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Abstract

Nano sized particles of semiconductor materials have achieved great interest in recent years due
to their desirable properties and applications in different areas such as agricultural, rubber
industries, pharmaceutical and cosmetic, textile industries, electronic industries, sensors,
photoelectronic devices and photocatalysts. These nanomaterials have unusual thermal,
structural and electronic properties, which are of important scientific interests in the fundamental
and applied research fields. Zinc oxide (ZnO) is a promising material which gained increasing
interest in recent years owing to its distinctive properties. In this review paper an attempt has

been made to elaborate the promising applications of ZnO nanoparticles in various fields.
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Introduction

Nano sized particles of semiconductor materials have achieved great interest in recent years due

to their desirable properties and applications in different areas such as rubber industries,

pharmaceutical and cosmetic, textile industries, electronic industries, sensors, photoelectronic
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devices and photocatalysts. These nanomaterial’s have unusual thermal, structural and electronic
properties, which are of important scientific interests in the fundamental and applied research
fields (Gancheva et al., 2016, Thirumavalavan ef al., 2013). ZnO is a promising, and versatile
inorganic material with a broad range of applications. Zinc oxide (ZnO) is usually a semi-
conductor having wide band gap with an energy gap of 3.37 eV at normal room temperature.
Zinc oxide (ZnO), which can exhibit a wide variety of nanostructures, possesses unique semi-
conducting, optical, and piezoelectric properties (Wang, 2008, Yang et al., 2010). ZnO is
characterized by photo catalytic ability and photo-oxidizing capacity against chemical and
biological species. It is a wide band gap semiconductor and this has significant effect on its
properties, such as the electrical conductivity and optical absorption. The excitonic emission can
persevere higher at room temperature and the conductivity increases when ZnO doped with
other metals (Wang, 2004). ZnO-NPs possess unique antibacterial, antifungal properties, high
catalytic and high photochemical activities. ZnO possesses high optical absorption in the UV
region which is beneficial in antibacterial response and used as a UV protector in cosmetics. ZnO
nanoparticles have recently fascinated consideration owing to its unique features. There are
potentially numerous promising applications of ZnO nanoparticles in in various industries which

are summarized below in flow Figure 16.1.

Zinc oxide - properties and agricultural/industrial applications

In rubber industry as fillers and activators for rubber compounds

Between 50% and 60% of ZnO use is in the rubber industry (Moezzi et al., 2012). Zinc oxide along
with stearic acid is used in the vulcanization of rubber (Porter, 1991). Zinc oxide is used as

additive, it promotes the process of vulcanization in rubber that is used for tire manufacturing. In

addition, its good conductivity improves the removal of heat that is generated during the
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Figure 16.1. Industrial applications of zinc oxide.
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churning motion of the tires also protect rubber from fungi and UV light.

In pharmaceutical and cosmetic industry as a component of sunscreen, lotions, powders,
dental pastes, etc., absorber of UV radiation

Nanoparticular zinc oxide is the broadest spectrum UVA and UVB absorber that is approved for
use as a sunscreen by the US. Food and Drug Administration (FDA), and is completely
photostable (Mitchnick et al., 1999). ZnO is basically included in some cosmetic lotions as it is also
known to maintain UV blocking and absorbing capabilities. In sunscreen applications, because of
the ingredient of bulk ZnO, it leaves a whitish tint when applied to the skin, but when ZnO nano-
particle is used in sunscreen application due to its transparent nature, it doesn't leave any tint on
the skin while applying. Compared to titanium dioxide (TiO2), ZnO is considered to be a good
ingredient in sunscreen applications because of its wide band gap due to which they can block
UVA rays which are at the wavelength range of 320-400 nm. Compared to titanium dioxide zinc
oxide is considered to be non-irritating, non-allergenic, and non-comedogenic. Zinc oxide also
imparts the optical and biochemical properties and therefore it is used by the pharmaceutical
industry for manufacturing zinc ointments, zinc pastes, adhesive tapes, and bandages for skin
and wound treatment. When mixed with eugenol, a ligand, zinc oxide eugenol is formed, which
is used as a restorative and prosthodontic in dentistry. Zinc oxide is widely used to treat a variety
of skin conditions, including dermatitis and acne. It is used in products such as baby powder,
calaminelotion, and barrier creams to treat diaper rashes, anti-shampoos
and antiseptic ointments. ZnO can also be used as the astringent for wounds healing, anti-
hemorrhoids, itching due to eczema and excoriation in the human medicine. Zinc oxide tape used
by athletes as a bandage to prevent soft tissue damage during workouts (Hughes and McLean,
1988). Researches have shown that nano ZnO which has the average size between 20 nm and
45 nm can enhance the antibacterial activity of ciprofloxacin against Staphylococcus aureus and

