :ia::l; of R
Graphitt | e 0.58

CPA 24 0.53
Pre-treated CPA-15 min 29 0.80

T T v T
0 20 40

2 Theta (degree)

Fig. 2.4. XRD patterns of pre-treated CPA with

Pre-treated CPA-30 min

Pre-treated CPA-90 min

different time (a) CPA, (b) 15 min, (c) 30 min, | Pre-treated CPA-120 min 25 0.77
(d) 60 min,(e) 90 min and (f) 120 min
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Fig. 2.5. XPS spectra of (a) a special region of 0~1100 eV, (b) Cis, (c) Oys, (d) Az, Al 24 (€)
the deconvoluted C,, of as-fabricated CPA and (f) the deconvoluted O, of as-fabricated

CPA
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As shown in Fig. 2.4, it is known that no obvious crystal change occurs during
pre-treatment. The increased surface defects of CPA with increased treating time as shown in
Table 2.1 indicates more covalent modification has been arrived. However, it is worried that too
aggressive treating condition will totally destruct NCN in CPA, which is the key point we should
avoid. Usually, for graphitic carbonaceous, there are two evaluation ways to determine the
modification effects, namely, half width of G band and calculated surface defects (Ripic). It is
noticed that pre-treated CPA-60 min owns the highest G band half width and increased surface
defects without carbon destruction, which is regarded as optimum condition. Later, pre-treated
CPA means pre-treated CPA-60 min.

According to XPS spectra of as-fabricated CPA and acid-CPA as shown in Fig. 2.5, The C
(1s) signal at 284.8 eV, O (1s) at 543.1 eV, Al (2s) at 121.2 eV and Al (2p) at 78 eV for
investigated samples is well in agreement with references introduction [17-21] as shown in Fig.
2.5 (a). Since XPS is sensitive to the surface components, the evidently enhanced O (1s), C (1s)
Al (2s) and Al (2p) (Fig. 2.5 (b), (c) and (d)) peaks intensity displayed by XPS spectroscopy
imply that acid-treatment has roused the surface changes by introducing functional groups and
removing impurities. As shown in (e) and (f), the deconvoluted C (1s) and O (1s) peaks of
as-fabricated CPA imply the presence of C and O with different bonding structure. The Cls of
as-fabricated CPA displays a maximum centered at 284.6 eV and the deconvoluted spectrum
gave two peaks which can be confirmed to be sp® graphitic (C-C, C-H, at 285+0.2 eV) and sp’
(-CO-, at 286.4+0.2 eV). Moreover, the deconvoluted spectrum of O 1s also indicate oxygen-
functional groups such as —CO*OH (533.4+0.2 eV), -CO*H (532.1+0.2 eV) and -CO*
(530.6+0.2 eV) and defects can be expected on as-fabricated CPA [17-20], namely the
well-structured 3-dimensional nano-carbon networks in CPA were partly destructed by some

groups and instinctive defects [17,18].
2.3.1.2. Electrochemical performances of CPA with/without pretreatment

To investigate the electrical performance of CPA with/without pre-treatment, cyclic
voltammetry (CV) has been employed in 0.5 M H,SO4 solution between -0.3 Vand + 1.3 Vat a
scan rate of 20 mV/s. In Fig.2.6, a broader time window for as-fabricated and acid-treated CPA
(Fig. 2.6 (b) and (c)) can be seen as compared with graphite classical electrode material (Fig. 2.6
(a)). This result indicates that the porous structure ascribes to the enhancement of electrical
performance. Subsequently, as introduced in the former studies [10,11], the enlarged time
window in cyclic voltammetry curve is attributed to introducing oxygen-functional hydrophilic
groups on the surface of CPA both outer and inner surface leading to higher electrical double
layer. As compared with un-treated one Fig. 2.6 (b), chemical pretreatment with concentrated
mixed acids Fig. 2.6 (c) can not only dramatically increase the hydrophilicity of the material,
which facilitate to penetration of electrolyte into the inner porous chamber, but also ascribe to the

increased surface charges meriting from the enlarged chamber inner-volume. Moreover, in
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comparison between as-fabricated CPA (b) and acid-treated CPA (c) as shown in Fig. 2.6, there is
a positive shift in the range from +0.3 to +0.8 V, which is presumably due to Faradaic
pseudocapacitances associated with oxygen-containing surface functional groups on the carbon

support materials [9].

a — graphite
b —— as-fabricated CPA ¢
¢ —— Pre-treated CPA

J (mAfcmz)

T T T 4 T

-0.4 ' -DI2 ' 0.0 0?2 04 06 Dr8 . 1.0 ) 1.2 . 14
E (V vs. Ag/AgCl)

Fig.2.6. Cyclic voltammograms (CV) of (a) graphite, (b) as-fabricated CPA and (c) acid- CPA in
0.5 M H,S04 with a scan rate of 20 mV/s (vs. Ag/AgCl)

2.3.2. Effects of surface modification with Pt and Ni nanoparticles
2.3.2.1. Physico-chemical property of Pt/CPA and Ni/CPA

The changes of morphology in this work are shown in Fig. 2.7. Nano-carbon connects each
other forming conductive networks in CPA, which exist along the bone structure of CPA as
shown in Fig. 2.7 (a) and (d). By comparing with (a) and (d) images, as shown in Fig. 2.7 (b) and
(e), it is obvious that Ni nanoparticles has been successfully deposited onto the surface of CPA
with smaller particles size and little coagulation. It is interesting that Pt nanoparticles also has
been uniformly deposited onto the surface of CPA and higher selectivity is available.

The role of acid-treatment for particles dispersion was investigated by precipitating Pt and
Ni nanoparticles onto as-received CPA. As-resulted specimens are named as Ni-untreated CPA
and Pt-untreated CPA. Fig. 2.8 shows the morphologies of Pt/CPA and Ni/CPA with/without
pre-treatment, by which we can get a conclusion that pre-treatment plays an important role for
decreasing particles size and uniform distribution. According to the introduction of formers
[21,22], various functional groups can be introduced on to the surface of CPA by acid pre-
treatment, which can serve as the active sites for particles growth. These groups belong to
hydrophilic.
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Fig. 2.7. FE-SEM images of (a) CPA, (b) Ni/CPA, (c) Pt/CPA with low magnification and (d)
CPA, (e) Ni/CPA, (f) Pt/CPA with high-magnification
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Fig. 2.8. FE-SEM images of (a) Ni/CPA (b) Ni-untreated CPA (c) Pt/CPA and (d) Pt-untreated
CPA
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G a— CPA Table 2.2. Surface defects analysis results

b —— acid-CPA
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Graphite 0.58
CPA 0.53
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Fig. 2.9. Raman spectroscopy of (a) CPA (b) Acid-CPA PY/CPA

(c) Ni/CPA (d) P/CPA and (e) graphite

Fig. 2.9 shows the Raman spectrum of as-prepared CPA, acid-CPA, Ni/CPA and Pt/CPA
employing graphite as a reference. According to the appearance of typical peaks around 1575
cm and 1350 cm™ for CPA-based composites comparing with graphite [6], graphitic structure
of NCN in CPA is confirmed. After surface modification via different methods, increased surface
defects are available especially for Pt/CPA and Ni/CPA (Ip/Ig, as displayed in Table 2.2), which
may be mainly result from covalent modification (sp® converts to sp’ hybrid style) and
nanoparticles deposition leading increased specific surface.

Table 2.3. EDS analysis results

Metal (wt %)
Sample alie) A C0%) Total 001 spot 002 spot
(wt %) (wt %) (wt%)
Ni/CPA 61.36 29.27 5.17 2.55 0.92 292
Pt/CPA 5591 31.44 5.27 7.13 7.13 0
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Fig. 2.10. EDS spectrum results of (a) Ni/CPA and (b) Pt/CPA

Fig. 2.10 shows the EDS analysis results. As displayed in Fig. 2.10 (a) and (b), selective
deposition of Ni and Pt nanoparticles is proved by multi-spot analysis. It is noticed that there are
two kinds surfaces in CPA, that is NCN surface and alumina grains surface. In order to
investigate the different depositing situation, different surfaces were detected. 001 means the
deposited metallic nanoparticles on NCN in CPA, while 002 implies the amount of deposited
particles on alumina grains. As supported in Table 2.3, Ni nanoparticles not only deposits onto
the NCN surface but also anthors onto the alumina surface. Contrast, Pt nanoparticles is mainly
deposited onto NCN surface, higher selectivity is available.
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Taking Pt/CPA preparing procedures for example, the fabrication schematic is shown in Fig.
2.11. Briefly speaking, three steps were involved for making metal/CPA. (a) Surface pre-treating,
by which various surface defects on NCN with graphitic structure are available. These defects
include five- or seven-membered rings in the carbon networks instead of normal ring,
sp3-hybridized defects (H or OH) and vacancies in the carbon lattice [6]. Pre-treating of CPA
attributes to increased sp’-hybridized defects (-COOH, -COH etc.) [23]. (b) Absorption of Pt **
onto substrate via electrostatic interaction and (c) Chemical reduction of Pt *' to Pt particles. The
same schematic applies for Ni/CPA composite.
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Pre-treatment -COOH 4ps50sptio \, q¢ i
HOOC
o> & coon E&a -
HOOC COOH
NCN ‘5“ ,. Pt4+

ﬁ Acid-CPA Pt +-acid-CPA
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Fig.2.11. Schematic representation of preparing Pt/CPA via chemical reductive reaction

2.3.2.2. Electrochemical performances of Pt/CPA and Ni/CPA
2.3.2.2.1. Electrochemical performances of Pt/CPA and Ni/CPA in alkaline electrolyte

a). Measurement of electrochemical surface area

Electrochemical surface area was examined by a potential step method. Before measuring,
the tested electrodes were electro-activated at their open-circuit potential and kept for at least 5
min for stabilization, followed by stepping immediately of potential up to -10 mV and
maintained for 250 ms [24]. As-resulted chronoampermetric curves for tested electrodes obtained
in 1 M NaOH solution are shown in Fig. 2.12 and the calculated double layer capacitances for
employed electrodes were listed in Table 2.4, respectively. Usually, the double layer capacitance
of pure mercury is used as reference, for which the typical value C" is 20 pF cm™. Compared
with graphite electrodes, the increased electrochemical surface area is attributed to the
appearance of nano-carbon networks (NCN) along the connected alumina grains. Moreover, a

27



highest specific surface also can be expected for Ni/CPA because of the deposition of Ni

nanoparticles.

Table 2.4. Characteristic values of the measured double layer capacitance and real surface area

on studied electrodes in 1 M NaOH aqueous at room temperature

Electrode Materials C (pF cm?) Sa (cm?)
Graphite 20623 1031.2
As-fabricated CPA 106590 _ 5329.5
Ni/CPA 426661 21333.5
| a —— graphite
* b—— CPA
] ¢ —— Ni/CPA
40 <
Nr\ | Nﬁ
& :
% a) H
] -

0.?” ' 0‘65 I 0 T"J ' 0 115 ‘ 0 IZO ' 0 I25 -20 I -15 -1.0 ' -0.5 ' 0.0 ' 05 ' 10
Time (s) E (V vs. Ag/AgCl)
Fig.2.12. Chronoampermetric curves for Fig.2.13. Cyclic voltammetric curves of
different electrode: (a) graphite; (b) different electrodes in 1 M NaOH solution at
as-fabricated CPA and (c) Ni/CPA scan rate of 2 mV/s (a) graphite; (b)

as-fabricated CPA and (c) Ni/CPA
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b). Electrocatalytic reduction of oxygen on electrodes

In Fig. 2.13, the cyclic voltammograms (CV) involving the potential range for oxygen
reduction reaction (ORR) was displayed with a scanning rate of 2 mV/s. By comparing with
graphite electrode, two obvious typical oxygen reduction peaks around -430 mV and -820 mV
can be observed for employed electrodes except as-fabricated CPA between the potential range
from 0.8 V to -1.7 V. Simultaneously, slightly positive shifts are attributed to the higher catalytic
activity and higher specific area [25-27]. Besides the peaks mentioned above, it is a most
obvious differences between Ni/CPA and other electrodes that appearance of reductive peak
around +210 mV, which is as good as those reported for nano-Pt/MWCNTSs/GCE [26] and others.
It is obvious that the nano-Ni functionalized CPA can increase the activity of ORR greatly, which
is attributed to the reductive reaction of O, toward OH".

Another important evaluation of electro-catalytic performance for ORR is their stability at
given working potentials. Further tests of ORR rates under potentionstatic conditions were
conducted at +0.45 V in 1 M NaOH as shown in Fig. 2.14. Apparently, the Ni/CPA is
advantageous over other electrodes by developing the highest current density, which indicates
that the electrode fabricated from CPA were electrochemical stability for ORR in alkaline

solutions.
7
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Fig. 2.14. Current-time plots when poised at 0.45 Fig. 2.15. Cyclic voltammetric curves of
V vs. SCE in 1 M NaOH aqueous solution for (a)  different electrodes in 1 M NaOH solution at
graphite; (b) as-fabricated CPA; (c) Ni/CPA scan rate of 2 mV/s (a) Ni/CPA; (b)Pt/CPA

Moreover, comparing Ni/CPA and Pt/CPA in the same measurement condition, much more
increased electrochemical activity is available for Pt/CPA as supported in Fig. 2.15. Higher
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current density and increased time window in CV curves prove this conclusion. And the
enhanced performance is attributed to the higher surface selective deposition especially on NCN
as claimed in Fig. 2.8 (c).

Fig. 2.16 investigates the effect of electrolyte. Increased electrochemical activity of Pt/CPA
in acidic electrolyte announces the improved activity of Pt/CPA toward ORR than in alkaline
solution. Then it is necessary to investigate the electro-activity of Pt/CPA in 1 M of H;SO,.

30 a. PYCPA-1hin 0.5 M H SO,
.5 b. PUCPA-1hin 1 M NaOH
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Fig. 2.16. Cyclic voltammetric curves of Pt/CPA in different electrolytes (a) 0.5 M H;SOj4 and (b)

1 M NaOH solution at scan rate of 2 mV/s

2.3.2.2.2. Electro-chemical performances of Pt/CPA in acidic electrolyte

a). Measurement of electrochemical surface area

For porous electrode, it is commonly regarded that the most informative in situ
characterization of electrodes about its surface areas can be obtained by potential step method in
a solution. The chronoampermetric charge Q is proportional to the number of surface active area.
This kind of information is very useful since electrochemical surface is one of the crucial
parameters to characterize performance of electrodes in their preparation and application. During
the potential step measurement, the initial potential for the tested electrode was its open-circuit
potential, and kept for at least 5 min for stabilization, and then the potential stepped immediately

up to -10 mV and maintained for 250 ms.
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Table 2.5. Characteristic values of the measured double layer capacitance and real surface area
on studied electrodes in 0.5 M H,SO4 aqueous at room temperature

Electrode Materials C (uF em?) Sa (cm?)
Graphite 243 1219.9
As-fabricated CPA 137945 63973
Pre-treated-CPA 117217 5860.9
Pt/CPA 611396 30569.8

It is valuable to investigate the real surface change before and after decorating with metallic
Pt nanoparticles. Because of deposition of Pt nanoparticles, by employing the same potential step
methods, the calculated real specific surface is 30569.8 ¢m? which is much higher than other
electrodes. It is believed that the increased specific surface is attributed to the deposited small Pt
nanopartiles with little agglomeration. This result is also in agreement with the Raman analysis

results.
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Fig. 2.17. Chronoampermetric curves for Fig. 2.18. Cyclic voltammograms (CV) of (a)
different electrode: (a) graphite; (b) graphite, (b) as-fabricated CPA and (c)
as-fabricated CPA; (c) Pre-treated CPA and (d) Pre-treated CPA and (d) Pt/CPAin 0.5 M
Pt/CPA-1h in 0.5 M H;SO4 H,S04 with a scan rate of 20 mV/s
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b). Electro-catalytic reduction of oxygen reductive reaction (ORR) on electrodes

Fig. 2.18 shows the CV curves of graphite, as-received CPA, pre-treated CPA and Pt/CPA.
We have reported that surface pre-treatment with mixed acids resulted in increased
electrochemical activities of pre-treated CPA comparing with commonly utilized graphite
electrode. The enhanced performance is attributed to grafted functional groups by covalent
modification. As-received and pre-treated CPA display electro-catalytic activities toward oxygen
reductive reaction (CRR), which can be proved by similar slopes of the reductive current with
decreasing potential from -0.3 V to -0.2 V. Moreover, ORR occurred at potentials of -0.1 V- +0.4
V for Pt/CPA (Fig. 2.18 (d)). It is believed that the ORR activity of the Pt/CPA at more positive
potentials is attributed to Pt (5-d orbital vacancies) nanoparticles deposition. Enhanced
performance of Pt/CPA can be rapidly increased current and enlarged time window as shown in
Fig. 2.18, Meng et al., [28] reported the ORR activity of Pt/C at potentials of + 0.7 V. Pt/CNT
JCHIT was also claimed to be ORR activity electro-catalysts at the same measurement condition
and the ORR activity occurred at + 0.1 V [29]. Then, by surface modification, it was confirmed
in this study that as-fabricated Pt/CPA has a potential application in fuel cells.

2.3.2.2.3. Electro-chemical performances of Pt/CPA for methanol decomposition

15 _
a. Graphite

1b. CPA )
10 c. Pre-treated CPA /] d
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Fig. 2.19. Cyclic voltammograms (CV) of Pt/CPA in (a) graphite (b) as-fabricated CPA (c)
pre-treated CPA (d) Pt/CPA in 0.5 M CH;OH + 0.5 M H,804 with a scan rate of 20 mV/s
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By the previous investigations, it is known that as-fabricated Pt/CPA has electro-activity
toward ORR, its electro-chemical activity towards methanol oxidation is investigated in Fig.2.19.
Although no obvious oxidation peaks, as fabricated Pt/CPA electrodes displays an increased
performance toward methanol electro-oxidation comparing with other electrodes, which can be
proved by the increased current density and the appearance of widen peaks around 0.74 V
[30,32].

2.4. Conclusions

In this chapter, surface of as-received CPA was modified by chemicals and metallic particles
followed by exploring its potential applications as electrode in fuel cells. As-involved
electro-chemical activities of them in different conditions were evaluated and several

conclusions are listed as follows:

< Pre-treatment permits the enhanced electro-chemical performance of CPA, which merits
from the increased hydrophilic of as-received CPA.

< Electro-activity of CPA-based composites toward ORR.

< Electro-activity of CPA can be increased by preparing heterogeneous Pt/CPA and
Ni/CPA.

< Activity of Pt/CPA toward methanol in acid medium.

