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Abstract

The objectives of this thesis were to study on the synthesis, characterization,
and properties of 3Ca0.Al,O5.6H,0 (C3AH6) nano-cement and the C3AH6 nano-
cement incorporated with reduced graphene oxide (C3AH6/rGO) nanocomposites as
smart cement materials. Development of the prototype of electrical power concrete
block generation from heat by using CaMnO3 as thermoelectric materials was also
investigated. As-synthesized smart cement samples were characterized and analyzed
by several techniques, such as, XRD, Raman, SEM, TEM, FT-IR, UV-vis, XPS and TGA.
Moreover, the properties of synthesized cement samples, for the example, dielectric
constant, optical, electrical, thermal conductivities, micro hardness, electrochemical
properties, supercapacitor, and antibacterial activity were also studied. The results
can be briefly concluded as follows: the nanostructured C3AH6 and C3AH6/rGO
nanocomposite smart cements were successfully fabricated by adopting a
conventional hydration process. C3AH6 nano-cement indicated a high dielectric
response, large optical band gap and remained thermodynamically stable at below
350 °C with low thermal conductivity as thermal insulator. However, the C3AH6/rGO
nanocomposite cements appeared to have good smart cements properties including
high electrical conductivity, giant dielectric constants, greater Vickers micro-hardness
values, high electrochemical and supercapacitor properties with high performance in

antibacterial activities. These properties tend to increase along with an increase of

i1



rGO content (wtx%) loading. In contrast, thermal conductivity reduced as the
contents of rGO in the C3AH6/rGO nanocomposites increased. These results
indicated that nano-sized C3AH6 cement incorporated with rGO material exhibited
suitable properties for multifunctional applications as smart cement materials. In
addition, the prototype of concrete block electric power generation from heat (CGH)
and its applications in municipal melting furnace or municipal incinerator are
investigated. This CGH prototype consisted of thermoelectric modules containing
thermoelectric material synthesized from CaMnO; thermoelectric material. It was
found that a single thermoelectric module showed voltage as 155 mV current as 11
mA and the electrical power as 1.7 mW in temperature difference of 470 °C for the
high temperature side module at 700 °C. The electrical power can be increased by
connecting several thermoelectric modules together. Also, the prototype of CGH
consisting of 50 thermoelectric modules are connected to the electrical circuit at the
module’s height at 2 cm on the hot plate. The results showed that electrical power
is directly proportional to the number of thermoelectric modules. The difference in
maximum heat temperature was 553.50 °C (at the hot side, the temperature was at
700 °Cand at 146,50 'C for the cold side). In addition, testing of electrical
measurements, when compared to temperature differences, as showed that the
maximum electric potential was at 702.44 mV and the current was at 55.06 mA.
Thus, these results implied that CGH prototype can be applied to thermal energy
from various heat sources, such as burning, biomass, waste, heat industrial and
power plants. The CGH prototype may be scaled into large-scale thermal power

plant to supply the electrical energy to different industries.

Keywords: Smart cement, 12CaO-7AL,O; (C12A7), CasAlL(OH);, (C3AH6), Reduced
graphene oxide (rGO), Nanocomposites, CaMnOs;, Thermoelectric material,

Thermoelectric generator.
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Chapter 1

Introduction

1.1 Research motivation

Thailand has large amount of inexpensive raw materials for producing cement
composites for constructions purposes such as buildings and roads. Therefore, if the
cement composites could be improved to be smart materials, the cement's raw
materials would provide more value. Smart cement composites that can generate
electricity from heat is one promising route because heat can be generated by
sunlight available throughout the year in Thailand [1-4]. Physical properties of
Portland cement materials have been widely investigated for new finding in scientific
applications and importance technology. The Portland cements are commonly used
in construction industries which is based mainly upon calcium aluminate (CA)
cements compounds [5]. There are several composite calcium aluminate (CA) used
in Portland cement such as 3CaO-AlL,O; (abbreviated C3A in cement notation),
12Ca0-7AL,05 (C12A7) [5,6,7]. The calcium aluminate cement can be presented by
notation of nCao-MALO; (CnAm). Cement hydration process occurs when anhydrous
cement reacts with water, for example of 3Ca0O-Al,05-6H,0 (C3AH6), or also known as
Tricalcium Aluminate Hexahydrate [8,9,10]. The cement hydrate is one of the cement
hydrate composites that draw attention in terms of dielectric behavior as presented
by having electrical response as a function of frequency for capacitors applications
[5,11,12]. The pure C3AH6 cement hydrate, or katoite cement mineral and
hydrogarnet group, contains a stoichiometric formula CazAl,(OH),, [8] or a solid form
of cement containing calcium aluminate cement hydrates which is kept at room
temperature. The crystal-like structure exhibited in a cubic unit cell located in space
group of la3d (230). Dilnesa et. al. [13] has explained in detail that the C3AH6
contains general formula CasAl,(OHy); of the Ca site as specified by divalent cations
(Ca2+), Al site occupied by trivalent cations (A" in an octahedral and a tetrahedral
framework and the 4OH locating within the tetrahedral framework for charge
balancing. The H" ions bonded with each of the four O atoms with surrounding

space. The unit cell contains 6 of the Cas;AlL(OH);, units which possesses 132 atoms



(24 Ca, 16 AL, 96 H and 96 O) and were essentially formed by a three dimensional
framework containing the Ca(OH)s dodecahedra sub-structure and the AWOH),
octahedra sub-structure [8,13]. The unit cell structure displays lattice parameters of a
lattice constant a=12.55695 A, and unit cell volume V=1986 A’. Naturally, the C3AH6
cement is constructed in a crystal phase at high temperatures. Furthermore, Barnes
and Bensted [14] had explained that the C3AH6 cement hydrate can be formed by
having C12A7 quickly reacted with water above 60 °C. For physical properties, Smith,
et. al. [12] have reported that the C3AH6 cement hydrate displayed the characteristic
of high frequency in response with value of 1x10" F to 2x10" F for frequency ranging
from 10° Hz to 10° Hz. However, there is no report yet on the preparation process for
nanostructure of C3AH6 cement hydrate and its effects on optical, thermal and
dielectric properties.

In this investigation, the nanostructure C3AH6 was prepared by applying
hydration process of starting C12A7. Moreover, the nanostructure, optical, thermal
and dielectric properties were observed in detail of the C3AH6 comparing to the
precursor C12A7. Figure 1.1 illustrates schematic diagram of the reaction of

nanostructure C3AH6 cement hydrate.

blue Ca-atom

green Alsgtom
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Figure 1.1 The reaction schematic diagram on occurring the nanostructure C3AH6

cement hydrate. [15].



The properties of C3AH6 hydrogarnet were better than those of materials
containing complex nanosized structures. C3AH6 cement has the formula,
CasAlL(OH);, [8]. However, C3AH6 cement has poor dielectric and mechanical
constant, thermal conductivity, electrochemical properties with no antibacterial
properties. Thus, it should be improved by the incorporation of appropriate
nanocomposite materials. Currently, many publications on the enhancement of
cement-based compounds by using graphene oxide (GO) composites and reduced
graphene oxide (rGO) composites are available. Among several, Sedaghat et al. [18]
discovered the electrical conductivity and thermal diffusivity of cement/graphene
composite structural applications were formed by partially replacing graphene with
Portland cement. Similarly, Li and Kim [18] attempted graphene oxide composited
with calcium aluminate cement to improve the strength of flexural and compressive
materials for construction repairing field. Dimov et al. [16] additionally asserted that
nanoengineered concrete composites with GO significantly provides more strength.
Gholampour et al. [19] explained the consequences of GO and rGO composites in a
cement mortar for axial tension and compression properties improvement. Khan et
al. [17] succeeded in attempting the experiment on aconductive nanoscale calcium
aluminate cement by applying rGO and GO components. Specifically, rGO, which is a
two-dimensional (2D) carbon nanomaterial, has been acceptably applied in
construction field because of its compatible electrical, thermal and mechanical
properties which led to a high surface area [16,17]. Therefore, this 2D rGO material
may have preferable performance in terms of enhancing the properties of nanosized
C3AH6 hydrogarnet cement. Nanosized C3AH6 tend to utilize the 2D nanostructured
rGO in various functions and applications that demand micro hardness, a stable
dielectric constant, electrochemical properties, antibacterial activity and thermal
conductivity.

For this research, the author proposed to attempt at a method on preparing 2D
nanocomposites of minimized GO and nanosized C3AH6 by using a quick cement
hydration process for investigating the mechanical, optical, dielectric, thermal,
electrochemical and antibacterial properties. This approach utilizes the 2D
nanostructured rGO incorporated in the nanosized C3AH6 cement-base, advancing its
material properties. The improved properties of nanocomposited rGO/nanosized

C3AH6 cement, dielectric constant, electrochemical, thermal conductivity,



thermoelectric, micro hardness and antibacterial properties are shown in Figure 1.2
illustrating synthesis and differences between the two processes to produce

nanometer sized C3AH6 and nanocomposited rGO-C3AH6 [15].
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Figure 1.2 Synthesis and the differences between the two processes to produce

nanometer sized C3AH6 and nanocomposited C3AH6-rGO.

This study concerned the development of a concrete block electric power
generation from heat and applications in municipal melting furnace or municipal
incinerator (CGH) prototype working at high temperature up to 800 °C. The CGH
prototype was used with the Seebeck effect schematic by directly converting heat
into electricity. The CGH prototype consisted of mechanical components: (1) steel
structure with wheels, (2) gas fuel system, (3) waste burning system, (4) combustion
chamber, (5) heat storage, (6) TEG and (7) hot exhaust vent. Thermoelectric modules
have thermoelectric material synthesized from CaMnO; thermoelectric material in a
laboratory. A single thermoelectric module showed voltage 155 mV, current 11 mA,
and the electrical power 1.7 mW in temperature difference of 470 °C for the high
temperature side at 650 °C. The electrical power can be increased by connecting
several thermoelectric modules together. The experimental results indicated that the

electrical power corresponds accordingly to the number of thermoelectric modules.



It was frond that the CGH prototype consisted of 56 thermoelectric modules
connected into series could immediately light up the 150 mW LED in temperature
difference of 465 °C for the high temperature side at 650 °C. The CGH prototype can
be applied in thermal energy from various heat sources such as burning biomass,
waste industrial heat and power plants. The CGH prototype may be scaled into large-
scale thermal power plant to supply the electrical energy. Figure 1.3 showed
prototype of concrete block electric power generation from heat and applications in

municipal melting furnace or municipal incinerator.

Thermoelectric modules

Figure 1.3 Prototype of concrete block electric power generation from heat and

applications in municipal melting furnace or municipal incinerator.

This dissertation seeks to study as followed: first, to develop the electrical,
thermal conductivity, mechanical, dielectric, and antibacterial properties in which
pristine Nanostructure C3AH6 compounds were formed by applying hydration
method through the use of C12A7 powder with a convenient solid-state reaction
method. The electrical and thermal conductivity of the C3AH6 were developed by
fabricating nanocomposites of nanosized C3AH6-rGO by using a rapid cement
hydration process in which water is quickly heated at 100 °C in order to enhance the
micro  hardness, dielectric constant, thermal conductivity, thermoelectric,

electrochemical and antibacterial properties. Second, the development of prototype



of concrete block electric power generation from heat and applications in municipal

melting furnace or municipal incinerator (CGH) prototype working at high temperature

up to 800 °C. The CGH prototype was used with the Seebeck effect schematic by

directly converting heat into electricity from thermoelectric modules synthesizing

from CaMnO; thermoelectric material in a laboratory. The experimental results

indicated that the electrical power corresponds accordingly to the number of

thermoelectric modules.

1.2 Objectives of the study

1) To synthesize and improve nanostructured tricalcium aluminate hexahydrate

(C3AH6) cement and C3AH6/rGO nanocomposites.

2) To study the potential use of the C3AH6 and C3AH6/rGO on smart cement

nanocomposites.

3) To develop the electrical power generated concrete blocks from heat by using

CaMnQj3 as thermoelectric materials.

1.3 Scopes of the study

1)

2)
3)

Synthesis of C3AH6 cements by using hydration method through the use of
C12A7 powder as precursor.

Synthesis of C3AH6/rGO nanocomposites based on cement materials.
Characterization and properties measurements of all the prepared cement
samples.

Development of electrical power generated concrete blocks from heat using

CaMnOs; as the prototype of thermoelectric material modules.

1.4 Benefits of the study

1)
2)

3)

Knowledge on the synthesis of C3AH6 nano-cements.

Understanding of the use of C3AH6/rGO nanocomposite on smart cement
material.

Understanding of the development of electrical power generated concrete
blocks from heat by using CaMnOs as a prototype of thermoelectric materials

module.



Chapter 2

Theory and Literature Reviews

2.1 Fundamental properties of Ca,,Al,,05; mayenite

Chemical formula of mayenite can be written as follows: 12Ca0-7AlL,O5 (C12A7),
CaygAlygOgs. C12AT cement structure is connected by Ca, Al and O atoms conjoin
cement configuration creating void nanometer-sized cages inside structures, while
each cage shows a nanoporous with a size of 0.4 nm, as shown in Figure 2.1. A cubic
unit cell of the C12A7 cement structure in different colors including red, blue and
orange balls illustrating illustrate Al, Ca and O atoms. The grey sphere shows a cage-
like shape of the structure. The crystal structure of C12A7 has nanocages with a set
inner diameter. An insulating unit cell of C12A7 structure consists of 2 molecules
with 1 occupied by crystallographic nanocage and existing q" charged of a cage wall
as expressed by [Ca24AL28066]4+. By capturing 2 free oxysgen ions (OZ_) in cages, or as
called as extra framework, the 2 cages in a unit cell naturally fosters neutrality of the
electricity. The C12A7 structure indicated that, as replaced by free oxygen anions: O,
02_, free O ions are flexibly bounded to the lattice framework as expressed by
C12A7: 07 A change of anion in the cage dominates the band of energy structure as

a result of a transition of the optical, thermal and electrical properties.

AL3+

v

0.4 nm

1.198 nm

Figure 2.1 A cubic unit cell of the C12A7 mayenite structure [20].



2.2 Fundamental properties of Ca;Al,(OH),, (C3AH6) katoite

The chemical formula of katoite can be written as follows: Tricalcium
Aluminate Hexahydrate, CasAl,(OH);,, 3Ca0.Al,05.6H,0 and C3AH6. Cement hydration
process occurs when the C3AH6 cement reacts to water. The pure C3AH6 cement
hydrate, or also known as katoite cement mineral and in hydrogarnet group, contains
the following stoichiometric formula C3AH6 [8]. At room temperature, this is the solid
cement structure of the calcium aluminate cement hydrates. Crystal structure
displayed in a cubic unit cell existing in the space group of la3d (230). The C3AH6
cement contained a Caz;Al(OHy)s formula. A Ca site as assigned by divalent cations
(Ca2+), An Al site occupied by trivalent cations (A’ in an octahedral and a
tetrahedral framework and a 4OH  situating within the tetrahedral framework. For
charge balancing, a H'-ions bonded with each of the four O atoms as surrounded by
empty site. The unit cell contains 8 of the C3AH6 units with 132 atoms (24 Ca, 16 Al,
96 H and 96 O) created by a three dimensional framework with Ca(OH)g dodecahedra
sub-structure and the AW(OH), octahedra sub-structure. The unit cell structure
indicates lattice parameters of a lattice constant a=12.55695 A, and unit cell volume
V=1986 A3. Naturally, C3AH6 cement can be created crystal phase at high ambient
temperatures. The C3AH6 cement hydrate canexist by using C12A7 cement reacted
rapidly with water at accelerated temperatures above 60 °C. For physical properties,
there is no report on preparing process for nanostructure of C3AH6 cement hydrate

and its effect on optical, thermal, dielectric and thermoelectric properties.

blue Ca-atom
=atom

read O-atom

C3AH®6: 10-100 nm 1x1x1 unit cell 2x2x2 unit cell

Figure 2.2 A cubic unit cell of C3AH6 structure: blue, green red and ping balls
represent Ca, Al, O, and H atoms and C3AH6 1x1x1, 2x2x2 unit cell.



2.3 Synthesis of Graphene
2.3.1 Introduction [21]

The current research in nanotechnology describes graphene as one of the most
studied carbon nanomaterials. Due to its potential applications for future electronics,
graphene drew utmost attention in terms of condensed-matter physics and materials
science. Graphene is a hexagonal honeycomb lattice, which creates 3D bulk graphite,
once layers of single honeycomb graphitic lattices are arranged and confined by a
van der Waals force as illustrated on the right side of Figure 2.3. In addition, gsraphene
can also create a sphere which is called 0-dimensional fullerene or rolled up
because of its axis to create 1-dimensional cylindrical structure or known as carbon
nanotube (CNT). Single graphitic layer is generally referred to as monolayer graphene,
bilayer and trilayer graphene for and three graphitic layers and thick graphene-
nanocrystalline thin graphite or multilayer graphene for those beyond 5 and up to 30

layers of graphene.
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Figure 2.3 The 2D hexagonal nanosheets of graphene (top) and relevant structures:
fullerene (bottom left), carbon nanotubes (bottom centre) and graphite

(bottom right) [22].
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With high carrier density, high mobility, optical conductivity and mechanical
properties, graphene illustrates outstanding electrical and thermal conductivity. In
addition, in terms of electrical properties, room temperature, quantum Hall effect
ballistic charge transport, high charge carrier density, and tunable band gap are
similarly outstanding properties of graphene. Graphene properties also vary with
stacked layers, therefore, creating possibility to apply to different devices. In the case
of bilayer graphene shows gapless semiconductor pattern which takes place once
parabolic bands of k and k’ reach the single point at the Brillouin Zone. Due to
graphene’s outstanding electrical properties, it has drawn attentions to application to
future electronics, for example, photonic devices, integrated circuit components,
flexible displays, ballistic transistors, sensors and transparent conducting electrodes.
These properties allow graphene to be used as a medium in a FET. High optical
transparency and high electrical conductivity also prove graphene as a possible
option for conducting transparent electrodes, necessary for applications in devices
such as touch screen, organic photovoltaic cells, organic light-emitting diodes (OLEDs)
and liquid crystal displays. Several devices that utilize graphene such as Li-ion
battery, solar cells, supercapacitor, transistors and photonic devices, have illustrated
its potential applications. Different reports explained graphene synthesis as stemming
from chemical process, chemical exfoliation, mechanical exfoliation from graphite,
chemical vapor deposition (CVD) and epitaxy on Si C surface. Accordingly, graphene
brought about significant improvements to both industrial and scientific community
as demonstrated in Figure 2.4 the scalability against cost and graphene quality trends

that alter according to various synthesis techniques.

303

Scotch-tape

Amnenb auaydeig

Liquid-phase
exfoliation

Plasma

Oxidisation-
reduction
Thin graphene
Scalability

Figure 2.4 Scalability against cost and graphene quality trends for various synthesis

graphene techniques. (Image reproduced from Ref. [21]).
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2.3.2 An Overview of graphene synthesis methodologies [21]

Different methodologies, to date, have been developed to test graphene
synthesis and graphene-derived materials namely: chemical synthesis, mechanical
cleaving (exfoliation), thermal CVD synthesis, chemical exfoliation and epitaxial
growth methods. Several other processes such as electrochemical exfoliation,
unzipping of CNT, laser ablation were also developed. The methodologies of
graphene synthesis can be categorized into top-down and bottom-up approach. The
top-down approach describes nanoscale materials synthesis by minimizing its sizes
from bulk. Meanwhile, the bottom-up approach describes the formation of a
structure by atomic or molecular arrangements. For instance, all types of exfoliation
process are considered top-down, while epitaxial processes, CVD and pyrolysis are
bottom-up (Figure 2.5). In 1999, mechanical cleaving of highly ordered pyrolytic
graphite by atomic force microscopy (AFM). Using AFM cantilever, the mechanical
cleaving method was able to concoct ~10 nm thick of graphene. In 2004, the idea of
singular atomic thick layer graphene fabrication was mentioned when a tape was
used for exfoliating graphene layers to create bulk graphite. In the same way,
chemical exfoliation is a technique that exfoliates a solution-dispersed sraphite by
injecting a sizable alkali ion between layers of graphite. Similar to CNT synthesis,

catalytic thermal CVD is proven as the most appropriate technique.

‘ \
Chemical Other
Exfoliation Pyrolysis Epitaxial growth CvD

synthesis FRath s
|
Mechanical Chemical I Sonication

exfoliation exfoliation

— Adhesive tape '— Graphene
oxide
AFM tip
| method

Figure 2.5 Classification of graphene synthesis processes.
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2.3.3 Chemical Synthesis: graphene from reduced graphene oxide [21]
Graphene’s chemical synthesis is an indirect top-down technique. It is the first
technique which indicated synthesis of graphene by chemical route. Boehm et al,, in
1962, showed monolayer flakes of minimized GO. This technique was just recognized
by the Nobel Prize. Three well-known GO synthesis techniques include the Brodie
method, the Staudenmaier method, and the Hummers and Offeman method. These
techniques involve graphite oxidation through effective oxidants and acids. The level
of oxidation differ according to reactions of conditions such as temperature, pressure,
stoichiometry, as well as the graphite type utilized as a starting material. Hummers
proposed the Hummers method, or graphite oxidation by combining graphite with
potassium permanganate, sulfuric acid and sodium nitrite. During this procedure,
potassium permanganate and sulfuric acid react and form dimanganese heptoxide,

which is an effective oxidizing agent as illustrated below:

KMnOj, + 3H;50,  — K 4+ MnO; + HsO  + 3HSO,
MnO;" +MnO;, —  Mn,O, (2.1)

Chemical reduction procedure was undergone by utilizing dimethylhydrazine
or hydrazine with either surfactant or polymer to create uniformed colloidal
suspensions of graphene. As reported in a few researches, the reduction of GO is
performed by applying sodium borohydrate (NaBH;) and hydroquinone. In Figure 2.6,

the process chart is indicated in the schematic below.

Reduction with

hydrazine mmp

hydrate

Sonication

—

. Hummer's

method ‘

Figure 2.6 The process flow chart graphene synthesis derived from reduced

graphene oxide.
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2.4 Fundamental of thermoelectric
2.4.1 Introduction [23]

Thermoelectric is linked to thermal and electrical occurrences. Thermoelectric
procedures has the ability to turn energy from thermal to electrical. Thermoelectric
generators illustrate capacity heat recovery of waste from automotive vehicles and
power plants. Today, study of thermoelectric is crucial with many useful applications.
Introduced in the early nineteenth century, before that there have not been
considerable improvements for thermoelectricity in terms of materials or efficiency
until the recent work in nanotechnology, which resulted in a significant performance
improvement. Therefore, it is essential to grasp the rudiments of thermo-electrics
development and thermal design. Back in 1821, Thomas J. Seebeck found that a
circuit consisted of two different wires, when one of the junctions was heated, it can
generate an electromotive force or a potential difference. This is also known as the
Seebeck effect. Thirteen years later, Jean Peltier discovered, in 1834, that depending
on its direction, through a thermocouple, the passage of an electric current can
produce heating or cooling effect. This is also known as the reverse process or the
Peltier effect. In 1841, James P. Joule discovered Joule heating. Then William
Thomson learned, in 1854, a difference in temperature between any two points of a
current-carrying conductor, depending on the direction of current and material, leads
to either heat absorbs or liberation. This discovery contributed to the Peltier heating
or known as the Thomson effect. Mechanisms of thermoelectricity were not properly
studied until the end of the nineteenth century with the introduction of electrons.
Today, it is a common knowledge that, even at room temperature, an electric field,
thermal energy or solar energy can liberate electrons from their atomic binding,
moving them to where the electrons can move freely. This is why electrostatics exist
everywhere. Nevertheless, as shown in Figure 2.7, once a difference in temperature
across a conductor is detected, the hot region of the conductor generates more free
electrons, then accelerates diffusion of these electrons which naturally resulted from
the movement from the hot region to the cold region. In contrast, via Coulomb
forces, the distribution of electron generates an electric field, which then leads the
electrons to move from the hot region to the cold region. Thus, a heat flow takes

place in the conversed direction of the current. This process is shown in Figure 2.7.
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Figure 2.7 Electron concentrations in a thermoelectric material [23].

2.4.2 Thermoelectric Effect [24]
Seebeck Effect

The Seebeck effect refers to the conversion of a temperature difference into
an electric current. Illustrated in Figure 2.8, wire A is connected at both ends to wire
B and a voltmeter is put in wire B. With temperature difference being imposed
between two junctions; it is learned that voltage V or potential difference will appear

on the voltmeter. The potential difference V is:
V= GABAT (22)

Where AT=T,-T; and a,, a.-a, a. is known as the Seebeck coefficient, which is
measured in pV/K. As shown in Figure 2.8, if emf tends to drive an electric current
through wire A from the hot junction to the cold junction, the sign of a is then
positive. In practice, it is rare to measure the absolute Seebeck coefficient as the
voltage meter usually reads relative Seebeck coefficient between wire A and B. The
absolute Seebeck coefficient can be derived from calculating the Thomson

coefficient.
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Figure 2.8 Thermocouple.

Peltier Effect

As outlined in Figure 2.9, when a current flows across a junction between two
different wires, it is discovered, in order to keep its temperature constant, heat must
be consistently added. Heat is commensurable to the current flow and altering the

sign once the current is reversed. Therefore, the Peltier heat can be explained in the

equation 2.3.

QEE, = DR (2.3)

Where m,z is the Peltier coefficient and the sign of m,s is positive if the
junction at which the current enters wire A is heated, and the junction at which the
current leaves wire A is cooled. The Peltier heating or cooling is reversible between

heat and electricity. This implies that heating will generate electricity and electricity

will generate heating without energy loss.
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Figure 2.9 Schematic for the Peltier effect and the Thomson effect.
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Thomson Effect

As illustrated in Figure 2.9, which is an experimental observation depending on
the material, when current flows, heat is absorbed into wire A with negative
temperature gradient and liberated in wire B because of the positive temperature
gradient [24]. The Thomson heat is commensurable to both electric currents, and is
schematically displayed in Figure 2.9. Therefore, the Thomson heat can be explained

in the equation 2.4.

QThomson = Tas IAT (2.9)

Where 7 is the Thomson coefficient. Among the three thermoelectric
coefficients, the Thomson coefficient is the most unique as it is the only
thermoelectric coefficient that is measurable for individual materials. There is also

another form of heat, or Joule heating.

Thomson Relationships

1854, Thomson [25] thermodynamically observed the relationships as exhibited
in Equations (2.5) and (2.6) by adopting the first and second laws of thermodynamics
with assumptions that the reversible and irreversible processes in thermoelectricity
are independent of one another. The assumption remained a challenge until the
introduction of new thermodynamics. Compared to the Peltier effect, the Thomson

effect is less significant. These relationships were later proven by experiments.

g = QuAT (2.5)
dOIAB

Tag = 2.6

AB dt (2.6)

Equation (2.5) leads to the very useful Peltier cooling in Equation (2.3) as

QPezt/er =gl (2.7)
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Where T is the temperature at a junction between two different materials and

the dot above the heat Q indicates the amount of heat transported per unit time.

2.4.3 The Figure of Merit

The performance of thermoelectric devices is assessed by equation 2.8.

s}
Q

ZT = (2.8)

28]
=
xt

Where ZT = is the figure of merit (1/K)

a = is the seebeck coefficient ( uV/K)

p = is the electrical resistivity (Qcm)

o = 1/p=is the electrical conductivity (Qcm)

==
Il

is the thermal conductivity (W/mK)

The figure of merit is defined as ZT, where T is an absolute temperature. There
is no limitation on ZT. However, it has been defined to the values around ZT=1 in
existing devices. The larger ZT value, the greater the energy conversion efficiency.
The quantity of a?a is defined as the power factor. Thus, both the Seebeck
coefficient @ and electrical conductivity @ must be maximized, while the thermal

conductivity k must be minimized.

2.4.4 New-Generation thermoelectric

Although, in 1821, Seebeck discovered thermoelectric phenomena and
Altenkirch, in 1911, defined Equation (1.7), it took until 1950s and 1960s to develop
the first functioning devices, which are known today as the first generation of
thermoelectric averaging at Z~1.0. Devices made of these can operate at ~5%

conversion efficiency. After certain stagnant years, in 1990s, new theories on the size



18

effects of thermoelectric properties led to new experimental research which finally
brought important developments in the later decades. Although the original
theoretical ideas revolved around possibilities of increasing the power factor,
experimental revolutions were accomplished mostly by minimizing the lattice
thermal conductivity. Among various research methodologies, one has developed
and has caused an almost doubling of ZT at high temperatures and has defined the
second generation of bulk thermoelectric materials with ZT in the range of 1.3-1.7.
This approach utilizes nanoscale precipitates and composition in homogeneities to
significantly suppress the lattice thermal conductivity. Recently, the third-generation
bulk thermoelectric are under development which simultaneously combines
different innovative ZT-enhancing approaches including development of Seebeck
coefficients through valence band convergence, and reduction of the lattice thermal
conductivity through all length-scale lattice disorder. The third generation of bulk
thermoelectric illustrates high ZT, ranging from 1.8 to 2.2, relating to the difference in
temperature, with conversion efficiency estimated increase to ~15-20%. Are shown

in Table 2.1 and by the in Figure 2.10.
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Figure 2.10 Dimensionless figures of merit for various nanocomposite thermoelectric

materials.
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Table 2.1 Thermoelectric properties of single crystal and bulk nanocomposite

semiconductors [23]

Type Temperature (K)  |a| (WW/K) o (Qcm)™  k, (W/mK) &k (W/mK) ZT
Bi,Te; p-type single crystals 300 230 500 0.6 2.0 0.5
BiSbTe p-type, nanocomposites 400 220 700 0.6 1.0 1.4
Bi;Te;7Sep3  n-type nanocomposites 400 210 700 0.6 1.2 1.0
PbTe-SrTe p-type nanocomposites 900 270 300 0.4 1.1 22
SizpGesy n-type single crystals 1000 350 320 0.5 4.0 0.8
SigoGeze n-type nanocomposites 1200 250 400 0.5 2.8 1.3
CoSbs n-type single crystals 800 240 800 0.5 4.0 0.6
Yb-CoSb; n-type, Yb-filled skutterudites 800 200 1600 2.0 32 1.3
YbyMnSb,,  p-type, Zintl compound 1200 190 200 0.7 1.1
LayTe, n-type single crystals 1200 280 80 0.3 0.7 1.1

2.5 Supercapacitors

The energy storage system is crucial for meeting a rapid growth of global
energy demand and handling environment issues that may arise. It has become the
focus of different studies with an interest to improve the efficiency of devices’
energy storage. Supercapacitor has developed in the past decades and displayed
great capability to support the advancements of energy storage [26]. As shown in
Figure 2.11, as opposed to conventional devices such as capacitors, batteries and
fuel cells, because of its increasingly high power, prolonged cycling ability and fast
charge, discharge property, balanced energy density and rate capability,
supercapacitor is one of the most preferred devices in terms of energy storage.
Therefore, supercapacitor contains competitive advantages as promising energy
storage devices suitable for applications, for example, satellites devices,
telecommunication and powered electronics, standby power systems and electrical

hybrid vehicles [27].



20

-
o
3

-3
o
@™

-
o
Y

e

J | |

102 101 100 10 102 10? 104
Specific energy (Wh'kg)

Specific power (W/kg)

2

Figure 2.11 Plotting of specific power against specific energy for different types of

conventional capacitor, battery and fuel cell technologies [27].

2.5.1 Component and classification of supercapacitor

In general, as shown in Figure 2.12, supercapacitor consists of 3 important parts
including the electrodes which are comprised of anode and cathode with significant
surface area electrode materials (high porous electrode materials), electrolyte
solution and thin dielectrics (separator) to maintain capacitances in magnitude higher
than conventional capacitors [27]. In addition, supercapacitor can be categorized into
three sorts which are electrochemical double-layer capacitor, pseudocapacitor and

hybrid capacitor [27].
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Figure 2.12 Three important parts of supercapacitor: the electrodes (anode and

cathode), separator and electrolyte solution [27].

2.5.1.1 Electrochemical double-layer capacitors (EDLCs)

This type of superconductor is built from an electrolyte solution, and
thin separator dielectrics which are two material-based electrodes. Figure 2.13 (a)
indicates the schematic of general EDLC which are similar to conventional capacitor.
The EDLC energy storage is a charge-discharge procedure depending on electrostatic
on the electrode surfaces. Therefore, double-layer of charge state is formed at each
electrode. These double-layers led to a decline in the distance between electrodes
but an increase in surface area, allowing EDLCs to maintain higher energy densities
when compared to regular capacitors. Since it does not transfer charge between
electrolyte and electrode nor chemical or composition changes related to non-
Faradaic procedures. Accordingly, EDLCs charge storage is highly reversible and

cycling stable [27].
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Figure 2.13 Schematic representations of supercapacitor types [28].

2.5.1.2 Pseudocapacitor
Pseudocapacitor differs from EDLCs because storage charge of the
pseudocapacitor relies on Faradaic redox reaction through the transfer of anode and
cathode electrode and electrolyte solution. This is also achieved through
intercalation  processes, reduction-oxidation reactions and electro sorption.
Compared to EDLCs, the Faradaic procedureslet pseudocapacitors increases

capacitances and energy densities [28].

2.5.1.3 Hybrid capacitors
Hybrid capacitors sought to utilize its advantages while addressing
drawbacks of EDLCs and pseudo capacitors to create improved qualities for better
performance. Applying both Faradaic and non-Faradaic procedures in storage charge,
hybrid capacitors maintained specific energy and specific power greater than that of
EDLCs by not having to give up its affordability and cycling stability which conversely

have held down the success of pseudo capacitors [28].
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2.5.2 Supercapacitor Performance [29]
Key parameters are applied to quantitatively assess the supercapacitor’s
performance include capacitance and cycle stability. All adopted techniques to

derive these parameters are electrochemical ones.

2.5.2.1 Electrochemical cell design for performance testing

The assessment of supercapacitors are categorized into two-electrode
and three-electrode systems. By screening electrode materials, the previous

configuration concentrates on the estimation of electrode materials.

1) Three-electrode system

The three-electrode system composes of a reference electrode, a
working electrode and counter electrode, which are all intermixed to a potentiostat
as displayed in Figure 2.14 (a). where the working electrode is generally fabricated by
coating active material onto the substrate of a stable electrode. The active material
is dissipated in a selected solvent until a slurry with a uniformed dispersion is
acquired. Carbon supplements are supplied into this slurry once the active material
is highly conductive. There are various types of common reference electrodes with
discrete fixed potentials such as normal hydrogen electrode, silver chloride

electrode, and saturated calomel electrode.

rﬁ—g_ﬁ—
*

AN

.

(a) (b)

Figure 2.14 Schematic drawing of (a) three-electrode system and (b) two-electrode
system: working electrode (W), reference electrode (R), and counter

electrode (C) [30].
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2) Two-electrode system
Figure 2.14 (b) shows a two-electrode system including a cathode
and an anode. The anode and cathode are synthesized by creating slurry from active
materials. The slurry is then sprayed or pasted onto the substrate electrode.

To assess capability of each electrodes.

2.5.2.2 Specific capacitance (Cs)

Capacitance (C) is an important performance parameter derived from
supercapacitors analysis. Specific capacitance (Ccs) is calculated in order to compare
the performance of electrodes. Cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) measurements are applied to calculate the capacitance of materials.

1) Measurement of (CV)

Cyclic voltammetry measurement examines the electrochemical
phenomena occurred in active materials of the working electrode. This technique
applies potential to the working electrode, referencing electrode’s fixed potential,
which move back and forth between the two predefined potentials in a linear
formation. The potential range is confined by the electrolyte’s operating stability.
Scanning the potential range provides a time-dependent current and plotting this
current (/) against the scanned potential (E) graphs a CV curve for capacitance

diagnosis as shown in Figure 2.15.
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Figure 2.15 Cyclic voltammogram curves of (a) ideal capacitor, (b) EDLC, and (c)

pseudocapacitive materials [29].
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In theory, a rectangular CV as shown in Figure 2.15 (a) reveal an ideal capacitor.
On the other hand, EDLC materials do not behave as expected, leading to a
distorted rectangular shape as showed in Figure 2.15 (b). As seen in Figure 2.15 (c),
Faradaic reactions from pseudocapacitors output redox peaks. These curves, specific

capacitance can be assessed by the following equation;

JidV

Cs¢c = ——
2mv AV

where JidV is the integral region of closed CV curve, V the potential scan
rate, AV the potential range and m the mass of the active material. In addition,
potential scan rates pertain crucial impacts of on the measured capacitances. As
seen in Figure 2.16, at lower rates, CV curves displays a nearly ideal capacitive
pattern with a rectansular shaped curve. Notwithstanding, increasing scan rates alters
the ideal rectangular CV curve. At higher scan rates, the electrochemical kinetics

cannot compete with an abrupt change in potential.
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Figure 2.16 Cyclic voltammograms of ordered graphitic mesoporous carbon at

different scan rates [30].
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2) Galvanostatic charge-discharge (GCD)

The GCD technique utilizes a constant current density (Agfl) and
assesses the possible response according to the duration as showed in Figure 2.11. It
is clear that, similar to CV plots, the two materials illustrate different responses. EDLC
materials charge and discharge in a linear pattern, while the nonlinearity of pseudo
capacitive materials is a result of the redox reactions. In EDLC case, the slope of the

discharging section is operated by the following equation;

[

Csc=——
(m)dV /dt

(2.10)

where C =is the capacitance of the material.

/

is the applied current.

m = is the mass of the active material.

dV /dt = is the slope of the discharging GCD curve.
EV)

Charging
\ Discharging

s b »1(s)

Figure 2.17 Galvanostatic charge-discharge plots of (a) EDLC and(b) pseudocapacitive
material [29].
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In pseudocapacitive material case, the changed of the equation without the

slope is exhibited in the following equation;

Cces = 1(a1) (2.11)
mAV

where At = is the total discharge time.
| =is the applied current.
m = is the mass of the active material.

Av = is the potential difference at the discharging phase.

In alignment with the dependence on scan rates, current density also impacts

specific capacitance.

2.5.2.3 Energy and power densities
Energy and power densities of a supercapacitor are crucial for identifying
its performance for actual applications. Both CV and GCD methods can assess
densities of power and densities. Specific energy density is expressed by the

following equation;
E= %Csc(AV)z (2.12)
where Cs = is the specific capacitance from CV or GCD techniques.
AV = is the operating potential range.

The squared potential range illustrates operating voltage window that controls
density of the energy. Therefore, the electrolyte determines the operating potential

range. The specific power density is expressed by the following equation
pP=— (2.13)

where At is the rate of discharge of the cell.
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2.6 Literature reviews

2.6.1 Ca;,Al14055 (C12AT7) cement

Calcium, aluminum and oxygen atoms connect the C12A7 cement structure
which contains vacant nano-sized cages with building in nanometer-sized cage within
the structure [31-32], while each cage shows a nanoporous with a size of 0.4 nm. A
unit cell of insulating C12A7 structure composts of 2 molecules with 1 occupying
crystallographic nanocage with presenting a4’ charged of cage wall as illustrated in

[C824AL28066]4+

[32]. The 2 cages in a unit cell supports neutrality of electricity by
capturing 2 free oxyeen ions (02’) in cages as called extra framework [35]. By previous
works in the C12A7 structure have revealed that free O ions are flexibly bounded to
the lattice framework as expressed by C12A7: 0% Hayashi et.al. [34] explained that
the C12A7 concoction process in dry oxygen atmosphere at temperature 1350 °C can
generate O, and o”. Furthermore, Lu et. al. [35] and Hayashi et.al. [34] have argued
that the free O and O° can be replaced by free electron as conducting C12A7 as
exhibited by C12A7 and have detailed its optical and electrical properties. Chaiwat
etal. [20] have also studied the effect of free oxygen radical anions and free
electrons in C12A7 structure in optical, electronic and properties of antibacterial

activity.

2.6.2 C3AH6 cement and C3AH6-rGO nanocomposites

The CA cement can create anhydrous cement when reacting to water or also
known as cement hydration process such an example in 3CaO-AlL,O5-6H,O (C3AH6),
which is called tricalcium aluminate hexahydrate [8,9,10]. The cement hydrate is one
of the cement hydrate composites that has been in focus because of its dielectric
behavior as presented by electrical response as a function of frequency for
capacitors applications [11,12]. The pure C3AH6 cement hydrate, which is called
katoite cement mineral and in hydrogarnet group, containing a stoichiometric
formula C3AH6 [8]. This solid cement structure of the calcium aluminate cement
hydrates at room temperature. The crystal structure shows in a cubic unit cell
existing in the space group of la3d (230). Dilnesa et. al. [13] has described that the
C3AH6 cement contained with formula CasAl,(OH4); of the Ca site assigning by
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divalent cations (Ca2"), the Al site occupying by trivalent cations (Al3") in an
octahedral and a tetrahedral framework and the 4OH positioning within the
tetrahedral framework. For charge balancing, The H" ions were bonding to each of
the four O atoms as surrounded by empty site. The unit cell contains 6 of the C3AH6
units with 132 atoms and naturally formed by a three dimensional framework with
the Ca(OH)8 dodecahedra sub-structure and the AWOH), octahedra sub-structure
[8,13]. The unit cell structure contains lattice parameters of a lattice constant
a=12.55695 A, and unit cell volume V=1986 A3. Generally, the C3AH6 cement can be
formed crystal phase at higher ambient temperatures. The C3AH6 cement hydrate
exits by using C12A7 reacted rapidly with water at accelerated temperatures above
60 °C. For physical properties, there is no report on preparing process for
nanostructure of C3AH6 cement hydrate and its effect on optical, thermal, dielectric

and thermoelectric properties.

Today, different reports on enhanced properties of cement-based compounds
by using GO composites and rGO composites have been published. Sedaghat et al.
[18] by partially replacing graphene with Portland cement, has elaborated the
thermal diffusivity and electrical conductivity of cement-graphene composite
structural applications. By using rGO and GO components, Khan et al. [17] succeeded
in concocting a conductive nanoscale calcium aluminate cement. Specifically, rGO, a
two-dimensional carbon nanomaterial, has been acceptably utilized in terms of
construction applications because of its suitable for electrical, thermal and

mechanical properties resulted from a high surface area [16,36].

2.6.3 Synthesis of graphene

Graphene’s chemical synthesis is considered an indirect top-down graphene
synthesis. This is the first technique demonstrating graphene synthesis by chemical
route. Boehm et al., In 1962, were the first to report monolayer flakes of rGO. The
experiment was recently recognized by the Nobel Prize. The technique includes
oxidation of graphite, reduction of graphene oxide and dissipation of the flakes by
sonication. Today, there are three well-known GO synthesis methods available,
namely, the Brodie method [37], the Staudenmaier method [38], and the Hummers

and Offerman method [39]. These techniques involve oxidation of graphite utilizing
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effective oxidants and acids. The level of oxidation differed according to
stoichiometry, and the graphite type utilized as a starting material as well as to the
reacting conditions (temperature, pressure, etc.). Brodie et al. [37] was the first to
concoct GO by combining graphite with potassium chlorate and nitric acid.
Nevertheless, several steps of the process consumed time and were hazardous. To
tackle these challenges, by combining graphite with sodium nitrite, sulfuric acid, and
potassium permanganate, Hummers [39] introduced the oxidation method for
graphite or the Hummers method. For pristine graphite, after 1 hour of oxidative
reaction, the interlayer distance is 3.34 4, which is enlarged up to 5.62 4, then at
7.0+0.35 A, further interlayer expansion has occurred upon a continued oxidation to
24 hour. Accordingly, the interlayer distance increased, which then led to a
separation of a single layer from the GO bulk materials. Upon hydrazine hydrate
treatment, GO reduced to eraphene. In this manner, reduction of GO is also

performed by utilizing sodium borohydrate (NaBH,) and hydroquinone [39,40].

2.6.4 Thermoelectric gsenerators

Introduced as an alternative solution, the thermoelectric power generation
(TEG) technology seek to tackle the problem of emission reduction. Presented as an
innovative pathway to improvements in terms of supplying the concentric shape
adapted TEG modules and applying the heat pipe technologies. The analysis
illustrates the sufficient power output for the limited space under the chassis of the
passenger car. By correcting the heat pipes at the dual sides of the concentric TEG
modules, efforts are also focused to derive enhanced convective heat transfer.
Accordingly, temperature profile of TEG system depends on operational limitations
and the durability of each component. Additionally, the results indicate a significance
of heat transfer against the TEG power generation under two possible configurations
in a passenger car. The highest power output per repeat unit is achieved at 29.8 W
per 0.45 L with a ZT value 0.87 for a Bi,Tes-based thermoelectric material in this
studies [41]. Thermoelectric materials have continuously attracted attentions
because its thermoelectric effects allow direct conversion between thermal and
electrical energy. This literature review summaries the thermoelectric phenomena,

applications and parameter relationships. Adopted techniques for thermoelectric
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performance enhancement include modifications of electronic band structures and
band convergence to enhance Seebeck coefficients, nanostructuring and all-scale
hierarchical architecture to minimize the lattice thermal conductivity. A few
thermoelectric materials with intrinsically low thermal conductivities are also
explained [42]. Phase composition and microstructure analysis illustrate high density
and pure CaMnO; phase which are achievable. The electric conductivity can be
improved through Dy doping and resulting in a relative increase in thermal
conductivity. The highest dimensionless figure of merit ZT of 0.15 derived at 973 K
for x = 0.02 sample, which is about 4 times larger than that of the pure CaMnO5.This
shows that CaMnQs is a convincing option for n-type thermoelectric material at high

temperature [43].

The physical -and numerical models are formed. The effects of certain
important parameters, for example, thermoelectric element length, slag washing
water temperature, packing factor of the thermoelectric module and heat exchanger
flow passage length on the performance of the thermoelectric power generation
device are examined. The results indicate that for blast furnace slag flushing water at
100 °C, water temperature droped 1.5 °C per meter, about 0.93 kW electrical energy
were generated per area and conversion efficiency of 2% was achievable. The cost
recovery period of the equipment was about 8 years [44]. The rare earth Pr doped
Cal-xPrxMnO; (x=0, 0.06, 0.08, 0.1, 0.12, and 0.14) compound bulk samples were
concocted to examine the effect of Pr doping on thermoelectric transport properties
of CaMnO5; compound system. The electrical performances of the doped samples
illustrated by resistivity and Seebeck coefficient fluctuations were tuned with an
optimized power factor value of 0.342 mW/(m:-K2) at 873 K for x=0.08 sample, which
was more significant compared to that of the un-doped sample. The lattice thermal
conduction was confined, resulting in a significantly repressed thermal conductivity.
The thermoelectric performance was remarkably improved by Pr doping and the
dimensionless figure of merit ZT for the Ca 0.92 Pr 0.08 MnO3 compound was
optimized with the maximum value 0.16 at 873 K [45]. The prototype that harvest
thermoelectric energy from railway track. By utilizing the thermal energy existed in
railway tracks, this technology encourages power rail-side sensors in off-grid and
distanced areas without damaging natural resources. The proposed method utilizes

thermal energy from the railway track and transfers it to the TEG prototype under
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the bottom of rails. Assessment of the prototype is performed by finite volume
analysis, field test, and laboratory experiment. The results showed that the TEG
prototype can generate 5.8 -316.8 mW of power across a resistant load at thermal
gradient from 8 °C to 29.2 °C. A DC-DC buck-booster circuit with lithium battery
management is developed to charge batteries through the harvested thermal energy.
The system is managed at a low voltage of 0.9 V and its conversion efficiency is
higher than 60% [46]. The internal combustion engine (ICE) does not effectively turn
chemical energy into mechanical energy. Most of the energy is dispersed as heat in
the exhaust and coolant. With a waste heat recovery system, efforts are focused on
indirectly enhancing the efficiency of the engine. Both TEGs and heat pipes are
durable, stable, silent, passive and scalable. Heat pipes also present limitations such
as maximum rates of temperatures limit and heat transfer. Once applied in
conjunction, these methods create the possibility to generate a totally solid state
and passive waste heat recovery system [47]. The nanostructured Bi,Te; and Sb,Te;
were synthesized and deposited on both sides of a silk fabric to create TE columns.
These TE columns were linked to silver foils to create a prototype by applying 12
thermocouples. Effectively, in the AT range of 5-35 K the generator could turn
thermal energy into electricity. The maximum voltage and power outputs were ~10
mV and ~15 nW, with no significant change during 100 cycles of bending and twisting.
Various voltage output profiles were gathered from an arm-attached generator before
and after 30 min of walking in order to showcase the possibility of a silk fabric-based
TE generator [48]. A new set of road thermoelectric generator system (RTEGS), which
can generate electricity when there is a temperature difference between road
surface and ambient air, was developed, Further, to assess the capacity of energy
generation based on indoor and outdoor tests, a RTEGS prototype was developed.
Results indicated that in winter when the temperature difference between road
surface and ambient air was at 15 °C, the output voltage of RTEGS was about 0.4 V
by asphalt mixture slab (300 mm x 300 mm by size). In summer, with a temperature
difference of 25-30 °C, the output voltage was about 0.6-0.7 V. This implies that
some 160 kW h of energy can be derived in 8 h from a road of 1 km in length and 10
m in width. For asphalt pavement in tropical and subtropical regions, a significant

variation in temperature is more appropriate for RTEGS [49].
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2.6.5 Smart nanocomposite cement-based materials

New nanocomposite smart multifunctional materials, today, are deemed
effective technological developments in construction field where thermal-energy
efficiency should take into account mechanical performance requirements and
environmental sustainability. Specifically, all carbon nanoinclusions are observed to
be able to minimize the capability of solar reflectance, while generating difference in
thermal emittance. Graphene nanoplatelets indicate the most capable nanoinclusion
in terms of accelerating thermal conductivity and diffusivity. Accordingly, similar
graphene samples generate the most significant capacitance and electrical
conductivity. Notwithstanding, even though multi-walled carbon nanotubes seemed
to be giving relatively less significant contributions to electrical conductivity, they are
observed as the most appropriate nanoinclusions in terms of ensuring strain sensing
capabilities to the cement-based composites [50]. The influence of rGO-C3AH6
nanocomposites on electrochemical properties. The rGO-C3AH6 nanocomposite
samples with a varied degree of rGO loading. The maximum specific surface area and
average pore size diameters were approximately at 74.20 mz/g and 11.72 nm for
20%rGO-C3AH6 The charge transferring in rGO-C3AH6 nanocomposites was explained
by adopting band alignments model between C3AH6 and rGO. Moreover, the
electrochemical properties of rGO-C3AH6 electrodes provided outstanding capacitive
properties, illustrating the mechanism for storage charge of a hybrid supercapacitor
behavior [51]. The C3AH6 cement hydrate-based nanocomposites were similarly
assessed. Conductive Ag nanoparticles (Ag-NPs) were utilized as a filler. Pellet
samples of AgNPs/C3AH6 nanocomposites with different filler volume fractions
(fagps) Were concocted by applying a hot-press sintering technique. Microstructural
analysis indicated that C3AH6 nanoparticles were formed and Ag-NPs was evenly
dispersed in the C3AH6 matrix. Here, dielectric permittivity (€) of the nanocomposite
with fagnpe=0.15 increased by a factor of 4 over the measured frequency range, while
the dielectric loss tangent decreased. With an even further increases above
fagnps=0.16, the € values at 100Hz, 1kHz and 10MHz of the nanocomposite
significantly enhanced by factors of 484, 47 and 16. This rapid change in € can be
described by the percolation model. Nevertheless, the dielectric behavior still does

not follow the percolation model even at 10 MHz. [52].
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Chapter 3

Research methodology

This chapter presents materials and methods utilized in products synthesis

including the characterizations, preparations and measurements of the products. This

chapter consists of:

1. Research material and tools

2. Experimental procedure

3. Characterizations and preparation measurement

The detail of each section is described as follows:

3.1 Research materials and tools

3.1.1 Chemicals and materials

The chemicals for using in the experiment could be presented as follows:

1)
2)
3)
4)
5)
6)
7)
8)
9)

Calcium carbonate (CaCOs, Sigma-Aldrich (USA), 99% purity)
Alumina powder (ALOs, Sigma-Aldrich (USA), 99.9% purity)
Manganese dioxide (MnO,, 99% purity)

Ethanol (95%)

Deionized Water (DI)

Acetone (CHO)

Graphite powder (Sigma-Aldrich (USA), 99% purity))

Sodium nitrite ( NaNOs)

Sulfuric acid: 92 ml (H,SO,, 98%)

10) Ethyl acetoacetate (CH;COCH,COOC,Hs)

11) Potassium permanganate (KMnO,)

12) Hydrogen peroxide (H,0,, 30%)
13) Hydrochloric acid (HCL, 37%)
14) An ammonia solution (NHs, 28-30%)
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3.1.2 Experimental tools
The tools for using in the experiment could be presented as follows:

1) Balance

Figure 3.1 The balance apparatus.

