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Preface

This book presents a review of recent advances in ZnO-based nanomaterials and
devices. ZnO as a nanomaterial has gained substantial interest in the research

area of wide bandgap semiconductors and is considered to be one of the major
candidates for electronic and photonic applications. ZnO has distinguished and
interesting electrical and optical properties and is considered as a potential material
in optoelectronic applications such as solar cells, surface acoustic wave devices, and
UV emitters. ZnO’s unique properties have attracted several researchers to study its
electrical and optical properties. As a nanostructured material, ZnO exhibits many
advantages for nanodevices. ZnO nanostructured material has the ability to absorb
UV radiation. Recently, ZnO nanostructured devices have gained much attention
due to their various potential applications. In this book, Chapter 1 is an introductory
chapter that describes recent advances in ZnO nanomaterials and devices. Chapter 2
addresses the synthesis and characterization of ZnO nanostructures. Chapter 3
reports on the green synthesis of ZnO nanostructures. Chapter 4 introduces doped
ZnO nanostructures and photovoltaic solar cell applications. Chapter 5 presents

the pyrolysis of carbon-doped ZnO nanoparticles for solar cell applications.
Chapter 6 discusses surface-enhanced Raman spectroscopy based on ZnO nanorods
for biological applications. Chapter 7 presents anodic ZnO-graphene composite
materials in lithium batteries.

Dr. Ahmed M. Nahhas

Professor,

Department of Electrical Engineering,

Faculty of Engineering and Islamic Architecture,
Umm Al Qura University,

Malkkah, Saudi Arabia
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Chapter1

Introductory Chapter: Overview
of ZnO Based Nano Materials and
Devices

Ahmed M. Nahhas

1. Introduction

This chapter presents an introductory review about ZnO nanomaterials and
nanodevices. ZnO as a wide band gap semiconductor has received a great attention
in many research areas. This is due to the electrical, optical and structural proper-
ties of the ZnO. These properties make ZnO as one of the major contenders for
many photonic applications. ZnO has distinguished electrical and optical proper-
ties. ZnO is considered as a potential contender in optoelectronic applications such
as solar cells and ultraviolet (UV) emitters. The nanostructured ZnO material has
many applications in the area of nano based devices. The UV light can be absorbed
by the ZnO based nano material. This can be used in several optical applications.
Currently, the nano structures based on ZnO materials devices have attracted atten-
tion due to their wide range applications.

2. ZnO properties

ZnO is classified as a negative (n-type) semiconductor material as grown. ZnO is
one of group 2-4 semiconductor materials. ZnO has a band gap of 3.37 eV. ZnO also
has a high binding energy. The ZnO binding energy is about 60 meV [1]. The ZnO
material has a high exciton binding energy and high thermal stability [2]. It also has
a high optical gain [2]. These properties made ZnO as one of the most interesting
materials for electronic and optoelectronic based devices. On the other hand, the
ZnO’s high binding energy permits the fabrication of several photonic devices with
a high optical efficiency [3]. Also, the short wavelength optoelectronic devices are
being made based on ZnO’s wide band gap [3].

ZnO is a transparent optical material suitable for the visible wavelength region [4].
ZnO is also one of the potential materials for optoelectronic applications [5-7].

The ZnO’s characteristical properties were investigated by many research groups. That
leads to the improvement of the electrical and the optical properties of ZnO. Many
other properties of ZnO allow variety of applications. These applications include photo-
voltaics, LEDs, photodetectors, and microelectromechanical systems (MEMs) [8-12].

3.ZnO crystalline structure
ZnO normally has a hexagonal structure. The Zinc atoms are tetrahedrally coor-

dinated to four oxygen atoms [13]. Moreover, there are two crystalline structure of
ZnO. These structures are the wurtzite and the Zinc-blende. These two structures

3 IntechOpen
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Figure 1.
ZnO different crystalline structures [3].

of ZnO lead to a perfect polar symmetry along the hexagonal axis of the ZnO’s
crystalline structure. The ZnO based piezoelectricity and spontaneous polariza-
tion are due to these crystalline structures. The two ZnO’s crystalline structures are
shown in Figure 1.

4.ZnO doping

Generally, the doping process is used for enhancing the electrical and the optical
characteristics of the material [14]. The undoped n-type ZnO is usually due to the
oxygen vacancies in the ZnO structure [15, 16]. This makes the doping process of
ZnO as p-type is very difficult. There are several p-type dopants for ZnO nano mate-
rials. Lithium is one of the p-type dopants for the ZnO. It takes a centered position by
replacing the zinc atoms in the wurtzite structure of the ZnO [17]. GaN can be used
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Figure 2.
ZnO doping process [25].
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with ZnO to bypass the problem of p-type doping of ZnO nano material [18]. GaN is
awide band gap semiconductor with very similar lattice constants to ZnO. The GaN
p-type dopant is commonly made with magnesium [18]. Several research groups
have reported on the fabrication of ZnO hetero-junction devices. These hetero-
junctions devices used materials like silicon [19], aluminum gallium nitride [20],
and gallium nitride [21] for the p-type semiconductors. The electrical resistivity is
significantly decreasing for ZnO by using doping elements like aluminum [22], gal-
lium [23], and indium [24]. The ZnO doping process is shown in Figure 2.

5. ZnO nanostructured material

Recently, several efforts have been made for developing the ZnO film in different
nanoshapes. These nanoshapes include the nanorods, nanowires, and nanocubes
[23-26]. These nanoshapes of ZnO films can be used in several applications includ-
ing the UV laser emission, photodetector and LEDs devices.

The nanoshapes of ZnO nanowires and nanorods based devices are becoming
an important part of many potential applications. These applications include the
optoelectronics, electromechanical nano devices [27] and biosensing [28].

There are several applications were reported based on ZnO based nanomateri-
als. These applications include the transparent electronic devices [29], the UV light
emitters [30], the piezoelectric devices [31], the p-n junction devices [32], the field
effect devices [33], the sensors [34], the optoelectronics [35], and the field emission
devices [36].

6.Zn0 nanowires based devices

ZnO nanowires based devices have many research interests. Recently, many
devices based on ZnO nanostructured nanowires were reported. This is due to the
high surface area and the low cost of fabrication [37-40]. There are several fabrica-
tion methods being used for the growth of the ZnO nanowires. These methods
include the vapor liquid solid [41], metal organic chemical vapor deposition [42],
chemical bath deposition [43] and hydrothermal method [44] with varied film
qualities. The ZnO nanowires image is shown in Figure 3.

Figure 3.
ZnO nanowires [45].
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7. ZnO nanorods based devices

ZnO based nanorods have received a good interest in various optoelectronic
nanoscale devices. These devices include the photovoltaic cells, UV laser diodes
[46], LEDs, optical sensors, and UV photodetectors [47]. Several applications based
on ZnO require a large surface area. The simplest method to increase the surface of
the ZnO layer is by growing nanorods. The larger the surface area the more photons
are expected to be absorbed by ZnO layer [48]. One way to improve the crystalline
structure and the photoluminescence spectra of ZnO nanorods is by annealing
process [48].

The ZnO nanorods are being fabricated using several methods. These fabrica-
tion methods include the hydrothermal method [49], metal oxide chemical vapor
deposition method [50], pulsed laser deposition method [51], aqueous solution
method [52]. In these methods, the surface morphologies, optical and electrical
properties of ZnO nanorods are depending on the fabrication parameters. These
parameters include the deposition time, temperature, and post deposition anneal-
ing. The ZnO nanorods are shown in Figure 4.

Other fabrication methods of the ZnO nanoshape films are including the sol-gel
technique, RF magnetron sputtering, electron beam evaporation, spray pyrolysis
(SP), and molecular beam epitaxy, electrochemical deposition [54]. The electro-
chemical deposition wet method is a well-established solution based process to
obtain ZnO nanoshapes thin films [55]. It has many advantages including the low
cost and the temperature deposition over other types of fabrication.

Figure 4.
ZnO nanorods [53].

8. ZnO nano based applications

The ZnO material is being used for many optoelectronic based devices applica-
tions. These devices applications include the varistors, sensors [13, 56-59], optical
wave guides, UV light emitters [60], LEDs [61], micro-electro-mechanical systems
[12], spin electronics [62], solar energies [63], p-n junctions [64], field effect and
emissions [65-67], displays [68], acoustic waves [69], and solar cells [6].
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Chapter2

Structural and Luminescence
Properties of ZnO Nanoparticles
Synthesized by Mixture of Fuel

Approach in Solution Combustion
Method

Trilok K. Pathak and H.C. Swart

Abstract

Zinc oxide has been used for many applications, for example optoelectronic
devices, ceramics, catalysts, pigments, varistors and many other important appli-
cations. In this study, ZnO nanoparticles were synthesized by mixture of fuel
approach in solution combustion method. Mixtures of urea, glycine and citric acid
were mixed at room temperature with Zinc nitrates as fuels resulting in spontane-
ous ignition resulting in production of ZnO nanopowder. The crystal structure and
size of the synthesized powder were determined by X-ray diffractometer (XRD),
which revealed that the synthesized ZnO nanopowder has the pure wurtzite
structure having crystallite size 26-40 nm. Optical studies of nanomaterial were
examined by FTIR and UV-Visible absorption spectrum. The luminescence studies
also investigated in the visible region 360-800 nm with excitation 325 nm laser.
These nanomaterials may be used in solid-state lightening devices.

Keywords: ZnO NPs, X-ray diffraction, bandgap, luminescence

1. Introduction

Nanoscale ZnO powder has attracted great attention due to its excellent physical
and chemical properties they are widely used in nanoscale devices such as nano-
generators [1], ultraviolet photodetectors [2], gas sensors [3], solar cells [4], field
emission displays [5], electrical and optical devices [6, 7], photocatalysis [8, 9],
medical [10] and environmental applications [11]. These nanomaterials have novel
electronic, structural and thermal properties which have potential interest in basic
and applied research. ZnO is a wide bandgap (E, = 3.37 eV) semiconductor some
basic properties listed in Table 1 [12].

Semiconductor nanocrystals or nanoparticles may have superior optical
and antibacterial properties than bulk crystals due to quantum confinement
effects and the large surface to volume ratio. The synthesis and properties of
ZnO nanostructure such as nanowires [13], nanotubes [14], nanorods [15] and
nanoparticles [16] have been reported. The nanoparticles have great significance
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Property

Measured value

Crystal structure

Hexagonal, wurtzite

Molecular weight

7Zn:65.38, 0:16 and Zn0:81.38

Lattice constant

a=3246A,c=5207A

Density 5.67 g/em® or 4.21 x 10” ZnO molecules/mm’
Cohesive energy Econ = 1.89 eV

Melting point Tm=2250K

Heat of fusion 4470 cal/mole

Thermal conductivity 25 W/mK at 20°C

Bandgap at RT 337eV

Refractive index 2.008

Electron and hole effective mass

m.* = 0.28, my* = 0.59

Dielectric constant

£,=875€e, =375

Exciton binding energy

E, = 60 meV

Table 1.
Basic properties of ZnO [12].

as three dimensional confined systems bridging the gap between bulk materials
and molecular compounds. A variety of techniques have been employed for the
synthesis of ZnO nanoparticles such as sol-gel synthesis [17], the hydrothermal
method [18], the solution combustion method [19] and solid state reactions
[20]. Among these, the combustion technique is noteworthy as a fast method

to synthesize nanocrystalline materials in as-synthesized form with large
surface area without the further need of heat treatment. Nanocrystalline oxides
are produced through the redox reaction between an oxidizer containing the
metal precursor and anorganic fuel at a moderately low initiation temperature
of around 350-600°C within a few minutes [21]. The main advantage of this
method is that the high temperature of the exothermic reaction assures high
purity and well crystallized powder. In combustion synthesis, the type of fuel
and the fuel to oxidizer ratio (F/O) play critical roles in influencing the nature
of combustion reaction and the flame temperature. Selection of a suitable fuel
and the F/O ratio influences the combustion process and the properties of the
product. The F/O ratio of unity is known to produce highest exothermicity with
complete combustion. An arbitrary ratio of fuel to oxidizer (F/O—1) sometimes
leads to formation of intermediate phases raw materials in the final product
[22]. In this regard, various fuels have been tested to synthesize nanocrystalline
ZnO. Sousa et al. [23] used metallic nitrate and urea to synthesis ZnO nanopow-
der with a size about 400-500 nm for various applications. Hwang et al. [24]
worked on ZnO nanopowder synthesized by a combustion method with glycine
as a fuel and metal nitrate mixed in a stoichiometric ratio.

In the present work, we report the synthesis of nanocrystalline ZnO powders
by combustion technique using new, eco-friendly and cost-effective organic fuels
as urea, glycine and citric acid. The effect of fuel in different ratio of two fuels
combinations on the properties of the final product has been studied. The struc-
ture and luminescence properties of ZnO nanoparticles are also being studied in
this work.
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2. Experimental
2.1 Preparation of ZnO nanoparticles

Synthesis of ZnO NPs the different materials were used such as zinc nitrate,
urea, glycine, and citric acid. Table 2 shows the characteristic of the raw materials.
The chemical reaction used in synthesis of ZnO powder are given in Table 3.

The zinc nitrate hexahydrate and fuel were dissolved in 5 ml of double distilled
water and stirred thoroughly to obtain a transparent solution, which was placed
inside a preheated muffle furnace at 600°C to initiate the combustion process.
Within a short time the mixture ignited with a flame and the rapid evolution of
enormous amounts of gases produced a voluminous foamy product (ash). This was
ground using an agate pestle and mortar to produce the final powder, without any
additional heat treatment. The fuels used in this synthesis have different combina-
tion of fuels and shown in Table 4.

The synthesis process of ZnO NPs is illustrated in Figure 1.

Raw materials Formulation Molecular weight (g/mol) Manufacturer

Zinc nitrate Zn(NO;),.6H,0 29749 Sigma Aldrich

Urea NH,CONH, 60.06 Sigma Aldrich

Glycine NH,.CH,.COOH 75.06 Sigma Aldrich

Citric acid CsHs0,.H,0 210.14 Sigma Aldrich
Table 2.

Chavacteristics of vaw material.

Fuel Combustion reaction

Urea 3Zn(NO3), + 5CO(NH,), — 3ZnO + 5CO, + 10H,0 + 8N,

Glycine Zn(NO;), + 2CH,(NH,) (COOH) + 20, — ZnO + 4CO; + 5H,0 + 2N,

Citric acid Zn(NO3), + C3HsO(COOH)3 + 20, — ZnO + 6CO, + 4H,0 + N,
Table 3.

Chemical reaction in combustion synthesis of ZnO using different fuels [25].

Sample name Fuels contents (%)
Urea Glycine Citric acid
uc1 75 — 25
uc2 50 — 50
UcC3 25 — 75
UG1 75 25 —
UG2 50 50 —
UG3 25 75 —
Table 4.

Sample name with respect to used fuels in different combination of fuels.
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; NH,COMH, (Urea)
Zn(ND,):-6H.0 : :

_I"\_'["m ;I'f'“‘m;m_ 2CHL(NH,ICOOH (Glvcine)
85 tha precun C,H.O(COOH), (Citric acid)

diszsolved in 3 ml of double
distilled stirred 30 min (o get
homogeneous solution

Heat at 600 YC to initiate the
combarstion

Figure 1.

Systematic diagram of ZnO synthesized by the combustion method.

2.2 Characterization method

The prepared ZnO-NPs were characterized by X-ray diffraction (XRD) using
advanced Bruker D8 diffractometer with Cu K, radiation was carried out to check
up the crystal structure. The bond characteristics studies using FTIR-8400S. The
Optical transmittance spectra were collected using a UV-Vis-IR spectrophotometer
(Perkin Elmer, lambda 950). The photoluminescence (PL) data was recorded using
325 nm He-Cd laser system.

3. Results and discussion
3.1 X-ray diffraction pattern

The XRD patterns of the ZnO powders synthesized using mixed fuels is depicted
in Figure 2a and b and are typical of ZnO powders having the hexagonal wurtzite
structure (JCPDS 01-036-1451). This indicates that the ZnO was formed directly by
the self-propagating high temperature exothermic combustion reaction initiated at
moderate temperature. The crystallize size varied from 30 to 70 nm with different
fuels contents. UC2 and UG3 show the wurtzite ZnO structure without any impu-
rity peak in the XRD pattern. All three fuels resulted in nanocrystalline powders,
but the crystallite size varied significantly with the type of fuel. The effect of the
type of fuel, and the F/O ratio in the case of urea, on the properties of the final
product also has been studied in our previous research article [25].

3.2 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrum of ZnO is shown in Figure 3. The broad band with very low
intensity at 3466 cm ™" corresponding to the vibration mode of water OH group
indicating the presence of small amount of water adsorbed on the ZnO nanocrystal
surface during synthesis. A strong band at 482-455 cm™" is attributed to the Zn-O
stretching band. The bond related to C=0O and other are shown in Table 5.
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3.3 UV-Visible absorption spectrum

The UV-Vis reflectance spectra of the ZnO nanomaterial synthesized using
different fuels are shown in the inset of Figure 4a and b, and the corresponding
absorbance spectra are calculated using the Kubelka-Munk function [26]:

_(1-R)?
K==~

D
where K is the reflectance transformed according to Kubelka-Munk, h is Planck

constant, v is the light frequency, and R is reflectance (%). The relevant increase

in the absorption at wavelengths less than 400 nm can be assigned to the optical

band-gap absorption of ZnO due to changes in their morphologies, particle size and

surface microstructures or the quantum confinement effect [27, 28]. The absorption

edges are change with fuels as taken to synthesis ZnO. ZnO has a direct transition
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Figure 2.

XRD pattern: (a) ZnO with mixed fuel (urea + citric acid) and (b) ZnO with mixed fuel (urea + glycine).
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Figure 3.
FTIR spectrum: (a) ZnO with mixed fuel (urea + citric acid) and (b) ZnO with mixed fuel (urea + glycine).
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Functional group Wavenumber (cm™)

ZC1 ZC2 ZC3 ZG1 7ZG2 7G3
Stretching vibration of 482 482-555 482 482 482-547 482-547
Zn-O
Bending mode of carbonate 823-910 — 863 839 815 831
Stretching vibration of C-O 1031 — 1025 1001 1098 —
C-H in plane bending 1163 — — — — —
vibration
Bending vibration of -CH, 1374 — 1349 1382 1382 1374
C=0Oband 1536 1582 1585 1544 1625 1617
Carboxyl group 1925 — — 1917 1917 1917
Existence of CO, 2428 — — 2201-2355 2363 —
O-H stretching of water 3466 3441 3473 3466 3466 3457

Table 5.

Chemical boding characteristics of synthesized ZnO with mixed fuels.
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Figure 4.

Absorbance spectra with reflectance insect: (a) ZnO with mixed fuel (urea + citric acid) and (b) ZnO with
mixed fuel (urea + glycine).

and the corresponding bandgaps for different mixed fuels shown in Figure 5a and b
respectively are calculated from a Tauc plot of (ahv)” versus the photon energy

(hv). These bandgap values blue shifted little 3.08 to 3.2 eV relative to the zinc oxide
nanomaterial.

3.4 Photoluminescence study

The photoluminescence properties of semiconductor materials undergo change
when their size gets down to nanometer scale known as the quantum size effects.
The photoluminescence originates from the recombination of surface states.
Figure 6a and b shows the photoluminescence spectra of ZnO powder synthesis
by different fuels with excitation wavelength of 325 nm at room temperature. The
spectra exhibits two emission peaks, One is located at around 384 nm (UV region)
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Energy bandgap: (a) ZnO with mixed fuel (urea + citric acid) and (b) ZnO with mixed fuel (urea + glycine).
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PL spectra (a) ZnO with mixed fuel (Urea + Citric acid) (b) ZnO with mixed fuel (urea+glycine).

corresponding to the near-band-edge emission [29] which originates from free
exciton emission and the other peak corresponding to ionized oxygen vacancies

[30] with change for different fuels. High intensity oxygen vacancies peak at 632 nm
is obtained for ZnO nanoparticle synthesis by urea with citric acid and band to
band peak is eliminate. UC2 shows maximum band edge intensity and ZG3 shows
maximum defect related emission.

4, Conclusions

ZnO nanomaterials were successfully synthesized by the combustion method
using different fuels ratio. The XRD patterns were consistent with polycrystalline
ZnO having the hexagonal wurtzite structure. The ZnO NPs size changed for differ-
ent fuels with the minimum crystallite size of 26-40 nm obtained by using Glycine,
citric acid with Urea at different ratio. The chemical band study shows that OH
group has least intensity at higher Urea content. There is little change observed in
bandgap with different fuel contents. In the ZnO powder synthesized with different
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fuels using glycine the band to band PL peak intensity was negligible compared to
the defect related emission.
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Chapter 3

Green Synthesis of Zinc Oxide
Nanostructures

Tugba Isik, Mohamed Elhousseini Hilal and Nesrin Horzum

Abstract

ZnO-based nanomaterials have been proven to be of great use for several leading
applications since the beginning of nanoscience due to the abundance of zinc element
and the relatively easy conversion of its oxide to nanostructures. Nowadays, ZnO as
nanoparticles, nanowires, nanofibers as well as plenty of other sophisticated nanostruc-
tures takes place among the pioneer nanomaterials employed in the photovoltaic sys-
tems, fuel cells, and biomedical fields. Nevertheless, optimizing energy consumption
and being eco-friendly are the challenging requirements that are still to be overcome for
their synthesis. Green chemistry has been strongly presented recently in the scientific
arena as an adequate potential alternative; worldwide investigations have been held on
subjects involving bacteria, fungus, or algae-based synthesis as efficient options, and
some of the intriguing scientific findings on this subject are reported hereafter.

Keywords: biosynthesis, hydrothermal, microwave, nontoxic, sonochemical

1. Introduction

There are many conventional zinc oxide (ZnO) nanostructure synthesis routes
employing the chemical and physical methods, which require particular set-up, high
cost, high temperature-pressure conditions, and nonecological chemicals [1]. However,
high-energy consumption of these routes and released toxic chemicals after the process
can be hazardous to the environment and human health. In recent years, the green syn-
thesis approach has been gaining attention, which eliminates the use of toxic chemicals
and applies environmentally friendly routes. These strategies handle the use of plant-
extracts, microorganisms, biomolecules, and ionic liquids by applying hydrothermal,
microwave-assisted, sonochemical, and low-temperature processes (Figure1).

The aim of these developments is to allow the use of toxic chemicals and reduce
energy consumption by using simple, rapid, and safe routes. Green synthesis strate-
gies for the ZnO nanostructures could be summarized as biosynthesis (natural
extract-based, microorganism-based, and biomolecule-based) and nontoxic chemi-
cal synthesis (water-based, calcination, solvent-free, and ionic liquid).

2. Biosynthesis of ZnO nanostructures
2.1 Natural extract-based ZnO nanostructures

Natural extracts (mainly phytochemicals) obtained from plants, leaves, fruit
peels, flowers, and seeds have been utilized for the green synthesis of metal oxide
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nanoparticles for years. After the plants are collected from different sources, they
are washed with water and basic extraction procedures are applied to obtain plant
extracts in which leaves are ground and immersed in water by stirring at room tem-
perature for a while. Then, the solutions are filtered and the eluted extract solution
is separated for further use in ZnO synthesis (Figure 2). The eluent solution could
be used directly for ZnO synthesis or could be dried for the concentration of solid
extracts. Afterward, zinc precursors and plant extracts are reacted under various
pH and temperature conditions [2]. If the extract is used as an aqueous solution,
the zinc precursors are added into the solution. Otherwise, the zinc precursor and
powder form of leaf extract are mixed in distilled water. The key mechanism is the
oxidation and reduction of metal ion ‘zinc’ by phytochemicals, which are found in
natural extracts. The leaf extracts behave as reducing and capping agents. Under
favor of plant extracts, the synthesis procedure can be accomplished without using
any chemical stabilizers. Finally, the obtained powders are washed with methanol
or ethanol and annealed at high temperatures to attain purity [3].

