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Abstract

Clothing and textile materials are the elements that are almost always present and is
customizable to each human being. In the last few years, the smart textiles feature such as stain
resistance, antimicrobial, superhydrophobic/ super-hydrophilic, antistatic, sensors, power
generators, electromagnetic/ ultraviolet interference shielding, wrinkles resistant, and shrink-
proof abilities. Since the energy and environmental efficiency governance are becoming the
demand, there is a need for alternate renewable energy conversion system that will reduce the

greenhouse gases emission and improve the energy competence.

The eco-friendly renewable energy source for smart textile from various environmental origin
such as photovoltaic (PV) utilizing the light source, thermoelectric (TE) employs temperature
difference, piezoelectric (PE) proving kinetic energy from vibrations or shocks and radio
frequency (RF) energy were accepting moving waves of electric and magnetic together. The
ability of harvest energy from ambient sources enables the lifetime of battery-operated for
wearable devices. The human body is a constant heat source, and typically a temperature
difference exists between body skin and the environment. Even in a scenario where the wearer
located in a dark room or stationary or presence in air condition room, energy can be produced.
Because the thermoelectric generates electrical power from heat flow across a temperature
gradient, and it is based on the solid-state technology with the principle of Seebeck effect. As the
heat flows from hot to cold, free charge carriers (electrons and holes) in the material are driven,
and the resultant voltages. Similarly, depending on power generator size, place, and activity of
human body is suitable for harvesting energy in the range of microwatts to hundreds of

milliwatts.



The performance of wearable thermoelectric power generator (WTPG) material is closely related
to the dimensionless figure-of-merit (zT), zT=[(S%c)/k] T, where S represents as thermopower
(Seebeck coefficient), o represent as electrical conductivity, k represent as thermal conductivity,
and T is the temperature respectively. Since the advent of nanostructured power generation
materials exhibits high zT owing to the maximization of power factor (S%c) and reduction in .
Throughout the literature, the nanometer-scaled crystalline structure can reduce k by enhancing
the boundary scattering of phonons, but it degrades the power factor, simultaneously. With the
aim of bettering the power factor, an increment of thermopower is expected by tailoring the
density of states through nano-structuration such as nanocomposites and superlattices and

doping modulation.

Traditional materials for thermoelectric such as bismuth telluride have been studied and utilized
commercially for the last half century, but recent advancements in materials selection are one of
the principal function of the active thermoelectric device as it determines the reliability of the
fabrication regarding technical and economic aspects. Recently, many researcher’s efforts have
been made to utilize oxide nanomaterials for WTPG applications which may provide
environmental stable, mechanical flexibility, and light weight with low cost of manufacturing. In
precise, fabric containing oxide metals have shown great promise as P-/ N-type materials with
improved transport and UV shielding properties. On the other hand, we have focused on ZnO
and rGO nanostructures as a high-efficiency WTPG material because they are non-toxic to skin,
inexpensive and easy to obtain and possess attractive electronic properties, which means that

they are available for clothing with low-cost fabrication. To our observation, we are reporting



about the thermoelectric properties of ZnO and rGO nanostructures coated cotton/ carbon fabric

via the solvothermal method for the first time.

In this work, we have shown that enhanced UV shielding of 183.34 and thermoelectric power
factor of 22 pW/mK? respectively by ZnO mixed nanostructures on cotton fabric (CF) through
solvothermal method. It demonstrated that ZnO with mixed nanorods and nanosheets structure
could significantly improve its thermoelectric power factor through lower resistivity and higher
Seebeck coefficient. After successfully obtaining mixed nanostructures of ZnO, we investigated
Ag- and Sb- in ZnO composite through two-step solvothermal method. In composites lead to a
high thermopower value of 471.9 pV/ K and enhanced UV shielding with a value of 83.96. we
consider that this is mainly due to the growth process of ZnO is disrupted, when the Ag
composites are introduced, and the growth process is again favored when enough Ag have
recombined with the Zn material which may cause the positive effect on the charge separation
efficiency. Then the higher value due to the intergranular crystal structure which plays a
significant role in charge transport. To take the benefits from reduced graphene oxide (rGO), i.e.,
lower thermal conductivity due to oxide deficiency defects and high power factor arising from
efficient graphene sheets and therefore, the obtained thermopower value of 32 puV/ K. Lastly,
the carbon fabric coated with ZnO different morphology through ultrasonication assisted
solvothermal method was about -0.04 ~ 0.054 uV/K and for bare carbon fabric it was found to be
about 0.08 puV/K. In addition to the carrier concentration, it is important to note that there was
a change of carrier type from P-type to N-type resulting due to the coating of ZnO on carbon
fabric. We understand that these values can be further improved by optimizing composite and

improving the surface texture of the carbon fabric.
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CHAPTER 1

Introduction & Literature review
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1.1 Background

Turning textile fibers into progressively challenging and innovative product have seen manifold
development in the last decade. The most promising characteristics of fibers drive the development
of a wide range of fibrous products enabling digital components and electronics to be embedded
in them known as smart clothing or smart textiles or smart fabrics. Adopting the new technology
of smart fabrics is advantageous since they are relatively lightweight, comfortable, soft, and
biodegradable. The move towards function-focus fibrous structures in pavement and embankment
reinforcement may seem more appropriate, it implies technological applications such as stain
resistance, antimicrobial, superhydrophobic/ super-hydrophilic, antistatic, sensors, power
generators, electromagnetic/ ultraviolet interference shielding, wrinkles resistant, and shrink-proof

abilities.

Among modern perspective, the wearable devices used to monitor a variety of health and
environmental measures are becoming popular, and those devices requires capable of functioning
autonomously for extended periods without replacing or recharge of batteries, but it is not
practically impossible or ineffective. Since time immemorial, technology focuses to decrease the
power consumption of devices so that the battery lasts for years. It has been done long ago, e.g.,
in watches. Low power consumption devices are developing gradually and that today offers

provide opportunities for yesterday’s dreams [1-6].

The main drawbacks are to supply power stable and reliable to commercialize wearable devices,
the efforts are being made to explore alternative energy sources for recharging of batteries is
performed on a regular or occasional basis using the auxiliary power source of energy harvesting
modules such as photovoltaic cells or thermoelectric devices, which are also known as renewable

energies. The renewable energy sources, being clean energy sources, noiseless, have an extreme
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advantage over conventional energy resources from an environmental point of view. The
photovoltaic cells are variable power supply, dependent on sunlight, which could lead to an energy
shortage if too much of a region's power comes from photovoltaic cells. Therefore, photovoltaic
cells fail to provide long-term autonomy sufficient power for portable devices. Fortuitously, the
thermoelectric devices have attracted much attention due to their ability of direct conversion of
heat to electricity. The performance of thermoelectric devices is recycling wasted heat energy,
lower production cost, scalability, long-lived power source, no side effects or harm, free from gas

emission, easy to dispose of and reliable source of energy [7-9].

1.2 Motivation

The body heat from the human is one of the source to harvest energy, which produces electricity
from tiny energies in the environment that is called thermoelectric (TE) power generator as shown
in Fig. 1.1 In this application, the power generator was designed in the form of textile, so-called
wearable power generator (WPG). It is also made available in the form of curtain, tent, and
umbrellas and therefore, it is useful not only for a daily life applications but for special applications
such as natural disaster. TE materials have prominent aspects like reliability, environmental
benignity, and easy incorporation into existing technologies. They can be used as long-life power
sources and provide a long-lasting solution to the ever-growing demand for implantable medical
devices. This increasing demands for lightweight, high flexible, stretchable, and washable presents

critical challenges for the progress of WPG.
1.3 History of wearable power generators
& In 1821, the Thematron’s technology developed watches at Centre electronique horloger

(CEH) in Neuchatel, Switzerland. Basically, three different materials were used antimony,
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bismuth, and tellurium. The generators composed of two metal sheets: red one on the watch
back side (in contact with the wrist’s skin) and a blue one at the top of the case (in contact
with ambient air); it is based on “Seebeck effect” principle, which generates a voltage that
supplies energy to the quartz caliber. They had very low conversion efficiency, and it could

not hold the electrical load, thus the distribution was eventually stopped.

) e

E— —

Fig. 1.1 wearable power generation on human body

& With not much achievement, several efforts followed, when finally, in the year 1988, Seiko
developed another thermic watch; which was connected to a lithium-ion battery with a 10
months’ power reserve. It has power saving mode, and it stopped when the watch was not
being worn on hand to reduce energy consumption and save battery life.

& In 2010, Skinny Player was designed by Chinese engineers Chih-Wei Wang and Shou-His
Fu; the player with a preloaded album onto it and to listen music you would simply stick
the player onto your body; By sticking the player, it would gain power from its flexible
battery charging device; it is eco-friendly and sustainable way; major issues with the player
is when intended to exercise, the body is hot and usually sweats, however it was stuck on
a sweating body for a long time.

% A tremendous achievement in the same year by Orange Power Wellies; Boots that converts

heat from your feet into electrical power to charge your mobile phone; the battery gets
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charged by twelve hours of walking but still its remarkable significant that the amount of
energy can be harvested from the normal human activity; in order to decrease the charging
period we should try more active duties like dancing or running; then the device contains
pairs of p-type and n-type semiconductor materials forming a thermopile.

In 2011, the first popular TE mobile developed by Nokia E-Cu designer Patrick Hilandom;
the mobile would be able to heat-conductive charging system, being in your pocket and it
creating a charger-free mobile phone future; the phone body is made up of copper on which
are engraved heat sinks in the form of dried and cracked earth; basically, mobile phone
chargers produce 51000 tons of emission of energy in the environment, in addition to
greenhouse gases.

In 2013, Fujifilm has developed the flexible polymer TE conversion module; it can able to
generate milliwatt to microwatt power; it would be possible to operate the medium and
low-temperature waste heat that surrounds us all in our daily lives; the power is generated
by affixing a film substrate coated with organic materials on to a heating source, and the
possible power can be generated in the temperature difference ambient and human body
temperature of even 1°C.

In 2016, developed by Sam Shames in Embr labs, Wristify is a heating and cooling bracelet
that lets you make yourself comfortable by sending hot or cold pulses to a patch of skin on
the wrist; it is more comfortable without changing your core temperature by focusing on
the temperature at the skin, and sudden changing of the skin temperature can also notice

immediately make you more comfortable.
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1.4 Thermoelectric Materials

The performance of WPG is essential to develop high-efficient flexible TE materials.
Theoretically, the efficiency of TE power generator rises monotonously with increasing
dimensionless figure of merit, zT which is given by zT=(S?c)/x T, where S, o, k, and T denote the
thermopower (Seebeck coefficient), electrical conductivity, thermal conductivity, and temperature
respectively. Henceforth, with the aim of improving the efficiency, an increase in Seebeck
coefficient and a decrease in thermal conductivity are required. Traditional materials for TE such
as bismuth telluride have been studied and utilized commercially for the last half century, but
recent advancements in materials selection are one of the principal function of active TE device as

it determines the reliability of the fabrication regarding industrial and economic aspects [10].
1.5 Nanostructuring an efficient approach

As a resolution of this purpose, the nanostructured materials are expected to enhance the Seebeck
coefficient because of a carrier confinement effect and to lower the thermal conductivity because
of an increase in the boundary scattering in phonon transport. The selection of the material has a
significant role in the fabrication of high-performing TE materials. Owing to its flexible nature,
conducting polymers (CPs) are favorable materials for the practical TE applications. Because of
their high flexibility, environmental stability, and facile synthesis, they have the potential for use
on human skin. However, most of the CPs such as polyaniline, polypyrrole, and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) are expensive and require complex
treatments to achieve good electrical conductivity. Hence efforts have been made to find an
alternative for fabricating flexible TE materials and composite materials have recently been
attracting more and more attention since they possess many advantages including high

thermopower, easy process-ability, and cost-effectiveness. Recently, many researcher’s efforts
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have been made to utilize oxide nanomaterials for WPG applications that may provide
environmental stable, mechanical flexibility, and lightweight with low cost of manufacturing [11-

13].

1.6 Conflicting wearable power generator

Human skin as one of its charge-collectors, converts muscle movements into enough power for
small electronics which requires optimization of a variety of conflicting properties. At the same
time, it should enhance the performance of the material and increase the zT for which
characteristics such as high electrical conductivity, lower the thermal conductivity and a high
thermopower (Seebeck coefficient) are required. The three parameters are strongly interdependent
each other to makes the enhancement of zT highly challenging. Sometimes the nanomaterials
coated fiber bond is not the strongest, so it wears down and wears off through use and another
challenge, which is related conductive fibers is erosion over time. Various techniques have been
considered owing to maximum performance in TE materials; a few examples of manipulation are

described in the following sections [14-17].

1.6.1 Optimization of power generation on human body

Human body releases the thermal energy of about 2.4 to 4.8 watts, but more can be achieved by
placing at different parts of the body. The ideal positions are indicated in Fig. 1.2. Similarly, the
body heat trapping power may be enhanced by physical activity involved as shown in Table 1.
Note, however, that energy harvested from the user may require considerable settings in position

of the body. Most of the times it provides better expected results [18-22].
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Breathing band (<0.83 W)

Blood Pressure (<0.93 W)

Body Heat (2.4 — 4.8 W)

Arm Movement (<60 W)

Finger Movement (< 19{mW)

®~ Foot Movemént (<67 W)

Fig. 1.2 WPG recovery from body in different places

Table 1.1: Power enhancement by movement of body

[
o
= 2
2 2 2 o o > | £ 2
= s 2| 5| g | 2| £ |gs | E =
— 0-’ = = [ = = S o = c
] 2 = ] o ] = O © = S
< ) n n (&) L o) TY ) x
Watts 81 93 116 128 128 163 175 582 1048
Kilo cal/ hr 70 80 110 110 110 140 150 500 900
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1.6.2 Optimization of coating techniques

On the other hand, we have focused on ZnO and rGO nanostructure composites as a high-
efficiency WPG material because they are non-toxic to skin, inexpensive, available easily and
possess attractive electronic properties, making them available for engineered clothing with low-
cost fabrication. Up-to-date, several coating methods have been used to grow ZnO and rGO films
for tuning its size and morphology, such as sol-gel method, solvothermal synthesis, chemical
precipitation, microwave method, sonochemical route, chemical vapor deposition, vapor-phase
method, sputtering, and electrochemical. Among these techniques, the solvothermal method is a
promising method to synthesize nanostructures with high purity and isometric crystallization. As
well as it improves a surface’s strength and durability. Furthermore, a variety of nanostructures
such as nanorods, nanoneedles, nanotube, nanosheets, nanoflakes, nanodiscs, and nanoflowers can
be obtained by solvothermal method. In precise, fabrics containing ZnO and rGO have shown great
promise as N-type and P-type materials with improved transport and UV shielding properties [23-

26].