However, even though Pt/CPA announced the possible and enhanced activity toward
methanol decomposition or oxygen reductive reaction, limited NCN amount, part-destructive of
NCN by too aggressive condition, high electrical resistivity inhibited the further investigation of
CPA as electrodes for energy conversion. Then, it is necessary to explore the other potential
application considering its unique structure.
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CHAPTER 3

MICROWAVE-INDUCED HEAT PERFORMANCE OF CONDUCTIVE
ALUMINA (CA) AND POTENTIAL APPLICATION AS PASSIVE
HEATING ELEMENTS (PHES)

3.1 Introduction

21" Century is an epoch for developing various energy saving materials, which are
especially highlighted by a surge of attracted interests in electromagnetic absorbing material [1].
Rooting from its defects (electromagnetic interference etc.) and merits (low energy consumption
etc. [2]), an increased of attention has been devoted to exploring various microwave absorbing
materials for meeting different practical applications. However, up to now, even though ferrite
absorbent (such as Fe, Ni, FeCo, BaCoFe;6027 and Fe;B[1-4]) is noted as good candidates for
microwave absorbents meriting from large saturation magnetization and Snoek’s limit at high
frequencies, their further developments are stilled inhibited by the eddy current effect leading to
the decreased permeability at high frequency. Herein, that is reasonable that extensive studies on
varied dielectric loss absorbents have been reported in recent decades, which mainly involve
ceramic (SiC [5-7], PrxY1xTiTaOs etc.[8]) and various carbonaceous forms such as carbon
nanotubes (CNT) [9-10]. Although various magnetic/dielectric loss composites (Ag/CNT,
Ni/CNT, Fe/CNT [11-12], FeCo/Al;03[13], (ZnMg)TiO3-TiO; (ZMT-TiO) [14] etc.) have been
exposed to be effective absorbers and it was concluded that their effectiveness were determined
by the component and structure of dielectric materials, few literatures are about microwave
transparent a-Al;O3-based absorbers with low cost, electrical conductivity, thermal stability and
corrosive resistivity.

CNT with unique graphitic structure is commonly regarded as effective microwave absorber
in the range of 2.0-20 GHz [15] and the absorbing ability changes with irradiated energy. Good
absorbing efficiency is attributed to polarization of six-member graphite structure under
electromagnetic wave radiation. Cao et al. [16] have confirmed that carbon fiber/silica has
microwave absorbability in the range of 8.2-12.4 GHz at temperatures between 30 °C and 600 °C.
However, besides of cost and preparing technology inhibitions, poor affinity of carbon and
ceramic also blocks the further researching steps in exploring carbon/ceramic composite as high
capacitive electromagnetic absorbent. Therefore, it would be very intriguing that if a novel
carbon/ceramic microwave absorber without limits listed above could be developed.

Electrically conductive alumina (CA) with two forms: dense/porous (CDA or CPA)
prepared by the combination of gel-casting and high temperature reductive sintering (HTRS) in
Argon is regarded as good candidate in various potential applications, which is determined by its
unique structure [17]. As shown in former studies, by reductive sintering in Ar, the well gelled
polymer in green body can be converted to be three-dimensional conductive networks with
graphitic structure resulting electrical conductivity of CDA and CPA [18-19]. Herein, in this
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chapter, by investigating the basic property of CA, microwave-induced heat performance and
application as passive heating Elements (PHEs) were demonstrated. In order to well understand
the microwave activity of CA, effects of HTRS temperature (CDA-1400 °C and CDA-1700 °C),
porosity resulted from mechanical forming (CPA-1700 °C and CDA-1700 °C) and NCN amount
(CPA-1700 °C, PA-1700 °C (PA: Porous Alumina) and CDA-1700 °C) were well discussed based
on Raman spectroscopy, density and porosity analysis and morphology observation via FE-SEM.

3.2. Experimental Procedures
3.2.1. Preparation of CA
3.2.1.1. Slurry preparation and casting process

Alumina powder (AL 160SG-4) with mean particle size (D50) of 0.60 um was supplied by
Showa-Denko Cooperation. Premix solution was initially prepared before making slurry.
Monomer (Methacarylamide, MAM, 3.2 wt% based on slurry mass), dispersant (Ammonium
Polycarboxylate, APC, Seruna D-305, Chukyo Yushi, Osaka, Japan, 0.87 wt% based on added
alumina powder) and cross-linker (N,N’-Methylenebiscarylamide, MBAM, 1.05 wt% based on
slurry mass) were employed to make aqueous pre-mix solution. Then Al,Os powder up to 80 wt%
solid-loading was added in three steps followed by ball-milling for 24 h. As-resulted ceramic
slurry was firstly degassed in ice ultrasonic bath followed by casting by injecting initiator
(Ammonium preoxodisufate, APS, 1.03 pL per gram of as-resulted slurry) and catalyst
(N,N,N’,N"-Tetramethylenediamine, TMEDA, 0.17 pL per gram of as-resulted slurry). High
porosity body CPA was formed with the same slurry, which was initially treated with surfactant
sodium polyoxyethylene Lauryl Ether Surfate (Mw=400 gecm™', 1.74 uL per gram of as-resulted
slurry) followed by mechanical stirring in glove box filled with nitrogen gas. All of the related
chemicals employed for preparing CA are listed in Table 3.1.

Table 3.1. Chemicals utilized in this study for preparing CA

. . . Composition
Chemicals Suppliers Function

Alumina Powder Showa Denko, Tokyo,

Powder 80.00
(AL 160SG-4, D5p=0.50 um.) Japan

Distilled Water = aeeeeeeee Solvent 15.05
Seruna D-305 Chuyo Yushi Co. LTD Dispersant 0.70
Methacrylamide Kanto Chemical Co. INC ~ Monomer 3.20
N, N’-methyrenebrsacrylamide Kanto Chemical Co. INC  Cross-linker 1.05

37



3.2.1.2. Drying and Sintering process

Two procedures were conducted to get well dried green body without cracks.

a). Humidity controlled drying was finished in 4 days with 10 wt% decrease per day.

b). Constant weight of green body was arrived at 150 °C to ensure moisture removal.

As-resulted well dried green body was sintered in furnace equipped with digital controller
with a constant flow of N3 (99.99 % purity). The holding time at 1700 °C was 2 h. In order to
invéstigate the effect of HTRS temperature on microwave absorbability, as-fabricated CDA
green body was sintered at 1400 °C and 1700 °C for 2h, respectively. Effect of high porosity of
CA was investigated by comparing CDA and CPA sintered at 1700 °C for 2h. In order to
investigate the effect of NCN amount, CPA green body was firstly degreased at 400 °C for 10 h
and followed by HTRS at 1700 °C for 2h, as-resulted sample was named as PA-1700 °C.
Therefore, four kinds of samples namely, CDA-1400 °C, CDA-1700 °C, CPA-1700 °C and
PA-1700 °C were available in this research.

3.2.2. Electromagnetic wave absorbability measurement
3.2.2.1 Confirmation of microwave absorbability

Mixer

-l alae |-

Fiber1, 2,3 s

o

E

Fig. 3.1. A schematic diagram

of microwave irradiation

Absorptive Efficiency =

Incident power (W) — Reflective power (W) “

CA cubic (10 mm x 10 mm %10 mm) was prepared for
microwave-induced heat behaviors investigation. Double
mode continuous microwave irradiation with different
energy 150 W, 450 W, 750 W and 1050 W were utilized to
monitor microwave-induced heat performance of detected
materials on MWK-B-3.0 apparatus supplied by Takasago
Industry Co., Ltd. This equipment is consisted of a 2.45
GHz microwave magnetron. The schematic chat of
absorption measurement by microwave equipment is shown
in Fig. 3.1.

Absorptive Efficiency irradiated by microwave at 2.45
GHz with different energies was calculated from equation
(1). Incident and reflective powers were automatically

recored on microwave apparatus as mentioned above.

Incident power (W) XxaxbXxc

100 (1)

a, b,c indicates length (cm), width (cm) and height (cm) of specimens
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3.2.2.2 Application as Passive Heating Elements (PHEs)

In order to monitor PHEs behaviors, 20 ml of non-polar solvent liquid paraffin (LP, Wako
Pure Chemical Industries. Ltd. Japan) was microwave-assisted heated by CDA-1700 °C and
CPA-1700 °C cubes (10 mmx10 mmx10 mm), respectively. As-constructed heating systems
were irradiated at 750 W by the same apparatus as mentioned in 3.2.2.1.

3.2.3. Characterization

Morphologies of composites were observed by field-emission scanning electron microscopy
(FE-SEM, JSM-7600R, Jeol, Corp.). Nano-carbon in composites were evaluated via Raman
spectroscopy (NRS-3100, JASCO, Corp.) comparing with reference graphite (KGR-3, Akechi
Ceramics (Co., Japan)). Porosity and density of CA were measured on SGM-300 P (Shimadzu
Corp.) equipped with meter balance (AEG-320, Shimadzu Corp.) according to Archimedes
principle. On average, three specimens were employed to evaluate Porosity and density of

as-resulted samples.

3.3. Results and Discussion
3.3.1. Effect of HTRS Temperature
3.3.1.1. Physico-Chemical Analysis

It was proved that HTRS accelerates the conversion and graphitilization of carbon in
electrically conductive alumina (CA) [17-20]. As shown in Fig.3.2 (a), electronic crystal
structure of carbon in CDA with different sintering temperature (CDA-1400 °C and CDA-1700
°C) is detected by Raman spectroscopy via employing standard graphite as reference.
Quasi-graphitic structure of carbon in CA is supported by disorder induced mode and not a
T-point phonon (D band) around 1350 cm™ and tangential displacement mode (G band) around
1580 cm™ [21]. Both calculated surface defects (Ripnc: Intensity ratio of D band and G band in
Raman spectroscopy) and half width of G band ((Avisso am’) calculated from Raman
spectroscopy confirm the graphitization degrees are comparable to graphite. By comparing
CDA-1400 °C with CDA-1700 °C, the increased temperature of HTRS eventually accelerates the
graphitization processing of carbon in CA composite. This was proven by the reduced surface
defects of CDA sintered at higher HTRS temperature (Ripic(CDA-1400 °C)=1.26>Rip/g
(CDA-1700 °C)=0.35) or decreased half width of G band (Av;sgo o) of CDA sintered at
increased HTRS temperature (Av;sg0 e (CDA-1400 °C)=80>Av;550 om (CDA-1700 °C)=22).

While in Fig.3.2 (b) and (c), effect of HTRS on sintered ceramic body is observed
comparing CDA-1400 °C and CDA-1700 °C, respectively. All of the FE-SEM images in this
study were directly taken from the cut specimen surface without any conductive coating. Results
display that HTRS of CDA-1700 °C attributes to increased alumina grain size than CDA-1400°C.
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As reported by Rahaman [22], during high temperature sintering (HTS), in order to reduce the
surface free energy, coarsening procedure and densification procedure should be present.
Coarsening process mainly attributes to micro-structural change without shrinkage and
densification process results in increased grain size by removing trapped material from grain
boundary. In addition, it is confirmed that polymer binder networks (BN) in well gelled CA
green body, namely trapped material, was converted to NCN in CA by HTRS [17].
Simultaneously, growth of alumina grains were inhibited by BN. Furthermore, effect of HTRS
temperature on graphitization process was also discussed by Kato et al. [20] It was concluded
that: (a) when T>900 °C (T means HTRS temperature), BN was converted to amorphous carbon.
This was corrected by stable carbon content (around 0.7 wt %) in sintered body at different
temperatures; (b) When T=1400 °C, formation of graphitization was started as supported by the
decreased Ripg evaluation in Raman spectroscopy and in this study we can conclusion that (c)
When T>1400 °C, acceleration of good graphite orientation is achieved as confirmed in Fig.3.2

(a).

Table 3.2. Density and porosity analysis results by Archimedes principle

Bulk Density
Materials Open Porosity (%)  Close Porosity (%)  Total Porosity (%)
(g*cm”)
CDA-1400 °C 2.28 4146 0 memee- 41.46
CDA-1700 °C 3.31 1237 e 12.37
CPA-1700 °C 1.32 63.85 2.38 66.23

Then, based on the above analysis results, when T<1400 °C, coarsening process occupies
leading role in HTRS. This can be validated by HTRS induced ‘shrinkage ratio of CDA-1400 °C
(0.5 v%). Instead, when 1400 °C<T<1700 °C, it is replaced by densification process. The
densification procedure is confirmed by increased bulk density (Poulk density (CDA-1400 °C)=2.28
geCm > <ppyik density (CDA-1700 °C)=3.31 gecm”, Table 3.2), increased HTRS resulted shrinkage
ratio of CDA-1700 °C (21 v%) and alumina grain size of CDA-1700 °C as shown in FE-SEM
images (Fig.3.2 (b) and (c)). More, HTRS attributes to the improved graphite orientation of NCN
(Ripic(CDA-1400 °C)=1.26>Rip1c(CDA-1700 °C)=0.35) in CA. According to these analysis
results, change of alumina green body during HTRS processing is proposed in Figure 3.2 (d).

Generally, for carbon-induced conductive composite, both electron and phonon transport results
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(a) a——CDA-1400°C
b——CDA-1700 °C
Graphite

Rip1g(CDA-1400 °C) =1.26

Ripyic(CDA-1700 °C)=035
Rypyq; (Graphite) =0.54

(d)
—Eonvening of binder Crystallization Graphitization of @)
Networks (BN) to carbon @, of carbon @ carbon

Stable NCN content

Av1580 cmr! (CDA-1400 °C)=80 =3» Av1580 cmr'! (CDA-1700 °C)=22

Binder NCN  Rppus(CDA-1400°C) = 1.26 =3 Rip16(CDA-1700°C) = 0.35
Netzvorks&BN) A
e Oas)
ALO, @g)@
v
AlLO, HTRS 1400 °C e aHTRS 1700 °C
@@ o@ e's
Green body i« ’l’ Q7 'l'
0 (CDA-1700 °C)=0.25 =»0 (CDA-1700 °C)=6.62
Coarsening process Densification process
Without shrinkage leaving micro-pores Increased Density and grains
1400 °C 1700 °C

Fig. 3.2. (a) Raman spectroscopy of CDA-1400 °C and CDA-1700 °C employing graphite as
standard reference; FE-SEM secondary electron image (SEI) images of (b) CDA-1400 °C and (c)
CDA-1700°C with high resolution and (d) Schematic illustration between densifying and
coarsening procedures micro-structure changes of CA via high temperature reductive sintering
(HTRS) resulting graphitization of binder networks (BN)
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[17,22]

Table 3.3. Electrical conductivity and graphitilization degree evaluations of NCN in

composites by Raman spectroscopy

Electrical Conductivity Surface Defects
Materials POW
(S*em™) (Rmac)
CDA-1400 °C 0.25 1.26 480
CDA-1700 °C 6.62 0.35 22
CPA-1700 °C 2.84 0.48 : 25

in the conductivity of materials. In our case, higher HTRS leads to the increased electrical
conductivity, which merits from the enhanced graphitilization degree of NCN.

3.3.1.2.Electromagnetic wave Absorption Evaluation

200 Microwave irradiation has
a CDA-1400 °C a T
b—— CDA-1700 °C rp— " attracted considerable attentions

180

160 in recent years as an

. environmental friendly process.

£ 1204 : . .

% - Es_pemally, developing 'varu.aus

g microwave absorbers with high

] effective and efficiency and low
o] cost plays an important role [24].
wl 0-Al,03 is comimonly regarded

T g T 2 T

0 100 200 300 | 400 500 as one of the lowest microwave

Iradiation time/ 3 i i
iation time/s dielectric loss materials among

all known ceramic crystal oxides,

ig.3.3. Tem -irradiation ti s Ui -
Fig.3.3. Te .perature 1r.rad1at10n time curves wilich is relied to Buite life
of CDA sintered atdifferent temperature

: time of thermal phonons [25].
(a) CDA-1400 °C and (b) CDA-1700 °C

However, as shown in Fig3.3,
both CDA-1400 °C and CDA-1700 °C display microwave absorptive behaviors under irradiating
at 750 W, which is attributed to the polarized NCN in CDA. And at the varied HTRS condition

of CDA with the same carbon content (0.7 wt%), the microwave-induced heat behaviors
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difference of them are resulted from different graphite orientation of NCN in CDA. Better
graphite orientation, better performances. Increased temperatures of monitored samples indicate
that microwave transparency of alumina was resolved.

It was noticed in the former section that the difference among the monitored samples with
varied microwave capacity was not only NCN graphitization, also porosity. Therefore, it is
plausible to inveatigate the effect of poroisty on property and microwave activity of CA.

3.3.2. Effect of Porosity
3.3.2.1. Physico-Chemical Analysis

Porosity of ceramic body is commonly analyzed according to Archimedes principle.
Mechanical forming at the assistance of surfacant (sodium polyoxyethylene Lauryl Ether Surfate)
induces high porosity of CPA-1700 °C up to 66.23 % as listed in Table 3.2. Contrast, that of
CDA-1700 °C is 12.37 % (which is attributed from HTRS).

) S T (b)

Fig.3.4. FE-SEM secondary electron image (SEI) low magnification images of (a) CPA-1700 °C
and (b) CDA-1700°C and compo high magnification images of (c) CPA-1700 °C and
(d) CPA-1700 °C
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As shown in Fig.3.4 (a), sizes of mechanically induced pores in CPA-1700 °C belong to
micrometers and crossed-linked pores permit high porosity of CPA-1700 °C. This was validated
by the open porosity analysis using Archimedes principle as shown in Table 3.2. Similarly, few
pores are observed in CDA-1700 °C (Fig.3.4 (b)). Micro-structure features of CDA-1700 °C and
CPA-1700 °C as shown in high resolution compo images (Fig.3.4 (c) and (d)), an observable
co-existence of alumina grains and carbon in composite forms is available.

o L 0,
Rypyi(CDA-1700 "C)=0.35 a CDA-1700 C

8 b —— CPA-1700 °C
RipyiG(CPA-1700 "C)0.48

T " T y T X T Y Y
1000 1200 1400 1600 1800 2000
Raman shift/em™

Fig.3.5. Raman spectroscopy of (a) CDA-1700 °C and (b) CPA-1700 °C

In this case, nano-carbon not only covers alumina grains surface but also connects alumina
grains acting as conductive bridges, which forms nano-carbon networks (NCN) in composite.
Especially, in CPA-1700 °C, more fiber-like NCN during alumina grains are available. Briefly,
carbon forms cross-connected 3-dimensional graphite sheet in CA.

Even though the only structure difference between CDA-1700 °C and CPA-1700 °C is
porosity, it is noticed that at the same HTRS condition, graphite orientation of NCN in CA is
varied as confirmed in Fig.3.5 and Table 3.3. Av;sgo s of CD_A and CPA with the same HTRS
condition (Av;sgoem (CDA-1700 °C)=22, Avsso an (CPA-1700 °C)=25) confirms the equivalent
integrity of six-member graphitic structure in composites, which results from the vibration of
carbon [21]. While, the enhanced surface defects of CPA than CDA (Ripac(CPA-1700 °C)=0.48>
Ripi(CPA-1700 °C)=0.35) benefits from either enhanced disorder or non I'-phonon. Good
orientations of NCN in these two specimens have been corrected by Av;sgo «m . Furthermore, it
was reported that, competing with other carbon forms with graphitic structure, the intensified D
band in carbon nanotubes (CNT) was attributed to double-resonance scattering-induced D band
which was most related to phonon process [26-27]. Herein, the increased defect concentration of
CPA-1700 °C is derived from intensified phonon process attributing to fiber-like NCN nets.
Comparing with CDA-1700 °C, increased surface defect of CPA-1700 °C (Ripac(CPA-1700°C)=
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0.48>Rinic(CDA-1700 °C)=0.35) attributes to the decreased conductivity of them (o cpa.1700
°c=6.62 Secm™> cpa.1700 °c=2.84 Secm™) [17,20].

3.3.2.2. Electromagnetic wave Absorption Evaluation

Even though a number of materials can be heated by electromagnetic wave at high
frequency, ceramic and carbon belonging to dielectric heating materials have the ability in
polarization and non-polarization at high frequency electric field or relaxation and resonance
process by altering magnetic field or conductivity paths [7-10]. Microwave-induced
performances of CDA-1700 °C and CPA-1700 °C by changing irradiating powers at 2.45 GHz
are confirmed by increased temperature curves of specimens as shown in Fig.3.6 (a) and (b).