The green synthesized ZnO nanoparticles have been used in various fields such
as biomedical application due to their significant antibacterial activities, photoca-
talysis, and metal ion adsorption purposes [4]. Moreover, nanoparticles synthesized
by the green route exhibit better antibacterial performances due to the functional
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Figure 1.
Green synthesis strategies of ZnO nanostructures with various morphologies.
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Figure 2.
Synthesis route of ZnO nanostructures from leaf extracts.
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groups on their surfaces that come from phytochemicals. Here, we will describe the
main applications of natural extract-based green synthesized ZnO nanoparticles.

2.2 Biomedical applications

The advantage of using natural extracts for the synthesis of ZnO nanoparticles is
that coating of nanoparticles with various pharmacologically active biomolecules on
the metal oxide surface allows the conjugation of nanoparticles with receptors of the
bacterial membrane. These molecules might be flavones, aldehydes, amides, polysac-
charides, etc. and the green synthesized nanoparticles exhibit better biomedical
activity than the chemically synthesized ones [1]. Inorganic metal oxides have widely
emerged as antibacterial, antioxidant, antifungal, and anticancer agents in the last
decades. Moreover, because of their specific targeting and nominal toxicity, the metal
oxide nanoparticles could be used in personalized medicine applications. In the area
of nanoscaled metal oxides, ZnO has shown promising activity in the biomedical field
due to its unique electronic, optical, and medicinal properties. The ZnO nanoparticles
show antibacterial activity against a broad spectrum of pathogenic bacteria, and
these nanoparticles adopt various mechanisms such as reactive oxygen species (ROS)
generation, cell membrane integrity disruption, biofilm formation, or enzyme inhibi-
tion [5]. Under UV irradiation, ROS such as superoxide ions, hydroxyl ions, singlet
oxygen species, and peroxide molecules are formed. The formed peroxide ions could
easily penetrate through the cell membrane and result in cell death. Figure 3 shows
the possible ROS generation mechanism and its effect on the bacterial cell wall.

Cell membrane integrity disruption is another significant mechanism for the
antibacterial effect of ZnO nanoparticles. Penetration of ZnO nanoparticles results
in cell death by the loss of phospholipid bilayer integrity and leakage of intracellular
components of the cell. While the Gram-positive bacteria have a thick layer of pepti-
doglycan, teichoic acid, and lipoteichoic acid in their cell membrane, Gram-negative
bacteria have a triple layer of peptidoglycan. The different structure of cell mem-
branes of these two types of bacteria results in a different mechanism of nanoparticle
penetration through the cell membranes. In this part, we focused on the biomedical
activity of ZnO nanoparticles, and in Table 1, the used plant extracts, zinc precur-
sors, biomedical applications and related biomolecules are summarized.
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Figure 3.
ROS mechanism of ZnO nanoparticles [6].

27



Zinc Oxide Based Nano Materials and Devices

Plant type Zinc Size of Treated biomolecule Biomedical Ref.
precursor Zn0O field
type (nm)
Momordica Nitrate 21 R. microplus, P humanus Antiparasitic [30]
charantia capitis, An. stephensi, and
Cx. Quinquefasciatus
Rosa canina Nitrate 11 S. typhimurium, S. aureus, Antibacterial [31]
L. monocytogenes, and
E. coli
Ulva fasciata Chloride 16 B. cereus, S. aureus, S. Antibacterial [32]
thermophilus, E. coli, and
P, aeruginosa
Eclipta alba Acetate 6 E. coli Antibacterial [33]
Terminalia Acetate 21 E. coli and S. aureus Antibacterial [34]
arjuna
Stevia Acetate 10-90 E. coli and S. aureus Antibacterial [35]
Antiparasitic
Glycosmis Acetate 32-36 B. cereus, S. aureus, S. Antibacterial [36]
pentaphylla paratyphi, S. dysenteriae,
C. albicans, and A. niger
L. Acetate — L. sericata Antiparasitic [37]
leschenaultiana
Adhatoda vasica Acetate 10-12 S. epidermidis, E. coli, P Antimicrobial [38]
aeruginosa, T. rubrum,
and M. audouinii
Vitex negundo Nitrate 38 Human Serum Albumin Protein binding [39]
Anchusa italica Acetate 8-14 B. megaterium, S. aureus, Antimicrobial [40]
E. coli, S. typhimurium
Jacaranda Gluconate 2-4 E. faecium and E. coli Antibacterial [41]
mimosifolia
Heritiera fomes Chloride 40-50 S. aureus, S. flexneri, V. Antibacterial [42]
and Sonneratia cholera, S. epidermidis, B. Anti-
apetala subtilis, and E. coli inflammatory
Nyctanthes Acetate 12-32 A. alternata, A. niger, B. Antifungal [43]
arbor-tristis cinerea, F. oxysporum, and
P, expansum
Nocardiopsis sp Nitrate 500 E. coli and P, mirabilis Antibacterial [44]
Ceropegia Nitrate 12-35 S. aureus, B. subtilis, E. Antibacterial [45]
candelabrum coli, and S. typhi
Pongamia Acetate 21 C. maculatus Anti-pesticide [46]
pinnata
Capsicum Nitrate 30-40 E. coli and S. aureus Antibacterial [47]
annuum
Euphorbia Nitrate — E. coli Antibacterial [48]
petiolata
Tradescantia Acetate 25 HeLa cervical cancer cell Anticancer [49]
pallida
Punica Nitrate 5 P vulgaris, E. coli, and S. Antibacterial [50]
granatum aureus
Swertia chirayita Nitrate 5 S. enterica, E. coli, and S. Antibacterial [51]

aureus
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Plant type Zinc Size of Treated biomolecule Biomedical Ref.
precursor Zn0O field
type (nm)
Vitex negundo Nitrate 38 E. coli and S. aureus Antibacterial [52]
Aegle marmelos Nitrate 20 P, aeruginosa, E. coli, S. Antimicrobial [53]
aureus, A. niger, and F.
solani
Azadirvachta Acetate 9-25 S. pyogenes, E. coli, and S. Antibacterial [54]
indica aureus
Vaccinium Nitrate 15 Lipid, insulin, and fasting Antidiabetic [55]
arctostaphylos blood sugar
Coffee powder Acetate 25-30 Proteinase K Enzymatic [56]
Zigiphus Nitrate 17 HeLa cancer cell and Anticancer [57]
nummularia Candida spp. Antifungal
Chelidonium Nitrate 10 P, aeruginosa, E. coli, S. Antibacterial [58]
majus aureus, C. albicans, A.
niger, and T rubrum
Prunus yedoensis Nitrate 10-40 B. linens and S. Antibacterial [59]
Matsumura epidermidis
Sechium edule Acetate 36 B. subtilis and K. Antibacterial [60]
pneumoniae
Cathavanthus Acetate 50-90 S. aureus, S. pyogenes, B. Antibacterial [61]
roseus cereus, P. aeruginosa, P
mirabilis, and E. coli
Albizia saman Nitrate 15-80 D. indica Genotoxicity [62]
Parthenium Nitrate 16-45 B. subtilis, S. aureus, K. Antibacterial [63]
hysterophorus pneumonia, E. coli, and
Enterobacteraerogens
Sarcopoterium Acetate 26-115 E. coli, P. aeruginosa, S. Antibacterial [64]
spinosum aureus, S. pneumoniae,
B. subtilis, E. faecalis, C.
glabrata, and C. albicans
Ruta graveolens Nitrate 28 K. aerogenes, P. aeruginosa, Antibacterial [65]
E. coli, and S. aureus
Pichia Acetate 10-61 B. subtilis, S. epidermidis, Antibacterial [66]
kudriavzevii S. aureus, E. coli, and S.
marcescens
Azadirachta Sulfate 84 Xanthomonas oryzae pv. Antibacterial [67]
indica oryzae
Coptidis Nitrate 3-25 B. megaterium, B. cereus, Antibacterial [68]
Rhizoma E. coli, and B. pumilus
Polygala Nitrate 33-73 RAW 264.7 cells Antibacterial [69]
tenuifolia
Sargassum Acetate 10-15 WEHI-3 cell Anticancer [70]
muticum
Scadoxus Acetate 31 Aedes aegypti, A. niger, Antifungal [71]
multiflorus and A. flavus
Eclipta prostrata Nitrate 29 Hep-G2 cell Anticancer [72]
Azadirachta Nitrate 30-60 E. coli and S. aureus Antibacterial [73]
indica
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Plant type Zinc Size of Treated biomolecule Biomedical Ref.
precursor Zn0O field
type (nm)
Calotropis Acetate 25 DNA Anticancer [74]
gigantea
Andrographis Nitrate 57 a-Amylase and BSA Antioxidant [75]
paniculata
Tamarindus Nitrate 27-54 a-Amylase and Antidiabetic [76]
indica, Moringa a-glucosidase Antioxidant
oleifera
Bauhinia Sulfate 22-94 B. subtilis, S. aureus, E. Antibacterial [77]
tomentosa coli, and P, aeruginosa
Egg albumen Acetate 16 C. albicans Anticandidal [78]
Moringa oleifera Acetate 40-45 A. saloni, S. rolfii, S. Antibacterial [79]
aureus, and E. coli
Cassia fistula Nitrate 5-15 K. aerogenes, E. coli, P, Antibacterial [80]
desmolyticum, and S.
aureus
Table 1.

Biomedical activities of plant extract-based synthesized ZnO nanoparticles.

Sathishkumar et al. synthesized ZnO nanoflakes using Couroupita guianensis
Aubl leaf extract and demonstrated the bactericidal activity against various types
of bacteria. They reported that the main constituent of the extract, phenol, reduced

the zinc acetate precursor into ZnO nanostructures. In history, Aloe (Aloe bar-

badensis Miller) extract has been used in therapeutic applications due to its antifun-
gal, antidiabetic, anticancer, and antibacterial properties. Ali et al. also synthesized
small-sized ZnO nanoparticles using Aloe vera extract and showed their antibacte-

rial activity and cell damage of Escherichia coli and MRSA cells before and after ZnO

nanoparticle treatment [7]. On the other hand, Gunalan et al. synthesized ZnO

nanoparticles with Aloe vera extract and compared their results with the chemically

synthesized ZnO nanoparticles. The results proved the enhanced antibacterial

activity against various pathogens, and variation in the particle size is responsible
for the significant bactericidal activity [8]. The effect of Aloe vera extract on the
synthesis of ZnO nanoparticles and their antibacterial activity was investigated.

Moreover, the antioxidant activity of the particles was evaluated by using five
different free radical scavenging assays and the anticancer activity was tested

against three cancerous cell lines [9].
In a very recent work, Zare et al. presented the effect of Cuminum cyminum
leaf extract on the synthesis of ZnO nanoparticles by using zinc nitrate precur-
sors. The resulting nanoparticle diameter is around 7 nm, and the nanoparticles
show high sensitivity to Gram-negative bacteria [10]. The nanoparticle forma-
tion of zinc nitrate precursors has been investigated by using several types of

plant extracts such as Limonia acidissima [11, 12], Cochlospermum veligiosum

[13], Tabernaemontana divaricata [14], Conyza Canadensis, Citrus maxima [15],
Avristolochia indica [16], Echinacea [17], Mentha [18, 19], Salvadora oleoides [20],
Boswellia ovalifoliolata [21], and Costus pictus [22]. The synthesized ZnO nano-
structures have shown an enhanced antibacterial effect for a broad spectrum
of bacterial cultures (see Table 1). Zinc acetate precursor is another choice for
the plant-based ZnO nanoparticle synthesis, and Santoshkumar et al. synthe-
sized ZnO nanoparticles using Passiflora caerulea extract against urinary tract
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infection pathogens. The ZnO nanostructures have a particle size of around
37 nm and show good zone of inhibition to various pathogens [23]. Hibiscus
sabdariffa [24] and Acalypha indica leaves [25] were used in ZnO nanoparticle
synthesis, and the nanoparticles showed an enhanced antibacterial activity
against E. coli and S. aureus.

ZnO nanoparticles are currently under investigation due to their utilization in
cancer treatment and diagnostic applications [26]. Since the treatment of cancer
by chemotherapy is limited because of the adverse effect of tumor drugs and
drug resistance by cancer cells, natural plant-based drug researches have focused
on overcoming these limitations. Vijayakumar et al. investigated the anticancer
activity of ZnO nanoparticles, which were synthesized by Laurus nobilis extract-
mediated synthesis. The nanoparticles showed anti-lung cancer activity against
human A549 lung cancer cells [27]. Toxicity is an important parameter for the
in-vivo and in-vitro activity of nanoparticles because some nanoparticles can
generate free radicals even under dark conditions. Anacardium occidentale extract
was used in the synthesis of ZnO nanoparticles, and the resulting nanostructures
exhibited concentration-dependent cytotoxicity against pancreatic cancer cells
[28]. Yuvakkumar et al. utilized the Rambutan peels (Nephelium lappaceum) for
the synthesis of ZnO nanoparticles and explored the effect of these particles on
HepG2 liver cancer cells [29].

On the other hand, zinc acts as an actuator for several enzymes, and blood
sugar regulation is significantly affected in the presence of zinc element. Thus,
the enzymatic and anti-diabetic activity of ZnO nanoparticles must be mentioned
in their biomedical applications. Bayrami et al. synthesized ZnO nanoparticles
by using Vaccinium arctostaphylos extract via a microwave-assisted method. The
biosynthesized ZnO nanoparticles showed an enhanced efficiency for the treat-
ment of diabetic problems and reduced the fasting blood glucose level effectively
[55]. Rehana et al. demonstrated the antidiabetic activity of ZnO nanoparticles by
using several types of plant extracts. The results showed that Tamarindus indica
extract-based ZnO nanoparticles exhibited enhanced activity for a-amylase and
a-glucosidase due to the presence of amino acids in the plant extract [76]. Asan
environmentally benign material, coffee powder extract was utilized in the bio-
synthesis of ZnO nanoparticles. Koupaei et al. studied the reduced effect of ZnO
nanoparticles on proteinase K activity [56].

2.3 Photocatalytic application

Photocatalytic degradation of organic pollutants is a promising approach for
the removal of dyes in wastewaters. ZnO nanoparticles have been involved in
photocatalytic applications due to their optical and electronic properties (Table 2).
When the ZnO nanoparticles are irradiated with UV light, valence band electrons
are excited to the conduction band, which leaves holes behind. Then the generated
holes create hydroxyl radicals by oxidizing H,0 and oH and the excited electrons are
captured by oxygen in the air. The resulting anionic radicals are highly reactive and
degrade the organic dyes in to carbon dioxide and water (Figure 4).

Nava et al. addressed the effect of different amounts of Camellia sinensis extract
on the synthesis of ZnO nanoparticles. The synthesized nanoparticles were studied
in photocatalytic degradation of methylene blue (MB) dye where the nanoparticles
presented MB degradation over 84% in 120 min [81]. In another study, Parkia
roxburghii extracts have been used for the synthesis of ZnO nanoparticles, and they
were found to be efficient in degradation with nearly 98% efficiency in 8 min for
both MB and Rhodamine B (RhB) dyes [82]. The degradation of Congo Red dye has
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Plant type Zinc precursortype Size of ZnO (nm) Treated Efficiency (%)—  Ref.
analyte time (min)
Lycopersicon esculentum Nitrate 9-20 MB 97 - 180 [86]
Monsonia burkeana Chloride 20 MB 48 — 45 [87]
Ulva lactuca Acetate 10-50 MB 90 — 120 [88]
Conyza canadensis Nitrate — MO 94 — 45 [89]
MB 85-20
Allium sativum Nitrate 14-70 MB 100 — 180 [90]
Garcinia mangostana Nitrate 21 MB 99 — 180 [91]
Plectranthus amboinicus Nitrate 50-180 MR 92 — 180 [92]
Calotropis procera Nitrate 15-25 MO 81-100 [93]
Citrus paradisi Sulfate 12-72 MB 56 — 360 [94]
Lantana camara Acetate 340-520 MB 92 -25 [95]
RhB 75—40
Chlamydomonas reinhardtii Acetate 13 MO 92 -120 [96]
Lycopersicon esculentum Nitrate 7-20 MB 97 — 150 [97]
Corymbia citriodora Nitrate 64 MB 83-90 [98]
Cathavanthus roseus Acetate 38 PR 100 — 480 [99]
Table 2.

Photocatalytic activities of plant-extract based synthesized ZnO nanoparticles (MB = methylene blue,
MO = methyl orange, MR = methyl ved, RhB = Rhodamine B, and PR = phenol red).
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Figure 4.
Schematic diagram of dye degradation by ZnO nanostructures.

also been studied for the ZnO photocatalysis applications. Prasad et al. and Vidya

et al. studied the degradation of Congo Red in aqueous solutions by ZnO nanopar-
ticles. The dye was degraded with 90% efficiency in 35 and 60 min by using lemon
juice [83] and Artocarpus heterophyllus [84] extracts in the nanoparticle synthesis,
respectively. The aqueous leaf extract of Coriandrum sativum was used for the
nanoparticle synthesis and the resulting materials have been used for the photocata-
lytic degradation of anthracene with 96% efficiency in 240 min [85].

2.4 Adsorption/sensing application
Heavy metal ion pollutants in wastewaters create a problem worldwide because

of their serious effects on both human health and environment. ZnO nanostruc-
tures have also been used as an adsorbent material due to their low toxicity and
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became more effective than the other adsorbent materials [100]. The plant-based
synthesis of ZnO nanostructures enhances metal ion adsorption capacity due to
the chemical interactions between ions and functional groups of plant extracts.
Fazlzadeh et al. synthesized ZnO nanoparticle-loaded activated carbon by using
Peganum harmala for the removal of chromium from aqueous systems. Peganum
harmala acted as a stabilizing agent and enhanced the chromium uptake up

to 68.48 mg g™ [101]. The lead ion removal was studied by Azizi et al. using
Zerumbone extract-mediated ZnO nanoparticles. They reported that the lead

ion adsorption capacity reached up to 19.65 mg g* [100]. Sensing application

of ZnO nanostructures is another field where the glucose sensing mechanism of
ZnO nanostructures was studied by Muthuchamy et al. They fabricated a glucose
sensor using ZnO nanoparticles and peach juice as a carbon source. The fabricated
ZnO sensor showed high sensitivity (231.7 pA mM ™" cm ™) and low detection
limit (6.3 pM) [102]. Sharma et al. also studied silymarin detection capability

of ZnO nanostructures by using Carica papaya extract. The results showed that
ZnO-modified sensors have 2-fold greater electrochemical signals than the neat
ones [103].

2.5 Microorganism-based ZnO nanostructures

Synthesis of ZnO nanostructures by using microorganisms has gained consider-
able interest, and numerous microorganisms can be utilized for their synthesis.
Bacteria, fungus, and algae are the possible microorganisms in a green synthesis of
ZnO nanostructures. Because of their easy genetic manipulation and easy handling,
bacteria are preferred microorganisms [104]. Jayaseelan et al. used Aeromonas
hydrophila bacteria as green capping agent, and the synthesized ZnO nanoparticles
showed antibacterial activity against Pseudomonas aeruginosa and Aspergillus flavus
[104]. In another study, Pseudomonas aeruginosa was used as a capping agent in ZnO
nanoparticle synthesis, and the resulting particles demonstrated antioxidant activ-
ity [105]. Kundu et al. used Rhodococcus pyridinivorans as metabolically versatile
Actinobacteria in the fabrication of self-cleaning, UV-blocking, and antibacterial
textile fabrics with ZnO nanoparticles. Besides, the ZnO nanoparticles showed
photocatalytic activity against malachite green and anticancer activity against
HT-29 cancerous cells [106]. Tripathi et al. synthesized ZnO nanoflowers by using
Bacillus licheniformis and assessed their photocatalytic activity against methylene
blue [107]. However, bacterial utilization in ZnO green synthesis could be some-
what problematic because of the uncontrolled growth of bacteria and unavoidable
contaminations [108].

Fungus-based green synthesis of ZnO nanoparticles is generally preferred over
the bacteria based synthesis because of their large-scale production and better tol-
erance property [109]. Raliya et al. synthesized ZnO nanoparticles via an environ-
mental method by using Aspergillus fumigatus as a stabilizing agent and investigated
the effect of ZnO nanoparticles on phosphorus mobilizing enzymes in rhizosphere
and gum contents in clusterbean grains [110]. In another study, ureolytic bacterium
(Serratia ureilytica)-mediated green synthesis of ZnO nanoparticles was reported.
The cotton fabrics were coated with the synthesized nanoparticles and their killing
efficiency against S. aureus and E. coli bacteria was revealed [111].

Algae are the members of a diverse group of aquatic photosynthetic organisms
and they have been utilized sometimes in the synthesis of ZnO nanostructures.
Sargassum muticum extract, which is a brown marine macroalga, was used in the
biosynthesis of ZnO nanoparticles [112]. Nagajaran et al. used the seaweed extracts
of green Caulerpa peltata, red Hypnea Valencia and brown Sargassum myriocystum
in the synthesis of ZnO nanoparticles. The results revealed that among three
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seaweeds, only S. myriocystum could stabilize and reduce ZnO nanoparticles of size
36 nm. Also, the nanoparticles showed antimicrobial activity against a wide spec-
trum of bacterial cultures [109].

2.6 Biomolecule-based ZnO nanostructures

Synthesis of ZnO nanoparticles with controlled morphologies and using envi-
ronmentally friendly chemicals could be possible in biomolecule-based synthesis
routes, and utilization of amino acids, polysaccharides, gums, and enzymes is
highly preferable. Gharagozlou et al. synthesized ZnO nanoparticles by using
alanine amino acid, and a Schiff base complex was obtained at the end of the study
[113]. Bovine skin gelatin has also been used in the synthesis of ZnO nanostruc-
tures, and Alnarabiji et al. demonstrated the environmentally friendly synthesis
route for ZnO nanoparticles [114]. Arabic gum and gum tragacanth-based green
synthesis of ZnO nanoparticles have been demonstrated by Fardood et al. [115] and
Daraoudi et al. [116], respectively. Thus, they demonstrated an alternative method
for the synthesis of ZnO nanoparticles instead of conventional ZnO reduction
methods by using hazardous polymers or surfactants [115, 116]. Casein is another
biomolecule that can be used as a capping and reducing agent in the ZnO nanopar-
ticle synthesis. Somu et al. synthesized ZnO nanoparticles, which show heavy metal
ion adsorption, dye adsorption, and antibacterial activity in wastewater treatment
at the same time [117]. The resulting nanoparticles effectively remove Cd(III),
Pd(II), and Co(II) ions, methylene blue, and Congo red dye from the wastewa-
ters. Also, they demonstrated high antibacterial activity against E. coli cultures.
Subramanian et al. synthesized ZnO nanoflowers, which comprise nanorods and
ellipsoids as subunits, by using L-lysine as a capping and precipitating agent [118].

3. Synthesis of ZnO nanostructures using nontoxic chemicals

Combating the major drawbacks of common ZnO nanostructure synthesis
methods, mainly identified as the generation of pollutants, toxic materials, and
side products during reactions, green chemical techniques using only nontoxic and
biologically compatible materials were developed. Gharagozlou et al. [113] reported
a novel method to synthesize ZnO nanoparticles without any pollutant or com-
bustible side product in the process. Water was used as a solvent with a biologically
compatible nitrogen source, amino acid instead of toxic amines, alanine and sodium
salicylaldehyde-5-sulfonate, and zinc acetate to prepare the zinc Schiff-base com-
plex and then subsequently heated to obtain ZnO nanoparticles. This work showed
that the solid-state decomposition process applied at moderate temperatures has
yielded nanoparticles ranging from 5 to 110 nm with fewer defects yet interestingly
high crystallinity.