2) Ball-milling

Figure 3.2 The ball-milling equipment.

3) Hot air oven (UN55, Memmert)

Figure 3.3 The hot air oven apparatus.



4) Furnace (Nabertherm, GmbH TC03/14, Germany)

Figure 3.4 The furnace apparatus.
5) Alumina crucible
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Figure 3.5 The alumina crucible.

6) Agate mortar

Figure 3.6 The agate mortar.
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7) Pelleting mould

Figure 3.7 The Pelleting mould for pellet sample and bar sample.

8) Hydraulic pressure

Figure 3.8 The hydraulic pressure machine.

9) Hot-Press sintering

Figure 3.9 The hot-press sintering apparatus.
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10) Thermocouple Type K (-200 - 1350 "C)

Figure 3.10 The thermocouple equipment.

11) Digital Multimeter (U1241 C/U1242C 4-Digital Handheld, Make in
Malaysia, KEYSIGHT Technologie)

Figure 3.11 The digital multimeter equipment.

10) Thermal Imaging camera (Keysight Technologies U5856A, Range: -20-
650°C)

Figure 3.12 The thermal imaging camera equipment.



11) Computer (Lab-top Lenovo)

Figure 3.13 The Lab-top.

12) High-press continuous automatic machine

Figure 3.14 The high-press continuous automatic machine.
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3.2 Experimental procedure
3.2.1 Procedures for synthesis of C3AH6-rGO composite samples.

The procedure for the synthesis of C3AH6 cement-reduced graphene oxide
hybrid composites are shown by the flow chart diagram in figure 3.15 and by the
photograph in figure 3.16. From figure 3.15, the procedure of C3AH6-rGO sample
could be performed into 4 parts. First, (1) Preparation of cements, the procedure
consisted of two Step, Stepl: Preparation of C12A7 cement and Step2: Preparation of
C3AH6 cement hydrates. Second, (2) Preparation of rGO, the procedure consisted of
three Step were explained in Step 1, Step 2 and Step 3, respectively. Third, (3)
Preparation of C3AH6-rGO nanocomposite and finally, (4) Details of preparation of

C3AH6 cement and C3AH6-rGO nanocomposite pallets are presented as follows:

Procedures for synthesis of C3AH6 cement/reduced

graphene oxide (rGO) composite samples

4 &
(1.) Preparation of cements (2.) Preparation of reduced graphene oxide (rGO)
Step 1: Ca;,0AL,,0,; (C12AT) cement Step 1: the graphite powder was oxidized to become graphite

oxide with dark brown color.
12CaCO, + TALO, —*  Ca;,Al140,,+24C0O, (1) o
Step 2: Exfoliation of graphite was made by oxidizing graphite oxide in

Step 2: Ca,AL,(OH),, (C3AH6) cement water by Sonication, then graphene oxide (GO) was obtained.
Step 3: The last step was reduction of oxide te produce rGO by using

A
Ca Al 0, +33H,0 — > 4(C3AHE) + 3(AL(OH),) (2) cherical reduction process.

1 1
1

(3.) Preparation of C3AH6-rGO nanocomposite
- the mixed solution was dried and stirred simultanecusly with thermnal treatrment at 100 “C for 2 hr.

- The remaining water content in the obtained solutionwas eliminated by filtering and dried in anoven at 80 °C overnight.

(4.) Preparation of C3AH6 and C3AH6-rGO pallets
The as prepared C3AH6 cement and all C3AH6 -rGO products were pressed by hot-pressed sintering in the disc
pellets of 12 mm diameterand 2-3 mm at 400 *Cfor 1 hr.

Figure 3.15 Flow chart illustrating the synthesis of C3AH6 cement-reduced graphene

oxide nanocomposite samples.
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Figure 3.16 Photograph showing all the overview procedures for synthesis of C3AH6

cement-reduced graphene oxide nanocomposite samples.

(1)Synthesis of cements

Stepl: Synthesis of C12A7 cement

For this step, C12A7 was synthesized by solid state reaction method.

Starting materials composed Calcium carbonate (99%) and Alumina (99%) powders,

which were weighted in a 12:7 ratio along a chemical formula, by equation 3.1 [31].

12(:aCO3 + 7AL203 > Calel14O33 + 12(:02 (31)

The powder was then blended by ball milling with ethanol at room

temperature for 24 hours and dried at 100 °C in an oven for additional 24 hours.

After that, sintered in an electric furnace at 1350 °C for 3 hours in an alumina

crucible under an air atmosphere. The C12A7 sample was in the end disintegrated

into powder as shown in Figure 3.17.
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CaCO,+AL,0, ball mill Drying Sintered C12A7
cement powder

Figure 3.17 Preparation of C12A7 cement powder.

Step 2: Synthesis of C3AH6 cement hydrates
The C3AH6 cement were concocted by applying a hydration
technique with the C12A7 powder as a starting material which aligns with the

chemical reaction formula as expressed in equation 3.2 [32].
C12A7 + 33H,0 > 4(C3AH6) + 3(AUOH)s) (3.2)

In a regular process, approximately 3 grams of C12A7 powder was introduced
with 200 mL of the stirring DI water for 10 min at a room temperature. Then, the
C12A7 suspension was heated at 100 °C for 2 hours over stirring. Consequently, the
derived suspension, with DI water, was purified and rinsed then dried overnight in an
oven at 80 °C. Finally, C3AH6 cement hydrates powder was derived as shown in

Figure 3.18.

C12A7 Conventional Filter Drying C3AH6 Nanocement
cement powder Heating Process

Figure 3.18 Preparation of C3AH6 nanocement powder.
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(2)Synthesis of rGO

Stepl: GO was synthesized by adopting the improved Hummers method
using oxidizing graphite with a prominent acid and oxidizing agent. In a regular
process, approximately 2 grams of graphite powder was combined with 6 grams of
KMnQ, in a beaker. Then the solid mixture was put into a 500 mL flask and cooled to
0 °C in ice for 10 min. After that, while stirring and cooling, approximately 46 mL of
H,SO4 was carefully introduced. At the same time, temperature of the obtained
mixture was kept below 15 °C. Consistently, for 30 min, the mixture was stirred at 40
°C in water. After that, approximately 90 mL of distilled water was introduced,
followed by heating of the mixture with stirring at 95 °C in oil for an additional 60
min. Later, by adding 250 mL of distilled water, followed by 10 mlL of a H,0,
solution, the reaction was put to a stop. As a result, this changed the color to the
yellowish brown. By centrifugation, the byproduct was then isolated, rinsed with a
5% HCL solution in order to eliminate sulphate. It was purified and rinsed a couple
times by with distilled water until pH of the purified solution was at about 7.

Step2: To put together an aqueous suspension of GO nanosheets, it was
again distilled for 90 min under ultrasonication, followed by centrifugation. A dark-
brown supernatant of an aqueous GO suspension was derived.

Step3: The rGO was synthesized by using a modified chemical reduction
method [60] as explained. In short, 100 mL of the derived GO suspension was
combined with 100 mL of distilled water in a beaker, followed by 0.1 mL of
hydrazine hydrate solutions and 1 mL of an ammonia. The combined substance was
then stirred and heated at 95 “C in oil for 45 min. During this process, colour of the

suspension changed from brown to black as shown in Figure 3.19.
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Figure 3.19 Preparation of reduced graphene oxide (rGO).
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(3) Preparation of rGO-C3AH6 nanocomposite

The rGO-C3AH6 were concocted by applying a quick cement hydration
process. This begins by rapidly heating water at 100 °C with the concocted C12A7
powder as a starting material. This process was executed with a variation of rGO
loading, that are 1%, 2%, 3%, 5%, 7%, 10% and 20 wt% where the wt% of rGO to
the C12A7 precursor. In a regular process to produce 1%rGO-C3AH6 cement,
approximately 3 grams of C12A7 powder combined with 50 ml of acetone solution,
120 mL of stirring DI water maintained for 10 min at room temperature. Then, 30 mL
of an rGO suspension was introduced and heated at 100 °C for 2 hours while stirred.
After that, the byproduct of uniformed combination was purified, rinsed with DI
water, and dried overnight in an 80 °C oven. Eventually, rGO-C3AH6 nanocomposite
cement was derived. The same process was adopted to produce other 1%rGO-
C3AH6 samples by deviating the degree of rGO loading. For this experiment, a
purified C3AH6 sample was similarly concocted by using the abovementioned

process, however without rGO loading as shown in Figure 3.20.

7 _C3AH6

7. 1%rGO-C3AHG
» 2%rGO-C3AH6
7 3%rGO-C3AHG
» 4%rGO-C3AH6

GO Suspension

Filter Drying 1GO-C3AH6 nanocomposite

_ = » 5%rGO-C3AH6
e, N — —om » 71%rGO-C3AH6

: 2 Conventional 5
e » 109%rGO-C3AH6

C12AT7 Suspension Heating Process 7 20%rGO-C3AH6
2U%oriGlU- 3

Figure 3.20 Preparation of rGO-C3AH6 nanocomposite.
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(4.) Preparation of C3AH6 and rGO-C3AH6 pallets

The powder of C3AH6 and all rGO-C3AH6 samples were pressed into
pellets (without a binder) of =10-12 mm in diameter and =1-3 mm in thickness by
uniaxial compression at 200 MPa. Then, the silver paste was painted on each pellet
face of these samples. Next, all samples were kept in an oven at 150 °C for 2 hours.
Finally, the samples were measured the dielectric properties. For the measurements
of thermal conductivity and thermoelectric the products were compressed by hot-
pressed sintering into disc-shaped pellets that were 10 mm in diameter and 2-3 mm

thick at 400 °C for 1 hour.

3.2.2 Procedures for synthesis of CaMnO; as thermoelectric materials
The procedures for synthesis of CaMnOs; was executed by applying a
solid-state reaction method. Preceding materials composed of Calcium carbonate
(CaCOs, 99% purity) and Manganese dioxide (MnO,, 99% purity) powders, which were

used as starting materials that align with the chemical reaction formula,

CaCO3; + MNnO, —> CaMnO5 + CO, (3.3)

The starting materials were crushed in a ball mill machine for 24 hour
and then dried at 100 °C. The mixed powder was calcined at 1200 °C under air
atmosphere for 12 hour. The product showed black powder showing the CaMnQOs
powder. To examine structural properties of the samples, XRD was used. Morphology
was noted by utilizing SEM and EDS. The thermoelectric modules CaMnO; were
compacted by High-press continuous automatic machine sintering into Cylindrical-
shaped pellets at 8500 kPa that were 10 mm in diameter and 20 mm thick at room
temperature. The modules CaMnO; Cylindrical-shaped pellets were sintered by
performed inside alumina boat in furnace at 1200 °C in air for 12 hour. The
procedures for the synthesis of CaMnOs as thermoelectric materials are shown by
the flow chart diagram in Figure 3.21 and by the photograph in Figure 3.22. The

detail could be presented as follows:
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[ Procedures for synthesis of CaMnO, as thermoelectric materials ]

! 2

(The CaMnO; sample was preparaed by conventional solid state reaction\

method as following a chemical formula:

CaCO; + MNO, — CaMnO; + CO, (3)

\ ( Which were weighted in a CaCO, 3349.9035 g : MnO,, 303.9413 ¢ ) )

L 2

”

Ball mill for 24 hr.

n

Drying for 24 hr. at 100 °C

3

Crushed and calcined for 12 hr. at 1200 °C

¥

Crushed and prepared CaMnO; powder samples were characterized
using XRD, SEM and EDS.

¥

Extrusions at 8500 kPa, 10 mm in diameter, 20 mm thick,
Cylindrical-shaped pellets.

L

Sintering for 12 hr. at 1200 °C

L 2

Thermoelectric modules CaMnO,

Figure 3.21 Flow chart for the synthesis of CaMnO; as thermoelectric modules

materials.
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Ball mill

Electrode TEG prototype Testing of electrical property

Figure 3.22 Photograph showing the overview procedures for synthesis of

CaMnO; as thermoelectric modules materials.

3.2.3 Prototype of concrete block electric power generation from heat and
applications in municipal melting furnace or municipal incinerator
The concrete block electric power generation from heat, and its
applications in municipal melting furnace or municipal incinerator (CGH) prototype
working at high temperature up to 800 °C. The CGH prototype was used the Seebeck
effect schematic by directly convert heat into electricity. The CGH prototype was
consisted of thermoelectric modules having thermoelectric material synthesized
from CaMnO; thermoelectric material in our laboratory. The components of the
machine: (1) Steel structure with wheels, (2) Gas fuel system, (3) Waste burning
system, (4) Combustion chamber, (5) Heat storage, (6) TEG and (7) Hot exhaust vent.
The Prototype of concrete block electric power generation from heat and
applications in municipal melting furnace or municipal incinerator are shown by the

photograph in figure 3.23.
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CGH. Prototype Thermoelectric modules

Figure 3.23 Photograph showing the prototype of concrete block electric power
generation from heat and applications in municipal melting furnace or

municipal incinerator.

3.3 Characterizations and properties measurements
3.3.1 Characterizations
Samples were investigated in structural properties and confirmed by
several techniques such as X-ray Diffraction (XRD) with a 26 scanning range from 10
to 80 degrees (Rigaku, Miniflex Cu K-alpha radiation). Raman Spectroscopy is a
spectroscopic technique for observing vibrational, rotational and low frequency
modes. Photons of the laser light are absorbed by the molecular and then emitted.
Raman is an effective technique that was adopted to assess the structural
configuration of graphene-based materials. Scanning Electron Microscope (SEM), were
also employed to examine morphology of the surface and distribution. Transmission
Electron Microscope (TEM), (HRTEM) (JEOL-2100 operating at 200 kV) Fourier-
Transformed Infrared Spectroscopy (FT-IR), vibration function of the atomic bonding.
UV-vis Diffuse Reflectance Spectroscopy (DRS), (Perkin Elmer, Lambda 950), the
optical properties of cement powder samples were also evaluated. In addition, to
assess weight loss of the samples, thermogravimetric analysis. Thermogravimetric
Analysis (TGA), (Netzsch STA 449F3 Jupiter) was conducted over a temperature range
of 50-1200 °C with under air.
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3.3.2 Properties measurements

With the Nano-Flash thermal diffusivity analyzer using a NETZSCH LFA 477,
thermal properties of the samples were then studied on flat specimens that were 2
to 3 mm thick and 12 mm in diameter. By using an impedance analyzer (precision
LCR meter Model: E 4980A), the dielectric measurements were performed. Similarly,
electrical conductivity was assessed over a frequency range from 20 Hz to 10 MHz. at
room temperature. In order to evaluate micro-hardness of the C3AH6 precursor and
rGO-C3AH6 samples, a pyramid on square based method with a diamond indenter of
the Vickers indenter hardness tester system (Shimadzu HMV-G21) was adopted.
Electrochemical behavior, electrodes from all samples were then evaluated by using
potentiostatic cyclic voltammetry (CV) measurements at constant current at
potential windows of 0 to 1 V while remain conjoined to a Metrohm Autolab
PGSTAT302N potentiostat-galvanostat system. To test samples, an agar disk-diffusion
technique was applied against Gram-negative, Escherichia coli bacteria 1x108
CFU/mL concentration to conclude their antibacterial properties. The samples were
put into disc shaped specimens with a diameter of 12 mm at approximate. After that,
the disc samples were positioned on the E. coli seeded agar plates and incubated for
24 hours at 37 °C. Consequently, the developed inhibition zones surrounding the

discs were recorded.

[ Characterizations and properties measurements ]

/ Characterizations Properties

- X-ray diffraction (XRD) - Dielectric LRC (precisicn LCR meter)
- X-ray photoelectron spectroscope (XPS) - Optical

- Fourier-transformed infrared spectroscopy (FT-IR) - Thermal conductivity

- Thermogravimetric analysis (TGA) - Electrical conductivities

- Raman spectroscopy - Thermoelectric

- Scanning electron microscopy (SEM) - Mechanical (Micro hardness tester )
- Energy dispersive X-ray spectrometer (EDS) - Antibacterial activity

- UV-vis diffuse reflectance spectros copy (DRS)

\ - Transmission electron microscope (TEM) /

Figure 3.24 Flow chart of characterizations and properties measurements.
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Chapter 4

Results and discussion

For this chapter, discussions of results are categorized into three sections in
terms of improving C3AH6 technique and prototype of concrete block electric power
generation from heat. Firstly, synthesis of nanostructure tricalcium aluminate
hexahydrate (C3AH6) cements. Secondly, synthesis of C3AH6 cement-reduced
graphene oxide (rGO) nanocomposites, and finally prototype of concrete block
electric power generation from heat and applications in municipal melting furnace or

municipal incinerator.

4.1 Synthesis of nanostructure C3AH6 cements
4.1.1 Microstructural characterizations
- X-ray diffraction (XRD)

The XRD pattern of the concocted C12A7 sample as a precursor and the
C3AH6 sample. The diffraction patterns of C12A7 sample aligned with that of PDF#09-
0413 file and in accordance with the formation of standard C12A7 phase with the
space group, 143d. The XRD pattern also illustrated diffraction of the concocted
C3AH6 sample at diffraction angles 26 on 17.26, 19.96, 26.51, 28.37, 33.41, 34.94,
36.41, 39.22, 40.56, 44.39, 45.60, 50.24, 52.45, 53.52, 54.59, 58.71, 59.71, 66.47, 70.18,
73.80 and 75.57° which supported the Miller index of the diffraction peaks at (211),
(220), (321), (400), (332), (422), (431), (521), (440), (611), (444), (640), (552), (642), (651),
(800), (741), (840), (664), (844), and (860) respectively as shown in Figure 4.1 implied
that diffraction patterns of the C3AH6 sample aligned with the diffraction patterns
peaks standard of the PDF#03-0125 file. Accordingly, the XRD pattern of the
concocted C3AH6 indicated a significant emergence of phase at 26 = 18” and 20.5° as
suggested in the phasing of alumina trihydrate (aluminium hyhroxide; (A(OH)3) (AH3)
which was explained in the previous work in Ref. [11]. The C12A7 cement hydration
process’s reaction to water corresponded to the reaction C12A7 + 33H20 --—>

4(C3AH6) + 3(AH3) and also supported in Ref. [10] led to such results. Similarly, the
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AH3 phase appeared in a tiny amount by duration time of the C12A7 hydration

process.
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/ C3AHs
; A Rt J|
=~ || L] PDF#03-0125
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Figure 4.1 XRD pattern for pristine C12A7 and C3AH6 samples comparison with
C12AT7 and C3AH6 reference.

The average size of crystallite of the concocted C3AH6 sample can be studied

by applying the following Scherrer’s equation [12], by equation 4.1.

0.944

Dyp =——
0 BeosO

(4.1)

Where Dygp is the average crystallite sizes
A is the X-ray wavelength (A= 1.5406 A)

B s the full-width at half- maximum of the highest intensity peak
@ s the half of diffraction peak angle

The calculation indicated that the average size of crystallite of the concocted
C3AH6 sample was roughly 61.53 nanometers. It can be inferred from the result that

the C3AH6 had nanostructure in both crystalline and particles.
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- IR spectroscopy

To clarify the occurrence of the hydration process on synthesized C3AH6
cement, IR spectroscopy was performed. Figure 4.2 showed the IR spectra of the
concocted C3AH6 in comparison to the results of the C12A7 precursor samples. In
terms of the C3AH6 cement absorption band, the spectra illustrated three bands in a
lower region of the wave-number area between 200 and 1000 e’ which was in
alignment with the M-O (M=Ca, Al) stretching. Frequency of the absorption bands at
535 cm ' and 760 cm were initiated from AlOg octahedra and the absorption band
in the frequency of 420 cm’ given to CaO polyhedral. The frequency of bands at 760
cm’ supported the stretching vibrations of Al-O bonds and the frequency of 530cm
which aligned with the bending vibrations of Al-O-Al bonds. In addition, the band
ranges from 700 to 500 e which were linked to the hydration with condensed
AlO; octahedral [12]. The bands at 3460 cm>1, again, supported the M-OH (M=Ca, Al)
stretching vibrations as corresponding to the C12A7 preceding samples. In addition,
the absorption band of the concocted C3AH6 indicated the vibration of O-H-bending
at peak 1630 cm’ and the vibration of O-H stretching at a peak at 3670 cm’ as an
indication of water molecules (H,0O) [13]. The appearing of the O-H-bending and O-H
stretching absorptions as initiated by the Al(OH)s octahedrons, while the O-H-bending
and O-H stretching vanished from the C12A7 precursor sample. The results also

corroborated the occurrence of the hydration process for fabrication C3AH6 cement

hydrate.
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Figure 4.2 IR spectra of C3AH6 specimen and the concocted C12A7 precursor.
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- X-ray Photoelectron Microscopy (XPS)

Figure 4.3(a) illustrated the wide scan XPS survey spectra of the concocted
C3AH6 specimen. The spectra detailed the existence of the XPS spectrum for
compiling Ca, Al and O 1s energies peaks with regards to the C 1s peak [16]. Figure
4.3(b) indicated the XPS spectra of Ca 2p of the concocted C3AH6 specimen. The XPS
spectra outlined 2 peaks references which situated approximately at 347.3 eV and
350.8 eV. The peak at 347.3 eV was designated to the Ca 2p3/2 and the peak at
while 350.8 eV was assigned to Ca 2p1/2 core levels of Ca2+ ions. Two different
peaks of Ca 2p XPS spectrum were a result of the spin orbit splitting [14]. Figure 4.3(c)
clarified the XPS core-level spectra of Al 2p for the concocted C3AH6 specimen. The
Al 2s XPS spectra was placed around 74 eV, which corresponded to the previous
reports [16]. The peak at 74.25 eV was an illustration of the A" in the concocted
C3AH6 specimen. The state of Al valence ascertained the existence of the Ca-O
bonds and Al-O bonds in the C3AH6 specimen structure. Figure 4.3(d) illustrated the
O 1s spectrum, which was assigsned approximately at 531.5 eV. These indicated the

existence of the O bonding in the C3AH6 specimen structure.
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Figure 4.3 (a) XPS survey spectrum of C3AH6 and XPS spectra of (b) Ca 2p, (c) Al 2p,
and (d) O 1s for pristine C3AH6 samples.
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- Thermogravimetric analysis (TGA)

Analysis of the concocted C3AH6 specimen in thermal terms. The TG-DTA
curves presented four exothermic in the temperature range from 100 to 900 °C by 65
% weight loss. The C3AH6 specimen dissolved slowly to amorphous anhydrous and
to water vaporization between 100-550 °C. The significant loss was observed at 200-
300 °C. Meanwhile, a less significant loss was observed between 400-550 °C [32]. At
dehydrations between 300 and 350°C, the C3AH6 dissolved to create C3AH 1.5 at
around 550 °C [16]. The diagram below displayed complete dehydrations to form
C12A7 phase at temperature over 740 °C. The outcome showed C3AH6 as a solid

material appropriate for application in ranging lower than 300 °C.
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Figure 4.4 TGA curves of pristine C3AH6 cement hydrate samples.

- Scanning electron microscopy (SEM)

The SEM image and EDX spectrographs of chemical compositions for the
concocted C12A7 and C3AH6 specimens. Table 4.1 (a) illustrated the SEM image of
the concocted C12A7 specimen magnified at 6,000x. Table 4.1 (b) showed the
appetence of Ca, Al, and O atom of the C12A7 specimen. The chemical structure of
the C12A7 specimen were accordingly derived from the EDS with atomic percentages
for Ca, Al and O atom. For the concocted C3AH6 specimen, Table 4.1 (c) displayed
the SEM image of the C3AH6 specimen in the magnifications 6,000x. Table 4.1 (d)
displayed the appetence of Ca, Al, and O atom of the C3AH6 specimen. Clearly, the
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EDS spectrographs did not show the atomic percentages of H atom because it was
not observed by the EDS technique. Results above confirmed that the phasing of the

fabricated C3AH6 structure was formed.

Table 4.1 SEM and EDX of the prepared C12A7 cement powder (a and b), and SEM
and EDX of the concocted C3AH6 cement hydrate powder (c and d).

Samples SEM EDX

Element Atomic%

CaK 13.81
C12A7 ALK 15.01

0 K 60.69
cements

0 5 ‘ U 15 20
Full Scale 6826 cis Cursor. 0.000 keV

Element Atomic%
C3AH 6 Cak 8.43

ALK 8.58
cements 0 K 70.53

2

0 5 10 15
Full Scale 6826 cts Cursor: 0.000 keV

- Transmission electron microscopy TEM

Using TEM, the surface morphological was illustrated in Figure 4.5. Figure 4.5(a)
displayed layered nanostructure of the particles varied in size approximately
equivalent of 10 to 50 nanometre, as small nano-size particles which was close to
the average crystallite size by calculation resulted from the XRD results. The yield of
nanostructures was possibly an outcome of the concoction of C3AH6 cement
hydrate by mixing C12A7 with water in an accelerated duration for heating
temperature to 100 °C. The amount of AH3 structure was characterized by the

building up of the nanosheet-like structure as exhibited in Figure 4.5(a). Additionally,
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Figure 4.5(b) explained the diffraction rings of the SAED pattern, illustrating a high
poly-crystalline. The building up of C3AH6 with nanostructures implied further

industrial applications.

(a)

(420)

mnT

Figure 4.5 (a) Microscopy images of transmission of electron for the concocted C3AH6

powder (b) the SAED pattern.

4.1.2 Optical Properties

Optical properties were measured to definition of excitation energy using
UV-visible spectra and optical property of the concocted C3AH6 specimen and the
concocted C12A7 precursor. Absorption coefficient spectra (e) of the C3AH6 and the
C12A7 specimens were measured at room temperature. Figure 4.6(a) displayed
absorbance spectra of the C3AH6 and the C12A7 samples. The results showed that
the higher peak for absorption spectra of the C3AH6 and C12A7 samples presented
under the wavelength 400 nm. For C3AH6 sample, the absorption spectra was lower
than that of the C12A7 sample in terms of wave length ranging from 200 nm to 700
nm. As for the absorption coefficient spectra, the correlation between photon energy

and energy gap can be explained in equation 4.2.

. (hv—E,)"
ho

(4.2)

a(hv)

where E, is the direct optical gap
hv is the photon energy
m = 1/2 is the value of allowed direct transition

m =2 is the value of allowed indirect transition [17].
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The value of £, can be derived by fit curve of (ahu)z versus ho in the linear line
to the interception of photon energy (hv) axis. Figure 4.6(b) displayed the E, of the
concocted C3AH6 cement hydrate sample and the prepared C12A7 sample at room
temperature. The value of £, for the C3AH6 sample was at 4.1 eV and for the C12A7
sample was at 3.9 eV [18] as presenting transparent materials (E;> 3.0 eV). The results
revealed direct energy gap of the C3AH6 sample which was more significant than that
of C12A7 sample. Figure 4.6(c) presented the indirect energy gap of the concocted
C3AH6 sample and the prepared C12A7 sample at room temperature. The results
indicated that the value of indirect energy eap of the C3AH6 sample was at 2.5 eV.
While, the indirect energy gap of the C12A7 sample was at 2.45 eV for the first

transitional level, and at 4.0 eV for the second transitional level.
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Figure 4.6 (a) absorbance, (b) direct energy gap and (c) indirect energy gap of the

concocted C3AH6 specimen and C12A7 samples.
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4.1.3 Dielectric properties

In terms of dielectric properties measurement, the concocted C3AH6
power and the C12A7 precursor powder were hot-pressed in disc shape of graphite
molds at 400 "C for 1 hour. The specimens in size of 12 mm diameter and 3 mm
thickness for disc shape pellet were obtained. Both sides of the C3AH6 and the
C12AT7 discs were cleaned and coated with Ag electrodes in order to support an
Ohmic contact. The dielectric properties as the relation to electrical nature on the
samples were investigated. In the experiment, the electrical impedance response
with frequency was recorded from 20 Hz to 2 MHz and the C and the dissipation
factor (as loss tangent = tand) values were measured. Figure 4.7(a) indicated the C
behavior of the C3AH6 and C12A7 specimens as a function of frequency. The C
measurements of the two samples were conducted with the frequency range from
40 Hz to 2 MHz at room temperature. The results illustrated that the C of the C3AH6
specimen were above the C of the C12A7 specimen in all frequency range. The C of
C3AH6 specimen was rapidly rose from 10" F to 10 F from frequency 40 Hz to 2
MHz. While, the C of the C12A7 specimen was totally unrelated to the frequency of
the constant at 6x10 F. The &’ value can be obtained by equation 4.3. [53]

T (4.3)

where ([ is the thickness of the sample
A is the area of the sample

&, is the Permittivity of free space (8.85 x 107" F/m)

The assessments of both specimens were performed with the frequency
ranging from 40 Hz to 2 MHz at room temperature. Figure 4.7(b) outlined dielectric
constant of the C3AH6 and C12A7 specimens as a function of the frequency. The
results indicated that €' of the C3AH6 specimen was higher than that of the C12A7
specimen in all frequency ranges. For the frequency of 20 Hz to 10 kHz, and constant
value at 20 for frequency of 10 Hz to 2 MHz, the €' value of C3AH6 specimen has
quickly subsided from 150 to 20 while, the €' value of the C12A7 specimen remained

constant at 10 in all frequency ranges. The dielectric loss (€'") as imaginary part was
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obtained by a formula & =& tans Figure 4.7(c) displayed the €' values of the
C3AH6 and C12AT7 specimens as function of the frequency. The results indicated that,
with an increased frequency, the €' values of the C3AH6 specimen has quickly
subsided from 2 to 0.8. At the same time, €'’ values of the C12A7 specimen remained
constant at 0.05 all frequency ranges. Equation 4.4 explained the electrical

conductivity as function of the frequency.

o =

1 (L) (4.9)
P AR
where © is the electrical conductivity

p is the electrical resistivity

L is the thickness of the specimen

A is the cross section area of the specimen

R is the resistance of the specimen

Figure 4.7(d) indicated AC electrical conductivity of the C3AH6 and C12A7
specimens. The results illustrated that the c value of the C3AH6 specimen was close
to the results of the C12A7 specimen in all frequency range. Similarly, C3AH6 and
C12A7 samples both contained the value lower than 107 S/m. This implied an ideal
electric insulator for both samples. The abovementioned results explained the
electrical impedance of the C12A7 which was not in alignment with the frequency in
ranging from 20 Hz to 2 MHz. In addition, the electrical conductivity of the C12A7
showed an ideal electric insulator. Also, dielectric constant, dielectric loss and
capacitance contained small value as displaying non-dielectric materials. In contrast,
the abovementioned results displayed the value of dielectric constant, dielectric loss
and capacitance of the fabricated C3AH6 as higher than that of the C12A7 specimen
in the frequency in ranging from 20 Hz to 2 MHz. This implied that the C3AH6
responded to the frequency and vice versa. The C3AH6 frequency response was a
result of the dielectric polarization in the compounds because of the deformational
and relaxed polarization of materials under ac-electric field. Also, the high value of
the dielectric constant and dielectric loss of the C3AH6 were a byproduct of the

dielectric polarization of cement hydration component in the nanostructures. This
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pointed out that the C3AH6 cement materials may be display application of smart

wall capacitor from low cost cement materials.
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Figure 4.7 (a) the capacitance, (b) the dielectric constant, (c) the dielectric loss, and
(d) the AC electrical conductivity as function of the frequency of the

C3AH6 and C12A7 specimens.

4.1.4 Thermal properties
For thermal conductivity assessment of the concocted C3AH6 and the
concocted C12A7 precursor, the samples were hot-pressed in the disc shape pellet
of 12 mm diameter and 3 mm thickness. The thermal conductivity (x) was conducted

by applying the relation by equation 4.5. [54]

k= aDC, (4.5)

where a is the thermal diffusivity
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D is the bulk density

C, is the specific heat of the specimen

Applying the Archimedes method, D of samples were assessed. Using the
thermal diffusivity measurements over a temperature range of 298 to 573 K by laser
Flash technique, the values of the a and Cp were derived. Thermal diffusivity for the
samples was assessed by applying the Parker’s formula as by equation 4.6. [55]

a=0.139d*/t (4.6)

1/2)
Where ty,, isthe time to reach half of the maximum temperature amplitude

d is the thickness of the bulk samples across the direction of heat flow

Figure 4.8(a) indicated the thermal diffusivity of the C3AH6 and the C12A7
specimens. The results showed the thermal diffusivity of the C3AH6 was lower than
that of the C12A7 specimens in all temperature range. Figure 4.8(b) presented
thermal conductivity as function of the temperature of the C3AH6 and C12A7
specimen. The results showed the xvalues of the C3AH6 specimen lower than that
of the C12A7 specimen. The range of thermal conductivity of the C3AH6 specimen
was around 0.5 W/mK. For the thermal conductivity relation, the xcan be expressed

in equation 4.7
K- K., K 4.7)

Where & is the total thermal conductivity (W-m K
K, is the electronic thermal conductivity (W m K

K,, is the phonon thermal conductivity (W m-1 K-1)

By AC electrical conductivity as in Figure 4.8(b), the . value by above relation
of both the C3AH6 and C12A7 specimen displayed small value. This implied that the
xvalues of the both materials were mainly controlled by the «,, part. By neglecting
k., part, the equation for describing the thermal conductivity of x,, part can be

explained by equation 4.8 [56].
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3 0, .
Kphonon _k—B(kBTj j:T(Tph) x4€ dx (4.8)

27y

Where x=hw/k,T ;
A is the reduced Planck constant
 is the phonon angular frequency
v is the phonon velocity
T is the absolute temperature
7,15 the phonon relaxation time

Figure 4.8(c) showed the curve of versus 1/T for the C3AH6 and C12A7

phonon
specimens. The results illustrated that the values of the C12A7 specimens were
directly proportional to invert of temperature, while, the C3AH6 was small and
proportional to invert of temperature. This implied that the low thermal conductivity
of C3AH6 was mainly controlled by the point defect term due to complexed
structure of the O-H functional group as occurrence from the hydration process and
the grain boundary term by the small gran size of nanostructure. With the above
results, the lower value of the thermal diffusivity and thermal conductivity of the
C3AH6 specimen than that of the C12A7 specimens was caused by the cement
hydration in the concrete nanostructures. The results pointed out that the reduction
the thermal diffusivity of the C3AH6 was advantageous for reducing thermal

conductivity as affecting a decrease in thermal cracking and improving thermal

integrity with durability in concrete structures.
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Figure 4.8 (a) Thermal diffusivity, (b) Thermal conductivity as a function of the
temperature (T) and (c) as a function of 1/T of the concocted C3AH6 and
C12A7 sample.



65

4.2 Synthesis of rGO-C3AH6 nanocomposites
4.2.1 GO and rGO characterizations
Different spectroscopic techniques were applied to examine the crystalline

phases and chemical structure. The applied techniques include:

- X-ray diffraction (XRD)

The XRD results confirmed the crystal structures of pristine graphite (as
starting materials), as-synthesized graphene oxide (GO), and reduced graphene oxide
(rGO), which all the results are illustrated in Figure 4.9. It was implied that XRD
pattern of GO appeared around at 26 = 10.2° only (has the thickness of the sheet as
0.866 nanometer). However, the characteristic peak of pristine graphite was not
found. This finding implied that the starting materials of graphite was successfully
reacted to different chemicals. At the same time, the XRD pattern of the synthesized
rGO exhibited peak around at 26 = 24.5° with had the thickness of the sheet as 0.363
nanometer, but no characteristics peak of GO was found. This finding confirmed that
GO successfully reacted to different chemicals using this reaction, yielding products

with purified rGO product.
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Figure 4.9 XRD pattern for pristine graphite and the synthesized GO and rGO samples.
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- Raman spectrum

Figure 4.10 displayed the resulted from Raman spectroscopy (Raman) of
starting graphite materials, GO and rGO samples. It was observed that the absorption
peaks of both GO and rGO samples exhibited two characteristic at approximate wave
range of 1350 cm’ (D band) and 1600 cm™ (G band) as showing the functions of S|o3
carbon, and graphitic carbon 5|o2 (-C=C-), respectively. After the graphite oxidization
with the modified Hummers method, the proportion of GO intensity peak of D band
against G band (Iy/lg) was increased from 0.06 to 0.96. At the same time, after the
chemical reduction process of GO the proportion of intensity of peak D band against
G band (Iy/lg) was also increased from 0.96 to 1.23. These findings illustrated the
change of functions eroup on the structure of graphite as a starting material to GO
and rGO products through these both reactions. These results corresponded to the

data on crystallite and chemical structures by XRD, UV-vis and FT-IR techniques.
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Figure 4.10 Raman spectra for pristine graphite and the synthesized GO and rGO

samples.

- UV visible spectrometer
Figure 4.11 showed UV-Vis spectra (UV-Vis) of GO and rGO suspension
samples. It can be seen that the absorption band on the wavelength range at 230

nm confirmed the characteristics structure (-C=C-) of GO of (n-n*) and on the wave



67

length range of 300 nm due to characteristic band (-C=0) of GO (n-wt*). However, after
the reduction process of GO through this reaction, it was found that the characteristic
band of (n-n*) due to -C=0 group of GO structure disappeared and were not found
on UV-vis spectrum of rGO product. Meanwhile shifted peak of m-nt* of rGO appeared
at wavelength at around 267 nm. These findings indicated that the functional groups
on the GO structure were eliminated through the chemical reduction process,

yielding of purified rGO product.
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Figure 4.11 UV-vis spectra of as-synthesized GO and rGO samples.

- FT-IR spectra

Figure 4.12 illustrated the FT-IR spectra of as-synthesized GO and rGO
samples. From the figure it can be observed that the vibration peaks of the oxygen
functional groups, such as hydroxyl, carbonyl/carboxyl, and epoxy groups exhibited
for the GO sample, which appeared at approximately 3410 cm_l, 1740 cm_l, and 1050
cm_1, respectively. The peak was observed at approximately 1630 e’ due to the
skeleton of sp2 aromatic carbon [18-19]. With after the chemical reduction of GO, the
intensity peaks of the oxygen functional groups were decreased, and some peak was
disappeared. These results implied that during such processes, GO was reduced to

rGO owning to the oxygen containing groups were mainly removed from the skeleton

of GO.
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Figure 4.12 FT-IR spectra of the synthesized GO and rGO samples.

4.2.2 Nanometer sized C3AH6 cement and rGO-C3AH6 nanocomposite
characterizations
- X-ray diffraction (XRD)

Figure 4.13 showed the XRD peaks of the synthesized C3AH6 and
x%rGO-C3AH6 composites with different rGO contents. The results indicated that the
diffraction patterns of all C3AH6 and x%rGO-C3AH6 samples corresponded with the
diffraction patterns of the pristine C3AH6 peak, indicating the formation of C3AH6
phase in all samples. The lattice constant of C3AH6 was a =12.583 A, and for 4%rGO-
C3AH6, a = 12.581 A. However, the presence of an excessive A(OH); phase at 26 =
18” and 23.5° can be appeared in all samples. In addition, however, the characteristic
peaked at 26 =25.2° of GO [15,32], were not observed in all the x%rGO-C3AH6
samples because of an amorphous phase and a low content of the rGO composite in

the C3AH6 specimen.
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Figure 4.13 XRD pattern of pristine C3AH6, and 1%rGO-C3AH6, 2%rGO-C3AH6,
3%rGO-C3AH6, and 4%rGO-C3AH6 composite samples.

Moreover, the average crystallite sizes of the pristine C3AH6 and x%rGO-C3AH6
samples were evaluated by adopting the Scherrer’s [13] equation as shown in
equation 4.1. Figure 4.14 showed the average size of C3AH6 which was around 61.53
nm, and while those of x%rGO-C3AH6 were 75.73, 66.15, 65.40, and 69.59 nm for x=1,
2, 3 and 4, respectively. The results indicated that both C3AH6 and x%rGO-C3AH6
exhibited nanometer crystalline sizes. The average size of crystallite x%rGO-C3AH6
was similar to that of C3AH6. This explained that no changes in an average size of

crystallite x%rGO-C3AH6 was due to the rGO loading in the C3AH6 cement.
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Figure 4.14 An average of crystallite and particles sizes of C3AH6 and x%rGO-C3AH6

with various contents of rGO loading.

- Scanning electron microscopy (SEM)

The morphology and element composition for all samples were carried out
using SEM and EDX techniques, and the result is shown in Table 4.2. It was found
that the edge shaped particles can be observed with all samples, whereas, amount
of carbon in the 2% and 4%rGO-C3AH6 samples as the rGO in the composite has
elevated to a level about 2 times greater than that of the C3AH6 sample. This
indicated that by incorporating of the C3AH6 and rGO to form composite materials.
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Table 4.2 SEM images and EDX analysis of (a) pristine C3AH6, (b) 2%rGO-C3AH6 and

(c) 4%rGO-C3AH6 samples.

Samples SEM EDX
(a)
Element Atomic%
CakK 18.29
e ALK 12.53
pristine
O K 61.08
C3AH6 C K 8.10
Totals 100.00
15
()
Element Atomic%
CakK 15.48
Al K 13.54
2%rGO- | v,
O K 56.48
C3AH6 C.K 14.50
Totals 100.00
10 15
q Tm ' Elctron Image § “ull Scada 6826 cts Cursor 0000
Element Atomic%
CakK 7.71
4%rGO- ALK 19.97
QO K 57.30
C3AH6 _
K 15.02
Totals 100.00
0 5 10 15 20
ull Scale 6826 cts Cursor. 0.000 -
- EDS mapping

The EDS mapping of the C3AH6 sample exhibited a uniformed distribution of

the powder surface as illustrated in Figure 4.15 that by applying a hydration process

colloid with rapid heating, C3AH6 can be obtained from a C12A7 precursor. The

results revealed elements of Ca, A, O, and C on the surface Interestingly, the

appearance of compound formed in the C3AH6 sample also confirmed the finding.



72

Figure 4.15 EDX elemental mapping of C3AH6 samples

As indicated in Figure 4.16, the EDX elemental mapping of 2%rGO-C3AH6
samples illustrated a uniformed distribution of carbon on the powder surface. By
applying a hydration process with rGO colloid with rapid heating, the rGO and C3AH6
composite can be obtained from a C12A7 precursor. The results indicated the

elements of Ca, Al, O, and C on the surface.
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Figure 4.16 EDX elemental mapping of 2%rGO-C3AH6 samples.

As illustrated in Figure 4.17, the EDX elemental mapping of 4%rGO-C3AH6
sample indicated a uniformed distribution of carbon on the powder surface. By
applying hydration process with rGO colloid with rapid heating, the rGO and C3AH6
composite can be obtained from a C12A7 precursor. The results indicated elements

of Ca, Al, O, and C on the surface.
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Figure 4.17 EDX elemental mapping of 4%rGO-C3AH6 samples.

- Transmission electron microscopy TEM
Figure 4.18 (a) showed TEM images of synthesized rGO. The results exhibited
layers of nano sheeted and nano flaked material in the synthesized rGO,
corroborating that the synthesized rGO had a nanosheet morphology. Figure 4.18(b)
illustrated TEM images of synthesized C3AH6 sample. The results outlined the

particle sizes of the C3AH6 sample in a layered nanostructure. The smallest
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nanosized particles were around 40 to 50 nanometer. The nanosized particles of
C3AH6 sample were roughly around 50 nanometer in diameter, like the calculated
average crystallite size of C3AH6 (61 nanometer). Figure 4.18(c) and (d) similarly
indicated the surface morphology, particles size and shape of the x%rGO-C3AH6
composite samples for x=2 and 4. The displayed dark areas implied that a higher
resolution of TEM imaging technique could elaborate the x%rGO-C3AH6 composite
[23]. The rGO and C3AH6 particles were observed as nanosheets and dark
nanoparticles. This indicated the occurrence of nanocomposited rGO-C3AH6 with
nano flaked rGO and nanometer sized C3AH6 cement. The images exhibited small
x%rGO-C3AH6 nanocomposite particles with sizes of 10 to 20 nanometers. The
particle sizes ascertained that the synthesized x%rGO-C3AH6 nanocomposites
contained nanometer sized particles. The smallest particle size of the 2%rGO-C3AH6,
as illustrated in Figure 4.18(c), was ~20 nanometer, while the smallest particle size of
the 49%rGO-C3AHS6, as displayed in Figure 4.18(d), was 10 nanometer. The results
indicated that the nanometer sized particles of the 4%rGO-C3AH6 sample were
smaller than that of those the 2%rGO-C3AH6 sample. The rGO content majorly
impacted the grain sizes of the rGO-C3AH6 composite samples. It was implied that
the grain sizes relates to the amount of rGO in the composites. Selective Area
Electron Diffraction (SAED) has been utilized to identify the crystal forms of single,
double and multilayer rGO. TEM images, SAED patterns and EDX of the rGO
nanosheets, nanometer sized C3AH6, and x%rGO-C3AH6 nanocomposite samples
indicated diffraction rings implying a high poly-crystalline content as explained in
Figure 4.18. The results illustrated ring patterns of the rGO sample. This was the
attributes of poly-crystalline rGO deriving from its stacked multilayer orientation.
Figure 4.18(b) exhibited the SAED pattern of the C3AH6 sample. This SAED pattern
illustrated diffraction rings similarly suggesting high poly-crystalline content,
subsequently, ascertaining the presence of nanometer sized C3AH6 particles. Figure
4.18(c) and (d) illustrated the SAED patterns of the synthesized nanocomposited
x%rGO-C3AH6 samples. This SAED pattern was an attribute of combined diffraction
rings resulted from a mixture of polycrystalline rGO and nanometer sized C3AH6 and

x%rGO-C3AH6 cements, ascertaining the production of nanocomposited.



76

-~

200 nm = |~

(C) 2%FGO-COMHE 3

4000 m

S o 7e T

(d) 4%rGO-C3AHG It
B e e L P

r W

T,
)™

Figure 4.18 TEM images of synthesized (a) rGO nanosheets, (b) nanometer sized
C3AH6, and (c) nano composited 2%rGO-C3AH6 and (d) 4%rGO-C3AH6

samples.
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- Raman spectra analysis

The Raman spectra of the lattice structure of the C3AH6, the Raman bands
situated at 100-1200 cm . The synthesized of C3AH6 at 533 cm and 1050 cm
caused two peaks as illustrated in all synthesized samples. The attribute of C3AH6
bands sample appeared at 533 cm’ and was marked to [ALO457] stretching. The peak
situated at 1050 cm’ which is a characteristic of the C3AH6 structure. This was
available in all samples of the x%rGO-C3AH6 since they contained a C3AH6
component. It was noted that the D (1348 cm) and G (1576 cm) band peaks of the
rGO structure were found in all x%rGO-C3AH6 samples. However, these were not
found in the C3AH6 sample. This implied that the disappearance of rGO contributed
to a successful synthesis of C3AH6. The x%rGO-C3AH6 composites samples illustrated
in both D and G band peaks of the rGO structure and peaks at 533 e and 1050 cm’
" of the C3AH6 structure. This ascertained that the nanometer sized rGO sheets were
converted to a nanocomposite with nanometer sized C3AH6 particles to produce x%

rGO-C3AH6 nanocomposites.
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\ 1576 cm’
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SRR tem s . T
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Figure 4.19 Raman spectra of pristine C3AH6 and x%rGO-C3AH6 samples.
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- FT-IR spectra analysis

In addition, to confirm the rGO composite in the C3AH6 matrix, the FT-IR
spectroscopy was used. Figure 4.20 illustrated the FT-IR spectra of C3AH6 cement-
based and the x%rGO-C3AH6 nanocomposite in different of x weigh % contents. The
FT-IR spectra of all x%rGO-C3AH6 specimens showed reflection dips close to the
energy of the functional group -C=C- of rGO at 1626 e’ as indicated in the inset.
The weak reflection dips was also seen at the energy position of functional group -
C=0 of GO at 993 cm’" all samples. The reflectance decreases at the dip position by

increasing the amount of rGO as expected.
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Figure 4.20 FT-IR spectra of pristine C3AH6, 19%rGO-C3AH6, 2%rGO-C3AH6, 3%rGO-
C3AH6 and 4%rGO-C3AH6 samples.

- X-ray photoelectron spectroscopy (XPS)

Figure 4.21(a) outlined a wide scan XPS survey spectra of the synthesized
C3AH6, and 2%rGO-C3AH6 samples. The XPS survey exhibited the spectra of O (1s),
Ca (2p), Ca (2s), Al (2p) and C (1s) of the C3AH6 and 2%rGO-C3AH6 samples
respectively. The spectral results indicated synergies of Ca, Al, O (1s) and C (1s) peaks.
Figure 4.21(b) illustrated the XPS spectra of Cls from the synthesized C3AH6, 2%rGO-
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C3AH6 and 4%rGO-C3AH6 samples. The XPS spectra exhibited a peak at 285 eV as
indications of the C3AH6 sample and three peak positions situated at 284.42 eV,
285.39 eV, and 288.92 eV, as evident in all of the 2%rGO-C3AH6 and 4%rGO-C3AH6
samples. Two peaks of 2%rGO-C3AH6 and 4%rGO-C3AH6 samples situated at 288.92
eV and 285.39 indicated C=0 and C-O bonds [12] for carbon atoms in these samples.
The peak situated at 284.42 eV [12], which represented the C-C bond of sp2 carbon
atoms in a conjugated honeycomb lattice rGO, appeared in the synthesized 2%rGO-

C3AH6 and 4%rGO-C3AH6 samples.
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Figure 4.21 (a) XPS survey spectra of C3AH6 and 2%rGO-C3AH6 samples and (b) XPS
survey spectra of C(1s) of the synthesized C3AH6, 2%rGO-C3AH6 and
49%rGO-C3AH6 samples.

- UV-visible spectroscopy

Figure 4.22(a) The UV-visible spectra of x%rGO-C3AH6 varied from the spectra
of the C3AH6. The x%rGO-C3AH6 samples illustrated a low absorption over the
visible range, however, a high absorption in a lower energy range. The UV-absorption
band of rGO at 270 nanometer, indicated that the inset [25], was missing from the
spectra of the x%rGO-C3AH6 samples. Nevertheless, the rGO absorption peak was
observed in the spectra of x%rGO-C3AH6 nanocomposites with rGO at 1, 2, 3and 4
wt% levels. The absorption of the x%rGO-C3AH6 nanocomposite was higher at
elevated levels of rGO, which corresponded to the dark brown color of the powder
samples. Figure 4.22(b) illustrated direct optical gaps (£,) of the sintered C3AH6 and

x%rGO-C3AH6 nanocomposited samples at room temperature. The E, of C3AH6 was
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4.2 eV, while those of the x%rGO-C3AH6 were 3.0, 2.5, 2.0 and 1.5 eV for rGO
contents where x=1, 2, 3, and 4 wt%, accordingly. These implied that the £, of the
x%rGO-C3AH6 decreased as rGO content increased. Furthermore, C3AH6 had a high £,
value of 5.55 eV, while the E, values of x%rGO-C3AH6 had a constant value of 6.05
eVv.
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Figure 4.22 (a) Absorption coefficient of C3AH6 and x%rGO-C3AH6 samples and (b)
the relationship between an allowed direct optical gap of C3AH6 and
x%rGO-C3AH6 samples.

