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CHAPTER I
INTRODUCTION
Nanotechnology (sometimes

shortened

to

"nanotech")

is

the

manipulation of matter on an atomic, molecular, and supramolecular scale. It is
science, engineering and technology conducted at the nanoscale, which is about 1 to
100 nm. Nanoscience and nanotechnology are the study and application of extremely
small things and can be used across all the other science fields, such as chemistry,
physics, biology, material science and engineering. The 2000s have been the
beginning of the applications of nanotechnology in commercial products, although
most applications are limited to the bulk use of passive nanomaterials. Examples
include titanium dioxide and zinc oxide nanoparticles. Among that zinc oxide is most
widely used.
The earliest, widespread description of nanotechnology referred to the
particular technological goal of precisely manipulating atoms and molecules for
fabrication of macro scale products, also now referred to

as molecular

nanotechnology. A more generalized description of nanotechnology was subsequently
established by the National Nanotechnology Initiative, which defines nanotechnology
as the manipulation of matter with at least one dimension sized from 1 to
100 nanometers. This definition reflects the fact that quantum mechanical effects are
important at this quantum-realm scale, and so the definition shifted from a particular
technological goal to a research category inclusive of all types of research and
technologies that deal with the special properties of matter that occur below the given
4

size threshold. It is therefore common to see the plural form "nanotechnologies" as
well as "nano scale technologies" to refer to the broad range of research and
applications whose common trait is size. Because of the variety of potential
applications (including industrial and military), governments have invested billions of
dollars in nanotechnology research. Nanotechnology as defined by size is naturally
very broad, including fields of science as diverse as surface science, organic
chemistry, molecular biology, semiconductor physics, micro fabrication, etc. The
associated research and applications are equally diverse, ranging from extensions of
conventional device physics to completely new approaches based upon molecular
self-assembly, from developing new materials with dimensions on the nanoscale
to direct control of matter on the atomic scale. Nanotechnology research has gained
momentum in the recent years by providing innovative solutions in the field of
biomedical, materials science, optics and electronics. Nano particles are essentially a
varied form of basic elements derived by altering their atomic and molecular
properties of elements.
Zinc oxide is an inorganic compound with the formula ZnO. Synthetic ZnO is
primarily used as a white powder that is insoluble in water, or naturally as the mineral
zincite. The powder is widely used as an additive in numerous materials and products
including plastics, ceramics, glass, cement, rubber (e.g., car tires), lubricants[2],
paints, ointments, adhesives, sealants, pigments, foods (source of Zn nutrient),
batteries, ferrites, fire retardants, and first aid tapes. Zinc oxide (ZnO) nano powders
are available as powders and dispersions. These nano particles exhibit antibacterial,
anti-corrosive, antifungal and UV filtering properties. Zinc oxide (ZnO), a wide band
gap (3.4 eV) II-VI compound semiconductor, has a stable wurtzite structure with
5

lattice spacing a = 0.325 nm and c = 0.521 nm. It has attracted intensive research
effort for its unique properties and versatile applications in transparent electronics,
ultraviolet (UV) light emitters, piezoelectric devices, chemical sensors and spin
electronics. Invisible thin film transistors (TFTs) using ZnO as an active channel have
achieved much higher field effect mobility than amorphous silicon TFTs. This
semiconductor has several favorable properties, including good transparency, high
electron mobility, wide bandgap, and strong room-temperature luminescence. Those
properties are used in emerging applications for transparent electrodes in liquid
crystal displays, in energy-saving or heat-protecting windows, and in electronics as
thin-film transistors and light-emitting diodes. These transistors can be widely used
for display applications. ZnO has been proposed to be a more promising UV emitting
phosphor than GaN because of its larger exciton binding energy (60 meV). This leads
to a reduced UV lasing threshold and yields higher UV emitting efficiency at room
temperature. Surface acoustic wave filters using ZnO films have already been used for
video and radio frequency circuits. Piezoelectric ZnO thin film has been fabricated
into ultrasonic transducer arrays operating at 100 MHz.15 Bulk and thin films of ZnO
have demonstrated high sensitivity for toxic gases. Furthermore, hole mediated
ferromagnetic ordering in bulk ZnO by introducing Mn as dopant has been predicted
theoretically and reported recently. Vanadium doped n-type ZnO films also
demonstrate a Curie temperature above room temperature. Based on these remarkable
physical properties and the motivation of device miniaturization, large effort has been
focused on the synthesis, characterization and device applications of ZnO nano
materials. An assortment of ZnO nanostructures, such as nanowires, nanotubes, nano
rings, and nano- tetrapods have been successfully grown via a variety of methods
including chemical vapor deposition, thermal evaporation, and electrodeposition, etc.
6

These nanostructures have been subjected to electrical transport, UV emission, gas
sensing, and ferromagnetic doping studies, and considerable progresses have been
achieved.

Zinc oxide has been widely studied since 1935. Much of our current
industry relies upon ZnO. It is due to the development of growth technologies for the
synthesis of high quality single crystals and epitaxial layers, allowing for the
realization of ZnO-based electronic and optoelectronic devices.
1.1 Structural Properties
Zinc oxide crystallizes in two main forms, hexagonal wurtzite and cubic
zincblende [1]. The wurtzite structure is most stable at ambient conditions and thus
most common. The zincblende form can be stabilized by growing ZnO on substrates
with cubic lattice structure. In both cases, the zinc and oxide centers are tetrahedral,
the most characteristic geometry for Zn (II). In addition to the wurtzite and zincblende
polymorphs, ZnO can be crystallized in the rocksalt motif at relatively high pressures
about 10 GPa. Hexagonal and zincblende polymorphs have no inversion symmetry
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(reflection of a crystal relative to any given point does not transform it into itself).
This and other lattice symmetry properties result in piezoelectricity of the hexagonal
and zincblende ZnO, and pyroelectricity of hexagonal ZnO. The hexagonal structure
has a point group 6 mm (Hermann-Mauguin notation) or C6v (Schoenflies notation),
and the space group is P63mc or C6v4 [1].