250
2404 CDA-1700°C CPA-1700°C
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Fig. 3.6. Temperature-irradiation time curves of (a) CDA-1700 °C and (b) CPA-1700 °C
irradiating with different microwave energy; (c) comparison of CDA-1700 °C and CPA-1700 °C
irradiated at 750 W and (d) Absorptive efficiencies of CDA-1400 °C and CDA-1700 °C with
different irradiation powers
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Generally, with the same irradiation condition (such as irradiating at 750 W, Fig. 3.6 (c)),
microwave absorbability of CDA-1700 °C exhibits higher than that of CPA-1700 °C, which is
attributed to the enhanced absorptive efficiency of CDA-1700 °C as shown in Fig. 3.6 (d). It is
noticed that with different irradiation powers at 2.45 GHz, absorptive efficiency of CDA-1700
°C and CPA-1700 °C decrease with the increased irradiation energy and keep stable when
irradiation power is higher than 450 W. Electromagnetic wave absorptive behavior of CNT with
the same graphite structure indicates the length independency of “perfect” CNT and microwave
absorbability [9]. It has been confirmed that, in CDA with different HTRS condition, better NCN
orientation indicates the enhanced heat behavior. Then, proposing the same NCN graphite
orientation (because of the similar Avjsso ai” OF composites (Av;sgo cm'l(CDA-l-;TOO °C)=22,
Avissoem (CPA-1700 °C)=25)) in CDA and CPA at the same HTRS condition, it is concluded
that lower NCN amount resulting from high porosity of CPA up to 66.23 % attributes to the
weaker absorbability of CPA than CDA at the same HTRS condition. Herein, chemical inert and
microwave sensitive material CA-1700 °C with different forms (CDA-1700 °C and CPA-1700
°C) have been experimentally proven in this study.

3.3.3. Effect of nano-carbon networks (NCN) amount
3.3.3.1 Physico-Chemical Analysis

a. CPA 24
024b. PA /% 15
| e. DTA curve of CPA

0.0+

0.4

Weight loss/ wt%

-0.8 T v T Y T ¥ T v T
0 200 400 600 800 1000

Temperature/ °C

Fig.3.7. Thermal analyses of CPA with/without degreasing (a) TG curve of CPA-1700 °C in
oxygen atmosphere; (b) TG curve of PA-1700 °C in oxygen atmosphere and (c) DTA curve of
CPA-1700 °C in oxygen atmosphere
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Microwave absorptive ability of CA meriting from the polarization of NCN has been
confirmed in former sections. Both graphitic orientation and amount of NCN in composites
influence the absorbing performances.

The increased graphitic orientation of NCN (as proved by comparing CDA-1700 °C and
CDA-1400 °C) attributes to the enhanced absorbing behaviors. Wherein, it is necessary to
discuss the role of NCN amount in composite for their polarization performances. For comparing,

PA-1700 °C was employed. Then, two kinds of porous composites with varied carbon content
are available in this investigation namely PA-1700 °C (0.15 wt %) and CPA-1700 °C (0.72 wt %)
as shown in Fig. 3.7.

1 um
e =—————

Fig. 3.8. FE-SEM images of (a) CPA-1700 °C and (b) PA-1700 °C

Fig 3.8 (a) and (b) FE-SEM images support that the decreased BN in green body attributes
to the increased Al;O; grain size, which is in accordance with our proposal in Fig. 3.2 (d). Herein,
it is feasible to conclude that densification processing also can be accelerated by degreasing,
which can be proven by density analysis as displayed in Table 3.4. Furthermore, the varied
density and porosity of PA-1700 °C also verify the inhibition of BN for alumina grain growth
during HTRS.

Table 3.4. Density and porosity analysis results by Alchimedes principle

Bulk Apparent Real Open Closed Total

Materials Density Density Density Porosity Porosity Porosity
(gem’)  (gem®) (gemd) (%) (%) (%)
CPA-1700°C 132 3.65 3.91 63.85 238 66.23
PA-1700 °C 19] 2.45 3.88 22.04 28.67 50.71
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3.3.3.2. Electromagnetic Absorption Evaluation

As shown in Fig.3.9 (a), even though NCN content in PA-1700 °C is only 0.15 wt%,
microwave absorptive performance is as good as CPA-1700 °C. Perhaps its performance is not
directly determined by NCN amount. Then, the relationship between the monitored temperature
difference (AT=T-To, t(irradiation timey =540 s) and amount of NCN in investigated composites cubic
with dimension (10 mmx10 mmx10 mm) are investigated. These samples were irradiated at 750
W.

As displayed in Fig.3.9 (b), comparing with as-received Al;O3 powder, CA composites own
good microwave activity meriting from NCN polarization at microwave irradiation. By
comparing CDA-1700 °C, CPA-1700 °C and PA-1700 °C each other, it is facilitated to conclude
that these varied behaviors are determined by both NCN orientation and NCN amount.
Especially, the changed temperature difference ratio (AT(CDA-1700 °C)/AT(CPA-1700 Y,
AT(CDA-1700 °C)/AT(PA-1700 °C) and AT(CPA-1700 °C)/AT(PA-1700 °C)) of each two
samples are 1.330, 1.330 and 0.998, respectively. The calculated carbon contents of these three
pairs are 2, 6 and 3. While the graphitic orientation of them (Obtained from the detected surface
defects value from Raman spectroscopy) are 1.4, 1.14 and 0.8. While, the similar evaluation
results are available via Avysgoem Of composites, which is 1.13, 1.11 and 0.96 for the evaluation
pairs mentioned above. Then, based on various parameter proportions, it is facilitated to reach a
conclusion that microwave absorbability of specimens with the same size is relatated with the
graphitilization degree of NCN rather than NCN amount. Unvaried microwave performance of
CPA-1700°C and PA-1700 °C (Fig. 3.9 (b)) is a good proof of it.
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Fig.3.9. (a) Temperature-irradiation time curves of CPA-1700 °C and PA-1700 °C; (b)
Correlation plot between temperature difference and NCN Content in Al,03, CDA-1700 °C,
CPA-1700 °C and PA-1700 °C
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Fig. 3.10. (a) DSC analysis results of as-fabricated composites and (b) Calculated specific heat
capacity of composites

By monitoring the heat performances of CA as discussed above, it is reasonable to get a
conclusion that at the assistance of microwave irradiation, meriting from polarization of NCN in
CA with graphitic structure, good microwave capacity of CA is verified. This summary can be
confirmed by temperature-irradiation time curves as displayed in Fig. 3.3, Fig. 3.6 and Fig. 3.9
(a). More, before arriving a saturated temperature, all of them own temperature increasing slope,
which belongs to the feature of dielectric loss materials as microwave absorbent [27,28]. In Fig.
3.10, we are trying to explain this phenomenon via thermodynamic. Employing Al,0; (T2X05Q)
as reference, at the same experimental condition, the sharply decreased DSC curves of
CPA-1700 °C and PA-1700 °C as shown in Fig. 3.10 (a) is an effective proof for their thermal
capacity. And the released energy keeps stable with time increase. Simultaneously, the calculated
specific heat capacity (Cp (J/g-cm™)) of composites as displayed in Fig. 3.10 (b) make this
conclusion valid. Moreover, the decreased specific heat capacity of CA as increased temperature
also seems plausible to explain the feature detected temperature-irradiation time curve. For the
same amount of specimens, lower specific heat capacity equals to the increased temperature
change via microwave radiation.

3.3.4. CPA size dependence on Electromagnetic Absorption Evaluation

In order to investigate the size depency of CA microwave absorbability, as-fabricated
CPA-1700 °C was cut into cubes with different sizes as shown in Table 3.5.

All of these samples were irradiated at 750 W. Fig.3.11 (I) displays the temperature change
monitored by thermo-fiber. By which it is understood that temperature increases with sample
size, but not direct depends on that. This conclusion is supported by (II) detected by
thermocouple equipped in microwave apparatus.
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Table 3.5. Physical property of CPA cubes with different sizes

Materials Size (mm) Volume (¢cm™) Weight (g)
CPA-1 8.70%x9.99%8.68 0.75 2.10
CPA-2 22.72x9.99x8.70 1.98 3.94
CPA-3 22.03%x24.45%9 .45 5.09 11.32
CPA-4 24.66%33.69x9 31 7.74 19.44
CPA-5 23.11x24.55x21.94 12.45 2752
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Fig. 3.11. Temperature-irradiation time curves of CPA with different sizes (I) monitored by fiber
and (IT) monitored by thermal-couple

3.3.5. Application as Passive Heating Elements (PHEs)

Performance of passive heating elements (PHEs) was investigated by increased temperature
of non-polar solvent via microwave irradiation. Disadvantages of invasive heating methods
involve varied polarity of the heated solvent, contamination of reaction system etc.[28] As
reported in our studies, CA with two forms prepared by the combination of gel-casting and high
temperature reductive sintering at 1700 °C not only have good thermal and chemical stability in
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aggressive conditions [18,19], but also overcome the microwave transparency of a-Al;Os, which
permits CA-1700 °C as an ideal candidate for developing PHEs in microwave-assisted
experimental system.

In order to confirm the PHEs flexibilities, CA-1700 °C cubes (10 mm x 10 mm x 10 mm)
were put into 20 ml non-polarized solution liquid paraffin followed by microwave irradiation at
2.45 GHz with output power of 750 W. As shown in Fig. 3.12 (a), non-polar solvent without
CA-1700 °C cannot be heated at microwave irradiation at all and the slight temperature increase
is attributed to glass container. Contrast, liquid paraffins are rapidly heated to higher temperature
at the aids of microwave absorber CA-1700 °C (CDA-1700 °C and CPA-1700 °C). Even though
only 1 cm® of absorbers are employed in very short irradiation time, increased temperatures of
microwave transparent solvent support good PHEs performance of CA-1700 °C.

Furthermore, by comparing PHEs performances of CDA-1700 °C and CPA-1700 °C as
displayed in Fig.3.12 (a), in accordance with previous section, higher absorption of CDA-1700
°C attributes to higher monitored temperature. However, when the detected temperature is lower
than 40 °C, heating speed of CPA-1700 °C is faster than CDA-1700 °C (Fig.3.12 (b)). Meriting
from high porosity of CPA-1700 °C, increased contact surface between CPA-1700 °C and solvent
at the initial step and quicker thermal flow benefiting from high porosity attribute to this

behavior.
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Fig.3.12. Temperature-irradiation time curves of CDA-1700°C and CPA-1700°C for
investigating passive heating elements (PHEs) performances in liquid paraffin (a) Large-scale
investigation (b) Enlarged curves of circled part in (a)

By investigating the physico-chemical and electromagnetic wave absorptive property of
CDA-1700 °C and CPA-1700 °C, we can get understood that both electrical conductivity and
microwave capacity are influenced by NCN in CA. Good electrical conductivity merits from
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graphite orientations of NCN in CA. However, microwave absorbability is mainly related with
graphite orientation of NCN and porosity. This scheme is shown in Figure 3.13. Based on these
features, it is feasible to design other research direction.

Electrical Conductivity Microwave absorbability

3

& Orientation

A
Holding thermal by Al,05

O (cDA-1400 ° )< O (CPA-1700°C 93 grain networks (AGN)

<0 cpA-1700 °C) x
Amount

N AlLO, . l » A

Nano-carbon networks (NCN,

Polarization
by microwave

Fig. 3.13 Schematic diagram of relationship between electrically conductivity and thermal
conductivity for CA

3.4. Conclusions

Novel electromagnetic wave absorbability of CA-1700 °C with dense and porous two forms
(abbreviated as CDA-1700 °C and CPA-1700 °C) were confirmed in this chapter, by which
microwave transparence of alumina was effectively resolved. As confirmed by Characterization
results, NCN converted from well-gelled polymer binder networks (BN) was obtained by HTRS.
As-resulted NCN with graphitic structure in CA was responsible for good electrical conductivity
and microwave absorbing performance. By discussing the influence of HTRS temperature,
porosity and carbon amount, respectively, it is concluded that graphite orientation of NCN in
composites play the most important role. And absorptive behaviors change with size of irradiated
specimens. Furthermore, the investigated PHEs performances of CDA-1700 °C and CPA-1700
°C for microwave transparent non-polarized solvent liquid paraffin claim their potential

application as non-contacting heater.
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CHAPTER 4

STRUCTURAL MODIFICATION OF CONDUCTIVE POROUS ALUMINA
EMPLOYING CARBON NANOTUBES AND ELECTROMAGNETIC
WAVE ABSORABILITY INVESTIGATIONS

4.1 Introduction

In chapter 3, we have confirmed the good electromagnetic wave-induced heat performance
of CA. By discussing the influence of nano-carbon networks (NCN) graphitilization degree,
mechanical forming resulted high porosity and NCN amount, several useful conclusions are
listed as follows:

a). Nano-carbon networks (NCN) converted from well-gelled biner networks (BN) via
HTRS has graphitic electronic crystal structure and its microwave-induced heat performance can
be controlled by different HTRS temperature, which leads to the varied graphitilization degree of
NCN in CA.

b). NCN-induced Electrical conductivity and microwave-induced heat performance
increases with improved orientation.

It is noticed that in CA namely CDA and CPA (in this chapter CDA and CPA mean that
HTRS temperature is 1700 °C), highly graphitized NCN not only leads to the good
electrochemical performances as demonstrated in Chapter 2 [1-4], but also results in the good
electromagnetic wave absorbability as introduced in Chapter 3. Due to the more fiber-like NCN
in CPA, the increased non-I' phonon processing attributes to the increased surface defects than
CDA as supported by Raman spectra evaluation in Chapter 3. More, it was reported that phonon
determines the thermal behaviors of materials. Furthermore, for most of high porosity composite,
both non-conductivity and brittleness of ceramics has suspended their different potential
applications. So far, for reinforcement technology, incorporating components leading to the
increased fracture toughness are believed to be more effective methods than reducing critical
flaw size [5-10].

High-performance composites with good bending strength are always reinforced by
whiskers, polymers with high elastic modulus [11-12] and nanofibers with high long-diameters
ratio [6-8] etc. Carbon nanotubes (CNT), with high tensile strength ranging from 20-100 GPa
and 1 TPa as elastic modulus, is commonly used as reinforcement in brittle materials [8-13]. In
CNT-reinforced ceramic matrix composites, induced energy is absorbed by highly flexible elastic
nanotubes, which results in the increased strength of composites. In addition to the good
mechanical properties, CNT also possesses superior thermal and electrical properties. CNT has a
good thermal stability up to 750 °C in air and 2800 °C in vacuum [10]. As reported in references
[10-17], fracture toughness and strength of composites can be enhanced by incorporating with
CNT. And the involved fabrication technologies include hot press [10], spark plasma spray (SPS)
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[14], sol-gel [15] etc.

Although CNT is confirmed to be effective reinforcement for various matrices, materials
fabrication difficulties have limited the further research on this topic. Aqueous gelcasting is
commonly regarded as an effective way in shaping by chemical route [16]. Wet-technology with
sufficient mixing supplies opportunity for making uniformly dispersed ceramic and CNT slurry.
And the poor dispersibility of CNT in aqueous medium was solved by surface pre-treatment with
mixed concentrated acids, which is mainly attributed to the enhanced surface defects. Usually,
for CNT, two kinds of defects are available: (a). Instinctive defects resulted from the end caps of
fibers with high activity and sidewall defected sites, which involve pentagon-heptagon pairs
called Stone-wales defects, sp>-hybridized defects and vacancies in the lattice [17]. (b). Manually
induced defects by physical and chemical ways at the ends and sidewall of carbon nanotubes
(CNT). Therefore, taking these factors into consideration and comparing with non-covalent
functional methods with less destruction, covalent modification is believed to be much more
effective technique because of the higher degree of tunability of tubes through reactions onto
n-conjugated skeleton [18]. So far, universally used covalent reagents involve strong acids [19],
oxygen gas, K,Cr,07/H2804 [17] etc.

Herein, in this chapter we would like to introduce the effect of carbon nanotubes (CNT) on
conductive porous alumina composite namely CNT/CPA by the combination of gel-casting and
HTRS in Ar. In order to increase hydrophilic of as-received CNT from company, commonly
utilized mixed-acids (H2SO4HNO;=3:1, v/v) were employed and optimum pre-treating
condition in aqueous was concluded by comparing the influences of temperature and time.
Effects of CNT on microwave absorptive behaviors were investigated by increasing CNT
amount and degreasing of as-received green body. Furthermore, in order to well understand the
influence of filler graphitilization degree, carbon black (CB), highly graphitilized CNT (HGCNT)

were employed.

4.2 Experimental procedures
4.2.1 Experimental steps for preparing composite
4.2.1.1 Surface pre-treatment of as-received CNT

0.5 g of CNT supplied by showa denko (VGCF-X®) was added into 60 ml of mixed acids
(H,SO4/HNO;=3:1, v/v) and refluxed at 40 °C, 50 °C, 60 °C, 70 °C and 80 °C respectively for 6h
followed by thoroughly washing and drying at 60 °C in vacuum oven overnight to obtain the
optimum pre-treating temperature. Moreover, in order to gain the most suitable treating time at
optimum temperature, 2h, 4h, 6h, 7h and 8h also had been conducted.

4.2.1.2 Fabrication of CNT/CPA Composite

Table 4.1 shows the chemicals used for making CNT/alumina slurry. These chemicals were
directly used without any further purification processing.
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a). CNT/Alumina slurry Preparation and Gelcasting process

To prepare 1000 g of CNT/Alumina slurry, included steps are listed as follows:

® 1 g of pre-treated CNT and 150.5 g of distilled water were placed in ultrasonic bath at

room temperature for 20 min to form a stable black CNT suspension.

® Dispersant, monomer and cross-linker listed in Table 4.1 and CNT suspension were
well-mixed by ball-milling for 8h (milling ball is 800 g of AlOs with diameter of 5 mm),

This mixture was denoted as pre-mix solution.

Table 4.1. Chemicals used for making CNT/Alumina slurry

Chemicals Suppliers Function  Composition (w %)
CNT Showa Denko, Tokyo, Japan Filler 0.10
Alumina Powder
Showa Denko, Tokyo, Japan Powder 79.90
(AL 160SG-4, D5p=0.50 um.)
Distilled Water Nagoya Institute of Technology Solvent 15.05
Seruna D-305 Chuyo Yushi Co. LTD Dispersant 0.70
Methacrylamide Kanto Chemical Co. INC Monomer 3.20
N, N’-methyrenebrsacrylamide Kanto Chemical Co. INC Cross-linker 1.05
Pretreated CNT H,O
v Catalyst Initiator
Ultra-sonication
20 min
Castable slurry [€—] Surfactant
Monomer l
< Cross-linker ]
Mechanical
«—] Dispersant Casting
, }
Ball-milling 8 h Al,0, .
Gelling
Ball-milling Controlled drying
48 h
v v
. L ) Terna
Deforming Reductive sintering v
composite

Fig. 4.1. Processing flow sheet of CNT/CPA (CNT/NCN/Alumina) ternary composite
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800 g of alumina powder (AL 160SG-4, Ds;=0.50 um) was added into the pre-mixed
solution by three times. Gray CNT/Alumina slurry without bulky agglomeration can be
obtained after ball-milling for 48 h.

As-resulted CNT/Alumina slurry was firstly vacuum-pumped in ultra-sonication bath at
0 °C-2 °C to remove the trapped air bubbles without evaporation of water. Secondly,
slurries were treated with desired amount of surfactant (Latemul AD-25, 4pL/gram) and
mixed manually with a spoon under nitrogen atmosphere inside a glove box.