Biomimetic and bioinspired synthesis has also been regarded among the most
attractive strategies in fabricating novel functional materials, and biological
materials like eggshell membrane, oyster shells, nacre, diatoms, cuttlefish bone,
DNA chains, and sea urchin spines have been actually employed as templates or
bioreactive substrates. Silk fibroin fibers (SFFs) extracted from silkworm Bombyx
mori cocoons were used for their capping and directing functions to control the
morphology of ZnO crystals. Acting at the same time, zinc ions are anchored on the
SFF and in-situ react with oH generating ZnO nanoparticles. It was observed that
several petals composed of ZnO nanoparticles form ZnO flowers and bestrewed the
SEF substrates due to the electron-donating groups (amino and carboxyl groups)
contained in SFF [119]. Another ZnO nanoparticle synthesis method through
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biological roots such as the use of natural biopolymers was to be presented as more
cost-effective compared to both physical and chemical methods available [120]. A
recent work has focused on integrating ZnO nanoparticles with biopolymers that
are excellent vehicles for cross-linking molecules. Thereby, collagen was used for
zinc acetate in basic solution, to give a precipitate that was processed and thermally
heated at 350°C giving birth to ZnO nanoparticles, yielding an interesting antibio-
film, anti-cancer, and ecotoxicity material [121].

Extrusion dripping is another novel technique using environmentally friendly,
cost-effective, degradable, and renewable biomass materials. Generally, the
process yields monodispersed spherical particles by controlled dripping of work-
ing solution into a biopolymer solution after extruding it through a narrow tube,
thanks to the effect of viscous-surface tension forces and impact-drag forces that
help to preserve the spherical shape of the drop [122]. Goes et al. have reported
that spherical uniform sized ZnO nanoparticles were obtained by dropwise addi-
tion of alginate solution to zinc nitrate solution under a long slow magnetic stir-
ring to ensure the ion-exchange to happen and stabilize ZnO nanoparticles; the
heated ZnO outcome was used to fabricate a polymeric nanocrystalline microfilm,
exhibiting interesting photodegradation results, as ZnO on the surface is likely to
accept photons and generate holes promoting the oxidative decomposition of the
dye [123].

Chemical bath deposition and soft-template sol-gel methods are two wet
organic solvent-free routes studied by a group led by Leone et al [124]. to obtain a
nanostructured ZnO employed as a reservoir of clotrimazole for pharmaceutical
purposes. Identifying the synthesis of carriers and active pharmaceutical ingredi-
ent loading as the main steps in which the waste of organic solvents occur, ZnO
nanostructures have been introduced as green alternative carriers for their intrinsic
biological properties, low toxicity, and high biocompatibility [125]. For the chemi-
cal bath deposition approach, a nanosheet-like zinc carbonate hydroxide hydrate
was transformed into ZnO using solutions containing urea and different zinc salts
[126]. As for the sol-gel method, pluronic F127 was used as a soft template forming
an opalescent solution with zinc acetate in water, and then dried and calcined at
500°C to sacrifice the template and obtain the ZnO nanostructure [124].

In our previous work, we successfully enhanced the antibacterial activity of ZnO
nanowires by modifying the cooling route. Zinc acetate was calcined in a muffle
oven, followed by a rapid cooling; the three resulting samples were compared to
a free cooled batch synthesized under the same conditions, revealing noticeable
effects on ZnO nanowire morphology in addition to the improvement of surface
area due to the limiting time for crystallite growth [127].

3.1Ionic liquid as solvents for ZnO nanostructures

Ionic liquids (ILs) are an area of chemistry, which has received important
attention in both academia and industry, because of the cost effectiveness
coupled with being environmentally friendly [128]. ILs usually act as solvents
and reactants as well as templates for inorganic nanomaterial synthesis and
scavenging agents [129]. As a subdivision, room temperature ionic liquids
(RTILs) are particularly doted of special considerations as nontoxic solvents with
a wide liquid temperature range, remarkable chemical stability, negligible vapor
pressures, and high fire resistance [130]. ILs have been great templates for the
synthesis of nanomaterials as it was shown that only by modifying the structure
of their cations or anions, it is possible to alter their properties in order to control
the size, morphology, and thus the properties of nanomaterials [131]. Sabbaghan
et al. have synthesized different morphologies of ZnO nanostructures using zinc
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acetate as the metal source in a basic media to react with different symmetrical
imidazolium-based ILs, yielding nanoparticles, nanoparticle-like, spherical-
like, nanosheet in different sizes ranging from 16 to 30 nm and different band
gaps between 2.98 and 3.17 eV, demonstrating through this work the relation
morphology-IL [128].

ZnO nanostructures with nanosheet morphology have been successfully
fabricated in another work by refluxing the mixture of zinc acetate and the ionic
liquid in water according to Menshutkin reaction [132]. A comparative study
has shown that when zinc is used with ILs as a template, ZnO nanoparticles with
smaller crystallite size were formed compared to the yield without ILs. This work
revealed as well that the template and the pH control the direction of growth of
ZnO crystals and the shape of nanomaterials obtained. The final band gap values
of ZnO with different morphology ranged around 2.88-3.16 eV [133]. Alammar
et al. have studied the effect of five different ILs on ZnO morphologies, and
claimed that the habitus and morphology come as the system naturally tends
to reduce the total surface energy during formation; it is to note that the anion
of the IL is proposed to be interacting with the ZnO surface during the growth
[134]. Yet, the best performance was for ZnO nanoparticles that are obtained by
use of IL with a long alkyl chain, reaching 95% in 9 h for methyl orange decom-
position, proposing that along with high surface area, oxygen vacancies and
polar plans that act like electron traps are the main factors for such interesting
photocatalytic activity [135, 136]. It was also reported by Amde et al. [137] that
common techniques for the determination of fungicide concentration in water
are usually non-environmentally friendly, organic solvent, and time consuming;
the group has prepared ZnO nanofluids by a green two-step method, dispersing
the as-synthesized sol-gel ZnO nanoparticles in 1-hexyl-3-methylimidazolium
hexafluorophosphate, hand shaking it to attain a homogeneous distribution,
then sonicating it to break NPs clusters. The as-prepared ZnO nanofluids are
applied in a modified, simple, versatile, and inexpensive liquid-liquid microex-
traction technique; this technique, called single drop microextraction not only
reduces the amount of extraction solvent radically but also offers other func-
tionalities such as high enrichment factor, different extraction modes, and full
automation of the process [138]. It is proclaimed that the preferences of ZnO-
based nanofluids for the investigation were driven from the fact that ZnO dotes
on surface charges that enable to form stable suspensions, unlike many metallic
nanofluids, and without the need of any additional stabilizer intervention.

4. Processes of synthesis of ZnO nanostructures

ZnO nanostructures can be synthesized by following different approaches,
and each has its own distinctive advantages and downsides. In this section, we
report some interesting methods and findings having the common main aim to
avoid drawbacks like the use of toxic reagents, promoter, and stabilizer organic
additives, lowering the reaction time, as well as high temperature and pressure.
These methods have plenty of scopes to provide both qualitative and quantitative
support for nanosized ZnO synthesis along with being simple, fast, efficient, and
convenient.

4.1 Hydrothermal synthesis of ZnO nanostructures

Hydrothermal method has gained particular interest as an efficient method
for high quality and mass production of ZnO nanostructures [139]; it is indeed
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environmentally friendly as there is no need to control pH and subsequently
no release of unwanted by-products. A work led by Guo et al. [140] reported

a controllable hydrothermal synthesis of ZnO nanorods reacting with zinc
carbonate hydroxide hydrate powder and H,0, at various temperatures for dif-
ferent periods of time. The group claims that the formation mechanism of ZnO
starts by the formation of ZnO, when subjecting it to hydrothermal treatment
at 170°C for more time (3-6 h), and then the thermally unstable ZnO, would
decompose into ZnO and O,. ZnO nanorods exhibited an optical band gap of
3.3 eV [140].

It has also been reported that flower shaped ZnO nanoparticles were synthe-
sized by hydrothermal method, where zinc nitrate and hexamethylenetetramine
solutions were prepared separately in double distilled water, while NaOH solu-
tion was added dropwise to adjust the pH to 10. The obtained milky solution
was refluxed at 80°C for 7 h, washed, and dried. XRD asserted the formation of
hexagonal crystal structure ZnO that had a flower-shape, formed by agglomera-
tion during the hydrothermal process. Dynamic light scattering (DLS) data have
affirmed the average diameter of ZnO between 600 and 800 nm. The effect of
different pH values from 2 to 10 on the removal performance of ZnO has been
studied and the results showed a maximum increase of 80% removal efficiency
when pH reached 6; increasing the temperature of the process also improved
the removal efficiency from 68 to 97%. The contact time had a sharp rise at
the value of 15 min of initiation of the experiment, and higher stirring had an
enhancing effect as well. Jamal Al-Sabahi and his group have treated for the first
time the degradation of HPAM polymer in oil produced water with supported
ZnO nanorods synthesized via a microwave-assisted hydrothermal method in
an aqueous solution [141-143]. Placing a prepared microscope glass substrate
(25 mm x 75 mm) on a hotplate (350°C), 10 mM zinc acetate dihydrate solution
is sprayed, and then the plate is immersed in an equimolar solution of zinc nitrate
hexahydrate and hexamethylenetetramine, then heated in a domestic microwave
oven for 45 min, and then cooled down for 15 min; the produced ZnO nanorod-
covered substrate was afterward annealed in air at 350°C for 1 h. The morphology
was of a typical ZnO array and the average length was about 4 pm while the aver-
age diameter reached around 95 nm [144].

Singh et al. have adopted a cost-effective and environmentally friendly method
to fabricate a 3D self-assembled wool ball like spherical ZnO with high porosity by
combining a urea-glycerol assisted hydrothermal approach with calcination under
air atmosphere [145], where hydrated zinc carbonate was synthesized hydrother-
mally in a Teflon-lined stainless steel autoclave reacting zinc nitrate with ureain a
triplet (glycerol, ethyl alcohol, and water (7:7:10)) solvent system. After drying the
outcome, the white powder intermediate product was calcined at 450°C for 3 h to
get hierarchical 3D porous ZnO. The group carried out a series of experiments to
investigate the effect of synthesis parameters over the morphology, while 7 h and
140°C were about the optimum duration of synthesis and temperature to get the
best ZnO with W-ball like spherical morphology. This ZnO photocatalyst has shown
98% of highly toxic Rhodamine B degradation in 60 min of UV photolysis catalysts
atapH of 4.

A green hydrothermal method was used recently to fabricate ZnO nanorods
without any organic solvent or surfactant, by starting with ZnO powder and H,0,
aqueous solution in the sealed autoclave. Then the precipitates were washed and
dried. In this work, Lam et al. reported as well that the hydrothermal treatment of
ZnO at 100°C promotes the slow conversion of ZnO, to ZnO and O, without using
any toxic reactant, nor releasing any pollutant by-product. XRD indicated the high
purity of the ZnO wurtzite phase [146]. This environmentally friendly method has
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generated highly performing ZnO nanorods that completely degrade the resorcinol
in aqueous solution after 120 min. The same group has used a similar hydrothermal
method to fabricate ZnO nanotubes (NTs) with a diameter of around 10 nm, a

wall thickness of 3.5 nm, and average lengths of up to 200 nm by scrolling of the
ZnO;, layer nanosheet, which transforms to ZnO NTs with a symmetrical layer in
both shell-tube structures. XRD asserted the hexagonal phase and then confirmed
the purity of ZnO NTs that showed a ferromagnetic behavior because of the grain
boundaries and developed free surfaces [147]; the band gap energy was measured
to be around 3.21 eV, and the degradation of methylparaben over the surface of ZnO
NTs had an efficiency of 87.6% in 105 min [148].

4.2 Microwave-assisted synthesis of ZnO nanostructures

Microwave-assisted sol-gel synthesis is based on subjecting samples to fre-
quencies ranging from 300 MHz to 300 GHz [149]; besides its high selectivity
of specific morphologies, dramatic reduction of reaction time (minutes), and
remarkable increase of product yield, it generates localized superheating at the
reaction sites promoting metal ion reduction in the solution [150]. It presents
a promising green method for metal oxide nanostructures production. Azizi
et al. [151] have worked on a green microwave-assisted combustion approach
to synthesize ZnO-nanoparticles, presenting combustion as a fast, low cost,
homogenous and highly pure outcome, as well a distinguished surface area at
low temperature. Using fruit, seed, and pulp extracts of Citrullus colocynthis
(L.) as biofuels with zinc nitrate as the zinc source, an in vitro cytotoxicity
study has been made showing that smaller nanoparticles were more efficient
penetrating in the cells membranes, while the optical band gap increased with
the rear of the particle size from 3.25 to 3.40 eV. An interesting nontoxic and
eco-friendly single-step, and green synthesis method of ZnO nanoparticles with
excellent reproducibility was reported using coffee powder extract as a reducing
material under microwave heating at 540 W for 5 min and the precipitate was
dried in a hot air oven. SEM asserted a size of 80-120 nm for the nanoparticles.
Afterward, a thin nanocomposite film was prepared using the as-prepared ZnO
nanoparticles with natural graphite powder. The nanocomposite film showed
a remarkable photovoltaic efficiency of 3.12% [152]. ZnO sub-micrometer
particles and nanowires were synthesized by microwave assisted sol-gel reac-
tion. Zinc acetate and N,N-dimethylacetamide were stirred into a beaker, and
then, the solution was cooled rapidly to 15°C. After only a couple of minutes of
the microwave, a white suspension was obtained. The average diameter of the
particles prepared given by DLS analyses was around 275-352 nm [153]. Salari
et al. reported a microwave-assisted synthesis of biogenic nanoparticles using
Lavandula vera leaf extract as a reducing agent in the presence of zinc sulfate;
the method led to simple and fast formation of microstructures that exhibited
high antioxidant cytotoxic activity [154]. In a separate work, vertically aligned
ZnO nanorods were grown at 90°C on a Si substrate by microwave synthesis
and compared with nanorods made by the traditional heated waterbath method
changing the pH from 10.07 to 10.9. The microwave synthesis was performed at
a power of 100 W [155]. The same group observed that the increase of ammonia
led in both methods to sparser and longer nanorods with the larger diameter,
as well as an increase of oxygen percentages in the samples. The microwave
synthesized samples exhibit a uniform distribution of nanorods as well as a
better crystalline structure with fewer defects than the heated water bath-
grown samples, which can be beneficial for band-edge transition optoelectronic
devices.
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4.3 Sonochemical synthesis of ZnO nanostructures

Microwave synthesis and ultrasound sonication have proven numerous advan-
tages and actually become amid the most frequently sought nanosized material
synthesis methods [156, 157]. Zak et al. have used ultrasonication to synthesize
ZnO nanostructures at room temperature without any specific conditions or
organic solvents, starting from an as-prepared zinc solution where zinc acetate was
dissolved in ammonia solution, and sodium hydroxide was dropped in the solution.
Deionized water was wisely added till attaining a concentration of 1 M zinc. The
ultrasonication performed at different durations was sufficient to stimulate the for-
mation of nanostructures. XRD asserted the presence of hexagonal pure ZnO and
the band gap energies estimated by UV-Vis spectra are 3.3, 3.22, and 3.2 eV for ZnO
seeds, nanorods, and nanoflowers, respectively [158]. Ultrasound was conducted as
well for the synthesis of different ZnO nanostructures without any organic sol-
vents, surfactants, or templating agents; zinc acetate and sodium hydroxide in ionic
liquids (ILs) are reported to be a green, fast, and effective, yet highly selective route
to 0D, 1D, and 2D nanostructures of ZnO [134]. A facile calcination-free ultra-
sound assisted approach has been reported by Bhatte et al. involving zinc acetate as
a metal source and 1, 3-propane diol as a solvent, base, stabilizer, and template for
the growth of nanocrystalline ZnO [159]. The mixture of both materials has been
sonicated under 22 kHz frequency for 2 h with a 5 s interval on-off pulse. After
sonication, the formed ZnO was collected, washed and dried. XRD confirmed the
successful formation of ZnO without any impurities [159].

4.4 Low temperature synthesis of ZnO nanostructures

For the large-scale production of pure ZnO nanocrystallites, low thermal
processes are one of the most efficient methods minimizing the generated waste
yet implementing sustainable processes: simple, cheap, and nonpolluting, address-
ing the key issues that draw much consideration in a green solid-state synthetic
method, by eliminating the use of nontoxic materials and reducing energy con-
sumption. ZnO, nanocrystallites were employed as the precursor for ZnO produc-
tion, because of their facile preparation, the absence of unwanted by-products, and
low-temperature decomposition reaction [160]. Zinc acetate and hydrogen peroxide
were used first to synthesize ZnO, nanocrystallites hydrothermally at 100°C for
12 h in an alkaline aqueous solution; the product was subjected to 180°C in air for
12 h yielding pure ZnO phase shaped nanocrystallites of 8-10 nm and blue shift at
around 350 nm in the UV-Vis spectra [161].

ZnO nanosized structures were also synthesized starting from zinc acetate and
urea in a 1:1 stoichiometry, where the decomposition of urea helped the formation
of ZnO. Then two different heating methods were applied: microwave hydrother-
mal (MH) method and waterbath heating. XRD proved the purity of the wurtzite
phase for both methods, while FE-SEM showed a difference in shape regularity
in favor of the MH process; thus, the MH method contributes to the production
of spherical and uniform particles after a short processing time by enhancing the
interface mobility and the diffusivity in the medium [162].

Raja et al. have reported a laboratory procedure based on sol-gel for the prepara-
tion of nano-ZnO particles. Zinc acetate solution was stirred at room temperature
while adding sodium hydroxide until reaching a pH of 14 and the solution went
through a microemulsion. The suspension obtained was transferred for thermal
treatment at 180°C for 3 h, and then the white precipitate was collected, washed,
centrifuged, and dried under vacuum to reveal well-shaped uniform ZnO nanopar-
ticles of 35 nm on average [163].
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Another group has proposed a simple, eco-friendly approach to synthesize
ZnO nanoparticles by using carboxylic curdlan (cc) as a reducing and stabilizing
agent. A solution of zinc acetate was blended with cc aqueous solution and stirred
at 70°C for 6 h, and then the outcome was freeze-dried [164]. The carboxyl group
is in charge of chelating and reducing zinc ions for the sake of the formation of
ZnO nanoparticles, thanks to the numerous negatively charged carboxyl groups it
contains. The average diameter of cc-ZnO nanoparticles is around 58 nm exhibiting
aband gap energy of 3.3 eV. Furthermore, the interaction between the as-prepared
nanoparticles and bovine serum albumin (BSA) at room temperature was investi-
gated, which suggested the formation of a certain complex revealed by a blue shift
of the fluorescence peak by about 8 nm with increasing nanoparticle concentration,
due to the binding of cc-ZnO nanoparticles and BSA [164].
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Chapter 4

Doped Zinc Oxide Nanostructures
for Photovoltaic Solar Cells
Application

Tyona MD

Abstract

Zinc oxide and doping effects of Cu on its structural, morphological, optical,
and surface wettability properties and the consequent influence on photoelec-
trochemical solar cell performance has been reviewed. Cu dopant in the doping
solution is varied in the range of 1 to 5 at.% which significantly affected the proper-
ties of ZnO. Slight changes in the lattice parameters of the Cu-doped zinc oxide
(CZO) electrodes were reported, due to the successful substitution of Zn** by Cu®*
and also enhancement in crystallinity of the films at 3 at.% Cu due to reduction
in crystallographic defects in the film. Surface morphologies were reported with
densely grown nanorods over the varied range of Cu, with 3 at.% having the densest
microstructures with average diameter approximately 125 nm. A review of optical
properties indicated significant enhancement in absorption edge of approximately
60 nm into the visible band for the nanorods with 3 at.% Cu content due to light
scattering. Optical energy band-gaps decrease from 3.03 to 2.70 eV with Cu dop-
ing. Surface wettability was adjudged hydrophilic for all the films, implying high
porosity and water contact angles depended on Cu content. Photoelectrochemical
cell performance indicated an n-type photoactivity in sodium sulfate (Na,SO.)
electrolyte, which motivates to check its feasibility in solar cell applications.

Keywords: zinc oxide, nanostructures, CZO, photoelectrochemical solar cells,
Cu concentration, nanorods

1. Introduction

Zinc oxide is an inorganic compound having a chemical formula ZnO. Itisa
white powder which is nearly insoluble in water. It crystallizes in two main forms,
the hexagonal wurtzite and cubic zinc blende. The wurtzite structure with lat-
tice parameters a = 0.3296 and ¢ = 0.52065 nm is found to be more stable than the
zinc blende structure, and hence it is more widely used [1]. The ZnO structure is
commonly described as consisting of a number of alternating planes composed of
tetrahedrally coordinated O° and Zn”" ions, stacked alternately along the c-axis
without a central symmetry as illustrated in Figure 1 [1, 2]. It is a group II-VI semi-
conductor with a wide band gap of about 3.33 eV. Due to its direct and wide band
gap in the near-UV spectral region [3-5] and a large free exciton binding energy, it
has become a promising functional semiconductor material, which possesses a wide
range of novel applications. ZnO has been identified with many unique properties
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Figure 1.
Hexagonal Wurtzite crystal structure of ZnO [1].

such as excitonic emission at or even above room temperature, optical transparency
in the visible range, high surface-to-volume ratio and quantum confinement effect
[6], amongst others, which have motivated intensive study of the semiconductor
during the last two decades. ZnO is mostly known to crystalize as an n-type semi-
conductor, whereas synthesis of the p-type is not generally easy [1, 7].

ZnO is simple to synthesize; both chemical and physical techniques are used
to produce excellent epitaxial films. The most commonly used techniques to grow
epitaxial films of ZnO include electrodeposition, spray pyrolysis, sol-gel process,
successive ionic layer adsorption and reaction (SILAR), RF sputtering, chemical
bath deposition (CBD), spin coating, electron beam epitaxy, laser evaporation and
ion beam sputtering, amongst others [7, 8]. Figure 2 illustrates the various synthetic
techniques (chemical as well as physical) that are generally used to grow compound
and alloys of ZnO. The choice of a particular technique would be guided by some
factors such as the application intended for the synthesis, effectiveness of the
technique and cost implication [10, 11]. ZnO has been identified as one of the semi-
conductors with the largest number of novel nanostructures such as nanocombs,
nanorings, nanohelixes/nanosprings, nanobelts, nanowires, nanorods, nanotubes,
nanocages, etc., with a wide range of technological applications [12-15]. Novel
applications of ZnO nanostructures include optical modulator waveguide, photonic
crystals, surface acoustic wave filters, varistors, photodetectors, gas sensors, light-
emitting diode, photodiodes and solar cells, amongst others [12].

Photovoltaic (PV) application of ZnO nanostructures requires large internal
surface area with porous and high surface roughness to support good penetra-
tion of electrolyte [13, 14]. Chemical techniques are very simple, much reliable
and cost-effective for the synthesis of high-quality electrodes for PV application.
Most especially, chemical bath deposition technique is very suitable for growing
large area films of ZnO with fascinating properties for photoelectrochemical solar
cells [15, 16]. This technique is suitable for growing ZnO nanostructures on many
substrates including microscope glass and stainless steel [6].

In several applications such as optoelectronics, ZnO can be used as a comple-
ment or alternative to some semiconductors such as GaN, and many researches
are ongoing globally to further improve the properties of the semiconductor [10].
Trying to control the unintentional n-type conductivity and to achieve p-type
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Figure 2.
Broad classification of thin film deposition techniques [9].

conductivity are such famous research themes. Other approaches such as first-
principles calculations based on density functional theory (DFT) are theoretical
and, however, are useful to provide in-depth understanding of the role of native
point defects and impurities on the unintentional n-type conductivity in ZnO
[14, 17]. Acceptor doping in ZnO which will lead to stable p-type is not yet well
known [18].

It has been noted that wide application of ZnO in electronic devices has been
limited by the lack of inadequate control over its electrical conductivity [10, 19].
Controlling the conductivity in ZnO can be achieved by means of band-gap
engineering [10]. Introducing small concentrations of native point defects and
impurities (dopants) (down to 10-14 cm™ or 0.01 ppm) can significantly affect the
electrical, structural, optical and morphological properties of the semiconductors
[14, 18]. Therefore, understanding the role of native point defects (i.e. vacancies,
interstitials and antisites) and the incorporation of impurities (doping) is the key
towards controlling the conductivity in ZnO, which in effect alters the band gap,
thus enhancing its performance [1].