Escherichia coli in vitro (Banoee et al., 2010).

In textile industry as antibacterial and UV blocker

The incorporation of nanoparticles like ZnO, TiO: or clay nanoparticles into textiles are becoming
more demanding, as they provide protection from harmful UV radiation. Fine particles of the zinc
oxide have deodorizing and antibacterial properties and for this reason they are added into
materials including cotton fabric. In comparison to conventional UV absorbers (organic and
inorganic), nanoparticles are more efficient at absorbing and scattering UV radiation, because
they have a larger surface area per unit mass and volume than the conventional materials.
Textiles coated with nanoparticles keep the UV blocking property more time than conventional
materials. Hence, these nanoparticles increase the effectiveness of blocking UV radiation. Zinc
oxide provides an excellent UV-protection when cotton fabrics are treated with zinc oxide
nanorods of 10 to 50 nm in length. ZnO nanoparticles inlayed in polymer matrices (e.g., soluble

starch) have a good potential for applications such as UV protection ability in textiles. In fact,
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ZnO is said to have the broadest spectrum absorption range among many inorganic UV
absorbers. However, ZnO suffers from poor chemical stability. It can dissolve under both high
and low pH conditions. TiO; has excellent chemical stability, but the UV-absorption range is
narrower than ZnO so that it often relies on light scattering effects in addition to light absorption
effects to block UV light. Due to these reasons, zinc oxide seems to be ideal for the preparation of
highly UV-absorbing, nanosol-based coatings.

Textile and clothing are carriers of microorganisms such as bacteria and fungi because of the
adhesion of these organisms on the fabric surface. Antibacterial finishes are applied in sport
clothing, inner wears and medical textiles as a safe and effective means against various bacteria,
fungi and chlamydia. These textiles are generally treated with silver ions, but also with zinc oxide
(ZnO) nanoparticles, copper oxide (CuO) nanoparticles, aluminum oxide (Al.O3) and magnesium
oxide (MgO) nanoparticles. The influence of ZnO nanoparticulate fillers on antibacterial effects of
various polymer nanocomposites against both grampositive and gram-negative bacteria,
represented mostly by Staphylococcus aureus and Escherichia coli, respectively, have been proven by
many authors. ZnO NPs are added to polymers such as polyurethanes (Ma and Zhang, 2009, Li et
al., 2009) polypropylene (Altan and Yildirim, 2012), high density polyethylene (Li and Wang,
2010) or poly(vinyl chloride) (Geilich and Webster, 2013), where all authors observed reduction of
bacterial species as compared to the initial untreated polymer samples. The use of 0.6% nano-ZnO
for coating can be sulfficient to provide antimicrobial property to wearable cotton textiles, whereas
1% of nano-ZnO is recommended for medical textiles due to its high antimicrobial activity. ZnO

nanoparticles scores over nano-silver in terms of cost-effectiveness, whiteness and UV-blocking

property.

In agriculture and electronic industry in the manufacture of LEDS and solar cells, field emit-
ters, photo diodes, sensors, etc.

There are different electronic components, for example piezo-electric converters, transparent
conducting oxides, sensors, luminous diodes, and optoelectronic or spintronic components, that
at present are barely conceivable without zinc oxide. Zinc oxide-based semiconductors are used
as transparent conductive layers in blue light-emitting diodes, liquid-crystal screens, and
thin-film solar cells.