- TGA analysis

Figure 4.23 explained a TGA diagram of the C3AH6 specimen and the x%rGO-
C3AH6 nanocomposited specimens. The diagram showed mass loss at from water
decomposed from the C3AH6 specimen and the x%rGO-C3AH6 nanocomposited
specimens at around 100 °C. The C3AH6 specimen and the x%rGO-C3AH6
nanocomposited specimens  gradually dissolves with amorphous anhydrous and
water vaporization at between 100-550 °C. The major mass loss was at 200-300 "C
and a smaller loss was at between 400-550 “C. For the dehydrations between 300
and 350 C, the C3AH6 decomposed and formed C3AH1.5 and at around 320-550 °C
completely dehydrates to form C12A7 compound. The results pointed out that the
x%rGO-C3AH6 nanocomposited suit table using to application in ranging lower than

300 °C.
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Figure 4.23 TGA diagram of C3AH6, 2%rGO-C3AH6, 3%rGO-C3AH6 and4%rGO-C3AH6

samples.

4.2.3 The properties of rGO-C3AH6 nanocomposites
- Micro hardness properties
Micro ~hardness of the concocted nanometer sized C3AH6 and
synthesized Xx%rGO-C3AH6 samples were assessed by adopting the pyramid on a
square base method as explained by the Vickers indenter hardness (HV) technique.
This technique evaluate micro hardness by defining the ratio of the load applied to

the projected area of the indentation as shown in equation 4.9 [57]
HV = 1854(P/d2) (4.9)
where HV is the Vickers micro hardness value

P is the applied load (kg)

d is the average diagonal length (mm)
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Figure 4.24. The image was enlarged by a factor of 10 from the machine. The
derived d values were 0.225, 0.216, 0.202, 0.1827 and 0.167 mm for the nanometer
sized C3AH6 and nano-composited 1%, 2%, 3%, and 4% rGO-C3AH6 samples,
respectively. It was discovered that shading of the dark brown colour on the surface
of the C3AH6 and x%rGO-C3AH6 nanocomposited samples intensified as the
percentage weight of rGO increased.

Figure 4.25 these HV values were 74, 80, 90, 111, and 132 HV/2kg, respectively.
It was illustrated that the HV values increased by a power of two with elevating
weight percent of rGO. An improvement of rGO-C3AH6 composites shown in the HV
value as observed in the nanometer sized rGO-C3AH6 nanocomposites. For the TEM
results, the decreased sizes of the nanocomposited rGO-C3AH6 specimens were
altered because of an accelerating percent weight of rGO that intensified the HV

value.

Figure 4.24 Diagonal length of the impression on surfaces of C3AH6, 1%rGO-C3AHS6,
2%rGO-C3AH6, 3%rGO-C3AH6 and 4%rGO-C3AH6 composited samples.
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Figure 4.25 Micro-hardness of C3AH6, 1%rGO-C3AH6, 2%rGO-C3AH6, 3%rGO-C3AH6
and 4%rGO-C3AH6 composited samples.

- Antibacterial properties

The results were explained in Figure 4.26. It was noted that nanometer sized
C3AH6 generated no clear zone implying that the substance was unable to kill
bacteria. The 12 mm red line in the figure represented the diameter of a C3AH6
pellet. The x%rGO-C3AH6 nanocomposited indicated  clear zones revealing
antibacterial activity acainst E. coli. The width of clear zones resulted from the
19%rGO-C3AH6, 2%rGO-C3AH6 and 3%rGO-C3AH6 nanocomposite samples enlarged as
the increasing level of rGO loading. 4%rGO-C3AH6 cement produced the highest
degree of antibacterial activity against E. coli. This implied that the antibacterial
property of the x%rGO-C3AH6 cement is interlinked with the level of rGO in the
nanocomposited cement and with the smaller particle sizes, 10 to 20 nanometer, of
x%rGO-C3AH6. The antibacterial action of the nanocomposited x%rGO-C3AH6 was a
result of the extraction of phospholipids from lipid membranes [58], generating strong
interactions with these molecules in bacterial cell membranes. These results

corroborated the importance of minimized particle size to generate increased rGO



84

content within the nanocomposited x%rGO-C3AH6 and concurrently accelerated

antibacterial activity.

C3AH6 1%rGO-C3AHG  2%rGO-C3AHE 3%rGO-C3AH6 4%rGO-C3AHS

Figure 4.26 Antibacterial properties of (a) C3AH6, (b) 1%rGO-C3AH6, (c) 2%rGO-C3AH6,
(d) 3%rGO-C3AH6 and (e) 4%rGO-C3AH6 composited samples.

- Dielectric properties
Utilizing an impedance analyzer to evaluate dielectric properties of the
x%rGO-C3AH6 nanocomposites, the values of electric capacitance (C) and resistance
(R) of the specimens were assessed. These measurements were conducted over the
frequency range of 20 Hz - 2 MHz. Figure 4.27(a) the results indicated that the
dielectric response of the C3AH6 and x%rGO-C3AH6 samples exhibited strong
frequency dependence. The real dielectric constant of all samples decreased as

frequency increased. The ¢”values of the samples at low frequency were greater
than that at high frequency. The &’value of C3AH6 was 1.52X10° at 20 Hz, and those
of x%rGO-C3AH6, at 20 Hz, were 4.45X10°, 6.86 X10°, 1.010X10” and 3.2X10 for x=1,

2, 3 and 4, accordingly. It was noted that the &’values of x%rGO-C3AH6 samples
were higher than that of C3AH6. The dielectric constant of the 4%rGO-C3AH6 sample
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was roughly 10 times greater than that of the nanometer sized C3AH6 sample. The &’

value of 4%rGO-C3AH6 (3.2x10%) exhibited nearly significant dielectric magnitude.
The dielectric constant of x%rGO-C3AH6 increased with the percentage weight of rGO
composite, which aligned with the decreased size of particle of the x%rGO-C3AH6
nanocomposites. This illustrated that the decreasing particle sizes of the x%rGO-
C3AH6 specimens accelerated dielectric constants of the nanocomposited rGO-
C3AH6 samples. The results above indicated that the dielectric constant values of
x%rGO-C3AH6 were greater than that of C3AH6 over the entire frequency range and
the values increased as the particle sizes reduced in the samples. The x%rGO-C3AH6
samples exhibited a uniformed distribution of nanometer sized particle. The
nanometer sized particles of the x%rGO-C3AH6 nanocomposites created a large
dielectric constant. The dielectric constant increased as with the percentage weight
of rGO. The results indicated that the surfaces of rGO nanocomposites affected the
acceleration of the dielectric constant by controlling the dispersion of rGO sheets.
Figure 4.27(b) illustrated the tangent loss of the C3AH6 and x%rGO-C3AH6 samples. It
was noted that the loss tangents of C3AH6 and x%rGO-C3AH6 decreased with
increasing frequency. The loss tangents of x%rGO-C3AH6 nanocomposites were
greater than that of C3AH6 over the entire frequency range studied. The 4%rGO-
C3AH6 nanocomposite pertained the highest loss tangent. These results indicated
that the loss tangent of x%rGO-C3AH6 increased with the amount of rGO. The trend
of loss tangent for x%rGO-C3AH6 nanocomposite accordingly increased with the rGO
content. This pattern was explained at high frequency and was linked to dipolar
relaxation. At lower frequencies, it was linked to interfacial polarization and
conductivity. This effect related to the surface morphology of rGO nanocomposites
with C3AH6 arising from the diffusion of rGO sheets and the surface interface
between the conducting grains and insulating grain boundaries. Figure 4.27(c)
illustrated the AC electrical conductivity (c,) of nanometer sized C3AH6 and x%rGO-
C3AH6 nanocomposited specimens vs. the percentage weight of rGO at 20, 104, 105,
10° MHz. The AC conductivity of these specimens increased with the rGO content.
The o, values of the x%rGO-C3AH6 nanocomposites were larger than that of C3AH6
over the entire frequency range under the study. The 4%rGO-C3AH6 nanocomposite
illustrated the highest o, values. The o, of x%rGO-C3AH6 increased with the rGO

content.
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Figure 4.27 (a) Dielectric constant and (b) dielectric loss as a function of frequency,

and (c) electrical conductivity of C3AH6, 1%rGO-C3AH6, 2%rGO-C3AHS6,

3%rGO-C3AH6 and 4%rGO-C3AH6 nanocomposites samples.
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- Thermal properties

Figure 4.28(a) illustrated thermal conductivity as a function of the
temperature for the C3AH6 and x%rGO-C3AH6 samples. The x values of all samples
insignificantly altered according to temperature. These values for the x%rGO-C3AH6
samples were greater than that of the C3AH6 sample and decreased with the
amount of rGO. High rGO contents in x%rGO-C3AH6 nanocomposites increased,
resulting in reduced « values. The thermal conductivity. Based on the AC electrical
conductivity exhibited in Figure 4.28(b), the &, values of the x%rGO-C3AH6 and C3AH6
were small. Magnitude of x values of all samples was mainly influenced by &,ponon. If
the x, value is neglected, the thermal conductivity of &,sen0n. Figure 4.28(b) indicated
the relationship, Kpnonon Versus 1/75, for the x%rGO-C3AH6 and C3AH6 samples. The
results revealed that only C3AH6 had and an inverse relationship with temperature,
suggesting that phonon processes (7)) mainly influenced the thermal conductivity of
C3AH6. The x%RGO-C3AH6 samples did not illustrate similar pattern. Definitely, the
grain boundary (% =v/L) term influenced the effect of nanocomposite of the
x%rGO-C3AH6  specimens. L, the characteristic grain size of the x%RGO-C3AH6
nanocomposites, was nanometer sized. Similarly, the nanometer sized grain
characteristic  reacted to reduce the &phonon value  of the  x%RGO-C3AH6
nanocomposites. The reduction of thermal conductivity of the x%RGO-C3AH6
samples was a result of a smaller particle size at the boundary. They were reduced
from 20 nm to 10 nm as the percentage volume of the rGO nanoflakes increased
during the preparation process. The rGO nanocomposite content in C3AH6 influenced
the development of the thermal conductivity of x%RGO-C3AH6 nanocomposites. The
specific heat (C,) values of the C3AH6 and x%rGO-C3AH6 samples were derived from
the thermal diffusivity measurements over a temperature range of 298 to 573 K by a
laser flash technique. Figure 4.28(c) explained C, as a function of the temperature of
the x%rGO-C3AH6 and C3AH6 samples. The results illustrated that the C, value of all
samples increased according to the temperature. The C, of 1%rGO-C3AH6 and
2%rGO-C3AH6 was greater than the C3AH6 cement, while 3%rGO-C3AH6 and 4%rGO-
C3AH6 pertained lower C, values. The lower rGO content in x%rGO-C3AH6
composites led to higher C, values. This trend of x%rGO-C3AH6 indicated a decrease
in C, with increasing amounts of rGO. The high rGO content in x%rGO-C3AH6

composites reduced the C, values.
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Figure 4.28 (a) thermal conductivity a function of temperature, (b) thermal

conductivity a function of inverse of temperature, (c) Specific heat of

C3AH6, 1%rGO-C3AH6, 2%rGO-C3AH6, 3%rGO-C3AH6 and 4%rGO-C3AH6

samples.
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- Electrochemical properties

The fabricated a slurry for working active electrodes, each obtained at a ratio
of 80: 10: 10 wt% of all material samples (C3AH6 and all x%rGO-C3AH6), PVDF and
acetylene black were well mixed with a slurry of N-methyl-2-pyrolidone (NMP) 0.5 ml
using by ball milling method at room temperature for 24 hours. Then, a slurry was
coated onto a nickel foam sheet within a coating area of 1x1 cm’ and kept dried for
3 hours in an oven at 80 °C. Finally, these active electrodes were pressed at 1.5 tons
for 1 min by using uniaxial compression and soaked into 1.0 M KOH aqueous solution
for 3 hours before performing an electrochemical test. Figure 4.29(a) shows CV curves
of all electrodes at a scan rate of 100 mV's ' in a potential window of -0.1-0.0 V. The
CV curves of C3AH6 and all rGO-C3AH6 electrodes show a clear reversible reaction of
a capacitive behavior occurring at the interface of electrode and electrolyte,
suggesting the storage charge mechanism of electrical double layer capacitors (EDLCs)
behavior. As shown in Figure 4.29 (b)-(h), the CV curves of C3AH6 and all rGO-C3AH6
electrodes at scan ranges from 10 to 200 mV 5_1, illustrated intensity and area of
these CV curves gradually increase with an increasing scan rate because of the
efficient migration of OH ions through the porous structure and oxygen containing
functional groups at electrode surface of rGO Figure 4.30 (a)-(h) presents the GCD
curves of C3AH6 and all rGO-C3AH6 electrodes conducted within a potential window
of -0.1 - 0.0 V at a scan rate of 0.5 A g_l and different current densities ranges from 0.2
to 10 A g_l. All. GCD curves exhibited a symmetric shape, which represents
characteristics of EDLCs behavior. It was noted that the discharge curves of C3AH6
and all rGO-C3AH6 electrodes indicated low internal resistance (Ri), implying high
conductivity of electrode material. Specific capacitances (Csc) of C3AH6 and all rGO-
C3AH6 electrodes were assessed based on the CV curve and discharge curves as
illustrated in Figure 4.31 (a)-(b) and the derived values are explained in Table 4.3.
Figure 4.31 (a)-(b) showed that the Csc values deceased with an increasing current
density due to the imperfection of electrodes that prevent the diffusion and
penetration of electrolyte ions into the active sites of electrode materials.
Furthermore, small particles could lead to high surface area and large mesopore of
active redox sites for more OH- ions to be accessible in electrolyte. Notwithstanding,
it was found that all rGO-C3AH6 electrodes provided excellent cycling stability as
shown in Figure 4.29(c).
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Figure 4.29 (a) CV curves at a scan rate of 100 mV s of C3AH6 and all rGO-C3AH6
electrodes. (b), (), (d), (e), (), (¢) and (h) CV curves at different scan rates
of C3AH6 and all rGO-C3AH6 electrodes.
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Figure 4.30 (a) shows GCD curves at a scan rate of 0.5 Ag_1 of C3AH6 and all rGO-
C3AH6 electrodes. (b), (o), (d), (e), (f), (¢) and (h) show GCD curves at
different current densities of C3AH6 and all rGO-C3AH6 electrodes.
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Figure 4.31 (a) and (b): specific capacitance plots of C3AH6 and all rGO-C3AH6
electrodes at different scan rates and current densities were calculated
by CV and GCD test and (c): cycling stability of C3AH6 and all rGO-C3AH6

electrodes using GCD test at a current density of 5 Ag_l.
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Figure 4.32(a) explained the Nyquist plots of C3AH6 and all rGO-C3AH6
electrodes. The intercepts on Z axis in a high frequency region usually links to a
series resistance (R,) of solution at the interface of electrode/electrolyte. A
semicircular curve is mainly assigned to the charge transfer resistance (R.), which
aligns  with the charge transfer mechanism arises at the interface of
electrode/electrolyte. As illustrated in Figure 4.32(a), all electrodes illustrated a
semicircle in a high frequency region and a straight line in a low frequency region.
These EIS spectra of all electrodes were examined in detail by inputting the
experimental data with the equivalent circuit model through Z View software, as
shown in Figure 4.32(b)-(h) and the obtained values are explained in Table 4.3. These
results indicated the low R values, implying a faster charge transfer mechanism at
the electrode/electrolyte surface. Furthermore, in a low frequency region of Nyquist
plots, the slopes of all rGO-C3AH6 electrodes were higher than that of C3AH6
electrode, implying a proper electrical conductivity because of the influence of rGO
and the low diffusion resistance (DEqg) of electrolyte ions. This result implied that a
composite of C3AH6 with rGO NSs can improve the electrochemical performance of

C3AH6 electrode.
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Figure 4.32 (a) Niquist impedance plots of C3AH6 and all rGO-C3AH6 electrodes. (b),

(0), (d), (e), (), (¢) and (h) the fitting niquist impedance plots with inset the

enlargement of the plots near origin and showing an equivalent circuit of

C3AH6 and all rGO-C3AH6 electrodes.
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Table 4.3 Csc value at different scan rates and current densities were calculated by

CV and GCD test, and EIS analysis of C3AH6 and all rGO-C3AH6 electrodes

Electrodes

Parameters | c3aHs | 1%rGO | 3%rGO | 5%rGO | 7%rGO | 10%rGO | 20%rGO

-C3AH6 | -C3AH6 | -C3AH6 |-C3AH6 | -C3AH6 | -C3AH6
Csc (F g-1) by CV
10 mvs-1 | 5348 12740 | 13775 | 16.685 | 16352 | 19.927 | 26.650
20 mvVs-1 | 4.614 11.013 | 12299 | 15316 | 15126 | 18511 | 25.140
50 mVs-1 | 3.545 8.499 10.058 | 13.069 | 13.237 | 16.200 | 22.699
100 mVs-1 | 2.747 6.495 8.142 11.029 | 11549 | 14.005 | 20.279
200 mVs-1 | 2.042 4.607 6.216 8.723 9.674 11.413 | 17.084
Csc (F g-1) by GCD
0.2 Ag1 5.290 15800 | 19.700 | 21.800 | 22.000 | 27.900 | 35.400
0.5A g1 3.230 11.800 | 14.200 | 18.000 | 18.200 | 23.100 | 31.400
1Ag1 2.120 8.830 11.000 « | 15300 | 15.700  |20.000 | 28.800
2A g1 1.270 5.850 8.020 12300 | 13200 - | 16.700 | 25.600
5Ag-1 0.772 3.140 4.460 7.740 7.840 11.300 | 19.900
10 A g1 0.686 2.330 3.250 5.100 5.320 6.540 16.400
EIS analysis
Rs (Q) 1.003 0.93215 | 0.94597 | 0.93441 | 1.051 0.92941 | 1.06
(%error) (1.3017) | (1.366) | (1.4679) | (1.4352) | (1.3108) | (1.4364) | (1.3846)
CPE-T 0.008707 | 0.020318 | 0.017097 | 0.012761 | 0.011238 | 0.018427 | 0.01958
(%error) (4.5899) | (4.6502) | (5563) | (7.793) | (12.083) | (14.955) | (23.69)
CPE-P 0.71507 | 0.67337 | 0.66357 | 0.70711 | 0.7097 | 0.70428 | 0.67395
(%error) (1.3251) | (1.6964) | (1.6508) | (1.9237) | (2.4747) | (3.1401) | (5.0391)
Rct (Q) 1.642 1.021 0.7612 | 1.001 0.61836 | 0.5397 | 0.44839
(%error) (16.635) | (21.665) | (15.775) | (14.164) | (11.043) | (13.421) | (10.888)
Cp (P 0.003940 | 0.008577 | 0.01989 | 0.0237 | 0.024722 | 0.040222 | 0.08097
(%error) (7.7826) | (11.401) | (8.6576) | (7.4599) | (5.7807) | (7.1391) | (6.0448)
DE-R (Q) 3,064 1.38 4.693 8.713 1.279 0.78066 | 0.94206
(%error) (27.011) | (44.401) | (31.807) | (27.076) | (31.61) | (48.185) | (60.441)
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- Thermoelectric properties
Measurement methods S and p were measured simultaneously in the range
of 300 to 523 K using a commercial apparatus (Ulvac ZEM-3) under a redcued He
atmosphere. The value of density d was calculated from the measured weight and
dimensions from Division of Sustainable Energy and Environmental Engineering,
Graduate School of Engineering, Osaka University, Japan (Osaka Lab). Table 4.4 shows
the summary of differences of preparation method and characteristic of 10%rGO-

C3AH6, prepared at KMITL and this lab.

Table 4.4 Summary of differences of preparation method and characteristic of

10%rGO- C3AH6 prepared at KMITL Lab and this Osaka Lab.

10%rGO-C3AH6 KMITL Lab Osaka Lab
Production method Cold pressing Spark plasma sintering (SPS)
Conditions 6 MPa, 300 K for 10 min | 60 MPa, 600 K for 10 min
Sample Cuboid (5%5x20 mm) Pellet (@12.7 mm, h ~ 1.8 mm )
Measured density 201gcm’ 140 e’
Resistivity (p) at 300 K'| 1.16 Q 0.35 mQ

Figure 4.33(a) shows the Resistivity (o) as a function of temperature of
differences of preparation method and characteristic of 10%rGO-C3AH6, prepared at
KMITL lab and Osaka lab. The p value of 10%rGO-C3AH6 sample was approximately
1.16 @ and 0.35 mQ, respectively. Figure 4.33(b) shows temperature dependence of
Seebeck coefficient (S) of the 10%rGO-C3AH6, prepared at KMITL lab and Osaka lab
in temperature 300K to 550K. The bulk rGO-C3AH6 sample showed negative of
Seebeck coefficient value as presenting n-type thermoelectric materials. The Seebeck
coefficient values of bulk rGO-C3AH6 sample was decreased from -9.30 pV/K to -7.76
pV/K and 9.41 pV/K to 2.10 pV/K, respectively, prepared at KMITL lab and Osaka lab
for temperature increased from 300 K to 550 K. Figure 4.33(c) shows the comparison

of the power factor (PF) of bulk rGO-C3AH6 samples.
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Figure 4.33 (a) The Resistivity (p), (b) Seebeck coefficient (S) and (c) Power factor (PF)
of the 10%rGO-C3AH6 sample.
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4.3 Prototype of concrete block electric power generation from heat
and applications in municipal melting furnace or municipal

incinerator

4.3.1 Synthesis of CaMnO; as thermoelectric materials
The CaMnO; oxide compound, which was synthesized in the previous
laboratory for analysis. The characteristic of CaMnO; compounds its reproducibility
was also confirmed by XRD SEM and EDS. The measurement results will show as

follows.

- X-ray diffraction (XRD)

Figure 34 showed the XRD diffraction patterns of the CaMnO; after
calcining the sample at 1200 °C for 12 hours. It was found that crystalline powder
with CaMnO; diffraction pattern appeared at diffraction angle at 26 (") = 23.836 °,
33.928 °, 36.190 °, 38.268 °, 40.040 °, 42.193 °, 44.141 °, 15.585 °, 48.929 °, 50.373 °,
53.886 O, 54.935 o, 56.402° and 62.258 °. The samples showed major phase of CaMnO,
structure, corresponding to JCPDS file no. 03-0830.

Cal\/InO3

— JCPD 03-0830
=
©
=
‘n
{ =
o)
=

- .-)l..]n.;\,1JLT .3
¥ T T T T T
20 30 40 50 60

2Theta

Figure 4.34 XRD patterns of prepared CaMnOs precursor referencing the
JCPDS#03-0830 file.
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- Scanning Electron Microscope (SEM)

The SEM is a test process that scans a sample with an electron beam
to produce a magnified image for analysis. The CaMnO; oxide compound was
synthesized in the previous lab for analysis by SEM with magnifications from (a) 500x,
(b) 2000x, (c) 4000x and (d) 6000x, respectively. It was found that the SEM images
obtained CaMnO; oxide compound can be prepared to homogeneous and has a
rough porous surface. Which has a good effect on low thermal conductivity is a good

property of thermoelectric materials was shown in Figure 4.35.

Figure 4.35 SEM images of CaMnOs; with magnifications from (a) 500x, (b) 2000x, (c)
4000x, and (d) 6000x, respectively.
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- Energy Dispersive X-Ray Spectrometer (EDS)

The EDS is a measurement and analysis of energy elements to analyze
various elements which is a mixed proportion of each element. And the distribution
of the elements is separated into various colors. Figure 4.36 showed the results of
EDS identify the elements in the CaMnO; oxide compound by the weight ratio of the
elements C: O: Ca: Mn will be 7.38% : 39.41% : 22.77% : 30.45%. It was found that

each element is well distributed.

Figure 4.36 SEM images with inset a high magnification view of selected area, and
displayed the EDS-mapping images for C, O, Ca and Mn elements of
CaMnO; samples.
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4.3.2 The prototype of wall panel thermoelectric module for electricity
production from high temperature heat from municipal waste

incinerator prototype

- Electrical connector new thermoelectric cell module rods
Generally, there are 2 types of electrical connection thermoelectric cell
module rods such as N-type and P-type connected in series. The other side provides
heat from the heat source and the other side is cool. Must have a cooling system

helps to cooling with the heat sink to make a difference in temperature as shown in

|1|‘ H|[|‘1‘|\4— Heat sink
; . I <

Figure 4.37.

TC

P NP MNP NP NP NIIP ]
(5 b BT g b | I‘: TI‘I
[ 2 Pty e ¢ L8

RL Heat source or heat applied

Figure 4.37 Connection of conventional thermoelectric modules N-type and P-type.

The connection of new thermoelectric modules with single type of N-type. Is a
preparation of N-type thermoelectric materials that are connected in pairs were as
shown in Figure 4.38(a) and can expand the number of series circuit thermoelectric
modules as shown in Figure 4.38(b) and can expand the number of parallel circuit
thermoelectric modules as shown in Figure 4.38(c). The other side provides heat from
the heat source and the other side is cool without cooling fan but can be to make a

difference temperature which the new type of thermoelectric modules connector.
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Figure 4.38 Connection of conventional thermoelectric modules N-type.

- The using of new electrode materials
Using stainless steel materials to be used as electrodes for connecting
to self-prepared thermoelectric modules in the laboratory as shown in Figure 4.39(a)
which can actually be used in the temperature range of 700 °C but there was
disadvantage that the process of forming the electrode is difficult and heavy weight.
Therefore choose new materials using materials made of aluminum. The advantages
are cheaper and lightweight compared to materials made of stainless steel. After that

coated with silver to improve electrical conductivity and reduce the adhesion of the
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oxides that occur which can actually be used in the temperature range not more

than of 600 °C as shown in Figure 4.39(b).

Figure 4.39 (a) Stainless steel electrode materials (b) aluminum electrode materials

after coated with silver

- Connect the thermoelectric module wall plate to generate
electricity from heat.

The prototype of the thermoelectric module wall plate to generate
electricity from heat include of 50 thermoelectric rods with compound electric circuit
connected by heat resistant wires. After that, the calcium silica plates are splice on
both sides to short circuits protection. The hot side has been drilled to allow radiant
heat to pass directly to the module which is a new design. As a result, the heat
distribution to the prototype of the wall thermoelectric module produces electricity

very well as shown Figure 4.40.
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Figure 4.40 Prototype of thermoelectric module wall plate to generate electricity

from heat.

4.3.3 Prototype of concrete block electric power generation from heat
and applications in municipal melting furnace or municipal
incinerator
The construction of a municipal hybrid electricity waste stove system

consisting of heat-resistant wall panels and embedded thermoelectric modules. The
detailed designs are in the appendix and the municipal waste stove system
components are hybrid power generation models. The basic principle is to use gas
fuel to warm up and burn waste, will be able to burn wet waste. After that, when
the complete combustion occurs, the fuel gas system will be cut off from
the combustion system to use a general combustion aeration system. The
components are as follows (1) Steel structure with wheels (2) Gas fuel system (3)
Waste combustion system (4) Combustion chamber (5) Heat storage room (6) Heat
resistant wall power generation (7) Hot air vent. The prototype of the incinerator can
be installed prototypes of thermoelectric module panels to generate electricity
directly from heat is a total of four sides. Which has been designed on each side are
size 25x25x5 cm equal to the prototype of the wall panel, the thermoelectric

module produces electricity that can be splice installed as shown in Figure 4.41.
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CGH. Prototype Thermoelectric modules

Figure 4.41 Prototype of concrete block electric power generation from heat and

applications in municipal melting furnace or municipal incinerator.

4.3.4 Electrical Properties of Thermoelectric Modules
4.3.4.1 The result of a single thermoelectric module from CaMnO; at
the diameter of 1 cm to connect series electrical circuit
- At the height of the module 1.5 cm
The results of the thermoelectric module test in the laboratory. Bring 2
module of the thermoelectric module of the above size to test on the hot plate for
test the heat resistance and create different temperature between the side that
touches the hot plate and the side that does not touch the hot plate. The results
showed that the difference of the maximum heat temperature was 552.8 °C (at the
hot side temperature of 700 °C and the cold side was 148.2.°C) as shown in Figure
4.42. The results of testing of electrical measurements compared to temperature
differences as showed that the maximum electric potential is 95.30 mV, the current is
2.29 mA and the electric potential can be constant as time changes as shown in
Figure 4.43. Shows as electricity measurement results show that the fabricated
thermoelectric modules can directly convert heat into electricity. Which corresponds
to the Seebeck effect and the electrical value increases according to the temperature

difference with has tendency to be increase.
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Figure 4.42 The temperature difference in the room temperature range to 700 °C for

at the height of module 1.5 cm.
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Figure 4.43 Graph relation between temperature difference voltage (mV) and current

(mA) for at the height of module 1.5 cm.
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- At the height of the module 2.0 cm

The results showed that the difference of the maximum heat
temperature was 574.3 °C (at the hot side temperature of 701.1 °C and the cold side
was 123.8 °C) as shown in Figure 4.44. Figure 4.45 showed the results of testing of
electrical measurements compared to temperature differences as showed that the
maximum electric potential is 126.20 mV, the current is 1.68 mA and the electric
potential can be constant as time changes. The results electrical value increases

according to the temperature difference with has tendency to be increase.
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Figure 4.44 The temperature difference in the room temperature range to 700 for at

the height of module 2.0 cm.
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Figure 4.45 Graph relation between temperature difference voltage (mV) and current

(mA) for at the height of module 2.0 cm.

- At the height of the module 2.5 cm
The results showed that the difference of the maximum heat
temperature was 615.6 °C (at the hot side temperature of 701.1 °C and the cold side
was 85.5 “C) as shown in Ficure 4.46. Figure 4.47 showed the results of testing of
electrical measurements compared to temperature differences as showed that the
maximum electric potential is 125.20 mV, the current is 2.38 mA and the electric
potential can be constant as time changes. The results electrical value increases

according to the temperature difference with has tendency to be increase.
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Figure 4.46 The temperature difference in the room temperature range to 700 °C for

at the height of module 2.0 cm.

] T I I ) T A I ¥ T 35
140 - R
- 3.0
120 -
L35
100 - <
E
= L 20 +
£ 80 3
o 5
(o)) -15 ©
8 60+ ]
o 2
> =t
40 - -1.0 O
20 L 0.5
04 m-me-aaa - 0.0
‘ T L} T T T T

T T T T T T
0 100 200 300 400 500 600

Temperature difference (°C)

Figure 4.47 Graph relation between temperature difference voltage (mV) and current

(mA) for the module at a height of 2.5 cm.
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The results of the production of thermoelectric modules for a single
thermoelectric module to connected in series electric circuits at various heights. It
can found that at height of 1.5 cm provides a minimum voltage compared to an
increase in height of 2.0 cm and at height of 2.5 cm provides similar electric
potential. We could see that too much height is not good because it will increase the
number of masses. Therefore, should design the optimum of height as shown in

Figure 4.48.
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Figure 4.48 Graph relations between hot side temperature and voltage (mV) for 2
module of the thermoelectric module to connect series electrical circuit

at the height of the module at 1.5, 2.0 and 2.5 cm.

4.3.4.2 The result of 2 thermoelectric module of CaMnO; at the
diameter of 1 cm to connect parallel electrical circuit
- At the height of the module 1.5 cm
The results of the thermoelectric module test in the laboratory. Bring
2 module of the thermoelectric module are connect parallel electrical circuit of the

above size to test on the hot plate for test the heat resistance and create different
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temperature between the side that touches the hot plate and the side that does not
touch the hot plate. The results showed that the difference of the maximum heat
temperature was 542.6 °C (at the hot side temperature of 700.7 °C and the cold side
was 1654 °C) as shown in Figure 4.49. The results of testing of electrical
measurements compared to temperature differences as showed that the maximum
electric potential is 80.00 mV, the current is 2.32 mA and the electric potential can
be constant as time changes as shown in Figure 4.50. Shows as electricity
measurement results and the electrical value increases according to the temperature

difference with has tendency to be increase.
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Figure 4.49 The temperature difference in the room temperature range to 700 °C for
2 module of the thermoelectric module to connect parallel electrical

circuit at the height of the module at 1.5 cm.
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Figure 4.50 Graph relation between temperature difference voltage (mV) and current
(mA) for 2 module of the thermoelectric module to connect parallel

electrical circuit at the height of the module at 1.5 cm.

- At the height of the module 2.0 cm
The results showed that the difference of the maximum heat
temperature was 602.20 °C (at the hot side temperature of 700.80 °C and the cold
side was 98.60 “C) as shown in Figure 4.51. Figure 4.52 showed the results of testing
of electrical measurements compared to temperature differences as showed that the
maximum electric potential is 94.20 mV, the current is 2.43 mA and the electric
potential can be constant as time changes. The results electrical value increases

according to the temperature difference with has tendency to be increase.
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Figure 4.51 The temperature difference in the room temperature range to 700 °C for

2 module of the thermoelectric module to connect parallel electrical

circuit at the height of the module at 2.0 cm.
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Figure 4.52 Graph relation between temperature difference voltage (mV) and current

(mA) for 2 module of the thermoelectric module to connect parallel

electrical circuit at the height of the module at 2.0 cm.
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- At the height of the module 2.5 cm
The results showed that the difference of the maximum heat
temperature was 617.90 °C (at the hot side temperature of 700.50 °C and the cold
side was 82.60 °C) as shown in Figure 4.53. Figure 4.54 showed the results of testing
of electrical measurements compared to temperature differences as showed that the
maximum electric potential is 119.80 mV, the current is 3.73 mA and the electric
potential can be constant as time changes. The results electrical value increases

according to the temperature difference with has tendency to be increase.
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Figure 4.53 The temperature difference in the room temperature range to 700 °C for
2 module of the thermoelectric module to connect parallel electrical

circuit at the height of the module at 2.5 cm.
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Figure 4.54 Graph relation between temperature difference voltage (mV) and current
(mA) for 2 module of the thermoelectric module to connect parallel

electrical circuit at the height of the module at 2.5 cm.

The results of the production of thermoelectric modules for 2 modules are
connected in parallel electric circuits at various heights. It can found that at height of
1.5 cm provides a minimum current of 2.32 mA compared to an increase in height of
2.0 cm the current is 2.43 mA and at height of 2.5 cm provides the current is 3.73
mA. We cloud see that the height of the module affects the production of the
electric current which the current will increase according to the height. Therefore,

should design the height suitable for the actual be use as shown in Figure 4.55.
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Figure 4.55 Graph relation between hot side temperature and current (mA) for 2
module of the thermoelectric module to connect parallel electrical

circuit at the height of the module at 1.5, 2.0 and 2.5 cm.

4.3.4.3 The result of 50 thermoelectric module of CaMnO; at the

diameter of 1 cm at the height 2 cm to connect compound

electrical circuit

The results of the thermoelectric module test in the laboratory. Bring 50
module of the thermoelectric module are connect compound electrical circuit at the
height of the module 2 cm test on the hot plate for test the heat resistance and
create different temperature between the side that touches the hot plate and other
side that does not touch the hot plate. The results showed that the difference of the
maximum heat temperature was 553.50 °C (at the hot side temperature of 700 °C
and the cold side was 146.50 "C) as shown in Figure 4.56. The results of testing of
electrical measurements compared to temperature differences as showed that the
maximum electric potential is 702.44 mV, the current is 55.06 mA and the electric
potential can be constant as time changes as shown in Figure 4.57. Shows as
electricity measurement results and the electrical value increases according to the

temperature difference with has tendency to be increase
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Figure 4.56 The temperature difference in the room temperature range to 700 °C for
50 module of the thermoelectric module to connect compound

electrical circuit at the height of the module at 2.0 cm.
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Chapter 5

Conclusions and Suggestions

5.1 Conclusions
This dissertation seeks to study the synthesis and properties of smart cement
C3AH6-rGO nanocomposite and the development of thermoelectric generator by
using CaMnOs as follows:
1. Synthesis of nanostructure tricalcium aluminate hexahydrate (C3AH6)
cements.
2. Synthesis of C3AH6 cement/reduced graphene oxide (C3AH6-rGO) smart
cement nanocomposites.
3. Development of thermoelectric generator from heat using CaMnOs; and

applications in municipal melting furnace or municipal incinerator.

Samples were investigated in structural properties using X-ray Diffraction (XRD),
Raman Spectroscopy, Scanning Electron Microscope (SEM), Transmission Electron
Microscope (TEM), Fourier-Transformed Infrared Spectroscopy (FT-IR), UV-vis Diffuse
Reflectance  Spectroscopy (DRS), X-ray Photoelectron Spectroscope (XPS),
Thermogravimetric Analysis (TGA), and the properties measurements dielectric LRC,
electrochemical properties, optical, electrical conductivities, thermoelectric, thermal
conductivity, supercapacitor, antibacterial activity and micro hardness. The result can
be concludedas follows:

Samples of smart cement were characterized and confirmed by several
techniques such as, XRD, Raman, SEM, TEM, FT-IR, UV-vis, XPS, TGA. Moreover, the
properties of as-synthesized cement samples, for example, dielectric constant,
electrochemical properties, optical, electrical, thermal conductivities, thermoelectric,
micro hardness, supercapacitor, and antibacterial activity were also studied. The
results can be concluded as follows, the nanostructured C3AH6 and C3AH6-rGO
nanocomposite smart cements were successfully fabricated by a conventional
hydration process. C3AH6 nanocement displayed a high dielectric response, large

optical band gap, thermodynamically stable at below 350 °C and low thermal
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conductivity as thermal insulator. However, the C3AH6-rGO nanocomposite cements
appeared to have good smart cements properties including high electrical
conductivity, giant dielectric constants, greater Vickers micro hardness values, high
electrochemical and supercapacitor properties and high performance in antibacterial
activities. These interested properties tend to increase as the rGO content (wt.x%)
loading increases. In contrast, thermal conductivity reduced against an increase in
contents of rGO in the C3AH6-rGO nanocomposites. These results indicated that
nanosized C3AH6 cement incorporated with rGO material exhibited in suitable
properties for multifunctional applications as smart cement materials.

In addition, the prototype of concrete block electric power generation from
heat (CGH) and its applications in municipal melting furnace or municipal incinerator
are investigated. This CGH prototype consisted of thermoelectric modules having
thermoelectric material synthesized derived from CaMnO; thermoelectric material. It
was found that a single thermoelectric module indicated voltage as 155 mV, current
as 11 mA, and the electrical power as 1.7 mW in a difference in temperature of 470
°C for the high temperature side module at 700 °C. The electrical power can be
increased by connecting several thermoelectric modules together. Also, the CGH
prototype consisted of 50 thermoelectric modules, were connected to the electrical
circuit at the height of the module as 2 cm on the hot plate. The results showed
that the electrical power was directly proportional to the number of thermoelectric
modules. The difference in the maximum heat temperature was at 553.50 °C (the
hot side temperature was at 700 °C and the cold side was at 146,50 “C). In addition,
testing of electrical measurements, when compared to temperature differences,
showed that the maximum electric potential was at 702.44 mV and the current was
55.06 mA. Thus, these results implied that CGH prototype can be applied to thermal
energy from various heat sources such as burning, biomass, waste, industrial heat and
power plants. The CGH prototype may be scaled into a large-scale thermal power

plant in order to supply the electrical energy to industries.
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AuthCell MolVol: 245.43

Dcale: 2520g/em®  SS/FOM: F(30) = 21.000.0108. 31)

Crystal

ICOD Calculated Parametars
Space Group: [s-3d (230)  Molecular Weight: 37829

— Data
XtiColl a: 12,5734 XtiCell b: 12,5734 XtuCell ¢: 12.573A
XtCell : 90.00* XdCell : 00.00" XtiCell ; ©000"
XtiCell Vol: 19587.40A2 XtCell Z: 8.00

r— Data Axial Ratlo -

o XtiCell a/b: 1000 XtCell ¢/b: 1000

—— Reduced Cell
RedCell a: 10,8884 RedCoell b: 10,8084 RedCell c: 10,8884
RedCell: 100.47* RedCell : 100.47° RedCell : 100 47°
RedCell Vol: a93, 7042

© 2016 International Centre for Diffraction Data. All rights ressrved.
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00-024-0217 Nov 16, 2018 11:00 AM (User)
PDF Card Report

Status: Primary  @QM: Star(S)  Pressure/Temperature: Ambient

Chemical Formula: Ca2 Al2 (O H )12  Empirical Formula: 212 Ca3 H12 012
Weight %: 4114 27 Ca31.70 H3.20 O50.75 Atomic %: AIS.00 Call 34 H41.38 D41 38
Compound Nama: Calcium Aluminum Hydroxide — Mineral Name: Katoite, syn

Experimental
Author's Reported Data
Radiation: Cuka1 @ 154064  Intensity: Diffractometer
Physical
8YS: Cubic SPGR: |a-3d(230)
Author's Cell -
AuthCell a: 12,5727(2)4 AuthCell Vol: 19874043 AuthCell Z: 5.00

AuthCall MolVol: 248,43

Deale: 2.520g/em® SSFOM: F(30)=01.00.0108, 31)

Crystal

ICDD Caleulated Paramaters

Space Group: |a-3d (230)  Molecular Weight: 37520

—— Crystal Data - e -
HtCell @ 12,5734 XtiCell b: 12,5734 MtiCalle: 12,5734
XtiCall :  B0.00° XtiCall: ©0.00* XtiCell : @0.00*
MtiCall Vol: 13874042 XtiCell Z: 5.00

— Crystal Data Axial Ratio -

XtiCell afb; 1.000 XtiCell cfb: 1.000

— Roduced Call —
RedCeoll a: 10,8284 RedCell b: 10,8884 RedCall ¢! 10,8824
RedCall : 100 477 RedCall: 100.47° RedCall: 100.47°
RedCell Vol: o553, 7042

© 3018 International Centre for Diffraction Data. All rights ressrved. Fage1/3
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00-024-0217 Maow 15, 2018 11:00 &AM (User)

Optical

=1.805

Structure
Crystal (Symmetry Allowed): Centrosymmetric

Miscellaneous

Paarson: cl232.00 Pearson wio H: c1138
Mineral Classification: Garmet (Group). hydrexide (Subgroup)

Bubfile{s): Cement and Hydration Product, Inorganic, Mineral Related [Mineral | Synthatic), NBS
Pattern, Commaon Phase, Educational Pattern, Primary Pattern

Entry Data: 03/20/1862  Last Modification Date: 01/1472012

Cross-Ref POF #'s: 00-003-0125 [ﬂll‘lﬁlﬂg 00-081-03208 (Primary ). 04-007-2000, 04-008-4287,
04-008-8878, 04-008-8343

References

Primary Reference  Mall, Bur, Siaad (UL 5. ) Monegr. 25 11, 18 [1074).

Comments

Databaso Comments: Additionsl Patterns: To replace 00-003-0125. Ses POF 00-081-0320 Color:
Colorless. Ganeral Comments: Ferms solid salution with hibschite,
hgquﬁnuur. and grossular, S araton: Prepared by trasting &
saturated solution of Cal and 6% phanal, Al metal dissolved in KOH was
added Compound wes dried st 110 C for 2 hours. Temperature of Data
Collection: Fattarn taken at 208 K.

d-Spacings {71) - 00-024-0217 (Fixed 5lit Intensity) - Cu K1 1.54056A

2 Ay 1 b k1* 2 d(A) 1 h k1 =
172118 84 .31 3 f26411 1989800 3 & A 0
169731, 4442000 40, 2 2 0 H1a078 1464800 1 A 3 1
285216 3350000 6B 3 21 a5.4780 - 1424300 107 B2
283821 342000 45 4 0 0 GA4%02 1408800 12 A 4 0
318993 2810000 8O- 4 20 803120 137900 5 4 4 2
Ja40€En © 2BA0K00 X 13 2583, 10656800 8 7 & 1
348377 280000 16 4 2 2 T01TA] 140008 A 6.4
IB4183 . 2dME000 A0 4 @ 1 710716 1.3268900 2 @6 1
6222 2 oo 5 2 A 719002 1296800 8 4 3 2
405684 3.2 4 400 TITER 134980 2 A 4 4
443017 Zo3000E 95 4 1 1 TAGEAT - A70100 4 8 4
4B 5RO 1 G8BO000 A 08 2 O THL498 1244900 2 10 11
401090 1BEISD0 1 0 43 1 774231 1.233000 1 11 2 .0
502306 161800 10 4 & 4 TAAB14  1@21600 1, 9 4 3
593297 1.T7RE0O 2. 5 4 3 7RATa4. LAgEe00 A 10 31
14312 1743700 40 & 4 0 B.T31T | 17700 =1 8T 9
535087 1711100 2007 @ 1 EI5817 © 198700 & 10 470
545807 1.BA0ODO S0 A 4 2 14454 10574004 10 3 3
STABOD  1EBOE400 11 8 & 849026 1.4THIO 00 10 4 2
SBFMT 1EME00 12 A O 0 851808 1438200 1 4 7 3
SoAm0E 1547800 1 T4 1 668851 1920200 @ 11 2 19
HDEAROE 18248900 1 & 2 0 B7TET4 111130 4 A & 0
18803 1803000 2@ 4 5 3 @332 1088300 4 0 11 3 2

© 3018 International Cantre for Diffraction Data. All rights ressrved. Fage2/3
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00-024-0217 Mo 15, 2078 11:00 AM (User)
24y 1 hki* 2 k) 1 b ok1‘*
929440 1.082400 1 0 8 2 1124275 Q.62EHI0 13 12 4 2
91TR1E 1.058100 2 a @8 & 11333243 QX0 1 11 & 1
94,4341 1.047800 2 12 0 aQ 1162018 Q.007¥0 1 4 4 @&
955016 1.040800 1 11 4 13 1191048 Q893500 1 13 5 2
983470 1.033700 2 12 2 4 1200989 (RE0000 1 14 2 4
qr2385  1.0268800 2 115 2 1210957 Q.A84500 1 12 7 1
481204 1.016700 & iz 2 2 12339167 0Q.ATEdI0 3 4 3 1
aaavie 1.013200 1 12 3 1 1241475 Q71800 2 12 4 a
104 2568 0.675800 5 i1 8 3 135788 Q.8ETH00 =1 11 & 4
10782414 0.85)200 2 13 2 1 1460835 Q883500 13 14 4 @
1068.7388 0847700 1 12 4 & 1273787 Q.A56M0 <1 4 3 1
1108475 0837100 5 12 @ a 128445 OBS5L00 & 14 &4 2
1114778 09337000 3 13 3 2

@ 2018 International Centre for Diffraction Data. All rights reserved, Fage 3/3




132

A.2 : C12A7 PDF#09-0413

00-009-0413 Oct 25, 2018 10:50 AM (User)
PDF Card Report

Btatus: Primary @M: Star (S) Pressure/Temperature: Ambient
Chemical Formula: Cai2 Al14 033  Empirical Formula: 4174 Ca12 033
Waight %: A127 24 Ca34 688 033.07  Atomle %: AI23.73 Ca20.34 05593
Compound Name: Calcium Aluminum Oxide  Minaral Name: Mayenite, syn

Experimental
Author's Reported Data
Radiation: Cukal ! 154068  Filter: MiBeta Intensity: Diffractometer
Physical
8YB: Cubic SPGR: |-42d{220)

Author's Cell - . — -
AuthCall a: 11,9834 AuthCall Vol: 17202443 AurthCall Z: 2,00
AathCall MalVel: 860.12

Deale: 2.87Tg/em®  SB/FOM: F(30) = 50.8(0.0158, 37)
Crystal
DD Calculated Paramaters
Space Group: 1-43d (220}  Molecular Welght: 138662
—— Crystal Data ,
XtiCelim: 11,9825 XtiColl bz 11,5824 MUCell ¢: 11,5824
XtCell :  ©0.00 XtiCell : 80.00° XtCell :  80.00°
XtiCall Vol: 1720.2443% XtiCall Z: Z.00
— Crystal Data Axial Ratlo
XtCall afb: 1.000 XtiCall efb: 1.000
—— Raduced Cell
RedCell a: 10,3775 RedCall b: 10,3774 RedCall c: 10,3774
RadCall: 100 47° RedCall: 10047 RadCall: 10D.47T°
RadCall Vol: gsn,1243

@ 2018 International Centre for Diffraction Data. All rights reserved, Fage1/2



00-009-0413 Qct 25, 2016 10:50 AM (User)

Structure
Crystal (Symmaetry Allowed): Mon-centrosymmeatric, Piezo (2nd Harm. |

Miscellaneous

Pearson: cl118.00

Bubflle(s): Cement and Hydration Product, Commaon Phase, lonic Conductors, Minaral Related
[Mineral , Synthetic), NBS Paliern, Inorganic, Primary Pattern

Last Modification Date: 01/14/2012

Cross-Ref PDF #'s: 00-080-0718 (F’r’rnlag&aﬂl -070-2144 I;Arlernulu:l. 01-078-0810 (Primary),
04-014-8824. 04-01 18, 04-015-082

References

Primary Rifardnos  Mall DU Seed (U 5), i 539 8, Ki10680)

Comments

Databasa Comments: :dd:::nl.;mmn Si;FﬂFlm-n:rﬁ?M#&z!-O?&-H 10 and GM%{O—&TL%
nel pectrogral analysis showed the following impurities: 0.1-1,
each of Ma, Si_ 5 0 #-ﬁ e Mg; 0.001-0.01% each of Cu. Mn, Mo.
Calar: Colarless. Elmpll E«nu‘u or ml-'lrhr Sample prepared by Forlland
Cemant Associstion Fellowship st NBS, Glrthmbum? Maryland, USA.
Temperature of Data Collection Fattarn taken at K. Unit Call Data
Source: Powder Diffraction

d-Spacings (36) - 00-009-0413 (Fixed 5iit Intensity) - Cu K1 1.54056A

2 ___dih 1ok b.c 2 a(h) 1 _h ki *
181381 4, a8 | d, 11 STHITT 160000 M & 4 2
S0AMT 424 d 2,2 1 B0.A0E4 1.633000 8 .
21450 2790000 18 301 @0 A18IAT 1400000 A AL g
ATANT 2040000 25 A V3 d2 9811 1475000 '8 .
e LR l?l'l 46 40 a 87 1413 _9.093000° <@ A,
14080 ! 00 &2 d 8 @Ta1  1.956000 4 T BN
AE0THA 1008 32 TOATET T.540000 A a4 q
AR BEST 2 EpT4, 2|2 12317 4.307000 | 8 a 4 3
AB 2880 @ 30000 16§ 1.0 1883 K00 -8 a./3.1
412065 2186000 4D F @ T4 ARG 4ITTO00 - @ 64 4
440804 2054000 10 5 3 Q T5 1618 1281000 4 iy @ 0
408808 1.S450D0 OO0 A Y TR A0 1.ZI8000 4 9 4 2
AB210R 1.B5M000 . A AW TROTEE 1210000 @ b
516884 1.787000 & a 3 1 AL0ZA6 475000 -3 m 2 a
S3ATEE 1.TAOODO 12 4 & 4 TN 14000 4 .
S4.0881 1605000 § ¥ 1 0 TEEET 13000 A 1 4 4Q
SE.2210 1.0830D0. a0 4 4 0 B8.5130 1.064000 @ 0 4 @&
GE401A 1EA00RO p T 3 o a0 451 1.0RE000 4 (L

& 2018 Intarnatlonal Centre for Diffraction Data. All ights reserved. Fage 2/2
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B.1 : Academic Publications

1.* Chaiwat Phrompet, Chaval Sriwong, Santi Maensiri, Prinya Chindaprasirt,
Chesta Ruttanapun, “Optical and dielectric properties of nano-sized
tricalcium aluminate hexahydrate (C3AH6) cement”, Construction and
Building Materials, 179 (2018) 57-65. (IS, IF: 4.046) (Scimago Q1) (Web of
Science Q1)

2* Chaiwat Phrompet, Chaval Sriwong, Chesta Ruttanapun, “Mechanical,
dielectric, thermal and antibacterial properties of reduced graphene oxide
(rGO)-nanosized C3AH6 cement nanocomposites for smart cement-based
materials”, Composites Part B : Engineering, 175 (2019) 107-128 (IS, IF :
6.864) (Scimago Q1) (Web of Science Q1)

3. Chaiwat Phrompet, Chaval Sriwong, Pornjuk Srepusharawoot, Santi Maensiri,
Prinya Chindaprasirt, Chesta Ruttanapun, “Effect of free oxygen radical
anions and free electrons in a CaAligOs; cement structure on its optical,
electronic and antibacterial properties”, Heliyon, 5 (2019) e01808. (ISI)
(Scimago Q1)

4. Wannisa Thongsamrit, Chaiwat Phrompet, Keerati Maneesai, Attaphol
Karaphun, Wattan Tuichai, Chaval Sriwong and Chesta Ruttanapun, “Effect
of grain boundary interfaces on electrochemical and thermoelectric
properties of a BiyTes/reduced graphene oxide composites”, Materials
Chemistry and Physics Volume 250, 1 August 2020, 123196. (IS, IF: 2.781)
(Scimago Q2)

5. Chaiwat Phrompet, Keerati Maneesai, Wattan Tuichai, Attaphol Karaphun,
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*Notification: The published papers in number 1 and number 2 only were used to

claim for graduation in Ph.D. of Acting Sub Lt. Chaiwat Phrompet.
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B.2 : International conference

Poster Presentations

1. Chaiwat Phrompet, Chaval Sriwong, Worawat Meevasana, Santi Maensiri, and
Chesta Ruttanapun, “Prototype of Graphene Oxide and reduced Graphene
Oxide Fabrications Machine for Small Industrials”, The Second Materials
Research Society of Thailand International Conference (2nd MRS Thailand
International Conference) 10-12 July 2019 The Zign Hotel, Pattaya, Thailand.