1.6.3 Optimization of composites

The thermopower can be enhanced in the presence of chemical composition and crystallinity of
thermoelectric materials at nano-inclusion via engineering of multicomponent nanomaterials
(nanocomposites), it has proven which can reduce the lattice thermal conductivity by promoting
the phonon scattering at gain boundaries and simultaneously it enhances the power factor due to

electron filtering at grain boundaries [27-30].
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CHAPTER 2

Experimental Methods and Characterization Techniques
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2.1 Materials Fabrication
2.1.1 Scouring process

Scouring is an important treatment stage of cotton fibers for reducing the amount of impurities
such as oils, wax, gums, fatty materials, natural coloring. The absence of impurities produce the
fabric more hydrophilic for achieving uniform nanomaterials coating as shown in Fig. 2.1 before

and after scouring process. The complete scouring process as shown below [1];

NeOH (5g) 5 min 5 min 5 min ; et
a S5g) - - s ; mmersed fabric
P S o Triton X-100 (1.5g) 0> Citric acid (0.75g) Q 20 mins @ 100° C

60°C 60° C 60°C

Under vigorous Stirring

Before After
scouring) scouring
process process

g

/.

Fig. 2.1 SEM image of cotton fabric (a) before and (b) after of scouring process

The development of nanomaterials is closely linked to the following synthesis process.

2.1.2 Sol gel synthesis

Sol gel approach began with inorganic ceramic materials at early mid 1800’s and especially
fabrication of metal oxides. In a typical sol gel reaction process [2], the reactants involve
conversion of monomers into a colloidal solution then it reacts as the precursor for an integrated
network. The deposition of sol gel solution produces the coatings on the cotton fabric by dipping
and followed by heat treatment to form an amorphous or crystalline coatings as shown in Fig. 2.2
(a-ad).
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2.1.3 Microwave approach

Since in 2000, the Microwave-assisted approach is known to transform electromagnetic energy
into heat for the ultra-fast synthesis of chemical reactions using microwave irradiation [3]. It has
homogeneous, rapid with deep internal heating as resultant produce high yield and lower quantities
of side products, purifications of yield are easier, reactions are more reproducible, and the reaction
temperature is accurate but it not reproducible with conventional heating. The cotton fibers
microwave assisted synthesis has established with producing nanostructures to influence both side

distribution of fibers effectively as shown in Fig. 2.2 (g - h).

Fig. 2.2 Coating method for cotton fibers (a — d) Sol gel approach and (g — h) Microwave
approach

2.1.4 Co-precipitation method

In this process, the desired component is precipitated under the aqueous region to synthesize high
purity and crystallinity without significant defects. As the novel method performed at room
temperature and suitable for quantifiable production because of its high yield, excellent
repeatability, and low cost. Particularly, the metal hydroxides are precipitated from their precursor
element because of low solubility, but the inclusion of alkaline solution can overcome it or raising
the pH. For example, Fig. 2.3 (a — d) shows the coated cotton fabric nanostructures is done by the

co-precipitation approach with the addition of amine groups and metal precursors [4].
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Fig. 2.3 Cotton fabric deposited with nanostructures via (a) co-precipitation method and
(b) chemical bath method

2.1.5 Chemical bath deposition

Since from 1933, it was known that for solution growth method, and it adopts the simplest form
of the concentrated solution which induces a solid phase to exsolve substrate mounting for thin
films. Those yields are stable, adherent, uniform coatings with good reproducibility by a simple
process [5]. To grow a denser nanostructure without seed layers are also possible but the precursor
species tend to be very dilute within the solution during the deposition process and tailoring of
chemical bath deposition is not possible without a clear understanding or control of mechanism.

We could observe the coated nanostructures on cotton fiber as shown in Fig. 2.3 (e — h).

2.1.6 Sonochemical synthesis

It is the effect of sound wave propagating in forming acoustic cavitation in liquids, resulting high
temperature and pressure in a microscopic region of the sonicated process. The most notable
effects are consequences of primary and secondary radical reactions it increases chemical activity
through the formation of new species [6, 7]. The effects in processes may modification of surface

morphology and particle size ah high velocity interparticle collisions as shown in Fig. 2.4(a —d).
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Fig. 2.4 Different techniques involved for coating on cotton fibers (a — d) sonochemical, (e —
g) hydrothermal, and (I — 1) solvothermal method.

2.1.7 Hydrothermal synthesis

In principle, Hydrothermal technique refers to heterogeneous reactions in aqueous media above
100° C temperature and 1 bar pressure, these resulting powder needs no more high-temperature
calcination and thus can avoid the nanoparticles from re-clustering (Oswald repining). The growth
of nanomaterials is performed in an apparatus consisting of a steel vessel with Teflon container
innermost that sustained the pressure. The morphology and size of the nanoparticles could be tuned
easily by operating temperature, pressure and time duration. Using hydrothermal synthesis for

depositing metal oxide on the cotton fabric [8, 9] was shown in Fig. 2.4 (e — h).

2.1.8 Solvothermal synthesis

The phenomena of the solvothermal method are sol gel process followed by the hydrothermal
approach, and they have involved two steps process for the crystallization process: crystal
nucleation formation by sol gel process and subsequent growth rates by the hydrothermal
approach. Particle size and morphology can by controlling by processing variables such as
temperature, pH, precursor concentration and additives or surfactants. Thus, solvothermal
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synthesis allows for precise control over the size, shape distribution and crystallinity of metal oxide

nanostructures on cotton fabric [10 - 13] as shown in Fig. 2.4 (i - I).

2.2 Sample characterization technique
2.2.1 X-ray diffraction (XRD)

X-rays are considered waves of electromagnetic radiation with typical photon energies in the range
of 100 eV - 100 keV. Impinging of X-rays used for diffraction applications in the range of few
angstroms to 0.1 angstroms (1 keV — 120 keV). The phenomena could produce a diffraction pattern
from the materials, which contains information about the atomic arrangement within the crystal.
Braggs law (nA - 2d sin 6) conditions satisfy when the interaction of incident rays with the samples
produces constructive interference (in-phase) [14, 15]. In this work, the XRD measurements were
performed in the step scanning mode 6 - 26 by using a Rigaku (Japan) X-ray diffractometer (RINT-
2200) with a Cu ka radiation source (A=0.154 nm) and in a step width of 0.02° and the instrument

as shown in Fig. 2.5.

2.2.2 Scanning electron microscopy (SEM) with Energy-dispersive X-ray spectroscopy
(EDS)

The sample is probed by a beam of electrons scanned across the surface. The images are generated
from secondary electron, backscattered electrons, and diffracted backscattered electrons from the
surface of solid specimens with the source of high-energy electrons. These signals reveal the
information about the sample, including texture, elemental composition and orientation of
materials. It owes its popularity to the versatility of its various modes of imaging and its resolution
can approach 0.5 nm. The appearance of 3D micro-graph understands the surface structure of a
sample. The solid-state detector is used to collect the distribution of X-ray emission from the

sample during bombardment by an electron beam and to characterize the elemental composition
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[16 - 18]. In this work, the morphology of the samples was recorded using a JEOL JSM 7001F and

EDS Mapping by Apollo XV Silicon drift detector as shown in Fig. 2.6.

Fig. 2.5 Rigaku X-ray diffractometer

2.2.3 Transmission electron microscopy (TEM)

The microstructure of materials with atomic-scale resolution can be imaged and analyzed through
high-energy beam transmitted through sample specimen. The crystallographic information can
also be obtained from diffraction patterns. It can be used for various applications like cross-section
analysis of layer thickness, defect analysis by dislocations and stacking faults, chemical
composition and bonding from the single point or line scans. [19, 20] All the TEM analysis in this

work was performed using JOEL JEM 2100F at an accelerating voltage of 200 kV as shown in

Fig. 2.7.
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Fig. 2.6 FESEM Image with EDS

Fig. 2.7 STEM Image with EDS
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2.2.4 Thermogrametric analysis (TGA)

It is a technique in which, the mass of a substance is monitored as a function of temperature or
time for the sample specimen in a controlled atmosphere. The sample pan that is supported by a
precision balance, the pan resides in a furnace and is heated or cooled during the experiment. The
mass of the sample is monitored during the operation [21]. In this work, TGA was performed using
Shimadzu DTG 60 from 25° C to 800° C with the heating rate of 10° C mint in the presence of

nitrogen gas atmosphere as shown in Fig. 2.8.

Fig. 2.8 TGA Instrument

2.2.5 X-ray photoelectron spectroscopy (XPS)

Electron spectroscopy for chemical analysis (ESCA) is also known as X-ray photoelectron
spectroscopy (XPS). The average depth of analysis for an ESCA measurement is approximately 5
nm. An electron energy analyzer is used to measure the energy of the emitted photoelectrons from
the sample surface, and in surface layer analysis technique can determine the information about

board range of materials chemical state, elemental identity and quantitative of detected element
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[22]. This work involves XPS analysis of all samples by Shimadzu ESCA 3100 as shown in Fig.

2.9.

Fig. 2.9 ESCA Instrument

2.2.6 Raman spectroscopy

When there is change in the dipole moment of a molecule due to an interaction with light, Raman
band arises and it provides molecular vibrational, rotational, and other low frequency modes in the
materials that can be used for sample identification and quantification. Raman effect is very weak
to see with the naked eye, so we analyze the light with a highly sensitive spectrometer [23].
Generally, a diffraction grating or prism is used to detecting the scattered light from the excitation.

In this work, Jasco NRS 5100 was used to analyses all the samples as shown in Fig. 2.10
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Fig. 2.10 Raman Micro-Spectrometers

2.3 Wearable device measurements
2.3.1 Electrical measurements

A current-voltage (1V) characteristics is a relationship, exemplary representation of graph between
the electric current through a material and the corresponding potential difference obtained. In the
precise 1V measurement, current/ voltage response can be measured while applying voltage/
current to obtain current versus voltage and resistance characteristics and power dissipated or
generated can be determined from the IV curve by the resistive element [24 - 28]. Fig. 2.11 shows

the JASCO, CEP-25BX with which IV_ characteristics were monitored in this study.

2.3.2 Thermopower measurements

In general, the thermoelectromotive force determined by using probes that are directly connected
to the samples, and the temperature difference is measured through thermocouples. Consequently,
for a good measurement of thermopower (Seebeck coefficient), it is necessary to measure the
thermoelectromotive force and temperature difference instantaneously at the same place, to make
sure the probes in excellent thermal and electrical connection with the samples, and to have a high
precision measurement device. There are two primary methods used to measure thermopower

which is the integral and differential methods. The integral method typically used for analysis with
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large temperature difference, where one end of the sample is maintained at a constant temperature

T1 while the temperature of other end is varied in the temperature range of interest (T2 = T1 +AT).

Fig. 2.11 JASCO, CEP-25X

The fitting technique is used to estimate the thermopower on complete measured data set of
measured thermoelectromotive force V (Ti1. T2) as shown in Fig. 2.12 (a). The integral method
succeeds in minimizing the influence of voltage offset. Since the applied temperature difference is
large which will produce a large thermoelectromotive force. However, it is hard to maintain the
temperature at one end of the sample due to the flow of heat from the high temperature applied at
the other end. Moreover, it is also difficult to obtain the proper fit for evaluating the thermopower
from the measured data. In additionally, the differential method can operate from a small
temperature difference is applied across the sample and it is maintained at the average temperature
(T=(T1 + T2)/AT). Then the thermopower is evaluated from the linear fit of thermoelectromotive

force and temperature difference for several sets of data as shown in Fig. 2. 12 (b).
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Fig. 2.12 Illustration of integral (a) and differential (b) technique for measuring thermopower
(Seebeck coefficient)

Hence, this evaluation of thermopower is valid for constant thermopower at average temperature.
This technique is also effectively eliminating the offset voltages that arise from thermocouples in
similarities and no equilibrium contact interfaces. In this study, the thermopower of samples is
measured to be constant in the average temperature range, and a schematic representation of

experimental setup shown in Fig. 2. 13.
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Fig. 2. 13 Schematic representation of system for measuring the thermopower
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There are two Cu plates were positioned side by side with a gap of ~1 mm. The sample for
measuring placed across the gap, associate with both plates. A resistive heater was placed
underneath the plate, and by controlling the heater current, a temperature difference could be
produced in a plane parallel to the sample surface. A couple of probes and two K-type
thermocouples were directly connected to the sample surface. The time evolution of the
thermoelectromotive force was measured by a nanovoltmeter (Keithley 2182A) and
simultaneously with the temperatures at the high- and low-temperature regions by a digital meter

(Keithley 2700) equipped with a switching module (Keithley 7700) [29 - 32].

2.3.3 Ultraviolet ray shielding measurements

The human body have largest organ is skin, since in the beginning people desired to use sunscreen
products to get beautiful and to prevent the skin burns from sun tan, without the risk toward change
to burns. Now, it is necessary for all people to use sunscreen products because for the protection
against ultraviolet (UV) radiation. The UV radiation is broadly divided into three distinct bands in
order of decreasing wavelength and increasing energy. UVA (320 — 400 nm) has a longer
wavelength; it penetrates skin through both the epidermis and dermis, UVB (290 — 320 nm) has
an intermediate wavelength; these rays can be blocked by sunscreen, automobile glass, and
windows but UVA is not filtered. UVC (200 — 290 nm) has a shorter wavelength; it is effectively
filtered by the atmosphere (Ozone layer) and is therefore not a forethought to be a considerable
factor. Those imbalances can result in formation of wrinkles, hair loss, rashes, life-threatening

cancers, and disorders in immune regulation.

UV protection factor (UPF) applications due to increasing global awareness on green/eco textile
products and their market demand. Research has been intensified in the area of development of

sustainable UV protective textile using plant extracts and other natural polymeric materials or
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biocompatible. The Ultraviolet ray shielding measurement was analyzed by UV scattering and
absorption spectroscopy by Lapsphere UV1000F as shown in Fig. 2.14. In the Australia/New

Zealand standard AC/NZS 439:1996 method, Eq. (1) is used to determine,

400
x X dA
UPF = o o e e 1)

300 E, xSy XT3 % dd

Where E; is the relative erythemal spectrum effectiveness, S; is the solar UV spectral
irradiance, T; is the spectral transmittance of the specimen (incoming light that passes through the
sample) and A represents the wavelength (nm). Laundering durability of the treated fabric was

measured in agreement with AATCC test method 61-2006 |33 - 35].