Light emitting diodes and solar cells: Since ZnO semiconducting NPs possess a wide band gap
of about 3.37 eV and a large exciton binding energy at of 60 ev at room temperature, their
electronic and luminescent properties have been extensively studied in connection with the
potential applications in light emitting devices (LEDs). Within this field, most of the attention has
been devoted to low dimensional structures such as ZnO quantum dots, nanorods or nanowires.
ZnO can be combined with GaN for LED-applications since ZnO overlap with that of GaN, which
has a similar bandgap (~3.4 eV at room temperature). Compared to GaN, ZnO has a larger
exciton binding energy (~60 meV, 2.4 times of the room-temperature thermal energy), which

results in bright room-temperature emission from ZnO. Moreover, organic light emitting diodes
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(OLEDs) utilize a nanocomposite layer composed of a semiconductive polymer and luminescent
ZnO nanoparticles (Willander et al., 2010).

Dye sensitized solar cells (DSCs): DSSCs are the devices which convert visible light into
electricity based on sensitization of wide band gap semiconductor. ZnO has been considered as a
promising candidate for DSSCs due to its carrier mobility and direct band gap, and position of
conduction band but inspite of these advantages, the efficiencies of zinc oxide based DSSCs are
usually low. Continuous improvement of dye sensitized solar cells (DSCs) represents one option
for harvesting energy from the light. For this purpose, DSCs based on ZnO hierarchical
nanostructures manifested maximum conversion efficiency up to 5.4 % (Zhang et al., 2009).

Field effect transistor: The zinc oxide (ZnO) nanostructures nanowire-based field-effect
transistors (FETs) are the basic element for nano-electronics applications (Makhniy and Melnik,
2003). Also, the ZnO nanowires FETs are the fundamental building blocks for many nanoscale
electronic devices. Early studies of zinc oxide (ZnO) nanowire FETs have focused only on their
device performance, and photo detection (Jain et al., 2016; Al-Sabahi et al., 2016; Shan et al., 2016).
The interface roughness plays a prominent role in the electronic transport for transistors. The zinc
oxide (ZnO) nanowires FET shows excellent properties, such as good transparency to visible
light, excellent uniformity, and high mobility compared with traditional amorphous/
polycrystalline silicon devices.

Photo diodes: The zinc oxide (ZnO) nanostructures are synthesized and fabricated as photo di-
odes also. There are increasingly plenty of scientific and industrial applications of photo diodes at
nanoscale (Marie et al., 2015; Kim et al., 2014). The experimental analysis of zinc oxide (ZnO)
reported that the nanostructures of ZnO heterojunction photodiodes consisting of p-Si and n-ZnO
nanowire core and shell structures. The conformal coating made by an n-type ZnO layer that
encircled a p-type silicon (Si) nanowire is applied in many photo diode applications. These photo-
diodes present enhanced ultra violet (UV) and visible responsivities compared to other planar
thin film photodiodes (Singh et al., 1984).

Biosensors: Biosensors (e.g. photometric, calorimetric, electrochemical, piezoelectric, among
others when categorized based on the detection principles) are widely used in healthcare,
chemical/ biological analysis, environmental monitoring, agriculture and food industry. Nano-
materials, alone or in combination with biologically active substances, are attracting ever-
increasing attention since they can provide a suitable platform for the development of high
performance biosensors due to their unique properties (Yakimova et al., 2012). For example, the
high surface area of nanomaterials can be employed to immobilize various biomolecules such as
enzymes, antibodies, and other proteins. In addition, they can allow for direct electron transfer
between active sites of the biomolecules and the electrode. Besides semiconducting properties,
ZnO nanomaterials also exhibit various desirable traits for biosensing such as high catalytic
efficiency, strong adsorption capability, and high isoelectric point (IEP; ~9.5) which are suitable
for adsorption of certain proteins (e.g. enzymes and antibodies with low IEPs) by electrostatic

interaction (Wang ef al., 2006). Furthermore, high surface area, good biocompatibility/stability,
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low toxicity, and high electron transfer capability also make them promising nanomaterials for
biosensors (Kumar and Chen, 2008). The majority of reported ZnO-based biosensors are for the
detection of various small molecule analytes such as glucose, phenol, H>O», cholesterol, urea, etc.
Humidity sensors: ZnO nanocomposites also find applications as humidity sensors (Zainelabdin
et al., 2012). Humidity sensors are inserted into the textile along the weft direction as a
replacement for weft yarn. Warp threads are replaced by conductive yarns to contact the sensors
inside the textile. Humidity sensors have a detection range from 25 to 85% with 10% sensitivity.
Several approaches of humidity sensor development via smart textile technology for healthcare
applications as ulcer prevention, monitoring of sweat rate and moisture in wounds are put into
use.