Band-gap engineering of ZnO can also be achieved by alloying with MgO or
CdO. The band gap of ZnO is increased with the addition of Mg, whereas the addi-
tion of Cd decreases the band gap, which is similar to the effects of Aland In in GaN
[1, 18]. It is well known that MgO and CdO crystallize in the rock salt structure;
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however, alloys of Mg; -xZn,O and Cd; - xZn,O with moderate concentrations will
assume the wurtzite structure of the parent compound with significant band-gap
variation [1]. This chapter will carry out a detailed review of the doping effects of
Cu, Al and In on ZnO and the influence of the doped electrodes on the PEC solar
cell performance.

2. Doping as a technique for engineering structural, optical and
morphological properties of ZnO

Doping implies the deliberate inclusion of impurities into the crystal structure
of a semiconductor in order to improve its conductivity and modify some of its
characteristics [19]. For elemental semiconductors such as silicon and germanium,
the commonly used dopants include boron, aluminum and indium (trivalent
elements) and phosphorus, arsenic and antimony (pentavalent element) [20].

In the process of doping, the dopant is integrated into the lattice structure of the
semiconductor crystal. The number of valence electrons of the dopant defines

the type of doping that would be achieved [20]. Doping a semiconductor with a
trivalent element results into p-type doping, whereas using a pentavalent element
produces an n-type doping as illustrated in Figure 3. For an n-doping, electrons
are the majority charge carriers, while holes are the majority carriers in p-doping.
The conductivity of a silicon crystal which is properly doped can be increased by a
factor of 10° [1].

Compound semiconductors such as ZnO can also be doped with the same or
similar dopants like copper and indium. There are reports in the literature on the
modification of structural, morphological and optical properties of ZnO by doping
with Al, Cu or In. Cu and In dopants have been confirmed to lower the band gap of
ZnO appreciably [10, 18].

Doped semiconductors are electrically neutral. The terms n- and p-type doped
do only refer to the majority charge carriers. Each positive or negative charge
carrier belongs to a fixed negative or positive charged dopant as illustrated in
Figure 4.

Figure 3.
(a) N-doping with phosphorus and (b) p-doping with boron [2].
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Figure 4.
Doped semiconductor showing energy levels of (a) n-type doping (b) p-type doping [20].

3. Effects of Cu dopant on ZnO and the PEC solar cell performance of
Cu-doped ZnO (CZO) electrodes

Wide band-gap semiconductors such as ZnO and TiO, (3.3 eV) are suitable
for many semiconductor applications such as PEC solar cells due to their thermal,
photo- and electrochemical stability and resistance against atmospheric corrosion
[21]. However, the wide band gap in such semiconductors is a drawback on their
light absorption capability because only photons below a threshold wavelength
Ag can be absorbed, since the solar spectrum has its maximum intensity at about
2.7 eV [19]. Previous investigations have confirmed that band gap in ZnO semicon-
ductor can be controlled by doping with appropriate dopants [10]. This can also
modify optical and structural properties of the semiconductor to meet pre-desired
applications [19].

Transitional metals are good dopants; however, Cu and Al are prevalently
studied as dopants for ZnO [18]. Cu is a highly conducting metal with conductivity
higher than that of Al and can enhance green luminescence band through creation
of localized states in the band gap of ZnO. It is also known that due to the high
ionization energy and low formation energy of Cu, it can rapidly substitute Zn in
ZnO lattice [22].

Tyona et al. [10] investigated the effect of Cu doping on optoelectronic proper-
ties of chemically synthesized ZnO electrodes. These properties of Cu-doped ZnO
nanostructures were influenced by various parameters such as growth conditions,
Cu concentration and post-growth annealing. Cu concentration in ZnO was varied
in the range of 1-5%. This quantity may be small; however, it produces significant
physical changes in ZnO, and it is considered to be within a strict doping range of
up to 10%. Beyond this range, such a reaction may be turning towards composite
growth or alloys [10].

Their experimental procedures showed that Zn(NO3),.6H,0 (SD Fine
Chemicals) was used as the source of Zn** and CuCl,.2H,0 (Chemco Fine, India)
as the source of Cu?*, and NH; solution (28%) (Thomas Baker) was the complex-
ing agent. An aqueous solution of 0.1 M Zn(NOs),.6H,0 was prepared, and cupric
chloride dihydrate (CuCl,.2H,0) was added. Aqueous NHj solution (28%) was used
as the complexing agent. The solution was maintained at a pH = 11.5. Microscopic
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glass slides and stainless steel slides were used as substrates and immersed vertically
in the solution using Bakelite holder at a bath temperature of 353 K. The substrates
were coated with CZO thin films, well adherent to the substrates after 5 h, washed,
dried in air and preserved in a vacuum desiccator. Further, as-deposited films were
air annealed at 673 K for 2 h and characterized using the following techniques:
X-ray diffraction (XRD) patterns were obtained with Cu Ka (A = 1.5406 A) radia-
tion from a Philips X-ray diffractometer, Philips PW1830, in the range 20-80°.

The morphology of the CZO thin films was measured with the scanning electron
microscope (SEM) using JEOL JSM-6360. Optical properties were studied using
Shimadzu UV-1800 spectrophotometer in the range 300-800 nm. Contact angle
meter (ramé-hart USA equipment) with CCD camera was used to measure the
surface wettability of the films. PEC activities of CZO films were studied by form-
ing cells with n-CZO (stainless steel substrate)/0.1 M Na,SO,/platinum/SCE, which
were illuminated with an 80 mW/cm” xenon arc lamp [10]. They analyzed their
results under the following headings:

3.1 Film formation mechanism

In their results, they examined CZO film formation process by chemical bath
deposition method under four steps of particle growth [10] as in Figure 5: (a)
nucleation, (b) aggregation, (c) coalescence and, subsequently, (d) growth by
stacking of the particles (Figure 5e). It is noted that during growth process, the
diameter and density of ZnO nanorod are highly affected by the density of the
nucleation sites and the pH value of the aqueous solution. Therefore, introducing
Cu impurities into the reaction path would increase the nucleation density and
hence enhance the growth rate, which, in turn, results in a coarsening and lateral
aggregation of the nanorods [10]. This is apparently due to the fact that Cu**

Figures.

The schematic growth model for the formation of CZO thin films: (a) nucleation, (b) aggregation,

(¢) coalescence, (d) subsequent growth by stacking of the particles and (e) surface view of grown stacked
nanostructures [10].
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increases the number of free metal ions in the solution which forms nucleation sites
and the highly alkaline medium helps to speed up the release of chalcogenide ions
in the solution which cause the increase in film growth rate. During nucleation, the
heterogeneous reaction at the substrate surface takes place when molecule clusters
begin to undergo rapid decomposition and particles combine to grow up to a certain
thickness of the film [10]. For deposition of ZnO, Zn(NOs),.6H,0 was used as a
source of Zn?* ions. When ammonia was added to it, white precipitate of Zn(OH),
occurred, and further Zn(OH), redissolved into the solution by addition of excess
ammonia which results into formation of zinc tetra amino complex ([Zn(NH;)4]*).
The decomposition of [Zn(NH;) 4]** releases Zn** ions, which reacts with OH™ ions
in the solution and results in the formation of Zn(OH), or ZnO particles. The pos-
sible reaction mechanism for the formation of ZnO thin films is as follows [10]:

Zn (NO3)2+2NH4OH%Z7! (OH)2+2NH4NO3 (1)

Zn(OH), + NH,OH - Zn0O; + H,O + H" 2)

When the solution is heated to 353 K, the ionic product exceeds the solubility
product, and precipitation occurred on the glass substrate and in the solution to form
ZnO nuclei; thus, ZnO film is formed on the substrate by the following reaction [10]:

(NH)Zn0; + H' = ZnO + NH,OH 3)

The growth process of Cu-doped ZnO proceeded in a similar manner as that of
undoped ZnO since doping is a physical process and does not significantly affect the
chemical structure of the parent precursor, ZnO.

3.2 Structural characterization

Their CZO electrodes were characterized by X-ray diffraction which revealed
that all the film samples were polycrystalline with hexagonal wurtzite structure
with lattice constants a = 3.24982 A and ¢ = 5.20661 A corresponding to those of
the ZnO patterns from the JCPDS data card no: 00-036-1451. A strong preferential
growth was seen along the Z-direction for the undoped ZnO and CZO films with
3% Cu concentration, which diminishes significantly for 1 and 5% Cu concentra-
tions as illustrated in Figure 6. The decrease in intensity of the ZnO peaks upon
incorporation of Cu impurities (i.e. Cu/Zn of 1%) was assigned to induce crystal-
lographic defects on ZnO lattices by Cu dopant which reduced the crystalline
quality of the film. They observed on the other hand that raising Cu content to 3%
enhances the carrier concentration and mobility in the conduction band of the
semiconductor [10], thereby lowering the amount of crystallographic defects in the
film and increasing the crystalline quality of the film along the ZnO (002) plane
[13]. Further increase in Cu content to 5% lowered the crystalline quality of the
film sample significantly as indicated in Figure 6, which is an indication of more
compressive strain in the films at higher doping level [1, 2].

Barna and Adamik structure zone model for polycrystalline metallic films [23,
24] explained the above-described phenomenon; thus as the Cu content in ZnO is
raised, segregation occurred at the grain boundaries in the film, which give rise to
shrinkage of crystallite sizes [23]. Therefore, 3% Cu concentration could be the opti-
mum concentration of Cu in ZnO to provide the best crystalline quality film in CZO
thin films. This observation slightly defers from an earlier report of Babikier et al.
and Mkawi et al. [22, 25] even though they used different concentrations of Cu.
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Figure 6.
XRD patterns of CZO with varying Cu concentrations: (a) 0%, (b) 1%, (c) 3% and (d) 5% [10].

Another interesting observation here is a shift in angular peak positions of 0.54°
in (20) along the (002) plane in ZnO when Cu impurities were introduced. This
may be assigned to difference in the ionic radii of Zn** and Cu** (which is higher for
Zn"* as compared to Cu”*) as Cu’* substitutes Zn>* on Zn sites in ZnO, the crystal
lattice, thus causing shortening of the c-axis [23]. According to Shannon [24], the
fourfold coordinated Zn** and Cu** cations have ionic radii of 0.074 and 0.057 nm,
respectively, and stable electronic configurations of Zn** (3d10) and Cu?* (3d9).
The fourfold coordinated Cu'* has ionic radius of 0.06 nm Cu1(3d10) [24].

The mean crystallite sizes, D of the CZO thin films along the c-axis (002), were
estimated on the basis of full width at half maxima (FWHM) using Scherrer’s
formula [25]:

_ 0.9\
~ pCos6 “)

where ), p and 6 are the X-ray wavelength (A = 1.54 Z\), full width at half maxi-
mum and diffraction peak angle, respectively. Their estimated crystallite sizes
indicated a slight increase from 28 to 30 nm as depicted in Table 1.

In chemically synthesized ZnO thin film, as-deposited films may likely contain
hydroxide and other impurities [25], so thermal annealing is necessary. Thermal
annealing causes remarkable changes in the surface morphology of chemically
synthesized thin films. Tyona et al. [10] reported the surface morphology of their

% Doping of Cu Mean crystallite size (nm)
0 28
1 7
3 30
5 8
Table 1.

Estimated crystallite sizes of CZO thin films using (002) crystal plane [10].
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CZO thin films which was studied using scanning electron microscope, JEOL JSM-
6360. Figure 7a—d depicts the SEM micrographs, with undoped ZnO (as reference)
and CZO thin films (as-deposited and annealed) with different Cu concentrations

Figure 7.
SEM micrographs of CZO thin films showing as-deposited and annealed samples for various Cu contents.

(a) 0%, as-deposited and annealed. (b) 1%, as-deposited and annealed. (c) 3%, as-deposited and annealed.
(d) 5%, as-deposited and annealed [10].
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(0, 1, 3 and 5%). The SEM micrographs showed that the surface morphology of the
films was affected by the concentration of the dopant. The crystallite size of the
films decreases upon introduction of the Cu impurity as suggested by XRD study
except for 3%. This behaviour could also be assigned to the difference in the ionic
radii of Zn and the doping element, Cu. Further, with increasing Cu concentration
(up to an optimum concentration of 3%), the microstructures of the film became
denser as in Figure 7c. Figure 7a(i) and (ii) illustrates SEM micrographs of the
undoped ZnO thin films (as-deposited and annealed) identified with randomly
oriented nanorods of average diameter approximately 125 nm.

3.3 Surface morphological studies

The micrograph of the as-deposited CZO (i.e. 1%) film as depicted in
Figure 7b(i) showed surface morphology with well-defined nanorods grown
randomly on the substrate as thin solid films of Cu-Zn(OH), with sparsely distrib-
uted needle-like images attached to some rods. Each rod is crystalline and indexed
to hexagonal crystal structure, as seen in Figure 7b(i). The average diameter of the
rods was of the order of ~40 nm. After annealing at 673 K, the nanorods.

Were refined to CZO with nanorod morphology of average rod diameter
of #30 nm and randomly oriented, leading to large surface area as depicted in
Figure 7b(ii). Such novel morphology may find applications in photoelectrochemi-
cal solar cells, gas sensors and super capacitors [22].

Figure 7c(i) and (ii) represents the SEM micrographs of as-deposited and
annealed CZO with Cu:Zn of 3%. The as-deposited film sample is identified with
dense and vertically aligned nanorod morphology of varying rod sizes with aver-
age rod diameter of 120 nm and high porosity as well as high surface roughness.
After post-annealing treatment at 673 K, the former nanorod morphology became
fibrous, vertically aligned with well-defined and nearly uniform rod sizes (mean
rod diameter of #112 nm) as depicted in Figure 7c(ii). This morphology is suitable
for dye-sensitized solar cell (DSSCs) application.

The SEM micrographs of CZO with Cu concentration of 5% are shown in
Figure 7d(i) and (ii). As-deposited film samples, d(i), show densely oriented
nanorods. After post-annealing treatment at 673 K, dense, uniformly oriented
nanorods with fine structures were obtained as in d(ii). These observations agree
with that observed by Chow et al. [2] using chemical synthesis of CZO thin films
and are suitable for PEC solar cell application.

3.4 Optical characterizations

The UV-Vis absorbance spectra measured in the work of Tyona et al. [10] is
illustrated in Figure 8. The measurements were carried out in the wavelength range
of 300-800 nm at room temperature, with undoped ZnO as reference. The spectra
generally revealed low absorbance for all the film samples in the visible region espe-
cially the undoped ZnO and CZO samples with Cu concentrations of 1 and 5%, with
harp absorption edge at about 395 nm. An enhancement in absorption was noticed in
CZO with Cu:Zn of 3%; the band edge was shifted towards lower energy at 450 nm
(Figure 8). This is an enhancement in optical absorbance induced by Cu doping.

The optical band gap energy (E,) was obtained from Tauc plot using Tauc’s
relationship between the absorption coefficient, a, and the photon energy, hv, as
shown in Eq. (5) [10]:

o~ (x(hvhl—} Eg)" 5)
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Figure 8.
Absorption spectra of CZO thin film for different Cu concentrations: (a) 0%, (b) 1%, (c) 3% and (d) 5% [10].
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Figure 9.
Tauc plot from absorbance spectra of CZO thin film for different Cu concentrations: (a) 0%, (b) 1%, (c) 3%
and (d) 5%. Inset shows the band gap trend of undoped and Cu-doped ZnO thin films [10].

where a, is a constant. E, is the optical band gap and 7 is a constant which
depends on the probability of transition (it takes values as 1/2, 3/2, 2 and 3 for
direct allowed, direct forbidden, indirect allowed and indirect forbidden transi-
tion, respectively) [22]. The band gaps of the CZO thin films were estimated by
extrapolating to the photon energy axis, the linear portion of Tauc’s plot as depicted
in Figure 9.
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The estimated E, values of CZO thin films are observed to decrease from 3.03 eV
for undoped ZnO to 2.96 eV upon incorporation of Cu impurities into ZnO (1%)
and later increased to 3.14 eV as the impurity concentration was raised to 3% (in
set, Figure 9). This anomaly in band gap of CZO thin films they observed was
adduced to stress incorporated in the films which resulted from some defects on Zn
sites induced by Cu impurities [22]. The reduction in the band gap observed thus
facilitates excitation of electrons from the valence band to conduction band, even
under illumination with visible light photons. This is beneficial for achieving an
improved PEC performance from an UV-active material [19]. This study confirms
that the incorporation of an optimum concentration of Cu in ZnO can yield a modi-
fication in the band gap of ZnO and thus provide an efficient solar light absorbing
optical system, which can be useful for the solar energy applications [26].

Optical transmittance showed variation over a wavelength range of 350-800 nm.
Regardless of the Cu concentration, all films are highly transparent in the visible
(400-800 nm) region. The transmittance of Cu-doped films showed moderately
high values in the range of 60-90% in the visible region as shown in Figure 10. Upon
incorporation of Cu impurities, the optical transmittance was found to decrease
from 85% (undoped) to 78% (CZO, 1%); further increase in Cu concentration
enhanced the transmittance value to 90%. At higher doping concentration (above
3%), the transmittance was observed to decrease with increased Cu concentration
which may be adduced to decrease in crystalline quality of the Cu-doped film.

3.5 Surface wettability studies

Surface wettability involves the interaction between liquids and solids in con-
tact. The wetting behaviour of thin film is characterized by the value of contact
angle, a microscopic parameter. The contact angle is an important parameter in
surface science, and its measurement provides a simple and reliable technique for
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Figure 10.
Transmittance spectra of CZO thin films with different Cu concentrations: (a) 0%, (b) 1%, (c) 3% and
(d) 5% [10].
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the interpretation of surface energies [10, 27]. The knowledge of contact angle of
thin films is important for practical applications such as in DSSCs, super capacitors
and gas sensing [10, 28].

Tyona et al. [10] reported water contact angles of CZO thin films as illustrated
in Figure 11a~d. The contact angles are observed to decrease from 71.3 to 15.2° upon
doping. These results showed strong dependence of the contact angles on annealing
temperature as well as Cu concentration. The water contact angles decreased (as
compared with undoped sample Figure 11b) upon incorporation of Cu impurities
up to optimal percentage impurity of 3% (Figure 11c) and further increase as the
impurity concentration was increased beyond this level (Figure 11d). This implies

Contact angle= 81.3° Contact angle= 71.3°

(b) Contact angle = 68.4° Contact angle = 24.1°

Contacl angle = 62.4" Contact angle = 15.2°

(d)

-
Contact angle = 78.7° Contact angle = 52. 3°
Figure 11.

Water contact angles of CZO thin films showing as-deposited and annealed samples for various Cu
concentrations: (a) 0%, (b) 1%, (c) 3% and (d) 5% [10]. In Figure 11, (i) is as deposited, (ii) is annealed.
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that the porosity of the films increases upon thermal annealing at 673 K and with
respect to increased concentration of Cu; thus, the water goes in to the pores and
craves making contact angle hydrophilic [10, 28]. This means that the films would
have large surface areas which for application such as DSSCs would mean better dye
adsorption resulting to enhanced photo absorption. Also, lower values of contact
angles are beneficial for electrolyte percolation through the porous film, which

is very important for PEC solar cells. This result is in agreement with the earlier
observations from XRD and SEM.

3.6 Photoelectrochemical (PEC) studies

Photoelectrochemical response of a solar cell is based on the junction between
semiconductor and an electrolyte. The electrolyte plays an important role in PEC
cell as a medium for charge transfer between the photoelectrode and counter
electrode [10, 22].

The photoresponses of the CZO thin films were studied by forming typical
configuration cells, n-CZO (stainless steel substrate)/0.1 M Na,SO,/platinum/
SCE. These PEC cells are easy to form, and many processing steps of p—n junction
have been simplified or eliminated. Since the junction with liquid is formed sponta-
neously upon contact, irregular-shaped single crystal or thin films can be used [10,
17]. The solution-based measurements allowed us to quickly test the quality of CZO
film electrode as a solar cell material [10, 17].

Tyona et al. [10] reported the PEC performance of their CZO using cur-
rent-voltage (I-V) characteristics of the annealed CZO thin films in the dark and
under illumination with 80 mW/cm” as illustrated in Figure 12a—c. The anodic
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Figure 12.
Current-potential (I-V) curves of CZO thin films showing curvent and potential in the dark and under

illumination for (a) 1%, (b) 3% and (c) 5% Cu concentrations [10].
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ZnO Photocurrent Photovoltage Tnax Vinax Efficiency Fill factor

electrodes (Isc) [pA/em?] (Voe) [mV] (pA/cm?) (mV) 1 (%) (FF)

Undoped 12.34 388.0 9.00 230.0 0.0030 0.43

CZO (1%) 40.00 774.0 28.00 631.0 0.0220 0.57

CZO (3%) 98.00 796.0 74.00 667.0 0.0620 0.63

CZO0 (5%) 16.00 768.0 13.00 52.0 0.0009 0.06
Table 2.

Values of I-V measurement from PEC cells of CZO thin films [10].

photocurrent varied remarkably with the concentration of Cuin ZnO as reported
with previous characterizations of the CZO. Figure 12b and c also represents the
chopped light tests carried out in order to study the photosensitivity of CZO thin
films. The photosensitivity confirmed that CZO absorber is an n-type material and
is useful for the solar cell [10, 17]. The measured values of the PEC parameters with
respect to Cu doping are shown in Table 2.

The photoelectrochemical measurement confirmed good photoactivities of the
annealed CZO films prepared from simple CBD method. It is however observed that
the photocurrent (short circuit current, Isc) conversion efficiency and fill factor
of the CZO film for 5% Cu are relatively low. This may be due to more compressive
strain in the films at higher doping level as earlier explained in XRD which probably
leads to a less dense nanostructure as illustrated in Figure 7d and consequently low
photoactivity. The photocurrent obtained in the present study is not useful for most
practical applications requiring high values of current; however, it is well known
that conversion efficiency of such film can be considerably improved by thermal,
chemical and photoelectrochemical surface treatments [10, 17].

4, Conclusions

This chapter examines ZnO and its numerous nanostructures and also consid-
ered doping as a measure for engineering the properties of ZnO for pre-determined
applications. The chapter has also extensively reviewed the effect of Cu doping on
structural, morphological and optical properties and surface wettability of chemi-
cal bath deposited ZnO thin films at various concentrations of Cu in the range 1-5%
for PEC solar cell application. The review indicated that there were slight changes
in the lattice parameters of the CZO electrodes which occurred due to the successful
substitution of Zn** by Cu®* and also enhancement in crystalline quality of the films
at 3% Cu concentration due to the reduction in crystallographic defects in the film.
A review of SEM studies showed densely grown nanorods over the varied range
of Cu concentration, with the CZO nanorods of 3% having the most dense micro-
structures with average diameter approximately 125 nm. The density and diameter
of the nanostructures demonstrated dependence on the amount of Cu dopant. A
review of optical properties demonstrated that the incorporation of Cu dopant into
ZnO introduced a shift in absorption edge of approximately 60 nm into the visible
band for the CZO nanorods with 3% Cu content which is a significant enhancement
in the optical properties of the films. Also, optical energy band gaps decrease from
3.03 t0 2.70 eV upon Cu doping. Surface wettability was adjudged hydrophilic for
all the films, which implied high porosity, and the size of water contact angles show
dependence on Cu content. Photoelectrochemical cell performance indicated an
n-type photoactivity in sodium sulphate (Na,SO,) electrolyte which motivate to
check its feasibility in solar cell applications.
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Chapter 5

Pyrolysis of Carbon-Doped ZnO
Nanoparticles for Solar Cell
Application

Luyolo Ntozakhe and Raymond Tichaona Taziwa

Abstract

It is very important to find new methods for improving the properties of nano-
structured materials that can be used to replace the highly expensive and compli-
cated techniques of fabricating ZnO nano-powders for solar cell applications.
Pneumatic spray pyrolysis method offers a relatively inexpensive way of fabricating
ZnO nanomaterials of controllable morphology, good crystallinity and uniform size
distribution, which makes it a good candidate for the production of ZnO
nanoparticles. Additionally, it has the advantage of producing ZnO NPs in one step
directly on the substrate without the need for other wet chemistry processes like
purification, drying and calcination. To that end, the present study emphasizes
more on the design and optimization of spray pyrolysis system as well as on the
pneumatic spray pyrolysis conditions for the production of carbon-doped ZnO
nanoparticles. The un-doped and carbon-doped ZnO NPs were prepared using
pneumatic spray pyrolysis employing zinc acetate as a precursor solution and
tetrabutylammonium as a dopant. The fabricated un-doped and C-ZnO NPs were
characterized for their morphological, structural and optical properties using
SEMEDX, XRD and DRS. SEM analysis has revealed that the fabricated un-doped
and C-ZnO NPs have spherical shape with mesoporous morphology. The cross-
sectional SEM has also revealed that the film thickness changes with increasing
dopant concentration from 0.31 to 0.41 pm at higher concentrations. Moreover, the
EDX spectra have confirmed the presence of Zn and O atoms in the PSP-
synthesized ZnO NPs. XRD analysis of both un-doped and C-ZnO has revealed the
peaks belonging to hexagonal Wurtzite structure of ZnO. Additionally, the DRS has
revealed a decrease in energy band gap of the synthesized ZnO NPs, with the
increase in carbon dopant level.