Fig. 2. 14 UPF Measurement system
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CHAPTER 3

Fabrication of hierarchical ZnO nanostructures on cotton fabric
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3.1 Introduction

The body heat from human is one of the source of energy harvestings which produces
electricity from tiny energies in the environment, called thermoelectric (TE) power generator. In
this application, the power generator has formed in the textile, so-called wearable power generator.
It is also available for the curtain, tent, and umbrellas and therefore, it is useful not only for a daily
life but also for a natural disaster. For realizing the wearable power generator, it is essential to
develop high-efficient flexible TE materials. Theoretically, the efficiency in TE power generator
rises monotonously with increasing dimensionless figure-of-merit, ZT [1 - 5], where T is the
absolute temperature. Z is the figure-of-merit defined by (S?c)/x, where S is the Seebeck
coefficient, o is the electrical conductivity, and « is the thermal conductivity. Henceforth, with the
aim of improving the efficiency, an increase in Seebeck coefficient and a decrease in thermal
conductivity are required. As a resolution of this purpose, the nanostructured materials are
expected to enhance the Seebeck coefficient because of a carrier confinement effect and to lower
the thermal conductivity because of an increase in the boundary scattering in phonon transport [6,

ul

For high-efficient wearable power generator, we have investigated the ZnO nanostructures
grown on cotton fabric (CF) as a novel flexible TE material. ZnO is inexpensive, easy fabrication,
and available for textile due to non-toxicity for skin [8 - 10]. Various growth techniques of ZnO
have been developed for tuning its size and morphology, such as sol-gel method, solvothermal
synthesis, chemical precipitation, microwave method, sonochemical route, chemical vapor
deposition, and vapor-phase method [11, 12]. Among these techniques, the solvothermal method
IS a promising method to synthesize ZnO nanostructures with high purity and isometric ZnO

crystallization. Furthermore, a variety of nanostructures such as nanorods, nanoneedles, nanotube,
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nanosheets, nanoflakes, nanodiscs, and nanoflowers [13 - 16] can be obtained by solvothermal
method. In applying the power generator to the textile, curtain, and so forth, the flexible TE
material is required to have three principal functions of the superhydrophobic surface, ultraviolet
(UV) shielding and high TE efficiency. Consequently, in this paper, we fabricated ZnO
nanostructures on CF by the solvothermal method and characterized their hydrophobicity, UV

transmittance, and TE properties.

3.2 Experimental procedure

Sodium hydroxide, Triton X-100, citric acid, zinc nitrate hexahydrate, and
hexamethylenetetra- mine (hexamine) were purchased from Wako chemicals, Japan. All the
chemicals were of analytical grade and used without further purification. The CF was cut into ~
6.5 cm x 4.5 cm and scoured by treating the cotton cellulose material with a scouring solution
containing an anionic and/or nonionic detergent (NaOH, trition, critic acid and water) to remove

the wax, fatty materials or other impurities [17].

ZnO nanostructure has formed on the scoured CF by a two-step growth method consisting
of a seed creation process followed by a nanostructure growth process. A typical solvothermal
seeding process was as follows; 1 M of zinc nitrate hexahydrate was dissolved in 40 mL of
deionized water under stirring. 2 M of hexamethylenetetramine was dissolved in 40 mL of
deionized water, and this solution is added to the zinc nitrate hexahydrate solution to form ZnO.
The similar experimental conditions were adopted for the molar ratio of zinc nitrate hexahydrate
and hexamethylenetetramine from 1:1 to 2:1. The CF was immersed into ZnO solution for 1 h, and
then it was ultrasonicated for 30 min. The mixture solution was transferred to the autoclave with

the inner volume of 100 mL (TEFLON, F-1029-06) and the solvothermal seeding was carried out
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at 120 °C for 3 h. ZnO-seed-coated CF was collected and washed with distilled water to remove

the excess reactants. Finally, the ZnO-seed-coated CF was placed in hot air oven at 50 °C for 1 h.

At the second step or solvothermal growth of ZnO nanostructure, 80 mL of deionized water
contained 1 M of zinc nitrate hexahydrate and 2 M of hexamethylenetetramine. The mixed solution
was transferred into the autoclave, and the solvothermal growth was carried out at 120 °C for 9 h.
The autoclave could cool to the room temperature; then the fabric was taken out from the solution
and rinsed with deionized water three times. Then, it was rinsed with ethanol thrice. Finally, the
product was dried at 50 °C for 1 h. The similar growth process was adopted for the series of
experiments with molar ratio of zinc nitrate hexahydrate and hexamethylenetetramine 1:2, 1:1, 2:1

and after this, they are termed as Z1CF (1:2), Z2CF (1:1) and Z3CF (2:1), respectively.

Figure 3.1 shows a summary of the fabrication process of ZnO-nanostructure-coated CF
by solvothermal method. Figure 3.1(a) shows the process photographs, where the glass frame
designed and manufactured for the small-scale screening of ZnO seed and growth conditions. The
CF is revealed to be fitted to the glass frame and placed inside of Teflon container, which helps to
maintain the uniformity and denser formation of ZnO on both sides of the fiber surface. After
scoured, as shown in Fig. 3.1(b), the cotton fibers are off-white in color [18]. The surface of fibers
is smooth, and the striations are not visible after scoured. After the seed creation process, the nano-
crystalline seed is observed the coat on the cotton fiber surface uniformly. After the growth

process, ZnO nanostructures with high density and high aspect ratios are apparently found on CF.
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Fig. 3.1 (a) Method for solvothermal growth, (b) Fabrication process of ZnO nanostructures

coated on cotton fibers
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3.3 Results and discussion

3.3.1 Surface Morphology

Individual fibers of ZnO-seed-coated CFs are shown in Fig. 3.2 for Z1CF, Z2CF, and Z3CF
after the first step, or the seed formation process. It is found from Figs. 3.2(a), 3.2(b), and 3.2(c)
that ZnO nanostructures are formed on fiber surfaces with highly connected and dense, presenting
round and hexagonal shapes. From the magnified image in Fig. 3.2(a), the average size of the
particles was evaluated to be 20-150 nm in diameter. Figure 3.2(b) shows that smaller sheets are
initiated along the vertically aligned sheets; nanosheets are hierarchically arrayed and combined.
The width of the nanosheets gradually became narrower, which results from the simultaneous
growth of the longitudinal and later growth of the nanosheets. The granular-like ZnO
nanostructures are observed in Fig. 3.2 (¢). Their diameter was evaluating to be in the range of 20-

100 nm.

Figure 3.3 shows that the FESEM and TEM images of ZnO-nanostructures on CF for
Z1CF, Z2CF, and Z3CF after the second step, or the growth process. In the case of Z1CF, the SEM
images of Figs. 3.3(al) and 3.3(a2) show high density and randomly-aligned nanorods without any
preferred orientation, indicating that the ZnO nanorod array grows preferably on the surface of
single fibrous fiber in the direction of c-axis [002], as seen in Fig. 3.3(a2). Furthermore, it shows
that each nanorod has a uniform diameter along its entire length, indicating that the growth
anisotropy is constantly maintained. From their TEM images of Fig. 3.3(a3), the as-prepared ZnO
nanorod is found to be single crystalline with a wurtzite structure. Consequently, in the case of the
concentration 1:2 (zinc nitrate: hexamine), the ZnO nanostructure grows preferentially along [002]
direction because of the lowest surface energy of (001) facet [19, 20] and the faster growth velocity

to [002] than those along [101] and [100] directions. Thus, the nanorods expected grew along the
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[002] direction, and the diameter of 100 nm with various lengths was grow, as shown in Fig. 3.3(a3

& ad).

Fig. 3.2 FESEM images of ZnO seed layer coated fibers. (a) Z1CF, (b) Z2CF,

(c) Z3CF
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Fig. 3.3 FESEM and TEM images of ZnO growth layer coated fibers (a) Z1CF, (b) Z2CF,

(c) Z3CF

On the other hand, the nanosheets-like structures are obtained as shown in the Z2CF SEM images
of Figs. 3.3(b1) and 3.3(b2). The thickness of nanosheets is estimated to be 4 nm and partly
overlapped layer by layer, as seen in their TEM images of Figs. 3.3(b3) and 3.3(b4). Moreover, in
the case of Z3CF, it is found from Figs. 3.3(c1) and 3.3(c2) that ZnO composite of nanosheets and
nanorods is formed, where ZnO nanorods are surrounded by crumbled nanosheets with shrunken
edges. The size of the ZnO nanorods is about 200 to 400 nm in diameter with nanosheets and it
can be clearly seen that ZnO nanorods are uniformly anchored by the ZnO nanosheets, as observed

in the TEM images of Figs. 3.3(c3) and 3.3(c4).
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The TEM image Fig. 3.3 (a3) indicates that the as-prepared ZnO nanorods are single crystalline
ZnO with a wurtzite structure. When the concentration was 1:2 (zinc nitrate: hexamine), the ZnO
nanostructure grows preferentially along [002] direction because of the lowest surface energy of
(001) facet [21]. The growth velocity along [101] and [100] directions is slower than that along
[100] direction so that the pillar morphology was obtained. Consequently, the nanorods expected
grew along the [002] direction and the diameter of 100 nm with various lengths were grown, as
shown in Fig. 3.3 (a4). The nanosheets-like structure was obtained for the concentration was 1:1
(zinc nitrate: hexamine) shown in Fig. 3.3 (b1, b2). From the Fig. 3.3 (b3) TEM results, it is
evidence that sheet morphology of ZnO is formed. Fig. 3.3 (b4) elucidate regions of relatively
uniform intensity bounded layer by layer distinct lines, as opposed to a more continuous grey-scale
image; the discrete nature of these flat contrast regions suggests a sheet structure of ZnO of
relatively uniform thickness. When the concentration was 2:1 (zinc nitrate: hexamine), the Fig. 3.3
(c1) shows the transformation from rod to interlaced tattered nanosheets in the case of a high
concentration of zinc source compared to hexamine. ZnO composite of nanosheets and nanorods
was formed; ZnO nanorods were surrounded by crumbled nanosheets with shrunken edges as seen
in Fig. 3.3 (c2). The size of the ZnO nanorods was about 200 to 400 nm in diameter with
nanosheets, and it can be evidently seen that the ZnO nanosheets uniformly anchor the ZnO

nanorods as observed TEM image in Fig. 3.3 (c3, c4).

3.3.2 Phase and structure of ZnO nanostructures

Figure 3.4(a) shows the XRD patterns of bare and ZnO coated cotton fabric. XRD profile
exhibited typical diffraction peaks of a cotton fabric at 14.85°, 16.8° and 22.57° in all four samples
and the typical diffraction peaks which would be an index to that of cotton fabric (CF; JCPDS card

no. 03-0226) [22, 23]. Whereas, the ZnO coated fabric showed the three strong diffraction peaks
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are in good agreement with standard powder diffraction peaks of ZnO (JCPDS card no. 75-0576),
and the peaks can be indexed to wurtzite crystal lattice of ZnO. ZnO nanostructures are
synthesized by the reaction of zinc nitrate and hexamine when the hexamine increased higher
concentration compared with zinc nitrate; then hexamine plays an active part in providing a
controlled supply of OH- anions by reacting with water [24]. ZnO coated diffraction peaks can be
indexed to the wurtzite phase of ZnO. Besides, the predominant peak of the (002) reveals a texture
effect of the arrays consistent with c-axis orientation due to the lowest surface energy and the
growth velocity along the c-axis direction is the fastest leading to the formation of nanorods on the
cotton fabric surface. Considering the growth direction of the ZnO nanorods, XRD result was
somewhat consistent with the inordinate alignment of ZnO nanorods array on the surface of cotton
fabric observed in the FESEM image. Concerning the growth mechanism of nanosheets, which is
reasonable to presume that cellulose should be responsible for the suppression effect along c-axis
direction when the hexamine, zinc nitrate was equal concentration and then slows down the c-axis
growth [25]. ZnO c-axis oriented (002) reflection was weaker than the (100) and (101) reflections.
This fact demonstrates two-dimensional nanosheets formation of ZnO (Z2CF) [26]. The co-
occurrence of ZnO diffraction peaks (002) and (101) indicates that the nanorods and nanosheets
(Z3CF) exhibit c-axis orientation. The diffraction peak (002) was from the polar plane of wurtzite
Zn0O, and the diffraction peak (101) was from the nonpolar crystallographic plan [27]. There are
no impurity peaks observed for both the ZnO nanostructure coated cotton fabric and bare cotton

fabric.

Figure 3.4(b) shows Raman spectra of the cotton and ZnO nanostructure coated cotton. There were

no significant peaks observed in the bare cotton fabric, whereas ZnO coated fabric showed the
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peaks at 332, 378, 409, 438, and 583 cm™. In order to group theory analysis, the A;+E1+2E2 modes

are Raman active [28].
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Fig. 3.4 (a) XRD pattern, and (b) Raman spectrum of ZnO coated cotton fabric

A strong characteristic peak 438 cm™ of ZnO is a non-polar optical phonons E2 (high) mode
affirmed that the prepared nanostructures are crystalline and possess a wurtzite phase structure
[29]. This also confirms that the composite nanostructures formed are of good crystal quality.
Another peak at 332 cm™ was due to secondary Raman scattering from zero-boundary phonons
2E, mode. The other two weaker peaks at 378 and 409 cm™ were due to A; (TO) and E; (TO)
modes. They gave atomic displacements along the c-axis. The peak 583 cm™ was due to E; (LO)

mode, it was reported to be related to the oxygen deficiency [30].
3.3.3 Chemical composition

The chemical composition of the samples was obtained by an energy dispersive X-ray
(EDX) spectroscope attached to FESEM. Figure 3.5(a) shows the EDX spectra of coated ZnO
cotton fabric. The EDS results are consistent that the atomic percentage confirms the presence of

Zn and O peaks attributed to the zinc and oxygen signal of the ZnO, and C arose from carbon tape
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substrate used for holding the sample during measurement. Z1CF contained 61.13 wt% Zn, 21.12
wt% O, 17.76 wt%, Z2CF contained 75.71 wt% Zn, 13.26 wt% O, 11.03 wt%, and Z3CF contained
91.04 wt% Zn, 7.56 wt% O, 1.40 wt%. These differences in the contents of coated cotton fabric
samples are indicating that the ZnO nanostructures are Zn rich with many oxygen vacancies [31].

No peak related to any impurity, which further confirmed the purity of the prepared samples.
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Fig. 3.5 ZnO nanostructure coated cotton fabric (a)EDX spectrum, (b) XPS spectra of Zn, and

(c-e) XPS spectra of O

Figures 3.5 (b — e), shows the XPS spectra of samples of core level XPS spectra of Zn 2p and
O 1s. The XPS spectra of pure ZnO at 1022.93 and 1045.81 eV, corresponds to Zn 2p3/2 and Zn

2pl/2, respectively [32]. Fig. 3.5 (b) shows the core level spectra of Zn had doublet peaks at
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~1023.8 (Zn 2p3/2) and ~1046.9 eV (Zn 2p1/2), respectively, which indicating the presence of
ZnO at the outermost layer [33]. Figures 3.5(c — e) shows O 1s peak which indicated an
asymmetric in shape, therefore the peaks are deconvoluted into two peaks using the Gaussian
fitting curve. The peak located at 530 eV was produced by the signature of the lattice oxygen O 1s
in the Zn-O-Zn bonding originating from the surface-adsorbed molecules. Whereas, the peak at

532 eV correspond to the defect level oxygen in the ZnO nanostructures [34].
3.3.4 Wettability

Surface wettability of a solid surface is closely related to the chemical composition and the surface
geometric structure. The hydrophobic property could be increased when the surfaces possess low
surface energy in consonance with Zisman rule [35]. Moreover, the Wenzel model predicts that
the hydrophobic property could be increased when the surface is roughened [36]. In cases of Z1CF
and Z3CF, both the low surface energy and the high roughness enhance the hydrophobicity of
surface. Figure 3.6(a) shows that the bare cotton fabric can be immediately wetted by the water

droplet and the WCA close to 0°.