The surfactant treated slurry was subsequently added with initiator in 10 wt% solution
(Ammonium preoxodisufate, 8.24 pL per 1g of slurry) and catalyst (N,N,N’,N’-
Tetramethylenediamine, 1.36 pL per 1g of slurry), followed by mechanically'.forming for
3 min inside the nitrogen-filled glove box using hand mixer at full speed. The final
foamed slurry was poured into a Teflon mold and kept for one night to obtain the well
gelled green body.

b). Drying and Sintering schedule

450
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300+

Tempearture/°C

100

504

Fig. 4.2. Degreasing program for preparing PAand CNT-

The controlled humidity drying of well

250

200~

150 4

gelled green body was implemented in 4 days
from 90 wt% to 60 wt%, and was dried in

| . .
% vacuum at 150 °C until a constant weight was

achieved. This dried sample was reductive
sintered at 1700 °C for 2 h in argon, by which
a ternary (CNT-0.1wt%/NCN/Alumina (CNT-

8- Degreasing program 0.1 wt%-CPA)) composite was obtained.
S a0 40 e s 100 Amount of added CNT was 0.1 wt %. A detail
Time/min

of processing flow is shown in Fig. 4.1. For
0.3 wt%-PA comparing, binary composite CPA (NCN/
Alumina) was also prepared.

In order to investigate the role of CNT on physic-chemical property and absorptive

performance of composites, CNT/CPA composites with different CNT amount were prepared,
namely CNT-0.3 wt%-CPA and CNT-0.4 wt%-CPA. More, CNT-0.3 wt%-PA was also prepared
by degreasing firstly and followed by reductive sintering at the same condition with others. The

degreasing program is shown in Fig. 4.2.

Influence of filler graphitic orientation on monitored properties of composite was conducted

via different carbon forms with varied graphitization degree employing the same fabrication
method. These carbonaceous include carbon black (CB), highly graphitilized CNT (HGCNT).
As-resulted composite was denoted as HGCNT-0.1 wt%-CPA and CB-0.1 wt%-CPA.
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4.2.2. Electromagnetic wave absorbability measurement

CNT-0.1 wt%-CPA, CNT-0.3 wt%-CPA, CNT-0.4 wt%-CPA, CPA, HGCNT-0.1 wt%-
CPA and CB-0.1 wt%-CPA cubic (10 mmx10 mmx10 mm) were prepared for microwave
absorbability measurement. Double mode continuous microwave irradiation with different
energy 150 W, 450 W, 750 W and 1050 W were utilized to monitor the microwave absorbability
of detected materials on MWK-B-3.0 apparatus supplied by Takasago Industry Co., Ltd. This
equipment is consisted of a 2.45 GHz microwave magnetron.

4.2.3. Characterization
4.2.3.1. Functionalization of as-received CNT

Fourier Transform Infrared (FT-IR, FT/IR-6200, JASCO, Corp.) spectrometer was
employed to detect the surface change of CNT with/without pre-treatment. {-Potential analysis
and size distribution of CNT with/without pre-treatment measured by Zetasizer Nano Series
(Malvern Instrument Ltd.) were employed to monitor the effect of treating conditions and to
investigate the chemical functional modification route. Crystal structure of sample was
characterized by Raman spectroscopy (NRS-3100, JASCO, Corp.) and X-ray diffraction (XRD,
RINT, Rigaku, Japan, CuKa, 40keV, 20mA)

0.03 mg/ml of black CNT aqueous solutions with/without treatment were prepared for (-
Potential and size-distribution measurement. These solutions were centrifuged at 15,000 rpm for
3h followed by decanting the brown transparent supernatant into small glass bottle with caps.
Then as-resulted solutions were utilized to evaluate (-potential and size distribution after
adjusting pH value by NaOH and HCIl.

4.2.3.2. Characterization of CNT/CPA Composite

Structures of the composites were observed by field-emission scanning electron microscopy
(FE-SEM, JEOL, JSM7600R). The electronic crystal structure of carbon was monitored by
Raman spectroscopy (NRS-3100, JASCO, Corp.). Body density and apparent porosity of
composites were measured according to Archimedes principle (SGM-300 P, Shimadzu Corp.)
equipped with meter balance (AEG-320, Shimadzu Corp.). Mechanical behaviors were examined
using a three-point bending technique (AGS-G, Shimadzu Corp., span=20 mm, cross head speed
=0.5mm/min). And the tested samples were prepared by cutting sintered bulk sample into desired
dimension (40mmx4mmx>3mm) using diamond blade. On average, three measurements were
conducted for each sample and at least three specimens were utilized for density and mechanical
strength evaluations. 4-Probe method was utilized to get electrical conductivities of composites.
X-ray diffraction (XRD, RINT, Rigaku, Japan, CuKa, 40keV, 20mA) and TG/DTA (TG 8120,
Rigaku Thermo Plus, Japan, 20 mg of crushed sample powder) were also employed. '
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4.3. Results and Discussion
4.3.1 Surface pre-treatment of as-received CNT

Two impact factors (time and temperature) are briefly discussed in this study. CNT-A-I
°C-6h means that CNT is treated at different temperature for 6h (I means 40 °C, 50 °C, 60 °C, 70
°C and 80 °C). CNT-A-60 °C-II h means that CNT is covalently modified at 60 °C with different
time (I means 2h, 4h, 6h, 7h and 8h).

Strong acids are widely regarded as an efficient way to purify and shorten as-produced CNT
[20-23]. Increased solubility of treated CNT is mainly attributed to the increased amount of
functional groups at active sites of CNT. It is believed that stability of CNT aqueous is relative to
electrostatic interactions [24-25]. (-Potential result of CNT as a function of pH with different
treating temperature and time are shown in Fig. 4.3 and Fig. 4.4. Isoelectric point (IEP) of
as-received CNT is around pH=4.27 and poor solubility is confirmed (-15 mV<C-potential<t+15
mYV), which is attributed to the strong Van Der Waals (VDW) attraction forces between CNT and
water [26].

0 an a—s—CNT . a —a— CNT-A-60"C-2h
" b * CNT-A-40°C-6h ol ? b = CNT-A-60°C4h
El e \ ¢ = CNT-A-50°C-6h \ ¢ = CNT-A-60°C-6h
. \ d = CNT-A-60°C-6h B d = CNT-A-60°C-Th
> .10 o \ i 5 20 N s I
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& -0 . e/ Wy 2 1 o f b
% L] I - \\ ‘ E 2 % -40 71 -
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Fig. 4.3. (-potential of (a) CNT, (b) CNT-A-40 Fig. 4.4. (-potential of (a) CNT-A-60 °C-2h,
°C -6h, (c) CNT-A-50°C -6h, (d) CNT-A-60°C  (b) CNT-A-60 °C -4h, (c) CNT-A-60°C -6h, (d)
-6h, (e) CNT-A-70°C -6h and (f) CNT-A-80°C CNT-A-60°C -7h and (e) CNT-A-60 °C -8h

-6h as a function of pH in aqueous solutions as a function of pH in aqueous solutions

As shown in Fig. 4.5, as-received VGCF can be shortened by mixed acids by changing
treating conditions. Size decreases with increased treating temperature and time. Furthermore,
when pre-treatment time is 8h, some aggregation blocks seem formed, which is promoted by Van
Der Waals interactions among shortened CNT 1-dimensional nanoparticles. This result is in
agreement with the studies of formers [28-29]. As shown in Fig. 4.6, size evaluation of
CNT-A-60 °C-6h confirms stability of as-prepared CNT in aqueous solution.
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acid-treatment (a) effect of pre-treating

temperature and (b) effect of pre-treating time
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Fig. 4.6. Size distribution of CNT-A-60 °C-6 h

as a function of pH in aqueous solutions
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Fig. 4.7. Raman spectroscopy of acid-treated CNT by investigating (a) the effect of
pre-treating temperature and (b) the effect of pre-treating time
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In Fig. 4.7, Raman spectroscopy results have been shown to detect the effects of
pre-treating temperature and time, which can be effectively reflected by intensity ratio of D band
and G band. By acid-treatment, at the initial step (when pre-treating temperature is lower than 60
°C and time is less than 6h at 60 °C), the increased intensity ratio of D band and G band is mainly
attributed to the instinctive and induced surface defects (byproducts, catalyst [29-31] and band
destruction induced defects). Moreover, when treating temperature is higher than 60 °C or
treating time is longer than 6 h, varied surface defects are probably due to the surface erosion
resulting the bared new inner layer of CNT. This is also a reasonable reply to why lower
{-potentials are obtained with higher temperature and longer time.

As confirmed by negative forward increase of {-potential as changing treating conditions, it
is no doubt that negative functional groups have been grafted onto the surface of CNT. As
shown in Fig. 4.8, detected absorbent band at 1574 cm™ of as-received CNT is assigned to be
carbon skeleton [32]. The appearance of 3461 cm™ and 1084 cm™ are reflected by the stretching
vibration of —OH and C-O-C group, which mean that negative hydrophilic groups have been
introduced onto the surface of CNT.
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Fig.4.8. FT-IR spectrum of (a) CNT and (b) CNT-A-60 “C-6h
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Although we have tried to conduct surface modification of CNT by concentrated acids, it is
also interested whether the bone structure of CNT is destructed by the aggressive condition or
not. XRD patterns of CNT with different pre-treating conditions as shown in Fig. 4.9 (a) confirm
that bone graphitic structure of CNT is maintained. And the dispersibility of treated CNT (which
can stand longer than 3 month) is increased by comparing with as-received CNT (which only
undergo several hours) as shown in Fig. 4.9 (b).
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Fig.4.9. (a) XRD patterns of pre-treated CNT (b) photography of pre-treated CNT in water (3

month)
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Fig.4.10. TG/DTA analysis curves of CNT with different conditions (a) effect of pre-treating
temperature and (b) effect of pre-treating time
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Furthermore, it has been proved in former references [20-22], surface covalent modification
accelerates not only grafting functional groups leading increased workability, but also
purification process of as-received CNT. The same conclusion also was obtained in this study as
shown in Fig. 4.10. And the increased carbon content merits from pre-treatment.

Based on the above introduction, we can summarize that by mixed acids treatment, negative
functional groups can be grafted onto the surface of CNT and the optimum pre-treating condition
is 60 °C for 6h, which can be supported by the highest and most stable {-potential compared with
other conditions and increased surface defects detected by Raman spectroscopy. In this case,
chemical functionalization route of CNT has been proposed as shown in Fig. 4.11. By
concentrated acids treatment, CNT is not only grafted by functional groups and purified, but also
become thinner and shorter till total destruction as supported by characterization results. When
treating temperature is lower than 60 °C or time is less than 6h at 60 °C, increased stabilities of
CNT in water is mainly attributed to the increased surface negative charges and defects induced
by functional groups. The contrast trendy with more aggressive conditions is resulted from the
naked layer. Furthermore, darkest solution color of treated CNT (pictures of potential
measurement samples in Fig. 4.11) at 60 °C for 6h also verifies its best dispersibility.

CNT-A-60°C-6h upper layer of original 0.03 mg/ml solution with change of pH

As-received CNT
W o
Instinctive defects 3 Functional groups

Surface modification

Pre-treated CNT with different
temperature for 6h at pH=7

Pre-treated CNT with

Room ~50 °C N-N M 0~ah different time at 60°CpH=7
-

Fig.4.11. The proposed chemical functional routes of CNT by acid-treatment
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4.3.2. Fabrication of CNT-0.1 wt%-CPA composite
4.3.2.1.Physico-chemical property of CNT-0.1 wt%-CPA

Table 4.2. Properties of sintered composites at 1700 °C in argon

Bulk
Apparent Real density Open Closed 5
Samples Density . . Porosity
density (zecm™)  (gecm™) porosity povusity (%)
(gocm™) (%) (%)
CPA 1.32 3.65 391 63.85 2.38 66.23
CNT-0.1 wt%-CPA 1.44 3.78 3.90 61.88 1.24 63.13

As shown in Table 4.2, although only 0.1 wt% of pre-treated CNT was added, comparing
with CPA, porosity and bulk density of fabricated ternary composite have a slight change, which
implies that CNT is uniformly dispersed in ceramic matrix [33-35]. All of these tests were
repeated at least three times.

Fig. 4.12. FE-SEM images of (a) CNT-0.1 wt%-CPA (CNT/NCN/Alumina) ternary composite
(b) CPA (NCN/Alumina) binary composite with low magnification

In Fig. 4.12, it is observed that inner-connected alumina grains form porous ceramic bone
body and reductive sintering-converted carbon co-exists with ceramic grains leaving the unique
carbon/Alumina structure. Comparing with CPA (Fig. 4.12 (b)), CNT-reinforced ternary
composite (Fig. 4.12 (a)) occupies an increased alumina grain size in sintered body.

As introduced by Rahaman group [35], during ceramic sintering, to reduce surface free
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energy, either densification or coarsening of the microstructure can be accomplished. Menchavez
et al. [36-37] also reported the hinder of binder networks (BN) for grain growth in CPA.
Therefore, the increased alumina grain in ternary composite is attributed to CNT which results in
the thinner graphitized carbon coating on the surface of alumina particles.

Al,O3¢ NN

Fig. 4.13. FE-SEM images of (a) CPA (NCN/alumina), (b)-(e) CNT-0.1 wt%-CPA
(CNT/NCN/alumina), (f) as-received CNT and (g) Al;O3/CNT with high magnification

-

As displayed in Fig. 4.13 (a), in CPA (NCN/alumina) composite, high temperature sintering
of gel-casted body in novel atmosphere results in the inner-connected nano-carbon paths, which
not only cover alumina grains, but also exist among alumina grains boundaries forming
three-dimensional conductive bridges. These three-dimensional nano-carbon networks can not
only undergo aggressive conditions, but also supply various potential applications in many fields,
such as electrodes or catalysts [3-4].

In Fig. 4.13 (b)-(e), high magnification images of ternary composite are displayed to
investigate the micro-structure of composite. Various co-existing ways of main components can
be verified by these images. CNT acts as bridge (Fig. 4.13 (b)) and NCN is adhered onto the
surface and boundaries of CNT and alumina grains. In Fig. 4.13 (¢), alumina grain is surrounded
by inner-crossed CNT mesh, which indicates good affinity of CNT and alumina. In Fig. 4.13 (d)
and (e), conductive networks are formed by cross-linked CNT and NCN. This result is in
accordance with the reported studies in other groups using CNT as reinforcing material [8,15,38]
by different technologies.

Increased diameter of CNT in CNT-0.1 wt%-CPA is observed (as shown in Fig. 4.12
(b)-(e)) by comparing with as-received CNT in Fig. 4.13 (f), which results from attachment of
Al,O; particles during making CNT/alumina slurry by electrostatic interaction. This conclusion
is confirmed by FE-SEM image and X-ray diffraction Pattern (XRD, UltimalV R285-BS, Rigaku,

Japan) of Al;O3/CNT as shown in Fig. 4.13 (g) and Fig. 4.14 (I), respectively. (Al;03/CNT
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composite was prepared by only injecting ultra-sonicated 1 g/L of AlLO; dispersions into
pre-treated 0.5 g/L of CNT aqueous solution without adding any other chemicals followed by
aggressive stirring for 24 h and vacuum drying at 60 °C). The morphology features of them were
also supported by STEM images as shown in Fig. 4.14 (I, IMT), which has the same magnification.
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Fig. 4.14. (I) X-ray diffraction Patterns of (a) CNT and (b) ALLOs/CNT and STEM

images of (II) CNT and (1IT) Al,Os/CNT
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Fig. 4.15. Proposed snapshots of co-existence way of components in ternary

In Fig. 4.15, co-existence style of components in ternary composite is proposed based on
morphology observation results in Fig. 4.13 and Fig. 4.14 (IT) and (III). Generally, it is noticed
that three main components in ternary composite (CNT covered with alumina nanoparticles
(named as Al,03/CNT), reductive sintering converted NCN and alumina grains (abbreviated as
alumina)) co-exist in four different situations: (a) Al,03/CNT-alumina co-junction (Fig. 4.15 (a)),
(b) ALO3/CNT-NCN co-junction (Fig. 4.15 (b) and (¢)), (c) AlLLOs/CNT-alumina-NCN (Fig. 4.15
(d)) and (d) ALOs;/CNT mesh between alumina boundaries (Fig. 4.15 (e)). The cross-linked
micro-structure of as-prepared composite permits the enhanced contact between insulator
alumina and conductor carbon, which indicates the possibile of varied property.
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Fig. 4.16. Raman spectroscopy of (a) CNT (b) CNT-1700 °C
(c) CPA (NCN/Alumina) and (d) CNT-0.1 wt%-CPA

Raman spectroscopy, which is universally regarded as an effective characterization method
especially for different carbonaceous forms, was employed to detect the variation of carbon in
monitored composites. As introduced in references [24,30-3:1,39-41], surface defects induced D
band, around 1350 cm™ and C-C stretch modes at 1570 cm™ identified to G band are employed
to investigate the electronic crystal structure of carbon forms with graphitic structure. As shown
in Fig. 4.16, comparing with CNT, CPA (NCN/alumina) and CNT-0.1wt%-CPA (CNT/NCN/
alumina) have higher graphitization degree, which is confirmed by the increased G band
intensities (Fig. 4.16 (a), (c) and (d)) and the decreased half band width of G band (A v 1s80) and
surface defects as listed in Table 4.3. Surface defects of CNT, CNT-0.1wt%-CPA and CPA
calculated from D band and G band intensity ratio (Ip/Ig) are 1.59, 0.59 and 0.48, respectively.
Comparing with CPA (NCN/Alumina), the increased defect of ternary composite is attributed to
the added CNT. And in order to investigate the effect of reductive sintering for CNT at 1700 °C
in Ar, as-received CNT from company was also sintered at the same condition with composites,
as-resulted CNT was named as CNT-1700 °C. By comparing CNT and CNT-1700 °C as shown in
Fig. 4.16 (a) and (b), it is noticed that both increased typical graphitic structure peaks and
decreased surface defect of CNT-1700 °C (IDflg(CNT-l700°C)=b.98<ID/10(CNT)=] .59) confirm
the further graphitization of CNT during reductive sintering instead of destruction, which implies
the good thermal stability of CNT at high temperature. And the same conclusion was reported by
Fan et al. [10].

From the former analysis, it is noticed that thermal stability of CNT at high temperature
reductive sintering (HTRS) plays an important role for making composite. Raman spectroscopy
as shown in Fig. 4.16 supports its stability in novel atmosphere. By HTRS, graphitization degree
of CNT can be accelerated as proved by decreased surface defects. Fig. 4.17 claims that by
HTRS, carbon content decreases from 89 wt% to 82 wt% without bone structure destruction.
This conclusion can be confirmed by the increased pyrolysis temperature of CNT-1700 °C as
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shown in Fig. 4.17 (a) and (b), which indicates the increased crystallization of carbon. This is in

accordance with Raman spectroscopy evaluation result.
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Fig.4.17. (a) Thermogravimetry (TG) curves and (b) DTA curves of samples in oxygen

Structure stability of CNT
has  been confirmed by
monitored XRD patterns as
shown in Fig. 3.18. Alongside
the diffraction pattern of
as-received CNT and CNT-1700
°C, diffraction peak around 25°
is assigned to graphite (002)
peak [42]. Appearance of this
peak indicates the graphite sheet
crystal structure of CNT. And it
is noticed that even though it is
thermal  treated at  high

atmosphere

a As-received CNT

1lD 20 30'4r0'50 60'70'BDI90 100
Two theta (%)
Fig.4.18. XRD pattem of CNT-1700 °C and as-received CNT

temperature up to 1700 °C, the bone structure of CNT is remained implying the good thermal

stability of CNT in novel atmosphere, the same conclusion is arrived in other group [10].