2. Chaiwat Phrompet, Chaval Sriwong and Chesta Ruttanapun, “Supercapacitor
Properties  of  3Ca0.A,03.6H,O  cement/reduced graphene oxide
nanocomposite for Energy Storage Applications”, The Second Materials
Research Society of Thailand International Conference (2nd MRS Thailand
International Conference) 10-12 July 2019 The Zign Hotel, Pattaya, Thailand.

3. Chaiwat Phrompet and Chesta Ruttanapun, “Prototype of concrete blocks
electric power generation from heat and applications in municipal melting
furnaces or municipal incinerators” the 5" Southeast Asia Conference on
Thermoelectrics 2018, 14-17 December 2018, Sokha Siem Reap Resort &
Convention Center, Siem Reap, Combodia. Sokha Siem Reap Resort &
Convention Center, Siem Reap, Combodia.

4. Chaiwat Phrompet, Chaval Sriwong, Santi Maensiri, and Chesta Ruttanapun,
“Thermoelectric properties of 3CaAl,05-6H,O/reduce graphene oxide hybrid
base on cement composite fabrication by hot press sintering”, The first
materials research society of Thailand international conference, Convention
center, The empress hotel, Chiang Mai, Thailand, October 31- November 3,
2017.

5. Chaiwat Phrompeta, Chaval Sriwongb, Chesta Ruttanapuna, and Santi
Maensiric, Preparation and characterization of cement 12Ca0.7Al,0s/reduced
graphene oxide hybrid composites and their electrical properties, Nano

Thailand 2016, 27-29 November 2016, THE GREENERY RESORT KHAO YAI.
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« Nano-sized C3AH6 was fabricated by
simple hydration process from C12A7
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The present study investigates the optical and dielectric properties of nano-sized C3AH6 cement
hydrates. A cement product was fabricated via a simple hydration process using a derivative of a
C12A7 cement precursor reacting with de-ionized water while raising the reaction temperature to 100
°C. A crystalline phase of the C3AH6 cement product was characterized and confirmed using an XRD tech-
nique. Its morphology was also evaluated using TEM and SEM techniques. It was found that nano-sized
C3AHSG (in size 10-50 nm) was successfully derived via this process. This cement product was thermody-
namically stable over the range of room temperature to 300 °C. The optical direct gap was 4.1 eV and the
indirect energy gap was 2.45 eV. Over the range of 20 Hz to 2 MHz, the observed capacitance was 10~ 1°
F-10"'! F and the dielectric constant varied from 20 to 150. The dielectric properties were enhanced over
those of general cement compounds. This effect was due to its complex structure in which -O-H bonding
appeared in the structure and the formation of nano-sized structures from this process. These results sug-
gested that the nano-C3AH6 hydrated particles were transparent to visible light and exhibited a high fre-
quency electrical response. This implies an important role for these cement-based materials as potential
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candidates having optical and dielectric properties appropriate for applications such as smart building
materials in the form of transparent electrode windows, smart wall capacitors, triboelectric devices

and supercapacitors.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, cement-based materials [1] have attracted significant
attention owing to their very interesting optical and dielectric
properties for applications as smart building materials including
transparent electrode windows, smart wall capacitors, triboelectric
devices, and supercapacitors. These cement-based materials are
composed of Portland and calcium aluminate cements. They are
abundant, low cost and easily fabricated materials. Portland
cements, which are composed of phases of lime-silica minerals,
are commonly used in structures, agro-industrial infrastructure
and transport infrastructure [2]. Calcium aluminate cements,
which consist of reactive phases of lime-alumina compounds with
various geometric structures, represented by the notation, nCao-
mAl,O; (CnAm in cement notation), are used in construction and
optical devices, among other applications [3-6]. Calcium aluminate
cements, such as monocalcium aluminate [CaO-Al,03 (CA)] [4] and
monocalcium dialuminate [CaO-2Al,05 (CA2)] are used for refrac-
tory castable and structural materials [3]. It is notable that dodeca-
calcium hepta-aluminate [12Ca0-7Al,05 (C12A7)] cement offers
high performance in optical smart materials such as transparent
electrodes [7], transparent conducting oxides [8], emitters [9],
and electrides [10]. Hussain et al. [11], Lobo et al. [12] and Ruttana-
pun et al. [13] reported a direct optical energy gap for the C12A7
insulator phase of approximately 3.5eV [12], 3.64eV [11], and
4.2 eV [13] by computer simulation and 3.9 eV [13] by calculation.
For calcium aluminate cements (CA, CA2, CA6, CA3), Hussain et al.
[11] reported a direct optical energy gap of 3.85-4.62 eV using a
first principles approach. Dielectric properties are related to the
electrical nature of a material. Cabeza et al. [2] reported a dielectric
constant for Portland cement of approximately 13 for frequencies
ranging from 100 kHz to 15 MHz. Torres-Luque et al. [ 14| and Hus-
sain et al. [11] reported that calcium aluminate cements (CA, CA2,
C12A7) displayed dielectric constants of approximately 2-4 over a
frequency range of 100 Hz-5 MHz. In another study, Smith et al.
[13] worked with hydrated alumina cements and observed dielec-
tric constants for calcium aluminate decahydrate [CaO-Al,03-
10H,0 (CAH10)] and tricalcium aluminate hexahydrate [3CaO-
Al,05-6H,0 (C3AH6)] cement hydrate in the range of 15-35 at a
frequency of 1 GHz. From this, it can be concluded that the
hydrated alumina cements of this type displayed dielectric con-
stants that were higher than those of calcium aluminate cements.
Using the Kramers-Kroing approach [3], the dielectric and optical
properties (AC conductivity and absorption coefficient) can be
related via the dielectric function consisting of the real and imag-
inary parts of dielectric constant. Consequently, hydrated alumina
cements are promising candidates to improve optical and dielectric
properties for smart building materials in applications such as
smart wall capacitors, triboelectric devices and transparent elec-
trode devices [4,15,16].

Moreover, C3AH6 cement hydrate is the focus for investigation
of the optical and dielectric properties because it is a thermody-
namically stable cement structure derived from calcium aluminate
cement hydrate compounds at room temperature [16]. Pure C3AH6
is called katoite cement and it is a mineral in the hydrogarnet
group. It has a stoichiometric formula of CasAl,(OH);y [17]. Its
crystal structure displays a cubic unit cell in the [a3d (2 3 0) space
group. Dilnesa et al. [18] found that C3AH6 can be described by a

general formula, CasAp(OHy)s, with the Ca site occupied by diva-
lent cations (Ca®*), the Al site by trivalent cations (AI**) in an octa-
hedral and a tetrahedral framework, and the 40H~ positioned
inside the tetrahedral framework. The H* ions were bonded to each
of the four O atoms surrounding the vacant site for charge balanc-
ing. The unit cell contained six CaszAl,(OH);, units, comprising 132
atoms (24 Ca, 16 Al, 96H and 960). It basically formed a tree frame-
work consisting of Ca(OH)s dodecahedra and Al(OH)s octahedral
sub-structures [17,18]. The unit cell structure had a lattice con-
stant of a = 12.55695 A, and a unit cell volume V = 1986 A>. In nat-
ure, C3AH6 can form a crystalline phase at high temperatures.
Literature reports [17,19,20] detailed that C3AH6 can exist as an
anhydrous cement when CA reacts with water in a cement hydra-
tion process {17,19,20]. Additionally, Barnes and Bensted [21]
reported that C3AH6 can be prepared using C12A7 cement as start-
ing material that can be rapidly reacted with water at elevated
temperatures above 60 °C. However, to best of our knowledge,
there are no reports of an investigation into the optical and dielec-
tric properties of C3AHg cement hydrate.

This work therefore aims to investigate the optical and dielec-
tric properties of C3AH6 cement hydrate. A C3AH6 product was
synthesized via a simple hydration process using a C12A7 cement
precursor reacting with water at 100 °C. The C12A7 precursor and
the resulting products were characterized using X-ray diffraction
(XRD), transmission electron microscopy (TEM), and a high-
resolution TEM (HRTEM), IR spectroscopy, X-ray photoelectron
spectroscopy (XPS), thermogravimetric analysis (TGA), and differ-
ential thermogravimetric analysis. Ultraviolet/visible/near-infra
red (UV-VIS-NIR) spectroscopy and impedance analysis of optical
and dielectric properties were done. Their optical and dielectric
properties were investigated. Surface nano-scale morphology and
thermodynamic stability were evaluated. The effect of nano-
C3AH6 particles on dielectric properties are reported.

2. Experimental details
2.1. Chemicals

Calcium carbonate (CaCOs, 99% purity), alumina powder (Al,Os,
99.9% purity), and ethanol (95%) were purchased from Sigma-
Aldrich (USA). All chemicals were used as received without further
purification.

2.2. Preparation of C12A7 cement

In this work, C12A7 cement powder was first prepared via a
solid state reaction using CaCOs; and Al,O3 as starting materials.
In brief, CaCO3 and Al,03 powders were stoichiometrically mixed
following the reaction, 12CaCOs + 7Al,03 — Ca;»Al14033 (C12A7)
+12C0,. The powder was mixed during ball milling with ethanol
for 24 h at room temperature. This was followed by drying in an
oven at 80 °C for 24 h. Then, the resulting powder was placed in
an alumina crucible and sintered in an electric furnace at 1200 °C
in an air atmosphere for 24 h. Finally, the obtained C12A7 cement
sample was crushed into a powder for use as a precursor material
to prepare C3AH6 cement-hydrates.
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2.3. Preparation of C3AH6 cement hydrate

C3AH6 cement hydrate was prepared via a simple hydration
method using the prepared C12A7 powder as a precursor. This
reaction was according to C12A7 +33(H,0) — 4(C3AH6) + 3(Al
(OH)3) [22]. In a typical process, about 3 g of C12A7 powder was
mixed with 200 mL of de-ionized (DI) water. DI water was used
in preparation process since it contained no ions. A volume of
200 mL of DI water was used in this process to enable a facile
hydration reaction process. First, C12A7 powder (3g) and DI water
(200 mL) were blended in a beaker by magnetic stirring at room
temperature for 10 min. Then, the C12A7 suspension was stirred
and heated from room temperature to 100 °C. Next, the suspension
was stirred at 100 °C for 2 h. After that, the obtained suspension
was filtered, washed with DI water several times, and then dried
overnight in an oven at 80°C. The resulting product was a
C3AH6 cement hydrate powder.

2.4. Preparation of C3AH6 and C12A7 pellets

The fabricated C3AH6 cement and prepared C12A7 precursor
sample powders were prepared by hot-pressed sintering in gra-
phite molds into disc pellets of 12 mm diameter and 2-3 mm
thickness at 400 °C for 1 h for dielectric property measurements.
Then, these pellets were polished on both sides, and coated with
Ag electrodes for supporting Ohmic contact.

2.5. Characterization

The lattice parameters were investigated using an X-ray diffrac-
tometer (XRD), (Rigaku, Miniflex Cu K-alpha radiation), with a 20
scanning range from 10 to 80°and stepping interval of 0.02°. The
vibration mode of atomic bonding was evaluated using a Fourier-
transform infrared spectroscopy (FTIR), (Bruker, Senterra). An X-
ray photoelectron spectroscope (XPS), (Kratos, AXIS Ultra DLD)
was employed for determining the charge states of each element
in the sample with Al Ko radiation (hv = 1486.6 eV). A transmission
electron microscope (TEM), and a high-resolution TEM (HRTEM)
(JEOL-2100) operating at 200 kV) were used to measure nano par-
ticles size, crystallite size of the samples. Thermogravimetric anal-
ysis (TGA, Netzsch STA 449F3 Jupiter) was performed over a
temperature range of 25 °C-900 °C with a heating rate of 10 °C/
min in air to measure the weight loss of the samples.

2.6. Properties measurement

The optical properties of the samples were investigated using a
UV Visible Near Infrared Spectrometer, (Perkin Elmer, Lambda
950). The optical measurements determined the absorption coeffi-
cient spectra of the specimens at room temperature. The dielectric
properties were determined using an impedance analyzer (Preci-
sion LCR Meter; Model: E4980A). The dielectric measurements
were used to determine the capacitance, resistance and dissipation
factor (loss tangent) values of the samples at room temperature
and over various frequencies in the range of 20 Hz to 2 MHz.

3. Results and discussion
3.1. XRD characterization

Fig. 1 shows the XRD patterns of the prepared C12A7 sample
that was used as a precursor and the fabricated C3AH6 cement
hydrate sample. The XRD patterns of the diffraction file pattern
of the Joint Commission for Powder Diffraction Standards File
PDF#09-0413 and PDF#03-0125 were inserted into the figure for
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Fig. 1. XRD patterns of the fabricated C3AH6 cement hydrate and the prepared
C12A7 precursor samples.

referencing the peak positions. The diffraction patterns of the pre-
pared C12A7 sample were in good agreement with the PDF#09-
0413 file, confirming its conformance to the standard C12A7 phase

within space group, 14 3d. Additionally, the XRD pattern for the
diffraction of the fabricated C3AHG6 sample at 20 diffraction angles
corresponded to the Miller index of the diffraction peaks as is
shown in Table 1. The results demonstrate that the diffraction pat-
terns of the C3AH6 sample corresponded well to those of the
PDF#03-0125 file. Obviously, the XRD pattern of the prepared
C3AH6 showed an excessive phase at 20 = 18° and 20.5°, indicat-
ing a phase of aluminium hyhroxide (Al(OH)3), as reported in pre-
vious work [22]. The appearance of shorter and fewer peaks of the
AH3 sample corresponded to the diffraction patterns peaks of the
standard in the PDF#76-1782 file. This result was due to a hydra-
tion process of the C12A7 cement reaction with DI water corre-
sponding to the reaction, C12A7 +33H,0 — 4(C3AH6) + 3(Al
(OH)3) as discussed in the literature [21,22]. However, the AH3
phase appeared for a very small duration during the process, when
the derivative C12A7 underwent a hydration process. The average
crystallite sizes of the fabricated C3AH6 sample were examined
using Scherrer’s equation as follows [23]:

0.94/

Diwo = pcoso

Table 1

The XRD diffraction angles corresponding to
the Miller index of the diffraction peaks of the
fabricated C3AH6 sample.

Diffraction angles (26) Miller index
17.26 (211)
19.96 (220)
26.51 321)
28.37 (400)
33.41 (332)
34.94 (422)
36.41 (431)
39.22 (521)
40.56 (440)
44.39 (611)
45.60 (444)
50.24 (640)
52.45 (552)
53.52 (642)
54.59 (651)
58.71 (800)
59.71 (741)
66.47 (840)
70.18 (664)
73.80 (844)
75.57 (860)
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where Dygp is the average crystallite size, / is the X-ray wavelength
(/.= 1.5406 A), p is the full-width at half- maximum of the highest
intensity peak, and 0 is half of the diffraction peak angle. The calcu-
lation showed that the average crystallite size of the fabricated
C3AH6 sample was approximately 61.53 nm. This result implied
that the C3AH6 cement hydrate crystal structure was nano-
crystalline.

3.2. TEM analysis

Surface nano-scale morphology, nano-particle sizes and shapes
of nano-particles of the resulting C3AH6 specimens were studied
using TEM. The surface morphology is presented in Fig. 2. Fig. 2
(a) displays layered nano-particles of the C3AH6 specimen that
vary in size from approximately 10-50 nm. The yield of nano-
particles resulted from the preparation of C3AH6 cement-hydrate
using a derivative C12A7 cement with DI water at an elevated tem-
perature of 100 °C. Moreover, the degree of the AH3 structure was
also represented by the formation of nano-sheet-like structures as
shown in Fig. 2(a). Furthermore, Fig. 2(b) shows diffraction rings of
the SAED pattern indicating a high poly-crystalline content. Also,
the formation of nano-C3AH6 cement hydrate particles revealed
optical and dielectric properties that suggest further industrial
applications.

3.3. IR spectroscopy analysis

IR spectroscopy was performed to elucidate the hydration pro-
cess of synthesized C3AH6 cement. Fig. 3 displays the IR spectra of
the fabricated C3AH6 cement compared to those of the C12A7 pre-
cursor samples. The spectra showed three bands in the low part of
the wave-number region between 200 and 1000 cm " correspond-
ing to M—0O (M = Ca, Al) stretching. The absorption bands at fre-
quencies of 535cm™! and 760 cm™! originated from the AlO6
octahedral framework, and the absorption band at the frequency
of 420 cm~! was assigned to the CaO polyhedral framework. The
bands at 760 cm™~' corresponded to stretching vibrations of Al-O
bonds while those at a frequency of 530 cm ' corresponded to
bending vibrations of Al-O-Al bonds. Also, the bands in the region
ranging from 700 to 500 cm~! were associated the hydration of the
condensed AlO6 octahedral framework [23]. The bands at 3460
cm~! corresponded to M—OH (M = Ca, Al) stretching vibrations in
the C12A7 precursor. Additionally, the absorption band of the fab-
ricated C3AH6 cement displayed a vibration mode of O-H bending
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Fig. 3. IR spectroscopy spectra of the fabricated C3AH6 cement hydrate and the
prepared C12A7 cement precursor samples.

at the1630 cm ' peak and the vibration of O-H stretching at a peak
at around 3200-3670 cm ™}, indicating the presence of water mole-
cules (H,O) [24]. The appearance of the absorptions for O-H-
bending and O-H stretching originated from the AI(OH)6 octahe-
dral framework. O-H bending and stretching disappeared from
the C12A7 precursor. These results confirmed a hydration process
in the fabrication of C3AH6 cement hydrate.

3.4. Schematic diagram

A schematic depicting the hydrate reaction is shown in Fig. 4.
The schematic is supported by the results. A nano-particle mor-
phology in the fabricated C3AH6 sample was produced from a
derivative C12A7 cement reacting with DI water at temperatures
100 °C. The C12A7 cement structure can be described by a unit cell
occupying 12 crystallographic nano-cages with 4" charged ions at
the cage wall, as denoted by [C12A7]*" [25]. Trapping of free 0*"
inside two of the 12 cages in a unit cell occurred for charge balance.
This C12A7 phase was a C12A7 insulator. The C3AHG6 structure can
be described as an octahedral and tetrahedral framework of con-
nected by Ca®* divalent cations and AI** trivalent cations with
40H~ positioned inside the tetrahedral framework [18]. H* ions
bonded to each of the four O atoms for charge balancing. Fig. 4

Fig. 2. (a) Transmission electron microscopy (TEM) images of the fabricated C3AH6 cement hydrate powder and (b) its SAED pattern.
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describes the production of the nano-sized C3AH6 cement. The
reaction fully succeeded using a derivative C12A7 with DI water
at an elevated temperature of 100 °C over a short time. This reac-
tion was a hydration process according to reaction, C12A7 + 33
(H,0) — 4(C3AH6) + 3(Al(OH)3) [22]. The XRD results revealed that
this cement hydration produced yielded a tiny amount of a AH3
nano-sheet structure.

3.5. TGA characterization

Fig. 5 shows the thermal analysis of the nano-C3AH6 cement
hydrate particles. The TG-DTA curves present four exothermic
events in the temperature range of 100 °C-900 °C as weight losses
(65%). The first weight loss was due to the physically absorbed
water evaporating from the C3AH6 specimen at around 100 °C.
The C3AH6 specimen gradually decomposed to water vapor and
an amorphous anhydrous material at 100-550 °C. The major mass
loss was at 200-300 °C and a smaller loss occurred between 400
and 550 °C [26]. After the dehydration between 300 and 350 °C,
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Fig. 5. Thermal analysis of the fabricated C3AH6 cement hydrate specimen.
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Fig. 4. Suggested reaction schematic diagram for the nano-sized C3AH6 cement hydrate.

the C3AH6 decomposed to form C3AH;s at around 550 °C [27].
Finally, the sample was completely dehydrated to form a C12A7
phase at a temperature greater than 740 °C. The results show that
the nano-C3AH6 particles were thermodynamically stable in over
the range of room temperature to 300 °C.

3.6. XPS analysis

Fig. 6 shows the XPS survey spectrum and XPS spectra of O 1s,
Ca 2p, Al 2s and Al 2p of the nano-C3AH6 cement hydrate particles.
XPS measurements were done calibrating all peaks using a carbon
deposit C 1s binding energy of 284.8 eV. Fig. 6(a) presents a wide
scan XPS survey spectra of the fabricated C3AH6 specimen. The
spectra showed XPS spectrum evidence for the binding energies
of Ca, Al and O 1s peaks with reference to the C 1s peak [27].
Fig. 6(b) presents the XPS spectra of Ca 2p of the fabricated
C3AH6 specimen. The XPS spectra showed two peak positions
located at around 347.3 eV and 350.8 eV. The peak at 347.3 eV
was assigned to the Ca 2psj; and the peak at 350.8 eV was due to
Ca 2py, core levels of Ca?* ions. The two distinguishable peaks of
Ca 2p in the XPS spectrum were due to spin orbit splitting [25].
Fig. 6(c) presents the XPS core-level spectra of Al 2p for the fabri-
cated C3AH6 specimen. The Al 2s XPS spectra were positioned at
around 74 eV, which is consistent with literature reports [27].
The peak at 74.25 eV indicated AI** in the fabricated C3AH6 spec-
imen. The valence state of Al confirmed the existing of Ca-O and Al-
O bonds in the C3AH6 specimen. Fig. 6(d) presents the O 1s spec-
trum, which occurred at around 531.5 eV. This showed the pres-
ence of O bonding in the nano-C3AHG6 particles.

3.7. Optical properties

Fig. 7 shows the UV-visible spectra and optical properties of the
fabricated C3AH6 cement hydrate and the prepared C12A7 precur-
sor specimens. In the measurements of the C3AH6 and the C12A7
specimens, the absorption coefficient spectra (o) were obtained at
room temperature. By the absorption coefficient spectra, the rela-
tion of the energy gap to photon energy can be presented by

a(hv) o % where E, is the optical energy gap, hv is the photon
energy and m = 1/2 is the value of the allowed direct transition and
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Fig. 6. (a) XPS survey spectrum and XPS spectra of Ca 2p (b), and Al 2p (c) and O 1s (d), of the fabricated C3AH6 samples.

m =2 is the value of allowed indirect transition [28]. The E, value

can be evaluated using the formula [13], (‘:xhv)2 =A(hv - Ey),
where A is a constant that is independent of hv. The value of E,
can be obtained by a linear fitting of (ohv)? versus hv to determine
the intercept of the photon energy (hv) axis. For the indirect energy
gap, the formula used m = 2 and the indirect E, value can be deter-
mined by fitting a curve of («hv)'/? versus hv to determine the
intercept of the hv axis.

Fig. 7(a) shows absorbance spectra of the C3AH6 and the C12A7
samples from wavelengths of 200 nm-800 nm. The results showed
that spectra line of the C3AH6 sample was lower than that that of
the C12A7 sample at all measured wavelengths. The results high-
light that the C3AH6 sample absorbed less light than the C12A7
sample. The absorption spectra of both samples displayed lower
spectra curves at wavelengths greater than 400 nm. So, both sam-
ples absorbed less light at wavelengths over 400 nm.

Fig. 7(b) displays the direct E; value of the C3AH6 and C12A7
samples at room temperature. The results showed that direct E,
value of the C3AH6 sample was 4.1 eV and that of the C12A7 sam-
ple was 3.9 eV. This shows that both samples were transparent
materials since their E; values were greater the 3.0 eV [28]. The
results revealed that the direct E; value of the C3AH6 sample
was larger than that of the C12A7 sample.

Fig. 7(c) presents the indirect energy gap of the C3AH6 and the
C12A7 samples at room temperature. The indirect energy gap of
the C3AH6 sample was 2.5 eV, and that of the C12A7 sample was

2.45 eV for first transition level and 4.0 eV for second transition
level. The results revealed that the indirect energy gap of the
C3AHG6 sample (2.5 eV) was similar to the indirect energy gap of
the C12A7 sample (2.45 eV) for the first transition.

The above results indicated that the C3AH6 cement hydrate was
a transparent material. It had a direct optical energy gap of 4.1 eV.
Its optical energy gap was higher than that of the reported direct
optical energy gap of the C12A7 insulator (3.5eV [12], 3.64 eV
[11], and 3.9 eV [13]. Additionally, the optical gap value of the
C3AH6 occurred in the energy gap region of calcium aluminate
cement (CA, CA2, CA6, CA3) materials (3.85 eV-4.62 eV [11]). This
strongly indicated that C3AH6 cement hydrate materials displayed
an optical gap similar to calcium aluminate cement materials. Due
to the limited values of the optical energy gap of the C3AH6
cement materials, the optical properties were considered using
their dielectric constant values by the Clausius-Mosotti equation

[29] following o = f [;—;] , Where ¢’ is the real dielectric constant, f
is a constant value, as discussed in the next section.

3.8. Dielectric properties

Fig. 8 shows the dielectric properties of the fabricated C3AH6
cement hydrate specimen and the prepared C12A7 precursor. The
values for capacitance (C) , resistance (R) and loss tangent (tan §)
were obtained for these materials. The complex dielectric constant
(€) of the materials consisted of a relative dielectric constant (g')
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Fig. 7. (a) Absorbance, (b) direct energy gap and (c) indirect energy gap of the
fabricated C3AH6 cement hydrate and C12A7 cement samples.

as the real part and the dielectric loss (¢”) as an imaginary term fol-
lowing the relation ¢* = ¢'+i¢” [30]. The € value can be determined
from the equation, & = (Cl)/(&,a) [31], where [ is the thickness of the
sample, a is the area of the sample and ¢, is the permittivity of free
space (8.85 x 1072 F/m). The dielectric loss (¢”) was calculated
from the relation, &’ = ¢ tan 4.

Fig. 8(a) displays the C behavior of the C3AH6 and C12A7 spec-
imens as a function of frequency from 20 Hz to 2 MHz. The results
showed that the C value of the C12A7 precursor sample was virtu-
ally independent of frequency. This value was constant at 6 x 10~
12F. The C value of C3AH6 cement sample rapidly increased from
1071°F to 107! F over the frequency range of 40 Hz to 2 MHz.
The results showed that the C value of the C3AH6 specimen was
higher than that of the C12A7 specimen at all measured frequen-
cies. This confirmed that hydrated alumina cement materials pre-
sented a larger C value than calcium aluminate cement materials.
The result might have been due to the presence of H" bonding to
each of the O atoms to produce Ca(OH)z and Al(OH)s sub-
structures in the C3AH6. Additionally, the C value for the C3AH6
specimen in the current work was larger than that reported by
Smith et al. [16] of around 1072 F to 2 x 1072 F in the frequency
range of 10° Hz-10° Hz. This result might have been due to the for-
mation of nano-size particles in the C3AH6 compound.

Fig. 8(b) shows the dielectric constant (¢') of the C3AH6 and
C12A7 specimens as a function of frequency from 20 Hz to 2
MHz. The results show that the ¢ value of the C3AH6 specimen
was greater than the ¢ value of the C12A7 specimen at all mea-
sured frequencies. The ¢ value of the C12A7 precursor sample
was a constant value of 0.05 at all measured frequencies. The &
value of the C3AH6 sample rapidly decreased from 150 to 20 over
the frequency range of 20 Hz to 10 kHz, and was a constant value
of 20 at frequencies ranging from 10 Hz to 2 MHz. These results
were greater in magnitude than those of previous reports for Port-
land cement (~13 at frequencies from 100 kHz to 15 MHz) by
Cabeza et al. [2], and for calcium aluminate cements (~2-4 at fre-
quencies from 100 Hz to 5 MHz) by Torres-Luque et al. [14]. Addi-
tionally, the ¢ value of the C3AH6 specimen at frequencies from
10° Hz to 10° Hz was larger than that of a previous report for cal-
cium aluminate cement hydrate by Smith et al. [16]. This con-
firmed that the nano-sized particles of C3AH6 hydrated cement
compound displayed a higher ¢ value than that of general
cement-based compounds.

Fig. 8(b) shows the dielectric loss (&”) of the C3AH6 and C12A7
specimens as a function of frequency from 20 Hz to 2 MHz. The
results showed that the ¢” value of the C3AH6 specimen rapidly
decreased from 2 to 0.8 as frequency was increased, while the ¢’
value of the C12A7 specimen was constant at 0.05 at all measured
frequencies. This showed that the ¢” of the C3AH6 specimen was
slightly smaller than for the C12A7 cement.

The electrical equivalent circuit of the materials with their fre-
quency response was evaluated via a parallel RC-circuit, where R is
the sample resistance and C is the sample capacitance. The
alternating-current (AC) conductivity as a function of frequency
can be expressed by the relation, ¢ = I/aR, where ¢ is the AC electri-
cal conductivity as a function of frequency of the specimen. Fig. 8
(d) shows the AC electrical conductivity of the C3AH6 and C12A7
specimens as a function of frequency from 20 Hz to 2 MHz. The
results showed that the ¢ value of the C3AH6 specimen was similar
to that of the C12A7 specimen at all measured frequencies. Also,
both samples showed ¢ values lower than 107 S/m, indicating
that both samples acted as perfect electric insulators.

The above results revealed that the electrical impedance of the
C12A7 cement remained unchanged over the frequency range of
20Hz to 2 MHz and the electrical conductivity of the C12A7
cement displayed the behavior of a perfect electric insulator. The
dielectric properties (capacitance, dielectric constant and dielectric
loss value) of the C12A7 cement were very small, as would be
expected for non-dielectric materials. The results showed that
the dielectric properties of the C3AH6 cement hydrate were higher
than those of the C12A7 specimen at all measured frequencies. The
results were affected by dielectric polarization in the C3AH6 struc-
ture due to deformational and relaxation polarization of the mate-
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Fig. 8. (a) Capacitance, (b) dielectric constant, (c) dielectric loss, and (d) AC electrical conductivity as a function of frequency of the C3AH6 and C12A7 specimens.

rial under an AC electric field. This effect was caused by the com-
plex structure of the C3AH6 cement, i.e., O-H bonding to produce
H* bonding with each the O atoms occurring in the Ca(OH)g and Al
(OH)g sub-structures as shown in Fig. 4. Furthermore, the results
revealed that the effect of nano-sized particles on the dielectric
properties was higher than that of the C3AH6 hydrated cement.
This implied that nano-sized particles played a key role to enhance
dielectric properties. Thus, the effect of nano-sized particles on
dielectric properties might affect the optical energy gap of the
C3AH6 cement as described by the Clausius-Mosotti equation.

4. Conclusions

Nano-sized C3AH6 cement hydrate was successfully fabricated
via a hydration reaction of a C12A7 precursor in DI water as its
temperature was rapidly increased to 100 °C. The optical and
dielectric properties of the resulting cement product were investi-
gated. Characterization by XRD techniques confirmed that the
crystallization of a C3AH6 phase structure was a hydrogarnet
cement hydrate structure. TEM techniques confirmed the existence
of nano-sized structures as in size of 10 nm-50 nm. XPS and EDX
revealed Ca, Al, and O components. The TG-DTA results indicated
thermodynamically stable materials in the range of room temper-
ature to 300 °C. The C3AH6 cement displayed a direct energy gap of
4.1 eV and an indirect energy gap of 2.45 eV, indicating that it is a
transparent material. Impedance analysis showed the C3AH6
cement response at frequencies ranging from 20Hz to 2 MHz.
The C3AH6 cement structure had a large capacitance value, in

the range of 107 '°F-10""' F. The dielectric constant was in the
range of 20-150, whereas a smaller value of the dielectric loss
was in the range 2-0.8. The large values were due to the complex
structure of the C3AH6 cement with —O-H bonding where H*
bonding occurred with each O atom in the structure. Moreover,
enhancement of the dielectric properties was due to the nano-
sized particles of C3AH6 hydrate cement. It can be concluded that
nano-sized C3AH6 hydrate cement particles were visibly transpar-
ent and had a high electrical frequency response. Thus, nano-sized
C3AH6 cement products are potential candidates for applications
as smart building materials, such as transparent electrode win-
dows, smart wall capacitors, triboelectric devices, and
supercapacitors.
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This work aimed to fabricate nanocomposites of reduced graphene oxide (rGO)-nanosized C3AH6 cement via a
rapid cement hydration for enhancing its micro-hardness, dielectric constant, thermal conductivity, electro-
chemical and antibacterial properties.rGO-nanosized C3AH6 nanocomposites (~10-20 nm in diameter) with 1,
2, 3, and 4% weight of rGO, were successfully synthesized from a Cal12A114033 and rGO colloid that was rapidly
heated with water to a temperature of 100°C. Nanocomposites of x%rGO-C3AH6 (x=1, 2, 3, and 4) were
characterized using XRD, UV-vis spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy and TGA
techniques. The chemical composition was confirmed using SEM and EDX characterization. The results revealed
a nanocomposited rGO-C3AH6 material with nanosheet and nanoflaked rGO, as well as nanosized C3AH6 par-
ticles. The results presented rGO-C3AH6 with high performance multifunctional properties that included
enhanced mechanical, dielectric, and thermal properties. The vickers micro-hardness and dielectric constant
were enhanced by the effect of rGO-C3AH6 nanocomposites. The thermal conductivity of rGO-C3AH6 was higher
than that of C3AH6. The electrical conductivity and electrochemical properties were effectively increased with
greater levels of rGO in the material. Its antibacterial activity was confirmed by the formation of clearing zones
on a Petri plate seeded with Escherichia coli (E. coli). The diameter of these zones increased with the rGO content.
These results confirmed that nanocomposited rGO-C3AH6 was effective in enhancing mechanical, dielectric and
thermal properties while serving as a high performance multifunctional cement-based material.

1. Introduction

The new urban civil works, smart buildings, are a combination of
modern engineering, architecture and technology requiring multifunc-
tional cement-based construction materials. They provide modern
infrastructure for consumers that is friendly, safe and healthy, built with
energy efficient and low cost materials [1]. Conventional cement ma-
terials can be modified with enhanced properties to improve their per-
formance with multifunctional properties. These outstanding properties
consist of high mechanical strength, low thermal conductivity, energy
storage capability and antibacterial action. Smart building infrastruc-
ture require highly unique properties including resistance to heat con-
duction, the ability to producing energy by converting thermal energy

into electricity. They employ a thermoelectric effect [2]) storing energy
as super-capacitors or batteries [3] and their structural members can
resist bacterial growth [4]. In general, conventional cement-based
compounds [5] use large amounts of raw materials that consist of four
mineral phases, alite, betite, aluminate and ferrite. Alite is referred to as
tricacium silicate (Ca3SiOs) or C3S. Betite is dicacium silicate (CaSiO4)
or C2S, while aluminate is tricalcium aluminate (Ca3Al,Og) or C3A.
Ferrite is tetracalcium aluminoferrite phase (CasAl,Fes,07) or C4AF.
Main products of cement hydration, which are products of the reaction
between cement and water, consist of ettringite (CagAl
(OH)4-12H5012-2H50), calcium silicate hydrate (3Ca0-3SiO»-4H50,
and calcium hydroxide (Ca(OH);) [6]. In hydrated Portland cement,
aluminate cement (C3A) hydration can occur very rapidly to form
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C2AHS8 (Ca0O-Al,03-8H0) and C4AH13 (4Ca0-Al,03-8H20) phases,
and to finally form C3AH6 (3Ca0-Al203-6H20). The C3AH6, which is a
stable phase in room temperature [6,7],.is the primary hydrate of
Portland cement. Additionally, the C3AH6 product is easily produced
via a rapid reaction of Cal2A114033 cement with water, elevating its
temperature to above 60 °C [8,9]. Also, anhydrous cement, C3AH6, can
be used as a multifunctional cement-based material due to its thermo-
dynamic stability at room temperature and easy preparation via a con-
ventional hydration process using low-cost starting materials. C3AH6
cement is a mineral in the hydrogarnet group with the general formula,
Caz(AlxFe; x)2(Si04)y(OH)4(3-y), where x =1, and y =0 [6]. Previous
work [8] has reported that C3AH6 has poor dielectric properties as its
dielectric constant varies from 20 to 150 over the range of 20 Hz to
2MHz. There have limited reports on its mechanical and electro-
chemical properties as well as its antibacterial nature. Also in the
Portland cement group, a calcium aluminate cement can be used in
unique and innovative multi-functional ways, such as transparent elec-
trodes [10], transparent conducting oxides [11], and conducting elec-
tride [12] devices. It may have antibacterial properties to assist in
keeping the environment clean [14]. Similarly, C3AH6 cement may
display other high performance multi-functional properties. For
example, Ref. [13] has revealed that the value of the dielectric constant
of C3AH6 can be improved by three orders of magnitude by incoropo-
rating nano-Ag and nano-sized C3AH6 in to a composite material. This
shows that nano-composites can improve C3AH6 cement for use as
smart cement-based materials.

In addition, there have many reports that the conventional cement-
based compounds have been enhanced properties by compositing with
modifying graphene based (graphene oxide (GO) and reduced graphene
oxide (rGO) [1]. Particularly, GO and rGO, which are a two-dimensional
(2D) carbon nanomaterial, has been widely used for construction ap-
plications due to its favorable mechanical, thermal and electrical
properties resulting from a high surface area [1]. There have several
modifying cement hydrate for high performance cement materials. The
nanoparticle Cal2A114033 electrides have been successfully prepared
via a carbon nanoreaction process [15,16] with reduced graphene oxide
composite (rGO) coated by nanocaged Cal2A114033 particles for
enhancing electrical conductivity. Khan et al. [16] succeed in fabricating
a conductive nanoscale calcium aluminate cement using rGO and GO
components. Sedaghat et al. [17] reported on the thermal diffusivity and
electrical conductivity of cement/graphene composite structural appli-
cations prepared by partial replacement of graphene with Portland
cement. Li and Kim [18] used graphene oxide composited with calcium
aluminate cement for improving the flexural and compressive strength
of materials used for repair in the construction field. Dimov et al. [1]
presented nano-engineered concrete composites incorporating GO that
provided ultrahigh strength. Gholampour et al. [19] reported the effect
of GO and rGO composites in a cement mortar for improving its axial
tension and compression properties. Thus, this 2-D rGO material may
have excellent performance for improving the properties of nanosized
C3AH6 hydrogarnet cement. However, to the best of our knowledge,
there are no reports of an improvement mechanical, dielectric constant,
thermal conductivity properties to high performance and reveals of
electrochemical, antibacterial properties of C3AH6 cement hydrate by
co-operating with 2-D nanostructured rGO for smart cement-based
materials. Moreover, Phrompet et al. [8]. have reported that nano-
structured C3AH6 hydrogarnet cement was derived from a
Cal2Al14033 cement precursor reacting with water at an elevated
temperature in a simple hydration process [20,21]. Also, the smart
cement materials should be improved by incorporation between nano-
sized C3AH6 with using 2-D nanostructured GO or rGO in multifunc-
tional applications requiring micro-hardness, an appropriate dielectric
constant, thermal conductivity, electrochemical properties and anti-
bacterial activity.

Herein, this work is proposed a method for preparing 2-D nano-
composites of reduced graphene oxide (rGO) and nanosized C3AH6
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cement via a rapid cement hydration process for investigation of its
mechanical, optical, dielectric, thermal, electrochemical, and antibac-
terial properties. This mechanism employs 2-D nanostructured rGO
inserted into a nanosized C3AH6 cement-base enhancing its material
properties. The Cal2Al114033 cement precursor and the resulting
products were characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM), high-resolution TEM (HRTEM), IR spec-
troscopy, X-ray photoelectron spectroscopy (XPS), the thermogravi-
metric (TG) and the derivative thermogravimetry (DTG) analysis and
UV-vis spectrometry. The micro-hardness, dielectric constant, thermal
conductivity, and electrochemical properties of these materials were
investigated. Surface nanoscale morphology and thermodynamic sta-
bility of these materials were evaluated. The enhanced properties of
nanocomposited reduced graphene oxide-nanosized C3AH6 cement,
micro-hardness, dielectric constant, electrochemical, thermal conduc-
tivity and antibacterial properties are reported.

2. Experimental details
2.1. Chemicals and materials

Calcium carbonate (CaCOs, 99% purity), alumina powder (Al;Os,
99.9% purity), graphite powder (99% purity), and hydrogen peroxide
(H203, 30%) were purchased from Sigma-Aldrich (USA). Sulfuric acid
(H2SO04, 98%), hydrochloric acid (HCl, 37%), and potassium perman-
ganate (KMnO,4) were obtained from Merck (Germany). An ammonia
solution (NH3, 28-30%) was supplied from Baker (USA). All chemicals
were used as received without further purification.

2.2. Preparation of reduced graphene oxide (rGO)

First, graphite oxide was synthesized via a modified Hummers’
method by oxidizing graphite with a strong acid and oxidizing agent. In
a typical procedure, about 2 g of graphite powder was mixed with 6 g of
KMnOy in a beaker, and then the solid mixture was poured into a 500 mL
round bottom flask and cooled to 0°C in an ice bath for 10 min. After
that, about 46 mL of H2SO4 was gradually added under stirring and
cooling, so that the temperature of mixture was maintained below 15 °C.
Then, the mixture was stirred at 40 °C in water bath for 30 min. Next,
about 90 mL of distilled water was slowly added, followed by heating
the mixture under stirring at 95°C in an oil bath for another 60 min.
Subsequently, the reaction was stopped by adding 250 mL of distilled
water, followed by 10 mL of a HO3 solution, changing the colour of the
mixture to a yellowish-brown. The resulting product was separated by
centrifugation, washed with a 5% HCI solution to remove sulphate. It
was filtered and washed several times using distilled water until the pH
of filtered solution was about 7. After that, the resulting solid paste
product was dried in an oven at 65 °C overnight, resulting in a graphite
oxide product. Next, to prepare an aqueous suspension of GO nano-
sheets, the synthesized graphite oxide powder (800mg) was re-
dispersed in distilled water (120 mL) under ultrasonication for 90 min,
followed by centrifugation. Finally, a dark-brown supernatant of an
aqueous GO suspension was obtained.

Second, reduced graphene oxide (rGO) was synthesized via a previ-
ously described modified chemical reduction method [2]. In brief,
100 mL of the obtained GO (2mg/mL) suspension was mixed with
100 mL of distilled water in a beaker, followed by addition of 1 mL of an
ammonia and 0.1 mL of hydrazine hydrate solutions. Then, the mixture
was heated and stirred at 95°C in oil bath for 45min. During the
reduction, the suspension colour changed from brown to black. Finally,
a stable aqueous suspension of rGO nanosheets was obtained.

2.3. Preparation of Cal2Al14033 cement

In this work, Cal2A114033 cement powder was first prepared via a
solid state reaction using CaCOs and Al,O3 as starting materials. In a
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typical procedure, CaCO3 and Al;O3 powders were stoichiometrically
weighed following the reaction, 12CaCO3 + 7Al»03 — Cal2A114033 +
12CO4 [8,20]. The powder was mixed by ball milling with ethanol for
24 h at room temperature, and dried in an oven at 100 °C for another
24 h. The obtained powder was placed in an alumina crucible, and then
sintered in an electric furnace at 1200 °C under an air atmosphere for
24 h. Finally, the obtained Cal2Al14033 sample was crushed into a
powder to be used as a precursor material to prepare C3AH6
cement-hydrate.

2.4. Preparation of rGO-C3AH6 nanocomposite

The nanocomposite composed of rGO and C3AH6 cement, which
produces a cement of the formula, CazAl,(OH);5 [9], with a rGO-C3AH6
nanocomposite were prepared via a rapid cement hydration process by
rapid heating with water at 100 °C using the prepared Cal2A114033
powder as a starting material according to the chemical reaction,
Cal2Al114033 + 33H50 — 4(C3AHG6) + 3(Al(OH)3) [8]. This was done
with varying degrees of rGO loading, i.e., 1%, 2%, 3% and 4 wt%. The
nanocomposite cements were referenced as x%rGO-C3AH6, where x is
the weight percentage (wt%) of rGO to the Cal12A114033 precursor. Ina
typical procedure to make 1%rGO-C3AH6 cement, about 3g of
Cal2Al14033 powder was mixed with 120 mL of de-ionized (DI) water
and 50 mL of an acetone solution with stirring at room temperature for
10 min. After that, 30 mL of a rGO (1 mg/mL) suspension was added and
heated at 100 °C for 1 h with stirring. Then, the resulting homogeneous
mixture was filtered, washed with DI water, and dried in an oven at
60 °C overnight. Finally, 1%rGO-C3AH6 nanocomposite cement was
obtained. Similar procedures were used to prepare the other x%rGO--
C3AH6 cement samples by varying the rGO loading. To make the total
volume of all mixtures equal to 200 mL, the amounts of DI water were
varied as 90 mL, 60 mL, and 30 mL for preparation of the 2%rGO--
C3AH6, 3%rGO-C3AH6 and 4%rGO-C3AH6 samples, respectively. For
an experimental control, a pure C3AH6 cement sample was prepared
using the procedure described above, but with no rGO loading.

2.5. Preparation of C3AH6 and rGO-C3AH6 pallets

In thermal conductivity and dielectric constant measurements, the
C3AH6 cement and all rGO-C3AH6 products were compacted by hot-
pressed sintering into disc-shaped pellets that were 12 mm in diameter
and 2-3-mm thick at 400 °C for 1 h. For electrical frequency response
measurements, the both sides of the discs were polished and coated with
gold for Ohmic contact by Sputter coating.

3. Characterizations

The lattice parameters were investigated using X-ray diffractometry
(XRD), (Rigaku, Miniflex Cu K-alpha radiation), with a 20 scanning
range from 10 to 80° and stepping interval of 0.02°. The vibration mode
of the atomic bonding was evaluated using FTIR, (Bruker, Senterra). An
X-ray photoelectron spectroscope (XPS), (Kratos, AXIS Ultra DLD) was
employed to determine the charge states of each element in the sample.
Transmission electron microscopy (TEM), and a high-resolution TEM
(HRTEM) (JEOL-2100 operating at 200 kV) were used to determine the
surface morphology. The optical properties of cement powder samples
were investigated using a UV-visible spectrometer, (PerkinElmer,
Lambda 950). Thermogravimetric analysis (TGA, Netzsch STA 449F3
Jupiter) was performed over a temperature range of 35-900 °C with a
heating rate of 10 °C/min in nitrogen gas for measuring the weight loss
of the cement samples.

4. Property measurements

The dried materials were ground into fine powders. The fine powders
were sintered into a disc shape, 12 mm in diameter and 2 mm thick in
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alumina molds at a pressure of 8 MPa and temperature of 200 °C for 1 h.
Stoichiometrically mixed powders were ball milled in ethanol (95%) for
18h and dried for 24 h at room temperature. The mixed powders were
pressed into pellets confined in an alumina crucible, and sintered in an
electric furnace at 1200 °C in air for 24 h. The thermal properties of the
samples were determined on flat specimens that were 2-3 mm thick
using a NETZSCH LFA 477 Nano-Flash thermal diffusivity analyzer.

The dielectric measurements were done using an impedance
analyzer (precision LCR meter Model: E 4980A). Electrical conductivity
was measured at room temperature over a frequency range from 20 Hz
to 10 MHz.

The micro-hardness of the C3AH6 precursor and x%-rGO/C3AH6
samples was evaluated using a pyramid on square base method with a
diamond indenter of the Vickers indenter hardness tester system [Shi-
madzu HMV-G21].

Electrodes made from the C3AH6 precursor and x%-rGO/C3AH6
samples were used to measure their electrochemical behavior. A 2 mg
mass of powder from each sample was sandwiched between nickel foam
plates and compressed at 10 kPa for 1 min after soaking in electrolyte for
12 h. Electrodes from all samples were evaluated by potentiostatic cyclic
voltammetry (CV) measurements at constant current within potential
windows of 0-1 V while connected to a Metrohm Autolab PGSTAT302 N
potentiostat-galvanostat system.

Neat C3AH6 sample and the obtained x%rGO-C3AH6 cement com-
posite samples were tested using an agar disk-diffusion method against
Gram-negative, Escherichia coli (E. coli) bacteria at concentration of
1 x 103 CFU/mL to determine their antibacterial properties. The x%
rGO-C3AHG6 samples were hot-pressed into disc shaped specimens with a
diameter of approximately 12 mm. Then, the disc samples were placed
on the E. coli seeded agar plates and incubated at 37 °C for 24 h, after
which the inhibition zones that had developed around the discs were
photographed and diameters of clear zones reported.

5. Simulation of XRD peaks

Calculation XRD structures was done using the Powder Diffraction
function in Visualization for Electronics and Structural Analysis
(VESTA) software. VESTA is a module for simulation and analysis of X-
ray diffraction pattern data. The crystal structure parameters of
Cal2Al14033 cement referenced to 09-0413 of the JCPDS standard
database were used.

6. Results and discussion
6.1. Cal2Al14033 cement characterization

Fig. 1(a) shows XRD pattern of a prepared Cal2A114033 [8] sample
as a precursor using the JCPDS#09-0413 file as a standard reference
peak and the XRD pattern from the simulation Cal2A114033 peaks. This
confirmed that the prepared Cal2Al14033 sample formed a phase
consisting of the resulting cement structure. The Cal2A114033 sample
was used as a precursor for synthesis of a nanosized C3AH6 cement
hydrate sample and nanocomposite between 2-D sheets of rGO and
nanosized C3AH6 specimens.

Fig. 1(b) shows an SEM image and Electron Dispersion Spectroscopy
(EDS) of the chemical composition of the fabricated Cal2A114033 and
an SEM image of the prepared Cal2A114033 specimen at a magnifica-
tion of 6000 x . The image displays the morphology of a micrometer
sized edge shaped crystal. The inset of Fig. 1(b) depicts the appearance
of Ca, Al, and O atoms in the prepared Cal2A114033 specimen. The
chemical composition of the Cal2A114033 specimen was obtained from
the EDS showing atomic percentages of 13.81%, 15.01%, and 60.69%
for Ca, Al and O atoms, respectively. This result of EDS confirmed the
formation of the prepared Cal2A114033 specimen.
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Fig. 1. (a) XRD patterns of prepared Cal2Al14033 precursor referencing the JCPDS#09-0413 file [8] and the simulation Cal12A114033 peaks and (b) SEM and
insert of EDS elemental spectrum of the prepared Cal2A114033 cement powder.