@ § o | © | @

CA =132,5° CA=118.9° CA=122.4°

Fig. 3.6 Photography of water drops on the surface of (a) cotton fabric, (b) ZnO coated cotton

fabric Z1CF, (c) ZnO coated cotton fabric Z2CF, and (d) ZnO coated cotton fabric Z3CF
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The outstanding hydrophilicity was attributed to the abundant hydroxyl groups. High hydrophobic
nature was obtained when the cotton fabric coated with ZnO nanostructures. The droplet kept
spherical shape on the surface with the maximum WCA of 132.5°, 118.9°, 122.4° for the nanorods
(Z1CF), nanosheets (Z2CF), ZnO nanorods and nanosheets (Z3CF), respectively as shown in

Fig. 3.6(b), 6(c), and 6(d).

3.3.5 Evaluation of UV protection factor (UPF)

The Ultraviolet (UV) ray protection property of textiles is related to various factors, such as fiber
chemistry, weave, finishing processes, fabric color, and the existence of additives and laundering.
In this regards, many researchers have been investigated the UV shielding properties of the cotton
fabric. Typically, a fabric with an UPF > 40 is considered as an excellent fabric against UV
radiation [37, 38]. When the nanoscale particles have ability to retaining good UV absorption
properties and realize a uniform distribution of the particles in host matrices which results in a
significant increase in the effectiveness of blocking UV radiation. The transmittance and UV
shielding properties of cotton fabric and ZnO nanostructures-coated cotton fabric are shown in
Fig. 3.7(a). The UPF value of the bare fabric was 6.66. The bare fabric showed that the fabric
afforded poor protection against UV radiation. An UPF values less than 15 indicates no protection
against transmittance of UV radiation through fabric and on to skin. The black color represents the
UV transmittance curve of the bare fabric, indicating that a high percentage of UVA and UVB
light can penetrate the cotton. The other colors represented the UV transmittance curve of the ZnO
nanostructure coated fabric, indicating that it can block almost all the UVB and a high percentage
of UVA radiation. UV transmittance was increased at the longer wavelength of 370 nm. Since the

actual damage to human skin from UV radiation is a function of the wavelength of the incident
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radiation and the most damage is done by radiation in the 300 — 320 nm range, textiles must

demonstrate effectiveness in this range [39, 40].

The transmittance of ZnO nanorods (Z1CF), nanosheets (Z2CF) and nanorods with nanosheets
(Z3CF) greatly improved the UV protection property of the cotton fabric compared with bare

cotton fabric. UV transmittance was decreased significantly.
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Fig. 3.7 (a) UV transmittance spectra of the bare fabric and the ZnO nanostructures coated

fabric, (b) Schematic diagram of system for measuring the Seebeck coefficient

ZnO has a bandgap energy of ~3.3 eV that corresponds to the wavelength of ~375 nm. Light
below these wavelengths has sufficient energy to excite electrons, and hence, it absorbed light does
not destroy the inorganic semiconductors. It is evident that nanoparticles give higher transparency
in the visible light region while the UV shielding property remains the same [41]. The percentage
of transmittance in the UVB was lower than UV A and the UPF values of 1:2, 1:1, and 2:1 of the
zinc nitrate hexahydrate: hexamethylenetetramine ratios were calculated as 116.35, 129.67, and
183.84, respectively. The UPF values of as-prepared fabric was compared with that of other
reported ZnO coated UV blocking fabric as shown in Table 3.1. The UV shielding efficiency of

ZnO composite (Z3CF) coated cotton fabric possessed the highest UPF value (183.84) among all
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the UV protection fabrics excepting the ZnO copolymer (UPF 271). However, the preparation
process of ZnO nanostructures coated cotton fabric was a solvothermal method that was more
facile and green than the reverse PS-b-PAA micellar templates applied for the ZnO copolymer
fabric. Furthermore, we have used the two-step solvothermal method without polymer, therefore,
it is important to explore the new economical approach for the synthesis of ZnO composite

nanostructures.

Table 3.1: Summarizes some of the UPF values for various ZnO coated cotton fabric

No UV blocker Treatment method UPF Ref.
1. | ZnO nanoparticles Dip-dry-cure 15.87 | 45
2. | ZnO nanoparticles Sol-gel-dry 21.78 | 46
3. | ZnO nanoparticles In situ synthesis 22.8 47
4. | ZnO nanoparticles In situ coating 33.8 48
5. | ppy-ZnO-CNT nanocomposites Pad-dry-cure 40 49
6. | ZnO and polycarboxylic acids Sol-gel and Pad-dry-cure 60 50
7. | ZnO-Starch nanocomposites Pad-dry-cure 68 51
8. | Spherical shaped ZnO Electrospinning 50 52
9. | Flower like ZnO In situ synthesis 105.61 | 53
10. | ZnO (2 step process) Microwave assisted hydrothermal 49 54
11. | ZnO nanoparticles RF plasma 98.47 |55
12. | ZnO-polymer In situ 136 56
13. | Cu,0/Zn0O In situ 87.31 |57
14. | Nano-ZnO Sol-dyed 125.76 | 58
15. | ZnO-copolymer (PS-b-PAA) Micellar templates 271 59
16. | Needle-shaped ZnO nanorod In situ growth 105.1 |60
Zn0 nanorods (Z1CF) 116.35
17 Zn0 nanosheets (Z2CF) Two-step solvothermal approach 129.67 | This
" | ZnO nanorods with nanosheets 183.84 study
(Z3CF) '

3.3.6 Thermoelectric properties

Figure 3.7 (b) depicts a schematic diagram of the experimental setup. The Seebeck coefficient was

measured by the same method as that used in our previous studies [42]. Transport and
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thermoelectric properties of ZnO coated cotton fabric is shown in Fig. 3.8 and summarized in
Table 3.2. The values of carrier concentration, mobility, and resistivity, were determined by Hall
measurements at room temperature. The ZnO coated fabric show a negative Seebeck coefficient,
which indicates n-type conduction due to oxygen vacancies. The resistivity and mobility of
nanorods were higher than those of nanosheets and composite nanostructures. In contrast, carrier
concentration of the nanosheets and the composite nanostructures was much larger than the
nanorods. The trend of electrical resistivity cannot be simply related to the microstructure of the
ZnO coated fabric. Additionally, it is possible to observe that the connection between grains
appears poorer in the case of Z1CF, which resultant high resistivity. In Z2CF, boundary scattering
of charge carrier is reduced in the thin film and hence, its electrical resistivity is decreased. Z3CF
shows that the intergranular electron transport is expected to be easier than Z1CF, which explains
qualitatively the lower value of the electrical resistivity. Overall, to explain the transport behavior
of the ZnO coated fabric it is possible to invoke the correlation between carrier concentration,
mobility, electrical resistivity; for example, the sample with the highest carrier concentration and
lowest mobility this may ascribed to low electrical resistivity. Thermoelectromotive force was
measured between two Cu electrodes. It is shown as a function of temperature difference in Fig.
3.9 (a). Seebeck coefficient was obtained from the slope of the curve. The result of the estimated
Seebeck coefficient is drawn in Fig. 3.9 (b) as a function of average temperature. The absolute
value of the Seebeck coefficient was calculated by the slope of linear fit of the plots was about 45,
6 and 28 pV/K, for the samples Z1CF, Z2CF and Z3CF, respectively. The negative Seebeck
coefficient indicates that the major carriers are electrons. It is possible to appeal the anisotropy of
crystallographic orientation; fully c-axis oriented samples (Z1CF) possess the highest Seebeck

coefficient, followed by sample (Z3CF) with c- and a- or b- axis orientation and eventually by
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composite nanostructures. The interplane parallel to the a—c or b—c plane provided a good path to

electron transport. The presence of fully a- or b- axis possesses very small Seebeck coefficient

(Z2CF).
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Fig. 3.8 (a) TEMF of ZnO nanostructure fabric as a function of temperature difference,

(b) Seebeck coefficient of ZnO nanostructure fabric as a function of average temperature.

Table 3.2: Room temperature thermoelectric properties

Carrier s - Seebeck
Conduction | Concentration Resistivity | Mobility coefficient Power factor
Sample Type N p u S PE
2I\/_ 2
(10%° cm?) (£2-cm) (cm/V-s) (V/K) (uW/m.K?)
Z1CF n 0.05 0.15 81.1 45 13
Z2CF n 2.1 0.02 13.7 6 1.4
Z3CF n 1.5 0.04 11.5 28 22

The power efficiency of thermoelectric material can be determined by the value of PF. From the

values of Seebeck coefficient and electrical conductivity, we have calculated the PF of ZnO coated

cotton fabric was calculated as PF = .52 as shown in Table. 3.2. A maximum power factor of 22
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nW/m.k? was obtained for a Z3CF with 2 M of zinc nitrate and 1 M of hexamine. Z3CF showed
much larger PF than those of the Z1CF or Z2CF because of its lower resistivity and higher Seebeck
coefficient. It demonstrated that ZnO with composite nanorods and nanosheets structure could

greatly improve its thermoelectric power factor.
3.4. Possible growth mechanism of ZnO nanostructures

Based on above results, we deliberated some plausible reasons for the morphology
evolution of the ZnO nanostructures. Hexamine acted as both a capping agent and a stabilizer [29].
In the growth solution, hexamine act as a building block for the self-assembling of nanoparticles.
Initially, in the growth solution the OH-anions and Zn?* cations were released, which leads to the
immediate precipitation of Zn(OH), units. Subsequently ZnO nanostructures were formed by the
solvothermal of Zn(OH), units at prolonged reaction temperature and time. Besides the inherent
fast growth, the electron pair N atoms of hexamine can selectively bind or be absorbed on certain
Zn faces. This influences the growth of these faces, and results in the reduced agglomeration of
nanoparticles. The affinity and coordination ability of the amine molecules towards the Zn ions
metal complex were apparently more important in determining the nanostructure morphology [43
— 45].

Since the existence of ZnO seed layer can reduce the nucleation energy barrier and the
lattice mismatch effectively, pre-coating the fabric with seeds of ZnO reflected in the impact on
heterogeneous nucleation and crystal growth. In order to better understand the influence of the
growth rate depends on the amount of reacting particles available, while nucleation will take place
after supersaturation is achieved. The three distinct routes were employed as shown in Fig. 9, as
for the concentration of starting solution resulting of the ZnO nanorods, nanosheets, and composite

(nanorods and nanosheets). In first sample (Z1CF), seed and growth solution contains the
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concentration of zinc nitrate and hexamine was 1: 2. The presence of high concentration of
hexamine, a non-ionic ligand, encourages the oriented growth along the c-axis. Whereas, in the
second sample (Z2CF), the concentration will be 1:1 and this process may slow down the growth
in c-axis direction which leads to simultaneous growth on longitudinal and lateral direction.
However,in the third sample (Z3CF), the concentration will be 2:1where the zinc solutions led to
the initial formation of Zn(OH), as the major intermediate which would coalescence of ZnO
nanorods and nanosheets. The secondary growth of ZnO resulted in subsequent formation of

crumpled nanosheets with shrinkage edges surrounded on nanorods.
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Fig. 3.9 Schematic illustration of the relationship among initial hydrolysis rate of soluble zinc,

seed phase, and product morphology
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3.5. Conclusion

The solvothermal method was employed to grow ZnO nanostructures on the surface of
cotton fabric. The extraordinary enhancement of UV shielding efficiency of the modified fabric
was obtained. The UPF value of the fabric with ZnO composite nanostructure was 183.84 which
was 25 times higher than that of bare cotton fabric. The reasonable well dispersion condition of
ZnO denser contributed to exceptional UV blocking. The PF of the coated fabric made by the ZnO
composite nanostructure (nanorods and nanosheets) was 22 pW/m.k?, which was much larger than
that of the nanosheets or nanorods. Considering that, the enhanced performance of ZnO composite

nanostructure is due to the excellent grain connectivity and superior crystallinity of the sample.
References

[1] T. M. Tritt and M. A. Subramanian, Thermoelectric materials, phenomena, and applications:

A bird’s eye view, Materials Research Bulletin, 31, 188-194, 2006.

[2] Y. Yang, X. H. Lin, T. Hou, F. Zhang and Z. L. Wang, Nanowire-composite based flexible
thermoelectric nanogenerators and self-powered temperature sensors, Nano Research, 0124, 01-

08, 1998.

[3] L. E. Bell, Cooling, heating, generating power, and recovering waste heat with thermoelectric

systems, Science, 321, 1457-1461, 2008.

[4] S.J. Kim, J. H. We and B. J. Cho, Wearable thermoelectric generator fabricated on glass fabric,

Energy Environmental Science, 7, 1959 — 1965, 2014.

[5] H. Im, H. G. Moon, J. S. Lee, I. Y. Chung, T. J. Kang, and Y. H. Kim, Flexible thermocell and

utilization of body heat, Nano Research, 7, 443 — 452, 2014.

53|Page



[6] C. Han, Z. Li and S. Dou, Recent progress in thermoelectric materials, Chinese Science

Bulletin, 59, 2073 -2091, 2014.

[7] J. R. Szczech, J. M. Higgins and S. Jin, Enhancement of the thermoelectric properties in

nanoscale nanostructured materials, Journal of Materials Chemistry, 21, 4037 — 4055, 2011.

[8] M. Zebarjadi, G. Joshi, G. Zhu, B. Yu, A. Minnich, Y. Lan, X. Wang, M. Dresselhaus, Z. Ren,
and G. Chen, Power factor enhancement by modulation doping in bulk nanocomposites, Nano

Letter, 11, 2225-2230, 2011.

[9] P. Veluswamy, S. Sathiyamoorthy, F. Khan, A. Ghosh, M. Abijit, Y. Hayakawa, and H. Ikeda,
Incorporation of ZnO and their composite nanostructured material into a cotton fabric platform for

wearable device applications, Carbohydrate Polymers, 157, 1801-1808, 2017.

[10] G. Ren, J. Lan, C. Zeng, Y. Liu, B. Zhan, S. Butt, Y-H. Lin, C-W. Nan, High performance
oxides — based thermoelectric materials, JOM- Journal of Minerals Metal Materials, 67, 211 — 221,

2015.

[11] C. Jagadish, and S. J. Pearton, Zinc oxide bulk, thin films and nanostructures: processing,

properties, and applications, Elsevier edition, 2006.

[12] C. F. Klingshirn, B. K. Meyer, A. Waag, A. Hoffmann, J. Geurts, Zinc oxide from

fundamental properties towards novel applications, Springer edition, 2010.