Fiber-formed CNT is a good candidate for degradation of brittleness cracks resulting
increased mechanical strength [34,35,38]. We have reported flexural strength of CPA (20 to 23
MPa) measured by three-point bending technique [36-37]. By the same technique, as-fabricated
ternary composite CNT-0.1wt%-CPA is 38 MPa, 1.9 times as much as that of CPA. For this high
bulk porosity ceramics (as shown in Table 4.2), CNT effectively increases the flexural strength

by acting as bridge or mesh as confirmed in Fig. 4.13. In ceramic-based composites, Du et al.
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[43], Javey et al. [44-45] have reported that the added CNT can increase strength by absorbing
the strain energy. In our study, the same principle applies.

a —s— CPA (NCN/Alumina)
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Fig. 4.19. Diagram of electrically Fig. 4.20. Potential-current curves of
conductivity measurement by (a) CPA (NCN/Alumina) and (b)

four-probe method CNT-0.1 wt%-CPA

Four-probe method electrical conductivity measurement (Fig. 4.19) result is $hown in Fig.
4.20. Both two composites show an omhic behavior curves. Good contacts between electrodes
and samples are confirmed by linear relationship of voltage and current. It is understood that a
decrease of electrically conductivity of CNT-0.1 wt%-CPA by comparing with CPA. Although
many researchers have devoted to exploring electrical conductive ceramics by doping CNT with
different methods so far, no sensible contribution can be observed, which is in agreement with
the reported result by Tatami et al. [46]. Isotropic electrically conductivity (o) of CNT/
graphitized carbon/alumina decreases from that of CPA (2.18 S*cm) to 0.08 Secm. For this
behavior, as we have known, both carbon amount and carbon graphitization degree result in
electrical conductivity. Even though only 1 gram of pre-treate& CNT has been employed to
reinforce CPA, increased suspended conductive net-paths in composite resulting from CNT is
responsible for this behavior.

In order to explain this performance, weight loss of green bodies and sintered bodies have
been conducted. However, because it is too difficult to detect the existence of CNT in ternary
composite with little content, CNTs-0.3 wt %-CPA green body was employed. As shown in Fig.
421, CNT pyrolysis temperature is around 500 °C-600 °C and polymer pyrolysize around 300
°C-450 °C, however, CNT has no obvious contribution to weight loss of specimens. As shown in
Fig. 4.22, carbon content in CNT/CPA and CPA is 0.75 wt % and 0.71 wt %, respectively.
Furthermore, it is noticed that CNT attributes to different carbon content in different layers of
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CNT/CPA specimens as displayed in Fig. 4.22, which implies that CNT moved to upper surface
of green body during gel-casting. One cut specimen was divided into three layers for this
investigation as shown in Fig. 4.23.
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Fig. 4.21. (a) TG and (b) DTA analysis results conducted in oxygen atmosphere
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Fig. 4.22. TG analysis of (I) (a) CPA and (b) CNT-0.1 wt%-CPA and (IT) (a) CNT-0.1
wt%-CPA middle, (b) CNT-0.1 wt%-CPA above layer and (c) CNT-0.1 wt%-CPA below
layer conducted in oxygen atmosphere

The varied CNT amount in different part and weaker graphitization degree of carbon
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(CNT/NCN/Alumina) by comparing with commonly utilized CPA. More, CNT-induced
increased grain size of ALO; leads to the interrupted carbon networks, which permits the
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decreased electrical conductivity.

a . CNT-0.1wt%-CPA . Above Layer

CNT-0.1wt%-CPA Ijl> . CNT-0.1wt%-CPA . Middle Layer
g . CNT-0.1wt%-CPA . Below Layer

Fig. 4.23. Proposed CNT-0.1 wt%-CPA samples preparation for TG/DTA analysis

4.3.2.2 Electromagnetic wave absorbability of CNT-0.1 wt%-CPA ternary composite
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Fig. 4.24. Temperature-irradiation time curves of CNT-0.1 wt%-CPA irradiated with various
output energy by comparing with CPA



In chapter 3, it had been confirmed that CPA owns good electromagnetic wave absorbability,
which not only overcomes microwave transparency of Al,Os;, but also announces a novel
microwave absorbent in materials fields as electromagnetic absorber. It was understood that
absorbability of CPA merited from the polarization of NCN which has graphitic electronic
crystal structure as confirmed in Fig. 3.5. In this chapter, microwave-induced heat behavior of
CNT modified composite CNT-0.1wt%-CPA (namely CNT/NCN/Alumina) was reported. As
shown in Fig. 4.24, electromagnetic wave absorbability of CNT/CPA was detected. By
comparing with CPA, it is noticed that CNT-0.1 wt%-CPA has higher absorbability than CPA at
the same irradiation powers, which means that CNT resulted absorbability is not directly related
with graphitization degree of carbon in this ternary composite. As introduced by Mao et al., [47],
microwave absorbability is not only related with electron but also phonon. The increased phonon
intensity induced by CNT attributes to this performance as confirmed by the increased surface
defects in Table 4.3. More, Vazquez et al. [48] reported that CNT with higher impurities owns
stronger absorptions than ‘perfect’ one benefiting from impurities-induced localized superheating
and heating performance of CNT is little related with its length. In this study, the same principle
applies as confirmed by Raman evaluation in Fig. 4.16. In a word, the intensified phonon
accelerates increased D intensity leaving higher heating performances [50].

Briefly, there are three factors involved for influencing microwave absorbing ability,
namely irradiation power, filler carbon amount and graphitic orientation. Herein, effect of
irradiation power was investigated by calculating the increased temperature via certain
irradiation time (AT=TTo, t(imadiationtimey=200 s). Fig. 4.25 (a) displays the relationship between
increased temperature difference and irradiation power of CNT-0.1 wt%-CPA. It is noticed that
the temperature difference is direct proportional to irradiating power. And the linear fit of them is
y=0.14x+21.7 (y means temperature difference whose unit is °C and x means irradiation power
whose unit is W), which means that microwave absorbability of tested sample increases with
irradiation power. Similar situation can be arrived for CPA (Fig. 4.25 (b)) and the fit linear-ship
of CPA is y=0.13x+3.44.
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Fig. 4.25. Temperature difference (T2¢-To)-irradiation power of (a) CNT-0.1 wt%-CPA and (b) CPA
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4.3.3. Effect of CNT amount
4.3.3. 1.Physico-chemical property of CNT/CPA with varied CNT amount

" CNT-0.1

—C—

CNT-0.3 wi%-CPA |

Fig.4.26. FE-SEM images of (a) CPA, (b) CNT-0.1 wt%-CPA, (c) CNT-0.3 wt%-CPA and (d)
CNT-0.4 wt%-CPA

Fig.4.26 uncovers the effect of CNT amount on micro-structure of composites. It is
understood that addition of CNT attributes to the increased alumina grain sizes comparing
CNT-0.1 wt%-CPA, CNT-0.3 wt%-CPA and CNT-0.4 wt%-CPA with CPA. Similar with CNT-0.1
wt%-CPA, the increased ceramic grain size is attributed to the decreased binder networks (BN)
on the surface of Al,O3 grains, which leads to the decreased hinder effect on grain growth. More,
it is necessary to claim that the maximum CNT in 1000 g alumina slurry is 0.4wt %. And as
shown in Fig. 4.26, it is noticed that much more CNT appears on the surface of Al,O3 grains as
increased CNT additive amount [49].

Fig. 4.27 confirms that no contribution of CNT on carbon amount in composites. Generally,
carbon in composite is around 0.75 wt%. More, comparing with CPA, the increased hydrolysis
temperature of CNT-added composites as displayed in Fig.4.27 (b) is attributed to CNT, which
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Fig. 4.27. (I) TG and (II) DTA analysis results conducted in oxygen atmosphere

Table 4.4. Density and porosity analysis results by Archimedes method

Apparent Real Open Close Total
Bulk Density
Materials Density Density Porosity Porosity Porosity
(grem”)
(geem™) (grem™) (%) (%) (%)
CPA 1.32 3.65 3.91 63.85 2.38 66.23
CNT-0.1 wt%-CPA 1.44 3.78 3.90 61.89 1.24 63.13
CNT-0.3 wt%-CPA 1.32 3.76 3.88 64.97 1.05 66.02
CNT-0.4 wt%-CPA 1.36 3.85 3.88 64.64 0.28 64.92

can be verified by as-received CNT and CNT-1700 °C DTA analysis as shown in Fig 4. 27.

Table 4.4 clarifies that CNT mainly influences apparent density of sintered body and results
in the decreased close porosity, which is a good proof of densification process during HTRS. As
supported by Fig.4.26, CNT attributs to the increased alumina grains leading to apparent density
growth.

In order to investigate the effect of CNT on as-resulted composites, green body of CNT-0.3
wt%-CPA was firstly degreased at 400 °C for 10 h (Experimental program setting is shown in Fig.
4.2)) and followed by HTRS at 1700 °C for 2 h. Because the well gelled polymer networks can
be consumed around 450 °C (Fig. 4.21), while CNT was pyrolysized around 550 °C. Therefore,
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as shown in Fig. 4.28 (a), it is understood that carbon content in PA is around 0.15 wt%, but the
carbon content of CNT-0.3 wt%-PA is about 0.31 wt%. The detected carbon content in degreased
specimens implies that it is difficult to thoroughly remove gel networks by thermal treating in
oxygen atmosphere. More, comparing with CPA, the increased carbon consumptive temperature
in degreased samples (PA and CNT-0.3 wt%-PA) indicates the improved crystallization degree of
carbon in composites, which benefits from the added CNT with high graphitilization degree and
tube-like form. Furthermore, comparing with CNT and CNT-1700 °C DTA curves as shown in
Fig. 4.28 (b), not only graphitic structure of carbon in composites are proven by exothermic peak
around 600 °C, also increased crystal structure of carbon meriting from CNT is concluded. This
summary is proven by high-temperature shift of different composites as displayed in TG/DTA
analysis results in Fig. 4.28. ;
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Fig.4.28. (a) TG and (b) DTA analysis results of degreased composites conducted in
oxygen atmosphere

Then, it is necessary to investigate the effect of carbon structure in degreased specimens. As
shown in Fig. 4.29, appearance of D band and G band proves the graphitic structure of carbon in
PA and CNT-0.3 wt%-PA. This is attributed to non-thoroughly removed NCN by thermal
pre-treating as confirmed by TG/DTA analysis (Fig. 4.28). Furthermore, even though the
maintained PA and CNT-0.3 wt%-PA ash after TG analysis were employed to make Raman
spectroscopy evaluation, graphitic typical peaks (D band and G band) implies the still existence
of carbon in ash, by which it is feasible to get a conclusion that it is impossible to totally remove
the carbon in composites. While even though it is impossible to totally degreasing only by
thermal treating in air, as-prepared composites are useful for investigation effect of carbon

amount on physic-chemical property and microwave absorptive performance.
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Fig. 4.29. Raman spectroscopy of (a) CNT; (b) PA; (c) , ]
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degreasing samples each other,

Fig. 4.30. FE-SEM images of (a) CPA; (b) CNT-0.3 wt%-CPA; (c) PA and (d) CNT-0.3
' wt%-PA
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the decreased amount of binder networks (BN) permits to the increased alumina grain size [48],

which is consist with Fig.4.26.
4.3.3.2. Electromagnetic wave absorbability of CNT/CPA with varied CNT amount

As confirmed in 4.3.3.1, it is impossible to thoroughly remove the NCN in gel-casted
bodies by thermal-treatment and HTRS. However, it supplies some useful information about
microwave activities comparing them each other.

Influence of increased CNT amount for ternary composites is analyzed by Fig. 4.31. All of
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Fig. 4.31. Temperature-irradiation time curves  Fig. 4.32. Correlation plot among half width of

of (a) CNT/CPA (CNT-0.1 wt%-CPA), G band in raman spectroscopy, CNT amount in
(b) CNT-0.3 wt%-CPA and (c) CNT-0.4 ternary composite and temperature increasing
wit%-CPA speed (vt (°C/s))

these samples were irradiated at 750 W. As shown in Fié. 431, comparing CNT/CPA
(CNT-0.1wt%-CPA), CNT-0.3 wt%-CPA and CNT-0.4 wt%-CPA each other, it is accessible to
get a conclusion that microwave absorbability increases with added CNT amount. However, for
this investigation, the maximum amount of added CNT is 4g per 1000g CNT/Alumina slurry. At
the same irradiation power 750 W at 2.45 GHz, from initial temperature to 100 °C, linear-ship
between temperature and irradiation time can be arrived. And the vr (°C/s) (Temperature
increasing speed of irradiated specimens) of detected samples are listed in Table 4.5.

In chapter 3, we have confirmed that the microwave-induced heat performances are mainly
affected by NCN graphitization degree, which can be evaluated by half width of G band
(Avysgo/em™) and surface defects obtained from Raman spectroscopy. In Fig. 4.32, relationship
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between carbon orientation, CNT amount and microwave-induced thermal properties of detected
specimens has been discussed. CNT-induced graphite orientation decreases with CNT amount.
Insteadly, microwave irradiated capacity of composites increase with accelerated CNT mass in
ternary composite.

Table 4.5. Physical property of CNT/CPA with different CNT amount

Materials vr (°C/s)
CNT-0.1 wt%-CPA 1.25
CNT-0.3 wt%-CPA 1.26
CNT-0.4 wt%-CPA 2.06

ur €C/s): Temperature increasing speed of irradiated specimens at 2.45 GHz 750 W

Even though it is impossible to remove all of the NCN in CPA, it is expected to discuss the
role of CNT in ternary composite for microwave-related heat performance. In Figure 4.33,
microwave performance of PA is as good as CPA except for the initial increasing step. When
irradiating time is longer than 530 s, the same temperature is arrived. Comparing CPA, PA,
CNT-0.1wt%-CPA, CNT-0.3wt%-CPA and CNT-0.3 wt%-PA, absorptive behaviors are little
direct relative with carbon amount (NCN for CPA and PA, NCN+CNT for CNT-0.1 wt%-CPA
and CNT-0.3 wt%-PA). This conclusion is in agreement with chapter 3 discussion results.
Simultaneously, the same microwave performance of CNT-0.3 wt%-PA and CPA is observed.

Table 4.6. Physical property of evaluated samples

Materials C (mg/mm°) AT (T490-Tp)/°C Size (mm) Avu1580cm™ Rinc
R : § - S TEE e
CPA 0.009 110 9.03x9.19x10.19 25 0.48
PA 0.003 100 9.52x10,52x10.08 23 0.30
CNT-0.1 wt%-CPA 0.012 139 11.03x8.46x8.06 27 0.58
CNT-0.3 wi%-CPA 0.009 159 11.61x9.60x9.27 30 0.91
CNT-0.3 wt%-PA 0.004 107 10.36x10.61x9.44 26 0.89
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Fig.4.33. Temperature-irradiation time curves  Fig.4.34. Correction of Increased Temperature
of (a) CPA, (b) PA, (c) CNT-0.1 wt%-CPA, (d) (T400s-To) and carbon amount
CNT-0.3 wt%-CPA and (e) CNT-0.3 wt%-PA

Table 4.6 displays the physico-chemical property of CA irradiating with 750 W at 2.45 GHz.
It is noticed that several factors are involved for detected absorbents, namely, carbon mount,
carbon graphitic orientation, CNT amount etc., which are discussed as follows:

a) Effect of carbon amount

As shown in Fig. 4.34, the relationship between increased temperature (AT=T-T, t (imadiation
time)=400 s) and amount of carbon in investigated composites cubic with dimension (10 mm x 10
mm * 10 mm) are investigated. Microwave absorbability of CA merits from the polarization of
3-dimensional NCN. And the microwave-induced polarization ability is independent with carbon

amount in composites.

b) Effect of carbon orientation

One of the key factors of carbon with graphitic structure is graphite orientation, which is
usually evaluated by half width of G band. G band around 1580 cm™ in Raman spectra arising
from hex angel graphite vibration. Relationship between carbon amount and orientation is
investigated in Fig.4.35. Comparing Fig.4.34 and Fig.4.35 (a), for CPA, CNT-0.1 wt%-CPA and
CNT-0.3 wt%-CPA, both graphite orientation and microwave absorption induced temperature
change with carbon amount and the same varying trend is observed. More, temperature change
of them is direct proportional to decreased graphite orientation (Fig.4.35 (b)). Addition of CNT
attributes to the decreased graphite orientation leading intensified phonon. And the enhanced
absorptive performances of CNT-0.1 wt%-CPA, CNT-0.3 wt%-CPA and CNT-0.3 wt%-PA obtain
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from the increased fiber-like graphitic sheet. Increased impurities induced effect of CNT for
microwave absorbability was reported by Vazquez et al., which results from the concentrated
localized joule heating effect of induced impurities [48].

CNT-0.3 wt%-CPA CNT-0.3 wt%-CPA
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Fig.4.35. (a) Correction of half width of G band and carbon amount and (b) Correction of
increased Temperature (Tag0s-To) and half width of G band

¢) Effect of CNT

Comparing with CPA, the enhanced absorptive behavior of CNT-0.3 wt%-CPA owing the
same carbon amount in detected samples benefits from CNT leading increased surface defects.
Added CNT has higher surface defects (Rip16=0.98) than that of NCN in CPA (Rip1g=0.48). The
same conclusion also has been arrived by comparing CNT-0.3 wt%-PA with PA. More, it has
been proven that HTRS accelerates further graphitization of as-received CNT in 4321
(Fig.4.16). Due to the joule heating mechanism, CNT-induced increased surface defects of
as-fabricated CNT-involved composites attribute to the enhanced absorptive behaviors. This
conclusion also supports that electromagnetic absorption of CNT is determined by impurities
rather than orientation.

4.3.4. Effect of CNT Graphite Orientation

Based on above analysis, it is noticed that at the same irradiation condition, CNT/CPA
composites with different features has been confirmed to be better absorbent than CPA. And its
enhanced performances are attributed to the joule heating mechanism. More, in chapter 3, it was
noticed that microwave absorbability is determined by graphitilization degree of NCN in CA. At
the same HTRS condition, CDA owing better orientation has increased microwave capacity.
Furthermore, in 4.3.3 section, it is reported that, due to the thermal stability of CNT in novel
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atmosphere, HTRS attributes to the further graphilitization of CNT (Ip/Ig (CNT-0.1 wt%-CPA)
=0.58<Ip/Ig(CNT-1700 °C)=0.98<Ip/Ig(CNT)=1.59). Therefore, it is necessary to investigate the
effect of CNT graphitilization degree on CNT/CPA composite. Herein, in order to understand
this point, carbon black (CB) with weak orientation and non-tube structure and highly
graphitilized CNT (HGCNT, CVD method) were employed. CB is regarded as 0-tube CNT.

4.3.4.1. Physico-chemical property of CPA modified with different carbon forms owing varied
graphitilization degree

Specifications of different carbon forms are listed in Table 4.7.

Table 4.7. Specifications of various carbon forms utilized in this study

Materials Preparing method Supplier Size (nm)  Abbreviations
High Purity Materials,
Carbonblack  --eeee- Kojundo Chemical 66 nm CB
Labortory Co., Ltd.
Carbon nanotubes Vapor grown Showa Denko D=20 nm CNT

Highly-graphitilized Chemical vapor
ghly-grap R — D=20-30 nm HGCNT
carbon nanotubes deposition (CVD)

Considering the poor dispersiability of CNT in aqueous solution, as-received CNT and
HGCNT were pre-treated at 60 °C for 6 h. As introduced in 4.3.1, pre-treatment resulted in the
increased hydrophilic of CNT via different functional groups, which was useful for forming
uniformly dispersed carbon/Al,O; slurry (carbon indicates carbon black, CNT and HGCNT,
carbon content in slurry is controlled to 0.1 wt%). By the combination of gelcasting and
reductive sintering in novel atmosphere, CB-0.1 wt%-CPA, CNT-0.1 wt%-CPA and HGCNT-0.1
wt%-CPA were fabricated.