The lattice constants are a = 3.25 Å and c = 5.2 Å; their ratio c/a ~ 1.60 is close to the
ideal value for hexagonal cell c/a = 1.633. As in most group II-VI materials, the
bonding in ZnO is largely ionic (Zn2+–O2–) with the corresponding radii of 0.074 nm
for Zn2+ and 0.140 nm for O2– [1]. This property accounts for the preferential
formation of wurtzite rather than zinc blende structure, as well as the strong
piezoelectricity of ZnO. Because of the polar Zn-O bonds, zinc and oxygen planes are
electrically charged. To maintain electrical neutrality, those planes reconstruct at
atomic level in most relative materials, but not in ZnO – its surfaces are atomically
flat, stable and exhibit no reconstruction. This anomaly of ZnO is not fully explained
yet.
1.2 Magnetic Properties
Dilute magnetic semiconductors (DMS) are attracting increasing research interests
because spin-polarized DMS can accomplish efficient spin injection as well as
8

overcome the conductance mismatch associated with semiconductor devices. It has
been found that ZnO is a promising host material for ferromagnetic doping. Room
temperature hole mediated ferromagnetic ordering in ZnO by introducing manganese
(Mn) as dopant has been predicted theoretically [2] and reported experimentally by
Sharma et al. [3] in ZnO thin film. Ferromagnetism in ZnO was also observed when
Co and Fe were used as dopants. The effort of growing ferromagnetic Zn1-xMnxO
(x=0.13) nanowires with Curie temperature of 37 K was reported by Chang et al. The
nanowires were synthesized via a vapor phase evaporation method. Because of its
wide band gap, ferromagnetic ZnO is regarded as an excellent material for short
wavelength magneto-optical devices. These studies enable the use of magnetic ZnO
nanowires as nanoscale spin-based devices.

Fig.13. Temperature dependent magnetization curve of Zn1-xMnxO (x=0.13)
nanowire at 500 Oe field shows Curie temperature of 37K. Inset: Magnetization-Field
hysteresis loop obtained at5 K demonstrates ferromagnetism by Mn doping.
1.3 Optical Properties
Intrinsic optical properties of ZnO nanostructures are being intensively
studied for implementing photonic devices. Photoluminescence (PL) spectra of ZnO

9

nanostructures have been extensively reported [3]. Excitonic emissions have been
observed from the photoluminescence spectra of ZnO nanorods.

Figure 4. PL spectra of ZnO nanoparticles
It is shown that quantum size confinement can significantly enhance the
exciton binding energy. Strong emission peak at 380 nm due to band-to-band
transition and green-yellow emission band related to oxygen vacancy are observed.
These results are consistent with those of bulk ZnO. Interestingly, the green emission
intensity increases with decreasing nanowires diameter. This observation is attributed
to the larger surface-to-volume ratio of thinner nanowires favoring a higher level of
defects and surface recombination [3,4]. Recently, red luminescence band was
reported, which was attributed to doubly ionized oxygen vacancies. In addition, as
one of the characteristics of nanoscale systems, quantum confinement was observed to
cause a blue shift in the near UV emission peak in ZnO nanobelts. PL spectra show
that ZnO nanowire is a promising material for UV emission, while its UV lasing
property is of more significance and interest. Due to its near-cylindrical geometry and
large refractive index (~2.0), ZnO nanowire/nanorod is a natural candidate for optical
waveguide. The well-facetted nanowires also form promising optical resonance
cavities which greatly facilitate highly directional lasing at room temperature in well
10

aligned ZnO nanowires. Huang et al. and Liu et al. reported room temperature UV
lasing from ordered ZnO nanowires array. Lasing power threshold of 40 kW/cm2 ~
100 kW/cm2 was reported and it was suggested that higher crystal quality confers
lower threshold. The additional advantages of ZnO nanowire lasers are that the
excitonic recombination lowers the threshold of lasing, and quantum confinement
yields a substantial density of states at the band edges and enhances radiative
efficiency. Optical wave guiding using dielectric nanowire also achieved considerable
progress. Recently, ZnO nanowires were reported as sub-wavelength optical
waveguide. Optically pumped light emission was guided by ZnO nanowire and
coupled into SnO2 nanoribbon .These findings show that ZnO nanostructures can be
potential building blocks for integrated optoelectronic circuits. Besides UV emitting
and lasing, effort on utilizing ZnO nanowires for UV photodetection and optical
switching have been reported by Kind et al. Defect state related visible wavelength
detection and polarized photodetection of ZnO nanowires were also observed .
Photocurrent is maximized when the electric field component of the incident light is
polarized parallel to the nanowire long axis. This behavior is one of the characteristics
of Q1Dsystems and renders them promising application in high contrast polarizer.
From the photoconductivity important effect on the photoresponse, i.e. O2 surface
adsorption on the nanowires could significantly expedite the photocurrent relaxation
rate. , the photocurrent relaxation time is around 8 s in air but hours in vacuum. It was
found that the desportion-adsorption process of O2 affects the photoresponse of ZnO
nanowire. Upon illumination, photo generated holes discharge surface chemisorbed
O2 through surface electron-hole recombination, while the photo generated electrons
significantly increase thermal conductivity. When illumination is switched off, O2
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molecules re-adsorb onto nanowire because of the multidisciplinary subject, the
participation of diverse scientific communities is sought Scope.

Metal oxide nanostructures
Metal oxide nanostructures have attracted great interest due the large variety
of physical properties they present. Control of size, shape, surface, architecture and
assembly properties of nanoscale materials are crucial steps towards their study in
fundamental research and their implementation in technological devices. The
symposium will provide a platform for the presentation of state-of-the art physical and
chemical synthesis procedures that represent a step forward towards a rational design
of metal oxide nanostructures. Targeted advanced applications or physical properties
are for example gas sensing, photo catalysis, fuel cells, solar cells, optics, magnetic,
electric, multi ferroic, etc…. A key point will be the way surfaces and interfaces are
controlled or modified: oxide-oxide, oxide-metal, oxide-organic matter, oxide-liquid
and oxide-gas. These interfaces generally control surface reactions and/or charge
transfers that are at the origin of outstanding properties. How performances are
influenced by architecture control at the nanolevel will be one of the main questions
addressed by the contributions. The symposium aims at covering a wide panel from
experimental chemistry to analytical and theoretical physics to promote exchange of
views and ideas from different communities. Knowing the thermodynamic stability of
transition metal oxide nanoparticles is important for understanding and controlling
their role in a variety of industrial and environmental systems. Using calorimetric data
on surface energies for cobalt, iron, manganese, and nickel oxide systems, we show
that surface energy strongly influences their redox equilibria and phase stability.
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Spinels (M3O4) commonly have lower surface energies than metals (M), rocksalt
oxides (MO), and trivalent oxides (M2O3) of the same metal; thus, the contraction of
the stability field of the divalent oxide and expansion of the spinel field appear to be
general phenomena. Using tabulated thermodynamic data for bulk phases to calculate
redox phase equilibria at the nanoscale can lead to errors of several orders of
magnitude in oxygen fugacity and of 100 to 200 K in temperature. Zinc oxide is a
unique material that exhibits semiconducting and piezoelectric dual properties. ZnO
has a long history of usage for pigments and protective coatings on metals. The
electrical, optoelectronic and photochemical properties of undoped ZnO has resulted
in use for solar cells, transparent electrodes and blue/UV light emitting devices. In the
past decade, numerous studies have been made on both production and application of
one-dimensional