Keywords: spray pyrolysis, zinc oxide, nanoparticle, pneumatic spray pyrolysis

1. Introduction

In recent decades, semiconducting metal oxide materials such as zinc oxide
(ZnO), tin oxide (Sn0,), iron oxide (Fe,03) and titanium dioxide (TiO,) have
become an area of research due to their great potential to solve environmental
problems [1]. These wide-band-gap semiconductors are considered to have the
ability to easily adjust the optoelectronic and transport properties of the metal oxide
semiconductor material which makes them the promising candidates for several
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applications such as gas sensing, photocatalysis, storage and solar energy conversion
[2, 3]. Among them, zinc oxide is of special interest due to its wide range of
properties such as direct band gap (3.37 eV at room temperature), non-toxicity,
high photo stability and large exciton binding energy (60 meV) [3, 4]. Additionally,
ZnO offers a low-cost material for solar cell electrodes, and its low price compared
with other wide-band semiconductor nanomaterials makes it a good candidate for
industrial applications.

Moreover, the physical and chemical properties of ZnO nanomaterial depend
closely on the two geometrical parameters which are size and shape [5]. It can be
easily processed into several nanostructures of different sizes, shape and morphol-
ogies such as nanorods, nanowires, nanonails, nanotubes, nanocombs, nanoflower,
nanosheets, nanobelts, nanoparticles, etc. These nanostructures have become an
area of interest for several applications due to their unique properties observed at
nanoscale. Among the numerous nanostructures, nanoparticles (NPs) have
attracted great attention in many device applications due to their unique catalytic,
optical, magnetic and electrical properties because of their nanoscale dimensions
[5, 6]. Particularly, the modified ZnO NPs have become function and integration of
nanostructure assembly for dye-sensitized solar cells and nanoscale devices. The
structural, morphological and optical properties of ZnO NPs can be improved and
controlled by a chemical reaction which is a very crucial factor influencing the
performance of semiconductor nanomaterials for many technological applications.
Recently, great efforts have been made in the fabrication of doped ZnO
nanomaterials in order to improve the morphological, structural and optical prop-
erties of nanomaterials specifically by modifying the surface properties such as
electronic band gap, specific surface area, oxygen vacancies and crystal deficiencies
[6, 7]. In previous articles, it has been reported that doping with non-metal ele-
ments such as C, S and N can improve the structural, morphological and vibrational
properties of ZnO [7-9]. Doping with non-metal elements such as N or C has been
reported to reduce the band gap of a wide-band semiconductor by enhancing a
number of properties but not limited to ferromagnetism, magnets to transport
properties and p-type conduction properties [8, 9].

There are several methods that have been used for the preparation of ZnO NPs
which include physical methods and wet chemistry to solid-phase systems. How-
ever, the physical and chemical methods such as evaporation plasma [10], anodiza-
tion [11, 12], spin on methods [13, 14], sputtering [15], ion-assisted deposition [16],
reactive ion plating [17], laser ablation [18], filtered arc deposition [19] and atomic
layer epitaxy [20] employed for the preparation of ZnO NPs in previous articles
have been reported to require very expensive equipments, complex process controls
and stringent reaction conditions. Additionally, these methods are responsible for
the host of many problems such as generation of hazardous by-products, the use of
toxic and flammable solvents, difficult controlling of morphology, very substrate
dependent and require high vacuum temperature. The solid-based methods are the
promising alternatives for the preparation of ZnO NPs due to their simplicity and
high yield [9, 21]. Additionally, they do not require several steps like wet
chemistry methods such as purification, calcinations, drying and extraction of
material before use.

Moreover the solid-based techniques present no reagent concentration draw-
back as compared to other physical and chemical systems, which makes them more
desirable for industrial scaling. Among the solid-based methods like laser ablation
[21], sputtering coating [22], frequency electron tube sputtering (RFMS) [23], spin
coating [24], aerosol-assisted chemical vapor deposition [25] and spray pyrolysis
[26]. Spray pyrolysis (SP) offers a modest and cost-effective way of fabricating a
number of nanostructures unlike many other film deposition techniques [27].
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Moreover, SP has the potential to produce nanoparticles with consistent structural,
optical and morphological properties in a one-step process without a need for other
wet chemistry steps such as cleansing or excessive drying that contributes on the
overall cost of fabrication of ZnO nanostructures [27, 28]. Additionally, this method
is responsible to coat huge substrates and also offers the possibility for industrial
scaling. Furthermore, SP process makes it possible to grow nanoparticles directly on
the substrate and can be used directly as photo-anodes in the dye-sensitized solar
cell device which in turn lowers the overall production cost of a solar cell device.
The present study focuses on the novel pyrolysis of carbon-doped ZnO
nanoparticles for solar cell application. Additionally, the death of scientific articles
that report on the influence of carbon doping on ZnO NPs fabricated by PSP
method was also the major motivation of the present compilation.

2. Design consideration of a pneumatic spray pyrolysis system
2.1 Experimental section

ZnO nanoparticles were prepared by spray pyrolysis technique employing zinc
acetate (Zn (O,CHj3),, Merck), ethanol (99.99% Sigma Aldrich), acetic acid
(CH3COOH) and tetrabutylammonium bromide (TBA) (C;6H3¢BrN) as the starting
materials. In typical experimental procedure, 0.1 M of zinc acetate was prepared by
dissolving 5.4923 g Zn (O,CH3); to a 250-ml volumetric flask containing minimum
amount of ethanol, which results to the formation of zinc ethoxide solution. Then
few drops of acetic acid were added to the zinc ethoxide (Zn (O,CHj3),) solution as
a stabilizer. The zinc ethoxide solution was sonicated inside the ultrasonicater for
30 min at 40°C. Tetrabutylammonium bromide about 1.55 ml was added to the
resulting colorless solution of Zn (0,CHj3); in the volumetric flask. The 250-ml
volumetric flask containing Zn (O,CH3); and (C;¢H3¢BrN) was filled up to the
mark with absolute ethanol. Several other carbon dopant (C;¢H36BrN) precursor
solutions were prepared in much the same way as this one; the only difference was
the volume of the dopant solution as shown in Table 1.

The precursor solution was then transferred into a chamber connected to a
pneumatic pump prior to spray deposition. Firstly, the F:SnO, glass substrate was
washed with detergent and then rinsed with distilled water, isopropanol, distilled
water and acetone, followed by drying under hot air to evaporate the acetone. Then
the fabrication of un-doped and C-ZnO NPs was done on well-dried F:SnO, glass
substrate at a deposition temperature of 400°C. The fabricated NPs were then
characterized using XRD spectra, obtained using a Bruker D8 Advance X-Ray
diffractometer (XRD) with a Cu anode, generating K& radiation of wavelength
1.544 A and operating at 40 kV and 40 mA, which was used to obtain the crystallo-
graphic phase and associated parameters of ZnO samples of the fabricated NPs. The
XRD 6-26 patterns of ZnO NPs fabricated by PSP were recorded in the 26 range of

Sample # Mass of zinc acetate (g) Volume of TBA (ml) Millimoles of TBA
Un-doped 5.4923 0 0
0.010 M 5.4925 1.55 2.51
0.015M 5.4922 2.33 3.78
0.025M 5.4924 3.88 6.30

Table 1.

Preparation of precursor of solutions.
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30-100°C at room temperature. The elemental, structural and morphological prop-
erties of ZnO nanostructures were studied using field emission scanning electron
microscope (FE-SEM) Zeiss Auriga SEM equipped with EDS with Smart SEM
software at an accelerating voltage of 30 kV. High-resolution transmission electron
microscope was used to determine the finer details relating to structural properties
of un-doped and C-ZnO samples, obtained using a JEOL JEM 2100 HRTEM operat-
ing at 200 kV for high-resolution images with selected area electron diffraction
(SAED) patterns. The confocal Raman imaging system (WITec GmbH, Ulm,
Germany) alpha300RS was used to study the Raman active modes present in the
ZnO samples. A fibre-coupled DPSS laser 532 nm with maximum output power
after single-mode fibre coupling of 44 mW was used as the excitation source. Data
were then collected using a multimode fibre into a high-throughput lens-based
spectrograph (UHTS 300) with 300 mm focal length and two gratings 600 and
1800 g/mm, both blazed at 550 nm.

2.2 Experimental problems experienced with spray pyrolysis system at other
laboratories for production of ZnO nanomaterials

This part outlines the practical knowledge or challenges that other authors
experienced when operating spray pyrolysis (SP) technique. The knowledge col-
lected from these authors was considered and played an imperative part in
governing, assembling and monitoring the current spray pyrolysis (SP) system;
hence we are also working with similar spray pyrolysis system. Additionally, the
knowledge assembled assisted to shape several considerations in selecting the
equipment such as furnace type, pneumatic pump size, reactor type, as well as type
pneumatic vessel of the existing SP system. Lastly, the deposition conditions as well
as material properties employed to enhance the design and development of the
pneumatic spray pyrolysis system were also considered.

3. Experimental complications
3.1 Use of zinc acetate precursor solution

In this study, spray pyrolysis deposition was operated on the glass substrate
lying perpendicular on the floor of aluminum tube inside the furnace. The zinc
acetate was used as a precursor solution in this research. The spray pyrolysis system
used in this research employed pneumatic pump which helps to blow the precursor
solution to form mist of droplets inside the PSP vessel. There were few problems
occurred with regards to formation of ZnO NPs such as the low solubility of zinc
acetate salt in ethanol which needed to be heated up in order to dissolve completely
in the solvent and the aluminum contaminations (impurities) initiated from the
aluminum tube that was used as the reaction vessel. At higher temperatures,
approximately 400°C and above, the aluminum tube impurities penetrate from the
sample in the substrate holder which caused sample contamination. Hence, the
fabricated ZnO nanoparticles were contaminated with aluminum. Due to aluminum
impurities found in the fabricated ZnO NPs, there is a necessity to develop a tube
reactor that can withstand deposition temperature of approximately 400°C and
above, which does not introduce any impurity element in the fabricated
nanomaterials. Similar problems were found in the literature in the case of TiO,
nanoparticles where titanium tetrachloride was used as a precursor solution which
generated massive complications with its chloride contaminants. It was observed
that the cubic structures of sodium chloride crystallize fast and obstruct the
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Figure 1.
SEM micrograph presenting the formation of NaCl crystals on top of the FTO glass substrate.

development of TiO, nanostructures on the uppermost of the glass substrates.
Therefore, the contaminants of sodium initiated from the reactor tube that was used
in the spray pyrolysis system. At higher temperature above 400°C, the sodium
contaminant ions penetrate from the reactor tube which created nanomaterial
impurities and reserved the development of TiO, nanomaterials on top of the glass
substrates. Figure 1 reveals the scanning electron microscopy image of cubic
sodium chloride crystals on top of fluorine-doped tin oxide (FTO) glass substrates.

The zinc acetate precursor solution fumes are very toxic and acidic and have
rapid diffusion rates at higher temperatures. The generated vapors were extremely
acidic and portable at higher temperatures. Zinc acetate is known to be non-toxic,
so these problems may be caused by the presence of acetic acid stabilizer in zinc
acetate solution. The developed fumes produced almost rusted all the rubber tubing
and seals fitted on the PSP system which may probably cause serious leakage
problems in the system. Moreover the zinc acetate precursor vapors that are gener-
ated through deposition method have reserved the formation of zinc oxide
nanoparticles; that is why it took us more hours to deposit a thin film of desirable
thickness of 10 pm. This can also be probably due to low atomizer comprising the
zinc acetate precursor capacities in the PSP vessel.

3.2 Substrate orientation

It was discovered that the thickness of the deposited ZnO thin film were not the
same in all areas in the substrate, in some areas ZnO thin film had thicker layers
compared to others and in some regions there were no ZnO NPs found completely
as evidenced by Figure 2. It is noticed that only those regions of the substrates
opposite the incoming vapor (aerosol) were completely covered. Then in other
parts of the substrates such as those down the incoming vapor were moderately

Figure 2.
SEM micrograph of non-uniformly coated ZnO thin film.
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treated due to the position of the substrate (substrate orientation). The fabricated
nanoparticles were found scattered in some areas of the substrates; this is probably
due to poor substrate orientation or to unexpected temperature decrease when the
furnace was turned off.

Moreover, the system took several hours to calm down to room temperature
which made it difficult to run two or more samples a day, and the furnace used had
poor heat insulation which dissipated heat into the working environment which
made it very difficult to deposit thin films continuously. It was also discovered that
the spray pyrolysis system has to cool down for more than 8 hours; otherwise, when
quickly running a sample before 8 hours of cooling, the system just breaks down
and it is very expensive to repair. Additionally, it was also noticed that after several
hours of operation, the temperature rises up to beyond human comfort levels,
which provided some difficulties in monitoring the spray pyrolysis deposition pro-
cess continuously as the room temperature rises up to beyond 37°C. Hence it was
very difficult to operate this kind of SP system right on a standard laboratory
worktable because it presents a very high fire risk. Furthermore, all the rubber
tubings could not resist the high temperatures and are needed to be changed regu-
larly from time to time. This presented other possible health risks due to leakage of
the evaporating zinc acetate precursor solution into the working atmosphere.

4. Pneumatic spray pyrolysis operation conditions
4.1 Safety

The pneumatic spray pyrolysis system needs to be closed at all times when
running samples so it can strongly function on a normal laboratory workbench
without any damage. The PSP system also needs to have an exhaust pipe into a
suitably examined area to avoid exhaust of gas products into the work environment
which are known to cause health problems in the long term. It has been reported
that excessive inhalation of zinc acetate fumes causes nausea, diarrhea, metallic
taste, kidney problem, stomach damage and vomiting. The tube furnace does not
monitor the heat very well compared to split tube furnace so it was necessary to
change the tube furnace by split tube furnace which can easily control the heat.

This has made it very simple and safe to work with aluminum tubing as the
reaction reactor compared to quartz tubing. The split tube furnace was constructed
in a manner that there is no heat that dissolute inside the work atmosphere. There
was a necessity to use zinc acetate as a precursor solution since it is a safe, non-toxic
liquid and can also prevent the requirement for high-priced gas handling method.
Other precursor solutions like zinc chloride are not safe to use in the spray pyrolysis
system because of the inherent problems of faster crystallization rate of chloride
impurities which inhibits the formation of ZnO nanoparticles on the substrates.
However, other salts like zinc nitrate and zinc naphthenate were other attractive
electives for precursor materials for preparation of ZnO nanoparticle due to their
safety, non-toxicity and their potential to produce well-adherent and uniform ZnO
film.

4.2 Pneumatic spraying vessel
The main aim of this study was to design a pneumatic spray pyrolysis system that
is capable of generating nanomaterials on a glass substrate, which can be compared

to other previous findings by Mwakikunga et al. [29] and Taziwa et al. [30] using
an ultrasonic reaction method consisting of an exciting capacity of 0.1 m>.

82



Pyrolysis of Carbon-Doped ZnO Nanoparticles for Solar Cell Application
DOI: http://dx.doi.org/10.5772 /intechopen.82098

Figure 3.
Image of the PSP reaction vessel used in this study [31].

Figure 3 displays a PSP reaction vessel employed for fabrication of ZnO
nanomaterials in this study. The precursor solution of zinc ethoxide is blown by the
air from the pump to form a mist of droplets inside the PSP vessel. The material
employed for the container presented a non-corrosive atmosphere for the accommo-
dation of ZnO precursor solution.

4.3 Selection of ZnO precursor

The selection of a precursor solution became one of the most imperative
methods in the fabrication of ZnO nanostructures using spray pyrolysis technique.
The properties (physical and chemical) of the precursor solution are influenced by
the solvent chosen, nature of salt, the salt concentration as well as other additive or
extracts involved [32]. Hence, the structural, morphological and optical properties
of the deposited thin films are easily formed through altering the nature of the
precursor solution. The effects of preparation technique and zinc oxide precursor
solutions like zinc nitrate and zinc chloride were studied. It has been reported that
zinc chloride results in the formation of several unknown impurities in the sample
which requires it to undergo various steps of wet chemistry such as washing, drying
and calcination. Additionally, the samples originating from zinc chloride in the
presence of sodium hydroxide as the precursor solution always produce the hexag-
onal Wurtzite structure of ZnO, while samples produced from the aqueous solution
of zinc nitrate mostly result in the formation of polycrystalline structure of ZnO.

The preparation of ZnO using other methods of synthesis such as hydrolysis of
zinc acetylacetonate monohydrate or hydrolysis of zinc naphthenate at room tem-
perature also results in the formation of the hexagonal Wurtzite structure of ZnO.
In the present study, the zinc acetate was chosen as the precursor of choice as the
ZnO precursor. Despite the fact that it is one of the mostly used precursors in
previous studies, it is a good candidate for solar cell production because the zinc
acetate precursor can be easily modified with other additives like acetic acid as well
as dopant to improve the resulting ZnO properties. Many published articles in the
literature have highlighted that the morphologies of the fabricated nanostructures
can be successfully modified by introducing preservatives into the precursor solu-
tions [30]. Introduction of additives like CH3;COOH (acetic acid) in the precursor
solution results in the alteration of the structure of the deposited ZnO films from
fractured to a fractured free reticular. The change in the morphology of the depos-
ited nanoparticles can be accredited to the change in precursor solution interaction.
Hence in this work, zinc acetate was employed as the precursor for the fabrication
of ZnO nanostructures. Moreover, the precursor consists of following advantages:
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(1) non-corrosive and non-hazardous, recorded as a slight film, (2) extremely
filtered and has nearly unlimited shelf life, (3) very unstable at slight temperatures
such as 50°C, which indicates that it can be freely decomposed, (4) simply sprayed
true without reduction, (5) it is relatively easy to handle as a liquid, even if it can be
visible to an unmasked flame. The indication that it is not hazardous implies that
presence of zinc acetate system is a relatively easy and safe task, as no special gas
handling equipment is required, (6) it has been observed that it cannot be easily
affected by the presence of oxygen in the atmosphere; hence there was no carrier
gas used during the synthesis process.

4.4 Geometry mechanism

Another important aspect that required special consideration was the matter of
substrate location and orientation in the reactor tube inside the furnace. It was
almost impossible to deposit ZnO NPs at a position of 30° angle or with a substrate
placed on the surface of the aluminum tube as this has been reported to cause
inhomogeneous thin film coating. To avoid inhomogeneous thin film coating, there
was a need to select or design an aluminum substrate holder that preserves the
substrate at an angle of 90° so that it can directly interact with the incoming aerosol.
The aluminum was selected as a metal of high quality since it presents several
advantages such as its stability at deposition temperatures between 400 and 500°C,
excellent conductor of heat and it allows preheating of the substrates before the
deposition of thin film.

4.5 Deposition area

Almost all the types of solar cells have an active area where the semicon-
ductor nanomaterials are deposited in the glass substrate and the rest of the area
on the glass substrate can be utilized for solar cell contacts. Hence, it is neces-
sary to mask the glass substrate in order to allow the formation of a thin film
size of 0.5 cm? that is normally required for dye-sensitized solar cell application.
Hence a substrate holder was designed in such a way that it could stand inside
the aluminum tube reactor and at the same time other contact areas were
masked during deposition.

4.6 Selection of spray reactor (split tube furnace)

There are several methods that can be used to synthesize the ZnO
nanomaterials including wet chemistry techniques and solid-based methods. The
solid-based methods are the most preferred for producing nanomaterials com-
pared to solution-based methods due to their simplicity, high yield and they do
not require several steps of wet chemistry such as washing, drying as well as
calcination. The spray pyrolysis system that employ tubular reactor systems
(furnace) offer several advantages such as (a) operation simplicity, (b) mini-
mum throughput, (c) smaller current budget, (d) inexpensive to operate and
(e) does not require successive heat treatment just after sample synthesis.
Additionally, when tubular reactor is employed in spray pyrolysis method, each
droplet holds the precursor in the exact the same stoichiometry as preferred in
the product unlike in other reactors such as vapor flame reactor where the
variety of the products is limited by the choice of metal precursors with enough
vapor pressure to provide the preferred amount of the species into the reactor.
Moreover, in spray pyrolysis reactor, the droplet basically serves as an isolated
micro-reactor which is a vast advantage over the vapor phase method because
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Figure 4.
Image of the split tube furnace and aluminum reactor used in the fabrication of ZnO nanostructures.

most reactants are expected to evaporate concurrently with extra precaution to
achieve the preferred stoichiometry in vapor flame reactor. Furthermore, spray
pyrolysis employing furnace reactor offers more quality at very less operational
cost and least operative skill than flame reactors which have very high operating
budgets, and the value of the resulting product in neither stoichiometry nor
crystalline morphology leaves a proportion to be anticipated. The tubular fur-
nace reactor that is used in the PSP offers a well-controlled temperature (heat)
zone over prolonged period of time for conversion of the precursor to the
required final product. In addition, tubular reactor method also provides the
possibility for industrial scaling. Hence spray pyrolysis method is referred as a
method that draws on the advantage of outstanding three-dimensional mixing
of the reactants and was also established for multi component systems. These
facts are generally one of the drivers of the high-quality tubular reactor used in
this work as revealed here in Figure 4. Figure 4 displays the split tube furnace
and the aluminum tube that were employed in this study for the synthesis of
ZnO NPs, respectively.

5. Pneumatic spray pyrolysis system

The spray pyrolysis system consists of a (i) split tube furnace, (ii) aluminum
reactor as the reaction zone, (iii) nebulizer that converts the starting solution into
droplets, (iv) sample holder (i.e. filter, electrostatic precipitator and
thermophoretic sampler) and (v) an exhaust. The pneumatic spray pyrolysis (PSP)
system was designed and assembled specifically for the fabrication of ZnO
nanomaterials for solar cell applications. Figure 5 displays the schematic diagram of
the PSP technique system used in this study for the fabrication of ZnO
nanostructures.

Pneumatic spray pyrolysis deposition involves forcing the precursor solution
into fine nozzles to yield the mist of droplets of the precursor liquid at audible
sound. The generated precursor droplets in a chamber are then transported into the
furnace (heated zone) through the aluminum tube onto a preheated glass substrate.
The PSP reaction was carried out at room temperature unlike in ultrasonic spray
pyrolysis (USP) where the reaction is carried out in an oxygen-free environment
using nitrogen or argon as a carrier gas to elude oxide formation and to declare
reduction to metal that occurs in the high-temperature reaction zone. The spray
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Figure 5.
Schematic diagram of the PSP system used for deposition of ZnO nanomaterials.

pyrolysis reaction was run at a constant flow rate that was automatically controlled
by the pneumatic pump at an average flow rate of 5-6 ml/min. The spray pyrolysis
deposition was accomplished at the system functioning at a temperature of 400°C;
this is due to sufficient residence time consumed by spray vapor droplets inside the
furnace. The deposition temperature and flow rate have the influence on the shape,
size and the structure of the deposited thin film. The ZnO thin films were deposited
on top of the fluorine-doped tin oxide (FTO) glass substrates.