[13] P. Rai, W-K. Kwak, and Y-T. Yu, Solvothermal synthesis of ZnO nanostructures and their
morphology-dependent gas-sensing properties, ACS Applied Materials Interfaces, 5, 3026 — 3032,

2013.

54|Page



[14] S. K. N. Ayudhya, P. Tonto, M. Okorn, V. Pavarajam, and P. Praserthdam, Solvothermal
synthesis of ZnO with various aspect ratios using organic solvents, Crystal Growth. Designs, 6,

2446 — 2450, 2006.

[15] M. Navaneethan, J. Archana, and Y. Hayakawa, Morphological evolution of monodispersed
ZnO nanorods to 3 dimensional hierarchical flowers by hydrothermal growth, RSC Crystal

Engineering Communication, 15, 8246 — 8249, 2013.

[16] M. Navaneethan, J. Archana, M. Arivanandhan, and Y. Hayakawa, Chemical synthesis of
ZnO hexagonal thin nanodiscs and dye-sensitized solar cell performance, Physica Status Solidi

RRL, 6, 120 — 122, 2012.

[17] T. J. Athauda, W. S. Lepage, J. M. Chalker, and R. R. Ozer, High density growth of ZnO
nanorods on cotton fabric enables access to a flame-resistant composite, RSC Advances, 4, 14582

— 14585, 2014.

[18] N. Abidi, L. Cabrales, and E. Hequet, Functionalization of a cotton fabric surface with titania
nanosols: applications for self-cleaning and UV-protection properties, ACS Applied Materials

Interfaces 1, 2141 — 2146, 2009.

[19] S. Saini, P. Mele, H. Honda, T. Suzuki, K. Matsumoto, K. Miyazaki, A. Ichinose, L. Molina
Luna, R. Carilni, A. Tiwari, Effect of self-grown seed layer on the thermoelectric properties of

ZnO thin films, Thin Solid Films, 605, 289 — 294, 2016.

[20] H. Li, S. Jiao, and L. Hongtao, Growth and characterization of ZnO nanoflakes by
hydrothermal method: effect of hexamine concentration, Journal of Materials Science: Materials

Electron, 25, 2569 — 2573, 2014.

55|Page



[21] N. Rajamanickam, S. Rajashabala, and K. Ramachandran, On the structural and optical

properties of nano-ZnO and its morphologies, Journal of Luminesces 146, 226 — 233, 2014.

[22] G. N. Narayanan and K. Annamalai, Role of hexamethylenetetramine concentration on
structural, morphological, optical and electrical properties of hydrothermally grown zinc oxide

nanorods, Journal of Materials Science: Material Electron, DOI 10.1007/s10854-016-5376-6.

[23] B. D. Boruah and A. Misra, Energy-efficient hydrogenated zinc oxide nanoflakes for high-
performance self-powered ultraviolet photodetector, ACS Applied Materials Interfaces, 8, 18182

— 18188, 2016.

[24] X. Li, P. Liang, L. Wang, F. Yu, Preparation and characterization of high uniformity zinc

oxide nanosheets, Frontiers of Optoelectronics, 7, 509 — 512, 2014.

[25] W. K. Tan, K. A. Razak, Z. Lockman, G. Kawamura, H. Muto, A. Matsuda, Synthesis of ZnO
nanorods-nanosheet composite via facile hydrothermal method and their photocatalytic activities

under visible-light irradiation, Journal of Solid State Chemistry, 211, 146 — 153, 2014.

[26] T. C. Damen, S. P. S. porto, and B. Tell, Raman effect in zinc oxide, Journal of Physical

Review, 142, 570 — 574, 1966.

[27] S. Bera, H. Khan, I. Biswas, S. Jana, Polyaniline hybridized surface defective ZnO nanorods
with long-term stable photoelectrochemical activity, Applied Surface Science, 383, 165 — 176,

2016.

[28] V. Russo, M. Ghidelli, P. Gondoni, C. S. Casari, and A. L. Bassi, Multi-wavelength Raman
scattering of nanostructured Al-doped Zinc oxide, Journal of Applied Physics, 115, 073508 (1-

10), 2014.

56|Page



[29] P. Sehgal and A. K. Narula, Influence of amines as surfactant on the optical, thermal, and

structural properties of nanostructured ZnO, Applied Physics A, 119, 1405 — 1412, 2015.

[30] P. K. Samanta and A. K. Bandyopadhyay, Chemical growth of hexagonal zinc oxide nanorods

and their optical properties, Applied Nanoscience, 2, 111 - 117, 2012.

[31] S. B. Amor, M. Jacquet, P. Fioux, M. Nardin, XPS characterization of plasma treated and zinc

oxide coated PET, Applied Surface Science, 255, 5052 — 5061, 20009.

[32] M. Gancheva, M. M. Velichkova, G. Atanasova, D. Kovacheva, I. Uzunov, R. Cukeva,
Design and photocatalytic activity of nanosized zinc oxides, Applied Surface Science, 368, 258 —

266, 2016.

[33] R. Al-Gaashani, S. Radiman, A. R. Daud, N. Tabet, Y. Al-Douri, XPS and optical studies of
different morphologies of ZnO nanostructures prepared by microwave methods, Ceramics

International 39, 2283 — 2292, 2013.

[34] M. D. McCluskey and S. J. Jokela, Defects in ZnO, Applied physics, 106, 071101, 1 — 13,

2009.

[35] W. A. Zisman, Relation of the equilibrium contact angle to liquid and solid constitution,

Advance Chemistry Series, 43, 1 — 51, 1964.

[36] R. N. Wenzel, Surface roughness and contact angle, Journal of Physical Chemistry, 53, 1466

— 1467, 1949.

[37] A. Becheri, M. Durr, P. L. Nostro, P. Baglioni, Synthesis and characterization of zinc oxide
nanoparticles: application to textiles as UV-absorbers, Journal of Nanoparticles Research 10, 679

- 689, 2008.

57|Page



[38] Th. I. Shaheen, M. E. EI-Naggar, A. M. Abdelgawad, A. Hebeish, Durable antibacterial and
UV protections of in situ synthesized zinc oxide nanoparticles onto cotton fabrics, International

Journal of Biology Macromolecules, 83, 426 — 432, 2016.

[39] M. S-Khalilabad and M. E. Yazdanshenas, Bifunctionalization of cotton textiles by ZnO
nanostructures: antimicrobial activity and ultraviolet protection, Textile Research Journal, 83, 993

— 1004, 2013.

[40] E. S. Ates and H. E. Unalan, Zinc oxide nanowire enhanced multifunctional coatings for

cotton fabrics, Thin solid films, 520, 4658 — 4661, 2012.

[41] S. Kathirvelu, L D Souza and B Dhurai, UV protection finishing of textiles using ZnO

nanoparticles, Indian Journal of Fibers and Textile Research, 34, 267 — 273, 20009.

[42] F. Salleh, K. Asai, A. Ishida, and H. lkeda, Seebeck coefficient of ultrathin silicon-on-

insulator layers, Applied Physics Express 2, 071203 (1-3), 2009.

[43] Lori E G, Benjamin D, Yuhas M L, David Z and Peidong Y, Solution-Grown Zinc oxide

nanowires, Journal of Thin films, 45,7535 — 7543, 2005.

[44] Innocent U, Manoj K R, Elias K S, Aloysius F H, Yogi D G, One dimensional-ZnO
nanostructures: Synthesis, properties and environmental applications, Materials Science

Semiconductor Proceeding, 13, 2070 — 2083, 2013.

[45] N S Ridhuan, K A Razak, Z Lockman, A A Aziz, Structural and morphology of ZnO nanorods
synthesized using ZnO seeded growth hydrothermal method and its properties as UV sensing,

PLOS one, 7, 50405, 2012.

58|Page



CHAPTER 4

Incorporation of ZnO and their composite nanostructured

material into a cotton fabric platform
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4.1. Introduction

With the growing concerns of the energy crisis and environmental protection, the development of
Wearable Power Generator (WPG) devices has taken an accelerated pace. Wearable Power
Generator devices could be used to tap the temperature gradient between a hot object (human
body) and cold (ambient) one and convert this into solid-state thermal energy scavenging
employing thermoelectric (TE) generators. The performance of TE material is closely related to
the dimensionless figure-of-merit (zT), which is given by zT = [(S? 6)/x] T, where S, o, k, and T
denote the thermopower (Seebeck), electrical conductivity, thermal conductivity, and temperature,
respectively [1 — 3]. TE materials have prominent aspects like reliability, environmental benignity,
and easy incorporation into existing technologies. They can be used as long-life power sources and
provide a long-lasting solution to the ever-growing demand for implantable medical devices. This
increasing demands for lightweight, high flexible, stretchable, and washable presents critical

challenges for the progress of WPG [4 — 7.

The selection of the material has a significant role in the fabrication of high performing TE
materials. Owing to its flexible nature, conducting polymers (CPs) are favorable materials for the
practical TE applications. Because of their high flexibility, environmental stability, and facile
synthesis, they have potential for use on human skin [8 — 10]. However, most of the CPs such as
polyaniline, polypyrrole, and poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS) are expensive and require complex treatments to achieve good electrical conductivity [11 —
13]. Hence, efforts have been made to find an alternative for fabricating flexible TE materials and
composite materials have recently been attracting more and more attention since they possess
many advantages including high thermopower, easy process-ability and cost-effectiveness [14 —

16].
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The encapsulation of MoS2 with polymers by precipitation process and the variations in
thermopower efficiency at room temperature, 0.1 to 0.2 pV/K. Polychlorotrifluorethene was used
as a binder and graphite was added as a conductive component to the copper (I) oxide composites,
to adjust the thermopower and the electrical conductivity [17]. The polymer/carbon nanotube
composites synthesized by vacuum filtration method and the thermopower was found to be around
22.2 uV/K at room temperature [18]. The Ag/PEDOT: PSS/ ZnO composite prepared structures
by Ink-jet-printing technology and thermopower were reported to be around -35 uV/K at room
temperature. PEDOT: PSS is a conductive polymer and was used to form the matrix of the
composite containing ZnO nanoparticles, and Ag-ink was used for the interconnects between
PEDOT: PSS and ZnO nanoparticles [19]. The highly flexible copper oxide-graphite-polymer
composites prepared by sol-gel method and the device exhibited thermopower values between 10
- 600 pV/K at room temperature [20]. The reported Thermopower value was of about 285 pV/K
near room temperature for Te nanowire/P3HT polymer composite by TeO reduction process,
using hydrazine as a solvent [21].

Therefore, nanocomposites consisting of homogeneous and uniform dispersion of
nanoparticles in the polymer matrix lead to higher TE properties. Moreover, polymers having
crystalline with amorphous structure or polymers with nanoparticle interfaces create boundaries
that scatter phonons, thus ensuring low thermal conductivity [22 — 24]. The selection criteria of
antimony (Sb) based on the following properties; it is electrical and thermal conductivity are lower
than most metals conductivities, N type dopant for semiconductor industry, best thermoelectric
materials at room temperature, due to existence of minimum in lattice thermal conductivity [25].
Similarly, for silver it has semiconductor intermetallic compounds which will have unexpectedly

low thermal conductivity which leads to improved thermoelectric properties, P type dopant for
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semiconductor industry, it is stable in air with highest electrical conductivity. There are no
available reports, which describe the influence of Sh-/Ag- ZnO-composite on cotton fabric using
the solvothermal method for application on WPG [26]. The interaction of Sh-/Ag- ZnO with textile
material would make major difference in thermopower. In this study, we modified cotton fabric
with Sb-/Ag- ZnO-composite by in situ solvothermal growth technique at low temperature to
develop flexible n-type and p-type TE material. In the present work, ZnO and its composites were
prepared by solvothermal methods and its structural, morphological, electrical and thermoelectric
properties were studied.

4.2. Experimental Procedure

4.2.1 Preparation of ZnO/ ZnO composites fabric via solvothermal method

Zinc nitrate hexahydrate, hexamethylenetetramine (hexamine), silver nitrate, and antimony
trichloride taken were analytic grade from Wako chemicals, Japan and used without further
purification. Plain weave cotton fabric (density of 125.45 g/m? and thickness of 0.15 mm) was
used as substrate and the fabric was ultra-sonicated in ethanol and water for 5 min, then dried at
60 °C overnight and cooled to room temperature. 0.1 M of zinc nitrate hexahydrate and 0.02 M X
(silver nitrate/ antimony trichloride) were dissolved in 40 mL of deionized water under magnetic
stirring. 0.2 M of hexamine was dissolved in 40 mL of deionized water and added slowly to the
Zinc nitrate hexahydrate -X solution. After a few minutes, the cotton fabric was immersed in the
solution. Similar procedure was adopted for 0.2 M of zinc nitrate hexahydrate, 0.02 M X (silver
nitrate/ antimony trichloride) and 0.1 M of hexamine. The above processes were performed at a
temperature of 50 °C and the solution was stirred magnetically for 2 hours (Stage 1). The prepared
fabric solution was placed in a 100 mL Teflon-lined stainless steel autoclave, which was sealed

and heated at 120 °C for 1 hour, then cooled down to room temperature. The fabric with the
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resultant seed creation was collected and washed three times thoroughly with absolute ethanol and
distilled water. Finally, the product was dried in an oven for 2 hours at 60 °C (Stage 2). The same
process was performed as the second step, with the growth period maintained as 5 hours, which
led to the formation of ZnO-composite nanostructures (Stage 3) and the series of efforts for the
various stages were tabulated as shown in Table 4.1. The diagrammatic representation of
deposition of ZnO composites over cotton fabrics is shown in Fig. 4.1.