6.2. GO and rGO characterizations

The chemical structure, crystalline phases and identity of the func-
tional groups of synthesized GO and rGO samples were investigated and
confirmed using several spectroscopic techniques. Fig. 2 shows the
characterization of synthesized GO and rGO samples. Fig. 2(a) shows the
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UV-vis absorption of synthesized GO and rGO samples. The results show
an absorption peak at 230 nm due to a n-7* transition (-C=C-) of GO that
was red-shifted to a longer wavelength (at around 268 nm) during the
chemical reduction. This indicated that the electronic conjugation inside
the rGO structure was restored after the reduction of GO [2,5,16], which
is the possible reaction mechanism for the chemical reduction of GO to
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Fig. 2. (a) UV-Vis (GO and rGO aqueous dispersion as insert), (b) FT-IR, (c) XRD and (d) Raman spectra of synthesized GO and rGO samples.
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produce rGO as previously described [16,19]. Furthermore, the colour
of the GO aqueous dispersion changed from a light brown to black
during the chemical reduction using hydrazine as a reducing agent (see
the inset of Fig. 2(a)). The colour change of the GO suspension after
reduction was confirmed to result from the reduction of GO to rGO [16,
19].

Fig. 2(b) illustrates the FT-IR spectra of the obtained GO and rGO
samples. As can be seen from this figure, the vibration bands for the GO
sample appeared at around 3410 em}, 1740 cm ™}, and 1050 cm ™,
which correspond to the presence of hydroxyl (-O-H stretching),
carbonyl/carboxyl (-C=O stretching), and epoxy (-C-O-C- stretching)
groups, respectively. The peak at around 1630 cm ™! is attributed to the
skeleton of sp2 aromatic carbon (-C=C- stretching) [16,19]. After the
chemical reduction of GO, it was observed that the peaks due to oxygen
containing groups decreased in intensity and sometimes vanished, sug-
gesting that GO was completely reduced to rGO during such processes.
This result implies that the oxygen containing groups were mostly
removed from the skeleton of GO along with some carboxyl groups to
form rGO [16,19].

An XRD technique was used to determine the crystal structure phase
and interlayer d-spacing of graphite in the synthesized GO and rGO
samples, and the results are presented in Fig. 2(c). It can be observed
that graphite exhibits a sharp diffraction peak at 26 =26.5°, corre-
sponding to a typical diffraction of the (002) graphitic carbon plane [9,
22]. The interlayer d-spacing of pristine graphite was calculated ac-
cording to Bragg’s law and determined to be 0.336 nm. The synthesized
GO appears as a broad peak at 20 = 10.8° with an interlayer d-spacing of
0.819 nm. This implies that as graphite is transformed to GO, most of the
oxygen containing functional groups are bonded to the graphite surface
and that the interlayers of graphite are expanded by chemical oxidation,
which results an increased interlayer value for GO [23]. After the
reduction of GO, a very broad characteristic peak of rGO appeared at
around 20 = 25.2° with an interlayer d-spacing of 0.382 nm. This result
indicates that as GO was converted to rGO, most of the oxygen con-
taining functional groups were removed from the skeleton and basal
plane of each GO sheet. Overall, the interlayer d-spacing of the obtained
rGO nanosheets was greatly decreased [16,19].

Raman spectroscopy is a powerful technique that can be used to
characterize the structural configuration of graphene-based materials. In
general, the Raman spectrum of graphitic carbon displays three bands, a
D band and a G band with a weak 2D band [16,19]. The D band is
associated with the breathing mode of the K point phonons of A;g
symmetry. It mainly indicates the surface disorder and defects of gra-
phene. The G band is the result of first order scattering of Ex; phonons
from sp? carbon. It expresses the graphitic composition of the materials
[16,19]. Fig. 2(d) displays the Raman spectra of pristine graphite and of
the synthesized GO and rGO samples. It can be clearly observed that all
graphite, GO and rGO samples exhibited two main peaks at around
1338 cm ™! and 1586 cm’l, which correspond to disordered carbon (D
band) and graphitic sp2 carbon (G band), respectively [23]. Moreover,
the evolution of disorder is usually quantified by the intensity ratio of
the D band to the G band (Ip/Ig). After chemical reduction, the rGO
nanosheets showed an increased Ip/Ig intensity ratio compared to that of
both the pristine graphite and GO. This is attributed to the formation of a
large s1:o2 domain with smaller average sizes [16,19].

7. Nanometer sized C3AH6 and rGO-C3AH6 nanocomposite
cements

7.1. XRD characterization

Fig. 3 shows X-Ray diffraction patterns of the obtained C3AH6
cement-hydrate sample and x%rGO-C3AH6 composite samples with
x = 1%, 2%, 3% and 4% weight of rGO. The XRD peaks of the synthe-
sized C3AH6 sample and x%rGO-C3AH6 composites with various rGO
contents and the Joint Commission for Powder Diffraction Standards
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Fig. 3. XRD patterns the fabricated C3AH6 and x%rGO-C3AH6 (x =1, 2, 3 and
4) samples and the standard PDF#03-0125 file of the C3AH6 hydrate cement
and PDF#00-014-0628 file of the Calcium Aluminum Oxide Hydrate (C4AH19).

(JCPDS) File (PDF#03-0125) as cubic within space group Ia-3d are
illustrated. The peak data of the C3AH6 cement, referenced to the CCD
standard JCPDS No. 03-0125, was included with that of the x%rGO-
C3AH6 composites. The results show that the observed diffraction pat-
terns of all the C3AH6 and x%rGO-C3AH6 samples correspond well to
the diffraction patterns of the C3AH6 peak standard, indicating the
formation of a C3AH6 cement-hydrate phase in all samples. The lattice
constant of C3AH6 cement was a =12.583 f\, and for 4%rGO-C3AHS6,
a=12.581 A. The lattice constant of 4%rGO-C3AHS6 did not change with
the rGO content. The presence of an excess aluminum hydroxide (Al
(OH)3) phase at 20 =18° and 23.5° in all samples was consistent with
the diffraction pattern peak standard of the PDF#76-1782 file and with
previous findings [17]. A small amount of an AI(OH)3 phase appeared
during the hydration process of the Cal12A114033 cement according the
reaction, Cal2A114033 + 33H,0 — 4(C3AH6) + 3(Al(OH)s3) [15].
Another small CaCO3 precursor phase was observed at 20 = 28.5° only
for the 2%rGO-C3AH6 sample. Additionally, a characteristic small
3Ca0-Al;03:CaCO3-11H20 phase for the x%rGO-C3AH6 composite
samples was found, but did not appear in the C3AH6 sample. This
revealed that nanosheet rGO reacted with the nanosized C3AH6 cement
to form a 3Ca0-Al,03-CaCO3-11H,0 phase following the reaction,
CasAly(OH)12 + rGO + CO2 — 3Ca0-Aly03-CaCO3:11H30. The XRD
peak at 20 = 25.2°, characteristic of rGO [19,23,24], was not observed in
the x%rGO-C3AH6 samples due to an amorphous phase and very low
content of the rGO composite in the C3AH6 specimen. The XRD results
of all samples absenced the Calcium Aluminum Oxide Hydrate which is
chemical formula: CasAl207-19H20 (C4AH19) phase as referencing to
diffraction pattern peak standard of the PDF#00-014-0628 file.

The average crystallite sizes of the fabricated C3AH6 and x%rGO-
C3AH6 samples were calculated via Scherrer’s [8] equation as Dxgp =

Falp Where Dxgp denotes the average crystallite size, 2 denotes the

X-ray wavelength (1=1.5406 A ), p denotes the full-width at
half-maximum of the highest intensity peak, and 6 denotes half of the
diffraction peak angle. Fig. 4 displays the average crystallite size of
C3AH6 and x%rGO-C3AH6 vs. rGO content (wt%). The average crys-
tallite size of C3AH6 was approximately 61.53nm and those of x%
rGO-C3AH6 were 75.73, 66.15, 65.40, and 69.59 nm for x=1, 2, 3 and
4, respectively. The results show that both C3AH6 and x%rGO-C3AH6
display nanometer crystalline sizes. The average crystallite size of x%
rGO-C3AH6 was close to that of C3AH6. This implies that the rGO
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Fig. 4. Average crystallite and particles sizes of C3AH6 and x%rGO-C3AH6 vs.
rGO % weight.

loading in the C3AH6 cement at 1, 2, 3 and 4% weight resulted in very
small changes in average crystallite size of x%rGO-C3AH6.

7.2. SEM analysis

Fig. 5 shows SEM images and EDS of the synthesized C3AH6, 2%
rGO-C3AH6 and 4%rGO-C3AH6 samples. The SEM analysis displays
morphology of edge shaped particles for all samples and a coating with a
carbon compound, confirming a rGO composite in the synthesized x%
rGO-C3AH6 samples. The EDS spectrum of the synthesized C3AH6
sample had phases where Ca=18.29wt%, Al=12.53wt%,
0=61.08wt% and C=8.10wt%, the synthesized 2%rGO-C3AH6
showed phases where Ca = 14.48 wt%, Al =14.53 wt%, O = 56.48 wt%
and C=14.50 wt%, and the 4%rGO-C3AH6 displayed the phases with
Ca=7.70 %wt, A1=19.97 %wt, O =57.30 wt% and C = 15.02 wt%. It
can be observed that the amount of C in the 2% and 4%rGO-C3AH6
samples as the rGO in the composite was increased to a level about 2
times greater than that of the C3AH6 sample. This implies that a com-
posite of rGO and C3AH6 can be successfully derived from a
Cal2Al14033 precursor via a hydration process with a rGO colloid and
rapid heated. The EDS mapping of the 4%rGO-C3AH6 sample displayed
a homogeneous distribution of carbon on the powder surface. This
confirmed the presence of a carbon compound in the rGO composite of
the 4%rGO-C3AHG6 sample.

7.3. TEM, SAED and EDX characterizations

Surface morphology, particle size and shape at a nanoscale of the
synthesized rGO, C3AH6 cement and x%rGO-C3AH6 composite samples
are shown in Fig. 6. This figure shows small grains and pores with
nanometer sized grains. Fig. 6(a) illustrates TEM images of synthesized
rGO. The results display layers of nanosheeted and nanoflaked material
in the synthesized rGO, confirming that the synthesized rGO had a
nanosheet morphology.

Fig. 6(b) displays TEM images of synthesized C3AH6 sample. The
results show the particle sizes of the C3AH6 sample in a layered nano-
structure. The smallest nanosized particles were approximately
40-50 nm. The nanosized particles of C3AH6 sample were approxi-
mately 50 nm in diameter, close to the calculated average crystallite size
of C3AH6 (61 nm) as shown in Fig. 4, confirming the presence of
nanometer sized particles. The nanostructure of the C3AH6 cement was
produced using Cal2A114033 cement with water. The reaction time was
accelerated by heating to a temperature of 100 °C as previous described
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[15]. This method can be used to grow nanoscale C3AH6
cement-hydrate particles.

Fig. 6 (c) and (d) show the surface morphology, particles size and
shape of the x%rGO-C3AH6 composite samples for x=2 and 4,
respectively. Dark regions in the figures suggest that the higher resolu-
tion TEM imaging technique may provide more details of the x%rGO-
C3AH6 composite [17]. The rGO and C3AH6 particles are seen as
nanosheets and dark nanoparticles, respectively. This shows occurrence
of nanocomposited rGO-C3AH6 with nanoflaked rGO and nanometer
sized C3AH6 cement. The images show small x%rGO-C3AH6 nano-
composite particles with sizes of 10 nm-20 nm. The particle sizes of x%
rGO-C3AH6 were smaller than the calculated average crystallite size
shown in Fig. 4. The particle sizes confirmed that the synthesized x%
rGO-C3AH6 nanocomposites contained nanometer sized particles. The
smallest particle size of the 2%rGO-C3AH6, as shown in Fig. 6(c), was
~20 nm, while the smallest particle size of the 4%rGO-C3AHS6, as shown
in Fig. 4(d), was 10 nm. Fig. 4 shows particle sizes of C3AH6 and x%
rGO-C3AHG6 vs. rGO content (wt%). The particle sizes of C3AH6 and x%
rGO-C3AH6 decreased with increasing rGO percent weight. The results
indicate that the nanometer sized particles of the 4%rGO-C3AH6 sample
were smaller than that of those the 2%rGO-C3AH6 sample. The rGO
content significantly affected the grain sizes of the rGO-C3AH6 com-
posite samples. This implies that the grain sizes were dependent on the
amount of rGO in the composites. Nanoparticle rGO-C3AH6 was suc-
cessfully prepared from the nanometer sized C3AH6 and Cal2A114033
cement reacted with water at a temperature of 100 °C. The size of
C3AH6 cement particles was limited by pore sizes and density of rGO
nanosheets. Thus, the size of the 4%rGO-C3AH6 sample was smaller
than that of 2%rGO-C3AH6 sample due to the higher density of the rGO
nanosheets, leading to a smaller pore size of C3AH6 particles. Following
Shenghua et al. [24], the regulatory mechanism of rGO-C3AH6 forma-
tion during rGO cement hydration involves the rGO surface providing
nucleation sites for the C3AH6 hydration products during growth. The
size of the nanocomposited x%rGO-C3AH6 samples can be controlled by
varying the percent weight of the nanoflaked rGO in the preparation
process.

Selective Area Electron Diffraction (SAED) has been used for iden-
tifying the crystal forms of single, double and multilayer rGO. TEM
images, SAED patterns and EDX of the rGO nanosheets, nanometer sized
C3AHg, and 2%rGO-C3AH6 and 4%rGO-C3AH6 nanocomposite samples
show diffraction rings indicating a high poly-crystalline content as
presented in Fig. 6. Fig. 6(a) shows the SAED pattern of the synthesized
rGO. The results present ring patterns of the rGO sample. This is char-
acteristic of poly-crystalline rGO resulting from its stacked multilayer
orientation. Fig. 6(b) shows the SAED pattern of the C3AH6 sample. This
SAED pattern shows diffraction rings also indicating a high poly-
crystalline content, confirming the presence of nanometer sized
C3AH6 cement particles. Fig. 6(c) and (d) show the SAED patterns of the
synthesized nanocomposited 2%rGO-C3AH6 and 4%rGO-C3AH6 sam-
ples, respectively. This SAED pattern is characteristic of mixed diffrac-
tion rings resulting from a combination of polycrystalline rGO and
nanometer sized C3AH6 cement, confirming of the production of
nanocomposited x%rGO-C3AH6 cements.

7.4. Raman spectra analysis

Fig. 7 shows the Raman spectra of the synthesized C3AH6 cement
sample and the x%rGO-C3AH6 nanocomposited samples (x = 1%, 2%,
3% and 4%). The Raman bands located at 100-1200 cm ™" arose from the
lattice structure of the C3AH6 cement. There were two peaks caused by
the synthesized of C3AH6 at 533 cm ™! and 1050 cm ™. These peaks were
present in all synthesized samples. The characteristic bands of the
C3AH6 sample appearing at 533 cm ™! can be attributed to [AlO37]
stretching. The peak located at 1050 cm™! is characteristic of the
structure of C3AH6 cement. This was present in all samples of the x%
rGO-C3AHS since they contained a C3AH6 hydrated cement component.
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Fig. 5. SEM images and EDX spectra of synthesized C3AH6, 2%rGO-C3AH6 and 4%rGO-C3AH6 samples.

It was observed that the D (1348 cm’l) and G (1576 cm’l) band peaks
of the rGO structure were found in all x%rGO-C3AH6 samples, but were
not found in the C3AH6 sample. This indicated that the synthesis of
C3AH6 cement was successful due to the disappearance of rGO. The x%
rGO-C3AH6 composites samples exhibited both D and G band peaks of
the rGO structure and peaks at 533 cm ™! and 1050 cm ™! of the C3AH6
cement structure. This confirmed that the nanometer sized rGO sheets
were converted to a nanocomposite with nanometer sized C3AH6
cement particles to produced x% rGO-C3AH6 nanocomposites. Addi-
tionally, the intensity of the D and G band peaks was strongly increased
with greater amounts of rGO, indicating formation of a composite be-
tween the rGO and the C3AH6 cement with increasing rGO content.

7.5. EDS mapping analysis

The EDS mapping of the composited 4%rGO-C3AH6 sample dis-
played a homogeneous distribution of carbon on the powder surface as

shown in Fig. 8. The rGO and C3AH6 composite can be derived from a
Cal2Al114033 precursor via a hydration process with rGO colloid with
rapid heating. This was confirmed by the appearance of a carbon com-
pound from the rGO composite in the 4%rGO-C3AH6 sample.

7.6. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), which is a surface sensitive
analytical technique, was used for determining of the chemical
composition and bonding in the rGO and C3AH6 components. These
measurements were made on the surfaces of the powder materials. Fig. 9
shows the XPS survey spectrum and XPS spectra of C(1s) of the C3AHS6,
2%rGO-C3AH6 and 4%rGO-C3AH6 samples. Fig. 9(a) shows a wide scan
XPS survey spectra of the synthesized C3AH6, and 2%rGO-C3AH6
samples. The XPS survey displayed the spectra of O (1s), Ca (2p), Ca (2s),
Al (2p) and C(1s) of the C3AH6 and 2%rGO-C3AH6 samples. The
spectral results show the binding energies of Ca, Al, O(1s) and C(1s)
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Fig. 6. TEM images of synthesized (a) rGO nanosheets, (b) nanometer sized C3AH6, and (c) nanocomposited 2%rGO-C3AH6 and (d) 4%rGO-C3AH6 samples.

peaks. Fig. 9(b) presents the XPS spectra of Cls from the synthesized
C3AH6, 2%rGO-C3AH6 and 4%rGO-C3AH6 samples. The XPS spectra
show a peak at 285 eV as indication of the C3AH6 sample and three peak
positions located at 284.42 eV, 285.39 eV, and 288.92 eV, as indications
of the 2%rGO-C3AH6 and 4%rGO-C3AH6 samples. Two peaks of 2%

rGO-C3AH6 and 4%rGO-C3AH6 samples located at 288.92eV and
285.39 indicated C=0 and C-O bonds [16], respectively, for carbon
atoms in these samples. The peak located at 284.42eV [16], which
represent the C-C bond of sp2 carbon atoms in a conjugated honeycomb
lattice rGO, appeared in the synthesized 2%rGO-C3AH6 and 4%
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Fig. 7. Raman spectra of synthesized C3AH6 and x%-rGO-C3AH6 samples (as
nanocomposited cements with various rGO contents) (x=1%, 2%, 3% and
4 wt%).

rGO-C3AH6 samples, but was not seen in the C3AH6 sample. This
confirms that a nanocomposite between rGO nanosheets and nanometer
sized C3AH6 was present in the 2% and 4%rGO-C3AH6
nanocomposites.

7.7. UV-visible spectroscopy

Fig. 10(a) shows UV-visible diffuse reflectance spectroscopy spectra
of the C3AH6 cement and x%rGO-C3AH6 (1%, 2%, 3%, and 4 wt%)
nanocomposites with various rGO contents. The UV-visible spectra of x
%rGO-C3AH6 were different from the spectra of the C3AH6 cement. The
x%rGO-C3AH6 samples exhibited low absorption over the visible range,

CKa1_2

Al Ka1
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and higher absorption in a lower energy range. The UV-absorption band
of rGO at 270 nm, shown in the inset [25], was not found in the spectra
of the x%rGO-C3AH6 samples. However, the rGO absorption peak was
seen in the spectra of x%rGO-C3AH6 nanocomposites withrGO at 1, 2, 3
and 4 wt% levels. The absorption of the x%rGO-C3AH6 nanocomposite
was higher at increased levels of rGO, which is consistent with the dark
brown colour of the powder samples, shown in the right-side of Fig. 3.

The relationship between the absorption coefficient and the optical

1/2
energy gap is given by Tauc’s law as: a(hv)m%, where hv and Eg are

the photon energy and direct optical gap, respectively. The exponent, Y5,
represents the allowed direct transition type. The relationship of an
allowed direct optical gap is expressed by (ahv)* = A(hv —E;) , where A
is a constant (independent from ho). The value of E; was obtained as the
intercept of a straight line on the photon energy axis of a plot of (ahv)?
vs. hv. Fig. 10(b) displays the direct optical gaps (Eg) of the sintered
C3AH6 cement and x%rGO-C3AH6 (1%, 2%, 3%, and 4 wt%) nano-
composited samples at room temperature. The Eg of C3AH6 was 4.2 eV,
whereas those of the x%rGO-C3AH6 were 3.0, 2.5, 2.0 and 1.5 eV for
rGO contents where x =1, 2, 3, and 4 wt%, respectively. These revealed
that the E, of the x%rGO-C3AH6 decreased with increasing rGO content.
Additionally, C3AH6 had a high E; value of 5.55eV, whereas the Eg
values of x%rGO-C3AH6 (where x =1, 2, 3, and 4) had a constant value
of 6.05eV.

7.8. Schematic diagram

The fabrication strategy for synthesis the rGO-C3AH6 nano-
composite samples is schematically shown in Fig. 11. The figure presents
of the procedure for synthesis of rGO-C3AH6 nanocomposites via a
hydration process with rGO colloid and rapid heating. First, the
Cal2Al14033 cement suspension was mixed with the RGO suspension
in the same container. Then, the mixed suspension was rapidly heated
from room temperature to 100 °C for 2 h with stirring. During this time,
the nanostructure C3AH6 hydrogarnet cement developed in the pres-
ence of the rGO suspension via a cement hydration process according the
chemical reaction, Cal12A14033 + 33(H20) — 4(C3AH6) + 3(AI(OH)3).

O Ka1

Ca Ka1

Fig. 8. Element distribution map of the synthesized 4%rGO-C3AH6 samples.
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Fig. 10. (a) Absorption coefficient of synthesized C3AH6 and x%rGO-C3AH6 nanocomposites with various rGO contents (1%, 2%, 3% and 4 wt%) and (b) the
relationship between an allowed direct optical gap of C3AH6 and x%rGO-C3AH6 nanocomposites.

Fig. 11 displays a suggested scheme illustrating the nanometer sized
C3AH6 undergoing rapid heating from room temperature to 100 °C and
formation of nanocomposited rGO-C3AH6 via a hydration process with
rGO colloid rapid heated for 1h. The schematic presents the
Cal2A14033 structure reacting with water to form a new nano-
structural C3AH6 hydrogarnet cement via a hydration process. In same
way, nanostructural C3AH6 was grown on the surface of rGO nanosheets
to form a nanocomposited rGO-C3AH6. Consequently, the nano-
structure of C3AH6 hydrogarnet cement was successfully loaded onto
the surface of rGO nanosheets and formed a nanocomposited rGO-
C3AHS6 structure. The reaction implies that the volume fraction of rGO
significantly affected the grain sizes of the nanocomposites. The grain
sizes increased as the percent volume of rGO was increased. The size of
C3AH6 hydrogarnet cement particles was limited them by pore size
resulting from the density of rGO nanosheets. The regulating mechanism
of the C3AH6 nanocomposite formation was affected by the rGO surface
providing nucleation sites for C3AH6 hydration. The particle size of the
x%rGO-C3AH6 nanocomposite can be controlled by varying the percent
volume of rGO nanoflakes in the preparation process during the reaction
of the Cal2A14033 cement precursor with rGO colloid, as depicted in
Fig. 11.

10

8. The properties of rGO-C3AH6 nanocomposites
8.1. Micro-hardness properties

In investigating the improvement of the mechanical properties of the
nanocomposited rGO-C3AH6 cement, the x%rGO-C3AH6 nano-
composites samples were tested using a micro-hardness determination
method. The micro-hardness of the prepared nanometer sized C3AH6
and synthesized x%rGO-C3AH6 (x =1, 2, 3 and 4) samples were eval-
uated using the method of a pyramid on a square base according to the
Vickers indenter hardness (HV) technique. This technique determines
micro-hardness by defining of the ratio of the load applied to the pro-
jected area of the indentation following the relationship [26],
HV=1 854(P/d2), where HV is the Vickers micro-hardness value, P is the
applied load in kg and d is the average diagonal length of the impression
in mm. In testing, a load of 2 kg was applied for 5s during mechanical
tests. The tests were repeated in five different regions on the surface for
each sample and average values calculated. Fig. 12 shows an image of
the diagonal length of the impression on the surface of C3AH6 and x%
rGO-C3AH6 nanocomposited (x = 1%, 2%, 3% and 4 wt%) samples. The
image was magnified by a factor of 10 from the machine. The obtained
d values were 0.225, 0.216, 0.202, 0.1827 and 0.167 mm for the
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Fig. 11. Schematic illustration of the procedure for synthesis of rGO-C3AH6 nanocomposites and the differences between the two processes to procedure nanometer

sized C3AH6 and nanocomposited rGO-C3AH6.

nanometer sized C3AH6 and nanocomposited 1%, 2%, 3%, and 4%
rGO-C3AHS6 samples, respectively. It was observed that the dark brown
colour of the surface of the C3AH6 and x%rGO-C3AH6 nanocomposited
(x =1%, 2%, 3% and 4 wt%) samples increased with the weight percent
of rGO.

The HV values of nanometer sized C3AH6 sample and nano-
composited 1%, 2%, 3%, and 4% rGO-C3AH6 samples are shown in
Fig. 13. These HV values were 73.8, 80.2, 90.2, 1101, and 132.4 HV/
2 kg, respectively. It can be seen that the HV values increased by a power
of two with increased weight percent of rGO. The results revealed that
improvement of rGO-C3AH6 cement composites reflected by the HV
value was seen in the nanometer sized rGO-C3AH6 nanocomposites. In
the TEM results, the decreased sizes of the nanocomposited rGO-C3AH6
specimens were affected by an increasing weight percent of rGO that
enhanced the HV value. The micro-hardness of nanocomposited rGO-
C3AH6 cement specimens was affected by the amount of nano-
composite in the samples.

8.2. Dielectric properties

To evaluate dielectric properties of the x%rGO-C3AH6 nano-
composites (x =1, 2, 3 and 4), the values of electric capacitance (C) and
resistance (R) of the specimens were measured using an impedance
analyzer. Specimens of C3AH6 cement and x%rGO-C3AH6 nano-
composites were hot-pressed into disc shapes using ceramic molds with
side areas of 128 mm? with an inter-electrode distance of 1.3 mm. The
two parallel surfaces of each specimen were sputter coated with gold for
Ohmic contact. These measurements were done over the frequency
range of 20 Hz-2 MHz.

The complex dielectric constant (x), which is the relative complex
permittivity (&) describing the interaction of a material within an
electric field E, consists of a real part (¢') that represents energy storage
and an imaginary part (¢”) representing energy loss. The real part of
complex permittivity (dielectric constant, ¢') is defined as the energy
stored inside as material in an applied external electric field. The
imaginary part of complex permittivity (¢) represents a loss factor of

11

dissipated energy for a material in an external electric field. The relative
complex permittivity (&) is a combination of the real (¢') and imaginary
complex permittivity (¢’) terms expressed as [27,28]:

& — €x

1 4 2xf7y M

e=¢ +ie =+
where f is frequency, 7y is the polarization relaxation time, ¢, is the
stationary permittivity and ¢, is the optical dielectric constant at a high
frequency limit. The real complex permittivity (¢') can be expressed as:

4 EN-TEx

) M. 2
e =¢ +l+(i2”f70)2 (2)

The imaginary complex permittivity (¢), i.e., loss factor, can be
expressed as:

o(T)

6‘// i 2”f10<8.\' - 600)
2nfe

1+ (2afr)? )

The loss factor relation (¢’) is a summation of the effects of the
dielectric loss (first term) and the effects of conductivity (second term).
In the above equation, the relationship between ¢ and ¢’ can be

expressed as:
P&t ELNT 2 (sfsw)z
(£ ==5) =@ = (55

Additionally, the ratio of the imaginary part of complex permittivity
to the real part defines a loss tangent (tan §), expressed as tand =¢''/¢'.
Furthermore, the AC conductivity of dielectric materials can be
expressed as a summation of two terms, 64 (T) = 6¢(T) + o(w,T), where
60(T) denotes the frequency that is independent of the DC conductivity
term associated with the drifting of charge carriers. o(w,T) represents the
frequency dependence of the AC conductivity term associated with
dielectric relaxation affected by the localized electric charge carriers
(with a value of less than 1 at room temperature). AC conductivity (cac)
can be expressed as:

C)

Coe = 8,80(271']“ )tan &
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Fig. 12. Diagonal length of the impression on surfaces of synthesized C3AH6 and x%rGO-C3AH6 nanocomposite cements with various rGO contents (x = 1%, 2%,

3% and 4 wt%).

Experimentally, the values of capacitance (C) and resistance (R) were
used to calculate the real (¢) and imaginary complex permittivities (¢”").
The ¢ value was calculated from the equation, & = (Ct)/(e,A) [29],
where t is the thickness of the pellet sample, C is the capacitance of the
specimen, A is the area of the circular pellet sample and ¢, is the
permittivity of free space (8.85 x 10 12F/m). The ¢’ value was deter-
mined from the equation, ¢’ = ¢'/2xfRC.

Fig. 14 shows the frequency response of the dielectric constant,
dielectric loss and AC electrical conductivity of the C3AH6 cement and x
%rGO-C3AH6 nanocomposites. Fig. 14 (a) shows the frequency depen-
dence of the real complex permittivity (¢') or real part of the dielectric
constant of C3AH6 and x%rGO-C3AH6 (x =1, 2, 3 and 4) over the fre-
quency range of 20 Hz to 2 MHz. The results show that the dielectric
response of the C3AH6 and x%rGO-C3AH6 samples had strong fre-
quency dependence. The real complex permittivity (dielectric constant)
of all samples decreased with increasing frequency. The ¢ values of the
samples at low frequency were greater than that at high frequency. The
¢ value of C3AH6 was 1.52 x 10% at 20 Hz, and those of x%rGO-C3AH6
were 4.45 x 102, 6.86 x 10% 1.010 x 10% and 3.2 x 10° for x=1, 2, 3

12

and 4, respectively, at 20 Hz. It was found that the ¢ values of x%rGO-
C3AH6 (x =1, 2, 3 and 4) samples were higher than that of C3AH6. The
dielectric constant of the 4%rGO-C3AH6 sample was approximately 10
times greater than that of the nanometer sized C3AH6 sample. The ¢’
value of 4%rGO-C3AH6 (3.2 x 10%) displayed nearly giant dielectric
magnitude. The dielectric constant of x%rGO-C3AH6 was increased
with the weight percent of rGO composite, corresponding to the
decreased particle size of the x%rGO-C3AH6 nanocomposites. This im-
plies that dielectric constants of the nanocomposited rGO-C3AH6 sam-
ples were enhanced by the decreasing particle sizes of the x%rGO-
C3AHS6 specimens.

The above results showed that the dielectric constant values of x%
rGO-C3AH6 were greater than that of C3AH6 over the entire frequency
range and the values increased with the reduced particle sizes in the
samples. The x%rGO-C3AH6 samples displayed a homogeneous nano-
meter sized particle distribution. The enhanced ¢ values of x%rGO-
C3AHS6 can be described by the Maxwell-Weigner model, which relates
interfacial polarizations at a conductor-insulator interface. The model
describes a dielectric medium containing linked boundaries between
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conducting grains and poorly conducting grain boundaries acting as
insulators. Since dielectric materials are influenced by external electric
fields, the charge carriers stayed at the grain boundaries to generate
large degrees of polarization and the dielectric constant. The appearance
of a polarization effect in x%rGO-C3AH6 was due to the large number of
oxygen vacancies or small pores at the grain boundaries. The polariza-
tion process in dielectric materials resulted from the presence of a large
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number of defects in the form of oxygen vacancies, micro-pores and
dangling bonds. The particle size of nanocomposited x%rGO-C3AH6
was reduced by an increasing amount of nanoflaked rGO in the com-
posite. This implied that the enhancement of ¢ values at low frequencies
in x%rGO-C3AH6 was affected by the nanograin boundary size, which
was reduced with increasing amounts of rGO. The nanometer sized
particles of the x%rGO-C3AH6 nanocomposites caused a large dielectric
constant. The dielectric constant increased with the weigh percent of
rGO. The results show that the surfaces of rGO nanocomposites played
an important role in enhancing the dielectric constant by controlling the
dispersion of rGO sheets and the surface interface between the con-
ducting grains and poorly conducting grain boundaries.

The loss tangent (tan §) represents energy dissipation in a dielectric
material. Fig. 14 (b) shows the tangent loss of the C3AH6 and x%rGO-
C3AH6 samples. The loss tangents of C3AH6 and x%rGO-C3AH6 were
found to decrease with increasing frequency. The loss tangents of x%
rGO-C3AH6 nanocomposites were greater than that of C3AH6 over the
entire frequency range studied. The 4%rGO-C3AH6 nanocomposite had
the highest loss tangent. These results showed that the loss tangent of x%
rGO-C3AH6 increased with the amount of rGO. The loss tangent trend
for x%rGO-C3AH6 nanocomposite linearly increased with the rGO
content. This behavior was described at high frequency and is related to
dipolar relaxation. At lower frequencies, it is related to interfacial po-
larization and conductivity. This effect was correlated to the surface
morphology of rGO nanocomposites with C3AH6 arising from the
dispersion of rGO sheets and the surface interface between the con-
ducting grains and insulating grain boundaries. Fig. 14 (c) shows the AC
electrical conductivity (0,.) of nanometer sized C3AH5 cement and x%
rGO-C3AH6 nanocomposited specimens vs. the weight percent of rGO at
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Fig. 14. (a) Dielectric constant and (b) dielectric loss as a function of frequency, and (c) electrical conductivity of C3AH6 and rGO-C3AH6 nanocomposites vs. rtGO

content (1%, 2%, 3% and 4 wt%).
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20, 10% 10° 10° MHz. The AC conductivity of these specimens was
found to increase with the rGO content. The 6, values of the x%rGO-
C3AH6 nanocomposites were larger than that of C3AH6 over the entire
frequency range under study. The 4%rGO-C3AH6 nanocomposite dis-
played the highest o, values. The 6, of x%rGO-C3AH6 increased with
the rGO content. The electric conductivity of x%rGO-C3AH6 nano-
composites arose from the homogenous dispersion of rGO sheets in the
material promoting the conductivity of the materials.

From the above results, the synthesized nanometer sized C3AH6 and
nanocomposited x%rGO-C3AH6 samples were evaluated electrochemi-
cally for applications in energy storage as supercapacitors [3]. The
electrochemical properties were measured using cyclic voltammetry and
the galvanostatic charge-discharge method. Fig. 15 shows the CV
response obtained for the synthesized nanometer sized C3AH6, nano-
composited 2%rGO-C3AH6 and 4%rGO-C3AH6 modified electrodes at a
scan rate of 50 mV/s. These observations showed a weak oxidation peak
current response of the nanometer sized C12AH6, nanocomposited 2%
rGO-C3AH6 and 4%rGO-C3AH6 modified electrodes of 0.001, 0.005,
and 0.045 V, respectively.

This result indicates that all sample displayed the behavior of
supercapacitors. The 4%rGO-C3AH6 modified electrode had enhanced
performance that was greater than that of the nanometer sized C3AH6
due to the effect of rGO nanosheets composited with C3AH6 cement.
While, the performance of the 4%rGO-C3AH6 modified electrodes was
more enhanced than that of 2%rGO-C3AH6 due to its smaller particle
sizes, ~40 nm for 4%rGO-C3AH6 vs. ~100 nm for 2%rGO-C3AH6. The
4%rGO-C3AH6 nanocomposite showed an oxidation peak current
response at 0.045 that was 45 and 9 fold higher, respectively, then those
of nanometer sized C3AH6 cement and 2%rGO-C3AH6. This shows that
the particle size of nanocomposited rGO-C3AH6 played a significant role
in the enhancement of the oxidation peak for its electrochemical prop-
erties. The enhanced activity of the 4%rGO-C3AH6 nanocomposite may
have been due to an enrichment effect via diffusion within the modified
electrode and the high useful surface area of rGO. Free electron charge
transfer between the material and electrode surface was increased by the
presence of rGO nanosheets composited with the cement. The bulk
electrode served as an adsorption matrix for its surface with a strong n-x
effect from the rGO composite and cement media interaction within the
material. This indicated that the rGO-C3AH6 nanocomposites were
effective for supercapacitor applications.
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Fig. 15. Cyclic voltammetry (CV) of synthesized nanometer sized C3AHS6,
nanocomposited 2%rGO-C3AH6 and 4%rGO-C3AH6 modified electrodes at a
scan rate of 50 mV/s.
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8.3. Thermal (TG) properties

To understand the thermal stability and phase transformation of
nanometer sized C3AH6 cement hydrate and the nanocomposited x%
rGO-C3AH6 samples, thermogravimetric (TG) and the derivative ther-
mogravimetry (DTG) techniques were carried out. The TG and DTG
analyses of the thermal stability of nanosized C3AH6 and the x%rGO-
C3AH6 nanocomposite, where x = 2% and 4%, are shown in Fig. 16.
Fig. 16 (a) and (b) show results of TG and DTG analyses of the 2%rGO-
C3AH6 and 4%rGO-C3AH6 nanocomposited samples. There is similarity
to the nanosized C3AH6 cement hydrate, its four stages of weight loss
(%) and endothermic peaks in the range of 35°C-900 °C. In the first
stage, at around 35°C-200°C, an endothermic peak was due to the
removal of physically absorbed water from the cement surfaces [30,31],
while the second stage at around 200°C-320°C was due to the
decomposition of water (in crystals), aluminium hydroxide (Al(OH)3)
and amorphous anhydrous [32,33]. In the next stage, decomposition of
nanosized C3AH6 cement occurred with an accompanying phase
transformation to C3AH1.5at temperatures of around 320 °C-550°C
[8]. Finally, in the fourth stage of the weight loss, an endothermic peak
at around 550 °C-740 °C was observed that can be attributed to the
decomposition of C3AH1.5 cement as well as its phase transformation to
a stable Cal2Al114033 structure.

For comparation with the nanometer sized C3AH6 cement, the re-
sidual weight % at above 740 °C of the nanocomposited x%rGO-C3AH6
samples was slightly increased with rGO loading. The x%rGO-C3AH6
samples had a higher decomposition temperature than those of nano-
sized C3AH6 cement in both the second and fourth stages in the DTG
curve, as shown in Fig. 16(b). The maximum decomposition and the
phase transformation temperatures of the nanocomposited C3AH6, the
2%rGO-C3AH6 and the 4%rGO-C3AH6 samples shifted to the higher
temperatures, from 707 °C to 718 °C, as can be seen in Fig. 16(b). This
result shows that enhancement of the thermal and phase stability of the
nanocomposited x%rGO-C3AH6 cements was affected by incorporation
of C3AH6 nanoparticles with rGO nanosheets. Based on a previous study
[34], the loaded rGO in materials have high thermal stability. Thus,
beneficial heat transfer properties (high thermal resistance) result
without increasing the material temperature which contrubutes to the
increased activation energy of these composite cements [35]. For this
reason, nanocomposited rGO-C3AH6 cements are more thermodynam-
ically stable than nanometer sized C3AH6 cement. There are many po-
tential applications for these materials in the field of smart cements due
to their thermal resistance, among other useful properties.

The thermal conductivity of nanocomposited x%-rGO-C3AH6
(x=1%, 2%, 3% and 4%) and C3AH6 samples were measured over the
temperature range from 300 K to 550 K using a laser flash technique. The
samples were hot-pressed into disc shaped pellets, 12 mm in diameter
and 3 mm thick. The thermal conductivity (x) was determined using the
relationship, k =aDC, [29], where a, D and C, are the thermal diffu-
sivity, the bulk density, and the specific heat of the sample materials,
respectively. The density of the samples was evaluated by the Archi-
medes method yielding 1.584 g/cm® for the C3AH6 sample and
1.712g/em®, 1.764 g/cm®, 1.782 g/cm® and 1.860 g/cm?® for the 1%,
2%, 3% and 4% rGO-C3AH6 samples, respectively. The thermal diffu-
sivity for the samples was evaluated using Parker’s formula as a =
0.139d?[/ tay2) [17], where, t/2) is the time to reach half of the
maximum temperature amplitude, and dr is the thickness of the bulk
samples in the direction of heat flow.

Fig. 17(a) shows thermal conductivity as a function of the temper-
ature for the 1%, 2%, 3%, 4%rGO-C3AH6 and C3AH6 samples. The x
values of all samples changed little with temperature. These values for
the x%rGO-C3AH6 samples were greater than that of the C3AH6 sample
and decreased with increasing amounts of rGO. High rGO contents in x%
rGO-C3AH6 nanocomposites caused reduced « values.

The thermal conductivity, x, can be expressed as x =xe 4 Kphonons
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Fig. 16. (a) The thermogravimetric (TG) analysis and (b) the derivative thermogravimetry (DTG) curve of synthesized nanometer sized C3AH6 and nanocomposited
x%rGO-C3AH6 samples with various rGO contents (x = 2, and 3 wt%).

where «, is the thermal conductivity of electronic part and xpponon is the
thermal conductivity of phonon part. The . value can be obtained from
the relationship, «gq=1LoTo, where Ly is the Lorenz factor
(Lo=2.45 x 1078 WQ/K?), T is the absolute temperature, and o is
electrical conductivity.

From the AC electrical conductivity shown in Fig. 17 (b), the «,
values of the x%rGO-C3AH6 (x = 1%, 2%, 3% and 4%) and C3AH6 were

small. The magnitude of « values of all samples was primarily influenced
by Kphonon- If the k. value is neglected, the thermal conductivity of kyhonon
part can be expressed as:

ks [keT
——2,[%( > fo Tph)

n, o, v and 1, values are the reduced Planck constant, the phonon

‘e dx [36], where x = #iw/kgT . The
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Fig. 17. (a) Thermal conductivity of synthesized C3AH6 and xrGO-C3AH6 nanocomposite samples with various rGO contents (1%, 2%, 3% and 4 wt%) as a function
of temperature, (b) thermal conductivity of C3AH6 and xrGO-C3AH6 samples as a function of inverse of temperature, and (c) Specific heat of synthesized C3AH6 and
xrGO-C3AH6 nanocomposite samples.
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angular frequency, the velocity of sound and the phonon relaxation
time, respectively. The 7,, value can be expressed as, ;7[ = %—i— Tl—u—&- %,
where, 7y is the phonon-phonon processes, 7p is a point defect, and 75 is

the grain boundary. The 7y , 7p and 73 values are given by L = (B)»°T*,
+=Aw* and L = v/L, respectively, where  is the phonon angular
frequency, A and B are parameters independent of temperature, v is the
phonon group velocity and L is the characteristic grain size.

Fig. 17 (a) shows the relationship, Kpronon Versus 1/ 73, for the x%rGO-
C3AH6 (x=1%, 2%, 3% and 4%) and C3AH6 samples. The results
indicated that only C3AH6 had and inverse relationship with tempera-
ture, implying that the thermal conductivity of only C3AH6 was pri-
marily influenced by phonon-phonon processes (ry). The x%rGO-
C3AH6 (x=1, 2, 3 and 4) samples did not display this behavior.

Clearly, the nanocomposite effect of the x%rGO-C3AH6 specimens
was affected by the grain boundary (% = /L) term. L, the characteristic
grain size of the x%rGO-C3AH6 nanocomposites, was nanometer sized.
Also, the nanometer sized grain characteristic acted to reduce the kynonon
value of the x%rGO-C3AH6 nanocomposites. The reduction of thermal
conductivity of the x%rGO-C3AH6 samples resulted from the smaller
particle sizes at the boundary. They were reduced from 20 nm to 10 nm
as the volume percent of the rGO nanoflakes was increased during the
preparation process. The rGO nanocomposite content in C3AH6 played
an important role in development of the thermal conductivity of x%rGO-
C3AH6 nanocomposites.

The specific heat (C,) values of the C3AH6 and x%rGO-C3AH6
samples were obtained by thermal diffusivity measurements over a
temperature range of 298-573 K by a laser flash technique. Fig. 17(c)
shows C, as a function of the temperature of the x%rGO-C3AH6 and
C3AH6 samples. The results reveal that the C, value of all samples
increased with temperature. The C, of 1%rGO-C3AH6 and 2%rGO-
C3AH6 was greater than the C3AH6 cement, while 3%rGO-C3AH6 and
4%rGO-C3AH6 had lower C, values. The lower rGO content in x%rGO-
C3AH6 composites caused higher C, values. This trend for x%rGO-
C3AH6 showed a decrease in C, with increasing amounts of rGO. The
high rGO content in x%rGO-C3AH6 composites reduced the G, values.

C3AH6

Composites Part B 175 (2019) 107128
8.4. Antibacterial properties

The anti-bacterial activities of nanocomposited rGO-C3AH6 samples
were measured. These properties of the prepared C3AH6 and x%rGO-
C3AH6 nanocomposite cements were tested using an agar disk-diffusion
method against a Gram negative bacterium, Escherichia coli (E. coli) and
the results are shown in Fig. 18. It was observed that nanometer sized
C3AH6 cement produced no clear zone indicating that it was ineffective
in killing bacteria. The 12mm red line in the figure represents the
diameter of a C3AH6 pellet. The x%rGO-C3AH6 nanocomposited ce-
ments showed clear zones indicating antibacterial activity against E. coli.
The width of clear zones produced by the x%rGO-C3AH6 (1%rGO-
C3AH6, 2%rGO-C3AH6 and 3%rGO-C3AH6) nanocomposite samples
increased with the level of rGO loading. 4%rGO-C3AH6 cement pro-
duced the greatest degree of antibacterial activity against E. coli. This
indicates that the antibacterial property of the x%rGO-C3AH6 cement is
correlated with the level of rGO in the nanocomposited cement and with
the smaller particle sizes, 10-20 nm, of x%rGO-C3AH6. The antibacte-
rial action of the nanocomposited x%rGO-C3AH6 was due to the
extraction of phospholipids from lipid membranes [37], producing
strong interactions with these molecules in bacterial cell membranes.
These results confirmed the importance of reduced particle size to pro-
duce increased rGO content within the nanocomposited x%rGO-C3AH6
cements and concurrent increased antibacterial activity.

Clearly, the experimental results from the nanocomposited x%rGO-
C3AH6 cements confirmed that these specimens produced multifunc-
tional material properties, including enhanced micro-hardness and
dielectric constant, as well as improved electrochemical properties and
antibacterial activity. Thermal conductivity and electrical resistance
were lowered with nanometer sized particles and rGO loading.

9. Conclusions

Nanocomposited rGO — C3AH6 cements, with particle size diameters
of 10-20 nm, were successfully synthesized from a Ca12A114033 pre-
cursor and rGO colloid by rapid heating with water at 100 °C. The
properties of nanocomposited x%rGO-C3AH6 materials was confirmed

~ o~ 41 ey
death of

F ecoli 7one

1%rGO-C3AH6 2%rGO-C3AHB 3%rGO-C3AH6 4%rGO-C3AHE

Fig. 18. Antibacterial properties of (a) the synthesized nanometer sized C3AH6 and x%rGO-C3AH6 nanocomposite samples with various rGO contents of (b) 1%, (c)

2%, (d) 3% and (e) 4 wt% against Gram negative Escherichia coli (E. coli).
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by the XRD peaks corresponding to the standard C3AH6 hydrate cement.
The presence of nanocomposited x%rGO-C3AH6 was confirmed by
Raman spectra peaks, FT-IR spectra, UV-visible spectra, XPS spectra,
TGA analysis and TEM surface morphology images. The experimental
results revealed nanometer sized x%rGO-C3AH6 particles with small
pore sizes and dense rGO nanosheets. Nanocomposited x%rGO-C3AH6
was produced at various rGO weight percentages. The mechanism of
action of C3AH6 on the 2-D rGO composite was to present nucleation
sites on the surfaces of the growing C3AH6 hydration products. The
nanocomposited rGO-C3AH6 specimens showed greater Vickers micro-
hardness values with increasing rGO content. They displayed high
dielectric constants, close to those of giant dielectric materials and
increased electric conductivity as the rGO content was increased.
Thermal conductivity tended to be reduced with increasing levels of
rGO-C3AH6 in the nanocomposites. The electrochemical properties of
nanocomposited rGO-C3AH6 cement compounds were improved by
nanometer sized particles playing a significant role in the enhancement
of oxidation peaks. Additionally, nanocomposited rGO-C3AH6 cements
displayed greater antibacterial activity against E. coli as the particle size
was decreased and rGO loading increased. Nanocomposited rGO-C3AH6
displayed properties suitable for high performance multifunctional ap-
plications as cement materials, including improved micro-hardness,
dielectric constant, electrochemical properties, thermal conductivity
and antibacterial activity.

Acknowledgements

C. Ruttanapun would like to thank the Thailand Research Fund (TRF)
(Contract Number: MRG6080236) for financial support. C. Phrompet, C.
Sriwong, and C. Ruttanapun thank the Thailand Research Fund (TRF)
(Contract Number: PHD6010046) for financial support. Moreover, we
express our sincere appreciation to King Mongkut’s Institute of Tech-
nology Ladkrabang(KMITL) and the Faculty of Science, King Mongkut’s
Institute of Technology Ladkrabang (KMITL) for funding our research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.compositesb.2019.107128.

References

[1] Dimov Dimitar, Amit Iddo, Gorrie Olivier, Barnes Matthew D, Townsend Nicola J,
Neves Ana IS, Withers Freddie, Russo Saverio, Craciun Monica Felicia. Ultrahigh
performance nanoengineered graphene-concrete composites for multifunctional
applications. Adv Funct Mater 2018;28:1705183.

Lee Myoung-Jae, Ahn Ji-Hoon, Sung Ji Ho, Heo Hoseok, Gi Jeon Seong, Woo
Lee Jae, Song Yong, Hong Ki-Ha, Choi Byeongdae, Lee Sung-Hoon, Jo Moon-Ho.
Thermoelectric materials by using two-dimensional materials with negative
correlation between electrical and thermal conductivity. Nat Commun 2016;7:
12011.

Purkait Taniya, Singh Guneet, Kumar Dinesh, Singh Mandeep, Sundar

Dey Ramendra. High-performance flexible supercapacitors based on
electrochemically tailored three- dimensional reduced graphene oxide networks.
Sci Rep 2018;8:640.

Phrompet Chaiwat, Sriwong Chaval, Srepusharawoot Pornjuk, Maensiri Santi,
Chindaprasirt Prinya, Ruttanapun Chesta. Effect of free oxygen radical anions and
free electrons in a Caj2Al;14033 cement structure on its optical, electronic and
antibacterial properties. Heliyon 2019;5:e01808.

Imbabi Mohammed S, Carrigan Collette, McKenna Sean. Trends and developments
in green cement and concrete technology. International Journal of Sustainable
Built Environment 2012;1:194-216.

Dilnesa Belay Zeleke, Lothenbach Barbara, Renaudin Guillaume, Wichser Adrian,
Kulik Dmitrii. Synthesis and characterization of hydrogarnet Cag(Al Fe;
x)2(S8i04)y(OH)4(3 — y). Cement Concr Res 2014;59:96-111.

Geng Guoqing, Li Jiaqi, Young-Sang Yu, Shapiro David A, Kilcoyne David AL,
Monteiro Paulo JM. Nanometer-resolved spectroscopic study reveals the
conversion mechanism of Ca0O-Al;03-10H,0 to 2Ca0-Al,03-8H,0 and
3Ca0-Aly03-6H20 at an elevated temperature. Cryst Growth Des 2017;17:
4246-53.

Phrompet Chaiwat, Sriwong Chaval, Maensiri Santi, Chindaprasirt Prinya,
Ruttanapun Chesta. Optical and dielectric properties of nano-sized tricalcium
aluminate hexahydrate(C3AH6) cement. Constr Build Mater 2018;179:57-65.

[2]

[3]

[4

=

[5

—

[6

[}

[7]

[8

—

17

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]
[26]
[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Composites Part B 175 (2019) 107128

Rong D, Qiu F, Zhang C, Fu L, Wang Y, Yang D. Ceram Int 2015;41:2502.

Jung CH, Hwang IR, Park BH, Yoon DH. Characterization of 12Ca0-7Al,0sdoped
indium tin oxide films for transparent cathode in top-emission organic light-
emitting diodes. J Nanosci Nanotechnol 2013;13:7556-60.

Hosono H, Kim SW, Miyakawa M, Matsuishi S, Kamiya T. Thin film and bulk
fabrication of room-temperature-stable electride C12A7:e- utilizing reduced
amorphous 12Ca0-7Al,03 (C12A7). J Non-Cryst Solids 2008;354:2772-6.