Structures of carbon additives are investigated by Raman spectroscopy as shown in Fig.
4.36 and Table 4.8. Two Raman active modes D band and G band in these detected samples
indicate that the similarities of these carbon forms are graphitic structure.

Carbon black with layered graphite structure has weaker graphitilization degree, while
tube-form (CNT and HGCNT) with large diameter-length ratio have better graphite orientation
than CB. The commonly employed surface defects calculated from D band and G band intensity - |
ratio and half width of G band (Visgo ') are shown in Table 4.8. By pre-treatment, surface
defects are increased without bone structure destruction.
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Table 4.8. Analysis results of various carbon forms from Fig. 436

Materials Ripic 0 1580 cm |
CB 3.04 91
CNT 1.58 78
HGCNT 0.03 48
CNT-A-60 °C-6 h 1.63 73
HGCNT-A-60 °C-6 h 0.51 45

) a—CB G a—0CB

(a) ::gchm (b) b——CNT-A-60°C-6 h

c

HGCNT-A-60 ‘C-6 h

T
1000 2000 3000 4000

g
g
g
8

Raman shift/em” Raman shift/cm”)

Fig. 4.36. Raman spectroscopy of various carbon forms (a) As-received and (b) with surface
pre-treatment

b Cp.0.1 wecPA S Table 4.9. Analysis results from Fig. 4.37.

c CNT-0.1 wt%-CPA

d -HGCNT-0.1 m%-CPA

Materials Ripag V1580 em-1
cpa 0.48 2
CB-0.1 i%-CPA 0.55 36
CNT-0.1 wt%-CPA 0.58 27
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HGCNT-0.1 wt%-CPA 0.47 26

Raman shift/cm*

Fig. 4.37. Raman spectroscopy of (a) CPA (b) CB-0.1 wt%-CPA (c) CNT-0.1 wt%-CPA and
(d) HGCNT-0.1 wt%-CPA
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By HTRS at 1700 °C, various carbon/CPA composites (CB-0.1 wt%-CPA, CNT-0.1 wt%-
CPA and HGCNT-0.1 wt%-CPA) are arrived. In these composites, two kinds of carbon are
available, that is additive carbon (CB, CNT and HGCNT) and NCN converted from polymer
networks by HTRS. As shown in Fig.4.37, CNT-0.1 wt%-CPA has the highest intensity of D
band and G band, while these two Raman active modes decrease with CB-0.1 wt%-CPA and
HGCNT-0.1 wt%-CPA. Both CB-0.1 wt%-CPA and CNT-0.1 wt%-CPA own the same carbon
orientation comparing with other composites. Half width of composite G band (Av1580 cm™)
implying graphite orientation decreases with that of carbon additives (Table 4.9). It was reported
in Chapter 3, tube-like NCN form attributes to the intensified surface defects in CPA. Higher
graphitilization of additives attribute to the increased graphite orientation of carbon in
alumina-matrix composites. Density and porosity analysis of these composites is shown in Table
4.10.

Table 4.10. Density and porosity evaluation of composites

Bulk Apparent Real Open Closed Total

Samples Density Density = Density  Porosity  Porosity Porosity
gem?) (grem®)  (grem®) (%) (%) (%)
CPA 1.32 3.65 391 63.85 2.38 66.23
CB-0.1 wt%-CPA 1.07 3.44 3.89 68.89 3.57 72.46
CNT-0.1 wt%-CPA 1.44 3.78 3.90 61.89 1.24 63.13
HGCNT-0.1 wt%-CPA 1.22 3.79 3.95 67.94 1.30 69.24

As supported in Table 4.10, it is noticed that by adding CNT, apparent density of CNT-0.1
wt%-CPA and HGCNT-0.1 wt%-CPA are increased. More, increased porosity of carbon/CPA
composites is available. Then, it is facilitated to get a conclusion that carbon additives accelerate
the densification and porosity of fabricated ceramic bodies.

Structures of composites are shown in Fig. 4.38, comparing with binary composite CPA
(NCN/Alumina), ternary composites (CNT-0.1 wt%-CPA, CB-0.1 wt%-CPA and HGCNT-0.1
wt%-CPA) have increased grain size (Fig.4.38 (b) (c) and (d)) proving densification of CA by
adding different carbon forms. In chapter 3, it was introduced that manually degreasing
attributed to the increased grain size, wherein, these carbon additives acting as monomer
absorbers in carbon/alumina slurry attribute to the increased grain size.

Comparing with CPA; CB also results in the increased porosity and grain size. Existence of
CB cannot be confirmed by just Fig. 4.38 (b). Contrast, the existence of CNT in both CNT-0.1
wt%-CPA and HGCNT-0.1 wt%-CPA are observed. Most of CNT covers the alumina grain
surface. However, little is available for HGCNT via the same technology.
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CB-0.1 wt%-CPA

Fig.4.38. FE-SEM images of (a) CPA, (b) CB-0.1 wt%-CPA, (c) CNT-0.1 wt%-CPA and (d)
HGCNT-0.1 wt%-CPA with low magnification

Fig.4.39. FE-SEM images of CB-0.1 wt%-CPA composite with high magnification
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HGCNTsf RV,

Fig. 4.40. FE-SEM images of HGCNT-0.1 wt%-CPA with high magnifications

By high magnification observation as displayed in Fig. 4.39 and Fig.4.40, it is feasible to
say that NCN and carbon additives (CB, CNT and HGCNT) co-exist with alumina grains
forming ternary composite. Good affinity of ceramic and carbon (NCN and additive (CB, CNT
and HGCNT)) leads to high porosity and little agglomeration in composites, which indicates the
good performance of them. '
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Fig. 4.41. Schematic of alumina grain size change with adding C and degreasing
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It is valid that a densification procedure is available for CPA composite either by adding
different carbon forms or degreasing (Fig. 3.8, Fig. 4.12, Fig.4.13, Fig. 4.26, Fig. 4.30, Fig. 4.38,
Fig. 4.39, Fig.4.40, Table 4.2 and Table 4.4). Both of them have the same function for ceramic
grains size increase. This function is removing the amount of binder networks on the surface of
alumina grains leading to the increased alumina size at the same HTRS condition. The schematic
of this is shown in Fig. 4.41.

Total carbon amount in various composites were evaluated by TG/DTA analysis, which is
explained by Fig.4.42 (a) and Table 4.11. It is facilitated to get a conclusion that carbon additives
except CB have no obvious contribution to the carbon amount in CPA-based composites
evaluated by TG/DTA analysis in oxygen atmosphere.
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Fig. 4.42. (a) TG and (b) DTA analysis results of carbon/CPA composites conducted in oxygen
atmosphere

Table 4. 11. Analysis results from TG/DTA analysis result in Fig. 4.41

Materials Carbon content/wt%*
CPA E 0.75
CB-0.1 wt%-CPA 1.11
CNT-0.1 wt%-CPA 0.80
HGCNT-0.1 wt%-CPA 0.80

*Carbon content (wt%) indicates NCN amount in CPA, various carbon additives (CB,CNT and HGCNT) and NCN
in CNT-0.1 wt%-CPA, CB-0.1 wi%-CPA and HGCNT-0.1 wt%-CPA composites
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Comparing with CPA, CNT-0.1 wt%-CPA and HGCNT-0.1 wt%-CPA, CB-0.1 wt%-CPA
has the highest carbon content (carbon implies NCN and CB). Because of the good thermal
conductivity of carbon black, at the same HTRS condition, besides converting of NCN from
binder networks (BN), part of energy is absorbed for further graphitilization of CB leading to the
increased carbon amount in as-prepared CB-0.1 wt%-CPA. More, as displayed in Fig. 4.42 (b),
increased pyrolysis temperature of carbon in composite implies the accelerated graphitilization

degree accelerated by CNT.

4.3.4.2.Electromagnetic absorbability of CPA modified with different carbon forms owing varied
graphitilization degree

In order to monitor the effect of carbon graphitilization degree on carbon/CPA composites,
these composites were irradiated at different energy as shown in Fig. 4.43. As claimed by these
curves, comparing with CPA, it is understood that enhanced microwave activities of CB-0.1
wt%-CPA, CNT-0.1 wt%-CPA and HGCNT-0.1 wt%-CPA are accessible. The enhanced
temperature difference between carbon/CPA (carbon/CPA indicates CB-0.1 wt%-CPA, CNT-0.1
wt%-CPA and GHCNT-0.1 wt%-CPA) and CPA decrease with irradiation energy. And CNT-0.1
wt%-CPA owns the highest microwave capacity than others at the same irradiation conditions.
Even though CB-0.1 wt%-CPA (Rip1c(CB-0.1 wt%-CPA)=0.55) has the similar surface defects
with CNT-0.1 wt%-CPA (Ripaig(CNT-0.1 wt%-CPA)=0.58) as evaluated by Raman spectroscopy,
the increased microwave absorbability of CNT-0.1 wt%-CPA is mainly attributed to the tube-like
form leading to the intensified phonon by microwave irradiation. More, CNT and HGCNT
owning the similar tube structure and varied graphitilization degree also have different
microwave absorbability. CNT-0.1 wt%-CPA with weaker orientation than HGCNT-0.1
wt%-CPA benefits from the higher surface defects. Vazquez et al. [48] also have reported that
microwave performance of CNT is attributed to thermal conductivity corresponded joule heating
effect instead of polarization of graphite sheet. More, microwave capacity of CNT is non-related
with its length.

Carbon additives result in the varied surface defects of composites as listed in Table 4.12. It
is noticed that changed graphitilization degree attributes to the varied absorbability. Graphite
orientation difference between these composites merit to the microwave capacity (CB-0.1
wt%-CPA and CPA has the same carbon amount in evaluated specimens and CNT-0.1 wt%-CPA
and HGCNT-0.1 wt%-CPA has the same carbon amount). Detecting CPA and HGCNT-0.1
wt%-CPA with the same surface defects, the enhanced microwave performance of HGCNT-0.1
wt%-CPA is mainly attributed to the tube form in composite benefiting from phonon transition at
the same irradiation condition.

Based on above analysis, it is facilitated to get a conclusion that additives with different
graphitilization degree attribute to the increased surface defects of carbon in composites leading
varied Fermi level. Under the same HTRS condition, further graphitilization of additives (CNT
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and CB) results in the decreased free surface energy for ceramic densification and NCN
conversion leaving increased carbon content in composite [49]. While, when a ‘perfect’ CNT

namely HGCNT was injected into the alumina slurry, non-energy consumption for HGCNT, then

>

it is reasonable that the same graphite orientation and carbon content per unit (mg/mm’) of cubic
are available in this study as displayed in Table 4. 12.

Table 4.12. Physical property of evaluated samples

Materials

C (mg/mm’) AT (T400sT0)’C

1

Size (mm) Rmic  Vissoem
CPA 0.009 110 9.03x9.19%10.19 0.48 25
CB-0.1 wt%-CPA 0.009 118 10.08x10.31x10.18  0.55 36
CNT-0.1 wt%-CPA 0.011 139 10.32x10.37x10.41 0.58 26
HGCNT-0.1 wt%-CPA 0.009 125 10.69x10.48x10.37 047 26
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capacity of composites

For varied heat performance of different composites, a general character for them is that

there is an increasing step before arriving saturate temperature.-In order to explain this

phenomenon, specific heat capacities of materials are calculated from DSC results as shown in

Fig. 4.44 (b). Benefiting from various additives, varied specific heat capacities are accessible.
CB attributes to the highest value, which is attributed to the highest carbon content in as-resulted

composite.
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Generally, two situations are concluded from above characterization results. One is
HGCNT-induced increased Fermi level energy (Eg) and another is CB and CNT-resulted
decreased Er. Then, at the same irradiation powers, both CB and CNT act as electron accepter
(NCN as donor) leading intensified phonon process, which leads to the increased surface defects
evaluated by Raman spectra and microwave absorptive performances. Furthermore, it is noticed
that even though the same amount of carbon additives were added into ceramic slurry, different
carbon content per evaluated specimen cubic is calculated in Table 4.12. This phenomenon roots
from varied graphitilization degree of additives.

Based on the above analysis results, it is noticed that graphite orientation plays an important
role for microwave absorbance. And different with chapter 3, increased graphitilization degree
does not mean the enhanced microwave capacity. More, it was reported that absorbability of
CNT with ‘perfect’ structure is weaker than that of CNT with impurities and defects, which
merits from joule heating effect permitting localized heating performance. The same schemic
applies in our study. As shown in Fig. 4.45, by adding kinds of carbon additives into alumina
slurry, CNT/NCN/Alumina ternary composite is available. Proposing the HTRS thermal energy
as Q, further graphitilization of CNT absorbs thermal energy QI, converting of BN to NCN
needs energy Q2 and densification and coarsening of ceramic body need Q3, then, the total
HTRS thermal energy Q=Q1+Q2+Q3 for various CNT/CPA composite, while Q=Q2'+Q3’ is
accessible for CPA. For HGCNT with high graphite orientation, the same energy distribution is
possible with CPA, which can explain the same surface defects of HGCNT/CPA and CPA.
Whereas, in CB/CPA and CNT/CPA, as proved in 4.3.2, it was concluded that HTRS accelerated
the further graphitilization of CNT with poor orientation. More, it is believed that because of the
consummated energy Q1 for them, poorer graphite orientation of NCN is reasonable Ripic
(CNT/CPA) =0.58 and R 1p16 (CB/CPA)=0.55). In these composites, CB, CNT, HGCNT co-exist
with NCN forming C/C composite. Poorer graphitilization leads to the Fermi level decrease
resulting increased microwave absorbability of CB/CPA and CNT/CPA. Both CNT and CB act as
electron accepter in composite. However, good orientation of HGCNT plays as donor and the
enhanced performance is attributed to induced tube-like structure in composite.

4.4. Conclusions

In this chapter, CNT/CPA ternary composite (CNT/NCN/Alumina) was fabricated by the
combination of gelcasting and reductive sintering in Ar. The microwave capacity of this
composite was discussed via clarifying different impact factors. Before preparing, as-received
CNT was pre-treated with mixed concentrated acids with suitable condition. In order to optimum
the treating condition, effects of pre-treating temperature and time have been discussed. It was
concluded that increased dispersibility of as-received CNT merited from grafted functional
groups. These groups induced to the minus increased (-potential of pre-treated CNT. The
optimum treating condition was at 60 °C for 6 h. Employing pre-treated CNT at 60 °C for 6 h as
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reinforcement, bending strength of as-fabricated CNT/CPA (CNT/NCN/Alumina) was 1.9 time
of that of CPA (NCN/Alumina). Various co-exiting styles of main component CNT, NCN and
Alumina resulted in this increased performance. By investigating the effect of added CNT
amount, carbon and filler CNT orientation, it was feasible to get a conclusion that though CNT
reinforce the substrate CPA, no improvement was available by increasing CNT amount. Both
increased CNT amount and degreasing attribute to the increased ceramic grain size. By
comparing the influence of CB, CNT and HGCNT, it was concluded that CNT with tube form
and weaker graphitic orientation had the highest microwave capacity, which results from the

decreased Fermi level.
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CHAPTER 5

SURFACE MODIFICATION OF CONDUCTIVE POROUS ALUMINA: CPA
AND CNT/CPA VIA MICROWAVE-ASSISTED TECHNOLOGY

5.1. Introduction

In chapter 3 and chapter 4, by discussing the influences of different factors, physico-
chemical properties and microwave-induced heat behaviors of electrically conductive ceramic
CPA and CNT/CPA (CNT/CPA means CNT-0.1 wt%-CPA) had been confirmed. It was supported
that nano-carbon networks (NCN) with graphite structure in CA is ‘responsible for electrical
conductivity of composite. And good orientation of NCN resulting in polarization via microwave
irradiation resolves microwave transparency of Al,O3. Typically, in chapter 3, it was confirmed
that the increased graphitization degree of NCN in CDA resulting from HTRS attributed to the
improved electrical conductivity and microwave-induced heat perfermances. Comparing with
CDA, high porosity of CPA up to 66.23 % not only supplied porous structure of ceramic, also
announced good microwave absorbability of CPA. In chapter 4, Pre-treated CNT, Al,O; and
NCN formed high porous ternary composite. By HTRS in novel atm‘osphere, reinforcement CNT
was further graphitilized, which is responsible for the improved electromagnetic wave
absorbability of CNT/CPA. And it has confirmed that the enhanced microwave capacity of
CNT/CPA was attributed to the increased surface impurities or defects, which was verified by
discussing the effect of CNT amount, form and graphitilization degree.

Furthermore, as reported by Wei et al. [1], match of absorbers plays an important role for
improving the electromagnetic wave absorbability and developing various potential applications
in many fields. So far, kinds of ferrite/dielectric (Fe;Al/Al,O3, YBa;Cu3O7.x/Al0s,
FCC-Co/AlL, 03, Al,03- coated FeCo, Bag 6sS10.6sTiO3, (ZnMg)TiOs) have been reported [1-6]. As
proven by Suttisawat et al., Pt nanoparticles was not only catalyst but also good absorbents [7-9].
Up to now, various deposition methods have been reported for preparing Pt-modified composites.
These methods involve conventional heating-assisted chemical reductive reaction (CRR) [7,11]
and microwave-assisted chemical reductive reaction (MRR) [9,10].

Taking the good microwave activity of CPA into consideration, in this chapter, we would
like to explore Pt/CPA, Pt/CNT/CPA magnetic/dielectric loss composites via one-pot MRR
method. In previous studies [9-11], even though Pt nanoparticles also had been microwave-
assisted deposited onto substrates, most of matrices are microwave transparent and non-porous.
Herein, meriting from gdod microwave absorbability and high porosity resulting high accessible
specific surface area of CPA and CNT/CPA, it is aimed at preparing a novel Pt/substrate
composites via microwave irradiation method. For comparison, Pt/CPA prepared by conventional

reductive reaction was also completed.
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Taking the unique structure of substrates into consideration, in this chapter, several targets

are listed as follows:

Uniformly dispersed ultrafine Pt nanoparticles with narrow size distribution range on the

surface of substrates.

Not only outer surface but also inner pores of substrates can be modified.

Environmentally friendly and low cost.
Selective modification.
High effective and efficiency.

5.2. Experimental procedures
5.2.1. Chemicals

Ethylene glycol (EG, Kanto Chemical Co., Inc) and H,PtCls*6H,0 were directly utilized
without any further purification.

5.2.2. Preparing of substrates

As-prepared CPA and CNT/CPA as introduced in chapter 2 and chapter 3 were cut into

small cubes with desired dimension (10 mmx10 mmx10 mm).

5.2.3. Preparing of Pt/CPA and Pt/CNT/CPA composites via microwave-assisted method

Preparing procedures are listed as follows:

5g of CPA and CNT/CPA (CNT/CPA means
CNT-0.1 wt%-CPA) cubic were immersed
into 30 ml of 0.006 M H,PtCls-alcohol
12h
respectively. In order to induce the Pt *' into

solution at room temperature for

the inner pore of substrates, as-prepared
systems were subjected to ultrasonication
for 20 min followed by reduced pressure
treating for 1 h. Then, as-resulted samples
were thoroughly washed with distilled water
and dried at 90 °C for one night in vacuum
oven. As-received samples were denoted as
Pt*"/substrate, Pt*'/CPA
Pt*'/CNT/CPA.

namely and
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preparing composites



® 20 ml of EG was irradiated with different microwave powers to optimize the irradiation
program for next experimental step.