Table 4.1. Description of sample code and their chemical concentrations

Zinc nitrate Hexamine Silver Antimony
S. No hexahydrate . Trichloride | Sample code
M nitrate (M
(M) (M) (M) (M)
1. 0.1 0.2 - - Z1
2. 0.2 0.1 - - Z2
3. 0.1 0.2 0.02 - SZ1
4. 0.2 0.1 0.02 - Sz2
5. 0.1 0.2 - 0.02 AZ1
6. 0.2 0.1 - 0.02 AZ2
Growth = autoclave
nanostructure 5 2h
= ©
7 60°C

/zmi—l-DX(sbng) HMT sk [12enc

1 h |120°C
autoclave

Seed
creation / 2h
on fabric - )u
surface 60° C "1 o
L4 —

ZN- Zinc nitrate hexahydrate, Sb- Antimony trichloride, Ag- Silver nitrate, HMT — Hexamine
Fig. 4.1 Fabrication process of the nanostructured coated cotton fabric
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4.3 Result and discussion
4.3.1 Structural analysis

In this study, we have prepared samples with six different concentrations: ZnO, Sb-ZnO,
and Ag-ZnO with ratios 1:2 M, 2:1 M of Zinc nitrate hexahydrate and hexamine and they were
labelled as Z1, Z2, SZ1, SZ2, AZ1, and AZ2 respectively, yielding nominal compositions. Fig. 4.2
(a) and (b) represent the XRD analysis that was employed to investigate the crystalline phase
constitution of the as-synthesized sample. The XRD pattern shows the typical diffraction peaks
which could be indexed to that of cellulose (CF; JCPDS card no. 03-0226) and ZnO cotton fabric
showed the strong diffraction peaks that are in good agreement with the known hexagonal wurtzite
phase of ZnO (Z1, Z2; JCPDS card no. 89-1397). However, a relatively stronger intensity was
observed for the ZnO (1 0 0) and (1 0 1) diffraction peaks, which indicates that the preferred
growth direction is along the c-axis, almost perpendicular to the individual cotton fiber and surface.
Moreover, the intensities of the Z1 and Z2 (see Fig. 4.2 (a) and Fig. 4.2 (b)) peaks enhance
observably with increasing precursor concentration from 1:2 to 2:1, which is consistent with the
variation in the quantity of zinc nitrate hexahydrate and hexamine. The ZnO diffraction peaks
appear in all patterns, but they become less intense as the Sh-/ Ag- ZnO composites are formed
indicating less crystallinity. New peaks begin to appear in SZ1, SZ2 peaks (see; Fig. 4.2 (a) and
Fig. 4.2 (b)) which belong to the Sb impurity phase, which are in good agreement with the
tetragonal phase of metallic Sb (JCPDS card no. 89-1610). The effect of Sb in ZnO rich condition
is such that due to the low-pressure oxygen (PO2) which suppresses the incorporation of Sb in the

Zn sites and the formation of Sbz, donors, low electron concentrations are resulted.
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Fig. 4.2 XRD analysis for the obtained fabric before and after the solvothermal treatment

On the other hand, high PO, favors incorporation of Sb in the Zn sites and instead
suppresses the incorporation of Sb in the O sites, both factors leading to higher electron
concentration and mobility. Due to this, secondary peaks are generated and a decrease in the peak
position value is generally observed when a composite element with a longer ionic radius replaces
Zn?* at the substitution sites of the ZnO crystal lattice. There are additional peaks which appear in
AZ1, AZ2 (see; Fig. 2 (a) and Fig. 2 (b)) and they revealed the diffraction patterns of metallic Ag
(JCPDS card no. 04-0783), which can be indexed to the (1 1 1) and (2 0 0) crystal planes of the
face-centered-cubic (FCC) phase. Moreover, the Ag* ion has a higher ionic size than a Zn?* ion,
probably substituting Zn?* ions, and the appearance of Ag peaks in the diffraction patterns clearly
indicates the formation of crystalline silver clusters in the nanoparticles [27]. Therefore, the
increment in the XRD peak positions in this case suggests that the Ag ions have occupied the

interstitial sites of ZnO, which is consistent with the reported results [28].
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4.3.2 Morphological study

The FE-SEM images revealed the ZnO nanorods array grown on the surface of a single
fiber and preferred axis of growth of nanorods is perpendicular to the fiber as shown in Fig. 4.3
(a-d). Figure 4.3 (a, b) shows that for 1:2 ratio of zinc nitrate hexahydrate: hexamine, due to the
higher concentration of hexamine longer nanorods are obtained. Fig. 4.3 (c, d) shows that for 2:1
ratio of zinc nitrate hexahydrate: hexamine however, the size of the ZnO nanorods dramatically
decreases with the increase in zinc nitrate hexahydrate concentration and decrease in hexamine
concentration. This indicates that the type of capping molecules has an influence on the formation
of ZnO nanorods. It can be clearly seen that the concentration of hexamine is an important factor
that influences the length and dimension of the nanorods (Fig. 4.3a, 4.3c). In fact, the hexamine
can step into the nucleation process of ZnO and inhibit the formation of nanorods (Fig. 4.3b, 4.3d).
In Figure 4.3 (e-h), a uniform layer of high-density Sh-ZnO, composite nanorods are formed on
the fiber surface and the product is highly compact, intertwining into a cluster. As can be seen
from this figure, when Sb is composited with ZnO grain size decreases and grain number increases
due to the increase in metal nucleation centers, which confirm the enhancement in crystallinity.
Figure 4.3 (i-1) exhibits a typical image of the Ag-ZnO composite. The absence of nanorods, and
the reasonable presence of silver have been shown to initiate the growth of nanosheets assembled
into 3D network architectures, with lots of interspaces and intermesh with each other to form voids

simultaneously between the adjacent sheets.
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Fig. 4.3 FESEM images of solvothermally treated fabrics obtained from (a - d) ZnO,
(e - h) Sb-ZnO, and (i - I) Ag-ZnO composite

4.3.3 Binding between ZnO/ ZnO-composite fabric

With the XRD analysis, it was confirmed that a Sb-/ Ag- ZnO Composite is deposited on
the surface of the cotton fabric. To further clarify the chemical states of ZnO, Sb-/ Ag- ZnO-
composite, XPS spectral analysis was carried out with the binding energies calibrated using C 1s
(284.8 eV). Figure 4 shows the scan survey spectra of the samples, in which all the peaks are
attributed to ZnO, Sb, and Ag, confirming the formation of the composite with the fabric. The Zn
2p32and Zn 2p12 peaks are also shifted to a higher binding energy with a value of 0.35 - 0.5 eV
(Fig. 4.4a) because of the heat treatment, which can be explained by the difference in

electronegativity () of Zn (y=1.65), Sb (y=2.05) and Ag (¥=1.93).
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Fig. 4.4 XPS spectra of (a) Zn 2p corresponding to the Zn core, (b-g) oxygen 1s peak, (h) Sb
core, and (i) Ag core

This comparably higher electronegativity of Sb and Ag attracts electrons from Zn, resulting
in a decrease in its electron screening effect [29]. Fig 4.4 (b-g) shows the O 1s peaks for ZnO, Sb-
Z0, Ag-Z0O composite samples. All the O 1s peaks are nearly asymmetric, suggesting that there
are at least two kinds of oxygen species on the sample surfaces. The O 1s peak which can be
consistently deconvoluted into a Gaussian peak marked with ‘o’ is closely associated with the

lattice oxygen of ZnO.
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The observed a similar component in their O 1s spectra and associated this to the O ion
in the wurtzite structure which is surrounded by the Zn atoms. Then the ‘B’ is attributed to the
oxygen deficiencies or vacancies within the ZnO matrix whereas the higher binding energy
component is probably due to some surface hydroxyl species [30]. The reported similar
components in their O 1s spectra and ascribed to the high binding energy state on Zn-OH species.
In addition, the two sets of peaks are associated with Sb 3ds;2 and Sb 3ds. peaks were assigned to
binding energies 531 + 0.9 eV and 540 + 0.9 eV; O1s and Sb 3ds» are superposed around 531+0.9
eV as shown in Fig. 4.4(h). The existence of the Sb 3ds. represents antimony oxide, indicating
that the antimony has probably incorporated into the Zn sites [31]. Hence, the reported that similar
Sb 3d peaks are characterized by a doublet which arises due to the spin-orbit coupling of 3ds» and
3dss2. The binding energies of Ag 3ds;, and Ag 3ds2 are 368 + 0.5 eV and 374 + 0.8 eV, which
confirms the formation of metallic Ag* as shown in Fig. 4.4(i). The Ag-ZnO ratio may be ascribed
to the increased number of Ag atoms occupying O sites, while the Sb atoms seem most likely to
occupy the Zn sites [32]. Thus, suggested that the electron density of Ag in Ag-ZnO-composite is
decreased. This reduction of electron density of Ag might be owing to the transfer of electron from
Ag to ZnO [33, 34].

4.3.4 UV shielding analysis

To investigate the UV shielding effect, ZnO and ZnO-composite coated on cotton fabric,
were measured in the wavelength region 200 nm to 800 nm using the bare cotton fabric as the
reference. The measurements were performed in at least three different spots and the results were
averaged together. The calculated ultraviolet protection factor (UPF) values are shown in
Fig. 4.5 (a). The UV transmittance values of the ZnO/ ZnO-composite coated fabrics are found to

be much higher than thereference (CF; 6.664), which indicates that the coated fabrics show
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improved blocking of UV radiation. The UPF values of ZnO, Sb- ZnO, and Ag- ZnO fabrics are
64.34 (Z1), 64.5 (22), 67.36 (SZ1), 69.34 (SZ2), 83.85 (AZ1), and 83.96 (AZ2). These UPF values
can be classified as excellent, and very good UV shielding respectively, according to ASTM D
6603 for UV radiation protection categories of fabrics [35]. These results show clearly that the

coating of cotton fabric with ZnO-composite can greatly enhance the UV-shielding properties of

fabrics.
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Fig. 4.5 (a) UV shielding properties, and (b) | — V characteristics of the ZnO/ ZnO-composites
coated fabric

4.3.5 Electrical conductivity

The current-voltage (I-V) characteristics of ZnO/ ZnO-composite fabrics are shown in Fig.
4.5 (b) and is found to be linear, indicating the ohmic conduction mechanism. It is found that the
conductivity of the as-grown n-type (ZnO and Sb-ZnO-composite) and p-type (Ag-ZnO-
composite) fabric varies. The I-V measurements were carried out between two points on the fabric
surface, and the experiment was conducted 3 times at different places to ensure that the obtained
conductivity represented the whole of the coated fiber layer. It is noteworthy that the I-V plot

representing Sh-/ Ag- ZnO composite nanoparticles resembles that of metallic conductors with
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considerably low ohm resistance. This approves that composites of antimony and silver with metal
oxides increases the conductivity as well as supports the physiochemical characterizations and that
the pure ZnO I-V plot follow semiconductor behavior at lower and higher concentrations. This
may be due to the replacement of Zn?* by Sb®* or Ag®*, thus contributing additional charge carriers
to the electrical conduction. Thus, the increase in the electrical conductivity may be associated
with the presence of large number of charge carriers introduced by the additive [36].
4.3.6 Thermopower

Semiconductors are known to have many carriers like metals, which gives raise to low
thermal conductivity, thus subsequently resulting in enormous thermopower. Thermopower is a
thermoelectromotive force induced by the Seebeck effect in response to a temperature difference
across the coated cotton fabric. It is well known that cotton fabric acts as an insulator, so we cannot
measure the thermopower, the results of all other samples are shown in Fig. 4.6. The slope of the
graph represents the thermopower of the ZnO/ ZnO-composites. If the difference in temperature
is less than 5 degrees, the relationship between the thermoelectromotive force and the difference
in temperature should be almost linear. If the slope is negative, it means the material is n-type,
otherwise it is p-type. For n-type material, the majority charge carriers are electrons; and for p-
type, holes. Fig. 4.3 (a) and (c) show ZnO nanorods based on 1:2 and 2:1 ratio of zinc nitrate
hexahydrate and hexamine and depict longer nanorods at higher hexamine concentration (1:2) and
shorter nanorods on other (2:1). At the same time, the absolute value of the thermopower decreases
from 36.311 pV/K (see graph: Z1) to 10.534 uV/K (see graph: Z2). Thus, it is possible to observe
that the longer nanorods have connections with each other that contribute to the electron transport
being easier than in the other case, which explains the quantitatively higher value of thermopower

with the longer nanorods [37].
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Fig. 4.6 Measured thermoelectromotive as a function of the temperature difference
Although, the thermopower increases for Sb-ZnO composite from 135.99 pV/K (see graph:

SZ1) to 360.49 uV/K (see graph: SZ2). It is worth noting that the Sb/ZnO network on the surface
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of the fiber is formed as a freestanding composite, which should be attributed to the Sb
incorporation into the Zn sites and oxygen vacancies, which leads to n-type behavior [38 — 40]. It
is possible to observe that the laterally continual nanorods on the surface of each individual fiber
can explain the higher value of thermopower (SZ2). The Ag-composite with ZnO is shown as
positive, which means that the material is p-type, and it seen with a thermopower value of 471.9
uV/K (see graph: AZ1), 132.2 uV/K (see graph: AZ?2 respectively. Therefore, the growth process
of ZnO is disrupted, when the Ag composites are introduced, and the growth process is again
favored when enough Ag have recombined with the Zn material that may cause the positive effect
on the charge separation efficiency [41, 42]. It is of great importance to note here that both the
compounds (AZ1 and AZ2) possess the p type thermopower but AZ1 exhibit the higher value due
to the intergranular crystal structure, which plays an important role in charge transport.
4.4. Conclusion

In this study, a simple, versatile, and effective approach for the development of ZnO/ Sb-/
Ag-/ ZnO-composite on cotton fabric prepared by solvothermal method was described. It was
demonstrated that the coating of ZnO/ Sh-/ Ag-/ ZnO-composite can convert an insulator, a cotton
fabric into a conductive fabric. The existence of nanostructures on the fabric surface caused an
excellent UV shielding property in the Ag- ZnO-Composite fabric, as was demonstrated by an
UPF value of 83.96. Additionally, the coated fabric showed good | — V characteristics with
rectifying behavior of conductivity. Furthermore, we have investigated the thermopower of the
coated fabric, which attributes to the intergranular crystal structure of Ag-ZnO composite,
possessing the highest value 0f471.9 p/K. It is concluded that the nanocomposites, having a higher

thermopower and UV shielding, is a better candidate for wearable device applications.
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CHAPTER 5

Hydrothermal growth of reduced graphene oxide on cotton fabric
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5.1 Introduction

For the past several decades, cotton has been considered as the most promising material in
various fields, such as protective clothing, medical textiles, sportswear and automotive textiles. It
IS more superior when comparing with other material, since it has the excellent comfort, softness
and biodegradability [1]. Functionalization of cotton with nanosized material is used for stain
resistance, antimicrobial, controlled hydrophilicity/hydrophobicity, antistatic, ultraviolet (UV)
protective, wrinkle resistant and shrink-proof abilities [2].

UV-rays blocking property of a fabric is enhanced with a dye, pigment and UV absorber
coating. It absorbs UV radiation and blocks the transmission through a fabric to the skin, which
enhances the sun protection [3]. For the past two decades, metal oxides like TiO2 [4], ZnO [5-7],
SiO: [8] and Al,O3 [9] are known as UV blocking materials. Among the various semiconductor
materials, graphene and graphene derivatives have attracted significant attention due to its unique
properties, such as mechanical [10], electrical [11], thermal [12] and optical properties [13]. If the
exfoliated sheets contain only one or few layers of carbon atoms like graphene with oxygen, these
sheets are termed graphene oxide (GO) and subsequent reduction of GO is carried out using
reducing agents. However, these approaches often involve highly toxic chemicals, longer duration
for reduction process and high temperature treatments [14-18]. The development of effective and
nontoxic alternative-reduction-process is necessary for the high quality of reduced GO (rGO) on
cotton fabric. Recently, a variety of nanocomposites based on graphene and its derivatives have
been scrutinized for UV protection factor (UPF) applications due to constantly increasing global
awareness on green/eco textile products. Research has been intensified in the area of development
of sustainable UV protective textile using plant extracts and other natural polymeric materials or

biomolecules.
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Lijun et al. [19] reported the best functionalization of cotton fabric coated with low
graphene nanoplate by a pad-dry-cure method. According to Tang et al. [20], GO nanosheets and
polyaniline for conductive and UV blocker are fabricated by a vacuum filtration deposition
method. Tian et al. [21] suggested that the graphene can be nanocomposites by polymer such as
chitosan. Although the pad-dry-cure method is simple and the most common method for preparing
cotton fabric/nanocomposites, the yielded material gradually degenerates under the irradiation of
UV. In addition, durability of protective action is limited, which devaluates their usefulness.
Therefore, a new approach is required to enhance the UV protection of cotton fabric.