Kim SW, Toda Y, Hayashi K, Hirano M, Hosono H. Synthesis of a room temperature
stable 12Ca0-7Al120 3 electride from the melt and its application as an electron
field emitter. Chem Mater 2006;18(7):1938-44.

Phromviyo Nutthakritta, Thongbai Prasit, Ratchaphonsaenwong Kunthaya,
Chanlek Narong, Chindaprasirt Prinya. Dielectric and electrical properties of nano-
Ag/C3AH6 nanocomposites. Appl Surf Sci 2019;483:294-301.

Lu GONG, SHEN Jing, Quan-Xin LI Investigation on the antibacterial activity and
mechanism of C12A7-O particles. J Inorg Mater 2010;25:943-6.

Yakovlev Ilya V, Volodin Alexander M, Papulovskiy Evgeniy S, Andreev Andrey S,
Lapina Olga B. Structure of carbon-coated C12A7 electride via solid-state NMR and
DFT calculations. J Phys Chem C 2017;121(40):22268-73.

Khan Karim, Tareen Ayesha Khan, Elshahat Sayed, Yadav Ashish, Khan Usman,
Yang Minghui, Bibbo Luigi, Ouyang Zhengbiao. Facile synthesis of cationic doped
[Ca24A128064]* (4¢”) composite via rapid citrate sol-gel method. Dalton Trans
2018;47:3819-30. https://doi.org/10.1039/C7DT04543C.

Sedaghat Ahmadreza, Manoj K, Ram, Zayed A, Kamal Rajeev, Shanahan Natallia.
Investigation of physical properties of graphene-cement composite for Structural
Applications. J Compos Mater 2014;4:12-21.

Li Mao, Kim Jin-man. Strength properties and micro-structure of steel slag based
hardened cementitious composite with graphene oxide. In: MATEC web of
conferences 138; vol. 03012; 2017.

Gholampour Aliakbar, Kiamahalleh Meisam Valizadeh, Tran Diana NH,
Ozbakkaloglu Togay, Losic Dusan. From graphene oxide to reduced graphene
oxide: impact on the physiochemical and mechanical properties of graphene-
cement composites. ACS Appl Mater Interfaces 2017;9:43275-86.

Ruttanapun C, Srepusharawoot P, Maensiri S. Effect of Fe3+-doped Cal12A114033
cement on optical and thermal Properties. Chin J Phys 2018;56:252-60.
Okoronkwo MU, Glasser FP. Compatibility of hydrogarnet,CazAl(SiO4)x(OH)4(3—
x)» with sulfate and carbonate-bearing cement phases: 5-85 °C. Cement Concr Res
2016;83:86-96.

Nilforoushan Reza M, Talebiaan, Nasrien. Iran J Chem Chem Eng 2007;26:2.
Zhang W, Li Y, Peng S, Cai X. Beilstein J Nanotechnol 2010;5:801.

Lv Shenghua, Liu Jingjing, Yujuan TingSun, Zhou MaQingfang. Effect of GO
nanosheets on shapes of cement hydration crystals and their formation process.
Constr Build Mater 2014;64:231-9.

Fang M, Long J, Zhao W, Wang L, Chen G. pH-Responsive chitosan-mediated
graphene dispersions. Langmuir 2010;26(22):16771-4.

Kamalak H, Erdem M, Altin E, Demirel S, Oz E, Altin S. Giant dielectric constant
and mechanical, heat conducting and structural properties of dental composites by
adding Ca ions. J Dent Oro Surg 2016;1(3):112.

Eufinger J, Schmidt A, Lerch M, Janek J. Phys Chem Chem Phys 2015;17:6844.
Liang B, Song Z, Wang M, Wang L, Jiang W. Fabrication and thermoelectric
properties of graphene/BisTeg composite materials. J. Nanomater. 2013;2013. p. 6.
Grosvenor AP, Kobe BA, Biesinger MC, McIntyre NS. Surf Interface Anal 2004;36:
1564-74.

Pineda-Aguilar Nayely, Gallegos-Sanchez Victor J, Sanchezl Eduardo M, Torres-
Gonzdlezl Luis Carlos, Garza-Tovar Lorena L. Aluminum doped NagV2(PO4)oF3 via
sol-gel Pechini method as a cathode material for lithium ion batteries. J Sol Gel Sci
Technol 2017;83:405-12.

Rakshit Soumyadipta, Ghosh Srabanti, Chall Sayantani, Mati Soumya Sundar,
Moulikac SP, Bhattacharya Subhash Chandra. Controlled synthesis of spin glass
nickel oxide nanoparticles and evaluation of their potential antimicrobial activity:
a cost effective and ecofriendly approach. RSC Adv 2013;3:9348-19356.
Tchamba AB, Sofack JG, Yongue R, Melo UC. Formulation of calcium dialuminate
(Ca0.2A1,03) refractory cement from local bauxite. Journal of Asian Ceramic
Societies 2015;3:164-72.

Souza Adriane DV, Arruda Cezar C, Fernandes Leandro, Maria L, Antunes P,
Kiyohara Pedro K, Salomao Rafael. Characterization of aluminium hydroxide (Al
(OH)3) for use as a porogenic agent in castable ceramics. J Eur Ceram Soc 2015;35:
803-12.

George Gejo, Simon Sanu Mathew, Prakashan VP, Sajna MS, Faisal Muhammad,
Wilson Runcy, Chandran Anoop, Biju PR, Joseph Cyriac, Unnikrishnan NV. Green
and facile approach to prepare polypropylene/in situ reduced graphene oxide
nanocomposites with excellent electromagnetic interference shielding properties.
RCS Advances 2018;8:30412-28.

Zhang Lin, Li Honggiang, Lai Xuejun, Su Xiaojing, Liang Tao, Zeng Xingrong.
Thiolated graphene-based superhydrophobic sponges for oil-water separation.
Chem Eng J 2017;316:736-43.

Guo L, Xu X, Salvador JR, Meisner GP. Coupled vibrational modes in multiple-filled
skutterudites and the effects on lattice thermal conductivity reduction. Appl Phys
Lett 2013;102:111905.

Prasad Karthika, Lekshmi GS, Ostrikov Kola, Lussini Vanessa, Blinco James,
Mohandas Mandhakini, Vasilev Krasimir, Bottle Steven, Bazaka Kateryna,
Ostrikov Kostya. Synergic bactericidal effects of reduced graphene oxide and silver
nanoparticles against Gram- positive and Gram-negative bacteria. Sci Rep 2017;7:
1591.


https://doi.org/10.1016/j.compositesb.2019.107128
https://doi.org/10.1016/j.compositesb.2019.107128
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref1
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref1
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref1
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref1
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref2
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref2
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref2
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref2
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref2
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref3
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref3
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref3
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref3
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref4
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref4
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref4
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref4
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref5
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref5
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref5
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref6
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref6
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref6
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref7
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref7
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref7
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref7
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref7
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref8
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref8
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref8
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref9
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref10
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref10
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref10
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref11
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref11
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref11
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref12
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref12
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref12
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref13
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref13
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref13
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref14
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref14
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref15
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref15
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref15
https://doi.org/10.1039/C7DT04543C
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref17
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref17
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref17
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref18
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref18
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref18
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref19
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref19
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref19
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref19
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref20
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref20
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref21
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref21
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref21
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref22
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref23
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref24
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref24
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref24
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref25
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref25
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref26
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref26
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref26
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref27
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref28
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref28
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref29
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref29
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref30
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref30
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref30
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref30
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref31
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref31
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref31
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref31
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref32
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref32
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref32
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref33
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref33
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref33
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref33
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref34
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref34
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref34
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref34
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref34
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref35
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref35
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref35
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref36
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref36
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref36
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref37
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref37
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref37
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref37
http://refhub.elsevier.com/S1359-8368(19)31378-2/sref37

Heliyon 5 (2019) e01808

Contents lists available at ScienceDirect

Heliyon | Heliyon

journal homepage: www.heliyon.com

Effect of free oxygen radical anions and free electrons in a Ca;3Al;14033 R)

Check for

cement structure on its optical, electronic and antibacterial properties

Chaiwat Phrompet ab Chaval Sriwong *© f Pornjuk Srepusharawoot 41 Santi Maensiri ',

Prinya Chindaprasirt ®", Chesta Ruttanapun

a,b,f;*

@ Smart Materials Research and Innovation Unit (SMRIU), Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Chalongkrung Road, Ladkrabang,

Bangkok 10520, Thailand

Y Department of Physics, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Chalongkrung Road, Ladkrabang, Bangkok 10520, Thailand

¢ Department of Chemistry, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Chalongkrung Road, Ladkrabang, Bangkok 10520, Thailand

4 Institute of Nanomaterials Research and Innovation for Energy (IN-RIE), Department of Physics, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
€ School of Physics, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

f Thailand Center of Excellence in Physics, Commission on Higher Education, 328 Si Ayutthaya Road, Bangkok 10400, Thailand

8 Sustainable Infrastructure Research and Development Center, Department of Civil Engineering, Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand
" Academy of Science, The Royal Society of Thailand, Dusit, Bangkok 10300, Thailand

ARTICLE INFO

Keywords:

Materials science

Civil engineering
Condensed matter physics
Materials chemistry
Bioengineering

Free oxygen radical anions
Optical property
Electronic property
Antibacterial property
Caj,Al 4033 cement

RE STPRe O, T,

The aim of this work was to investigate the effect of free oxygen radicals and free electrons in a Caj2Al;4033
(C12A7) cement structure on the optical, electronic and antibacterial activity of this material. Caj2Al;4033 was
successfully fabricated via rapid heating to high temperatures by high frequency electromagnetic induction.
Caj2Al;4033 cement samples were characterized using XRD and UV-Vis-DRS spectroscopy. The morphology and
chemical composition of the samples were also investigated using SEM and EDS techniques. The presence of free
oxygen radicals (Ozions) in the insulating structure of Ca;Al14033 was confirmed using Raman spectroscopy
showing a spectrum peak at 1067 cm L. The excitation of free electrons in the CajoAl; 4033 cement was indicated
by UV-Vis absorption spectra at 2.8 eV and an optical energy gap of 3.5 eV, which is consistent with the first-
principles calculations for the band energy level. The effects of free oxygen radicals and free electrons in the
CayAl14033 structure as antibacterial agents against Escherichia Coli (E. coli) and Staphylococcus Aureus (S. aureus)
were investigated using an agar disk-diffusion method. The presence of O3 anions as a reactive oxygen species
(ROS) at the surface of CajzAlj4033 caused inhibition of E. coli and S. aureus cells. The free electrons in the
conducting C12A7 reacted with O, gas to produce ROS, specifically super oxides (O3 ), superoxide radicals (0%),
hydroxyl radicals (OH®) and hydrogen peroxide (H203), which exhibited antibacterial properties. Both mecha-
nisms were active against bacteria without effects from nano-particle sized materials and photocatalytic activity.
The experimental results showed that the production of ROS from free electrons was greater than that of the free
O3 anions in the structure of CajzAl14033. The antibacterial actions for insulating and conducting Caj2Al;4033
were different for E. coli and S. aureus. Thus, Ca;2Al;4033 cement has antibacterial properties that do not require
the presence of nano-particle sizes materials or photocatalysis.

1. Introduction

attracted significant attention due to their very interesting application in
preventing bacterial growth on smart building bathroom and kitchen

Currently, the use of antimicrobials to promote public health is a
research topic with much attention [1, 2, 3, 4]. The goal of such research
is to identify materials with antibacterial properties capable of inhibiting
or killing various bacteria through mechanisms not limited to photo-
catalytic and nano-particle effects [4,5]. Antibacterial materials have
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walls [4]. There are four types of antibacterial activity: (1) cation elution,
(2) pH effects, (3) electrostatic interactions between the surfaces of
bacteria with nano-size particles, and (4) the effects of active oxygen
species [4,6,7]. In addition to these, photocatalytic activity, electrostatic
interaction, cellular internalization of nanoparticles and production of
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reactive oxygen species (ROS) also have antimicrobial activity [4, 7, 8,
9]. ROS effects are predominantly used for antibacterial activity since it is
an easy mechanism to employ [7,8]. ROS are comprised of hydroxyl
radicals (OH®), hydrogen peroxide (H205) and superoxide ions (03) [4,
8]. These materials cause death by contacting bacterial membranes and
directly damaging their surfaces [4,7]. ROS species can be generated
from the reaction of free particles (free electrons and holes) in the course
of photocatalytic activities [9, 10, 11]. The photocatalytic effect causes
generation of free electrons and holes in materials using phonon energy
corresponding to energy gap of the materials. There have been many
reports that titanium dioxide (TiO2) [12] and zinc oxide (ZnO) [10] can
generate ROS through photocatalysis. Practically, TiO2 and ZnO used
phonon energy at 3.1 eV [13] and 3.2 eV [7], respectively, to photo-
catalytically produce ROS. They are produced from O, and H20
adsorption promoting a reaction of free electrons and holes at the sur-
faces of materials to produce OH ™, H2O5 and Os. Alternatively, ZnO [7, 8,
9,14] nanoparticles cause death of bacterial cells through electrostatic
interactions between bacterial surfaces with nanoparticles in the absence
of light, thereby damaging cell membranes. TiOy and ZnO act through
photocatalysis and nanoparticle effects to produced antibacterial
activity.

Recently, it has been reported that CajzAl;4033 cement exhibits free
oxygen radical O 2 ions in a vacant cage structure [15, 16, 17,18]. The
CajpAl 4033 cement structure is linked by calcium, aluminum and oxy-
gen atoms forming empty nanometer-sized cages within the structure
[19,20], as shown in Fig. 1. A unit cell of insulating Caj;»Al14033 is
comprised of two molecules occupying 12 crystallographic nano-cages
while presenting a 4" charge at the cage wall, represented as
[Ca24A128066]4+ [21]. The two cages in this unit cell support electrical
neutrality by entrapping two free oxygen ions (0~ 2) in cages referred to
as an extra-framework [21]. The Caj2Al;4033 structure was revealed to
contain free O~ 2 jons (as replaced by free oxygen radicals, O, Oa, or 0%)
loosely bound to a lattice framework, represented as Ca12A114033:0’2
[21,22]. Hayashi et al. [23] showed that the process of preparing
Caj2Al;14033 cement in a dry oxygen atmosphere at temperature 1350 °C
could produce both O™ and O3 (as ROS species). Lu et al. [24] reported
that the present of O~ and O resulted in antibacterial activity. Never-
theless, antimicrobial materials should be effective under various con-
ditions and not limited to photocatalytic activity or nano-particle effects.
Furthermore, Hayashi et al. [23] reported that free O~ and O3 could be
replaced by free electrons in a conducting Ca;»Al14033 cement, repre-
sented as CajpAl14033:e”. It has been reported that this material has
distinct optical and electrical properties. However, to best of our
knowledge, there are no reports of the effect and mechanisms of free
electrons in the nano-cage structure of Caj;2Al14033 cement on
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antibacterial activity.

This work aims to investigate the effect of free electrons in the nano-
cage structure of CajsAl;4033 cement on the optical, electronic and
antibacterial activities of these materials. The developed material pre-
senting free electrons in a nano-cage structure was characterized. Con-
ducting Caj2Al; 4033 cement with free electrons was rapidly prepared by
heating insulator cement inside a carbon crucible at high temperatures
using high frequency electromagnetic induction. The mechanism and
effect of free electrons and free oxygen radicals in the nano-cage structure
of these materials on its optical, electronic and antibacterial properties
were also investigated. Their antibacterial activities against gram-
negative E. coli and gram-positive S. aureus are reported. Moreover, the
mechanism of the antibacterial action of free electrons and free oxygen
radicals in the nano-cage structure of Ca;2Al14033 cement is described.

2. Experimental
2.1. Chemicals

Calcium carbonate (CaCO3, 99% Sigma-Aldrich), alumina powder
(Al303, 99.9% Sigma-Aldrich) and ethanol (95%) were used as the
starting raw materials. All chemicals were used as received with no
further purification.

2.1.1. Preparation of Ca;2Al14033 cement as starting materials
Caj2Al;14033 cement powder was first prepared via a solid-state re-
action using CaCO3 and Al,Og as starting materials. In brief, CaCO3 and
Al,03 powders were stoichiometrically prepared following the reaction,
12CaCOs3 + 7Al303 — CajAl 4033 + 12CO,. The powders were mixed by
ball milling in ethanol for 24 h at room temperature, and oven-drying at
100 °C for 24 h. After that, the obtained powder was placed in an alumina
crucible, and then sintered in an electric furnace at 1200 °C under air
atmosphere for 24 h. Finally, the obtained CajzAl;4033 sample, refer-
enced as CAO@1200C, was crushed into a powder and used as a starting
material to synthesize a conducting CajAl; 4033 cement sample.

2.1.2. Preparation of conducting Caj»Al;4033 cement

The as-prepared CAO@1200C powder was used as a starting material
for fabrication of conducting Ca;2Al;4033 cement. A mass of 100 g of
CAO@1200C powder was placed in a carbon crucible with a carbon cap.
Then, the carbon crucible was transferred into the middle of a Cu in-
duction coil. High frequency electromagnetic induction heating was done
using an induction coil (Model: TH-60AB (90 A, 3 phase, 380 V, 50-60
kHz)). The temperature was determined using an IR detector (Model:
SENTEST (NS50PH1FF), accuracy class:2.0) focused on the surface of the

Fig. 1. A unit cell of the Ca;,Al;4033 cement structure: blue, orange and red balls denote Al, Ca and O atoms, respectively. The grey sphere represents the cage of this
structure. The crystal structure of CajAl;4033 contains nano-cages with a set inner diameter.
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carbon crucible. The CAO@1200C powder was rapidly heated from room
temperature to sintering temperatures of 1350 °C, 1450 °C and 1550 °C
with a 40 sec holding time (referenced as the CAO@1350C, CAO@1450C
and CAO@1550C samples, respectively). Finally, the samples were
cooled by natural convection to room temperature.

2.1.3. Preparation of the cement pellets

For pellet fabrication, the obtained CAO@1350C, CAO@1450C and
CAO@1550C powders were subjected to uniaxial compression and
pressed into disc-shaped pellets that were 10 mm in diameter and 2-3
mm thick. Then, the antibacterial activity of these pellets was tested.

2.2. Characterization

The lattice parameters were determined using an X-ray diffractometer
(XRD), (Rigaku, Miniflex Cu K-alpha radiation), with a 20 scanning range
from 10 to 80° and step interval of 0.02°. Absorption spectroscopy was
also done using a UV-Vis Spectrometer (Perkin Elmer, Lamda 950). A
scanning electron microscope (SEM), JSM5800LV, JEOL, Japan with
energy dispersive X-ray spectroscopy (EDX) (Oxford ISIS 300) was used
to measure and confirm the morphologies of all the cement particles and
bacteria, along with the elemental composition of the cement samples.

2.3. First-principles calculations

A first-principles approach was employed with the density of states of
Ca12A114033:202' cement and CajAl;4033:4e™ cement using the Vienna
Ab initio Simulation Package (VASP) [25]. The pseudopotential used in
this work was based on the Projector Augmented Wave (PAW) approach
[26]. The PAW valence states were 3s and 3p, 4s, 3s and 3p, and 2s and
2p for Ca, Al and O, respectively. In this work, the Ceperley-Alder form of
the exchange-correlation functional [27], which is the local density
approximation (LDA), was used to determine the electronic density of
states of both the Ca; 2A114033:202' and Cai,Al;4033:4e™ cements. A 600
eV plane-wave cutoff energy and 5 x 5 x 5 K-point sampling of the
Brillouin zone were used for all calculations. The HSE06 hybrid func-
tional was chosen to determine the density of the Ca;2Al14033:4€e” states.

2.4. Property measurements

The vibration mode of atomic bonding was evaluated using Fourier-
transform infrared spectroscopy (FTIR), (Bruker, Senterra). The optical
properties of the samples were investigated using a diffused reflectance
UV-Visible spectrometer, (DRS) (Perkin Elmer, Lambda 950). Optical
measurements were used to determine the absorption coefficient spectra
of the specimens at room temperature.

2.5. Antibacterial property testing

The antibacterial properties of the CAO@1350C, CAO@1450C and
CAO@1550C samples were tested using an agar disk-diffusion method
against a gram-negative bacterium, Escherichia coli (E. coli) (ATCC
25922) and a gram-positive bacterium, Staphylococcus aureus (S. aureus)
(ATCC 25923). All samples were pellet shaped with diameter of 10 mm.
E. coliand S. aureus were cultivated on Muller Hinton agar at 37 °C for 24.
Then, cells of E. coli and S. aureus were suspended in a 0.85%NacCl so-
lution and the cell suspension was adjusted to 0.5 McFarland (1 x 108
CFU/mL). Subsequently, the E. coli and S. aureus cell suspensions were
swabbed onto Muller Hinton agar. After drying, CAO@1350C,
CAO@1450C and CAO@1550C sample pellets were placed on the agar
surfaces. Then, the agar plates were incubated (Contherm, Scientific Ltd.,
New Zealand) at 37 °C for 24 h in a dark incubation chamber. Finally, the
inhibition zones on the agar plates were photographed and the widths of
inhibition zones reported. Inhibition of E. coli and S. aureus was
confirmed using scanning electron microscopy (SEM), JSM5800LV,
JEOL, Japan.

Heliyon 5 (2019) e01808

3. Results and discussion
3.1. Characterization of Caj2Al;4033 cement as a starting material

The CAO@1200C sample was prepared via a solid-state reaction at
1200 °C for use as a starting material for fabrication of conducting
Caj2Al; 4033 cement. Fig. 2 displays the XRD patterns of the CAO@1200C
sample. These XRD results show a pattern corresponding to the
JCPDS#09-0413 file (a standard Caj3Al; 4033 cement phase). The results
confirmed that the prepared CAO@1200C sample formed a phase of
Caj2Al;14033 cement.

3.2. Characterization of conducting Ca;2Al14033

3.2.1. Sintering process

Fig. 3 (a) presents a schematic of an electromagnetic induction
heating system for synthesizing the samples fabricated in the course of
this work. The starting CAO@1200C powder was loaded into a carbon
crucible. The carbon crucible was wrapped with a Cu induction coil.
Cooling water was circulated in a Cu coiled tube to protect against
overheating on opration of themagnetic induction heating. An IR de-
tector was used to measure the temperature of the carbon crucible and
this information used as feedback to control the power of the induction
heater. The carbon crucible was rapidly heated from room temperature to
1350 °C, 1450 °C and 1550 °C, with a holding time of 40 seconds for
sintering. Then, the samples were rapidly cooled to room temperature.
Fig. 3 (b) shows an electromagnetic induction heating time of approxi-
mately 1 minute for sintering.

3.2.2. XRD characterization

Fig. 4 shows the XRD patterns of the synthesized CAO@1350C,
CAO@1450C and CAO@1550C samples prepared by heating in a carbon
crucible by high frequency electromagnetic induction. The XRD results
showed that the patterns of the sintered CAO@1350C and CAO@1550C
samples matched the JCPDS#09-0413 file as Ca;2Al;4033 cement phase
[28, 29, 30, 31, 32]. These results confirmed the synthesis of a
CajpAl14033 cement phase in the CAO@1350C and CAO@1550C sam-
ples. In contrast, the XRD patterns of the synthesized CAO@1450C
sample exhibited a different XRD pattern pattern that matched the
JCPDS#09-0413 file. This result was due to formation of a glass
CajAl14033 cement phase as corresponding to that observed in a pre-
viously published XRD pattern [33]. This implied that the preparation
process produced a glass phase of Ca;2Al;4033 cement at a temperature
of 1350 °C. Thus, this confirmed that all samples formed phases of
Caj2Al;14033 cement during high frequency induction heating. However,
the CAO@1350C, CAO@1450C and CAO@1550C samples did not
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Fig. 2. XRD patterns of the CAO@1200C cement sample referencing the
JCPDS#09-0413 file of the standard Ca;5Al;4033 cement phase.
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Fig. 4. XRD patterns of the synthesized CAO@1350C, CAO@1450C and
CAO@1550C samples referencing the JCPDS#09-0413 file.

exhibit 20 XRD peaks at 26.5°, 10.8° and 25.2°. These reference graphite,
graphene oxide, and reduced graphene oxide, respectively. These results
confirmed that graphite from the crucible did not dissolve into the
samples [34].

3.2.3. Photographic and electric resistance measurements

Fig. 5(a-k) presents images CAO@1350C, CAO@1450C and
CAO@1550C samples fabricated at 1350 °C, 1450 °C and 1550 °C,
respectively, and measurement of their electric resistances using a multi-
meter. Fig. 5 (a) shows a white colored powder sample. This result re-
veals that the sample did not form a single crystal phase at this temper-
ature. The resistance of the sample was very high as shown in Fig. 5 (b)
and (c). Fig. 5 (d) presents a yellow colored sample that formed from a
single crystal in the crushed powder sample (Fig. 5 (e)). A single crystal
phase was produced that had a very high resistance as shown in Figs. 5 (f)
and (g). Fig. 5 (h) shows a greenish-black colored sample with a cement
from a single crystal type forming a green colored crushed powder (Fig. 5
(i)). This sample, sintered at 1550 °C, was electrically conductive as
shown in Figs. 5 (j) and (k), leading to the observation that sintering at
temperatures higher than 1450 °C produced a single crystal form of
Caj2Al14033 cement. Only the CAO@1550C sample displayed electrical
conductivity after its formation at 1550 °C. The green color of this sample
was not the same as the CAO@1350C and CAO@1450C samples
implying a different mechanism for fabrication of the CAO@1550C
sample than the CAO@1350C and CAO@1450C samples.

3.2.4. Absorption coefficients

The differences between the CAO@1550C, CAO@1350C and
CAO@1450C cement phases were investigated from their optical ab-
sorption coefficients measured using UV Visible Spectrometry. Fig. 6
shows absorption coefficients in the UV spectrum of the prepared
CAO@1200C starting powder, and the synthesized CAO@1350C,
CAO@1450C and CAO@1550C samples at room temperature over the
range of 1.6 eV-6 eV. The absorption spectra of the prepared
CAO@1200C sample had the highest absorption peak at 4.1 eV. This was
characteristic of the electrically insulating Ca;»Al14033 cement phase
with an extra-framework 0% (superoxide radical) and o* (oxygen anion
radical). They were inside the cavity-cages of the structure, denoted as
Caj2Al14033:0 cement. The absorption spectra of the CAO@1350C and
CAO@1450C samples showed their two highest absorption peak posi-
tions at 3.2 eV and 4.7 eV for the CAO@1350C sample, and 3.2 eV and
4.7eV for the CAO@1450C sample. The absorption edge value of 3.2 eV
for the CAO@1450C sample was attributed to the excitation between the
energy level of encaged free oxygen O% ions and the cage conduction
band (CCB) as previously reported [19]. These implied the presence of
extra-framework O ions in a nano-cavity cage within the structure of the
insulating Caj»Al14033:0 cement, similar to the CAO@1200C sample.
Additionally, the absorption spectra of the CAO@1550C sample dis-
played its two highest absorption peak positions at 2.8 eV and 1.5 eV. The
first peak at 2.8 eV presented electrons transitioning from the occupied
cage level (an F'-like center level due to a relaxation time) to the
framework conduction band (FCB), as previously reported [28,29]. The
energy at 2.8 eV was due to the inter-cage transition energy for the free
electrons in cavity-cage structure. The second peak at 1.5 eV displayed an
energy level from the F'-like center level to the cage-conduction band
(CCB). A second peak energy level was reported in range of 0.4-1.5 eV
[28, 29, 30, 31]. This energy level was too large for the empty cage and
an electron with less energy to occupy the cage. The two peak positions at
2.8 and 1.5 eV were characteristic of conducting Caj;3Al;4033:e™ cement.
These results confirmed that the conducting Ca;2Al;4033:e” cement was
completely converted from insulating CajpAl;4033:0 cement when
heated inside the carbon crucible to a temperature of 1550 °C. Obviously,
this method can replace free oxygen in the cavity-cage with a free elec-
tron to form conducting Ca;5Al;4033:e” cement. The absorption peaks at
1.5-2.8 eV of the CAO@1550C sample were correlated to the
greenish-black color of the sample shown Fig. 5. The powder color
changed from white to green comparing the CAO@1200C to
CAO@1550C samples. The sample color was caused by the free electron
concentration in the structure. The white and green color samples pre-
sented free electron concentrations of 0 cm > and around 1x10%° cm’3,
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Fig. 5. Images of synthesized CAO@1350C, CAO@1450C and CAO@1550C samples fabricated at 1350 °C, 1450 °C and 1550 °C, respectively, (a) white colored of
CAO@1350C powder, (b) and (c) measurement of the electric resistances of CAO@1350C sample as presenting electric insulator using a multi-meter, (d) yellow
colored of CAO@1450C sample that formed a single crystal, (e) yellow colored crushed powder of CAO@1450C sample, (f) and (g) measurement of the electric
resistances of CAO@1450C sample as presenting electric insulator, (h) greenish-black colored of CAO@1550C sample with a cement from a single crystal, (i) green
colored crushed of CAO@1550C powder, and (j) and (k) measurement of the electric resistances of CAO@1550C sample as presenting electric conductor.
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CAO@1350C
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Fig. 6. Absorption coefficient as function of photon energy of CAO@1200C,
CAO@1350C CAO@1450C and CAO@1550C samples.

respectively, which is good agreement with earlier reports [32]. The
CAO@1200C sample, i.e., starting powder, as well as the CAO@1350C
and CAO@1450C samples, displayed a light color without free electrons
in the structure. The CAO@1550C powder had a green color, with
approximately 2x10%° c¢m™3 of free electrons. Additionally, the
CAO@1200C, CAO@1350C and CAO@1450C samples were electric

insulators while the CAO@1550C sample was electrically conductive.

The CAO@1200C starting powder, as well as the CAO@1350C and
CAO@1450C samples, were white colored, indicating that they were
transparent in the visible light region (1.6-3.2 eV), as well as acting as
electrical insulators. These results illustrated that the CAO@1200C,
CAO@1350C and CAO@1450C samples were electric insulators as was
the insulating Ca;2Al;4033:0 cement owing to free oxygen radicals in
their cavity-cages. The greenish-black color of the CAO@1550C sample
indicated light absorption in the region of 1.5-2.8 eV. This confirmed
that sintering at 1550 °C by rapid induction heating could convert
electrically  insulating  CajsAl;4033:0 cement to conducting
CajpAli4033:e” cement. This process can replace free oxygen radicals
with free electrons in an electron-doped process inside a nano-cage
Caj2Aly14033 cement structure.

3.2.5. SEM and EDS analysis

The imagery in Fig. 7 (a), (c), (e) and (g) show SEM analysis and
Figs. 7 (b), (d), (f) and (h) show EDS mapping of the synthesized
CAO@1200C, CAO@1350C, CAO@1450C and CAO@1550C samples,
respectively. All of the samples presented micrometer grain sizes. The
EDS results show the presence of Ca, Al, O and C atoms, indicating that
the samples formed a CAO phase structure. There was a homogeneous
distribution of carbon atoms on the powder surfaces. Additionally, the
percentage of C atoms was similar in all samples.

Thus, the results imply that the carbon remaining component of the
synthesized process did not alter the percentage of carbon in the obtained
CAO@1200C, CAO@1350C, CAO@1450C and CAO@1550C samples.
EDS mapping of the CAO@1200C, CAO@1350C, CAO@1450C and
CAO@1550C samples showed a homogeneous distribution of the Ca, Al,
O and C atoms on the powder surfaces in Fig. 8 (a), (b), (c) and (d),
respectively.
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Fig. 7. SEM (a), (c), (e) and (g), and EDX (b), (d), (f) and (h) of the synthesized CAO@1200C, CAO@1350C, CAO@1450C and CAO@1550C samples, respectively.

3.3. Properties of conducting Ca;2Al14033

3.3.1. Raman spectroscopy analysis

Raman spectroscopy [34, 35, 36, 37] was used to characterize the
molecular structure and bonding of the fabricated materials. Fig. 9 shows
Raman spectra of the prepared CAO@1200C sample as well as the syn-
thesized CAO@1350C, CAO@1450C and CAO@1550C samples. The
absorption bands for the CajsAl;4033 cement structure have normal
lattice properties due to vibrations of AI**, Ca>" and oxygen ions in the
region from 50 to 3000 cm ! [37]. In previous work [37], Raman peaks
between 200 and 1000 cm ™' were ascribed to the lattice framework of

the Caj2Al;4033 cement structure resulting from AL%" ions in a tetrahe-
dral structure. The Raman spectra peaks at 330, 510, and 773 cm ™ of the
CAO@1350C, CAO@1450C and CAO@1550C samples corresponded to
peaks of the CAO@1200C sample. The Raman peak at 330 em ! was
caused by the oxygen (02') framework due to vibrations of Ca[AlO4] and
Ca-O bonding. The two bands at 510 ecm™! and 773 ecm™! indicated
bending vibrations the Al-O-Al linkages and Al-O stretching vibrations,
respectively, for a lattice structure with the oxygen and aluminum atoms
in a symmetric framework with an Al-O [AlO4] 5 sub-structure [38]. The
band at 178 cm™! appeared on the CAO@1200C and CAO@1350C
sample and was identified as characteristic of the lattice framework
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Fig. 8. Elemental distribution (SEM-EDS) of the synthesized (a) CAO@1200C, (b) CAO@1350C, (c) CAO@1450C and (d) CAO@1550C samples with a homogeneous

distribution of the Ca, Al, O and C atoms on the powder surfaces.

caused by AI*" ion coordination. This peak may be characteristic of

insulating Caj2Al;4033 cement prepared at temperatures lower than
1350 °C. The band at 885 cm™! appeared only in the CAO@1200C
sample resulting from bending and stretching vibrations of the Al and O
framework. This peak was characteristic of insulating Caj;sAl;4033
cement prepared at 1200 °C. The CAO@1200C sample exhibited two
band peaks at around 1338 cm ™' and 1586 cm ™! that appeared only in
the CAO@1500C sample resulting from a small amount of graphite from
the carbon crucible that was not observed in the XRD results of Fig. 4.

Additionally, a peak at 727 cm ™! was observed in the CAO@1200C
and CAO@1350C samples. In previous work [37], a band located at 727
cm ™! indicated O%’stretching of the extra-framework O3 ion in electri-
cally insulating CajAl;4033 cement. The peak at 1067 em! represents
the stretching mode of the extra-framework O3 ions of the CAO structure
[37]. A peak at 1067 cm™' was presented by the CAO@1200C,
CAO@1350C and CAO@1450C samples, indicating the presence of
extra-framework O3 ions. The formation process of the O3~ ions can be
described by Egs. (1) and (2) [39]:

O, (atmospheric) — O, (cage) (€8]

20%" (cage) + O, (cage) — 20%’ (cage) (@3]

Additionally, the formation of superoxide (O3) ions occurred via the
following chemical reaction in Eq. (3) [33]:

Ozf(cage) + O3 (cage) — O (cage) + O, (cage) 3)
Formation of O3 ions can be described by Eq. (4) [39]:
207 (cage) — O%’ (cage) (€))

These reactions indicated that the extra-framework O3~ ions in the
nano-cage cavity of the structure were present in the Ca;Al; 4033 cement
prepared in the temperature range of 1200-1350 °C. Extra-framework
O3 and O~ ions were present in the samples prepared at temperatures
of 1200-1450 °C. Oxygen radical Ozand O ions were successfully
replaced by extra-framework O3 ions in a caged structure at 1350 °C.

Moreover, the Raman spectra bands at 725 and 1065 cm ™ were not
observed in the CAO@1550C sample, indicating a reduction of insulating
Caj2Al14033 cement into a conductive form. Extra-framework O%’, (02}
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Fig. 9. Raman spectra of the CAO@1200C sample and synthesized
CAO@1350C, CAO@1450C and CAO@1550C samples.

and O ions were not observed in the nano-cage cavity of the
CAO@1550C sample. This implied that the CAO@1550C sample was
completely converted from insulating CajsAl;4033 cement to its con-
ducting form. This mechanism successfully replaced free oxygen ions in a
cavity-cage with free electrons via the reaction in Eq. (5):

C%’ (gas) + Oy (cage) — e (cage) + CO (gas)+ CO; (gas) 5)

This mechanism required free radical carbon ions (C%_) at a reaction
temperature of 1550 °C. In this process, the C3~ ions were generated from
the carbon crucible that reacted with O3 ions when it was heated to 1550
°C. Then, the reaction removed free oxygen Oz ions and injected free
electrons (e 1) into the nano-cage structure. No peaks at 1870 cm™! were
observed for the CAO@1550C sample. Kim et al. [33] reported Raman
band spectra at 1870 em ™!, ascribing them to C%~ ions. C3 ions were
dissolved into the CAO@1550C sample from the c3 atmosphere of the
carbon crucible and were released out of the nano-cages during cooling.
In summary, the extra-framework 03 and O3 ions present in the
CAO@1200C, CAO@1350C and CAO@1450C samples were responsible
for producing an insulating CajAl;4033 cement. The CAO@1550C
sample, i.e., CajpAl14033:e” cement, had free electrons in a nano-cage
structure that allowed for electrical conduction.

3.3.2. Optical properties

The absorption coefficients shown in Fig. 6 present the optical
properties of the CAO@1200C, CAO@1350C, CAO@1450C and
CAO@1550C samples. They were used to calculate to optical energy gap
(Eg) following the relationship in Eq. (6) [20]:
(ho — E,) ”

h
a(hv)e e

(6)
where hv denotes the photon energy, Eg represents the direct optical gap,
and 1/2 is a value for the allowed direct transition type. Thus, the
allowed direct optical gap can be calculated from Eq. (7):

(ahv)’ = A(hv — E,) )

where A is a constant. The optical energy gap (E,) was fitted to a straight
line to intercept the photon energy (hv) axis. Fig. 10 shows the optical
gap of the prepared CAO@1200C sample, as well as the sintered
CAO@1350C, CAO@1450C and CAO@1550C samples at room temper-
ature. Their energy gap values were 3.9 eV, 4.1 eV, 4.0 eV and 3.5 eV,
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Fig. 10. Absorption coefficient of the CAO@1200C sample, and sintered
CAO@1350C, CAO@1450C and CAO@1550C samples at room temperature in
range of 1.6 eV-6 eV measured by UV-Vis spectroscopy.

respectively. The results showed that the CAO@1200C, CAO@1350C,
and CAO@1450C energy gap values were close to 4.0 eV, indicating the
insulating nature of this Ca;2Al;4033 cement. This value (4.0 eV) repre-
sents the energy gap for the allowed direct optical gap of the electronic
transition from an occupied electronic state of the upper part of the
framework conduction band (FCB) to the cage conduction band (CCB).
Moreover, the energy gap of the CAO@1550C sample was 3.5eV as
indicating a conductive Caj3Al;4033 cement phase structure. This value
(3.5 eV) represents the energy of the electronic transition from the
occupied framework valence band (FCB) to the cage conduction band
(CCB).

3.3.3. First-principles calculations

First-principles calculations for evaluating the optical properties of
Caj2Al14033 were performed as previously outlined [40,41]. The elec-
tronic properties of insulating Ca;2Al;4033:202% cement and conducting
Caj0Al14033:4e” cement structures were determined in this manner. In
the present study, the unit cell of the Ca12A114033:202’ structure con-
tained 12 lattice framework cages [Ca24A123064]4+ and two O% anions
(extra-framework) trapped at the center of a cage. The determination of
the unit cell of Ca;pAli4033:e” used Ca12A114033:202' as an initial
configuration and two 0% anions were removed followed by the addition
of four extra electrons inside the unit cell. The results showed that the
lattice constants of the optimized structures were 11.8576 and 12.0256 A
for insulating Cay2Al;4033:20% cement and conducting CAO: e” cement,
respectively.

For Caj»Al;4035:202, Fig. 11 (a) clearly shows a peak located at 0.3
eV below the Fermi level corresponding to the 2p states of extra-
framework 20% ions. Additionally, the energy gap in this case is the
difference between the energies of the highest states of the framework
valence band (FVB) and the lowest states of the CCB. In this case, we
found that the energy gap is approximately 4.1 eV. This result was close
to the energy gap of the experimental results for CAO@1200C (3.9 eV),
CAO@1350C (4.1 eV) and CAO@1450C (4.0 eV) as shown Fig. 10. The
implication of this is that the CAO@1200C, CAO@1350C and
CAO@1450C samples have a Ca12A114033:202' structure. The 4.1 eV
energy gap for the CajpAli4033:20% represents the minimum energy
required for the transition from the FVB to CCB. It was found that at least
2.3 eV is required for the electronic transition from the extra-framework
0% ions to the CCB. The above results confirm that the CAO@1200C,
CAO@1350C and CAO@1450C samples are electrically insulating
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Fig. 11. The electronic density of states of (a) Cay0Al;4033:20%, (b) CajpAly40335:4e calculated using the LDA functional and (c) the electronic density of states of
Ca;,Al14033:e” computed using the HSEO6 functional for the framework valence band (FVB), framework conduction band (FCB) and cage conduction band (CCB),
respectively, (d) energy diagram of insulating Ca;,Al;4033:20% mayenite and conducting Ca;,Al;40s3:4e electride, respectively.

cement materials.

The electronic density of states of Ca;pAl14033:e” was determined
using the local density approximation (LDA) scheme shown in Fig. 11 (b).
It is well established that electrical conductivity is directly related to the
electron states at the Fermi level. A large number of electron states at the
Fermi level energy, Er (the highest occupied state), which is at 0 eV,
results in high electrical conductivity.

According to the density of states of CajAl14033:e”, it can easily be
seen that there are CCB states at the Fermi level. This result implies that
electron conduction comes from the CCB, in this case. Hence,
Caj2Al14033:e™ can be electrically conductive. However, the energy gap
obtained from LDA functional analysis was always smaller than the
experimentally derived energy gap. To improve the accuracy of our
calculations, a hybrid functional was used. For CajzAl14033:4e™, we
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determined the electronic density of states using the Heyd-Scuseria-
Ernzerh of 06 (HSE06) hybrid functional shown in Fig. 11 (c). The
electronic density of states calculated from the HSE06 hybrid functional
looks similar to that determined from the LDA functional. Moreover, we
found that the FVB states shifted to slightly lower energy levels relative to
the FVB of LDA. Hence, the energy gap increased in this case. The energy
difference between the highest FVB state and the lowest CCB state was
approximately 4.7 eV. Additionally, the energy required for the elec-
tronic transition from FVB to FCB was rather high, 7.4 eV. Thus, it is
impossible for electrons to be excited from the FVB to the FCB.

The energy difference between the highest FVB state and the lowest
CCB state was approximately 3.7 eV-4.7 eV. This result was close to the
experimentally derived energy gap for CAO@1550C (3.5 eV). The energy
gap between FCB and CCB was about 0.42 eV, representing the metallic
bands of Ca;2Al14033:e” that are characteristic of the cage-like structures
with no extra-framework oxygen species.. According to Fig. 11 (b) and
(c), only electron states of the CCB exist at the Fermi level. Consequently,
electronic conduction was observed in this material because of the free
electrons in the cage. The above results are consistent with previous work
[42,43]. From Figs. 6, 10, and 11, the energy diagram for insulating
Ca12A114O33:202' and conducting Ca;2Al14033:e~ cements obtained from
both experiments and calculations [28,30,43] is summarized in
Fig. 11(d).

Moreover, the experimental and calculation results showed that the
insulating Caj2Al14033:20% cement had a direct optical gap of approxi-
mately 4.0 eV for the electronic transition from the FVB to the CCB. For
conducting Caj2Al;14033:e”, the experimental and calculational results
showed the direct transition gap from FVB to CCB was around 3.5-3.7 eV.
This information indicated that it is impossible for electron excitations to
occur between the FVB to FCB due to a rather large energy gap (3.5 eV).
The conducting CajsAl;4033:e cement displayed metallic behavior
when it absorbs external energy at around 2.8 eV, corresponding to the
energy level from CCB to FCB for free electron movement between cages.
This energy (2.8 eV) corresponds to the absorption peak position at 2.8
eV that results in the greenish-black color of the sintered CAO@1550C
sample shown in Fig. 5. Additionally, electrons become free electrons
when their energy becomes greater than the work function energy (Eyac),
which is 2.4 eV [31,44]. The broad absorption band at 2.8 eV for the
CAO@1550C sample is attributed to the transition to intra-cage s-to-p
forms of electrons trapped in the cages. The absorption band at 1.5 eV
was due to the transition of inter-cage s-to-s charge transfer from an
electron trapped in a cage to a vacant neighboring cage [38]. The tran-
sition of free electron movement of the CAO@1550C sample
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(CajpAl;14033:e” cement) was supported by oxygen gas adsorbed at the
surfaces of the materials to produce free radicals [45] according to the
reaction Eq. (8):

Ox(gas) + ¢ (cage) — 03 ®)

3.4. Schematic diagram for fabrication of conducting Ca;2Al;4033

A conducting Caj2Al;14033:e” cement was successfully fabricated via a
sintering process starting with insulating Ca12A114033:02' cement inside
a carbon crucible using high frequency induction heating to 1550 °C. A
schematic presenting the mechanism for converting insulating Caj2A-
114033:02' cement to conducting Ca;2Al14033:e” cement via this process
is shown in Fig. 12. Fig. 12(a) shows the starting Ca;Al;4033:0% cement
powder loaded inside a carbon crucible. The Ca; 2A114033:02' structure is
a linkage of calcium, aluminum and oxygen atoms consisting of empty
nano-sized cages containing of free oxygen ions (0~2), loosely bound to a
lattice framework, inside cages as an extra-framework. Fig. 12(b) pre-
sents the process for producing conducting Caj2Al14033:e” cement by
rapid heating carbon via electromagnetic induction heating to 1550 °C in
a carbon crucible. The thermal energy (Q) in the carbon crucible was
obtained from eddy currents and induced electromagnetic power [46]
via the relationship Eq. (9):

0 = o(T)[(-1)oB] 9)

where o(T) is electrical conductivity as a function of temperature(S/m),
w is angular frequency (rad/sec), and B is the magnetic vector potential.
At 1550 °C, an active carbon radical (C%f) species was generated from
the heated carbon for producing a C3~ atmosphere inside the crucible
[31,33,34]. Then, the C3 ions reacted with free oxygen ions in the
cavity-cages of the Cay2Al14035:0% cement powder to produce CO or CO,
gas, leaving an electron in the cavity-cage [34].

This process replaced free oxygen ions with free electrons by reacting
active carbon C3 ions with free oxygen ions. First, carbon C% ions were
produced inside the crucible. Then, the C3~ gas reacted with free oxygen
species (0?) in cavity-cage at the surface layer of the insulating Caj,A-
114033:02' cement powder to produce CO or CO, gas and ejected free

electrons into the cavity-cages via the reaction in Eq. (10),
3~ + 0% - 2¢” + CO/CO, 10)

This resulted in formation of two free electrons in the cage obtained
from O2ions. Finally, the reaction ran to completion when the insulting
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Fig. 12. Schematic diagram of the synthesized conducting Ca;,Al;4033:¢~ cement fabricated from insulating Ca;»Al; 40335:0% cement using a carbon crucible heated
by a Cu induction coil via high frequency electromagnetic induction heating, (a) CayoAl;4053:0% (CAO@1200C) cement powder in a carbon crucible, (b) the process
of replacing of free oxygen ions by free electrons at powder surfaces via a reaction of active carbon (C3") with free oxygen ions in a cavity-cage to produce CO/CO,, gas

at 1550 °C and (c) the formation of conducting Ca;,Al;4033:e” cement.
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CajpAl14033:0%  cement was entirely converted to conducting
CajpAl14033:e”. Fig. 12 (c) illustrates the formation of conducting
CajoAl14033:e” cement. A key to the production of the CajzAl;4033:e™
cement at 1550 °C was the active carbon (C%’) atmosphere inside the
carbon crucible at high temperature [34].

3.5. Anti-bacterial activities of Ca;2Al14033 cements

Anti-bacterial activities of the as-fabricated CAO@1350C,
CAO@1450C and CAO@1550C samples were investigated using two
different bacterial species: (1) gram-negative E. coli and (2) gram-positive
S. Aureus as shown in Figs. 13 and 14, respectively. The antibacterial
properties of the samples were tested using an agar disk-diffusion
method. Agar plates were first seeded with the test bacteria, followed
by placed on the agar surfaces in a dark incubation chamber at 37 °C for
24 h. Both the insulating CajoAli4033:0 (CAO@1350C and
CAO@1450C) and the conducting CajpAl14033:e” (CAO@1550C)
cement group materials were tested for antibacterial activity. Inhibition
of bacterial growth was indicated by zones of clearing around the sam-
ples after they were placed on agar plates seeded with E. coli and S. aureus
cells. SEM was used to show E. coli and S. aureus grown near the
CAO@1350C, CAO@1450C and CAO@1550C samples in Figs. 13 (a) and
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(b), and Figs. 14 (a) and (b), respectively. The results of these tests are
shown in Figs. 13 (c), (d) and (e), and Figs. 14 (c), (d) and (e), for the
CAO@1350C, CAO@1450C and CAO@1550C samples, respectively.
SEM images of transition regions between areas with bacterial growth
and inhibition of E. coli and S. aureus cells near the CAO@1350C, and
CAO@1550C samples are shown Figs. 13 (f), (g) and (h), and Figs. 14 (f),
() and (h), respectively.

The results from Figs. 13 and 14 demonstrate zones of inhibitions in
the red-circled regions around the cement pellets. The inhibition zone
widths are an index of E. coli inhibition. These zone widths were 12.8
mm, 11.1 mm and 15.5 mm for CAO@1350C, CAO@1450C and
CAO@1550C samples, respectively. For S. aureus, the zones of inhibition
were 22.7 mm, 13.9 mm and 36.2 mm wide for CAO@1350C,
CAO@1450C and CAO@1550C samples, respectively. The histogram in
Fig. 15 presents this data graphically. The results show that conducting
Caj2Al14033:e” (CAO@1550C) exhibited much greater inhibition against
both E. coli and S. aureus than the insulating CajAl14033:0%
(CAO@1350C, CAO@1450C) cement samples. The CAO@1450C cement
displayed the smallest zone of inhibition resulting from its glass crystal
phase (as shown in XRD resultscausing low antibacterial activity and few
active sites on the sample surfaces. Moreover, it can be observed that the
inhibition zones of S. aureus were larger than for E. coli due to the
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Fig. 13. Anti-bacterial activity testing of E. coli (ATCC 25922) using an agar disk-diffusion method producing zones of inhibition and SEM images showing zones of
growth and inhibition of E. Coli. (a) and (b) SEM of E. coli cell grown near the CAO@1350C, CAO@1450C and CAO@1550C samples, (c), (d) and (e) inhibition of
bacterial growth zones of clearing around the samples after placed on agar plates seeded with E. coli cells of the CAO@1350C, CAO@1450C and CAO@1550C,
respectively, and (f), (g) and (h) SEM images of transition regions between areas with bacterial growth and inhibition of E. coli cell near the CAO@1350C, and

CAO@1550C samples, respectively.
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Fig. 14. Anti-bacterial activity testing of S. aureus (ATCC 25923) using an agar disk-diffusion method producing zones of inhibition and SEM images showing zones
of growth and inhibition of S. Aureus, (a) and (b) SEM of S. aureus cell grown near the CAO@1350C, CAO@1450C and CAO@1550C samples, (c), (d) and (e) inhibition
of bacterial growth zones of clearing around the samples after placed on agar plates seeded with S. aureus cell of the CAO@1350C, CAO@1450C and CAO@1550C,
respectively, and (f), (g) and (h), SEM images of transition regions between areas with bacterial growth and inhibition of S. aureus cells near the CAO@1350C, and

CAO@1550C samples, respectively.

structural differences in the bacterial cell walls. E. coli and other gram-
negative bacteria have an outer cell membrane [47,48]. This provides
E. coli with more resistance to reactive oxygen species (ROS). The SEM
results show rod and spherical-shaped cells in the growth zones of E. coli
and S. aureus in Figs. 13 (a) and (b), and Figs. 14 (a) and (b), respectively.
Neither E. coli nor S. aureus grew in the inhibition zones shown in the
SEM images (Figs. 13 (), (g), (h), and Figs. 14 (f), (g) and (h), respec-
tively). These results confirm that both bacterial species were inhibited to
varying degrees by the CAO@1350C, CAO@1450C and CAO@1550C
cements.