5.1 Pneumatic spray pyrolysis mechanism for droplet generation

In order for the droplet to be generated, the precursor solution must have
sufficient high velocity of ejection in the pneumatic vessel. The speed of the air
from the pneumatic pump measures the droplet size in the pneumatic atomization.
Hence increasing the pneumatic pump speed leads to the formation of very small
droplets. The splitting of the precursor solution occurs to produce droplets and is
transferred from the liquid pneumatic source interface to the surrounding air as a
mist of very fine dense droplets. This process usually happens when the precursor
solution is subjected to sufficiently high intensity of pneumatic field. Spraying of
the liquid is done in the presence of very high pneumatic pump speed to the
precursor solution which results in the formation of aerosols with constant droplet
size and depends closely on the characteristics of the liquid. There are several main
features which demonstrate scale pneumatic spray pyrolysis such as aerosol pneu-
matic generator, high temperature furnace with a fire wall heated reactor, electro-
static filter as well as the vacuum system. The precursor solution sheet can be
interrupted to form droplets when the high-velocity air conveys its energy to the
precursor. Figure 6 shows the schematic diagram for the droplet generation at the
crest of the waves.

Ultrafine droplets with good sphericity and uniform size distribution can be
attained only if the energy of precursor sheet fragmentation can be delivered by
the use of pneumatic energy [33]. The spray of very small ultra-fine droplets is
properly produced by high pneumatic atomization speed. Traditional mechanical
approaches such as pressure or gas-assisted methods are not considered to be
advantageous on the generation of very small droplets compared to pneumatic
atomization because it has some specific characteristics that make it more valuable
[29, 34, 35]. Pneumatic atomization is a very productive method of generating
small droplets. The ZnO nanostructures were formed after the precursor droplets
have been generated.
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Schematic presentation of droplet generation at the crest of capillary waves.

5.2 Pyrolysis of ZnO precursor solution

Generally, when a droplet hits the surface of the substrate, many processes take
place simultaneously such as the vaporization of residual solvent, droplet diffusion as
well as the corrosion of salt. Several design cores exist for the pyrolysis of the
precursor depending upon the chemical environment. The mechanism of the reaction
of zinc acetate aerosol for the formation of ZnO depends on the size of the droplet.
The decomposition conditions are assumed to be similar to a CVD process if the
majority of the aerosol is in gas phase when in contact with the substrate. The
majority of aerosols with larger droplet sizes could not have enough time to vaporize
completely, while those with small droplet sizes are easily decomposed by pyrolysis
before reaching the substrate. Hence the droplet size distribution is small enough in
the pneumatic spraying. At very low temperatures, the decomposition rate is
assumed to be slower than the deposition rate which results in the formation of liquid
film on the surface as revealed by process A in the above diagram. The resulting
layer is slowly dried; however, it can still have several organics and possible cracks on
it. At this stage a small amount of zinc oxide as a hydrated white precipitate will be
present in its amorphous phase. Figure 7 shows the deposition processes of the
aerosol droplet transport that occur with rising the temperature of the substrate.

As the substrate temperature increases to higher temperatures in process B, the
solvent from the precursor solution vaporizes completely through the trip of the
droplet just before striking the floor (surface), and the precipitate hits the substrate
where corrosion of the aerosol takes place [36]. As the temperatures increase in
process C, the solvent also evaporates before the droplets strike the substrate, and the
solid precipitate melts and sublimes which results in diffusion of the vapor to the
substrate and commences a chemical reaction process. This is the stage where the
adherent films can mostly be achieved by CVD [36, 37]. At higher temperatures in
process D, the precursor solution evaporates just before hitting the glass substrate; at
this stage the vapor phase first experiences a chemical reaction before invading on top
of the substrate which results in the formation of solid nanoparticles that remain to
the floor of the substrate. Hence we can speculate that the ZnO solid films can be
yielded by evaporation and corrosion of the precursor prior to striking the substrate
at high temperatures. Additionally, the existence of huge nanoparticles on the surface
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Figure 7.
Hllustration of spray droplet transportation and deposition on the substrate at different temperatures.

of the substrate can be due to very large droplets, which are not completely
decomposed when arrived at the substrate. The chemical reaction mechanism for
the formation of ZnO nanoparticles is more similar to that proposed by Livage

[35, 38] in the production of vanadium oxide NPs and similar to the one adopted by
Taziwa et al. [29, 30] in the production of carbon-doped titanium dioxide NPs and
is shown by the following reactions:

Zn(02CCH3)y) + 4CH3CHyOH g — Zn(OCH,CH3) 4y, + CH3CO2H sy (1)

TBA+Pyrolysis@400°C

Zn(OCH,CH3) 45y + CH3CO>H 4

4(aq) ZnOz,xCx@ + COz(g) +H, (2)

6. Operation of PSP system

Pneumatic spray pyrolysis can be used to generate an aerosol from a dilute
aqueous salt solution (ZnO precursor solution), resulting in the formation of
nanoparticles with a narrow size distribution. The reaction was carried at a constant
flow rate and was automatically controlled by the pneumatic pump which was used
to blow the precursor solution in the PSP vessel. The pneumatic spray deposition
was performed at the system operating at an average flow rate of 5-6 ml/min at a
temperature of 400°C; this is probably due to sufficient residence times consumed
by spray vapor droplets into the furnace. Table 2 reveals the typical deposition
factors of the chosen precursor.

Process parameters Pneumatic spray pyrolysis @400°C
PSP pump air flow rate 5-6 ml/min
PSP vessel pressure (atm) 1
Precursor temperature (°C) 25
Precursor pH 127
Substrate type and temperature (°C) Glass/400°C
Deposition time (h) 4
Deposition angle (°) 90
Annealing temperature (°C) 400
Table 2.

Operational conditions for PSP method.
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Figure 8.
Actual photograph of the horizontal pneumatic spray pyrolysis system utilized in the study in its final form.

ril
1. Prepare the desired precursor solution as outlined in table 2 above ina
250 ml volumetric flask
g -
; ™y
2. Transfer the precursor solution into a Pneumatic spray pyrolysis vessel. Ensure
that the PSP vessel is completely closed to avoid leakage of the precursor solution.
M vy
3 Into an Aluminum tubing/quartz tubing insert the aluminum substrate holder
housing the F: Sn0; glass substrate. Set the furnace to the desired temperature., Allow
it to stand for 10-15 minutes. Until the substrate has reached the furnace temperature
4. Connect the inlet of the aluminumy/quartz tubing to the outlet of the
Preumatic vessel and the outlet to the (1) exhaust for thin film synthesis and/or (2) to
the nano powder collection system
'S )
5. Switch on the PSP pump to the desired flow rate and then carry out spray
deposition.
M A
' ™y
6. To finish preumatic spray deposition, simultaneously switch off the furnace
and the PSP pump. Anneal the sample until they are ready for collection
A "y
Figure 9.

A schematic indicating the necessary steps to set up and perform pnewmatic spray depositions for synthesis of
pure ZnO and carbon-doped ZnO.

89



Zinc Oxide Based Nano Materials and Devices

The pneumatic spray pyrolysis system in its final form is clearly revealed here in
Figure 8; it is incorporated with all the other components as well as those listed in
other sections above. In addition, the diagram in Figure 9 highlights the necessary
steps to set up and perform depositions of ZnO employing PSP system using a
horizontal reactor. The aluminum substrate holder was employed in all conditions
for ZnO thin film production.

7. Results and discussion
7.1 Scanning electron microscopy (SEM)

Figure 10 shows the SEM micrographs of the un-doped and C-ZnO NPs fabri-
cated using the PSP system with different levels of carbon dopants. The SEM images
of synthesized un-doped and C-ZnO samples have revealed the formation of
spherical-shaped ZnO NPs with uneven grain size distribution. The SEM micro-
graphs of the synthesized samples have revealed the change in morphology and
shape of un-doped and C-ZnO NPs as the level of dopant increases. Additionally,
the SEM images have revealed that the un-doped and C-ZnO samples consist of
mesoporous morphology with a multiple porous network structure. Moreover, the
introduction of carbon in the ZnO matrix has resulted in the formation of large
spherical NPs surrounded by small NPs.

The inserts in Figure 10 show an elemental analysis of the un-doped and C-ZnO
NPs which was performed with energy dispersive X-ray (EDX) spectroscopy, using
a scanning electron microscope (SEM). The EDX spectra of both un-doped and
carbon-doped ZnO NPs revealed the existence of Zn, O and C which indicates the
successful pyrolysis of zinc ethoxide to form ZnO nanomaterials. Additionally, the
presence of the C, Zn and O elements in the carbon-doped samples indicates the

Figure 10.

SEM micrographs of (a) un-doped ZnO, (b) 0.01 M C-ZnO, (c) 0.015 M C:ZnO and (d) 0.025 M C:ZnO
samples. Moreover, inserts in (a), (b), (c) and (d) show typical EDX spectra of the synthesized un-doped and
C-ZnO nanostructures.

90



Pyrolysis of Carbon-Doped ZnO Nanoparticles for Solar Cell Application
DOI: http://dx.doi.org/10.5772 /intechopen.82098

Figure 11.
The cross-sectional SEM micrographs of (a) un-doped ZnO, (b) 0.01 M C-ZnO, (c) 0.015 M C:ZnO and
(d) 0.025 M C:ZnO samples

effective modification of carbon in the ZnO matrix. Furthermore, the EDX spectra
of the synthesized ZnO NPs have revealed the existence of Al in all the samples; this
is due to the aluminum tube reactors and aluminum substrate holder used in the
pneumatic spray pyrolysis system.

7.2 Cross-sectional SEM

Figure 11 shows cross-sectional SEM images of the un-doped and carbon-doped
ZnO thin films deposited by pneumatic spray pyrolysis technique. The thickness of
the thin films was measured using cross-sectional SEM method. It is observed that
the film thickness changes with increasing dopant concentration from 0.31 to
0.41 pm. The thickness of the un-doped ZnO thin film is 3.1-3.2 which was gradu-
ally increased due to the presence of dopant to 0.3538 at lower concentrations of
dopant and 0.38-0.41 at higher concentrations. This implies that the introduction of
carbon to ZnO lattice also affects the film thickness of the fabricated ZnO NPs as
evidenced by Figure 11.

7.3 X-ray diffraction

Figure 12 shows the X-ray diffraction patterns of the ZnO NPs fabricated by PSP
technique and recorded in the 26 range of 30-80° at room temperature. The XRD
patterns of both un-doped and C-ZnO samples have displayed the characteristic
peaks of the hexagonal Wurtzite structure. The diffractograms obtained at room
temperature for both un-doped and C-ZnO were observed by XRD lines at 31.90,
34.50, 36.34, 47.73, 56.88, 63.04, 68.20 and 77.33°. These lines are indexed as (100),
(002), (101), (102), (110), (103), (200) and (112), respectively. The sharp and
intense peaks for the dominant peak at 36.34° indexed (101) in the XRD
diffractograms show that the synthesized samples are highly crystalline.

The effect of carbon doping on the ZnO lattice was cross-examined by monitor-
ing the three dominant peak positions of (100), (002) and (001) planes. The
introduction of carbon doping resulted in a peak shift to higher 26 wave numbers,
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Figure 12.
XRD patterns of ZnO NPs synthesized by PSP technique.

which indicates substitutional doping in ZnO samples. In this work, the crystallite
size was calculated using the Scherrer method which is considered as a standard
method. The Scherrer method has revealed that the crystallite size increases as the
dopant levels increase. The calculated crystallite sizes for both un-doped and C-ZnO
were 9.60, 9.99, 0.96 and 10.22 nm for un-doped ZnO, 0.01 M C-ZnO, 0.015 M C:

ZnO and 0.025 M C:ZnO samples, respectively.

7.4 Diffuse reflectance spectroscopy (DRS)

Figure 13 shows the UV-Vis diffuse reflectance spectra (DRS) of the synthe-
sized un-doped and C-doped ZnO NPs. The UV-Vis DRS analysis has shown that
there is a shift in absorption edge as the dopant level increases. The energy band
gaps of the ZnO NPs were estimated by using Eg = 1239/AEdge*eV. The absorption

un-doped Zn0O
w001 M C-£n0
—— 0015 M C-Zn
—0.025 M C-Zn0

R (%)

200 300 400 500 a0 700 B0
Wavelength (nm)

Figure 13.
The DRS spectra of the unmodified and C-ZnO samples synthesized by PSP system.
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edge of the un-doped ZnO sample is 374 nm with an energy band gap 3.31 eV
which is larger than for bulk ZnO NP with an absorption edge at 388 nm and
energy band gap of 3.2 eV as revealed by the UV-Vis analysis. The absorption
edges of the carbon-doped samples have revealed a red shift with energy band
gaps of 3.29, 3.28 and 3.27 eV for the 0.01, 0.015 and 0.025 M of C-ZnO samples,
respectively. This red shift in energy band gaps is probably due to size confine-
ment effect.

8. Conclusion

Gathering knowledge about the challenges that other researchers experienced
when working with spray pyrolysis for the production of ZnO together with
understanding the properties and the crystal structure of ZnO has made it possible
to design a novel pneumatic spray pyrolysis (PSP) system from ultrasonic spray
pyrolysis (USP) for the deposition of ZnO NPs. The novel PSP system developed
has presented unique features in material synthesis of ZnO nanostructures, like
using the horizontal furnace reactor as compared to the vertical systems used in
other techniques such as CVD, sol-gel, ion-assisted deposition etc. The horizontal
system offers several advantages for thin film deposition in the absence of any
tailing effect detected in the partial or oblique angle illustrations like in almost all
the CVD methods. The samples in this system were deposited at 90° angle, which
enables the aerosol beam comprised of the precursor solution vapor to directly
cooperate with the substrate consistently. This system was able to produce the
desired ZnO nanostructured properties for solar cell application. The SEM micro-
graphs of both un-doped and carbon-doped samples have revealed the formation
of spherical-shaped ZnO nanoparticles mesoporous morphology. The SEM images
also revealed that the morphology and shape of the fabricated ZnO samples
change as the dopant level increases. Additionally, the EDX analysis has con-
firmed the presence of Zn, C and O in the synthesized samples which indicates the
successful pyrolysis of zinc ethoxide solution to form ZnO nanoparticles. The
cross-sectional SEM has revealed the increase in film thickness as the dopant levels
increase from 0.31 to 0.41 pm. The XRD has revealed the characteristic peaks of
the hexagonal Wurtzite structure of ZnO for both un-doped and carbon-doped
ZnO samples. XRD lines were observed at 31.90, 34.50, 36.34, 47.73, 56.88, 63.04,
68.20 and 77.33° and were indexed as (100), (002), (101), (102), (110), (103),
(200) and (112), respectively. Additionally, the XRD analysis has also revealed a
shift in the peaks to higher 20 standards, which indicates the substitutional doping
in the synthesized carbon-doped samples. Lastly, the UV-Vis DRS analysis has
revealed a blue shift in absorption spectra of the synthesized samples with an
increase in carbon doping.
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Chapter 6

Surface-Enhanced Raman
Spectroscopy (SERS) Based on
ZnO Nanorods for Biological
Applications

Sanghwa Lee and Jun Ki Kim

Abstract

Detection of nanometer-sized biomarkers is a research topic that attracts much
attention as an application for early diagnosis of diseases. Biopsy monitoring by
analyzing cell secretion in a non-destructive way has many advantages in the field
of biomedicine. We introduce the Raman signal enhancement method on a bio-
sensing chip based on surface-enhanced Raman diagnosis. This approach has the
advantage because the ZnO nanorods are grown to form nanoscale porosity and are
coated with gold to enable size selective biomarker detection. After sputtering gold
on the grown ZnO nanostructures, the unique feature of clustering the nanorod’s
heads first appeared. The grain formation on the head was the main factor for the
localized surface plasmon resonance (LSPR) enhancement, and this fact could be
verified by finite element analysis. It has been demonstrated in breast cancer cell
line that the cell viability is also high in such gold-clad ZnO nanostructure-based
surface-enhanced substrates. For bioapplication, interstitial cystitis/bladder pain
syndrome (IC/BPS) animal model was prepared by injecting HCl into the blad-
der of a rat, and urine was collected a week later to conduct Raman spectroscopy
experiments.

Keywords: surface-enhanced Raman spectroscopy (SERS), ZnO nanorods,
gold clustering, finite element method (FEM), cell viability, interstitial
cystitis/bladder pain syndrome (IC/BPS)

1. Introduction

Biological particles on the nanometer and submicrometer scale, such as proteins,
lipids, nucleic acids, exosomes, and metabolic content, have attracted much atten-
tion as biomarkers for diagnosing diseases from biologically generated fluids such
as blood, urine, and lymph. These biomarkers are now understood to be funda-
mental to healthy intercellular communication and can be produced in diseased
cells. Label free Raman spectroscopy is useful for verification of biological samples
ranging from nanoscale to millimeter size, such as tissue [1, 2], cells [3-5], bacteria
[6, 7], exosomes [8, 9], and proteins [10, 11]. After incident laser emission with a
single wavelength, Raman spectroscopy can identify biomarkers with the spectral
peak position as a fingerprint because the molecular vibrations of the sample are
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represented by spectra due to inelastic scattering. Electromagnetic enhancement
can be achieved on rough surface of metal such as a gold or silver nanoparticle that
causes amplification of the light by local surface plasmon resonance (LSPR) effects
[12,13].

A “hot spot” is formed on the surface of the SERS particles, and the Raman signal

is dramatically increased at the nano-sized gap. Surface-enhanced Raman spectros-
copy (SERS) is an approach for cell analysis and identification that applies a wide
range of chemical spectroscopy to nanometer-sized biomarkers. Recent studies on
monomolecular scales have been made possible through surface-enhanced Raman
techniques [14-18]. According to finite element method (FEM) analysis, when the
colloid is separated by 2 nm between a diameter of 30 nm colloids, a “hot spot” is
formed which gives a surface-enhanced effect of about 10° degrees [13]. In biomedi-
cal applications, biomarkers suitable for these nanogaps are very rare, and due to
the size and shape of biomolecules, research on nanogap and signal enhancement of
the SERS structure is needed to optimize the LSPR effect.

In this chapter, we fabricated SERS substrate based on ZnO nanorods and
improved the SERS effect by forming selective growth clustering of gold nanopar-
ticles, which could be formed in specific condition of ZnO nanorod-based SERS
substrate. To control the porosity and gold nanostructure, the length and density
of the ZnO nanostructures and the thickness of the deposited gold were modified
morphologically. The SERS enhancement mechanism was described based on finite
element analysis. Cell viability was also evaluated to determine the presence or
absence of toxicity for cancer cell applications. In other bio-applications, we demon-
strate early diagnostic possibilities with Raman signals and statistical analyses from
nano-sized biomarkers of intractable inflammatory diseases that cause patient pain.

2. Nanorod manufacturing method

Most of the research to fabricate SERS-based chips focuses on optimizing the
surface of substrates through nanomaterials and nanostructures synthesized using
sophisticated techniques such as lithographic patterning or high-temperature
processes [16, 19-22]. Other research groups deposit Au/Ag nanoparticles on
papers [23-25] or coat metal on a Si nanowire structure [26] to make a porous
SERS substrate suitable for biological or liquid samples. Such Si nanowires are too
dependent on the substrate and are difficult to combine with common cell culture
substrates such as glass and petri dishes, due to their amorphous and manufactur-
ing nature. In the case of paper-based SERS substrate, porosity and nanogaps could
not be adjusted. On the other hand, if a ZnO nanorod-based platform is introduced,
the substrate can be manufactured at a temperature below 100°C. Furthermore,
homogeneous nanostructures can be formed without any lithography process on
amorphous substrates such as glass and plastic, which are common in bioscience
applications [27, 28].

To make the SERS substrates, the Si wafer were scribed with a size of 1 x 1 cm?
for substrate of ZnO nanorods initially. It was cleaned in ethanol and deionized (DI)
water for 5 min, respectively. The 30 nm ZnO seed layer was deposited on the surface
of as-prepared samples by using RF magnetron sputtering for 5 min under 100 W
power to grow the vertically aligned ZnO nanorods utilizing by the hydrothermal
synthesis. The ZnO growth solution was prepared by dissolving 10 mM zinc nitrate
hexahydrate (Sigma-Aldrich Co.) and 0.9 mL of ammonium hydroxide (Sigma-
Aldrich Co.) in 30 mL DI water. A homogeneous aqueous solution was achieved
using mildly stirred vortexer for 5 min at room temperature. Then, the as-prepared
samples were immersed into the aqueous solution in an oven at 90°C for 50 min.
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3. SERS metal growth and enhancement test

After ZnO growth, the substrates were cleaned with DI water and dried with
nitrogen gas. Finally, the ZnO nanorods (NRs) were coated with Au using a ther-
mal evaporator (Alpha Plus Co., Ltd., Korea). The thickness monitor for 100 and
200 nm deposition was standardized. The morphological and structural properties
of the Raman measured samples were observed by using a field-emission scan-
ning electron microscope (FE-SEM) (S-4700, HITACHI, Japan) with 15 kV beam
voltage. The procedure of the experiment including the measurement analysis is
schematically shown as a diagram in Figure 1.

To obtain adequate porosity for the solution sample, the ZnO seed layer was
modified and deposited such that the preferential growth direction of the zinc oxide
nanorods was within about 10° from vertical. A volume of gold having a height of
100 and 200 nm per unit area was deposited on nanorods having length distribution
of 300-450 nm or 500-650 nm, respectively. These four specimens were displayed
with FE-SEM images of the 45° tilt view as shown in Figure 2. The top and bottom
of the Figure 2e show the substrates with gold deposited (top) and not deposited
(bottom) for Figure 2a, and ZnO is fully covered even when only 100 nm of gold
is deposited. When the gold deposition is increased to 200 nm, the rod thickness
is distributed about 10-30 nm thicker than when the gold deposition is not per-
formed. Also, since the nanorod length distribution has a standard deviation of
50 nm and the deposited gold is clustered at the head of the nanorods, the height
distribution of the gold clusters undergoes a similar variation. Therefore, when
confocal Raman spectroscopy measurements are focused on the gold clusters, the
head size can be a key factor in the Raman enhancement effect.

The Raman enhancement effect of SERS substrate based on ZnO nanorods was
confirmed using 1 mM Rhodamine B drop, and the signals were measured after nat-
ural drying. Rhodamine B (RhB, >95%) purchased from Sigma-Aldrich was used
as a standard for Raman measurements due to its refined condition. Raman mea-
surements (LabRam Aramis, Horiba) were carried out using a 785 nm diode laser
in a confocal geometry with a 0.5 NA, x50 objective lens and beam spot diameter
~1.9 pm. The spectrum of each point was measured in the range of 400-2500 cm™
with a spectral resolution of 5 cm™ and an integration time of 30 s at room

1

In0 nanorods growth Au coated on nanorods

Porosity and head sl
maodification

Figure 1.
Schematic of the experiment involving zinc oxide nanostructure-based SERS substrate fabrication.
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Figure 2.