Among various energy harvesting techniques, the thermoelectric has been proven able to
harvest energy from human body at a high efficiency and large output power density. Comparing
with other energy harvesting approach, the thermoelectric energy is nearly independent to the
weather and working environment. Moreover, it is facile to be designed into fabric due to its simple
structure and huge materials choices [22 — 24]. In this work, rGO-deposited cotton fabric is
synthesized by a new non-toxic method and the functional properties are studied.

5.2 Experimental procedure

All the chemicals were of analytical grade and used without further purification. Graphite
(Merck), hydrochloric acid (HCI; 37%, Merck), sulfuric acid (H2SOa4; 98%, Merck), potassium
permanganate (KMnOas; 99%, Merck) and hydrogen peroxide (H202; 35%, Merck). Scoured and
bleached 100 % cotton fabric was used as a substrate. Hydrothermal method was adopted to reduce
the GO to rGO directly on cotton fabric. The GO was prepared from graphite powder by modified
Hummer’s method [25]. The bare cotton fabric of 2x2 cm? was immersed in GO solution for 2 h
and sonication was carried out for 24 h. Then GO deposited cotton fabric was washed three times

with de-ionized water to remove the unexfoliated GO and it was dried at 45° C for 24 h. In order
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to prepare the rGO, the GO-deposited cotton fabric was stirred with 2 M of hydrazine monohydrate
solution for 5 mins. It was placed in a Teflon-lined autoclave and was kept in the furnace at 90° C
for 48 h. Finally, the bare cotton fabric will pale white in color but rGO deposited cotton fabric
shown as black in color as shown in Fig. 5.1

X-ray diffraction (XRD) analysis performed on X-ray diffractometer system (X’pert PRO
PANalytical). Raman spectroscopy was measured using JASCO NRS -7100. Field-emission
scanning electron microscope was obtained by JEOL JSM 7001F. The UV blocking efficiency
was recorded by a UV spectrophotometer (LAPSPHERE UV1000F). In the Australia/New

Zealand standard AC/NZS 4399:1996 [26].

- R

w GO HA

Cotton fabric GOf rGOf

b /

* GO - Graphene oxide/ Gof - Graphene oxide Cotton fiber/ rGOf - Reduced graphene oxide Cotton fiber
/ HA - Hydrothermal approach

Fig. 5.1 Digital Photographic image of Cotton fabric before and after rGO deposited

5.3 Results and Discussion
5.3.1 Structural analysis

XRD patterns of the bare cotton fabric and rGO-deposited cotton fabric are shown in Fig.
5.2(a). The both samples have similar diffraction peaks at 16.52°, 22.82° and 34.58° that
correspond to cellulose and are good agreement with JCPDS file no 3-0226. A small peak
corresponding to graphite (002) at 25.5°, as clearly shown in inset and good agreement with the
previous report [27]. The broadening and shift of the diffraction peak of graphite from 26° to 25.5°

is considered to indicate the short-range order in stacked graphene layers [28].
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Figure 5.2 (b) represents the Raman spectra of bare cotton fabric and rGO-deposited cotton
fabric. The bare cotton fabric does not show any significant peak. Whereas, rGO-deposited cotton
fabric exhibits two peaks at 1354 and 1596 cm™ which correspond to the G and D bands of
graphite, respectively. The G and D bands are related to the first order scattering of E2g mode and
disorder-induced mode, respectively [29]. Therefore, it is noted that the bands observed in our
sample are shifted to higher wave numbers. The peak shift in the G band may be due to the

recrystallization in sp? hybridization and that in the D band is due to the presence of defects,

vacancies and distortion of the sp® domains during oxidation [30].
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Figure 5.2 (a) XRD patterns, (b) Raman spectra of bare cotton fabric and rGO-
deposited cotton fabric.
5.3.2 Morphology study
The photographic images of bare cotton fabric and rGO cotton fabric are shown in Fig. 5.2(a). The
white color of the cotton fabric changed into blackish color after rGO deposition confirms that the
rGO is uniformly deposited on the cotton fabric. Figures 5.2(b) and 2(c) represent the FE-SEM

images of bare cotton fabric and rGO-deposited cotton fabric, respectively.
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Figure 5.3 FESEM images of the surface of the cotton fabric: (a) photography of bare cotton
fabric (left) and rGO/ cotton fabric (right); (b) bare cotton fabric; (c) rGO/Cotton fabric; (d)
high magnification micrographs (inset shows single fabric surface); (e) carbon compostion; (f)
Oxygen composition; (g) gold composition and (h) Elemental compostion with respect to
histogram graph.
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Figure 5.3(d) represents the higher magnified image of rGO cotton fabric and inset shows the
single fabric surface. It was observed that the surface of the rGO-coated cotton fabric was not as
smooth as the bare cotton fabric. It is noted from Fig.5.3(d) inset that wrinkled like wave structure
was formed on the surface. This formation indicates the presence of reduced nature of GO on the
cotton fabric. Furthermore, the amount of rGO incorporation is monitored by taking EDAX
elemental mapping shown in Figs. 5.3(e), 5.3(f) and 5.3(g). From these results, the elements

covering the cotton are C and O atoms with the composition of 77.02 and 22.61 %, respectively.

5.3.3 UV shielding analysis

UV transmittance of bare cotton fabric and rGO-deposited cotton fabric are shown
Fig. 5.4 (a). It is noted that the UV transmittance is decreased significantly by the rGO deposition,
comparing with the bare cotton fabric. The UV protection property was taken for rGO-deposited
cotton before and after the laundering. It is clearly found that the UV protection is improved by
rGO deposition. In addition, the spectrum does not change even after 10 times laundering, which
indicates that rGO deposited on the cotton is very stable and hardly influenced by laundering.
Based on the UV transmittance spectrum, UPF value is evaluated and shown in Fig. 5.4 (b). UPF
values are calculated to be 442.69 and 422.32, for rGO cotton before and after laundering process
respectively, while the UPF value for the bare cotton is 7.83. The rGO deposition is found to
enhance the UV protection of cotton fabric. In addition, there is no significant difference in the
rGO UPF values before and after the laundering process. Thus, it can be concluded that the

synthesized rGO cotton has good durability condition.
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5.3.4 Thermopower

To evaluate the Seebeck coefficient (thermopower), the temperature difference and
thermoelectromotive force need to be measured and the measured time evolution of higher
temperature region (Tw) and lower temperature region (T.) are shown in Fig. 5.5 (a). Through Fig.
5.5 (a), it can be seen clearly that, the temperature is increased systematically after that it is
decreased by controlling the heater current. Then, the temperature difference is determined by AT
= Tw — T From the measured thermoelectromotive force and temperature difference, the Seebeck
coefficient is obtained by S=- TEMF/AT as shown in Fig. 5.5 (b) of rGO coated cotton fabric.
Therefore, Seebeck coefficient obtained during increase and decrease temperature of 340 — 346K
are identical and it is indicated that the measured Seebeck coefficient is valid. Since, the Seebeck
coefficients in this temperature region are also found to be nearly constant. Consequently, it is

found that the measured Seebeck coefficient are higher.

500

+-0.75
21 t
(a) (b)
18 Bare Cotton fiber 400+
9 —— GO Cotton fiber =
o154 —— RGO Cotton fiber =
R k.
S —— RGO Cotton fiber bl § 2 300
.'3_5‘1 124 10 times Laundering £ E
E -~ =
g 91 o 2 % 200
= F0.25 =
3 6 >
-
100
34
D T T L] T T U-ﬂ" 0 7.83 /
300 320 340 360 380 400 Bare GO RGO RGO Cotton fiber

Wave length (nm
o (nm) Cotton fiber Cotton fiber ~ Cotton fiber (10 Times Laundering)

Figure 5.4 UV protection ability of fabric specimens (a) UV transmittance spectrum and (b)

UPF values with laundering effect.
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Figure 5.5 (a) Thermoelectromotive force as a function of temperature difference and
(b) Seebeck coefficient as a function of average temperature.

5.4 Conclusion

The rGO deposited cotton fabric was successfully prepared by hydrothermal method. XRD
and Raman spectrum confirmed the presence of rGO on the surface of the cotton fabric. The
FESEM images indicated that the rGO-deposited cotton fiber had wrinkle-like wave structure. The
UPF values of bare cotton and rGO deposited cotton fabric before and after laundering process
were calculated as 7.83, 442.69 and 442.32, respectively. It is confirmed that the prepared material
showed the excellent UV shielding property and good durability. The calculated Seebeck
coefficient obtained from the linear approximation and larger value obtained.
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CHAPTER 6

Functionalization of carbon fabric with ZnO nanostructures
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6.1 Introduction

Improvement in quality of life is seen not only in healthcare but also in other areas such as
wearable devices [1], power generation [2], sensors [3], and electromagnetic/ultraviolet
interference shielding textiles [4, 5]. The power generator has attracted much attention due to their
ability of direct conversion of heat to electricity. Especially, the wearable power generator (WPG)
is one of the candidates for energy harvesting and is helpful even in the event of disaster since its
flexibility can be used for the fabrication of curtains and tent. Therefore, the WPG materials require
high efficiency and easy fabrication with low cost and large area [6]. The performance of WPG
material is closely related to the dimensionless figure-of-merit (zT), which is given by zT=(S%c)/x
T, where S, o, x, and T denote the thermopower (Seebeck coefficient), electrical conductivity,
thermal conductivity, and temperature respectively [7]. Since the advent of nanostructured power
generation materials exhibits high zT owing to maximization of power factor (S%) and reduction
in k [8]. Throughout the literatures, the nanometer-scaled crystalline structure can reduce x by
enhancing the boundary scattering of phonons, but it degrades the power factor, simultaneously.
With the aim of bettering the power factor, an increment of thermopower is expected by tailoring
the density of states through nano structuration such as nanocomposites [9] and super lattices [10],

and doping modulation [11].

Traditional materials for thermoelectric such as bismuth telluride have been studied and
utilized commercially for the last half century, but recent advancements for materials selection is
one of the foremost function of effective thermoelectric device as it determines the reliability of
fabrication in terms of industrial and economical aspects. Recently, many researcher’s efforts have
been made to utilize oxide nanomaterials for WPG applications [12 — 15] which may provide

environmental stable, mechanical flexibility, and light weight with low cost of manufacturing. In
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precise, fabric containing ZnO have shown great promise as N-type materials with improved
transport and UV shielding properties [16, 17]. On the other hand, we have focused on ZnO
nanostructures as a high-efficiency WPG material because they are non-toxic to skin, inexpensive
and easy to obtain and possess attractive electronic properties, which means that they are available
for clothing with low-cost fabrication. Up-to-date, several coating methods have been used to grow
ZnO films including Sputtering [18], Electrochemical [19], Sol-Gel [20], and Hydrothermal [21]
method. Most studies of ZnO coated fabric were focused on relationship of the coated technique
and basic optical, electrical properties. To our observation, we publicizing about the thermoelectric

properties of ZnO nanostructures coated carbon fabric for the first time.

In this paper, a facile sonochemical assisted hydrothermal growth of hierarchical ZnO
nanostructures on carbon fabric demonstrated. Zinc nitrate hexahydrate and hexamine (HMT)
were used as zinc source and the alkali source respectively. In the momentous morphological
changes were obtained by tuning the zinc precursor concentration. When the zinc concentration
increased, the ZnO nanorods/sheets became denser, and growth period indicated the morphological
changes from rods to sheets nanostructure arrays under same growth temperature. Therefore, it is
imperative to explore the new approach for the synthesis of ZnO nanostructures; well it works out

to be an easier and economical process.

6.2 Experimental procedure

Zinc nitrate hexahydrate (Zn(NO3),*6H,0), and hexamine ((CH,)sN,4) were of analytical
grade purchased from Sigma-Aldrich and are used without further purification. Commercially
available carbon coated fabric was treated with ultrasonic bath in ethanol and water for about 20
min, and then dried under a N> stream, which was used as a substrate for the growth of ZnO

nanostructures during the sonochemical assisted hydrothermal process. 0.2 M of zinc nitrate was
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dissolved in 40 mL of deionized water under continuous magnetic stirring. 0.1 M of hexamine was
dissolved in 40 mL of deionized water and added slowly to the zinc nitrate solution. After a few
minutes, the carbon fabric was immersed in the solution. The black colored fabric turned to pale
white color, indicating the formation of ZnO nanoparticles. Similar solution procedure was
adopted for 0.1 M of zinc nitrate and 0.2 M of hexamine. The above processes were performed at
50° C temperature. Both the reaction mixtures were stirred continuously until it became a
transparent solution, followed by 20 mins of ultrasonication at room temperature. The prepared
fabric solution was placed into a 100 mL Teflon-lined stainless steel autoclave, which was sealed
and maintained at 120° C for 1 h and 5 h, then cooled down to room temperature. The resultant
fabric was collected, washed three times individually with absolute ethanol and distilled water
thoroughly. Finally, the product was dried in an oven for 2 h at 70° C and the entire process can

be schematically represented as shown in Figure 6.1 (a).

Carbon fabric and ZnO nanostructure coated carbon fabric was characterized by field
emission scanning electron microscopy images were obtained using a JEOL JSM 7001F
microscope equipped with EDS mapping. X-ray diffraction pattern was obtained by a Rigaku
X-ray diffractometer, with Cu-Kao radiation and a step interval of 0.02/sec. The analysis of X-ray
photoelectron spectroscopy (XPS) was performed via a Shimadzu ESCA 3100. The
thermogravimetric stabilities to heat were carried out under N2> ambient, measured with DTG-60
(TG/DTA). The UV shielding property was performed by using Lapsphere UV1000F analyzer.
The resistivity measurements were carried out in the room temperature using a conventional four-
probe technique. The Seebeck coefficient was evaluated by our handmade system at around room

temperature [22].
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Fig. 6.1 (a) Schematic representation of the ZnO seed creation and growth process on carbon
fabric; (b) and (c) the photographic images of carbon cloth before and after ZnO nanostructures
growth; (d) Typical FESEM images of bare carbon fabric substrate; (e) Magnified image

showing the smooth carbon fabric.
6.3 Result and discussion
6.3.1 Morphology study

The photography of the pristine carbon fabric with ZnO before and after the growth of
nanostructures is shown in Figure 6.1 (b) and (c). It can be observed that the pure carbon fabric is
in deep black color while the ZnO nanostructure coated carbon fabric is in white. The morphology

of the bare carbon fabric at low and high magnifications was shown in Figure 6.1 (d) and (e).
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Figure 6.1 (d), exhibits the ordered texture structure and the magnified image in Figure 6.1 (e)

illustrates that each carbon fiber with smooth surface has a uniform diameter of around 2 um.