ZnO.

ZnO

nanomaterials

are

promising

candidates

for

nanoelectronic and photonics. Compared with other semiconductor materials, ZnO
has higher excitation binding energy (60 meV), is more resistant to radiation, and is
multifunctional with uses in the areas as a piezoelectric, ferroelectric and
ferromagnetic. ZnO-based semiconductor and nanowire devices are also promising
for the integration on a single chip. So far, the various applications of ZnO nano
materials such as biosensors, UV detectors and FED are under way.
REVIEW
Zinc oxide is a material with great potential for a variety of practical
applications, such as piezoelectric transducers, optical waveguides, surface acoustic
wave devices, varistors, phosphors, transparent conductive oxides, chemical and gas
sensors, spin functional devices, and UV-light emitters (1, 2). Its wide bandgap (_3.37
eV at room temperature makes ZnO a promising material for photonic applications in
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the UV or blue spectral range, while the high exciton-binding energy (60 meV) allows
efficient excitonic emission even at room temperature. In addition, ZnO doped with
transition metals shows great promise for spintronic applications. It has also been
suggested that ZnO exhibits sensitivity to various gas species, namely ethanol
(C2H5OH), acetylene (C2H2), and carbon monoxide (CO), which makes it suitable for
sensing applications. Moreover, its piezoelectric property (originating from its noncentrosymmetric structure) makes it suitable for electromechanical sensor or actuator
applications. Also, ZnO is biocompatible which makes it suitable for biomedical
applications. Last but not least, ZnO is a chemically stable and environmentally
friendly material. Consequently, there is considerable interest in studying ZnO in the
form of powders, single crystals, thin films, or nanostructures.
A variety of ZnO nanostructure morphologies, such as nanowires, nanorods,
tetrapods, and nanoribbons/ belts, have been reported. ZnO nanostructures have been
fabricated by various methods, such as thermal evaporation, metal–organic vapor
phase epitaxy (MOVPE), laser ablation, hydrothermal synthesis, and template-based
synthesis. Recently, novel morphologies such as hierarchical nanostructures, bridge/nail-like nanostructures, tubular nanostructures, nanosheets, nanopropeller arrays,
nanohelixes, and nano- rings have, amongst others, been demonstrated.
Optical properties
Spontaneous Emission
Optical properties of a variety of forms of ZnO, including ZnO nanostructures,
have been studied by photoluminescence (PL) spectroscopy. The majority of the
reported luminescence spectra of ZnO nanostructures have been measured at room
14

temperature, although variable-temperature photoluminescence studies have been
performed on some of the samples. Room-temperature PL spectra of ZnO typically
consist of a UV emission and possibly one or more visible bands due to defects and/or
impurities
UV Emission
Low-temperature

photoluminescence

measurements

of

different

nanostructures, such as nanowire/nanowall systems, nanosheets, nanowalls,
nanowires, nanorods, faceted nanorods, nanoparticles, and nanoblades and
nanoflowers, have been reported. Low temperature (4–10 K) PL spectra of ZnO
typically exhibit several peaks (labeled I0–I11), which correspond to bound excitons.
An example of a low-temperature PL spectrum of a ZnO sample exhibiting a number
of bound-exciton peaks is shown in fig 1.

Figure 1: Bound-excitonic region of the 10 K PL spectrum for the forming gas
annealed ZnO substrate.
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The number of observed bound exciton peaks in ZnO nanostructures is typically
lower than that in ZnO single crystals. An example of a low-temperature temperature
PL spectrum of highly faceted ZnO rods with good crystalline quality is shown in
Figure 2. Since the relative intensity of the bound-exciton peaks varies from sample to
Sample due to variations in donor/acceptor concentrations and their capture cross
sections, variable-temperature PL measurements can provide useful information about
the optical and structural properties of ZnO

Figure 2: PL spectra from ZnO faceted rods at different temperatures as a function of
a) wavelength, and b) energy. The inset shows an enlarged region of the PL spectrum
at 7 K.
However, the assignment of the bound-exciton peaks in ZnO is, in general,
controversial for all forms of the samples, namely, ZnO single crystals, epitaxial
films, and nanostructures. For example, it was proposed that the emission lines I5 to
I3] in the lower part of the energy spectrum can be attributed to excitons bound to
neutral acceptors. However, other reports in the literature attributed some of these
lines to donor bound excitons. The chemical identity of the donors and acceptors
responsible for different bound-exciton lines still remains unclear (for a complete list
16