® Pt*/CPA and Pt"'/CNT/CPA were soaked into 20 ml EG solution followed by reduced
pressure treating for 1 h. Then, as-received systems were microwave irradiated at 140 °C for
different radiation time. As-resulted samples were named as Pt/CPA-MRR-I min and
Pt/CNT/CPA-MRR-I min (I indicates experimental temperature holding time=1min, 5 min
and 10 min). The experimental procedures involved in this section are shown in Fig. 5.1.

® For comparison, as-received Pt*"/CPA was also subjected to conventional heating-assisted
chemical reductive reaction (CRR) at 140 °C for 1 h (as introduced in Chapter 2). And the
resulted samples were named as Pt/CPA-CRR.

5.2.4. Electromagnetic wave absorbability measurement

As-resulted Pt-decorated composites (10 mmx10 mmx10 mm) were employed for
microwave absorbability evaluation. Double mode continuous microwave irradiation with 750 W
was utilized to monitor microwave absorbability of detected materials on MWK-B-3.0 apparatus
supplied by Takasago Industry Co., Ltd. This equipment is consisted of a 2.45 GHz microwave

magnetron.
5.2.5. Characterization

To monitor the existence and morphology of Pt nanoparticles deposition on substrates,
field-emission scanning electron microscopy (FE-SEM, JSM-7600R, Jeol, Corp.) equipped with
Energy Dispersive X-ray Spectroscopy (EDS), Raman spectroscopy (NRS-3100, JASCO, Corp.)
and X-ray diffraction (XRD, Rint, Rigaku, Japan) were employed.

5.3. Results and discussion

5.3.1. Optimization of microwave irradiation program

As introduced in references [7-13], Pt*" is usually reduced to Pt metallic particles at 140 °C
by both CRR and MRR methods. In our study, both reductant EG and substrates are microwave
active materials. In order to optimumize the microwave irradiation program for Pt** converting
to Pt particles, EG was pre-irradiated with different microwave powers as shown in Fig. 5.2.

EG has microwave absorbability as confirmed by increased temperature curves in Fig. 5.2
(a). Because the aim reaction temperature is 140 °C, then, it is necessary to find an optimum Pt
deposition condition via MRR. Wherein, optimum condition indicates that the setting program
equals to real temperature change in irradiated reaction systems. Fig. 5.2 (b) displays the setting
temperature increasing program and real temperature curves in reaction system, which indicates
the feasibility of microwave irradiation prografn irradiated at 2.45 GHz 300 W. The detail of
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program is shown in Fig. 5.3.

204a——EG300W ¢ —
b EGTOW / s
c—EG1050W

160~

Temperature/ °C
8 8

Temperature/ °C

Fig. 5.2. Temperature-irradiation time curves of (a) Reductant EG with various irradiation energy
and (b) Fitting curve and real curve of program for microwave-assisted Pt deposition at 300 W
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Fig. 5.3. Microwave irradiation program for Pt deposition
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5.3.2. Physico-chemical property and electromagnetic wave absorbability of Pt/CPA-MRR
5.3.2.1. Physico-chemical property of Pt/CPA-MRR Composite

As shown in Fig.5.4 (I), it is noticed that electronic crystal structure of NCN in CPA
belongs to graphitic structure, which was confirmed by two typical spectroscopic peaks around
1350 cm™ (disorder induced D band) and 1580 cm™ (tangential displacement mode named G
band) [14]. Half width of G band (A visso «n) and calculated surface defects by intensity
proportion of D band and G band (R=Ip/Ig) by Raman spectroscopy are universally employed to
verify the graphite orientation in various carbonaceous forms (such as fullerene [15], carbon
nanotubes [16] etc.). Herein, as shown in Fig.5.4 (II), good graphitic orientations of NCN in
various composites are proved by half width of G band (A visgo em') around 25 cm™. The
increased surface defects of composites also imply the success in deposition of Pt as shown in
Fig. 5.4 (IT), which results from metal-induced Fermi level shift of carbon (p-type doping). The
same conclusion was obtained by Tarabek et al., who studied CNT (CNT means carbon
nanotubes) doping [17]. It was also claimed that electron/hole doping of SWCNT attributed to
the varied Raman scattering singularities, which resulted from doping-induced phonon energy
renormalization [17-19]. More, it was demonstrated that, in graphene-like carbon forms, D band
was related to the second-order processes involving phonons, which is explained by double
resonant Raman scattering [20]. Therefore, the increased surface defects of Pt/CPA come from
the enhanced electron-phonon interaction [20,21]. In a word, according to Raman spectroscopy
results, comparing with as-received CPA, several conclusions can be arrived: (a) Pt deposition
results in the increased surface defects, (b) Higher efficiency of MRR than CRR as evaluated by
surface defects and A visgoem value of samples and (c) the optimum condition for Pt/CPA-MRR

is 5 min or 10 min.

a CPA (1
0.60 + .
b——— PY/CPA-CRR ) PUCPA-MRR-10 min (1)
¢ PUCPA-MRR-1 min 1
d—— PY/CPA-MRR-5 min [ 058
e PUCPA-MRR-10 min Ial .
| SEdin PY/CPA-MRR-5 min
PY/CPA-MRR-1 min
f = 0.54 4 "
=]
—e =
-4
- d 0.52 S
c PYCPA-CRR
—b 0.50 + v
a CPA
0.48 4 [ ]
T T T | | T T T T T T T T
1300 1400 1500 1600 1700 1800 25 2 27 28 29

Raman shift/ e |

Half width of G band

Fig. 5.4. (I) Raman spectroscopy of composites and (II) correlation plot between half width of G

band and surface defects (R(Ip/Ig))
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Morphologies of composites are shown in Fig. 5.5. All of these images were inner fracture

surface of specimens. It is facilitated to get a conclusion that Pt nanoparticles has been
successfully deposited onto the surface of CPA by both CRR and MRR methods. Moreover, it is
noticed that even though short irradiation time, Pt nanoparticles has been anchored onto CPA.

It is noticed that there are two surfaces in both outer and inner surface (namely cutting and
fracture surface). In order to investigate the morphology differences between outer (Fig. 5.6 (a))
and inner surfaces (Fig. 5.6 (b)) of as received sample, different observation parts of one sample

were taken.

Fig. 5.5. FE-SEM images of composites (inner surface) (a) CPA; (b) Pt/CDA-CRR; (c)
Pt/CPA-CRR; (d) Pt/CPA-MRR-1 min; (e) Pt/CPA-MRR-5 min and (f) Pt/CPA-MRR-10 min

By comparing with Fig. 5.5 (a), Pt nanoparticles has been obviously observed on the outer
surface of as-received samples. Size of precipitated particles is around 50 nm. Contrast, the

a

Fig. 5.6. Observation
part of sample in Fig. 5.7

deposited Pt nanoparticles in inner surface (fracture
surface, Fig. 5.7 (b) (c) and (d)) is much smaller than
that of outer surface (Fig. 5.7 (a)). Then, it is
facilitated to say that Pt nanoparticels grows along the
NCN as displayed in Fig. 5.7 (b) forming metallic
networks. The selectively deposition of Pt
nanoparticles on NCN can be more clearly clarified
by SEI images (Fig. 5.7 (c)) and Fig. 5.7 (d). Due to
the size difference of deposited particles, it is
necessary to investigate temperature difference of
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Fig. 5.7. FE-SEM images of Pt/CPA-MRR-5 min (a) outside of prepared specimen and inner
surface of sample (b) low magnification and (c) and (d) high magnification (compo image)
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Fig. 5.8. (a) Temperature-irradiation time curves of CPA for investigating temperature difference
between outer and inner surface; (b) Outer and inner surface temperature difference-Irradiation
power plot of CPA at varied irradiation conditions and (c) Raman spectroscopy of CPA

with/without microwave irradiation
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substrate between outer and inner surfaces during microwave irradiation.

In order to monitor the temperature difference, one thermal-fiber was employed to monitor
the outer surface, while another one is inserted into the opened pore to detect the inner
temperature change. As shown in Fig. 5.8 (a), temperature difference between outer and inner
surfaces is displayed. At the same irradiation power, obviously, outer surface temperature is
higher than inner, which can effectively explain the increased particles size of Pt nanoparticles
on the outer surface. By investigating the temperature difference between outer and inner surface
at the same irradiation condition, temperature difference is in direct proportional to irradiation
power. The fit linear equation is: y=3.91+0.03x. (y means temperature difference (the unit is °C),
while x means irradiation power (unit is W)) Moreover, new defects were not generated during
microwave irradiation, which can be confirmed by unvaried surface defects calculated from
intensity ratio of D band (1350 cm™) and G band (1580 cm™). More, the increased surface
defects of composites as shown in Fig. 5.4 also indicate the success in Pt deposition by MRR.

Deposition of Pt nanoparticles also can be confirmed by XRD pattern as shown in Fig. 5.9.
A means AL,Os. Although high intensity
of Al,O3 blocks detecting the Pt peaks,
some small peaks around indicates the
existence of Pt in this composite.
1 Commonly, five XRD diffraction peaks
are corresponded to Pt crystallite. That
is 39.9 ° (111), 46.4 ° (200), 67.7 ° (220),
81.4°(311), and 86.1° (222) [22].
However, Pt (220), Pt (311) and Pt (222)
x @ @ & & are overlapped with ALO; diffraction

2 Tt () peaks. It is difficult to detect these

Fig. 5.9. XRD pattemn of (a) CPA; (b) PUCPA-CRR peaks on PYCPA composites.
and (c) Pt/CPA-MRR-10 min

0o, (ta) Pt/CPA-CRR | 4000 (b) Pt/CPA-MRR-5 min
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8000 s 32000 T
7000+ 28000
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3000 o . g 12000 5.
o E = = 3 # 2 Ez 3 = i
2000 E: 3 g & 8000 35 E T ¥ :
1000 | 4000 J }
0 I f T T T T T T T U:l e T T T T T 18 (i
000 100 200 300 400 500 €00 700 800 900 1000 000 100 200 300 400 500 600 700 B00 900 1000
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Fig. 5.10. EDS analysis results of (a) Pt/CPA-CRR and (b) Pt/CPA-MRR-5 min
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Table 5.1. Calculated quality of deposited Pt nanoparticles by EDS analysis

Materials C (wt%) Pt (wt%) Pt/C
Pt/CPA-CRR 39.81 0.70 0.018
Pt/CPA-MRR-1 min 4333 3.18 0.073
Pt/CPA-MRR-5 min 13.04 2.22 0.170
Pt/CPA-MRR-10 min 4791 3.41 0.071

Pt/CPA Pt/CPA-MRR-5 min

Acid-CPA
Prztrealment Im mefslng
25°C, lh Onenlght

Coﬂening
nano-carbonand EG
m @ _ L Chemical absorption @

1
COOH,-OH ) =" Pphysicalabsorption
> |:f,» i3 l7 - ok
ﬁ Acid-CPA Pt #-acid-CPA
. .7 -, Nano-carbon m
; / networks

Connected micro reactors Heat resulted from

8~ Nano-carbon

) networks N
.

PY/CPA-MRR-X min

Fig. 5.11. FE-SEM images of (a) Pt/CPA-CRR and (b) Pt/CPA-MRR-5 min and proposed
scheme for (c) Pt/CPA-CRR and (d) Pt/CPA-MRR-5 min
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More, as shown in Fig. 5.6, Fig. 5.7, ultrafine Pt nanoaprticles with narrow size distribution
range also clarifies the weak Pt crystal peak.

Fig. 5.10 displays the EDS analysis results of detected composites, by which deposition of
Pt nanoparticles can be confirmed. Both CRR and MRR accelerate its precipitation. However,
NCN conductive paths in substrate are not uniformly dispersed. So it is impossible to directly
evaluate the loading efficiency. For comparison, the same magnification SEM images
(magnification is x30000) were taken for EDS analysis. By comparing the Pt and carbon content
ratio, relative deposition ratio under various conditions can be calculated as shown in Table 5.1.
In this case, based on the analysis results of Raman spectroscopy, FE-SEM images and EDS
spectrum, it is facilitated to reach a conclusion that that benefiting from quick deposition, high
loading efficiency and low energy consumption of MRR, the optimum deposition is
Pt/CPA-MRR-5min.

As introduced in chapter 2, Pt nanoparticles also can be deposited onto the surface of
pre-treated CPA [23]. Selective modification of CPA was achieved by surface pre-treatment [24].
While in this chapter, there are two components in CPA namely Al;O3 and nano-carbon. Only
NCN is believed to be microwave active material as demonstrated in chapter 3.
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Fig. 5.12. XPS spectrum of CPA (a) all-range spectra (0~1100 eV) (b) Al2s, Al2 pregions (c)
Decounted Ols regions peaks and (d) decounted Cls regions peaks
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Meriting from good microwave activity of CPA, selectively depositing of nanoparticles can
be controlled by microwave active material and non-active material. Moreover, during irradiation,
every cross-linked pores act as linked micro-reactors resulting total modification of CPA. This
scheme is shown in Fig. 5. 11(c) and (d).

It is noticed that the main component in CPA is Al,Os and carbon, namely Al, O and C
three elements. X-ray photoelectron spectra (XPS) is regarded as effective way for detecting
components. As shown in Fig. 5.12 (a), The C (1s) signal at 284.8 eV, O (1s) at 543.1 eV, Al (2s)
at 121.2 eV and Al (2p) at eV for investigated samples is well in agreement with references
introduction [26-30]. The Cls core-level also indicate key feature of Cls in CPA. As shown in
Fig. 5.12 (c) and (d), the deconvoluted C (1s) and O (1s) peaks of as-fabricated CPA imply the
presence of C and O with different bonding structure. The Cls of as-fabricated CPA displays a
maximum centered at 284.6 eV. And the deconvoluted spectrum gave two peaks which can be
confirmed to be sp2 graphitic (C=C, C-H, at 285+0.2 eV) and sp3 (-CO-, at 286.4+0.2 eV).
Moreover, the deconvoluted spectrum of O 1s also indicate oxygen-functional groups such as
_CO*OH (533.4+0.2 eV), -CO*H (532.1+0.2 V) and ~CO* (530.6+0.2 eV) and defects can be
expected on as-fabricated CPA, namely the well-structured 3-dimensional nano-carbon networks
in CPA were partly destructed by some groups and instinctive defects [25-27].

5

Pt
. Pt OH
Reduction of Pt** _ !
byEG ¢
Pt4* +2e=Pt?
MRR or CRR

Pt*/CPA

a Absorbing Pt '

@ Graphitic structure

Fig.5.13. Schematic representation of synergistic reduction of pt*
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In this study, injected Pt ** can be absorbed onto several sites of NCN in CPA substrate.
These sites named as graphite instinctive defects include Stone-wales defects, sp’-hybridized
defects and vacancies in nano-carbon with graphitic structure. During reaction, electron donors
EG sacrifice electron to the absorbed Pt* converting to Pt’. Moreover, because of the
temperature difference between outer and inner surface of substrate, Pt nanoparticles with
different sizes is precipitated onto the surface. This proposal is shown in Fig. 5.13.

3.3.2.2. Electromagnetic wave absorbability of Pt/CPA-MRR Composite
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Fig. 5.14. Temperature-irradiation time curves of (I) Comparison of CPA, Pt/CPA-CRR and
Pt/CPA-MRR-5min and (1) Enhanced microwave absorption of Pt/CPA-MRR-1min,
Pt/CPA-MRR-5min and Pt/CPA-MRR-10min

Table 5.2. Physical property of evaluated samples

Materials Size (mm) NCN (mg/mm®) AT (Tssos-t0)/’C  Efficiency (%)
_ _CPA __—9_.0319.19><r.19 - 0.009 111.1 56
Pt/CPA-CRR 9.69x10.48x10.05 0.009 113.8 84
Pt/CPA-MRR-1min 10.83%9.53x9.74 0.009 151.5 81
Pt/CPA-MRR-5min  10.73x10.50x10.11 0.009 166.0 75
Pt/CPA-MRR-10min  9.63x10.24x10.71 0.009 155.0 74
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Up to now, we have fabricated Pt nanoparticles deposited composites by microwave-
assisted method. Comparing with conventional heating method, rapid heating by microwave
attributes to the formation of Pt nanoparticles without agglomeration. Both inner and outer
surfaces of substrates can be totally modified by Pt particles. Therefore, it is interested in the
contribution of Pt nanoparticles for its corresponded microwave-induced heat behaviors. For this
investigation, all of specimens were irradiated at 750 W (2.45 GHz).

As shown in Fig.5.14, at the same irradiation power 750 W, different microwave absorptive
abilities are confirmed by comparing with the related specimens. Meriting from the cooperation
between Pt and NCN which have microwave activity in CA, Pt-deposited composites display the
better absorbability. '

More, it is noted that the increased behaviors of Pt/CPA-CRR and Pt/CPA-MRR-5 min
result from the increased loading efficiency, which indicate that both outer and inner surface of
CPA was decorated by uniformly dispersed Pt nanoparticles.

Effects of deposition time on absorbability of Pt/CPA-MRR were discussed in Fig.5.14. It is
obvious that microwave absorbability of CPA have been further mcreased by surface
modification via microwave irradiation method. And efficiency of Pt/CPA-MRR-5 min is as
good as PYCPA-MRR-10 min, which implies that Pt nucleation can be finished in 5 min. In order
to well understand this phenomenon, it is necessary to discuss the relative factors. As shown in
Table 5.2, NCN amount in tested specimens (1 cm’) is NCN amount in tested specimens is 0.009
mg/mm3. Then, the increased efficiency is determined by Pt nanoparticles loading efficiency.

Incident power (W) — Reflective power (W) 100 1
Incident power (W) xaxbxc N (1

Absorptive Efficiency =

4, b.c means length (cm), width (cm) and height (cm) of specimens

Absorptive Efficiency irradiated
by microwave at 245 GHz with

170

PUCPA-MRR-5 min ~=~» different energies was calculated

160 .

i PUCPA-MRR-1 mit from equation (1).
.." L] . -

g 07 PUCPA-MRR-10 min It is noticed that Pt nano-
=
g o particles deposition attributes to the
-y increased  absorptive  efficiency.
% o Fig.5.15 indicates that the increased
g CPA S absorptive ability is resulted from the

110 4 "

— : ey : higher temperature change at the
55 60 65 70 75 80 85 . L. .
Absorptive efficiency/% same irradiation time (540 s) and

irradiation power (750 W). By

Fig. 5.15. Correction of temperature doping with Pt nanoparticles, the
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assisted composites benefit from the high loading efficiency as confirmed by EDS analysis (Fig.
5.10 and Table 5.1). For this performance, it was reported that carbon nanotubes (CNT) with the
same graphene sheet with NCN in CPA is good microwave receptors [31]. Little relationship
between length of CNT and microwave-induced heating capacity was available. Meriting from
Jouel heating mechanism, impurities result in the good absorbability of CNT than “perfect’ one.
In this study, the same principle applies. Pt-induced increased surface defect of 3-dimensional
NCN in CPA as confirmed by Fig. 5.4 attributes to the improved performances. The decreased
Fermi level of metal/carbon composite leaving intensified phonon profits the monitored heating
performances in this study.

5.3.3. Physico-chemical property and electromagnetic wave absorbability of Pt/CNT/
CPA-MRR Composite
5.3.3.1. Physico-chemical property of Pt/CNT/CPA-MRR C. omposite

Pt/CNT/CPA composite was prepared by the same method with Pt/CPA-MRR. The
experimental flow-chat has been shown in Fig. 5.1.