The Figure 6.2 elucidates the morphology of the grown ZnO nanostructures, to control the
morphology we carried out a parametric study by changing the molar concentration of hexamine
and zinc nitrate together with the synthesis time. Based on this study, achieving nanorods
structures was feasible with 2:1 and 1:2 concentrations of both reactants for the synthesis time of
1 h at 120° C as shown in Figure 6.2 (a — d) and hereafter, they are termed as CFZ1 (a, b) and
CFZ2 (d, e). Similarly, synthesis time of 5 h led to the formation of nanosheets like structure as

shown in Figure 6.2 (e — h) and hereafter, they are termed as CFZ3 (e, f) and CFZ4 (g, h).

The obtained ZnO coating was partially covered on the fiber surface (Figure 6.2a, 6.2b,
6.2e, 6.2f) when small amount (1 M) of hexamine was used. Hexamine offers the OH ~ ions to
accelerate the reaction, initially less OH ~ ions existed in the solution when 1 M of hexamine was
employed. On the other hand, some hexamine molecules would decompose at the reaction
temperature of 120°C, which would further decrease the number of OH ~ ions present in the
solution. All these factors would weaken the reducing ability of ZnOH and reduce the reaction
rate, which lead to the decrease in density and incompleteness of the ZnO coatings. The surface of
carbon fiber was almost completely covered by ZnO when the volume of hexamine was increased
to 2 M (Figure 6.2c, 6.2d, 6.2g, 6.2h). Moreover, the volume of hexamine used herein would
increase the pH value of the solution, and the chemical reaction was found to proceed more
quickly. As the pH value increased, the formation of nuclei, the subsequent crystal growth was
enhanced, and denser coatings were obtained. When the period of growth increased from 1h to 5h,
a change of structure from nanorods to nanosheets was observed, which is the reason for the

suppression effect observed along the c-axis direction at a prolonged time and growth was
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observed to occur in the longitudinal direction due to many growth units around ZnO nuclei [23,

24].

Fig. 6.2 FESEM micrograph and elemental mapping images of as-fabricated ZnO

nanostructures growing on carbon fabric.

From the FESEM image, the ZnO nanorods and nanosheets were compact and continuous, and
nanostructures coexisted on the surface of the fabric. The coating was found to be uniform and not
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peeling off, signifying that the adherence between the carbon fabric and ZnO coating was very
strong. The spatial distribution of Zn, O and C elements were evident that the ZnO was coated on
the carbon fabric as expected. Moreover, the distribution of Zn, O and C elements was also found

to be homogeneous.

-
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Fig. 6.3 XRD Pattern of Carbon fabric coated with/ without ZnO

6.3.2 Structural analysis

Figure 6.3 showed the XRD pattern of ZnO/ Carbon fabric. In all the samples, XRD pattern
exhibited typical diffraction peaks of carbon fabric at 25.8°. Whereas, the ZnO coated fabric
showed three strong diffraction peaks at 31.67°, 34.12°, and 36.20° corresponding to (100), (002)

and (101) planes of wurtzite ZnO respectively, and the result was in good agreement with the
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reported data (JCPDS No. 36-1451) [25]. No impurity peaks were detected, which confirms that

the carbon fabrics were successfully deposited with ZnO nanostructures.

6.3.3 Chemical composition

The surface chemical analysis of the ZnO nanorods and nanosheets coated carbon fabric is
shown in Figure 6.4. XPS spectra was carried out with the binding energies calibrated using
C 1s (284.8 eV). The Zn 2p core level of pure ZnO has two fittings peaks located at about 1022.93
and 1045.81 eV attributed to Zn 2p12 and Zn 2ps2 [26]. Similarly, Figure 6.4 (a) shows the Zn
2p32 and Zn 2p12 peaks at 1022.8 and 1045.7 eV of ZnO nanorods, and others at 1023.3 eV and
1046.2 eV are attribute to Zn 2pz, and Zn 2p12 peaks of ZnO nanosheets, respectively. This shift
observed at a higher binding energy with a value of 0.11 to 0.37 eV because of heat treatment [27].
The Zn 2p binding energy of the nanosheets is greater than that of the nanorods, which indicates
that the nanosheets is more oxidized than the nanorods. Figure 7.4 (b — f) shows the O 1s peaks,
due to its asymmetric shape, the peaks were deconvoluted into two peaks (o and 3) using Gaussian
fitting curve. The ‘o’ peak was closely associated with the lattice oxygen of ZnO and ‘B’ peak
should be the evidence of oxygen vacancies within the ZnO matrix and the higher binding energy
component is probably due to the presence of some surface hydroxyl species [28]. Thus, changes
in the intensity of this component may be about the variations in the concentration of the oxygen
vacancies O bonding in the ZnO fabric. The related study indicated that as discussed for the XRD

analysis, there is no impurity.
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Fig. 6.4 XPS spectra of (a) Zn 2p corresponding to the Zn core and (b-f) oxygen 1s peak
The intensity of the B peak exceeds those of the a peaks, which indicating the strong Zn-

It is well known that the crystalline morphology and structure obtained during ZnO coating on
carbon fabric processing plays an important role on the physio-mechanical behavior of the
resulting coated fabric, conditioning its potential uses. In this way, the control of crystallization
process is a successful approach for improving physio-mechanical properties of coated fabric.
Therefore, it is of great interest to investigate the nucleation, crystallization, and structural

development of the ZnO coated fabric [29].

6.3.4 Thermal degradation

This would help to optimize the manufacturing conditions to obtain high performance coated fabric
and to exploit their potential in practical applications. In Figure 6.5 (a) shows, that there are two
stages of weight loss. The initial mass loss occurred from100° C to 200° C, in which the small
weight loss mainly due to release of either water or amines. The degradation of the carbon fabric

became constant beyond 223° C and there is no further loss in weight suggests the presence of
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only pure organic contents [30]. The second weight loss occurred at 430° C, could be attributed to
the degradation of the zinc nitrate. Moreover, there is no further loss in weight, which indicates

that there is no more zinc nitrate as well as no residual water molecules remained on the coated

fabric.
6.3.5 UV shielding analysis

Figure 6.5 (b) shows the UPF value of ZnO coated carbon fabric; bare carbon fabric (CF) obtained
a value of 28.62. When the carbon fabric treatment with 1 h period of growth time with hexamine
is lesser than zinc nitrate, the UPF value were 38.45 and hexamine is higher than zinc nitrate, the

UPF value were 73.82, respectively, which was considered very good and excellent UV-blocking

property.
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Fig. 6.5 (a) TGA and (b) UV shielding property
Similarly, when raising the carbon fabric treatment with 5 h period, the UPF values were
141.2 and 201.75 respectively, which is considered as excellent UV-blocking property. The UPF
value obtained for bare carbon fabric was 28.62. The carbon fabric obtained after a treatment for
1 h was investigated in two different concentrations- When the hexamine (H) concentration was
lesser than that of zinc nitrate (ZN), the UPF value was 38.45. However, when the concentration
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of zinc nitrate was increased the UPF value was 73.82. This proves to be an excellent UV- blocking
property. Now when the growth period was increased for a period of about 5 h, the UPF values
were found to be 141.2 (H<ZN) and 201.75 (ZN>H. In higher molar ratio of hexamine
concentration, the driving force is the maximization of the free energy of the entire reaction system.
In this case, the nucleation rate is relatively high to create great amount of ZnO nuclei, which turns
to denser coverage on carbon fibers. Therefore, the better performance of the ZnO nanosheets is

attributed to its morphology and denser coverage [31].
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6.3.6 Electrical conductivity

To assess the quality of the electrical contact between the ZnO grown nanorods and nanosheets on
carbon fabric I-V characteristics curves were obtained. |-V measurement was carried out between
two points on the fabric surface, and the experiment was conducted 3 times at different places to
ensure that the obtained conductivity represented the coated fiber layer as shown in Figure 6.6 (a).
Significantly, the results were found to be linear, indicating that the ohmic contact is very stable.
Figure 6.6 (b) image shows the resistance of ZnO/ Carbon fabric. With 1 h growth period, the ZnO

nanorods (CFZ1) of 2:1 concentration showed the highest resistivity of 200 Q2 and ZnO nanosheets
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(CFZ4) of 1:2 concentrations with a growth time of 5 h had better conduction of the fabric about
33 Q. However, the molar ratio of zinc nitrate and hexamine demonstrates the coated fabric did
become higher when the denser nanosheets with high hexamine concentration, this is presumably
due to smaller grain size resulted in closer spacing between sheets to sheets and more direct

conduction pathway for generated electrons transfer [32].

6.3.7 Thermopower

Thermopower is a thermoelectromotive force (TEMF) induced by the Seebeck coefficient in
response to a temperature difference across the fabric and the resultant thermopower was estimated
as a function of average temperature. The results show that these techniques are a valuable tool

and trend reported in the literature previously [33].
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of Carbon fabric and ZnO coated Carbon fabric

When the current is modified for increasing and decreasing the temperature, the generated
TEMF with respect to the time evolved is demonstrated in Figure 6.7 (a) for the CFZ4 sample.
The trend observed is a gradual decrease in the absolute value of thermopower from 100 mS to
800 mS as temperature rise. Following the decrease, there is an increase of TEMF after 900mS as

the temperature becomes low. As expected for an N-type semiconductor, the TEMF values are
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negative. The ZnO coated carbon fabric results agree with the thermopower values reported in the
literature for ZnO thin films [34] and bulk [35]. In Figure 6.7 (b) shows the bar graph of
thermopower value with and without ZnO coating. In general, the absolute value of the
thermopower was calculated by the linear fit between voltage (AV) and temperature difference
(AT). The thermopower of ZnO coated on fabric was about -0.04 ~ 0.054 nV/K and for bare carbon
fabric it was found to be about 0.08 pV/K. In addition to the carrier concentration, it is important
to note that there was change of carrier type from P-type to N-type resulting due to coating of ZnO

on carbon fabric. Thus, thermopower of ZnO on fabric was successfully obtained.

7.4 Conclusion

In this work, we have designed unique binder-free array-type ZnO nanostructures grown directly
on carbon fabric obtained by sonochemical assisted hydrothermal method. This approach allows
ZnO nanostructures to grow effectively on carbon fabric in the absence of a template, catalyst or
even a surfactant to inhibit growth and this method seems to be fast with reproducibility. With
prolonged growth period, morphology changes from nanorods to nanosheets were observed. The
FESEM images also confirm a significant difference in the morphology of the fabric before and
after ZnO coating. EDX Mapping, XRD, XPS analyses were showed that there is a linear
relationship between the coated layers of ZnO content and bare fabric. The UV protection value
obtained by UV transmittance indicated excellent protective value for ZnO coated carbon fabric
owing to their absorption. An enhancement of the thermopower was observed with ZnO coating
due to the change in carrier concentration. This phenomenon is believed to be related with the

formation of ZnO nanostructures on carbon fabric.
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CHAPTER 7

Summary and Proposed Future work
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7.1 Summary

In this work, we focused on wearable thermoelectric power generator since the performance of the
device is recycling wasted heat energy, lower production cost, scalability, long-lived power source,
no side effects or harm, free from gas emission, easy to dispose of and reliable source of energy.
Herein, we have adopted the solvothermal method for the coating ZnO and rGO with various
nanostructures such as nanorods, nanosheets, nanospheres, and nanoporous. The seed creation and
growth condition, the concentration of precursors, growth time, have been systematically studied.
The as-synthesized fabric sample of functional properties was analyzed by X-ray diffraction
profile, Raman spectroscopy, X-ray photoelectron spectroscopy, field emission scanning electron
microscopy with mapping, transmission electron microscopy, UV shielding properties and
thermoelectric properties. Besides, two different composite (Sb and Ag) were used to study the

efficiency of thermopower.

A facile solvothermal method was adapted to grow the mixed nanostructures like rods and sheets
without any surfactant or amine additive. Due to the two-step process, the controlled growth and
optimization of the ZnO mixed nanostructures, its functional properties were investigated. It
revealed the highest UPF value of 183.84 and enhanced power factor of 22 uW/m.K2
Additionally, it is possible to observe that the connection between grains appears poorer in the
case of ZnO nanorods, which resultant high resistivity. In ZnO nanosheets, boundary scattering of
charge carrier is reduced in the thin film, and hence, its electrical resistivity is decreased. However,
when the nanorods surrounded by nanosheets possess the intergranular electron transport is
expected to be easier than nanorod, which explains the lower value of the electric resistivity

qualitatively.
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We have also employed two-step solvothermal method for ZnO composite with Sb-/ Ag- the
coating on the cotton fabric. The growth process of ZnO is disrupted, when the Ag composites are
introduced, and the growth process is again favored positive effect on the charge separation
efficiency due to Ag have recombined with the Zn material. It possesses the P-type highest value
of471.9 u/K thermopower because of intergranular crystal structure, which plays a significant role
in charge transport, and the UV shielding value of 83.9. The rGO-coated fabric was successfully
by the one-step hydrothermal method and improved the performance of this system by forming
reduced graphene oxide on the fabric surface. The high UPF values measured as high as 442 and
32 uVIK of thermopower. Finally, carbon fabric used instead of cotton fabric to realize the
difference of nonconducting and conducting fabric response towards UPF and thermopower, in
this sonochemical assisted hydrothermal process involved to coat the ZnO nanostructures. Due to
time duration, we obtained nanorods and nanosheets for 1h and 5h growth period respectively. The
bare carbon fabric shows the UPF value of 28.62 and ZnO coated nanosheets UPF value of 201.75
due to denser coverage on carbon fabric. Similarly, ZnO coated carbon fabric about -0.04 ~ 0.054
uV/K and for bare carbon fabric it was found to be about 0.08 uV/K. It is significant to note that
there was a change of carrier type from P-type to N-type resulting due to the coating of ZnO on

carbon fabric.

107|Page



7.2 Proposed future work

We have synthesized ZnO nanosheets porous by hydrothermal growth conditions assisted by
annealing process with tunable porous sizes by adjusting the molar ratio of zinc nitrate and
precursor and hexamine; then we succeed it. For examples, the Fig. 7.1 (a) to (d) shown the well-
defined porous nanosheets network obtained. The synthesized ZnO nanosheets and porous
nanostructured were expected high thermopower efficiency. The thermopower of fabric material
should evaluate both horizontally and vertically near room temperature and Fig. 7.2 illustrates the
handmade measurement system.
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£n0 nanosheets on
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Fig. 7.1 FESEM images of bare carbon fabric (a), ZnO nanosheets (b), ZnO nanosheets with
partial porous (c), ZnO nanosheets with porous network (d) coated on carbon fabric.
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