of the bound-exciton peaks generally observed in ZnO). One of the commonly
observed bound-exciton lines in ZnO nanostructures is the I4 line at 3.3628 eV. This
emission is typically attributed to the donor bound exciton, and the donor has been
identified as hydrogen. Theoretical calculations predict hydrogen to be a shallow
donor in ZnO and it is reasonable to expect that an unintentional incorporation of
hydrogen could frequently happen in ZnO nanostructure synthesis. For the acceptor
bound excitons, the most commonly reported peak is located at 3.3564 eV. This peak
is commonly attributed to excitons bound to Na or Li acceptors. Alkali metals are
predicted to produce shallow acceptors on the cation site, but the experimental results
demonstrate that doping with group 1 ions produces complex results. The assignment
of several bound-exciton lines especially is still controversial and conclusive chemical
identification of the majority of donors and acceptors has not been accomplished. At
low temperatures, in addition to bound-exciton peaks, two-electron satellite
transitions can be observed in the spectral region 3.32 3.34 eV. These transitions
correspond to a radiative recombination of donor bound excitons, which leaves the
donor in an excited state. Thus, they are located at energy lower by an amount equal
to the difference between the first excited and ground states of the donor, so that their
position in respect to the donor bound exciton peaks can be used to estimate donorbinding energies. All ZnO samples (single crystals, films, and nanostructures) have in
common is the disappearance of bound-exciton peaks at temperatures in the range 50–
150 K, while at room temperature only free-exciton emission is observed. The
presence of free-exciton emission at low temperatures, as well as a distinction
between A and B exciton peaks, is usually considered to indicate high quality in ZnO
samples.
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Defect Emissions
Room-temperature PL spectra from ZnO can exhibit a number of different
peaks in the visible spectral region, which have been attributed to the defect emission.
Emission lines at 405, 420, 446, 466, 485, 510, 544, 583, and 640 nm have been
reported .Several calculations of the native defect levels in ZnO have been reported.
An example of defect emissions (normalized PL spectra) from different ZnO
nanostructures is shown in Figure 4.

Figure 4: Room-temperature PL spectra of different nanostructures:1) Tetrapods, 2)
needles, 3) nanorods, 4) shells, 5) highly facetedrods, 6) ribbons/combs
Green emission is the most commonly observed defect emission in ZnO
nanostructures, similar to other forms of ZnO. The intensity of the blue– green defect
emission was found to be dependent on the nanowire diameter, but both increased and
decreased defect emission intensity with decreased wire diameter were reported.
Green emission was also attributed to oxygen vacancies and zinc interstitials. Cu
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impurities have been proposed as origin of the green emission in ZnO. Blue-green
defect emission was also reported in Cu doped ZnO nanowires.

Photocatalytic Activity
ZnO as semiconducting photocatalysts, have attracted much attention because
of their applicability in treatment of wastes and pollutants in air and water. As
photocatalytic reaction occurs at the surface of catalyst, high surface-to-volume ratio
is of great signiﬁcance to increase the decomposition rate. When the size of the
catalyst reaches nanoscale, the chance of recombination of photo-generated electron
hole pairs decreases due to the fast arrival to the reaction sites at surface. Thus, many
investigations have been devoted to semiconducting nanocrystals but, unfortunately,
spherical nanocrystals are very easy to aggregate, which will reduce their
photocatalytic activity. Based on these facts, one-dimensional 1Dsemiconducting
oxide nanostructures are better candidates for photocatalytic application. For example,
ZnO nanoneedle arrays were demonstrated to have had much enhanced photocatalytic
activity. Massive tetrapod-shaped ZnO 1D nanostructure have been synthesized by
thermal evaporation of metal.In this process, metal catalyst, graphite additive, and
vacuum were not necessary, so it is very convenient and effective for large-scale
industrializa- tion. Several interesting applications, such as vacuum electron ﬁeld
emission, and gas/humidity sensors were also investigated. Result of certain
experiments demonstrated that ZnO nanotetrapods showed enhanced photocatalytic
activity due to the slow electron/hole recombine rate, as well as their high surface-to19

volume ratio. Scanning electron microscopy SEM, JSM, 6700Fwas employed to
investigate the morphology of the synthesized sample.

Many tetrapod-shaped ZnO nanorods are observed. In a perfect ZnO
nanotetrapod unit, four nanorods share a common crystal facet and are tetrapodbranched in three dimensions. The formation of this type tetrapod-branched
nanostructure was related to the fact that the 111 facets of the cubic zinc blend
structure are atomically identical to the 0001 facets of the hexagonal wurtzite
structure. Energy-dispersive x-ray spectroscopy EDSanalysis was used to measure the
chemical composition of the ZnO nanotetrapods. The result suggested that the
synthesized samples are composed of Zn and O with the atomic ratio of 51.2%
:48.8%, which clearly indicates some oxygen deﬁciencies in the nanotetrapods.
Photoluminescence PL measurement of the ZnO nanotetrapods was taken at room
temperature using He-Cd laser line of 325 nm as the excitation source. A strong
ultraviolet UV emission at 385.5 nm, and a broad green emission at 510 nm are
clearly observed. The strong UV emission is due to the near band edge emission of
20

ZnO. The center energy of the green emission is only 2.43 eV, which is smaller than
the band gap energy of ZnO. Vanheusden et al. suggested that the green emission was
attributed to the singly ionized oxygen vacancy in the ZnO. The green emission in
ZnO was also attributed to antisite oxygen. Surface states have also regarded as the
possible cause of the visible emission in ZnO nanostructures. It is likely that surface
states, such as oxygen deﬁciencies are the primary origin of the green emission. To
study the inﬂuence of surface states to the electron- hole recombination rate of ZnO
nanostructures, a single ZnO nanorod device is fabricated and measured its photosensitivity. When the light is switched off, the current decreases from 500 to 100 nm.
The current decay process is very slow as compared to bulk ZnO due to the surface
states related recombination process. Slow current decay suggests that electron/hole
recombination rate in the ZnO nanorod is slow, which is beneﬁcial to enhance its
photocatalytic activity. In order to investigate the photocatalytic characteristics of
tetrapod-branched ZnO nanostructures, Rhodamine B RhB, a ﬂuorescent red
commercial dye, has been chosen as the photocatalytic degradation dye. A 10 W
mercury lamp was used as the light source in the degradation experiment. All
photoreactions were carried out in a glass reactor containing 20 ml RhB aqueous
solution with the concentration of 100 mg/l. Thirtyﬁve mg ZnO nanotetrapods were
used as the photocatalyst. The solution was stirred continuously and opens to air
during the reaction. The efﬁciency of the degradation processes was evaluated by
monitoring the dye decolorization at the maximum absorption wavelength with
ultraviolet-visible spectrophotometer CARY 50 Probe, Varian Co.. It can be seen that
the maximum absorbance of 542 nm disappears almost completely after irradiation
for about 90 min. The loss of absorbance was probably due to the destruction of the
dye chromogen and, since no new peak was observed, degradation of RhB has
21