The mechanism to inactivate these bacteria was likely due to the ef-
fect of reactive oxygen species (ROS) such as super oxides (O3), super-
oxide radicals (0%), hydroxyl radicals (OH®) and hydrogen peroxide
(H205). Several studies reported that reactive ROS interacting with
bacterial cell components (proteins, lipids and DNA) cause cell death [4,
7-11]. The experimental results indicate that insulating Ca; 5Al14033:0%
cement material contained oxygen radicals (Ozand O™ ions), while the
conducting CajAl14033:e” cement material had a high concentration of
the free electrons in its structure. It follows that these two material
groups had different mechanisms for bacterial inactivation.

In case of the insulating Ca12A114033:02' material, the Raman spec-
troscopy in Fig. 9 for the insulating Ca12A114033:02' samples
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Fig. 15. Histogram depicting inhibition zone width for insulating CajoA-
114035:0% cements (CAO@1350C and CAO@1450C), and CajpAl;4033te”
cement (CAO@1550C) against E. coli and S. aureus.
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Fig. 16. Schematic diagram of the mechanism of anti-bacterial activity of the conducting Ca;2Al;4033:e” cement.

(CAO@1350C and CA01450C) displayed a band of the ROS O species at
727 cm?, indicating an extra-framework for oxygen radicals (Ozand
O~ ions) with concentrations up to 2 x 102 em™! [24]. Clearly, the
presence O3 species at the surface of the samples can cause inactivation
of E. coli and S. aureus cells, as reported earlier [24], and this mechanism
requires no photocatalytic effect.

In the case of conducting CajpAl;14033:e, as shown in Fig. 9, the
CAO@1550C sample did not exhibit Raman bands of the ROS, O3 and
O~ ions, species. The experimental results revealed that the CAO@1550C
samples presented conducting materials with free electrons in its struc-
ture. This implies that the mechanism of bacterial inhibition of the
conducting CajpAl;4033:e” cement was different than that of insulating
Ca12A114O33:02' cement. Additionally, due to the high free electron
concentration (1 x 10%° cm ™) in the conducting CajpAl;4033:e” struc-
ture with no photocatalytic effect, free electrons at surface of the material
actively reacted with atmospheric oxygen, forming superoxide anions
(02). Then, the O, anions generated ROS species, i.e., HyOg Oz, 05~ and
OH* as depicted in Fig. 16. These active oxygen species are extremely
reactive, oxidizing and decomposing the organic substances of the bac-
teria. This implied that the conducting Caj>Al;4033:e” cement displayed
antibacterial activity with no photocatalytic effect. The reaction gener-
ating the ROS species occurred via redox reactions [8] as follows Egs.
(11), (12), (13), (14) and (15):

CAO(e™) + On(eas) — 02 an
2H,0 + 203 — 2H,0; + O (gas) 12)
CAO(e”) + H,0; — OH® + OH™ 13)
H,0; + O3 —» OH® + 05~ + OH~ (14)
H,0; + 05— OH® + O, + OH™ @15)

Superoxide anions (Oz) were first generated from O, gas in the at-
mosphere reacting with caged free electrons (Ca;2Al;4033:e” (cage)) at
the surface of conducting CajsAl14033:e” cement following Eq. (11).
Then, H,O5 was generated as depicted in Eq. (12). HoO5 reacted with
caged free electrons in conducting CajpAl14033:e” cement, along with
03, and O3 to generate OH® radicals according to the reactions in Egs.
(13), (14), and (15). In this manner, conducting Caj2Al;14033:e” cement
inhibited both E. coli and S. aureus through the action of nano-caged free
electrons in (Caj2Al;4033:e” (cage). Fig. 16 schematically shows a pro-
posed mechanism for the conducting Ca;2Al;4033:¢” cement's antibac-
terial activity. In summary, in the first mechanism of antibacterial
activity, bacteria near the surface of this material were inactivated by

13

ROS adsorbed on the surface of the CajpAl;4033 cement. The second
mechanism of antibacterial activity involved bacterial inactivation by
ROS species that diffused from the CajpAl;4033 cement surfaces into the
agar. In this way, bacteria not in contact with Ca;2Al;4033 cement sur-
faces were inactivated.

Bacterial inhibition consisted of two modes, 1) the effects of ROS in
the insulating cement samples, and 2) the effect of caged free electrons in
the conduction cement sample. Ca12A114033:02' material displayed O3
species at the surface of the samples causing inactivation of E. coli and S.
aureus cells. CajsAl14033:e” cement displayed free electrons in cavity-
cages with easily movement to the surface of the material. Thus, the
free electrons at surface produced ROS species, i.e., HoO2 O3, O3 and
OH® at the surfaces of cement materials. Testing confirmed that the
CajAl14033:e” cement displayed antibacterial action against E. coli and
S. aureus. Neither effect involved photocatalytic activity. These cement
materials can be used in smart antibacterial walls for operation rooms
and hospital wards, restaurants, nurseries, and in homes. There are also
applications in HVAC and food processing.

4. Conclusions

Antibacterial CajsAl;4033 material was successfully prepared by a
rapid heating of insulating Caj>Al; 4033 powder in a carbon crucible to a
high temperature by high frequency electromagnetic induction heating.
The CAO@1550C (Caj2Al14033:e ) cement sample formed a conducting
phase in the Caj2Al14033 material that was confirmed by XRD results.
EDX results presented the chemical composition of the CajsAl;403
cement and the UV-Vis spectroscopy showed an absorption energy at 2.8
eV, characteristic of conducting Caj;>Al;4033:e” cement. Raman spec-
troscopy revealed that ROS of O species did not appear in the
CAO@1550C sample, but was present in the CAO@1200C, CAO@1350C
and the CAO@1450C samples. First principles calculations confirmed
experimental results for the CAO@1550C sample. It formed a phase of
conducting CajpAl;4033:e” cement with free electrons in a nano-cage
structure of the conducting CajzAl;4033 cement. The conducting
CajoAl14033:e” cement displayed the highest antibacterial activity
against both E. coli and S. aureus with no photocatalytic activity. The
antibacterial mechanism of conducting Ca;2Al;4033 (from free electrons
in a nano-caged structure) was higher for both E. coli and S. aureus than
that of the insulating Caj;2Al; 4033 cement (from presence of ROS species
in the structure). The inhibition of E. coli and S. aureus was due to the
presence free electrons reacting with O, at the surface of the materials to
produce to produce ROS such as HyOp O3, O3~ and OH® with no nano-
sized particle interaction or photocatalytic effects. This investigation
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revealed that Ca;»Al 4033 cement has antibacterial properties that can
inactivate E. coli and S. aureus.
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HIGHLIGHTS GRAPHICAL ABSTRACT

e The ultrasonic mixingof rGO nanosheets
/BiyTes composites forming grain
boundary interfaces.

e The conversion of p-type Bi,Tes to n-
type from rGO composites to supply
electric charge carriers.

e Bio,Te; + rGO composites increase
strorage charges with rGO contents.

e The highest ZT value at the bulk 1%
BiyTes + rGO composites.

e Improving of electrochemical and ther-
moelectric properties resulting from
band alignment between Bi,Tez and
rGO nanosheets.

ARTICLE INFO ABSTRACT

Keywords: The electrochemical and enhanced thermoelectric properties of pristine BisTes and BizTes/reduced graphene

Thermoelect.ric ) oxide (BisTes + rGO) composites at 1%, 3% and 5% levels of rGO were synthesized via a simple ultrasonic

ge;tmc}‘emlcal properties method. The X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), UV-vis spec-
i, Tes

trometry (UV-vis) and their electrochemical and thermoelectric properties were measured. The ultrasonic
method succeeded in producing rGO nanosheets composited with Bi;Tes forming grain boundary interfaces of
rGO with BiyTes. The resulting samples displayed a continuous network structure of rGO nanosheets in BipTes +
rGO composites for electrons in the conduction band of the BisTes structure. Electrons were transferred to rGO
nanosheets at the interface, contributing electron charge carriers in BisTez + rGO composites. This indicates
band alignment between BizTes and rGO nanosheets. The BiyTes + rGO composites exhibited an increasing
storage charge mechanism of electrical double layer capacitors with greater rGO contents. The BizTes + rGO
composites displayed negative a Seebeck coefficient for thermoelectric materials. The highest ZT value was 0.17
in the bulk 1% BisTe3 4+ rGO composite. Improved electrochemical and thermoelectric properties of the BiyTes +

Reduced graphene oxide
Composite material
Grain boundary interface
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rGO 1% composite resulted from the interaction of the grain boundary interfaces of rGO nanosheets with pristine
BiyTes following the model of band alignment between BiyTes and rGO nanosheets.

1. Introduction

Alternative energy technologies are emerging with many challenges.
Numerous researchers seek green solutions to meet sustainable energy
challenges while recovering waste heat from the environment as well as
various other sources, such as sun light and a multitude of industrial
processes, to produce electricity [1,2]. Thermoelectric (TE) materials
are solid-state materials that can generate electricity from temperature
gradients to produce electricity [1-3]. Efficient conversion is related to
an energy balance of the system as a function of ZT, where T is absolute
temperature in Kelvin and the Z value is expressed as the following:

s

z ’
K

(€8]
where S is the Seebeck coefficient, ¢ is electrical conductivity, and « is
thermal conductivity. BioTeg [4] and BiySes [5] based TE materials with
large ZT values have successfully been used for TE devices. Particularly,
BiyTes is a high performance and low-temperature stable TE material
[3]. Thus, there many methods to synthesize and enhance the properties
of BioTes materials. These include doping and band engineering via Cu-
and Se-doped atoms of n-type Cug gogBizTes 7Sep.3 [6] and Cul-doped
BizTCzyseo.g [7].

Recently, there have many reports of composited TE materials with
enhanced properties employing a modifying graphene base. They are
referred to as reduced graphene oxides (rGO) [8]. The rGO materials are
two-dimensional (2D) carbon nanomaterials with high surface area and
are free electron charge carriers. They are widely used for improving the
mechanical, thermal and electrical properties of materials [9-13]. Nam
et al. [3] reported enhanced TE properties of TiO2/rGO nanocomposites
derived by increasing the ratio of electrical to thermal conductivity as an
interface-controlled effect. An enhanced BisTes was reported by Ahmad
et al. [8] using a simple and effective strategy employing the quantum
confined structures of 2D graphene dispersed in a nanostructured BisTes
powder for evaluating thermoelectric properties. Du et al. [12] reported
rGO/BisTes nanocomposite powders that were synthesized via a
one-step in-situ reductive method.

However, there are no reports of improved electrochemical and
thermoelectric properties of BizTes doped with rGO via a mixing/ul-
trasonic route. Moreover, Rahman et al. [9] reported incorporation of
rGO into SrTiO3.5 (STO) that weakly affected grain boundary interfaces
causing enhanced TE properties. Xu et al. [14] reported that an ultra-
sonication treatment with stirring produced strong n—n interactions be-
tween the rGO and polymer molecules of poly (3, 4
ethylenedioxythiophene) for enhanced TE performance. Also, ultra-
sonication can be used to improve the TE properties of BisTes/rGO
composites.

Herein, this work proposes an ultrasonication method for preparing a
2D rGO nanosheet composite with p-type pristine BisTes to improve the
electrochemical and thermoelectric properties of such materials. An rGO
precursor was prepared and characterized using X-ray diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high-resolution TEM (HR-TEM), and UV-vis
spectrometry. 2D rGO nanosheets and pristine BizTe3 with various rGO
contents were synthesized using an ultrasonication method. Then, the
bulk materials were fabricated by hot press sintering them. The elec-
trochemical properties of all powders and their thermoelectric proper-
ties were characterized. The Seebeck coefficient, electrical conductivity
and thermal conductivity of bulk samples were investigated.
Morphology and thermodynamic stability of these samples were eval-
uated. The enhanced properties of rGO nanosheets and pristine BiyTes
composites were examined to determine the effects of grain boundary

interfaces by rGO incorporation with pristine Bi;Tes on the thermo-
electric and electrochemical properties of these materials. These results
are reported. The effects of the ultrasonication method on grain
boundary interfaces by rGO nanosheets and pristine Bi;Tes behavior are
discussed.

2. Experimental details
2.1. Chemicals and materials

Commercial grade p-type pristine BisTes powder was purchased
from SANTECH™. Graphite powder (99% purity) and hydrogen
peroxide (H209, 30%) were purchased from Sigma-Aldrich (USA). Sul-
furic acid (H2SO4, 98%), hydrochloric acid (HCl, 37%), and potassium
permanganate (KMnO4) were obtained from Merck (Germany). An
ammonia solution (NHs, 28-30%) was supplied by Baker (USA). All
chemicals were used as received without further purification.

2.2. Preparation of reduced graphene oxide (rGO)

Reduced graphene oxide, rGO, was firstly synthesized via a modified
Hummers method by oxidizing graphite with a strong acid and followed
by chemical ruduction method according to Phrompet et al. [15]. Briefly,
graphite powder (2 g) was mixed with KMnOy4 (6 g) in a beaker. Then the
mixed powder was poured into a 500 mL round bottom flask and cooled
to 0 °C. After that, HpSO4 (46 mL) was gradually added under stirring
and cooling, maintaining its temperature below 15 °C. Then, the mixture
was stirred at 40 °C for 30 min. Next, distilled water (90 mL) was slowly
added and the mixture was heated under stirring to 95 °C for 60 min.
Subsequently, the reaction was stopped by adding distilled water (250
mL) and a HpO3 solution (10 mL). The obtained product was separated
by centrifugation and washed with a 5% HCI solution to reduce sul-
phate. After that, it was filtered and washed several times with distilled
water until the pH of filtered solution was about 7. The resulting solid
paste product was dried in an oven overnight at 65 °C. The synthesized
graphite oxide powder (800 mg) was re-dispersed in distilled water
(120 mL) under ultrasonication for 90 min, followed by centrifugation.
Finally, the supernatant of an aqueous graphene oxide (GO) suspension
was obtained. Thus, reduced graphene oxide (rGO) was obtained from a
GO (2 mg/mL) suspension in 100 mL mixed with distilled (100 mL),
ammonia (1 mL) and hydrazine hydrate solutions (0.1 mL). Then, the
obtained mixture was heated to 95 °C and stirred for 45 min. Finally, a
stable aqueous suspension of rGO was obtained.

2.3. The preparation of BiyTes + rGO composites

The p-type BiyTes pristine powder was crushed and dissolved in an
aqueous acetone solution. The composite powders of Bi;Tez and rGO
nanosheets at various levels, 1%, 3% and 5 wt%, were mixed using an
ultrasonication method as shown in Fig. 1(a). In a typical procedure to
make BisTes + rGO samples, first, about 5 g of BiTes powder was
dispersed in 170, 110 and 50 mL of acetone to prepare 1%, 3% and 5%
levels of rGO, respectively. Then, various rGO solutions (2 mg/mL) were
mixed using a sonication method at room temperature for 1 h. After that,
the mixture suspensions were further stirred at room temperature for 1
h. Then, the resulting homogeneous mixtures were filtered and washed
using acetone, and then dried in an oven at 100 °C for 24 h. Finally, 1%,
3% and 5% BisTes + rGO powder samples were obtained.
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2.4. The fabrication of pristine BigTes and BiyTes + rGO composite
electrodes

Working electrodes were made at 85 wt percent of pristine Bi;Tes or
as-prepared BizTes + rGO samples, PVDF (10%) and acetylene black
(5%) with 0.5 ml of NMP using ball milling at room temperature for 24 h
to form a slurry. Then, the slurry was coated on a 1 x 1 cm? area of a
nickel foam substrate. The thickness of the nickel foam was ~1.5 mm. It
was oven dried at 80 °C for 3 h. Next, the active electrodes were pressed
with a force of 1.5 tonnes for 1 min producing active electrodes with a
thickness of ~0.07 mm. The masses of active material in pristine BiyTeg
and 1%, 3% and 5% BisT3 + rGO electrodes were 3.22, 3.49, 3.41, and
3.78 g, respectively. Finally, these active electrodes were soaked in an
aqueous 6.0 M KOH solution for 3 h before performing electrochemical
testing.

2.5. Fabrication of the pristine BiyTes and BizTes + rGO composite pellets

For pellets prepared as shown in Fig. 1(b), pristine BiyTe3 and 1%,
3% and 5% Bi»T3 + rGO samples were subjected to uniaxial compression
into disc-shaped pellets that were 10 mm in diameter with a thickness of
3 mm. They were hot-press sintered at 450 °C for 1 h under a hydraulic
pressure of ~12.7 MPa. Finally, 1%, 3% and 5% BisTes + rGO pellets
were obtained.
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2.6. Characterization

The XRD phase of the rGO, pristine BisTez and 1%, 3%, and 5%
BipTes + rGO samples were analyzed using powder X-ray diffraction
(XRD) in a PHILIPS X’Pert (X-ray source A CuKa = 1.5406 f\). Raman
spectroscopy was performed using a DXR Smart (Thermo Scientific) at a
532 nm excitation wavelength. The morphology of the samples was
observed using SEM. A TEM and a high-resolution TEM (HRTEM) (JEOL-
2100) operating at 200 kV) were used for measuring the nano particle
sizes of the samples. Density (D) was measured using the Archimedes’s
principle. Thermogravimetric analysis (TGA, Netzsch STA 449F3
Jupiter) was performed over a temperature of 35 °C to 900 °C with a
heating rate of 10 °C/min in nitrogen gas to measure the weight loss of
the samples. The optical absorption spectra were measured using a UV-
VIS-NIR spectrophotometer (Shimadzu UV-3101PC) at room tempera-
ture. For electrochemical properties, cyclic voltammetry (CV) and gal-
vanostatic charge-discharge GCD tests were performed in a three-
electrode cell system in an aqueous 6.0 M KOH solution, using Ag/
AgCl in 3.0 M HCI and platinum wire as reference and counter elec-
trodes, respectively. Thermal conductivity values were measured using a
NETZSCH LFA 477 Nano-Flash thermal diffusivity analyzer on flat
samples that were 12-mm in diameter and 2-3 mm thick. The Seebeck
coefficient and electric conductivity were measured using an in-house
testing apparatus described by Wongjom et al. [16] connected to a
34461a KEYSIGHT™ bench digital multi-meter, a 34420a KEYSIGHT™
nano voltmeter and a constant DC-current passed through the sample
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Fig. 1. (a) Schematic of the preparation of Bi;Te; + rGO 1%, 3% and 5% composites via a simple ultrasonication method, and (b) schematic of the fabrication of

pristine Bi,;Tes and BiyTes + rGO 1%, 3% and 5% pellets by hot-press sintering.
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using a KEITHLEY™ source meter.
3. Results and discussion

3.1. The analysis of rGO nanosheet

Fig. 2(a) shows Raman spectroscopy of the prepared rGO nanosheets.
The Raman spectra displayed two main peaks at around 1353 cm ™! and
1592 cm’l, which correspond to disordered carbon (D band) and
graphitic sp? carbon (G band) characteristic of rGO. The D band was
associated with the breathing mode of the K point phonons of A;g
symmetry. It mainly indicated the surface disorder and defects of gra-
phene. The G band is the result of first order scattering of Ex; phonons
from sp? carbon. The evolution of disorder is usually quantified by the
intensity ratio of the D to G bands (Ip/Ig). The Ip/I values were 1.031 as
presented by reduced graphene oxide. A 2D peak at around 2700 cm ™
was observed for the rGO sample. This confirmed the complete sintering
of rGO. Additionally, the morphology of rGO nanosheets was analyzed
using bright field TEM images as shown in Fig. 2(b), indicated by the
translucent thin sheets, creases and wrinkles. Fig. 2(c) demonstrates that
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the composite BisTes + rGO by using the pristine Bi;Te3 was grown onto
the rGO suspension with dispersed in surfactant-assisted solvent
(Acetone solvent). According to inset in Fig. 2(c), the newly formed
interface at the surface might be the ionic interaction between pristine
BiyTes (+) and rGO (e™). It was corresponded to the oxygen atoms
existing at the rGO surface by providing tight ionic bonding with Bi>* or
Te*" ions in the surface of BizTe as previously reported of a CNT/BizTes
interface [17]. Also, the BisTes + rGO composite was caused to the
pristine BipTe3 implanted into the rGO matrix. The characteristic mi-
crostructures of the BipTes + rGO composite displayed similar flake-like
shapes with comprised a contained rGO network structure as embedded
by the BiyTes grain as shown in Fig. 5(a) - (d).

3.2. Raman of rGO, BiyTes pristine and BisTe3 + rGO composite powders

To confirm the characteristic structures of rGO, pristine Bi;Tez and
the interaction interface between rGO and pristine BiyTeg of as-prepared
BiyTes + rGO samples, Raman spectroscopy was carried out. Fig. 3(a)
shows the Raman spectra of rGO, pristine BisTes and BipTeg + rGO
composite samples at various rGO levels, 1%, 3% and 5%, in the spectral

(BYTEM GO

GO
B a1e 5

Oxygen-contained
Functional group

Fig. 2. (a) Dispersive Raman spectra, (b) bright field TEM images of rGO nanosheet and (c) the schematics of rGO suspension with the pristine Bi,Tes to be reduced
in the surface assisted solvent with inset the newly formed interface at the surface between pristine Bi,Te3 and rGO, and focus on the ionic bonding of Bi;Te; + rGO
composite where pristine Bi,Te; are implanted into the rGO matrix.
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range from 100 em ™! to 3500 em ™, Fig. 3(b) shows the Raman spectra
of these samples in the spectral range from 1000 cm ™" to 3000 cm™!. In
these figure, two main peaks were observed in the spectral range from
200 cm ™! to 800 cm ™! in pristine BigTes, as shown in Fig. 3(a). The two
peaks observed at 120 cm™! and 750 cm™! correspond to results re-
ported in the literature [12]. The Raman spectra of all 1%, 3% and 5%
BisTes + rGO samples showed these two main peaks which are related
are the spectral peaks of pristine BisTes. The position of these peaks in
the spectra confirms the presence of the Bi;Teg structure of the BisTes +
rGO composite powders. It can be clearly observed that the two main
peaks at 1353 cm ™! and contributed to the D- and G-bands of the pre-
pared rGO nanosheets. Moreover, the presences of Raman shifts in the
D-band (at 1353 cm’l) result from the vibration of sp3 (-C-C-) hybrid-
ized carbon atoms, and G-band (at 1592 em™ D) represents the vibration
of sp? (-C=C-) hybridized carbon atoms of rGO structure were observed
in the BiyTes + rGO composite samples. The ratio of the Ip/Ig values
were 1.031 for successfully prepared rGO nanosheets. This elucidates
the presence of an rGO composite in the 1%, 3% and 5% Bi;Tes + rGO
samples. Moreover, a high intensity of Raman spectra peak at 1496 cm ™!
for the 1% and 3% BisTes + rGO samples and at 1436 cm ™! for the 5%
BisTes + rGO sample was observed. The Raman spectra peaks at 1255
em 1, 1365 cm ™}, 1436 cm ™!, and 1496 cm ™! were present due to -C-C-
inter-ring stretching, -C-C- stretching, -C=C- symmetrical stretching,
and -C=C- asymmetrical stretching [12,14,15], respectively. This in-
dicates -C-C- and -C=C- symmetrical stretching in rGO nanosheets in the
1%, 3% and 5% BisTes + rGO samples. The position of these peaks
shows that a strong n-free electron induced interaction existed between
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the interfaces of n-n conjugation of rGO molecules and free electrons of
BiyTes conductor. Similarly, the Raman result of these peaks was re-
ported in previous study due to free electrons on the n-n conjugation of
carbon nanotubes (CNT) structure interacted with BiyTes structure by
Kim et al. [17]. The schematic proposed on the interaction of BisTeg
particles and rGO nanosheets, as illustrated in Fig. 3(b). From this figure,
a strong n-free electron from rGO nanosheets induced the grain
boundary surfce of BisTes particles to produce the ionic interaction
between pristine BisTes (4+) and rGO (e™), correspondingly the free
electros exists at the rGO surface might provide tight ionic bonding with
Bi®" or Te** ions in the surface of BiyTes particles. This result was due to
the high sonication power used during the mixing process. It enhanced
BiyTes molecular adsorbsion and improved interaction with the rGO
surfaces. The BiyTes surfaces easily adsorbed material and was covered
by the 2D templates of rGO nanosheets causing a strong n—free electron
induced interaction. This effect occurred by exfoliation of rGO nano-
sheets in an aqueous dispersion with suspended Bi;Tes during ultrasonic
preparation. From this result, pristine BiyTes could enhance both the
thermoelectric and electrochemical properties of these materials owning
to the effect of the rGO nanosheets of Bi;Tez + rGO materials.

3.3. XRD spectra of rGO, pristine BiyTes and BizTesz + rGO composite
powders

The XRD patterns and an enlargement of the (015) plane in the 26
range of 27-30° of prepared rGO, pristine Bi;Tes and 1%, 3% and 5%
BiyTe; + rGO composite powders are shown in Fig. 4(a). XRD results of
all samples showed the most dominant diffraction peaks at 26 values of
17.46, 27.61, 34.60, 40.04, 41.26, 44.61, 50.18, 53.82, and 57.06° that
can be attributed to the (006), (015), (1010), (0111), (110), (0015),
(205), (1016), and (0210) planes of a rhombohedral structure of BisTes
(R-3m as indexed by the standard data of JCPDF, No. 15-0863) [12,18].
The average crystalline sizes (D) of pristine Bi;Te3 and all Bi;Teg + rGO
samples were calculated from the (006), (015), (1010), (0015), (1016),
and (0210) reflection planes using Scherrer’s equation, D = kA/pcos6,
where D is the average crystalline size, k is a constant taken as 0.9, A is
the wavelength of incident X-rays, f is the full width at half maximum,
and 0 is the Bragg angle [19]. The calculated D values can be obtained
from Fig. 4(b). As can be clearly seen in Fig. 4(b), the D value of Bi;Teg
sample at 39.395 + 2.827 nm was different from those of samples with
increased rGO concentrations, 43.894 + 2.911, 42.439 + 4.094 and
38.797 + 4.503 nm for 1%, 3% and 5% BiyTes + rGO composites,
respectively. The decrease of D value corresponded to XRD results with
greater intensity for the (015) plane, showing a shift to higher 20 values
that resulted from a decreased crystallite size of these samples. Simi-
larly, the lattice parameters (a, b, ¢) of pristine BisTes and all BiTes +
rGO samples were obtained using a refinement employing a rhombo-
hedral BiyTes structure having the standard data of JCPDF, No. 15-0863,
as depicted in Fig. 4(b). As can be seen in this figure, the lattice pa-
rameters (a, b, c) also decreased with increasing rGO content in agree-
ment with previous literature reports [12,18,19].

3.4. SEM and EDS mapping of prepared rGO, pristine BizTes and BizTes
+ rGO composite powders

The morphology of pristine Bi;Tes and BiyTes + 1%, 3% and 5% rGO
composite powders were analyzed from the SEM images shown in Fig. 5
(a) — (d). As seen in Fig. 5(a), the pristine Bi;Teg sample consisted of
agglomerated irregular flake-like shapes with a micrometer grain size.
Additionally, the 1%, 3% and 5% BiyTes + rGO composites displayed
similar flake-like shapes corresponding to the pristine Bi;Teg sample
with a uniform shape that comprised a continuous rGO network struc-
ture of nanosheets presenting Bi,Te; materials, as shown in the high
magnification views of Fig. 5(b) — (d). To confirm the components and
dispersion of elements of both pristine BisTeg and 1%, 3% and 5%
BisTes + rGO composite powders, the EDS spectra and EDS mapping
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Fig. 4. (a) XRD patterns of prepared rGO, pristine Bi>Tez and 1%, 3% and 5%Bi,Tez + rGO composite powders and an inset showing enlargement of the (015) plane
in the 20 range of 27-30°, and (b) reveals the crystalline sizes and its inset shows lattice parameters (a, b, ¢).

were investigated. The results were shown in Fig. 6(b) - (d). It can be
seen that only two elements, Bi (Bismuth) and Te (Tellurium), appeared
on the pristine BiyTes surfaces (Fig. 6(b)), whereas, the presence of three
elements, Bi, Te and C (carbon) can be observed in all the Bi;Tes + rGO
composite samples (Fig. 6(b) — (d)). The carbon may come from rGO
material loading, since the latter was a carbon derivative [3,9,10]. As
can be seen from the EDS mapping, the percentages (%) ratios of the Te
elemental was decreased along with the increasing of rGO laoding,
whereas Bi element was increased. This may be due to the fact that the
percentage (%) ratio of carbon atom might be error due to the impurity
molecules like CO5 or CO in air adsorbed on the Bi,Te3 + rGO to affect
the percentage (%) ratio of Bi atom. Noted that although the amounts of
rGO (1, 3 and 5 wt%) loading of BisTe3 + rGO composites were
increased but the percentage (%) ratios of carbon atom due to rGO were
not increased, resulting the percentage (%) ratios of each element, Bi,
Te, and C atoms not much accuracy with the trend of rGO loading.
Additionally, the EDS mapping inducated that all elements were
well-dispersed and incorporated on the particle surfaces of all the
samples (see inset of Fig. 6(b) — (d)). These results indicated that all the
elements of composite samples were present and well-combined in the
grain boundary interfaces of rGO with BiyTe3 after use of a simple
ultrasonication method.

3.5. TGA of pristine BiyTes and BizTesz + rGO composite powders

Fig. 7(a) - (d) reveals the thermogravimetric analyses (TGA), weight
loss and derivative weight) of the pristine BisTes and 1%, 3%, 5% BisTes

-+ rGO composite powders. This was done to study the thermal stability
of the samples. The observed TGA results in the temperature range from
~375 to 600 °C of the pristine BisTes and 1%, 3%, and 5% BisTes + rGO
composite samples reveal a continuous increase in the derivative weight
signal without significant changes in the percentage weight loss. This
may be associated with grain growth due to a slight inhomogeneity of
the filler (rGO) distribution in the Bi;Te3 matrix. Moreover, at temper-
atures of 375 and 376 °C, based on derivative weight peak displayed, the
initiation of oxidation occurs by an exothermic process with a peak
ending at about 600 °C. According to our results, the remaining weight
loss of pristine BisTesz and 1%, 3%, and 5% BisTes + rGO composite
samples from ~375 to 600 °C was 9.89, 12.59, 9.27, and 8.58%,
respectively. According to Fig. 7(a) — (d), at temperatures greater than
600 °C, the weight loss under all conditions slightly increased with the
residual mass by 2.96, 4.50, 3.76, and 3.36% for pristine Bi;Te3 and the
1%, 3% and 5% BisTes + rGO samples, respectively. This is due to
ambient oxygen resulting from evaporation of absorbed water and the
residual oxygen containing groups in the composite Bi;Tes + rGO
samples, which is in agreement with Music et al. [21].

3.6. UV-vis of pristine BizTes and BizTes + rGO composite powders

The UV-vis spectra of pristine BisTes and the 1%, 3% and 5% BiyTes
+ rGO composite powders are shown in Fig. 8. The results showed an
obviously broad-absorption peak for the pristine BisTes sample that
appeared at approximately 210 nm, and a red shift towards higher
wavelengths of 216, 227 and 235 nm for the 1%, 3% and 5% BiyTes +



W. Thongsamrit et al.

Materials Chemistry and Physics 250 (2020) 123196

Fig. 5. SEM images and a high magnification view of (a) pristine Bi;Tes and (b) — (d) 1%, 3% and 5% Bi,;Te; + rGO composite powders, respectively.

rGO samples, respectively. This effect resulted from electron transfer
due to coupling between the eBiyTes structure and the oxygen con-
taining functional groups of the rGO nanosheets [15]. The optical band
gaps (Eg) were obtained by fitting the absorbance data to the direct
transition equation [22], (ahv)? = k(hv - Eg), where Eg is the direct band
gap, h is Planck’s constant, v is the frequency of the incident photon, k is
a constant and a is the absorption coefficient. From the plot of (ahv)? vs.
hy, shown in the inset of Fig. 8, the Eg value of each sample was
determined by extrapolating the slope to the zero value of (ohv)?. The Eg
value of the BiyTes sample was 4.775 eV and the 1%, 3% and 5% BiyTes
+ rGO samples were found to be 4.293, 4.004 and 3.629 eV, respec-
tively. The Eg value monotonically decreased with increasing rGO
concentration, which was caused by the red shift phenomenon in the UV
absorption spectra. This is in agreement with Yin et al. [22].

3.7. Electrochemical properties of pristine BiyTes and BizTes + rGO
composite powders

Fig. 9(a) shows the CV curves of all electrodes at a scan rate of 50 mV
s~ in a potential window of —0.7 V - 0.0 V. It can be clearly seen that the
pristine BiyTes electrode displays poor capacitive behavior, while the
BiyTes composited 1%, 3% and 5% rGO nanosheets indicated clearly
reversible reactions exhibiting capacitive behavior. The area of these CV
curves gradually increased with rGO content. This indicates the storage
charge mechanism of electrical double layer capacitors (EDLCs). Simi-
larly, Fig. 9(b) presents the GCD curves of all electrodes within a po-
tential window of —0.7 V-0.0 V at a scan rate of 0.25 A/g. The curves
exhibit a symmetric shape, which clearly represents characteristic EDLC
behavior [23,24]. The calculated specific capacitances (Cs) of all elec-
trodes were determined from the discharge curves using the following
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Fig. 6. EDS spectra and an inset showing the mapped images for Bi and Te of (a) pristine Bi,Te3 and Bi, Te and C for composite samples of (b) 1% BiyTez + rGO, (c)

3% BisTes + rGO and (d) 5% Bi,Tes + rGO.
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Fig. 7. TGA curves (weight loss and derivative weight) of (a) pristine Bi;Tes and (b) — (d) 1%, 3% and 5% Bi,Te; + rGO composite powders, respectively.

equation:

Cs=1At/ AV, (2)

where I is a constant current (A/g), At is the discharge time (s), AV is the
potential window (V). Fig. 9(c) shows that the C; values increased from
2.35 F/g for BiyTes electrode to 16.50 F/g for the 5% BiTes + rGO
composite electrode. In fact, the increased C; value was caused by the
more efficient migration of OH™ ions through the porous structure and
oxygen containing functional groups at surface of the rGO [24,25].
Additionally, the retention capacity after 1000 charge-discharge cycles
at a current density of 1 A/g is shown in Fig. 9(d). Excellent cycling
stability was exhibited. This showed that rGO nanosheet incorporation
with BipTes materials improved the electrochemical properties of these
materials.

3.8. Thermoelectric properties of pristine BiyTes and BizTes + rGO
composite samples

Bulk samples of pristine BizTes and BizTes + rGO composites were
investigated in pelleted samples. The results are reported as follows.

3.8.1. XRD of pristine BizTes and BiyTe3 + rGO composite pellets

The XRD patterns and an enlargement of the (015) plane in the 26
range of 27-30° of bulk pristine BisTes and 1%, 3% and 5% BisTes +
rGO composites are shown in Fig. 10(a). The results indicated that most
diffraction peaks of the XRD patterns of powder samples present a
rhombohedral BiyTes structure as shown in Fig. 4(a). The lattice pa-
rameters (a, b, ¢) and cell volume (V) of bulk Bi;Tes and 1%, 3% and 5%
BipTes + rGO samples are shown in Fig. 10(b). As can be seen in this
figure, the lattice parameters (q, b, ¢) decreased with other parameters of
the powder samples. The average crystalline sizes (D) decreased in the
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Fig. 8. Uv-vis spectra with an inset showing direct band gap plots of (ahv)?
versus hv of pristine 1%, 3% and 5% BiyTe; and Bi,Tez + rGO compos-
ite powders.

powder samples. They were found to be 26.316 + 4.552 for the bulk
BiyTesg sample and 35.776 + 2.221, 36.825 + 3.049 and 30.892 + 2.313
nm for the 1%, 3% and 5% bulk Bi,Tes + rGO composite samples,
respectively.

3.9. SEM and EDS mapping of bulk pristine BizTes and BizTez + rGO
composite samples

The SEM images of bulk pristine Bi;Tes and 1%, 3% and 5% BisTes +
rGO composite samples revealed their surface morphology after pol-
ishing, as shown in Fig. 11(a) — (d). It can be clearly seen in these figures
that the high homogeneity of all bulk samples resulted in a highly dense
microstructure. In the SEM images, it was found that the density value of
bulk pristine Bi;Te; was approximately 98%. However, the obtained
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bulk BipTes + rGO samples showed slightly decreased relative density
values of 98%-96%, as the content of rGO increased. Furthermore, the
EDS spectra and mapped images of bulk pristine Bi;Tes and 1%, 3% and
5% BisTes3 + rGO composites in Fig. 12(a) — (d) confirmed the presence
of Bi and Te atoms in the bulk pristine Bi;Tes sample, while Bi, Te and C
were observed on the surfaces of bulk BisTes + rGO composite samples.
Moreover, C also was present on surfaces of the bulk Bi;Tez + rGO
composite samples. These results confirmed the homogeneous distri-
bution of all elements without no decomposition or transformation to
the other phases during hot-press sintering at 450 °C for 1 h in the
pelletization process.

3.9.1. Temperature dependence of the Seebeck coefficient (S) of bulk
pristine BiyTes and BiyTes + rGO composite samples

Fig. 13(a) shows the temperature dependence of the Seebeck coef-
ficient of bulk pristine BisTes and 1%, 3% and 5% BisTes + rGO com-
posite samples over the temperature range 300 K-370 K. The bulk Bi;Te;3
sample showed a positive of Seebeck coefficient value indicating a p-
type thermoelectric material due to its role as a major hole carrier. The
Seebeck coefficient values of the bulk BiyTes sample decreased from 52
to 25 pV/K as temperature was increased from 300 K to 370 K. The
Seebeck coefficient values of the bulk BiyTes samples were less than the
values of a single crystal of BiyTes previously reported by Jeon et al.
[26]. Similarly, for decreased temperatures, the Seebeck coefficient for
the sintered BisTe3 sample increased.

The 1%, 3% and 5% bulk BizTes + rGO composite samples showed
negative of Seebeck coefficient values, indicating that they were n-type
thermoelectric materials and that electrical charges were transported
mainly by electrons. The Seebeck coefficient values of the bulk BiyTes +
rGO composite samples were constant over the tested temperature
range. The Seebeck coefficient of BisTes pristine was p-type, while bulk
BiyTes + rGO composite samples were n-type thermoelectric materials.
This result was caused by the effect of the rGO composite in the structure
of the materials, as it supplied electrical charge carriers. The Seebeck
coefficient values of the bulk 1%, 3% and 5% Bi;Te3 + rGO composite
samples were found to be 78, 58 and 50 pV/K, respectively. The absolute
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powders in a 6 M KOH electrolyte.
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Fig. 11. SEM images of (a) pristine Bi,Tes pellet, (b) 1% Bi,Tes + rGO pellet, (c) 3% Bi;Tes + rGO pellet and (d) 5% Bi,Te; + rGO composite pellet.

Seebeck coefficient values of the bulk BisTes + rGO composite samples .
were greater than that of pristine Bi,Tes, and this value was decreased s :M’”d (i) 3
with increasing rGO content. The absolute values of Seebeck coefficient 3qh? 3n

of a semiconductor [3,12] can be described by equation (3):

3)
where g, k, T, h, m* and n are the charge of the carrier, the Boltzmann

10
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(a) BigTes

(c) BigTea+ rGO
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(b) Bi>Tes* rGO 1%

(d) Bi;Tes+ rGO 5%

Fig. 12. EDS spectra and inset the mapped images for Bi, Te and C in bulk pristine Bi,Te3 and 1%, 3% and 5% Bi;Tes + rGO composite pellets.

constant, absolute temperature, Planck’s constant, the density of state
(DOS) effective mass and the carrier concentration, respectively.
Moreover, the Seebeck coefficient of bulk pristine BisTes decreased even
at high temperatures. Increasing temperature resulted in an increased
carrier concentration by intrinsic conduction. The positive Seebeck co-
efficient of bulk pristine BiyTes confirmed that the electrical charge
transport was controlled by hole carriers. Additionally, the Seebeck
coefficient values of all bulk BisTe; + rGO composite samples were
constant over the tested temperature range. This occurred since the
number of electron charge carriers did not change with temperature.
However, the negative Seebeck coefficient of bulk BizTes + rGO com-
posite samples confirmed the presence of electron carriers for electrical
transport. These results revealed that the rGO content played an
important role for supplying electron carriers. The absolute Seebeck
coefficients of bulk 1% and 3% BisTes + rGO samples were larger than
that of the Bi;Te3 sample. This confirmed that the rGO content enhanced
the Seebeck coefficient of the BisTe3 by approximate doubled. The bulk
1%, 3% and 5% BisTes + rGO composite samples exhibited decreasing
Seebeck coefficient values with increasing rGO content. This result was
caused by an increased carrier concentration resulting from greater rGO
content.

For a semiconductor material, activation energy to produce free
carriers for electrical transport is expressed by equation (4) [27]:

s:i"ﬁ<
e

E, +B
kBT S|

where+/-is the p-type and n-type conductor, E; is the activation energy
for free carrier production and Bg is a constant, e is the electric charge
carried, and k/e has a constant value of 86.17 pV/K. The E; value was
obtained by plotting S vs. (1000/T). The slope of the resulting line was
the E; value. Fig. 13(b) shows temperature dependence of the Seebeck
coefficient of sintered pristine BisTes and 1%, 3% and 5% Bi;Te3 + rGO
composite samples with 1/T. The results show the E; value as the slope of
the plot. Pristine BiyTes had a larger than the 1%, 3% and 5% BiyTes +
rGO composite samples. This shows that bulk BisTe3 + rGO composite
samples had lower activation energies for free carrier production. The
free charge carries were easily produced due to small thermal activation
energy for free carrier production [26]. Fig. 13(c) shows the tempera-
ture dependence of the Seebeck coefficient for sintered pristine BiyTes
and 1%, 3% and 5% BiyTes + rGO composite samples with inverse
temperature.

Moreover, the changed sign of Seebeck coefficient from positive for
the BiyTe3 based-sample to negative for Bi;Tes + rGO composite sam-
ples resulted from electron concentrations in the structures. Fig. 14
presents a schematic diagram of band alignment of the BisTes and rGO,

(€]

11

supporting the above observations. Exiting of the electron charge car-
riers can be described by the model of band alignment between BisTes3
and rGO according to Nam et al. [3] and Rahman et al. [9]. This approach
can be explained via the relationship between the electron affinity (EA)
of BigTes, denoted as y BisTeg, and the work function (WF) of rGO,
denoted as Wigo. The EA of Bi;Tes was ~4.2 eV [28], remaining above
the conduction band level of Bi;Tes. The WF of rGO was ~ 4.46 eV,
remaining above the Fermi level of rGO. Also, the EA of BiyTe; was
higher than the WF of rGO, as shown in Fig. 14. This result describes
how the electrons in the conduction band of BisTes are transferred to the
rGO at the interface, contributing of the electron charge carriers in the
BiyTes + rGO composite producing the effect of the grain boundary
interfaces due to rGO incorporation with BisTes [3,9].

3.9.2. Temperature dependence of the electrical conductivity coefficient of
pristine BiyTes and BisTe3 + rGO composites

Fig. 15(a) shows electrical conductivity (¢) as a function of the
temperature of bulk pristine Bi;Tes and 1%, 3% and 5% Bi;Te3 + rGO
composite samples. The ¢ value of pristine Bi;Te3 was approximately 2
% 10* S/m. This result closely matches the values for BisTes 7Se s,
previously reported by Liao et al. [20]. Furthermore, the ¢ values of the
1%, 3% and 5% Bi,Tes + rGO samples were approximately 4-9 x 10%, 4
to 7 x 10*and 4 to 5 x 10* S/m, respectively. The ¢ values of sintered
1%, 3% and 5% BisTes + rGO composite samples were higher than that
the sintered BipTes sample. The 1% BiyTes + rGO composite sample
exhibited the highest ¢ value in these experiments, close to those re-
ported by Liang et al. [10] at high temperature (360 K). The ¢ values
revealed that the rGO content with the BiyTe3 increased electrical con-
duction in the BisTes + rGO composite samples. The electron conduc-
tion of bulk 1%, 3% and 5% BiyTe; + rGO samples was dominated by
electron charge carriers, corresponding to their negative Seebeck coef-
ficient values, as shown in Fig. 13. Moreover, the rGO contents
contributed to the electron charge carriers for BizTes according to the
schematic diagram of band alignment shown in Fig. 14.

Fig. 15(b) shows the logarithm of electrical conductivity (Ino) of the
bulk pristine BipTes and BizTes + rGO composite samples as a function
of TV/4. The linear slope of Ins vs. T"V/# indicates the charge transfer
between the bulk pristine BisTes and BiyTes + rGO composite samples in
a 3-dimensional variable-range hopping model according to Mott’s
equation. The electric conductor is expressed in Mott’s equation by 6 =
Bexp(T,/T)"/*, where B and T, are constants presenting the charac-
teristic Mott’s temperature [3,9,32]. The linear relationship between Ine
and T4 indicates a metallic-like behavior, and a zero value of the
slope indicates metallic behavior. These results show that the bulk
pristine BisTeg and 1%, 3% and 5% BiyTes + rGO composites have
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Fig. 13. (a) Temperature dependence of the Seebeck coefficient of bulk pristine
BiyTes (p-type), 1%, 3% and 5% BiyTes + rGO composite (n-type) samples and
single crystal Bi;Tes (p-type) as a reported by Jeon et al. [26] and (b) the ab-
solute Seebeck coefficient |S| of bulk pristine BisTes, 1%, 3% and 5% Bi,Te3 +
rGO composite and (c) temperature dependence of the Seebeck coefficient of
the sintered pristine Bi;Te; and 1%, 3% and 5% Bi,Te; + rGO composite
samples with inverse temperature.

metallic-like behavior. Moreover, the slope of bulk pristine Bi;Tez and
BiyTes + rGO 5% composite is closer to a zero value than the 1% and 3%
BiyTes + rGO composites. The above results show that a slight loading of
rGO into pristine BiyTes caused production of charge carrier transport in
1%, 3% and 5% BisTes + rGO composites in a metallic-like mechanism.
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Fig. 14. A schematic diagram of band alignment of the Bi;Te; and 2D rGO for
electron charge carrier transport in the Bi,Tes -+ rGO composite as effected by
grain boundary interfaces for rGO incorporated with Bi,Tes.
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Fig. 15. (a) The conductivity coefficient (¢) and (b) showing the electric con-
duction of bulk pristine BiyTes and 1%, 3% and 5% BiyTe; + rGO composites.

3.9.3. Power factor (PF) of pristine BizTes and BiyTes + rGO composites
Fig. 16 shows a comparison of the power factor (PF) of bulk pristine
BiyTes and 1%, 3% and 5% BisTes + rGO composite samples calculated
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using equation (5):

PF=5xo0 5)

The PF value of the bulk pristine Bi;Te3 based material was estimated
to be 0.05 x 10> W/mK? and it decreased with increasing temperature
from 310 K to 370 K due to both a decreased Seebeck coefficient and
electrical conductivity. However, the PF value of bulk 1% BisTe3 + rGO
composite sample shows the highest PF value, of 0.4 x 107> W/mK?,
owing to both high electrical conductivity and Seebeck coefficient. Thus,
the PF values of the bulk BiyTes + rGO composite samples remained less
than those reported by Liang et al. [10] and Liao et al. [20].

As according to Liu et al. [29], thermoelectric performance can be
enhanced using the energy band gap. Fig. 16 (b) shows the behavior, ZT
(=S? T 6/x), as a function of Eg for the BiyTes + rGO composite samples.
The results indicated that the ZT values of the BiyTes + rGO samples
were greatly decreased as Eg increased. By equation (3), the Seebeck
value is related to the inverse of the carrier concentration (n). The
intrinsic carrier concentration in a semiconductor at thermal equilib-

rium can be expressed as n = N; exp< — %) , where N is the number

per unit volume of effective states available, Eg is the energy gap, and T
is the absolute temperature. In the same way, the PF (=S%6) and ke values
are a function of n. Also, the values of ZT of the Bi;Te3 + rGO composite
slightly decreased with increasing charge carrier concentration,
depending on the degree of increased rGO content. This implies that the
ZT value of the BisTes + rGO composites was related to the charge
carrier concentration. For pristine BisTes, the Seebeck coefficient
decreased with increasing temperature at high temperatures, as shown
in Fig. 13(a). This results from an increased charge carrier concentration
by intrinsic conduction with a temperature increase. This result is
related to the previous work of Jeon et al. [26].

3.9.4. Temperature dependence on thermal conductivity of pristine BizTes
and BizTes + rGO composites

Thermal conductivity (x) was measured using a Nano-Flash thermal
diffusivity analyser. The bulk density of the sample (D) [27,30] was 98%
for sintered BiyTes sample. It was from 96% to 98% for the sintered 1%,
3% and 5% BisTes + rGO composite samples. In Fig. 17(a), the thermal
conductivity of the sintered pristine BizTe3 sample was 1-1.5 over
temperature range of 300 K-530 K. It increased with temperature. The
thermal conductivity of the bulk 1% BiyTe3-+rGO composite sample was
close to that of the pristine Bi;Teg sample. Next, the k of the bulk 3%
BiyTes + rGO composite was less than that of pristine BiyTes, while the
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Fig. 17. (a) The temperature dependence of thermal conductivity (x) and (b)
the inverse absolute temperature dependence of lattice thermal conductivity
(x)) with the insert, the temperature dependence of electronic thermal con-
ductivity (ke) of bulk pristine Bi,Tes and 1%, 3% and 5% Bi,Te3 + rGO com-
posite samples.

value of the 5% BisTes + rGO composite was greater the BiyTes pristine
sample. This highlights that the 3% rGO content with BiyTe3 caused a
reduction in thermal conductivity. However, the bulk 1% and 3% Bi,Tes
-+ rGO composites showed k values that were less than those previously
reported by Liang et al. [10] and Liao et al. [20], while the 5% BisTes +
rGO composite sample value was close to those previously reported in
the literature.

The thermal conductivity value can be expressed as a function of the
electronic and lattice thermal conductivity as (x = k. + «;). The «, value
was obtained from the Wiedemann-Franz law: x, = LyoTo, where Ly is the
Lorenz number, 2.45 x 1078 V2 K2, and T is the absolute temperature
[27,30].

The inset of Fig. 17(b) shows the k. values of the bulk pristine BiyTes
and 1%, 3% and 5% BiyTes + rGO composite samples. It can be seen that
all samples show very small values, < 10~* W/m K, compared with the
total thermal conductivity value. Thus, «, arose from charge carriers in
the structure. Moreover, the total thermal conductivity of all samples
was dominated by the lattice thermal conductivity from the phonon
mechanism, which played an important role in all samples.

K is a function of the phonon relaxation time (z,;) via the relation-
ship, 117 = % + % + % [9,301, where 13, 7p and 7y are the grain boundary,
the point defect and the phonon-phonon processes, respectively. The
low thermal conductivity was caused a low the 7,, value. Thery term, the
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phonon-phonon mechanism, can be expressed by % = (B)®*T?, where B

represents parameters independent of temperature. The 7y term repre-
sents the relaxation time due to the phonon-phonon mechanism, which
is inversely proportional to 1/T°. Fig. 17(a) shows a plot of the x; value
of the sintered pristine BizTe3 and 1%, 3% and 5% Bi;Te3 + rGO com-
posite samples vs. the inverse absolute temperature cubed (1/T%). It can
be clearly seen that only the 5% BiyTes + rGO composite exhibited a
value that was directly proportional to 1,/T°. This implied that the
behavior of BisTes was dominated (controlled) by the phonon-phonon
mechanism. This result highlights that greater rGO contents increased
thermal conductivity.