In CNT/CPA ternary composite (CNT/NCN/Alumina), alumina grains, NCN and CNT
co-exist forming reinforced composite. Benefiting from the thermal stability of CNT in novel
atmosphere and NCN with good orientation, microwave activity was improved. As shown in Fig.
5.16, increased surface defects of CNT/CPA comparing with CPA indicate the poorer orientation
of carbon. More, by the same preparing technology, Pt-deposited composites show the increased
surface defects than substrates (CPA and CNT/CPA). More, higher defects of Pt/CNT/CPA-MRR
composites are available than Pt/CPA-MRR composites as shown in Table 5.3. Furthermore, Pt
nanoparticles deposition does not attribute to the change of carbon orientation but the increased
surface defects meriting from electron-phonon interaction [20-21]. And the optimum depositing
condition for CNT/CPA matrix is microwave irradiation 5 min at 300 W,

O i Table 5.3. Calculated surface defects of composites
¢~ PUCPACRR from Raman spectroscopy
d PYCPA-MRR-5 min )

e PYCNT/CPA-MRR-1 min
f—— PUCNT/CPA-MRR-5 min
g PYCNT/CPA-MRR-10 min

CPA 0.48

; CNT/CPA 0.58 27

: Pt/CPA-CRR 0.50 26

e PUCPA-MRR-5 min 0.57 26

. Rt W R PUCNTSCPA-MRR-Imin 0.6 25

L T Pt/CNTS/CPA-MRR-5min ~ 0.75 25

Raman shuft/cm
Fig.5.16. Raman spectroscopy of composites PUCNTS/CPA-MRR-10min  0.65 25
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Morphologies of composites have been shown in Fig. 5.17. All of these images are taken
from the inner fracture surface of composites. As displayed in Fig. 5.17 (I), even though the
middle part of as-fabricated composites was observed, Pt nanoparticles still can be observed,
which indicates that total surface of substrates have been modified.

Co-existence style of Pt, carbon and alumina grains in composite can be confirmed by Fig.
5.17 (II). It is understood from these images that Pt nanoaprticles without agglomeration has
been deposited onto the substrates. Moreover, Pt nanoparticles grows along the CNT and NCN in
composite, which results from the polarization of nano-carbon by microwave irradiation.

Simultaneously, different deposition results at different observation surfaces have been
discussed in Fig. 5.18. The utilized sample is Pt/CNT/CPA-MRR-1 min. Identical with
Pt/CPA-MRR composite as shown in Fig. 5.7 (a), size of deposited Pt particles on outer surface
is bigger than that on inner surface. Moreover, Pt nanoparticles size is also totally different on
cutting and fracture surfaces. Taking outer surface for example, Pt nanoparticles around 80 nm
and 30 nm is available on outer cutting and fracture surface, respectively. Instead, it is noticed
that little nanoparticles is observed on inner cutting surface.

Selectively depositing of Pt nanoaprticles is further understood in Fig. 5.19. This is the
SEM outer cutting surface image of Pt/CNT/CPA-MRR-1 min. Then, it is feasible to say that Pt
nanoparticles is mainly deposited onto the surface of NCN rather than alumina grains in
composite.

As-observed varied Pt nanoparticles size is mainly resulted from temperature difference
between outer and inner surface of substrate at the same irradiation condition. High temperature
at outer surface accelerates formation of bigger nanoparticles. As shown in Fig. 5.20, at the same
irradiation power, CNT/CPA owns better microwave absorptive ability than CPA. And the
temperature differences of outer and inner surface for different samples are almost same (A T
a=s40sy (CNT/CPA) =19.7 °C, A T @=sa05) (CPA)=16.9 °C). Existence of Pt nanoparticles on
substrates can be confirmed by EDS analysis results as shown in Fig. 5.21. The white dots in
FE-SEM images are Pt particles.

Furthermore, the depositing efficiency can be roughly confirmed by Pt and carbon mass
ratio as shown in Table 5.4. Moreover, the highest surface defects of composites induced by Pt
deposition (Fig. 5.16) also confirm the optimum depositing condition is microwave irradiation
for 5 min at 300 W. This conclusion equals to Pt/CPA composite. .

Generally speaking, based on the analysis of Pt/CPA and Pt/CNT/CPA composites, it is
facilitated to reach a conclusion that due to microwave-induced inner and outer surface
temperature difference, Pt nanoparticles with different sizes can be deposited onto the substrates.
Higher temperature of outer surface accelerates the bigger Pt size, while smaller Pt particles in
the inner chamber of substrates are available. This schematic is shown in Fig.5.13.
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@

Fig. 5.17. FE-SEM images of composites (I) SEI images (a) CNT/CPA; (b) Pt/CNT/CPA-MRR-
Imin; (c) Pt/CNT/CPA-MRR-5min and (d) PtYCNT/CPA-MRR-10min and (IT) Compo images (a)
CNT/CPA; (b) Pt/CNT/CPA-MRR-1min; (c) Pt/CNT/CPA-MRR-5min and (d) Pt/CNT/CPA-
MRR-10min
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Outer surface-Cutting surface

Fig. 5.18. FE-SEM images of Pt/CNT/CPA-MRR-1 min (a) cutting surface of outer surface; (b)
fracture surface of outer surface; (c) cutting surface of inner surface and (b) fracture surface of
inner surface

Table 5.4. Calculated quality of deposited Pt nanoparticles by EDS analysis results

Materials C (wt%) Pt (wt%) Pt/C
Pt/CPA-MRR-5 min 13.04 222 0.170
Pt/CNT/CPA-MRR-1 min 39.65 0.61 0.015
Pt/CNT/CPA-MRR -5 min 31.19 3.81 0.122
Pt/CNT/CPA-MRR -10 min 4472 04 0.001
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Fig.5.19. FE-SEM Compo image of Pt/CNT-
CPA-MRR-1min

and CNT/CPA (c) inner surface and (d) outer surface
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Fig. 5.20. Temperature-irradiation time curves
of CPA (a) inner surface and (b) outer surface

Fig. 5.21. EDS map analysis of Pt/CNT/CPA-MRR-10 min (Outer cutting surface)
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5.3.3.2. Electromagnetic wave absorbability of Pt/CNT/CPA-MRR Composite
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Fig. 5.22. Temperature-irradiation time curves of (a) CPA, (b) CNT/CPA, (c) Pt/CPA-CRR, (d)
Pt/CPA-CRR-5 min, (¢) Pt/CNT/CPA-MRR-1min, (f) Pt/CNT/CPA-MRR-5 min and (g)
Pt/CNT/CPA-MRR-10min irradiating with 750 W at 2.45 GHz

Table 5.5. Physical property of evaluated samples

Materials Size (mm) NCN (mg/mm’) AT (T00s-t0)/°C Efficiency (%)

. cea  9.03%9.19%10.19 0.009 794 56
CNT/CPA 11.03x8.46x8.06 0.012 103.8 60
Pt/CPA-CRR 9.69x10.48x10.05 0.009 492 84
Pt/CPA-MRR-5min 10.73x10.50x10.11 0.009 92.5 81
PY/CNT/CPA-MRR-Imin  10.29x10.85%10.64 0.012 1424 68
PUCNT/CPA-MRR-5min  10.41x10.53x9.83 0.012 147.4 67
P/CNT/CPA-MRR-10min ~ 9.04x10.36x10.51 0.012 145.3 65
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Fig. 5.22 displays the temperature-irradiation curves of various absorbents available in our
study. It is reasonable to say that Pt/CNT/CPA-MRR composites are high effective and efficiency
absorbers comparing with others, which is supported by much more increased temperature with
the same irradiation condition (750 W at 2.45 GHz). The highest temperature of Pt/CNT/CPA-
MRR composites are attributed to the deposited Pt nanoparticles.

Physico-chemical property of evaluated specimen is listed in Table 5.5. Absorbing
efficiency was calculated from equation (1).
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Fig. 5.23. (I) Correction plot of microwave-induced temperature difference (T100s-To) and
absorbing efficiency of different samples and (II) Correction plot of microwave-induced
temperature difference (T0s-To) and microwave irradiation time

For microwave absorbents, several factors are involved for absorbing performance:
< Absorbing efficiency

All of the composites were irradiated at 2.45 GHz 750W. As shown in Fig. 5.23 (1),
comparing with CPA, the increased microwave absorbing efficiency of composites are attributed
to either structure (by CNT) or surface modification (by Pt nanoparticles). Even though
CNT/CPA composites modified by ultrafine Pt nanoparticles via microwave irradiation don’t
have the highest absorbing efficiency, the enhanced absorbing performances are available, which
was verifieded by increased temperature-irradiation time (t=100 s) curves. This phenomenon is
mainly attributed to the co-junction of Pt and CNT. Based on the physico-chemical property of
Pt/CNT/CPA-MRR composites and microwave performances evaluation, the optimum absorbent

is Pt/CNT/CPA-MRR-5 min.
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<4 Microwave-irradiation time for preparing composites

In chapter 4, we have announced that CNT/CPA has the increased absorbability than CPA,
which is attributed to tube-like CNT-induced intensified phonon. In this chapter, absorptive
behaviors are further increased by surface modification via microwave-assisted irradiation
method. As confirmed in Fig. 5.23 (II) curve (a), with the same irradiation time, largely increased
temperature differences of composites confirm their activities. More, comparing curve (a) and
(b), it is concluded that composites absorbability are related to absorbing efficiency at the same
irradiation condition. More, the highest detected temperature of Pt/CNT/CPA-MRR-5 min (Fig.
5.23 (II)) also indicates the optimum experimental condition is 5 min, which is identical with
Raman spectroscopy and EDS analysis results.

< Surface defects

As confirmed in Fig.5.16 and Table 5.3, Pt nanoparticles deposition on the surface of
substrate does not attribute to the change of half width of G band (Av; ssoem ) but surface defects
(Ripi). We have noticed that because of loading Pt nanoparticles on CNT/CPA or CPA,
intensified electron-phonon interactions between carbon in matrix and Pt results in the increased
defects value. The relationship between surface defects of comp‘osites and microwave induced
heat performances are shown in Fig. 5.24, by which it is facilitated to get a conclusion that, at the
same irradiation condition (2.45 GHz, 750 W), microwave capacity of composites increases with
increased surface defects.

PUCNT/CPA-MRR-10min  PVCNT/CPA-MRR-5 min
S "‘-\-. '
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Fig.5.24. Correction plot between microwave-induced temperature difference (Ty00s-To) and
surface defects (Ripig) of composites irradiated at 2.45 GHz 750 W
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Fig. 5. 25. Mechanism discussion of Pt/CA composites with enhanced electromagnetic wave
absorbability

Generally speaking, Pt acting as electron accepter with irradiation leads to the intensified
phonon flow in composites. These accumulated phonons attribute to the enhanced microwave
capacity [28-31].

According to the above analysis results, it is facilitated to get some conclusions as follows
for as-prepared Pt/CA composites (Pt/CPA and Pt/CNT/CPA):

< Both metallic particles Pt and carbon (NCN in CPA, CNT and NCN in CNT/CPA substrate)
are microwave receptors.

< Electrical and thermal insulator Al,Os grains play as heat storage.

< Deposition of Pt nanoparticles leads to the decreased E (Energy of fermi level) resulting
increased phonon at the same irradiation condition.

< Pt induced enhanced microwave absorbability of carbon is believed to conduction
mechanism leading joule heating effect.

< Pt/C-induced localized joule heating allows Al,O; grains as micro-heaters, which is

reasonable to explain the detected outer and inner surface temperature difference at the same
radiation condition.
This schematic is proposed in Fig.5.25.

5.4. Conclusions

In this chapter, ultrafine Pt nanoparticles without agglomeration had been selectively
deposited onto the surface of two kinds of substrates CPA and CNT/NCN/CPA making
Pt/CPA-MRR and Pt/CNT/CPA-MRR multi-element composites. Selective deposition of Pt
nanoparticles on substrate was achieved by polarization of graphitic carbon in CA under
microwave irradiation. By investigating the influence of depositing time at the constant radiation
condition, the optimum precipitate time for both of two substrates was 5 min. The enhanced
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microwave absorptive ability of composites were attributed to deposited Pt nanoparticles. The
merits of microwave irradiation technique are selectivity, simple, ultrafine and low cost.
Moreover, the enhanced microwave absorbability of as-prepared composites were attributed to
the decreased Fermi level energy of NCN due to the deposition of Pt nanopartiles.
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CHAPTER 6

CONCLUDING REMARKS AND POTENTIAL DIRECTIONS FOR
FUTURE RESEARCH

6.1 Concluding Remarks

This thesis successfully developed the electrochemical and microwave activities of
electrically conductive alumina (CA). Taking the unique structure of CA into consideration, it
was aimed at developing enhanced performances of CA as energy convertor with high effective
and efficiency. Due to the 3-dimensional cross-linked NCN with graphitic structure, enhanced
electrochemical performances of CA were achieved by suitable surface modification. We also
claimed microwave absorbability of CA by investigating the basic physico-chemical properties
of CA. Furthermore, microwave-induced heat behavior of CA was enhanced via various
modifications. The involved modification methods included structure modification with CNT
and surface modification with uniformly dispersed ultrafine Pt nanoparticles. As-received
composites were confirmed to be good microwave-absorbents. The summary and conclusions of
this thesis study are itemized as the followings.

In chapter 1, merits and limits of energy transfers via various methods (such as
electrochemical evaluation (EE) and microwave-assisted heating) as reported so far were
demonstrated. It was clarified the necessary and significant of exploring a novel composite with
good electrical conductivity, mechanical strength and microwave absorbability in order to meet
the difficulty we are facing now. Based on these advantages, disadvantages and features of
substrate, aim of this study was formulated.

In chapter 2, meriting from the good isotropic electrical conductivity, electrochemical
activity of CA as electrode was reported. It was noticed that ceramic insulation was effectively
overcome by nano-carbon networks (NCN). Enhanced performance was completed by
pre-treating and functional particles precipitation. Wherein, pre-treating not only allowed
introducing various functional groups on NCN as active sites for particles growth, but also made
it feasible to selectively surface modification. Pt/CPA was proven to be the highest electro-
catalyst toward ORR in alkaline electrolyte. In terms of relative study, merits and disadvantages
of CA as cell candidate were concluded.

In chapter 3, CA with two forms: dense/porous (CDA or CPA) were confirmed to be good
microwave absorbents. Considering the unique structure of CA (cross-linked Al,Os grains and
NCN with graphitic structure), influences of high-temperature reductive sintering (HTRS),
porosity and NCN amount on physico-chemical property and microwave absorbability of CA
were well discussed. Comparing CDA-1400 °C and CDA-1700 °C with the same carbon amount
(0.7 wt%), increased graphitilization degree of NCN in CDA-1700 °C attributed to increased
electromagnetic wave absorbability of CA. Improved microwave absorption benefited from
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polarization of NCN in CA, by which the microwave transparency of Al,O3 was overcome.
Increased HTRS temperature also accelerated increased Al;O3; grain size. Simultaneously, CPA
with high porosity up to 66.23 % was supported to good absorbent. High Porosity results in the
existence of tube-like NCN in CPA. Comparing CPA-1700 °C (carbon content is 0.7 wt%) and
PA-1700 °C (carbon content is 0.15 wt%), it was confirmed that absorptive performance was
little related with carbon content. Briefly, graphitization degree of NCN in CA briefly attributed
to the enhanced electromagnetic wave absorptive behaviors. Therefore, passive heating elements
(PHEs) performances of CA-1700 °C for non-polar paraffin liquid announce their potential
applications as microwave-assisted heating elements.

In chapter 4, electrically conductive porous alumina composite structurally modified with
CNT was fabricated. As-received composite was denoted as CNT/CPA (CNT/NCN/Alumina
ternary composite). In order to improve the dispersability of CNT in aqueous solution, before
making uniformly dispersed CNT/Al;Os slurry, as-received CNT was pre-treated with mixed
acids. Treating condition was optimized by discussing temperature and time. Good affinity of
Al,Os grains and CNT in ternary composite CNT/CPA (CNT/NCN/AlL;O3) was confirmed by
various characterization methods. Meriting from the co-existence of Al,O3;, NCN and CNT in
composite, increased bending strength of CNT/CPA was available. Furthermore, benefiting from
CNT in composite, comparing with CPA, the enhanced microwave absorbability of CNT/CPA
was available, which were attributed to co-junction of NCN and CNT in specimen. Effect of
CNT amount (Increasing CNT amount), CNT form (comparing with CPA and CB) and CNT
graphitilization degree (Comparing with CNT and HGCNT) for varied performances of
CNT/CPA were discussed. It was concluded that different filler attributed to the varied Fermi
level of composites, which are responsible for the different microwave-induced heat behaviors of
as-fabricated composites. Therefore, CNT tube structure, surface defect and good affinity of
components attribute to the enhanced behaviors.

In chapter 5, CA-based composites deposited with uniformly dispersed Pt nanoparticles
were prepared. Two kinds CA substrates (CPA and CNT/CPA) were employed. Taking graphitic
structure of carbon into consideration, Pt/CA composites were prepared via micrewave
irradiation technique. Polarized carbon in CA via microwave radiation attributed to selective
deposition of Pt nanoparticles. In order to optimum the depositing condition at the same
irradiation condition, different characterization ways were employed. Even though it was
difficult to direct evaluate depositing efficiency by characterization methods resulting from
unique structure of substrates, the best depositing condition was selected by evaluating relative
coating efficiency via calculating detected Pt and carbon weight ratio by EDS analysis.
Eventually, enhanced microwave absorptive abilities of as-resulted composites were attributed to
deposited Pt nanoparticles. The mechanism of these results also has been proposed.

Based on above discoveries, it is concluded that novel microwave-assisted high efficiency

heater employing CA as substrate was fabricated.
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6.2 Potential directions for future research

In this study, several methods have been attempted to investigate the microwave absorptive
ability of conductive alumina composites, which merits from nano-carbon networks (NCN) with
graphitic structure. By modifying with CNT and Pt nanoparticles, the increased performances
were achieved. Further research should be focused on several items as follows:

& [Increasing graphitization degree of carbon in CA.

It was confirmed that both electrical and microwave absorbability of CA were related with
- NCN. Then graphitilization degree of carbon in CA should be enhanced by other methods. One
of the ways is adding catalyst for graphitic acceleration during HTRS.

% Microwave-assisted heating investigation of conductive ceramic (CC).

NCN with graphitic structure in CA announces it’s electrochemical and microwave activity.
More, these performances are also related with matrix alumina. The future design of this study
should focus on employing other ceramic powders such as SiO,, SiC, ZrO,, ZnO and TiO, etc.

Besides changing ceramic matrix of CPA, for CNT-CPA composite with increased
microwave absorptive ability, it should attempt several sizes of Al,O3 as matrix.

+ [ncreasing carbon amount in CA

It was noticed that main potential applications of CA as described in this study are
influenced by carbon amount and structure. More, in this study, we also have claimed that
additive carbon nanotubes (CNT) was no contribution to carbon in CA. Then, it is proposed that
carbon amount in CA can be increased by adding some polymer having the same structure with
polymer networks (PN) in green body.

More, it was concluded that both degreasing and adding various additives attributed to
varied Al;Os grain size and carbon orientation. Herein, in order to change the carbon content and
orientation in composites, it is necessary to realize this aim via changing Al,O; matrix with

different sizes.

& Dielectric loss of various absorbents

Although the heat performances of microwave absorbents have been discussed in this study
by thoroughly discussing various factors, monitoring the dielectric loss of CA accelerates the

further understanding of mechanism.
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