occurred. Further comparative experiments were carried out to study the
photocatalytic activity of ZnO nanotetrapods. Three kinds of catalysts 35 mg ZnO
nanotetrapods, 35 mg Degussa P25 TiO2, and 35 mg ZnO powderswere used to
photodegradation of Rhodamine B under the same experimental condition. When 35
mg normal ZnO powder was used as the catalyst, the maximum absorbance peak at
542 nm is 0.40 after UV irradiation for about 90 min, when 35 mg P25 TiO2 was used
as the catalyst the maximum absorbance peak at 542 nm is 0.18 after UV irradiation
about 90 min. When 35 mg ZnO nanotetrapode was used as the catalyst, the
maximum peak is only 0.015 after the irradiation for about 90 min. It is clearly
demonstrated that ZnO nanotetrapods show much better photocatalytic activity than
that of Degussa P25 and ZnO powders. Due to the unique three-dimensional branched
morphology, ZnO nanotetrapods will not aggregate as easy as spherical nanocrystals.
The effective speciﬁc surface area of the ZnO nanotetrapod measured from N2
isotherms Micromeritics Tristar Analyzer 3000at 77 K is 23.26 m2/g and, most
important, the surface oxygen deﬁciencies of the tetrapod-branched ZnO
nanostructures are electron capture centers, which will also reduce the recombination
rate of electrons and holes. Both of these would also effectively enhance the
photocatalytic activity of the tetrapod-branched ZnO nanostructures.
In

summary,

Photoluminescence

and

photosensitivity

studies

suggested the existence of abundant surface states on the surface of ZnO
nanotetrapods. The photodegradation catalyzed by the ZnO nanotetrapods was a
pseudo ﬁrst-order reaction with K=0.046/min. Due to the reduction of the
recombination of electrons and holes by the surface states as well as their high
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surface-to-volume ratio, ZnO nanotetrapods showed a enhanced photocatalytic
activity.

AIM AND SCOPE OF THE PROJECT
Nano crystalline oxides having crystalline size below 100nm are receiving
considerable attention due to their electrical and optical properties. Oxides of titanium
and Zinc and cation doped metal oxides have lot of applications in optoelectronics.
Synthesis of such oxides by chemical methods offers the following advantages.
i)

ease of control of composition

ii)

lower temperature

iii)

homogeneous particle size distribution

iv)

ability to incorporate dopants with precise stoichiometry

OBJECTIVES
Main objective of this work are
i)

Development of Nano oxides through chemical solution methods

ii)

Characterization of Nano oxides for particle size, crystalline nature and
electro optical characteristics.

iii)

To study the photocatalytic degradation of organic dyes using these
nanoparticles
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MATERIALS AND METHODS
Materials used:
1. Zinc acetate dihydrate [Zn(CH3COO)2.2H2O], 99.5%, Sigma
Aldrich
2. Magnesium acetate tetrahydrate[Mg(CH3COO)2.4H2O],
99%, Merck
3. Manganese acetate tetrahydrate [Mn(CH3COO)2.4H2O],98%,
CDH
4. Nickel acetate[Ni(CH3COO)2.4H2O],97%, Merck
5. Niobium ethoxide tetrahydrate Nb(OH2CH3C)5
6. Diethanolamine [C4H11NO2],99%, Sigma Aldrich
7. Isopropyl alcohol[C3H8OH], 99%, Merck

(Mn, Mg) co-doped ZnO nanoparticles
Experimental
Magnesium and Manganese co-doped Zinc Oxides (Zn.99-xMgxMn.01O) were
prepared in a simple sol-gel process. 1.05 g of diethanolamine is mixed with 40 ml of
2-propanol and then appropriate proportions of 0.01molar Zinc acetate, Magnesium
acetate and Manganese acetate were added to the above solution. The mixture is
stirred for 1 hour to get a clear solution. The clear solution is kept aside for 2 weeks.
The zero gels so obtained were calcined at 5500c for 1 hour. The powders obtained
24

were cooled to room temperature and then ground it well. It is then subjected to
various instrumental analyses.
The zero gel obtained was subjected to TG/DTA analysis using thermal
analysis system (Diamond TG/DTA, Perkin Elmer,USA) from room temperature to
8000c at a heating rate of 100c/minute. The structural characterization was carried out
by X-ray diffractometer (Bruker DXS D8 advance) using Cukα radiation of
wavelength 0.15406nm in a wide range of Bragg angle 2θ=20-60o.The
Photoluminescent measurements were done at an excitation wavelength of 320 nm
(Jobin Yvon Flourolog 3-11 spectroflourimeter) using xenon lamp 420W light source.
The diffused reflectance measurements were carried out using Carry 5E UV-VisibleNIR Spectrophotometer. The size distribution and SAED spectrum were recorded by
Transmission Electron microscopy (Philips CM 200, 200keV).
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RESULT AND DISCUSSION
Structural Characterization
XRD analysis
XRD patterns of Pure (ZnO), Mn doped (Zn.99Mn.01O) and Mg and Mn
doped (Zn.99-xMgxMn.01O) Zinc Oxide were shown in the Fig.1.
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Fig.1-XRD patterns of ZnO, Zn.99Mn.01O and Zn.99Mg.01Mn.01O
The samples have the hexagonal wurtzite structure of ZnO (space group P63mc) as
per the standard JCPDS card.
The crystallite size of samples were calculated using Debye-Scherrer equation,
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D= .9λ/βcosθ
Where D is the average crystallite size, λ is the wavelength of x-ray (.15406 nm), β is
the full width at half maxima and θ is the Bragg angle. The particle size obtained
from different planes was tabulated in table1.