Therp term depicts a point defect mechanism that can be defined by
i = Aw*, where A is a constant parameter independent of the temper-
ature. The A parameter is a function mass and bond length disorder,
%
I'y, is the mass fluctuation parameter, and 7’5 is the strain fluctuation
parameter [31]. The 7zp term was affected by differences in the atomic
mass and average atomic mass in the matrix sites within the structure of
the materials. Therefore, this term was not changed in the bulk BiyTes +
rGO 1% and 3% composite samples. The mechanism of the 75 term can

be expressed as i = /L, where v is the phonon group velocity and L is

expressed as A = (Im + I'), where 5° is the average atom volume,

the characteristic grain size that is affected by the grain boundary in-
terfaces with rGO incorporation in BisTes [9]. The SEM results show the
morphology of 1% and 3% BiyTes + rGO composite samples with rGO
networks along the grain boundaries in the sample matrices. These
provide grain boundary interfaces through rGO incorporation within
BiyTes. It is clear that the decreased thermal conductivity of the 1% and
3% BiyTes + rGO composite samples was caused by the rGO composite
in the BisTeg structure. The bulk 3% BisTes + rGO composite had the
lowest thermal conductivity value. Thus, an optimal 3% rGO content
offered the minimum thermal conductivity value of the bulk BisTes +
rGO composite samples.

3.9.5. The figure of merit (ZT) of pristine BisTes and BiyTes + rGO
composites

Fig. 18(a) shows a comparison of the figure of merit (ZT) of bulk
pristine BiyTes and 1%, 3% and 5% BiyTes + rGO composite samples,
calculated using the equation, ZT = (PF)/kT [30]. The ZT value of the
bulk pristine Bi,Tes sample was approximately 0.02, whereas the 1%,
3% and 5% BiyTe; + rGO composite samples showed decreased values
with increased rGO contents of around 0.17, 0.1, and 0.02, respectively.
It can be clearly seen that the 1% bulk BisTes 4+ rGO composite had the
highest ZT value, however, its ZT value was about 10 times greater than
the bulk pristine BiyTes sample. It was close to the ZT value of a
BiyTey 7Sep 3 sample previously reported by Liao et al. [20], and higher
than ZT value of Bi,Tes and GP/BiyTes previously reported by Liang
et al. [10]. Furthermore, an optimum 1% rGO content showed greatly
improved thermoelectric properties of the n-type Bi;Teg which is con-
respond to the fitting between Eg and ZT of bulk pristine Bi;Tes and 1%,
3% and 5% BiyTes + rGO composite samples as shown in Fig. 18(b).
Thus, this was effect of the rGO network along the grain boundaries in
the BiyTes matrix.

4. Conclusions

The electrochemical and thermoelectric properties of pristine BiTes
were improved by compositing it with rGO nanosheets in the pro-
portions of 1, 3, and 5% based on stoichiometric weight. Bi;Tes + rGO
composite powders were prepared using a simple ultrasonic method,
and bulk samples were hot-pressing sintered. The results show that the
XRD phase of the BiyTes + rGO composite samples corresponded to a
B,Tes standard phase. Pristine BisTes and 1%, 3% and 5% BiyTes + rGO
composite electrodes exhibited reversible reactions displaying capaci-
tive behavior that gradually increased with their rGO content, demon-
strating a charge storage mechanism with an EDLC behavior. The
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Fig. 18. The figure of merit (ZT) (a) and the fitting between Eg and ZT, (b) of
bulk pristine BiyTes and 1%, 3% and 5% Bi,Tes + rGO composite samples.

thermoelectric properties of the bulk pristine BipTes exhibited a positive
Seebeck coefficient indicating that it was thermoelectric material.
However, the bulk 1%, 3% and 5% BiyTes + rGO composites exhibited
negative Seebeck coefficients. The Seebeck coefficients of bulk 1% and
3% BisTez + rGO composites were larger than that of pristine BisTes.
The electrical conductivity of the bulk 1% BisTes + rGO composite
showed the highest ¢ value, five times that of pristine Bi;Tes. The lowest
thermal conductivity was exhibited by the bulk 3% BisTes + rGO sam-
ple. The highest ZT value, 0.07, was presented by the bulk 1% BisTes +
rGO sample. Clearly, the enhanced electrochemical and thermoelectric
properties of Bi;Te; material were affected by the rGO nanosheets
composited with BisTes. This was due to the grain boundary interfaces
of rGO within BiyTes when prepared using a simple ultrasonic method.
This method promoted a continuous network structure of rGO nano-
sheets in the BisTes + rGO composite structures, contributing to exiting
of electron charge carriers according to the model of band alignment
between BiyTes and rGO nanosheets. The effect of the grain boundary
interfaces in BioTe3/rGO nanosheet composites was the enhanced elec-
trochemical and thermoelectric properties of these materials.
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In this study, the influence of reduced graphene oxide (rGO)— Tricalcium Aluminate Hexahydrate (C3AH6)
cement nanocomposites on electrochemical properties was investigated. The rGO-C3AH6 nanocomposite sam-
ples with various of rGO laoding, such as, C3AH6 rGO-1, 3, 5, 7, 10 and 20 wt.% were easily synthesized by a
rapid cement hydration method. The maximum specific surface area and average pore size diameters were 74.20
m?/g and 11.72 nm for C3AH6_rGO-20%. The charge tranfering in C3AH6_rGO nanocomposites was described
using band alignments model occurring between C3AH6 and rGO. Interestingly, the increasing of both dielectric
property and stability in frequency of C3AH6_rGO composite samples can be explained by the high density of
free electron charges on the rGO surface. Moreover, the electrochemical properties of C3AH6_rGO electrodes had
excellent capacitive properties displaying the storage charge mechanism of a hybridsupercapacitor behavior.
The large rGO content of the C3AH6_rGO nanocomposite capacitor with electrolyte interfaces showed excellent
electrochemical performance. The highest value of 80.479 F g ~ ! was obtained from C3AH6_rGO-20% at a

current density of 0.2 A g ~ * with cycling stability of 96.51% after 1000 cycles.

1. Introduction

Nowadays, supercapacitors have been attracted interest for storage
applications in a cell phone, hybrid electrical vehicles, and back-up
power systems [1-10]. Normally, a supercapacitor, an ultracapacitor, is
a charge and storage energy device like conventional batteries [2,5,7].
Additionally, a supercapacitor is an energy storage device with high-
capacity capacitors and high capacitance value capacitors [3,6-11].
Certainly, it has high power energy storage, rapid charging capabilities,
and robust lifetimes [10-11]. Thus, the supercapacitive materials for
various energy storage applications require excellent power and rea-
sonably high energy density [4,13,14]. Conventionally, a super-
capacitor cell consists of two electrodes, a separator, and an electrolyte.
The structure cell is assembled into a sandwich-like stacked config-
uration of a electrode/separator/electrode materials [13]. Consistent
with the energy storage mechanisms and the nature of the electrode

* Corresponding author.
E-mail address: chesta.ru@kmitl.ac.th (C. Ruttanapun).

https://doi.org/10.1016/j.est.2020.101474

materials, supercapacitors can be classified into two types: An electro-
chemical double-layer capacitors (EDLCs), which the electrostatic
charge accumulates at the interface between the electrode surface and
the electrolyte, and pseudocapacitors with fast and reversible redox
reactions (Faradaic processes) occurring on the surface of electrodes
[15,16]. Therfore, the energy storage mechanism of EDLCs operates
through ion adsorption without Faradic charge transfer. This leads to
fast charge-discharge processes, high power densities, and great cycling
stabilities which is agree to the electrode surface area play a crucial role
in the performance of a capacitor. However, the limited surface area
and pore size distribution of conventional electrode materials often
cause relatively low energy densities (normally, <10 Wh/kg")
[3,5,6,11,16-19]. There are three main types of the electrode materials:
Carbon materials with high specific surface area, conducting polymers
[20-24], and metal oxides [6-10,16-25]. The electrode from carbon-
based materials has many advantages, including higher specific surface
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Fig. 1. (a) XRD patterns of pristine C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) composites and (b) — (¢) Rietveld refinement of pristine C3AH6 and C3AH6_rGO-

5% composites, respectively.

Table 1

Lattice parameter (a), cell volume (V), structural data obtained from the Rietveld refinement and average crystallite size (Dxrp) of pristine C3AH6 and C3AH6_rGO

(1, 3, 5, 7, 10 and 20%) composites.

Sample Lattice parameter a (A) vV (A)? Density (g/cm®) Rex (%) R, (%) Ry, (%) GOF Dxgp (nm)
C3AH6 12.582(2) 1991.79 2.5227 2.5352 7.3135 9.9601 2.5345 70.64 = 4.54
C3AH6_rGO-1% 12.580(2) 1990.79 2.5252 2.6448 7.1462 9.7592 2.4396 69.38 + 4.91
C3AH6_rGO-3% 12.579(7) 1990.38 2.5440 2.5996 7.1501 9.7086 2.4397 68.60 = 4.65
C3AH6_rGO-5% 12.578(2) 1989.83 2.5251 2.6750 8.7805 11.9388 3.5822 65.89 = 13.08
C3AH6_rGO-7% 12.579(2) 1990.31 2.5245 2.6887 9.0209 12.7044 4.0046 63.04 = 10.85
C3AH6_rGO-10% 12.569(1) 1971.46 2.5487 2.7829 10.3829 14.5827 5.1147 61.99 = 11.17
C3AH6_rGO-20% 12.565(4) 1968.53 2.5268 3.3081 12.7206 18.3919 8.4179 55.08 + 20.84

area, good electronic conductivity, high chemical stability, lower cost
with abundance and easy processing [26-27], and attention non toxic
[28-30]. One type of carbon-based materials is reduced graphene oxide
(rGO) which has been demonstrated as one class of the most promising
and attractive electrode materials for supercapacitors because of their
good conductivity, high surface area, exceptional intrinsic double-layer
capacitance, and high theoretical capacitance [13,24,31-34]. More-
over, the challenge for high capacitance is its major focus on new
electrode materials, which consist of high specific surface area, pore-
size distribution, low internal electrical resistance, and better electro-
chemical and mechanical stability [1,3,4,6-12,16-18,25,26,35-36].
Bo et al. [11] and Divyashree et al. [31] have decribed the electrode
of the structure part for storage electric charge at the interface between
the surface of a conductive and an electrolyte through a mechanism of
charge separated at a Helmholtz double layer to reach high electrostatic
double-layer capacitance. Purkait et al. [32] have reported the ad-
vantage of storage electric charge occurring from the nanostructure

materials as affecting from high specific and surface area for shorting
for ions and electrons diffusion and transport path. Jha et al. [4] used
graphene oxide (GO) in FeCl,/HCI aqueous medium for Supercapacitor
device. Zhou et al. [37] proposed Mn30,/rGO electrode material as
displaying efficient Supercapacitor.All previous reports suggested the
rGO nanocomposite materials were effective in the electrochemical
electrodes. Kumar Jha et al. [4] and Farma et al. [41] reported that the
H* ions bonding to O?>~ ions of the materials presented the special
physical properties of ionic transport applied to supercapacitor devices.
According to Phrompet et al. [38], rGO-nanosized Tricalcium Alumi-
nate Hexahydrate (C3AH6) cement composites (with 4% weight of
rGO) had high surface area materials due to an enrichment effect
caused by diffusion within the modified electrode and a high useful
surface area of rGO nanosheet. The nanocomposited rGO-C3AH6
structure consists of the Ca atom occupied by Ca®*, the Al atom oc-
cupied by AI** in framework of an octahedral and a tetrahedral, and
the H" ions linked to each of the four O atoms in the rGO surface. The
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Fig. 2. Raman spectra of pristine C3AH6, rGO and C3AH6_rGO (1, 3, 5, 7, 10
and 20%) nanocomposites.

stucture was respondsible for free electron charge easy transferring
between the electrode material and electrolyte [39-44]. The rGO-na-
nosized C3AH6 cement composites could be attracted attention for the
supercapacitor devices because the nanostructure has high surface area
and contains the free electron charge for ionic transport in the struc-
ture. All in all, Phrompet et al. [38] only reported the effects of rGO-
nanosized C3AH6 cement composites on mechanical, dielectric,
thermal and antibacterial properties. However, to the best of our
knowledge, there are no reports on the electrochemical properties of
rGO-nanosized C3AH6 cement composites for supercapacitor devices.

Hence, to further improve the supercapasitive property of the rGO-
nanosized C3AH6 cement, this work is aimed to investigate influences
of rGO loading contents mixed with Tricalcium Aluminate Hexahydrate
(C3AH6_rGO) nanocomposites on dielectric and electrochemical prop-
erties. The C3AH6_rGO nanocomposite samples were easily prepared by
a rapid cement hydration method with different amounts of rGO sus-
pension loading (1, 3, 5, 7, 10 and 20 wt.%). The C3AH6 rGO-1, 3, 5, 7,
10 and 20% nanocomposite materials were characterized using XRD,
SEM, Raman, TEM, FTIR, and BET. The dielectric constant (¢”) and loss
tangent (tand) of pristine C3AH6 and all C3AH6_rGO samples were
observed at room temperature. The electrochemical performance
(Cyclic Voltammetry (CV), Galvanostatic Charge/Discharge (GCD), and
Electrochemical Impedance Spectroscopy (EIS)) and dielectric im-
pedance of the C3AH6_rGO electrodes were tested.

2. Experimental details
2.1. Materials

A graphite powder (99% purity), an alumina powder (Al,03, 99.9%
purity), a calcium carbonate powder (CaCO3, 99% purity), and hy-
drogen peroxide (H,O,, 30%) were obtained from Sigma-Aldrich
(USA). An ammonia solution (NH3, 28-30%) was supplied by Baker
(USA). Sulfuric acid (H2SO4, 98%), potassium permanganate (KMnO,),
and hydrochloric acid (HCl, 37%) were purchased from Merck
(Germany). All chemicals were used as received without further pur-
ification.

2.2. Synthesis of C3AH6_rGO nanocomposite

2.2.1. Preparation of C12A7 cement

CaCOj3 and Al,O3; cement powders were used as starting materials.
12CaCO3 and 7Al,03 powders were stoichiometrically mixed for the
reaction [45]. The mixture was placed in an alumina crucible and
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sintered in an electric furnace at 1200 °C in an air atmosphere for 24 h.
Finally, C12A7 powder was obtained.

2.2.2. Preparation of graphene oxide (GO)

Graphite oxide was synthesized through a modified Hummers
method which is oxidizing graphite with a strong acid and oxidizing
agent [38]. In brief, 2 g of graphite powder was firstly mixed with 6 g of
KMnO, in a beaker. The mixed powder was poured into a 500 ml round
bottom flask and cooled below 3 °C. Second, 46 mL of H,SO, was
gradually added under stirring and cooling; then, maintained its tem-
perature below 15 °C, the mixture was stirred at 40 °C for 30 min. Third,
90 mL of distilled water (DI water) was slowly added and heated under
stirring of 95 °C for 60 min. Subsequently, the reaction was stopped,
and the metal residuals were removed by adding 250 mL DI water and
10 mL of H,0, solution, respectively. The H>O, was used as oxidizing
agent to remove metal or metal oxide residuals (Mn or MnOy). The
obtained product was separated by centrifugation and washed with a
5% HCI solution to reduce sulfate. After that, it was filtered and washed
several times with distilled water until the pH of filtered solution was
about 7. The resulting solid paste product was dried in an oven at 65 °C
overnight. The synthesized graphite oxide powder (800 mg) was re-
dispersed in distilled water (120 mL) under ultrasonication for 90 min,
followed by centrifugation. Finally, the supernatant of an aqueous GO
suspension was obtained.

2.2.3. Preparation of reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) was prepared through a modified
Dan Li method, which has been reported previously [34]. In a typical
procedure, 100 mL of GO (2 mg/mL) suspension was mixed with
100 mL of DI water, 1 mL of ammonia (30%) solution and 0.1 mL of
hydrazine hydrate (65%) solutions. In this method, ammonia was used
as a stabilizer, whereas hydrazine hydrate was used as a reductant.
After that, the obtained mixture was heated at 95 °C and stirred for
45 min. Finally, a stable aqueous suspension of rGO was obtained. A
stable of rGO aqueous suspension was obtained because of the effect of
ammonia loading [34].

2.2.4. Preparation of C3AH6.rGO composite

The pristine C3AH6 and all C3AH6_rGO composite samples were
prepared through rapid cement hydration method [38,40]. In this
method, a Ca;»Al; 4033 powder is used as the starting material. In order
to prepare pristine C3AH6 cement, the C12A7 powder was used to
suspend DI water through the chemical reaction, but there was no rGO
loading for the experimental control. To prepare C3AH6_rGO composite
samples, the C12A7 powder was dissolved with rGO aqueous suspen-
sion with varying load of 1, 3, 5, 7, 10 and 20 wt.%. The C3AH6_rGO
composites were denoted by C3AH6_rGO-x%, where x is the weight
percentage (wt.%) of rGO to the C12A7.
2.2.5. Preparation of tricalcium aluminate and all
C3AHG6_rGO electrodes
2.2.5.1. Slurries preparation. The active electrode slurry was made by
ball milling method at room temperature for 24 h using Tricalcium
Aluminate Hexahydrate (C3AH6) and all C3AH6_rGO samples (80 wt
%), polyvinylidene fluoride (PVDF) (10 wt%) and ethylene black (10 wt
%) with a N-methyl-2-pyrolidone (NMP) 0.5 ml as a solvent at room
temperature for 24 h.

hexahydrate

2.2.5.2. Cells assembly of the active electrodes to measure a three-electrode
cell system. The obtained slurries were prepared by coating ~0.1 —
0.2 ml active mass of slurry onto the ultrasonically cleaned nickel foam
sheet within a coating area of 1 X 1 cm? and oven dried at 80 °C for 3 h.
The mass of active material in pristine C3AH6 and C3AH6_rGO-1, 3, 5,
7, 10 and 20% electrodes were 2.94, 2.98, 3.11, 3.05, 3.21, 3.13 and
3.08 mg, respectively. Finally, all of these working active electrodes
were pressed at 1.5 tons for 1 min using the uniaxial compression and
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Fig. 3. (a) - (h) SEM images with inset a high magnification view of selected area, and displayed the EDS-mapping images for C and O elements of rGO and Al, Ca and
C elements of pristine C3AH6, rGO and C3AH6_rGO (1, 3, 5, 7, 10 and 20% loading) composites, respectively.

soaked into 1.0 M KOH aqueous solution for 3 h before performing an
electrochemical test.

2.2.5.3. Cells assembly of the as-fabricated symmetric C3AH6_rGO-20%
supercapacitor cells. Two activated C3AH6_rGO-20% electrodes were
fabricated by mixing 80 wt% of C3AH6_rGO-20% material, 10 wt% of
ethylene black, 10 wt% of PVDF dispersed in NMP to produce a
homogeneous slurry, and coated onto a copper plate (1 x 1 cm?).
Next, the fabricated electrodes were dried overnight at 50 °C. The
average mass of loaded activated materials in each electrode is

~3.5 mg. For PVA-6 KOH solid-electrolyte seperator, 0.5 g of PVA
was dissolved in 5 ml of Di water at 80 °C under constant stirring for
2 h. After attaining clear PVA gel solution, 5 ml of 6 M KOH was added
to this PVA gel solution and stirred at the same temperature for 3 h. For
the C3AH6_rGO-20% supercapacitor cells fabrication, two activated
C3AH6_rGO-20% electrodes were assembled into a sandwich-like
stacked configuration of an activated C3AH6_rGO-20% electrode /
PVA-6 KOH solid-electrolyte seperator / activated C3AH6_rGO-20%
electrodes and dried on the hot plate at 40 °C for 1 h Finally, the
C3AH6_rGO-20% supercapacitor cells were sealed by a tape to form a
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Fig. 4. (a) - (f) TEM images with inset a high magnification view of the selected area electron diffraction (SAED) patterns of pristine C3AH6, rGO and C3AH6 rGO_1,

3, 5 and 10% composites, respectively.

full cell.
2.3. Materials characterization

The X-Ray Diffraction (XRD) phase of the samples was analyzed
using a powder XRD in a PHILIPS X'Pert's model (X-ray source A
CuKa = 1.5406 A). Raman spectroscopy was performed by a DXR
Smart (Thermo Scienctific) quipped with a 532 nm excitation. The
morphology of the samples was observed by the SEM and TEM

techniques. The vibration mode of the atomic bonding was evaluated
using FTIR, (Bruker, Senterra). The dielectric properties were de-
termined through an impedance analyzer (KEYSIGHT E4990A). The
electrochemical measurements (CV, GCD and EIS) were investigated
using an electrochemical workstation (CS350 Potentiostat/Galvanostat,
Wuhan Corrtest Instruments Corp Ltd.), which is measures a three-
electrode cell system of the electrolyte 1.0 M KOH aqueous solution.
The Ag/AgCl in 3.0 M HCI and platinum wire (diameter of 0.5 mm)
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Fig. 5. FTIR spectra of pristine C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%)
composites.

were used as reference and counter electrodes, respectively.

3. Results and discussions
3.1. XRD analysis

The XRD patterns of pristine C3AH6 and all C3AH6_rGO samples are
shown in Fig. 1(a). The main diffraction peaks of pristine C3AH6 and all
C3AH6_rGO samples are corresponded to the standard of JCPDS
03-0123 which have the cubic crystalline structures with a space
group Ia-3d [38-40,46]. The characteristic XRD pattern of rGO
(26 = 25.2) was not founded in all C3AH6_rGO samples due to an
amorphous phase of rGO. In Fig. 1(a), it is observed that the secondary
phase of Aluminum Hydroxide (Al(OH) 3) is appeared at the diffraction
peak of 20 approximately 18 and 23.5° of pristine C3AH6 and all
C3AH6_rGO samples which is due to create during the hydration pro-
cess of the CI12A7 cement [45,47].However, the 3CaO-A-
1,03-CaCO3-11H,0 phase, which is the supporter of the growth pristine
C3AH6 nanosize in the rGO network of C3AH6.rGO samples, is ob-
served in XRD results. The most dominant diffraction peaks in 26 ran-
ging from 10 to 55° consist of (211), (220), (321), (400), (332), (431),
(521), (611), (552), (642) and (651) planes, corresponding to the dif-
fraction angle 20 of 17.2, 19.9, 26.5, 28.3, 33.4, 36.4, 39.2, 44.3, 52.4,
53.5 and 54.5° respectively. Clearly, these results can confirm the
highly nano size pristine C3AH6 cement with increasing rGO con-
centrations [38]. Moreover, the Rietveld refinement method was used
to determine the lattice constants (a), cell volume (V), reliability factors
of weighted profile residual (R,,), profile residual (R;), expected re-
sidual (R.,), and goodness of fit (GOF) of pristine C3AH6 and all
C3AH6_rGO-5% samples. A space group Ia-3d of the standard Tri-
calcium Aluminate Hexahydrate was used for fitting, as shown in
Fig. 1(b) - (¢) and summarized in Table 1. As seen in Fig. 1(b)—(c) and
Table 1, the excellent itting of pristine C3AH6 and all C3AH6_rGO-5%
samples were in agreement with the Tricalcium Aluminate Hexahydrate
standard. Besides, the lattice constants (a) and cell volume (V) were
decreased with increasing rGO concentrations, which suggests the de-
crease in C3AH6_rGO grain size. The average crystallite size (Dxgp) of
pristine C3AH6 and all C3AH6_rGO-5% samples were calculated by the
dominant peaks of the X-ray line broadening (211), (220), (321), (400),
(332), (431), (521), (611), (552), (642) and (651) planes using the
Scherrer formula equation as following [48]:

Dxgp = 0.94/Bcos8 m
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where Dxgp is the crystallite size; A is the wavelength of Cu-K,, radia-
tion; O is the half of the diffraction peak angle; and f is the full width at
half-maximum (FWHM) of the XRD peaks. The Dxrp values of pristine
C3AH6 and all C3AH6_rGO samples with x = 1, 3, 5, 7, 10 and 20%
were found to be 70.64 * 4.54, 69.38 + 4.91, 68.60 * 4.65,
65.89 =+ 13.08, 63.04 =+ 10.85 61.99 =+ 11.17 and
55.08 = 20.84 nm, respectively(See Table 1). Interestingly, the nan-
ometer crystallite sizes of all C3AH6_rGO samples (x = 1, 3, 5, 7, 10
and 20%) are decreased with increasing rGO concentrations, as corre-
sponding to the lattice constants and cell volume.

3.2. Raman analysis

The Raman spectra measured in the spectral range from 100 cm ™ *
to 3000 cm ™' of pristine C3AH6, pristine rGO and all C3AH6_rGO
samples are shown in Fig. 2(a). In Fig. 2(a), Raman spectra peak of
C3AH6 sample showed two main peaks at around 533 and 1050 cm ™!
as corresponding to the [AlO04°7] stretching, which is the characteristic
of pristine C3AH6 cement. For rGO spectra, the Raman spectra peak
displayed two main peaks at around 1353 cm ™! and 1592 cm ™!, which
correspond to the edges of the defected carbon layers due to the
breakdown of translational symmetry (D band) and the second-order
scattering (sp2) of the graphitic carbon (G band) [13,38-41,45-49]. The
characteristics of D band (~1300 em™!) and G band (~1600 cm™1!)
were carefully observed. The Ip/Ig intensity ratio which confirmed that
extensive oxidation and reduction have resulted in the GO led to large
disorders in the rGO. Also, the ration Ip/Ig is more than 1 conforming a
large amount of GO transformation into rGO over chemical reduction
using hudrazine reductant [13]. This is due to the decrease in both
average size of the sp® domains and the removal of oxygen fuctional
groups in chemical structure of GO [50-52]. Moreover, it was also
observed that the two main peaks of D band and G band of rGO
structure were found in all C3AH6_rGO samples, suggesting that the
synthesis of C3AH6_rGO composites were successful, owning to the
combination of pristine C3AH6 and rGO phases [38]. In addition, the
ration Ip/Ig of all C3AH6 rGO samples were strongly increased with
greater amounts of rGO content. This result well confirmed that the
content of rGO was increased into the C3AH6_rGO composite samples.

3.3. SEM analysis

The morphology of pristine C3AH6, rGO, and all C3AH6_rGO sam-
ples were analyzed by SEM images as shown in Fig. 3(a) — (h). As seen
in Fig. 3(a), the morphology of pristine C3AH6 sample included the
agglomerated irregular of edge shape particle with a micrometer size.
For rGO morphology as shown in Fig. 3(b), the SEM image displayed
the creases and wrinkles of thin sheet with high overlapping. As seen in
Fig. 3(c) — (h), all C3AH6_rGO samples displayed similar edge shape
particles, corresponding to the pristine C3AH6 sample, and illustrated
the uniform shape of the continuous network rGO structure which
presentsthe rGO incorporation with pristine C3AH6 cement. It shows a
high magnification view in the inset Fig. 3(c) — (h). Interestingly, the
surface of all C3AH6_rGO samples showed that the network structure of
rGO sheet confirms the occurrence of grain boundary interfaces for rGO
incorporation with pristine C3AH6 cement. The EDS-mapping images
of pristine C3AH6, rGO and all C3AH6_rGO samples (See Fig. 3 (a-h)
displayed the presence of C and O elements of rGO and Al, Ca and C
elements of pristine C3AH6 sample and all C3AH6_rGO samples. These
results confirmed the homogeneous distribution of a carbon compound
in rGO composite on surface pristine C3AH6 cement.

3.4. TEM analysis
Fig. 4(a) - (f) shows TEM images of pristine C3AH6, pristine rGO

and C3AH6_rGO-1, 3, 5 and 10% samples with an inset of the selected
area electron diffraction (SAED) patterns. Fig. 4(a) shows that the
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Fig. 6. (a) — (g) Nitrogen sorption isotherms with inset a pore-size distribution curves of C3AH6 and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) composites, and (h) the

plots of pore sizes and BET surface area as a function of rGO concentration.

particle of pristine C3AH6 sample had small grains and pores with
nanosized approximately 100-200 nm. In addition, morphology of rGO
nanosheet, shown in Fig. 4(b), indicated the translucent thin sheet.
Regarding the C3AH6_rGO-1 and 3% samples, shown in Fig. 4(c) — (d),
the morphology displayed similar flake-like shape, which is the rGO

incorporation with pristine C3AH6 cement. Fig. 4(e) — (f) clearly dis-
played the decrease of grain sizes with increasing rGO percent weight
for the C3AH6_rGO-5 and 10% samples. Thus, the percent weight of
rGO nanosheet can be affected by decreasing the grain sizes of the
composites C3AH6_rGO samples. This is due to the rGO surface which
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supports the constant growth of the nucleation pristine C3HA6 sites
[38]. Moreover, SAED patterns of rGO sample revealed the diffraction
ring, indicating a high poly crystalline. However, SAED patterns of
C3AH6 and C3AH6_rGO-1, 3, 5 and 10% samples demonstrated a
characteristic of the mixed diffraction ring and diffraction point as a
result of combination of polycrystalline rGO and nanograin sized pris-
tine C3AH6 cement.

3.5. FTIR analysis

The FTIR spectra of pristine C3AH6 and all C3AH6_rGO samples
were measured in the region of 4000 — 400 cm ™! the result of which is
shown in Fig. 5(b). The appearance of vibrational peak at about
3669.61 cm ™~ ! was attributed to the (v,s O—H) stretching mode of water
due to the formation of water adsorption on surface. And the 3669.61
3618.38, 3523.62 and 3461.91 cm™! were attributed to v,s O—H
stretching mode of AHj in pristine C3AH6 [38,53-55]. Moreover, the §
O—H stretching mode in AHj3 also showed vibrational peak at about
1019 cm™'. The observed vibrational peak at about 1363.40 and
1415.19 cm ™! were attributed to the G—H stretching mode [46]. The
strong vibrational peaks at band about ~496.08 cm ~! were attributed
to the v Al-O stretching mode in hydr ogarnet [46]. These obtained

Journal of Energy Storage 30 (2020) 101474

results can confirm the structure of pristine C3AH6.

3.6. BET analysis

Fig. 6(a) — (h) shows the Nitrogen sorption isotherms of pristine
C3AH6 and C3AH6_rGO samples. The pore-size distributions of these
samples and plots of BET surface area and pore sizes were a function of
the rGO concentrations. As seen in Fig. 6(a) — (h), a typical type-IV
isotherm indicates the characteristic of mesoporous structure in parti-
cles [24,53,56]. The specific BET surface area of pristine C3AH6 and all
C3AH6_rGO samples were found to be increased with increasing rGO
content as summarized in Fig. 6(g). The maximum specific BET surface
area was 74.20 mz/g for C3AH6_rGO-20% sample. Moreover, the cal-
culated pore-size distributions of C3AH6 and all C3AH6_rGO samples
using BJG technique are shown in Fig. 6(a) — (h) and average pore size
diameters of these samples are summarized in Fig. 6(g). The average
pore size diameters of pristine C3AH6 and C3AH6_rGO-1, 3, 5, 7, 10
and 20% were found to be 14.68, 15.74, 17.65, 16.15, 11.57, 18.27 and
11.72 nm, respectively.

3.7. Dielectric properties

The frequency dependence of the dielectric behavior of pristine
C3AH6 and C3AH6_rGO-1, 3, 5, 7 and 10% samples revealed the di-
electric constant (¢’) and tand shown in Fig. 7(a). The ¢’ and tand of
pristine C3AH6 and all C3AH6 rGO samples were observed at room
temperature. As seen in Fig. 7(a), the pristine C3AH6 and C3AH6_rGO
samples with loading low rGO content (1, 3 and 5%) demonstrate that
the ¢ value was not changed. On the other hand, the C3AH6_rGO
samples (7 and 10%) showed that the &’ values gradually increase with
increasing the rGO content. The ¢’ values are observed at 1 kHz of the
pristine C3AH6 and the C3AH6_rGO samples with 1, 3, 5, 7 and 10% of
8.78, 9.66, 8.94, 10.23, 13.48 and 138.23, respectively. The ¢’ value of
the C3AH6_rGO-10% is higher than that of pristine C3AH6 with ap-
proximately ~15 times, which is in agreement with the previous result
of the reduced graphene oxide/Mn;0, nanocomposites [57-58]. Like-
wise, the ¢’ value of C3AH6_rGO-10% sample was nearly independent
on frequency with a behavior similar to the one observed in poly (vi-
nylidene fluoride)/nano-sized La;NiO4s (PVDF/LNO) nanocomposite
films [58]. Meeporn et al. [59] reported that the ¢’ stability of frequency
can be explained by the effect of density of free electron charges in the
conductive particles. It is noteworthy that the obtained free electron
charges of pristine C3AH6 were accumulated on the rGO surface in-
terface [57-58]. Therefore, the enhanced ¢ value was observed with
increasing rGO content due to many free electron charges on the rGO
surface [59]. The accumulated free electron charges on rGO surface are
given rise to high polarization. These results clearly indicate that the
interfacial polarization on the surface of C3AH6_rGO samples were used
to explain the high ¢’ and high tan$, especially at low frequency shown
in Fig. 7(a), respectively [32,60-63]. This finding depends on the high
AC conductivity (o) in material [64-65]. The AC conductivity at room
temperature and inset of ¢’ and o values at 1 kHz of pristine C3AH6 and
C3AH6.rGO-1, 3, 5, 7 and 10% samples with various of rGO con-
centrations are shown in Fig. 9(b). According to Fig. 7(b), the pristine
C3AH6 and C3AH6_rGO samples with loading low rGO content (1, 3, 5
and 7%) show that the o value was not changed at low frequencies
whereas the C3AH6_rGO-10% sample exhibited the high o value. In-
terestingly, the o values of C3AH6_rGO-10% sample were independent
of frequency. This result can prove that the conduction of rGO network
was arised by the obtained free electron charges from pristine C3AH6
which provide the high tand. According to Fig. 7(a) — (b), the con-
ductivity of materials has strongly influenced the dielectric properties.
Consequently, high ¢’ value and stability on frequency of the
C3AH6_rGO-10% sample can be explained by the high density of free
electron charges for the interfacial polarization on the rGO surface.
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and C3AH6_rGO (1, 3, 5, 7, 10 and 20%) electrodes, respectively.

3.8. Electrochemical studies

Fig. 8(a) shows CV curves of pristine C3AH6 and all C3AH6_rGO
electrodes at a scan rate of 100 mV s ~ ! in a potential window of —0.1
- 0.0 V. It can be seen in Fig. 8(a) that the CV curves of pristine C3AH6
electrode display a small reversible reaction as a poor capacitive be-
havior, whereas the electrodes of rGO including the C3AH6 cement
show gradual increase in the area of the reversible reaction with in-
creasing the rGO content. In fact, these CV curves of all C3AH6_rGO
electrodes are close to quasi-rectangular shape. This indicates a good
capacitive behavior owing to clearly reversible reaction of a capacitive
behavior which takes place at the interface of electrode and electrolyte.
Which suggested the storage charge mechanism of electrochemical

double layer capacitors (EDLCs) behavior [13,25-26,51]. It can be seen
in Fig. 8(b) — (h) that the CV curves of pristine C3AH6 and all
C3AH6_rGO electrodes at scan rates from 10 to 200 mV s ~ !, which
shows the intensity and area of those CV curves, gradually increase with
increasing the scan rate. This is because of the efficient migration of
OH™ ions through the porous structure, the effect of the decreased
C3AHS6 size due to C3AH6 cement composited with rGO sheets, and
oxygen containing functional groups at electrode surface of rGO con-
nections [24,31-32,38,51]. As seen in Fig. 8(h), the area of closed CV
curve of C3AH6_rGO-20% electrode was larger than that of other
C3AH6_rGO electrodes, which can be an indicator ofthe superior elec-
trochemically performance supercapacitor of C3AH6_rGO-20% elec-
trode. The specific capacitance (C.s) values of all working electrodes
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were calculated from the integral area of closed CV curves [25] using
the following equation:

_ Jidv
T 2mvAV

s¢

3

Where Cj, is the specific capacitance (F g = 1); i is the measured current
(A); v is scan rate; m is the mass of active materials in each electrodes

10

(g); and AV is the total potential deviation (V). The C., was found to be
5.348, 12.740, 13.775, 16.685, 19.927, 26.650 and 64.067 F g ~ 1at
10 mvVs ~ ! for pristine C3AH6 and all C3AH6_rGO electrodes, re-
spectively. The C3AH6_rGO-20% shows higher C. than other compo-
sitions. As a matter of fact, the performance of the C3AH6_rGO-20%
electrode was at maximum C, values due to its smaller particle size
than other compositions. This helps enhance the surface area and have
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Table 2

C,. value at different scan rates and current densities were calculated by CV and GCD test, respectively, and EIS analysis of pristine C3AH6 and C3AH6 rGO (1, 3,5, 7,

10 and 20%) electrodes.

Parameters Electrodes

C3AH6 C3AH6_ rGO-1% C3AH6_ rGO-3% C3AH6_ rGO-5% C3AH6_rGO-7% C3AH6_ rGO-10% C3AH6_ rGO-20%
Ce(Fg ™ Dbycv
10mvs ! 5.35 12.74 13.77 16.69 19.93 26.65 64.07
20mvs ~ ! 4.61 11.01 12.30 15.32 18.51 25.14 60.77
50mvVs ! 3.55 8.50 10.06 13.07 16.20 22.70 53.28
100mvs ! 2.75 6.50 8.14 11.03 14.00 20.28 44.79
200mVs ~ ! 2.04 4.61 6.22 8.72 11.41 17.08 33.06
Ce (Fg ~ 1) by GCD
02Ag ! 5.30 15.83 19.76 21.79 27.91 35.42 81.95
05Ag 1! 3.24 11.81 14.21 18.04 23.10 31.46 69.96
1Ag ! 2.12 8.86 11.04 15.32 20.08 28.82 63.96
2Ag ! 1.28 5.92 8.00 12.36 16.72 25.60 58.52
5Ag ! 0.90 3.10 4.50 7.80 11.40 19.90 48.55
10Ag ~! 0.80 2.20 3.20 5.20 6.60 16.60 38.30
EIS analysis
Rs () 1.003 0.932 0.945 1.051 0.929 1.060 0.855
(%error) (1.301) (1.366) (1.467) (1.310) (1.436) (1.384) (2.075)
Ret () 1.642 1.021 0.761 0.618 0.539 0.448 0.297
(%error) (16.635) (21.665) (15.775) (11.043) (13.42) (10.888) (7.786)
Cp (F) 0.003 0.008 0.019 0.024 0.042 0.080 0.745
(%error) (7.782) (11.401) (8.657) (5.780) (7.139) (6.044) (3.394)
DE-R (Q) 3.064 1.380 4.693 1.279 0.780 0.942 0.834
(%error) (27.011) (44.401) (31.807) (31.610) (48.185) (60.441) (32.548)

11
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larger energy storage [38,51].

Fig. 9(a) - (h) present the supercapacitor characteristics of pristine
C3AHG6 and all C3AH6_rGO electrodes. The characteristics can also be
observed in GCD curves of pristine C3AH6 and all C3AH6_rGO elec-
trodes performed within a potential window of —0.1 - 0.0 V at a scan
rate of 0.5 A g ~ ! and different current densities from 0.2to 10Ag ~ .
It was clear that all GCD curves were almost linear in the range of
voltage with constant slopes as an indicator of the double layer capa-
citor behavior [13,25,51]. In addition, it could be observed that the
capacitive behavior decreased as the current density increased because
the high current density accelerated and the charge/discharge rate of
the ions in electrolyte could not be totally diffused onto electrode
surface, which showed the internal resistance (R; drop). The C,s values
were estimated based on the obtained GCD curves [31,53] using the

following equation:
i

Coe = — 39~

m() (€]

Where i is the discharge current density (A g ~ 1); AV/At is the slope
of discharge curves after the R; drop. The C;, of pristine C3AH6 and all
C3AH6_rGO electrodes were calculated based on the integral area of
closed CV curve and discharge curves as shown in Fig. 10(a) - (b). In
Fig. 10(a) — (b), the C,. values deceased with increasing the current
density owing to the imperfection of electrodes preventing the elec-
trolyte ions from being diffused and penetrated into the active sites of
electrode materials. However, the enhanced C,. of C3AH6_rGO-20%
electrode could be attributed to the increase in the electrochemically
active surface area for the formation of the EDLCs behavior and the
effects of high surface area rGO connections [13,18,24-25,51,60-67].

12

In addition, the small particle size of pristine C3AH6 could result in
high surface area and large mesopore of active redox sites for more
OH™ ions to be accessible in electrolyte confirming the surface area and
porous structure by BET results [24,52]. In line with the CV results, the
C3AH6_rGO-20% composition showed higher C.s (calculated from dis-
charge curves) comparing to other compositions. Therefore, the en-
hanced activity of the composites has been due to an enrichment effect
via diffusion within the modified electrode and the high useful surface
area of rGO sheet. The free electron charge transfers through the
electrode surfaces. The KOH electrolyte can be increased by the pre-
sence of rGO sheets composite with the pristine C3AH6 cement [38]
The specific energy (E;, Wh kg~ 1 and specific power (P, k

kg 1) values of all working electrodes were calculated from the spec1ﬁc
cell capacitance (Cs, ce) Which corresponds to 1/4 of the C;. in the GCD
curves for the three electrode systems [25] using the following equa-
tion:

1
Ccell

L
Cs

1 _
c

1
(my x Cy)

1
+ =
(m- x Cy)

2
(m x C)

Where m, and m. are the effective masses of the active electrodes on
the positive and negative electrodes (m, = m. = m for a symmetric

supercapacitor). The C.yis presented by C = Wand Cse, cerliS

((m X Csc)
2

Ceell _

presented by Ccon = T . In this case, the C,, and
AVare used for the calculation of Esp values as the following equation:

1(Grxavy)

(C:c,cell X (Av)z) — —
2 3.6

3.6

(Ce X (AV)?)
3.6

1 1
E, = — —
L) 8 (5)

The Py, can be derived from Eg, divided by the discharge time t as
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Fig. 13. Ragone plots of as-fabricated symmetric C3AH6_rGO-20% super-
capacitor cells are comparable with values reported in previous studies.

the following equation:

_ Eyp X 3600
- ¢ (6)

sp

Fig. 10(c) displays the Ragone plot of pristine C3AH6 and all
C3AH6_1GO electrodes. Ey, and P, values were found to be ranging
from 0.02 to 2.85 Wh kg ™! and 25 to 1250 W kg ™1, respectively, with
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current densities of 0.2 to 10 A g ~ ' in the KOH electrolyte which

operates within a potential window of —0.1 - 0.0 V. The C3AH6_rGO-
20% electrode Clearly gave the highest specific power of 2.22 kW kg ™!
at a specific energy of 125 Wh kg~ '. Moreover, the Ey, and Py, of
C3AH6_rGO-20% electrode was comparable with values reported in
previous studies as shown in Fig. 13. However, the cycling stability of
pristine C3AH6 and all C3AH6_rGO electrodes were continuously in-
vestigated 1000 cycles by GCD test at a current density of 5A g ~ 1, it
was found that all C3AH6_rGO electrodes provided excellent cycling
stability, as shown in Fig. 10(d).

Fig. 10(a) shows the Nyquist plots of pristine C3AH6 and all
C3AH6_rGO electrodes which were analyzed by fitting the experimental
data to the equivalent circuit model (inset in Fig. 10(a)) using ZView
software. The main elements of the equivalent circuit were the solution
resistance (R;), charge transfer resistance (R.), a pseudocapacitive
element (C,) from redox process of active materials, constant phase
element (CPE) to account for the double-layer capacitance, and diffu-
sion resistance (DEqy) [18,32,66,68-70]. The obtained values are
summarized in Table 2. Generally, the intercept on Z’ axis in a high
frequency region was related to the R, of the interface between an
electrolyte solution and intrinsic resistance of active materials at sur-
face electrodes. A semicircular curve was principally assigned to the R.,,
according to the charge transfer process arised at the interface of sur-
faces electrode and KOH electrolyte. As seen in Fig. 11(a), pristine
C3AHS6 and all C3AH6_rGO electrodes displayed a small semicircle in a
high frequency region and straight line in a low frequency region. The
C3AHS6 electrode exhibited a higher R, value, whereas pristine C3AH6
with composite rGO electrodes was decreased from 1.642 to 0.292 Q
with increasing rGO content. It suggests that rGO provides great elec-
trical conductivity to promote a faster charge transfer process. In
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addition, in a low frequency region of Nyquist plots, the slopes of all
C3AH6_rGO electrodes were higher than that of pristine C3AH6 elec-
trode. It indicates a good electrical conductivity due to the high surface
area of rGO connection and the low diffusion resistance (DEg)
[66,68,71]. The low DEgy values of C3AH6_rGO-7, 10 and 20% were
obtained from the easy diffusion, proving that electrolyte ions can move
more easily to the surface of the electrodes. This result showed that the
pristine C3AH6 with composite rGO was a promising electrode material
of supercapacitors.

The Bode plot in Fig. 11(b) shows the phase angle as a function of
frequency, and this presents the phase angle value of about —60 to 80°
in the low-frequency region. It suggests that the pristine C3AH6 with
composite rGO electrodes approximates the ideal double layer charge
storage capacitive behavior [18,68]. The specific capacitance (C,.) and
normalized capacitance (C”) as a function of the frequency of the
pristine C3AH6 and all C3AH6_rGO electrodes were calculated by the
following equations [25], respectively:

2
7 wZ'm 7
and
C// — L
w|ZP ®

Where o is the angular frequency,Z’, Z” and |Z| are the real part,
imaginary part and magnitude of impedance, respectively, and m is the
mass of the active material on each electrode. As can be observed in
Fig. 11(c), the Csc completely depends on the frequency below ap-
proximately 1 Hz. Particularly for the C3AH6_rGO- 20% electrode, a
maximum Csc is shown throughout the entire frequency region due to
the high interfacial polarizations of ions on the surface electrodes
[24-25,64-65]. The normalized capacitance (C”), which as a function
of the frequency of the pristine C3AH6 and all C3AH6_rGO electrodes,
as shown in Fig. 11(d). The characteristic of frequency at a maximum
peak frequency was known as knee frequency (fy) in which the capa-
citive and the resistive impedances are equal [66-67]. At higher fre-
quencies from this point, the supercapacitors show more resistive be-
havior. On the other hand, the reciprocal of this f, represented the
lowest time, which is associated with a short relaxation time constant
(to = fo~ ). It can be used to define the boundary of the electrochemical
capacitor from capacitive to resistive behavior [17,18,25,41,68]. Con-
sequently, t, indicates a fast frequency response of the supercapacitor.
The ty of pristine C3AH6 was 0.13 s, which was lower than that of all
C3AH6_rGO electrodes found in the range from 0.23 to 4.45 s owing to
the increase in rGO concentration. t, values of pure rGO film electrodes
were usually found to be ~ 6.3 s [71]. In addition, the t, corresponds to
the conductivity of materials at surface electrodes which have a great
influence on the diffusion of free electron charges for the polarization
on the rGO surface [25,32,71-73]. Therefore, t, of pristine C3AH6 was
lower than that of all C3AH6_rGO electrodes due to the low con-
ductivity and high intrinsic resistance of electrode materials, comparing
with the electrodes of rGO having C3AH6 cement.

Fig. 12(a) shows that the photographic image of the as-fabricated
symmetric C3AH6_rGO-20% supercapacitor cells were made from two
activated C3AH6_rGO-20% electrodes and PVA-6 KOH solid-electrolyte.
In Fig. 12(b), the CV curves of symmetric C3AH6_rGO-20% cells were
determined by a potential window of —1.2 - 0.1 V for various scan rates
from 10 to 200 mV s ~ '. In the CV curves, the small swelling at about
—0.22 and 0.61 clearly shows the small reversible redox reaction of
rGO surface which an increase in current depends the increase in scan
rate [4]. The appearance of the almost rectangular shape confirms that
the capacitor behavior is largely contributed by double layer formation
combined with the slightly pseudocapacitive process. Similarly, the
GCD curves as shown in Fig. 12(c) displayed nearly typical symmetrical
triangular shapes, suggesting that the capacitance originates from the
hybridsupercapacitor behavior at the C3AH6_rGO-20% electrodes and
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electrolyte interfaces. As seen in Fig. 12(d), the efficiency of the cycling
stability is about 96.51% after 1000 cycles, whereas the maximum
specific capacitance of symmetric C3AH6_rGO-20% cells was calculated
and found to be 80.479 Fg ~ 'at0.2A g ~ .

Fig. 13 shows the Ragone plots of symmetric C3AH6_rGO-20% su-
percapacitor cells. The result was comparable with values reported in
previous studies. Obviously, the as-fabricated symmetric C3AH6_rGO-
20% electrode shows an equal specific energy and specific power with
activated carbon monoliths (ACMs) [18], which represent the char-
acteristic of EDLCs behavior. Similarly, the range of specific power
value of symmetric C3AH6_rGO-20% cells was observed from 100 to
10 kW kg~ ! corresponding to AC//phosphotungstate/AC [11]. How-
ever, these values are lower than those of the reported symmetric su-
percapacitors, such as PW;,/PANI/TiN (21.6 Wh kg~ ', 375 W kg’l)
[66], CoPy/graphene (24 Wh kg™*, 300 W kg™ %) [17], and Niz(PO4),/
GO/C-FD (49 Wh kg’l, 499 W kg’l) [68]. It is also comparable to the
high specific energy and specific power of N-RGO/TEABF,/ACN elec-
trode (91.0 Wh kg~ !, 1 kW kg~ 1) [61], CuO@rGO (31.2 Wh kg™ ?,
1.69 kW kg ') [74], and Oxidize CNT (52.6 Wh kg%, 56.3 kW kg ')
[25] which is a potential electrode for pseudocapactiors. In fact, this
study indicated that the C3AH6_rGO composites are environmentally
friendly, safe, and healthy built with energy-efficient and low-cost
materials for supercapacitor applications [38].

4. Conclusions

The C3AH6_rGO-1, 3, 5, 10, and 20 wt.% nanocomposites were
sucessfilly synthesized by a rapid cement hydration method. XRD result
and Rietveld refinement method showed excellent fitting and agree-
ment with the pristine C3AH6 standard. SEM and TEM images dis-
played similar flake-like shape well confirming the rGO incorporation
with pristine C3AH6 cements. EDS mapping image revealed the
homogeneous distribution of a carbon compound in rGO composites on
surface pristine C3AH6 cement. Raman spectra well confirmed the
pristine rGO, pristine C3AH6 cement, and C3AH6_rGO nanocomposite
with the appearance of the combination pristine C3AH6 and rGO.
Nitrogen sorption isotherms of all samples displayed a typical type-IV
isotherm with maximum specific BET surface area of 74.20 m?/g for
C3AH6_rGO-20% sample. Interestingly, high dielectric property and
stability on frequency of C3AH6_rGO-10% sample can be explained by
the high density of free electron charges for the interfacial polarization
on the rGO surface. Moreover, the electrochemical properties of pristine
and all C3AH6_rGO electrodes had excellent capacitive properties,
presenting the storage charge mechanism of a hybridsupercapacitor
behavior. Interesting, the highest Csc value of 80.479 F g ~ ' at a
current density of 0.2 A g ~ * with excellent cycling stability of 96.51%
after 1000 cycles was obtained in symmetric C3AH6_rGO-20% super-
capacitors. These results indicated that the enhanced activity of the
composites may have been due to an enrichment effect via diffusion
within the modified electrode and the highly usefull rGO surface area.
This area allows free electron charges to transfer onto the electrode
surface and the electrolyte can be increased by the presence of rGO
sheets composited with the C3AH6 cement. Therefore, the nano-
composites material of reduced graphene oxide mixed with hydroganet
cement is an excellent ideal for supercapacitor electrode materials.
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