Segondary electron images of the substrate with nanorod length and deposited gold thickness modified for
(a) ZnO of length 400 nm with 100 nm deposited Au, (b) 600 nm length ZnO with 100 nm Au, (c) 400 nm
length ZnO with 200 nm Au, and (d) 400 nm ZnO with 200 wm Au. (e) Shows the initial difference in
covering due to gold coating. All of scales are the same.

temperature. The spectra were postprocessed by Savitzky-Golay smoothing, and a
third-order polynomial fit to the autofluorescence background was subtracted.
Figure 3a shows the enhancement of the Raman signal ranging from 1000 to
1500 cm ™" according to each specimen. The greatest enhancement was observed
in 600 nm ZnO nanorods deposited with 200 nm gold, which is a correction to the
area of the circle by drying droplet. However, without area correction, a random
point of 400 nm in length with the same average gold thickness appeared to give a
greater improvement. This difference is explained by the correlation between signal
enhancement and sample concentration. The enhancement factor EF follows the

equation:
I C
EF - ( SERS)( bare)
Ibal'e CSERS

where Cggps is the concentration of RhB on the ZnO nanorod-coated Au SERS
substrate, Igggs is the measured Raman intensity from the nanorod-coated sub-
strate, and Cpyye and Iy, are the same quantities on the bare substrate, respectively.
The effective concentration of RhB on the dried specimen varies across the sample
as the diffusion of the droplet depends upon the porosity of the SERS substrate. In
addition, even though samples of the same volume are dropped for all experiments,
the value of Cpyre/Csgrs is dependent upon a correction for area since the initial
droplet varies in size. Therefore, EF due to the substrate correction can be seen to
be largest in the 200 nm gold-coated nanorods of 600 nm length. This enhance-
ment is independent for each specific peak, as shown in Figure 3b. This measure-
ment shows that the enhancement effect is compared without denaturation of the
sample, since the relative ratio between the peaks does not change significantly.

In addition, the SERS substrates based on zinc oxide nanorods show no cof-
fee ring effect, as shown in Figure 3c. Due to the rise in concentration at the ring
region, the edges of RhB on bare substrates and of RhB on gold thin films show
stronger Raman signals. On the other hand, nanorod substrates have larger values in
the interior of the deposition ring as shown in Figure 3d.

4. Localized surface plasmon resonance (LSPR) analysis
Calculation analysis using FEM was performed to understand the effect of Au
cluster size on SERS enhancement. The finite element method (FEM) was used

in COMSOL Multiphysics software (COMSOL Inc., USA) to simulate the SERS
activities of the electromagnetic fields. A two-dimensional model for metal-coated
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Figure 3.

(a) Raman signal enhancement of RhB on each substrate. (b) Differences in the enhancement intensity of each
specific peak according to the substrate. (c) Differences in the coffee ring effect of the Raman signal depending
on the nanostructure. (d) Optical microscope image including Raman acquired point.

nanostructured substrates with various metal spherical diameters has been estab-
lished. The near-field distribution of the electromagnetic field was calculated for
given boundary condition to solve the equation of time harmonic Maxwell at the
excitation wavelength of 785 nm.

From secondary electron microscopy images, structures were modeled with 80
and 125 nm heads on nanorods of width 50 nm including gold coating and length

Head
diameter

|

Figure 4.
Finite element analysis showing (a) the different factor in LSPR on ZnO nanorod-based SERS substrates with
gold head diameters of (b) 80 nm and (c) 125 nm, respectively.
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600 nm. The near-field distribution of the electric fields was calculated for 785 nm
incident light and parallel plate boundary conditions with symmetry of the electric
field. Even if the head width is increased, there is almost no change in the full
scale, and the electric field is distributed in the vertical direction of the incident
light as shown in Figure 4. The cross-sectional width of incident light is 2 pm, and
the density of the nanorods in the region is constant. This suggests that the differ-
ence in SERS enhancement by Au thickness is due to concentration of sample at
LSPR area.

5. Cell viability test

Raman measurements of nanometer-sized biomarkers secreted from living
cells require confirmation of the suitability of cells for SERS substrates. The toxic
endogenous properties of gold nanoparticles have previously been reported [29],
and ZnO nanorods are reported to be toxic to NIH 3 T3 fibroblasts [30]. Therefore,
it is necessary to confirm whether the sensing chip is suitable for cell application
through the evaluation of cytotoxicity, and cell culture and cell viability tests were
carried out as follows.

Breast cancer cell line of MDA-MB-231 was purchased from the Korean Cell
Line Bank (Seoul, Korea). The breast cancer cells MDA-MB-231 were cultured in
Dulbecco’s modified Eagle’s minimal essential medium (DMEM,; Life Technologies,
Inc., Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone Laboratories, Logan, UT, USA) and a 1% penicillin-streptomycin solution
(Life Technologies, Inc.) in a humidified 5% CO2 incubator at 37°C. Cell viability
analyses were based on MTT (Sigma, USA) assays. Cells were plated at a density of
3 x 105 cells/well and incubated for 24 hours. After preparing the Au-ZnO sub-
strate, the cell was treated with 5 mg/ml MTT for 30 min and then dissolved using
DMSO. The absorbance was measured at 540 nm with an ELISA microplate reader
(Multiskan EX, Thermo Scientific, USA). Figure 5 shows the results of MTT assay
of the death of the breast cancer cell line MDA-MB-231 according to SERS substrate
condition. The MDA-MB-231 is commonly used in biotechnology applications such

14
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Figure 5.
Cell viability of MDA-MB-231 on each substrate by MTT assay.
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as analyzing cancer cell malignancy. From the results, the substrate at this ZnO
nanorod and gold deposition conditions is suitable for experiments in live breast
cancer cell lines.

6. Bio-application

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a refractory disease that
afflicts the vague pelvic pain when the urine enters the bladder and makes frequent
urination [31]. There are various treatments based on oral agents [32-34], but they
are still unsatisfactory with frequent recurrence of symptoms and Hunner’ lesions
[35]. Parallel with the development of therapeutic technology, early diagnosis of
IC/BPS related to quality of life and detection of disease before development to
chronic type can minimize patient’s pain and increase treatment effect. Therefore,
it is necessary to confirm the possibility of early detection of nanometer biomarkers
from urine obtained from interstitial cystitis animal model using SERS substrate.
IC/BPS animal models and comparative groups for these experiments were derived
using 10-week-old female Sprague Dawley rats. The rats were instilled with 0.2 M
HCl for 10 min using a 26-gauge angiocatheter in the bladders of four rats, followed
by neutralization and saline wash. Other rats in the comparison group were used
as vehicle instead of HCl injection. The voiding pattern was analyzed to confirm
the reproducibility of animal modeling as in the previous paper [36]. Rat urine was
collected in a 50 mL tube using a metabolic cage. The voiding pattern measured
at a week after HCl injection was examined, and the collected urine was used as a
sample for Raman measurement. Twenty-four hours of natural voiding patterns in
the metabolic cage were recorded and analyzed using AcqKnowledge 3.8.1 soft-
ware and an MP150 data acquisition system (Biopac Systems, Goleta, CA, USA)
at a sampling rate of 50 Hz. The volume change of the obtained raw data of urine
was estimated by 1 mL unit as shown in Figure 6a. Irregular frequency of urinary
dysfunction caused by bladder inflammation is observed in HCl-treated rats and
is consistent with previous animal model studies [35, 36]. Steps and terraces in the
graph are the excretion urine and the duration between voiding, respectively. The
total amount of control and IC/BPS animal models for approximately 10 hours is 11
and 13 mL, respectively. However, compared with the amount, the frequency is 3
and 6 times. When the unit of step is 0.5 mL, the frequency is 4 and 11 times, and
the difference in the voiding frequency is clearly revealed.

From the identified sample, a drop of 5 pL was applied to the SERS speci-
men, and the sample was allowed to spread for 60 min. After confirming that
the droplets were dry and diffused, they were loaded onto a Raman spectroscope
system attached to a microscope (IX-73, Olympus, Japan) and measured. As shown
in Figure 6b, the diffused region of the sample can be confirmed by an optical
microscope, and the region where the sample is diffused as in (c) can be confirmed
to have a nanometer-scale porosity. In this area, Raman spectra were collected using
a customized spectrometer (FEX-INV, NOST, Korea) with a 785 nm diode laser
as the excitation source. The 1 mW of excitation light was focused on the sample
through a 40 x/0.6 NA objective with spot size ~2.4 pm. The spectrum of each point
was measured 8 times in the range of 550 to 1500 cm ™" with a spectral resolution of
1cm™ and an integration time of 40 s at room temperature. The Raman spectrum
was calibrated by measuring a silicon sample before the Raman measurements. To
evaluate the spectral differences between control and IC/BPS of rat urine, principal
component analysis (PCA) was introduced. A statistical analysis method of PCA
reduces the number of variables in multivariate systems, and all of spectral range
was used as variables. All analyses were conducted using XLSTAT 2018 software.
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Figure 6.

(a) Measurement of voiding function in control group (blue line) and IC/BPS animal group (orange line) at
7 days after HCl treatment. (b) Optical microscope images of a Raman measurement region diffused from a
sample droplet into a nanoporous area and (c) magnified SEM image.

As shown in Figure 7a, brown bars are indicated on the peak, which is the main
factor above the graph drawn as the average of total data. The main peaks for the
control and IP/BPS samples were observed at 641, 683, 723, 873, 1002, 1030, and
1355 cm™, which corresponded to C-C twisting mode of tyrosine [37, 38], ring
breathing of nucleic acids for G [38, 39] and A [39, 40], C-C stretch of hydroxy-
proline [37, 41], symmetric ring breathing mode [37-41] and C-H in-plane bending
mode of phenylalanine [37, 41], and CH;CH, wagging mode of collagen [37, 41],
respectively.

The peak at 1002 cm ™" has a considerably large value compared to the rest of the
data, which is notable in literature referring to other peaks, as they relate to other
biologies. To analyze Raman peaks, PCA is utilized as shown in Figure 7b. Clear
discrimination and reliable separation between control and IC/BPS groups were
observed. By plotting PC2 and PC3, the groups show clear distinctions between IC/
BPS urine and the control samples (dotted line). Raman spectrum measurements
and PCA analysis showed that it is possible to distinguish between normal and
diseased groups using gold-coated ZnO nanorod substrates that can be applied to
early disease diagnostic sensing chips.

{ar P Ih}” _' = -|rn.m;.“
= 3 | Urnine of IC/BPS = -\ ) . .
= N s
-‘- L] \"'. g =
E . e [Tl Py
Urine of contred  § --.b.-‘_ll &
4 = 'vé-_‘.. i
800 50 000 1200 1400 e e
Faman shift fom ') I

Figure 7.
(a) Averaged Raman spectra for IC/BPS (blue line) and control (green line) of rat’s urine. Standard deviations

are painted around the spectra. (b) Principal component analysis vesults for urine of IC/BPS and control
sample.
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7. Conclusion

In summary, we compared the differences in surface-enhanced Raman effect
using RhB by adjusting the length and diameter of ZnO nanorods and the volume
of deposited gold in ZnO-based SERS substrates. Electron microscopy images
showed clustering on top of nanorods during gold deposition and showed nano-
meter level porosity. As the volume of deposited gold increases, the Raman signal
also improves, but as the growth conditions of the nanorods change, the signal
intensity also changes. This is because the Raman enhancement factor is determined
by the enhancement by the SERS properties of metal and the concentration of the
sample. Through the finite element analysis in the two-dimensional plane, signal
enhancement was similar for 80 and 125 nm of Au-grain head. It was found that
the enhancement of the Raman signal was determined by the wider surface area of
gold. It was confirmed that this signal enhancement is made in the vertical direction
of the rod, so that only nanometer targets trapped in the porous space can obtain
enhanced signals. In addition, the SERS chips based on ZnO nanorods were found
to have no coffee ring effect in measuring liquid samples and were also suitable
for cell application experiments. An IC/BPS animal model was constructed for the
bio-application, the voiding pattern was observed for urinary disease status, and
urine was collected from the IC/BPS. The obtained urine was diffused into a ZnO-
based SERS chip having nanopores, and Raman was measured in the corresponding
region. Statistical analysis of Raman signals obtained from nanometric level area
showed that IC/BPS and normal animals were distinguished. Therefore, we can
confirm that ZnO nanorod-based SERS has sufficient potential for early disease
diagnosis by efficiently detecting nano-sized biomarkers.
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Abstract

An important area to cope with in the implementation of technologies for the
generation of energy from renewable sources is storage, so it is a priority to develop
new ways of storing energy with high efficiency and storage capacity. Experimental
reports focused on ZnO-graphene composite materials applied to the anode design
which indicated that they show low efficiencies of around 50 %, but values very close
to the theoretical capacity have already been reported in recent years. The low
efficiency of the materials for the anode design of the Li-ion battery is mainly
attributed to the pulverization and fragmentation of the material or materials, caused
by the volumetric changes and stability problems during the charge/discharge cycles.
In this chapter, we will discuss the development of composite materials such as ZnO-
graphene in its application for the design of the anode in the Li-ion battery.

Keywords: ZnO, batteries, graphene, Li-ion, composites, ZnO-Graphene

1. Introduction

The search for new and efficient energy storage systems has been mainly aimed
at batteries, which have positioned themselves as one of the best options for this
purpose [1]. The development and innovation in such systems has been slow com-
pared to other technologies since the relevant innovations have taken even centu-
ries, from the invention of the battery in 1800 by Alessandro Volta [2], then the
first lead-acid batteries partially rechargeable in 1860 by Gaston Planté [3], up to
the lithium-ion batteries, which Sony introduced to the market in 1991 [4].

The batteries can be classified as primary (not rechargeable) and secondary
(rechargeable). The classification of the batteries is made in relation to the active
materials, in the components of the battery. At present, there are still few batteries
with the ability to have reversible electrochemical reactions. Table 1 shows some of
the main physical and chemical properties of current commercial batteries. The Li-
ion batteries, clearly positioned today, as one of the best options for energy storage,
are far above the other batteries in terms of the number of cycles.

1.1 Overview of batteries

The first Li-based batteries used LiCoO, cathode, anode carbon, and LiPFg
electrolytes, with a capacity of around 140 mAh and 3.7 V and an efficiency of 50 %,
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Battery type Anode Cathode Electrolyte Voltage (V) Duration (cycles)

Li-ion Graphite LiCoO, LiPF6(nonaqueous) 37 >1000

Pb-acid Pb PbO, H5S04(aqueous) 2.1 <500

Ni-Cd cd NiOOH KOH (agucous) 12 2000

NMH TiLNi+TiNi  NiOOH KOH (aqueous) 12 5001000
Table 1.

General characteristics of the most commonly used commercial batteries [5].
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Figure 1.
Schematic of a Li-ion cell.

which was relatively low. The innovations that followed in the Li-ion batteries
revolved around the three main components that are the anode, cathode, and
electrolyte, in order to improve the characteristics and problems that currently
accompany this technology, such as the capacity of gravimetric and volumetric
power, safety, cost, efficiency, and the search for materials that do not harm the
environment [4, 6, 7].

A Li-ion battery is a set of cells, connected in series or in parallel in Figure 1.

A diagram of the main components of a Li cell is shown, which are a negative
electrode or anode and the positive electrode or cathode and between them a Li-ion
conductive electrolyte. The principle of the operation of a cell is based on the
transport of Li-ions between the two electrodes, capable of storing Li [1].

During the charge and discharge processes, the electrons flow from the anode to
an external load and to the cathode in a discharge process, through an oxidation
reaction at the anode and a flow of Li-ions from the anode to the cathode through
the electrolyte. In a charging process, the flow of electrons is from the cathode to a
source and to the anode, followed by a reduction reaction at the cathode and a flow
of Li-ion to the anode through the electrolyte, forming a circuit. The collectors of
charge or substrates that are used regularly are copper and aluminum for the anode
and cathode, respectively [8].

The standard potential of a cell is determined by the type of active materials in
the cell and can be calculated in relation to the Gibbs free energy or obtained
experimentally. This potential can be calculated from the standard potential of the
electrodes in the following way:

anode (oxi.potential) + cathode (red.potential) = standard cell potential (1)

The oxidation potential is the negative value of the reduction potential; it is
worth mentioning that it is dependent on other factors such as concentration and
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temperature. The theoretical capacity of a cell is determined by the amount of
active materials; this expresses the amount of electricity involved in the
electrochemical reaction, which can be expressed in terms of coulombs or
ampere/hour [8].

1.2 Materials for the design of electrodes

Within the characteristics of the electrodes, two phenomena mainly occur:
diffusion and adsorption. The diffusion phenomenon happens in the cathode, and
the carbon that is commonly used in the anode presents a phenomenon of adsorp-
tion. Nowadays the diversity of existing materials that are used or that are proposed
for the electrodes and the great majority are governed by diffusion phenomena or
in a composite material (CM) in which both phenomena are involved [9].

The first Li-ion batteries had been based on components as LiCoO, electrodes in
the cathode and carbon in the anode. The development and innovation in the
components of a rechargeable battery have considerably improved characteristics,
such as the capacity of gravimetric and volumetric power, which has led to the
development of batteries with equal or greater power but of lower weight
and volume [6].

1.2.1 Cathode

A wide variety of materials has been used for the cathode since the introduction
of the first Li-ion batteries. Specifically, Li-ion batteries are not governed by the
chemical potentials of the materials involved, so the Li/Li* potential for both elec-
trodes is taken as a reference. This means that the material of the cathode that will
interact with the Li must have a high potential (+) in relation to that of Li/Li" [8, 9].

One of the most significant innovations that was made in the first batteries was
the replacement of the Co, which was expensive and also toxic, being replaced by
the Mn, which significantly decreased the price and at the same time increased the
power capacity to 250 mAhg " and a voltage of 4.6-2.5 V [6]. After the innovation
that occurred with the LiMn,0,4, new proposals like LiFePO, [10] were developed,
and recently high ionic conductivity systems were investigated, in which the S is
mainly involved, which has a theoretical capacity of 1675 mAhg ™" [6].

1.2.2 Anode

The graphite that was used in the first Li-ion batteries had a capacity that was
theoretically limited to 372 mAhg*1 [4], and as a solution to these limitations,
various materials have emerged such as Si, Sn, Sb, Ge, and new forms allotropic
carbon [11]. The materials used at the anode, unlike the cathode, must have a
potential no greater than that of Li/Li* and less than the potential of the cathode.
That is, the materials that are used as electrodes should not have a greater potential
than Li/Li* since the Li-ions could be reduced by forming metallic Li and in certain
circumstances dendrites that considerably reduce the cycles and especially generate
problems of safety since they can cause short circuit, which is one of the main
problems when metallic Li is used as an anode [5, 8].

In recent years, transition metal oxides (TMO) have been used, such as Ni, Sn,
Mn, and Zn, among others. In a fully charged Li battery, the anode contains an
excess of Li-ions that have a chemical potential to diffuse through the electrolyte
and into the vacancies of the cathode structure [5]. Figure 2 shows a representative
diagram of a charging and discharging process for a Li battery, and as can be seen
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Figure 2.

Reversible conversion reaction of an metallic oxide (MO) with Li.

during the lithiation process, the metallic oxide (MO) is reduced to its metallic
state, inside a Li;O matrix according to the following reaction:

MOy + 2xLi" + 2xe™ < M + xLi,O )

In the lithiation process, metal nanoparticles (M) embedded in a Li,O matrix are
formed (this generates volumetric expansion), and in the first discharge the
nanoparticles of metal (M) are oxidized again into smaller particles.

Graphene is a material that in recent years has attracted a lot of attention due to
its exceptional properties and its potential application in many areas, being one of
them in Li-ion batteries, where it is used in the negative electrode. However, it has
been seen that it cannot be used in a pure manner, because after the first discharge,
it presents great problems of reversibility, so it is common for it to be widely used
with other materials in a composite, generally with MO [5, 12].

2. Materials for the design of the ZnO-graphene system

Currently, graphene is one of the most researched and promising materials to
replace graphite in Li-ion battery anode. When using graphene in an CM, it is
expected to take advantage of the properties of high conductivity and high surface
area, and in the specific case when used with an MO, it works as a buffer of the
volumetric changes that it undergoes in lithiation [13]. One of the pioneers in the
study of the intercalation of Li in various carbonaceous materials was Dahn et al.
[14] where they concluded that graphite is limited to a certain amount of Li reten-
tion and that, in addition most of the processes of interaction with lithium, it is
dominated by mechanisms of physical interaction.

Graphene, which is usually used as CM, usually comes from graphite and is
obtained as GO. In several tests that have been carried out as anodes, irreversible
capacities of up to 1250 mAhg ' have been obtained in the first cycle; this is due to
the formation of a solid interface with the electrolyte (SEI), which is one of the
main causes of the decrease in capacity, which at the same time is due to the high
surface area [5].

Carbon/metal CMs are made with metals that are capable of forming alloys with
Li or transition metal oxides (TMO), a term introduced by Tarascon et al. in the
year 2000 and where they show several MO reporting reversible capacities of up to
700 mAhg71 [15]. One of the main disadvantages when using an MO is that they are
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generally poor electrical conductors or in certain cases semiconductors, being one of
the causes for which they are commonly used in CM, with carbonaceous materials
that compensate for these deficiencies of conductivity and volumetric changes [5].

One of the MO that is being investigated as an anode is ZnO, which theoretically
has a capacity of 987 mAhg ™ '; the charge and discharge reactions can be written as
follows:

ZnO +2Li" +2e” < Zn + Li,O (3)
Zn+Li" +e” < LiZn (4)

Complete reaction:
ZnO + 3Li" 4 3e” < LiZn + Li,O (5)

The theoretical capacity of ZnO can be calculated as follows:

C; (mAhgfl) =(zxF (Cmolfl)/(Mw (gmolfl)) =
z X 96485 (A's))/81.39 (g) =

= ( (6)
= (z x 26801 (mAh))/(M(g)) =
= (

3 x 26801 (mAh))/81.39g) = 987.87 (mAhg ")

where C, is the theoretical specific capacity, F is the Faraday constant, 2 is the number
of electrons transferred from each structural unit, and M,, is the molecular weight [16].

The theoretical capacity of ZnO is one of the reasons why this material is
interesting to be used as an anode in Li-ion battery. However, it is not only of
interest because of its theoretical capacity, since it is also a material that, unlike the
other transition metal oxides, has certain advantages such as high chemical stability,
low cost, nontoxic, and relative ease of synthesis with a large number of methods
and a great variety of structures and morphologies [17-21].

2.1 Zinc oxide

ZnO is a material of great interest in various research areas and a large number
of technological applications, such as in ceramics, piezoelectric, transducers, chem-
ical sensors, catalysis, optical applications, photovoltaics, and lithium batteries,
among many others. For this reason, the interest in this material continues to be
latent since it is also one of the few oxides that shows effects of quantum confine-
ment to certain particle sizes [22-24].

ZnO is a material with great versatility, in terms of synthesis methods and
nanostructures, such as nanobars [20], nanosheets [25, 26], 3D nanostructures
[27, 28], and nanocrystals [18, 29]. Within the synthesis methods, relatively com-
plex methods are found such as the chemical vapor deposition (CVD) [30], Vapor
Phase Transport (VPT) [31] for its acronym in English. These techniques are rela-
tively expensive and complex, compared to others such as chemical precipitation
[28, 32], sol-gel [23, 33-35], hydrothermal [29, 36-41], or solvothermal [19, 42, 43].

The Wurtzite phase that is defined by a hexagonal crystalline system is the most
stable phase of ZnO at environmental conditions, but this ZnO can also be obtained
in cubic phase forming the zinc blende; and using Si substrates and with high
pressures, the rock of salt (NaCl) form is obtained. The structure of the ortho-
rhombic unit cell of the main precursor phase of the Wurtzite, which is the
Wiilfingite, that chemically is Zn(OH),, is presented in Figure 3a, b. For wurzite
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form is presented in Figure 3c, d the Hexagonal crystalline system and that belongs
to the space group P63mc, with the network parameters 2 = 0.35 nm and ¢ = 0.52 nm
[44]. Wurtzite is a material with a relatively simple atomic crystalline structure, in
which it can be seen that each atom of Zn is surrounded by four atoms of O forming

p

L]

Figure 3.
(a) Unitary cell of e-Zn(OH),, (b) representation of polyhedra of the unitary cell of the wiilfingite, (c) unitary
cell of ZnO, and (d) vepresentation of polyhedra of the unit cell of the wurtzite.

600 °C
Zn(OH)y(s) ===+ InO +H;0,

£—In(0OH)ys W - zﬂﬂ'{,}

Figure 4.
Thermal transformation of zinc hydroxide (wiilfingite) for zinc oxide (wurtzite).

118



Anodic ZnO-Graphene Composite Materials in Lithium Batteries
DOI: http://dx.doi.org/10.5772/intechopen.86169

a tetrahedron and likewise with each atom of O surrounded by four atoms of Zn
forming tetrahedral indicating the one-to-one ratio Zn:O [24, 45].