SAMPLE

CRYSALLITE SIZE FROM DIFFERENT PLANES ( nm)
(100)

(002)

(101)

(102)

(110)

Zn O

23.93

24.33

24.10

24.49

24.27

Zn.99Mn.01O

26.82

27.37

26.29

23.94

24.05

Zn.98Mg.01Mn.01O 28.78

27.26

27.5

25.83

23.99

Lattice parameters a and c of undoped, Mn doped and Mg and Mn co-doped ZnO
were calculated from (100) and (002) oriented XRD peaks using the following
equations.
a = λ/√3sinθ
c = λ/ sinθ
Sample

a(A0)

c(A0)

c/a

V(A0)3

Zn O

3.2528

5.2086

1.6013

47.73

Zn.99Mn.01O

3.2517

5.207

1.6013

47.68

Zn.98Mg.01Mn.01O

3.27

5.23

1.599

48.43
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Fig.1 represents the XRD patterns of undoped ZnO, Mn doped ZnO and (Mg,
Mn) co-doped ZnO. These figures clearly shows that X-ray intensities decreases with
Mn doping and (Mg, Mn) co-doping, since the atomic number of Mn is 25 and Mg is
12 and that of Zn is 30 and hence doping with lower atomic numbered elements (Mg,
Mn) in place of higher atomic numbered element (Zn) leads to the reduction of
scattering powers of the atoms and thereby reduction in X-ray intensities. The peak
positions are also shifted towards lower 2Ɵ values with doping indicates that Mg/Mn
ions have incorporated in to the ZnO host lattice. This is consistent with the fact ionic
radius of Zn2+(0.74A0) is larger than Mg2+(0.65A0) but smaller than that of
Mn2+(0.80A0) in a tetrahedral environment. Cell parameters a and c increased slightly
with doping due to strain. The crystallite size were found to be in the range 24-28nm.
TEM analysis
The size distribution of particles was studied using TEM spectra.

Fig.2-TEM spectra of ZMM1
The particle size do not show appreciable variation with increase in the Mg content
which support the XRD data.The particles size obtained from TEM spectra is much
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greater than XRD data. This is because using XRD we are calculating the size of a
crystal. But TEM views the grains which consist of so many crystals. The concentric
circles in the electron diffraction patterns show the absence of any impurity. No plane
from the secondary phase obtained in the SAED spectrum.
Optical studies
PL spectral analysis
The Photo luminescent spectrum of Mn doped and (Mg, Mn) co-doped
ZnO is shown in the fig.3. The near band edge emission peak found at 365nm for all
samples. This is attributed to the direct recombination of excitons at n=1 state. A
more intense peak observed at 473nm in the blue region of the visible spectrum.
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Fig.3-PL spectra of ZM and ZMMO
The deep level emission in ZnO nanostructures is due to intrinsic defects such as
oxygen vacancies. The Blue-green emission is attributed to singly ionized oxygen
vacancies although the assignment is highly controversial. Other hypothesis includes
antisite oxygen and Zn interstials are also proposed.
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Diffused reflectance spectra
The diffused reflectance spectra of as prepared samples were investigated
and used for the calculation of band gap of nanoparticles using Kubelka-Munk
equation.
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Fig.4-Diffused reflectance spectra Z,ZM,ZMM
Band Gap values
Compound

Band gap

ZnO

3.25

Zn.99Mn.01

3.18

Zn.98Mg.01Mn.01

3.28

Zn.97Mg.02Mn.01

3.37
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From the above table it can be seen that the band gap values increases with Mg
doping due to Moss-Burstein effect. ie; The Fermi level moving to the conduction
band leading to band gap widening.
Photocatalytic study
The photocatalytic degradation of methylene blue was studied using the obtained
nano powders. The 0.01 molar (Mg, Mn) doped ZnO shows highest activity compared
to undoped ZnO, Mn doped ZnO and other (Mn, Mg) co-doped nanoparticles.

The highest activity of (0.01Mg,Mn) co-doped ZnO is expected to be due to the band
gap widening due to Moss-Burstein effect as a result of Mg incorporation in the
lattice. The Fermi level move to the conduction band results in band gap widening.
However further increase of Mg may introduce electron-hole recombination centers in
the semiconductor lattice and shows decreased activity. This may be also due to the
formation of surface defects which are not sensitive to XRD. (Mg,Mn) co-doped ZnO
nano particles can be able to enhance the photo catalytic degradation of methylene
blue exploiting the entire regions of solar spectrum compared to Mn-doped ZnO
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which is active in the visible region. Hence these types of ZnO based nano materials
can be able to exploit solar energy for environmental cleaning

Experimental
The sol solutions of Zn1-5/2xNbxO (ZNO) were prepared by a simple sol-gel process.
Zinc acetate dihydrate, Zn (CH3COO) 2(Sigma Aldrich), Niobium ethoxide, (C2H5O)5
Nb(Sigma Aldrich) and isopropyl alcohol,C3H8O(Merck India) were used as such
without further purification. 0.01 molar solutions of Zinc acetate and Niobium
ethoxide of varying concentrations are added to mixture of 0.01 molar diethanol
amine in 40ml 2-propanol. The mixture is stirred for one hour to get a clear solution.
The clear solution is filtered and kept aside for 2 weeks. The gel so obtained is
calcined at 5500C for 3 hours. The structural characterization of obtained
nanoparticles was done using X-ray diffraction (D5005, Bruker, Germany). The
particle size distribution was investigated by High Resolution Transmission Electron
Microscopy, HRTEM (Jeol USA JEM 2100). The optical properties were studied by
Raman spectroscopy (DXR, Thermo Scientific, USA, 532 nm laser excitation),
optical absorbance spectra (Shimadzu UV 3600 UV-VIS NIR, Japan) and
Photoluminescence

spectra

(JOVIN

YVON

Fluorolog-3-11,

Japan).

The

photocatalytic activity of the prepared nanoparticles was determined from the
degradation of methylene blue (MB) dye in aqueous solution. In a typical experiment
200mg of the nanoparticles were placed in MB dye solution of concentration 2x105

M. The above solution containing nanoparticles was kept in the dark for 1 hour to

acquire adsorption-desorption equilibrium of dye. The dye solution containing the
nanoparticles was subsequently illuminated by UV light source containing 6 numbers
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of 15W UV lamps (Philips UV light, G15 T8, Holland). The degradation profile was
monitored at different time intervals, by determining the concentration of the MB dye
at regular intervals using a UV visible spectrometer (Lambda 35, Perkin Elmer,
USA).
Results and discussion
The XRD patterns of Zn1-5/2xNbxO nanoparticles were shown in the figure 1. The
XRD pattern shows that both undoped ZnO and ZNO nanoparticles were crystallized
in hexagonal Wurtzite structure. The average particle size of the nanoparticles were
estimated using Scherrer equation1 and found to be in the range of 30-40nm. The
lattice parameters a and c were calculated using reduced Scherrer equations 1 from the
(100) and (002) oriented XRD peaks respectively and tabulated in the table 1. From
the XRD pattern, it is obvious that a secondary peak of Nb2O5 appears when the Nb
content exceeds 2% which is identified from the JCPDS card 72-1121.The particle
size distribution of ZNO nanoparticles were investigated using HRTEM. It is obvious
from the TEM spectra that the Nb ions are uniformly distributed in ZnO crystal lattice
and the particles size gradually decreasing with niobium content. It can be seen from
the HRTEM that all samples are structurally uniform which indicates that niobium
incorporation do not change the crystal structure of ZnO nanoparticles.
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FIG.1 XRD patterns of Zn1-5/2xNbxO nanoparticles (a, x=0, b, x=0.0057, c,
x=0.0184, d, x=0.0251)
The lattice fringes become more bright and visible with increasing concentration of
Niobium which confirms the reduced particle size distribution in ZNO. The particle
size obtained from TEM spectra is much greater than XRD data. This is because,
using XRD, we are estimating the size of a crystal. But from TEM, we can view the
grains which consist of so many nano crystals.
Table 1 Structural, Optical

and

Kinetic parameters

of

Zn 1-5/2xNbxO

nanoparticles (a, x=0, b, x=0.0057, c, x=0.0184, d, x=0.0251)
Dopant

Particle

Lattice

Lattice

c/a

concentration size(nm) parameter Parameter
(x)
0

39.62

a (A0)

c (A0)

3.2465

5.1993

1.6015

Crystallite Band

Rate

volume

gap

constant

V (A0)3

(eV)

(s-1)

47.4577

3.0932 1.33x105

0.0057

37.83

3.2467

5.1967

1.60006 47.4397

3.1515 1.41x105
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0.0092

34.43

3.2461

5.1943

1.6002

47.4002

3.1613 1.69x105

0.0184

34.12

3.2462

5.1722

1.5933

47.2016

3.1786 2.88x105

0.0251

33.84

3.2459

5.1714

1.5932

47.1856

3.1889 1.83x105

Optical properties
Raman spectrum is very sensitive to the microstructure of nanosized materials. Figure
2A shows the Raman spectra of undoped ZnO and ZNO nanoparticles recorded at an
excitation wavelength of 532nm. From the figure, it is obvious that ZNO
nanoparticles show usual modes that were observed at 436cm-1, 408cm-1,380cm-1 and
329cm-1 16-18.

FIG.2 A) Raman spectra B) Optical absorption spectra of Zn1-5/2xNbxO
nanoparticles (a, x=0, b, x=0.0057, c, x=0.0184, d, x=0.0251). Inset of Fig.2B
shows Kubelka-Munk plot
An intense peak of E2 (high) at 436 cm-1 associated with oxygen atoms is slightly red
shifted compared to the spectra of bulk samples due to defects or large size
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dispersion. This peak is a characteristic mode for the hexagonal wurtzite phase of
ZnO. The peaks at 408 cm-1 is assigned to the A1(TO) mode and associated with the
lattice disorder along the c-axis of the ZnO crystal. The 380 cm-1is assigned to the E1
(TO) mode and associated with the lifting of the degeneracy of infrared active optical
phonons in to a transverse mode as is well known by the Lyddane-Sachs-Teller
relation17, 19. A second order phonon peak also observed at 329 cm-1. The 329cm-1
mode could be observed by enhancement of Raman active and inactive phonons with
lattice symmetry due to Disorder-Activated Raman Scattering (DARS)17,20.
Comparing the ZNO with undoped ZnO nanoparticles, E2 (high) at 436 cm-1 is
slightly shifted to the low frequency side with increasing Nb doping concentration.
The peak intensities of all modes diminished with the addition of niobium showing
increased stress in the structure with Nb doping. The peak at 380cm-1 of E1 (TO)
mode is blue shifted by 10cm-1 on addition of 2% niobium. The intensity of peaks at
408cm-1 and 380cm-1 was diminished on increasing niobium doping concentration.
Diffused reflectance measurements were carried out to estimate the band gap values
of both undoped and Nb doped ZnO nanoparticles. The optical absorption spectra of
ZNO nanoparticles were shown in the figure 2B. The calculated band gap values were
tabulated in table 1. The optical absorption edge of ZnO clearly shows a blue shift
leading to band gap widening with an increase of Nb content. The increase in band
gap is attributed to the Moss-Burstein effect caused by electrons. Substitution of Zn2+
by Nb5+ cause an increase in electron density due to the differences in ionic radius and
electro negativity between Zn and Mg. This increase in carrier density results in the
lifting of the Fermi level in to the conduction band of the degenerate semiconductor
which results in band gap widening. Since there is valence difference of 3 between
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Zn2+ and Nb5+, each Nb can contribute more than one electron by the substitution of
Zn2+ by Nb5+. This also increases the carrier concentration leading to band gap
widening.

FIG.3 Photoluminescence spectra of of Zn1-5/2xNbxO nanoparticles (a, x=0, b,
x=0.0057, c, x=0.0184, d, x=0.0251).
Photoluminescent emission spectrum was recorded at an excitation wavelength of
360nm for getting more insight in to the defect chemistry of as synthesized ZNO
nanoparticles.PL spectrum shows two intense peaks; a near band emission peak
(NBE) at 396 nm and a defect related peak in the visible region at 407 nm. A broad
peak in the blue region and two broad peaks in orange red region were also observed
in the PL spectrum. The NBE peak at 396 nm is assigned to the recombination of free
excitons of ZnO21-22. The blue emission peak at 407 nm is assigned to the surface zinc
vacancy or transition between defects (interfacial traps) at the grain boundaries and
the valence bands22,23. The broad peak in the blue region is attributed to the electrons
trapped at interfaces lying within the depleted regions located ZnO - ZnO grain
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boundaries22,23. The two broad peaks in orange – red regions were proposed to be due
to oxygen rich samples21.

Photocatalytic properties
Photocatalytic properties of the ZNO nanoparticles were examined by decomposition
of aqueous Methylene Blue (MB) dye solution. The characteristic absorption peak of
MB at 664nm was chosen to monitor the photocatalytic degradation process. The self
degradation of MB without involving photocatalysts was negligible under UV or solar
light illumination.