Figure 4 shows a relatively simple transformation of a metal hydroxide to a
metal oxide, by dehydroxylation of Wiilfingite only Wurtzite can be obtained; in
the scientific literature, there is a very extensive information on the relative sim-
plicity of this transformation, this time a temperature of 600 °C is a maximum
referent, but it is known that depending on the synthesis techniques this tempera-
ture can be reduced to promote a smaller crystal growth, as well as contribute to
decrease the possible secondary processes at low temperatures this is between about
90 and 250 °C.

The interest in ZnO and its application as an anode in lithium-ion batteries is due
to its great theoretical capacity (987 mAhg ") [25], this with respect to graphite that
has a theoretical capacity of around 372 mAhgfl, which is the most commonly used
material as an anode in lithium batteries [46]. In addition, its theoretical capacity
puts it ahead of other transition metals such as Cu, Ni, Fe, or Ti, and even on the Sn
of group IV, where there are elements such as Ge and Si of greater theoretical
capacities but that have certain disadvantages in terms of their relatively complex
synthesis processes and in the case of Ge, rarity and toxicity [47].

Si is the material with the highest theoretical capacity (4200 mAhg '); however,
one of the big problems is that in a few cycles (10 cycles), it loses its capacity until
200 mAhg?, due to the great volumetric expansion it undergoes in the lithiation
process (~400 %) [47]. Similarly, ZnO undergoes volumetric changes of ~228 %,
which is reflected in a decrease in its efficiency and capacity to ~400 mAhg ™
however, the ZnO has the novelty of having a wide variety of synthesis processes,
morphologies, and structures that could help solve these problems [20, 48] as
shown in Figure 4.

The solution to these problems has motivated several research groups that have
chosen to perform CM of ZnO with a great variety of carbonaceous materials,
graphite [25], nanotubes [21], or graphene [32, 35, 49, 50]. When using carbona-
ceous materials, two problems with ZnO are compensated: the low electrical con-
ductivity and as a buffer for the volumetric changes of ZnO [48, 50].

2.2 Graphene

Graphene is a crystalline, two-dimensional (2D) material of a single atom in
thickness, with covalent bonds 6, sp” between carbon and carbon, with a junction

dyg02=3.38 A

} (002}

&
L

.
&
.

it

(5]

L[

A N
i

Figure 5.
Crystal structure of (a) graphite and (b) after the oxidation process, a structure equivalent to the GO.
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angle of 120" and a length of & = 0.14 nm, resulting in a hexagonal honeycomb
lattice, which can be simplified to a trigonal unit cell with two atoms per unit, as
shown in Figure 5.

Graphene can have other allotropic forms at the same time, since it is the basic
building structure of the other forms such as graphite (3D), nanotubes (1D), and
fullerenes (0D). In all its structures, it has very good properties of thermal, electri-
cal, and other properties such as mechanical, optical, and magnetic properties. The
movement of electrons through a sheet of graphene is governed mainly by the
relativistic law of Dirac. For a perfect sheet of graphene, it is estimated that its
conductivity reaches 200,000 cm?/Vs; however, this intrinsic property is greatly
affected by defects that generate dispersion centers generated mainly by substrates,
dopants, and quiralities.

Since the nineteenth century, oxidized graphite has been produced by different
methods: the Brodie method in 1859 [51], the Hummers method in 1958 [52], and
the Hummers method modified in July 2004; and in October of the same year,
Andre Geim and Kostya Novoselov, professors at the University of Manchester,
London, managed to isolate a sheet of graphite a few atoms thick, by mechanical
exfoliation, from which they discovered the exceptional properties of this material
that has attracted enormous attention since then [53]. However, the synthesis of
graphene remains a great challenge, since, to be considered high purity, it is neces-
sary to take into account certain characteristics such as the quality, size, quantity,
complexity, and control of the synthesis method. For this reason, it is very impor-
tant to know the different methods, degrees of purity, and qualities expected for
graphene [54]. In the work presented by Hirata et al. [55], they obtained sheets of
several nanometers thick and 20 pm wide on average. In the same work, they
propose several categories of graphene: oxidized graphene, reduced graphene,
functionalized graphene, and graphene in its pure state.

3. Methods of synthesis of ZnO

The most used synthesis processes for ZnO are chemical precipitation at normal
conditions, synthesis by hydrothermal, solvothermal techniques, and the sol-gel
method. The advantage and novelty of these techniques is the obtaining of a great
diversity of geometries, with relatively simple processes and with very accessible
precursors.

3.1 Chemical precipitation at normal conditions

The technique is used specifically for ZnO, part of a Zn precursor, normally a
salt or inorganic compound, soluble in water commonly and as a reducing agent
either an acid or a base, which, when reacting in solution with the salt, will form a
precipitate or solid of insoluble that will commonly require a calcination process for
crystallization. This type of reactions could be expressed in a general equation in the
following way:

AC+BD — AD(insoluble) +BC (7)
This type of reactions usually occurs between ionic compounds where one of the

products is insoluble, and because each component exchanges pairs, these types of
reactions are usually called double-displacement reactions.
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Several authors such as Kundu et al. [20] and Liu et al. [48] obtained from
chemical precipitation at normal conditions nanobars and ZnO nanoparticles,
respectively. According to these same authors, they obtained the nanoparticles or
nanobars individually or separately, and in the case of Lui et al. [48], they
performed an extra process of carbon coating or as Giri et al. [28] who performed a
hydrothermal procedure to coat the nanoparticles. On the other hand, Ramadoss
et al. [32] obtained an CM where they precipitated nanoparticles of ZnO in situ, on
graphene sheets.

3.2 Hydrothermal method

The method or technique of hydrothermal synthesis is one of the most used for
the synthesis of ZnO, and with the same principle of the technique of chemical
precipitation, this technique gets its name because the conditions of synthesis,
which is carried out in water and temperatures above 25 °C up to ~ 430 °C, reaching
autogenous pressures of over 221 bar at ~375 °C, which is the critical point where
the liquid phase and gas are not distinguished from water [56]. This type of syn-
thesis is also governed by the precipitation equation but adding temperature and
pressure variables.

In various works such as that of Alver et al. [40], they synthesized ZnO doped
with boron by the hydrothermal method and subsequently formed a nanocomposite
with graphene using the same technique. Yoo et al. [41] with the same method
obtained hemispherical nanoparticles of ~25 nm. Wang et al. [57] synthesized ZnO
in flower form, doped with Mn, with the hydrothermal method. Bgjesen et al. [36]
conducted an in situ study of the growth of ZnO nanoparticles by hydrothermal
synthesis. In this work, they conclude that temperature is one of the biggest factors
that influences the size and shape characteristics of glass, this, without forgetting
other factors such as time.

3.3 Solvothermal method

The solvothermal synthesis method is a variant of the hydrothermal one, since,
in this technique, solvents different to water are used, but with the same principles
of hydrothermal synthesis and governed by the precipitation equation. The said
solvents can be alcohols, acids, bases, or mixtures, since, with this, a greater disso-
lution or changes in the pressures generated in the synthesis are sought [56]. With
the solvothermal synthesis technique, authors such as Wi et al. [19] and Wang et al.
[42] have obtained nanoparticle agglomerates, of spherical shape and porous sheet
type, respectively. In the case of Wang et al. [42], the synthesis process was carried
out at room temperature reaching thicknesses of up to 10 nm in the sheets.

3.4 Sol-gel

On the other hand, the sol-gel synthesis technique consists of a chemical syn-
thesis in which, from a colloidal solution or “sol”, small precipitates of a solid phase
gradually form inside a continuous network called “gel”. The peculiarity of the
technique is the nanometric size of the particles that can be obtained by this
technique as shown in the work of Spanhel et al. [32], who obtained ZnO
nanoparticles of colloidal sizes between 3 and 6 nm. Hjiri et al. [33] obtained sizes
between 20 and 40 nm for ZnO and up to 3 nm for ZnO doped with Al Li et al. [34]
used the technique to obtain in situ a nanocomposite of nanoparticles deposited in
sheets of graphene, whose reported particle size was an average of ~9 nm.
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4. Graphene synthesis methods

To date, various synthesis methods have been developed for graphene, but
basically, there are only two ways: one of them is to obtain the sheets of an existing
crystal of graphite which is known as exfoliation methods, and on the other hand,
the sheets of graphene can be grown directly on a substrate.

4.1 Exfoliation

The exfoliation methods can be classified in two: the micromechanical exfolia-
tion method and the chemical methods, the latter can be by dispersion or oxidation.
According to what was reported by Novoselov et al. [53], they used the technique of
micromechanical exfoliation, obtaining sheets of graphene up to a single layer;
however, this technique is relatively complex, and the yield or number of sheets is
very low.

The dispersion method allows obtaining a greater amount of graphene and
higher quality than the micromechanical exfoliation. The synthesis of graphene by
oxidation is similar to that of dispersion since it is also in the liquid phase, but the
graphene that is obtained is of a slightly lower quality, and this is because the GO
has a large amount of defects and oxygen at the edges compared to the pristine
[54, 57]. To improve the quality of the GO, it can undergo reduction processes and
improve the quality of the graphene sheets, obtaining what was called reduced
graphene sheets (rG) [54].

The method of Hummers and Offeman [52], reported since 1958, is a method to
obtain large quantities of what they called oxidized graphite; in 2004, Hirata et al.
[55] modified this method obtaining thinner sheets of better quality. To be reduced,
either by heat treatments or chemical means, you can decrease the amounts of
oxygen or eliminate it completely under certain conditions. By eliminating oxygen,
the graphene sheets increase considerably their electrical conductivity, since the sp>
bonds decrease while the sp” bonds increase, which attribute the excellent proper-
ties to graphene. The GO has defects associated with oxygen bonds, at the edges as
well as within the plane, forming different functional groups as carbonyls (C = O),
hydroxyls (—OH), and epoxy groups (—O—); in Figure 6 a representative
scheme of the structure of a GO sheet is shown; this model was proposed by Santos
et al. [59] In addition, this method allowed the production of graphene at higher

@ o @ '. Carbonyl .P Hydroxyl ,& E;.roxyA

Graphite Oxidation a Graphene oxide Reduction Reduced Graphana
Unit call Exfoliation Unit ¢all representation Unit cell represeaniaticn

Figure 6.
Insertion or formation of functional groups in the sheets of graphene.
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quantities and the possibility of being used industrially in different carbon prod-
ucts, one of which being Li-ion batteries [58, 59].

The modified Hummers method is currently one of the most used to obtain
graphene, due to the sufficient quantity and the relative ease of the process, that
once the GO is reduced, its properties are very favored, so that different groups of
work have pointed their investigations using this technique to obtain graphene with
applications for the anode of Li-ion batteries [61-63].

The Hummers method modified for the synthesis of graphene consists in expos-
ing the graphite particles to prolonged times of combined oxidation to washing and
purification processes. The process of Hirata et al. [55] is described as follows: 10 g
of natural graphite (99.97 % purity and 24 pm particle diameter) and 7.5 g of NaNO;
(99 % purity) were added to a flask. Then 621 g of H,SO,4 (96 %) were added and
kept stirring while it was cooled in an ice water bath. Next 45 g of KMnO,4 (99 %,
purity) were added and gradually added over 1 h. The cooling was reached after 2 h,
and the mixture remained for 5 days under constant agitation at 20 °C to obtain a
highly viscous liquid.

The cleaning and purification process was carried out in the following way; to
the obtained liquid, 1 L of solution with 5 % of H,SO, was added during 1 h, while it
was maintained in agitation, and the obtained mixture in the end was agitated
during 2 h more. Then 30 g of H,0, (30 % by weight solution) were added and kept
under stirring for 2 h and finally separated by centrifugation. This process was
repeated 15 times, for the removal of the ions originated in the oxidation process.
The synthesis process used by Vargas et al. [64] has modifications such as the
change in the use of NaNO; by HNOj; and some modifications in synthesis and
cleaning methodology. The process they used was the following: 2 g of graphite
powder was added to an aqueous solution with 120 mL of H,SO4 and 80 mL of
HNOs in an ice water bath. Then, 10 g of KMnO, was added slowly and remained in
reaction for 2 h, during which the temperature remained around 35 °C. The dark
brown suspension obtained was diluted with 400 mL of deionized water and turned
dark yellow, to then add 8.6 mL of H,O, (35 %). A dark brown gel was obtained,
after washing with 100 mL of a 10 % solution of HCI and neutral pH obtained after
several cycles of washing and centrifugation. The GO was finally obtained by
vacuum drying at 80 °C.

Wan et al. [65] synthesized graphene using the modified Hummers method by
applying the following process: 1 g of natural graphite was placed in a mixture with
a concentrated solution of H,SO,4 (98 %, 92 mL) and concentrated HNOj; (65 %,

24 mL) while stirring in an ice water bath, as a safety measure and maintaining the
temperature below 10 °C. Then 6 g of KMnO, was added to the solution gradually
so that the temperature of the solution did not exceed 20 °C; then the solution was
left for 2 h in the ice water bath. Then a temperature controller was used for water
flow, to maintain the temperature at 35 °C for 30 min. Subsequently, the tempera-
ture was maintained at 85 °C for 30 min. About 100 mL of deionized water was
slowly added to the solution, and the temperature was again maintained at 85 °C for
30 min, until a bright yellow product was obtained. After cooling to room temper-
ature and diluting with 10 mL of 30 % H,0,. The solution was centrifuged, washed
with 1L of deionized water and a 1:10 HCl solution (1 L) to remove the remaining
metal ions, and finally dried at 50 °C and vacuum for 12 h.

Of the three processes described above, the modified Hummers method differs
in several aspects of the process such as the change of NaNO; by HNOj3 and the
increase in temperature to reduce the oxidation time, as well as the optimization of
the process of cleaning and obtaining the GO. According to the results obtained in
what was reported by Wan et al. [65], they obtained GO of five sheets of thickness,
with very promising results in the electrochemical tests they carried out.
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4.2 Substrate growth

This is a totally different way to the previous methods since the graphene sheets
can be grown directly on a surface. And the size of the sheets does not depend
directly on the size of a graphite crystal, as in the exfoliation methods. Growth can
occur in two ways: whether the carbon exists on the surface of the substrate or it is
added by chemical vapor deposition (CVD). Graphene can be obtained simply by
heating and cooling a silicon carbide crystal, under suitable conditions, obtaining
sheets up to a single layer [54].

The chemical vapor deposition method is perhaps one of the most promising and
relatively low-cost techniques to obtain good quality graphene. Broadly speaking,
the technique consists in the deposition of a solid film on a substrate, where the
chemical species of the material deposited come from species in vapor phase and are
deposited through chemical reactions. In an ideal CVD process, the transport kinet-
ics of gases is often complicated and complex, since convection and diffusion
phenomena occur in different regions of a reactor [66].

The process for obtaining graphene by CVD can be divided into two stages: the
first is the pyrolysis of the carbon precursor and the second the formation of the
graphene structure. In an ideal synthesis to obtain graphene, temperatures of up to
2500 °C would be needed to overcome the energy barrier that allows the reaction on
the surface of the substrate; for this reason, catalysts are used, which are mostly
elemental metals, which contribute to the pyrolization of carbon precursors. One of
the most used substrates is Ni (111) since it has a structure very similar to that of
graphene, with a mismatch in network parameters of 1.3 % [54, 64].

The CVD process, as previously described, is a relatively complex process
because of the equipment necessary to carry out the synthesis, but it allows
obtaining graphene of higher quality at low cost, with larger sizes and more com-
plex forms than the exfoliation processes of graphite [54, 57, 65, 66]. The team of
Kim et al. [67] was among the first to report obtaining graphene by the CVD
method on a Ni substrate, proving that the monolayers obtained were of much
better quality than those of exfoliation. Since then, several authors have continued
research to improve the technique, either by lowering the synthesis temperature as
reported by Jang et al. [68], who obtained graphene at temperatures between 100
and 300 °C deposited on copper sheets, using benzene. Other authors such as Sagar
et al. [58] have synthesized highly porous structures based on interconnected sheets
of graphene and have proposed an anode in Li-ion batteries.

Zn(0H )y, Zn0, + H, 0.,
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Figure 7.
Scheme of obtaining the MC type ZnO-rG. Left: material of the precursor phase Zn(OH) ,-GO. Right: the MC
ZnO-rG obtained after a thermal treatment at 600 °C.
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4.3 Composite ZnO-graphene materials

An CM of ZnO-graphene (ZnO-G) could have a large number of assembly
structures, however, can be considered six principally, the most used in this type of
CM for Li-ion batteries: (a) anchored, (b) wrapped, (c) encapsulated, (d) type
sandwich, (e) laminar, and (f) mixed. In all cases, graphene, being a two-
dimensional material, is the one that functions as a support for dispersed
nanoparticles whose three-dimensional morphology can vary in different sizes,
shapes, and crystallinity [13, 66].

Currently, the CM based on ZnO and carbon are very diverse and with varia-
tions in the morphology of both phases of the components. Figure 7 shows the
obtaining of an CM of possible interest with the specific case of obtaining the
dispersed phase of the phases of the ZnO with a Wurtzite type crystal structure,
whose structure is more stable to standard conditions; this phase is the most attrac-
tive for, it is mainly used in CM for Li-ion batteries, also presented with a wide
variety of morphologies; while for graphene, it usually presents different charac-
teristics and properties according to its synthesis method [25, 69].

In recent years, a great amount of research has been carried out regarding the
morphology of ZnO, since most of these works seek to increase the area, modifying
the morphology and thus increasing the electrochemical properties, for its applica-
tion in Li-ion batteries [16]. The investigations that have been carried out regarding
the control of the crystallinity in the particles of the ZnO, to increase the capacity,
are very few. Recently Mei et al. [17] published a paper in which they analyzed the
degree of crystallinity and structural patterns of ZnO as an anode in Li-ion batteries.
In this work, they used the hydrothermal synthesis in which they modified concen-
trations, to obtain different morphologies and then carried out treatments at dif-
ferent temperatures, this to control the degree of crystallinity. Finally, Mei et al.
concluded that morphology was an important part in the capacity, since certain
morphologies present a greater quantity of internal spaces, which help to compen-
sate the volumetric changes; however, the samples whose crystallinity was con-
trolled presented a specific capacity of 1328 mAhg ™" in the first cycle and
663 mAhg ™" at 50 cycles. In this work, it is worth mentioning that the particles
obtained are of the micrometric order, contrary to what is generally reported with
nanometric materials, such as Li et al. [18] that dispersed ZnO nanoparticles in

Morphology Reversible capacity (mAhg ')  Number of cycles  Ref.
Microparticles distributed radially 320 100 [6]

Nanobars 310 40 [20]
Microbars 663 50 [17]
Nanoplates 400 100 [25]
Nanoplates 421 100 [25]
Nanoparticles 318 100 [42]
Flower type 662 50 [17]
Spheres 109 100 [70]
Cluster 800 50 [71]
Microbars 811 80 [72]
Nanoparticles 318 100 [73]

Table 2.

Electrochemical characteristics of ZnO applied as an anode material in Li-ion batteries.
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graphene, obtaining an initial capacity of 1652 mAhg ", but the retention capacity
decreased to 318 mAhg .

Table 2 shows the data reported in the literature for the comparison of the
reversible capacity and the number of cycles of the different morphologies of ZnO
as an anode in Li-ion batteries. It is possible to identify the effect of each morphol-
ogy in the particle of the ZnO; the geometry of the bars is distinguished from the
others, because it presents a greater reversible capacity, which suggests a greater
stability in the processes of lithiation and sliding. In Table 2, it can be seen that
some reversible capacity values greater or closer to 600 mAhg ™", the ZnO particles
are CM shaped with a carbonaceous material. However, the value of 663 mAhg " of
the microbars reported by Mei et al. It is of great interest, because in spite of not
being of nanometric size and not being like CM it has a great reversible capacity.

The ZnO-rG CMs promise better results due to the good properties of graphene.
Table 2 shows results of some CMs of ZnO with carbon, porous carbon, graphite,

Method Initial capacity Reversible capacity =~ Number of Ref.
(mAhg™?) (mAhg™?) cycles

Rapid exfoliation at 1050 °C/N, 2000 1200 5 [64]
Exfoliation 300 °C/Ar 2100 600 100 [64]
Reduction with autoclaved N,H, 3000 1100 50 [64]
(DODA-Br)

Fast exfoliation at 1050 °C/Ar 2035 848 40 [5]

Exfoliation at 300 °C/Ar 2137 478 100 [65]
Thermal reduction exfoliation 1480 500 60 [74]
Thermal reduction exfoliation/N, 3250 1354 50 [75]

Table 3.

Electrochemical characteristics of graphene in Li-ion batteries.

CM Reversible capacity (mAhg ™) Number of cycles Ref.
ZnO/G 516 100 [35]
ZnO/GN 1100 100 [50]
AZO/G 391 100 [49]
ZnO/G 360 200 [76]
ZnO/G 550 100 [77]
Zn0/G 560 100 [78]
ZnO/G 300 50 [79]
ZnO/CN 1047 100 [80]
Zn0/G 749 100 [81]
ZnO/G 550 100 [82]
Cu/ZnO/G 630 100 [83]
Zn0/C 520 100 [84]
ZnO/CN 1177 100 [85]
ZnO/NSG 720 100 [73]

NC = nitrided carbon; G = graphene; NG = nitrided graphene; NSG = nitrided-sulfurized graphene.

Table 4.
Electrochemical characteristics of an CM of ZnO-G in Li-ion batteries.
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and graphene, of which graphene, in this case, is reduced with nitrogen and showed
a very remarkable reversible capacity, comparing it with other results. The
graphene used in most CMs is obtained by chemical exfoliation, called GO, which
has a number of advantages with pristine-type graphene. The GO can be obtained in
large quantities and of sufficient quality, using the modified Hummers method, to
be used in CM in a large number of applications, as in Li-ion batteries [5, 54].

The high area and the conductivity properties of graphene are the main proper-
ties that call attention to this material to be used as an anode in Li-ion batteries. The
first reported evidence of Li storage on a large scale was 500 mAhg ™" for the first
cycle and 300 mAhg " at just 20 cycles; currently values of up to 3000 mAhg *
have been reported for the first cycle and decrements to values of 200 mAhg ™" after
a few cycles [64]. Table 3 shows some data of the reported GO properties by
different reduction methods. It should be mentioned that the GO of the data in
Table 3 was obtained by the modified Hummers method.

When analyzing the data in Table 4, it is observed that the efficiency or loss of
capacity in graphene is notoriously greater due to the formation of the SEI; fur-
thermore, it is observed that the GO reduced by thermal treatments, under an argon
atmosphere, it has the best reversible capabilities and a greater number of cycles.
The recently published ZnO-rG CMs are based on a reduced GO afterward and in
which the ZnO nanoparticles are deposited or grow in situ in the leaves. In Table 4,
some relevant values of CM of ZnO-rG are shown, in which the ZnO particles are of
the order of hemispherical nanoparticles. Now, by comparing the values of the
reversible capacity, it can be seen that they are close to 500 mAhg ™' on an average
of per 100 cycles. The data reported in the literature for ZnO-G composites have
very low efficiencies of around 50 %, however, some reports such as that of Dai
et al. [50], Eliana et al. [25], and Shen et al. [43] have reported values very close to
the theoretical capacity.

The efficiency problems that currently arise in the materials for Li-ion battery
anodes are mainly due to the pulverization and fragmentation of the said materials,
caused by the volumetric changes and stability problems during the charge/dis-
charge cycles. On the other hand, one of the factors that remain unfinished for this
type of CMs is the surface interaction between graphene and MO that during the
charge and discharge cycles is affected by parasitic reactions that impede the sta-
bility and diffusion of charges between both materials [13, 66].

5. Conclusions

The evidences reported in the scientific literature show an open thematic for the
design of composite materials with the intention of directly impacting on this time
of tool for the storage of electrochemical energy, being the ZnO-graphene system a
great candidate to be used as a constituent material of the anode.
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