FIG.4 A) Photocatalytic degradation curve B) Time dependent absorption
spectra of undoped ZnO and ZNO nanoparticles (a, x=0

b, x=0.0057

c,

x=0.0092 d, x=0.0184 e, x=0.025)
Figure 4 shows the time-dependent absorption spectra of MB solution during UV light
irradiation in the presence of undoped ZnO and ZNO nanoparticles. The calculated
rate constants for undoped ZnO and ZNO nanoparticles were calculated by plotting –
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log A/A0 against time (Figure 6) and tabulated in table 1. The highest degradation of
MB is observed for 2% Nb doped ZnO nanoparticles (Figure 6d). The photocatalytic
activity of ZNO nanoparticles shows an increase with Nb doping up to 2%. Further
increase of Nb content causes a drastic reduction in the photocatalytic activity. The
photolysis time (t1/2) corresponding to 50% degradation of methylene blue is 868
minutes with undoped ZnO. But the photobleaching considerably enhanced with ZNO
nanoparticles, t1/2 values are decreased to 819, 683, 401 and 631 minutes for samples
b, c, d and e. Higher photocatalytic activities of ZNO nanoparticles can be explained
by their increased band gap values and decreased particle size values. The increase in
band gap values cause higher reduction potential of the photoexcited electron-hole
pairs which significantly increases the activity of the photocatalyst. In the case of
ZNO nanoparticles, the particle size decreases and band gap values increases with Nb
doping. As a result a 2-fold increase in UV light induced photocatalytic activity of 2%
Nb doped ZnO is obtained compared to undoped ZnO nanoparticles. However 2.5%
Nb doped ZnO exhibit lower activity compared to 2% Nb doped ZnO which shows
highest band gap values and smallest particle size.
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FIG.5 TEM image, SAED pattern, high resolution TEM images of Zn 1-5/2xNbxO
nanoparticles (a, x=0, b, x=0.0057, c, x=0.0184, d, x=0.0251)
Comparing the band gap values with photocatalytic activity of ZNO nanoparticles, it
is clear that band gap values and textural properties are not the only factors which
controlling the UV light induced photocatalytic activity. The structural defects play a
significant role in the improvement or worsening of photocatalytic activity of metal
oxide nanoparticles depending on the location and type of native defects22,23.
It is generally accepted that surface defects could promote the photocatalytic activity
whereas bulk defects have only bad effects on photocatalytic activity. Inorder to
investigate the influence of structural defects and morphology of ZNO nanoparticles,
High resolution Transmission Electron microscopy (HRTEM) of undoped and ZNO
nanoparticles were taken. From the TEM spectra, it is obvious that particle size were
decreased with Nb doping. However HRTEM images of 2% Nb doped ZnO
nanoparticles (sample d) shows smooth and bright field regions in the lattice fringes
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which indicate the ordered patterns in the crystal lattice. The HRTEM of 2.5% Nb
doped ZnO (sample e) shows dark field regions corresponds to disordered regions in
ZnO crystal due to the formation of some defects. It is commonly accepted that the
bulk defects can become the recombination centers of the electron-hole pairs and thus
decreases the activity. The bulk defects observed in the 2.5% Nb doped ZnO were
thus acting as recombination centres and hence worsen the photocatalytic activity.

FIG.6 Kinetic study of Methylene blue degradation using Zn 1-5/2xNbxO
nanoparticles(a,x=0, b, x=0.0057, c, x=0.0184, d, x=0.0251)
Photoluminescence spectroscopy was employed for further investigation of the
photocatalytic activity of Nb-doped ZnO. It is clear that the intensity of NBE peak of
sample (d) is the least compared to the other samples. This can be attributed to the
efficient separation of photo induced charge carriers due to the band gap widening
resulting from the replacement of Zn by Nb. The intensity of PL peak of 2.5% Nbdoped ZnO is high, which represents faster recombination of charge carriers. This

41

may be due to the structural defects which may act as recombination centres of
excitons.
Conclusions
In summary we report the enhanced photocatalytic activity of Zn1-5/2xNbxO
nanoparticles prepared by a simple wet chemical method. The enhanced
photocatalytic activity of ZNO particles is attributed to increased electron-hole
separation due to band gap widening through Nb incorporation in the ZnO crystal
lattice. The structural defects are also strongly influencing the photacatalytic
degradation of methylene blue using ZNO nanoparticles. The bulk defects act as a
recombination centre and thereby reduce the activity of nanoparticles.
CONCLUTION
(Mg,Mn) co-doped ZnO nanoparticles were synthesized by a simple solgel process. The obtained nanoparticles were characterized by XRD, TEM, Diffused
reflectance spectra, PL spectra. The photocatalytic activity of Mn-doped ZnO and
(Mg,Mn) co-doped ZnO were studied under solar irradiation of methylene blue . From
the photocatalytic study, (0.01 Mg,Mn) co-doped ZnO exhibit highest photocatalytic
activity compared to Mn-doped ZnO and other (Mg,Mn) co-doped ZnO samples. The
highest activity of (0.01Mg,Mn) co-doped ZnO is expected to be due to the band gap
widening due to Moss-Burstein effect as a result of Mg incorporation in the lattice.
The Fermi level move to the conduction band results in band gap widening. However
further increase of Mg may introduce electron-hole recombination centers in the
semiconductor lattice and shows decreased activity. (Mg,Mn) co-doped ZnO nano
particles can be able to enhance the photo catalytic degradation of methylene blue
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exploiting the entire regions of solar spectrum compared to Mn-doped ZnO which is
active in the visible region. Hence these types of ZnO based nano materials can be
able to exploit solar energy for environmental cleaning.
We also report the enhanced photocatalytic activity of Zn1-5/2xNbxO nanoparticles
prepared by a simple wet chemical method. The enhanced photocatalytic activity of
ZNO particles is attributed to increased electron-hole separation due to band gap
widening through Nb incorporation in the ZnO crystal lattice. The structural defects
are also strongly influencing the photacatalytic degradation of methylene blue using
ZNO nanoparticles. The bulk defects act as a recombination centre and thereby reduce
the activity of nanoparticles.
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