Gas sensors: Many researches have focused on the preparation of metal oxide semiconductor gas
sensors in the form of thin films. These operate upon the change of the resistance of metal oxide
nanoparticles due to the adsorption of reducing gases (Lee, 2009). Selectivity to hydrogen gas was
achieved by sputtering Pd clusters on the nanorod surface. The addition of Pd is effective in the
catalytic dissociation of hydrogen molecules into atomic hydrogen, increasing the sensitivity of
the sensor device. The sensor detects hydrogen concentrations down to 10 parts per million at
room temperature, whereas there is no response to oxygen in a similar way, ZnO based sensors
designed for nitrogen dioxide (Chen ef al., 2011), ammonia and ethanol (Zhang et al., 2011) were

successfully fabricated.

In food industry as an antibacterial agent and food packaging

ZnO shows photocatalytic properties and therefore it acts as an excellent antibacterial agent. This
material can be activated by UV and visible light to form the electron-hole pairs. The holes thus
formed can split the H2O molecule (from suspension from ZnO) to OH- and H*. Dissolved
oxygen molecules on could be converted to superoxide radical anions (®Oz) which react with H*
to produce (HO»*) radicals. The collisions of (HO:¢) with electrons produce the hydrogen
peroxide anion (HOy). These species react with hydrogen ions to produce H>O> molecules that
can penetrate the cell membranes and kill the bacteria (Padmavathy and Vijayaraghavan, 2008).
One of these essential applications is in food industry; as an antibacterial agent in food packaging
and towards foodborne pathogen. Some of the main benefits of using NPs in food nano-
technology are the addition of NPs onto food surfaces to inhibit bacterial growth, also using of
NPs as intelligent packaging materials and for nano-sensing (Chaudhry and Castle, 2011). Among
these NPs, ZnO-NPs developed as a successful candidate in the food industry. The antibacterial
influence of ZnO-NPs against foodborne pathogens stimulates proficient applications in food
packaging, and can be introduced in food nanotechnology. Researches have showed that ZnO-
NPs can inhibit and kill common as well as major foodborne pathogens. The bactericidal activity
of ZnO-NPs (8-10 nm size) against E. coli DH5a and S. aureus was examined and found to be
effective at 80 and 100 lIg mL-1. These concentrations disrupted the cell membrane causing

cytoplasmic leakage (Kaur et al., 2011). Narayanan et al., 2012 tested the antibacterial activity of
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ZnO-NPs against some human pathogens such as P. aeruginosa, E. coli, S. aureus, and E. faecalis.
They emerged with the result that ZnO-NPs have strong antibacterial activity to toward these
human pathogens. Likewise, the antimicrobial activity of ZnO-NPs was studied (Chitra and
Annadurai, 2013) toward P. aeruginosa and E. coli which were isolated from mint leaf extract and
frozen ice cream, and ZnO was prepared using wet chemical method, yielding spherical
morphology with smooth surface, of concentrations 20, 50, and 100 L. Both bacteria showed
decreased growth rate at the highest concentration 100 L, and they explained the growth
inhibition as a result of cell membrane damage through penetration of ZnO-NPs. Protection of
food from microbial pollution is one of the main purposes in food packaging. The emergence of
nanotechnology assisted to present novel food packaging materials with antimicrobial properties
and with novel nano-sensors to trace and monitor the food. Several studies have addressed the
antibacterial properties and potential applications of ZnO-NPs in food processing. For example,
ZnO has been included into a number of food linings in packaging to avoid spoilage plus it
maintains colors. ZnO-NPs provide antimicrobial activity for food packaging. Once they are
introduced in a polymeric matrix, it permits interaction of food with the packaging possessing
functional part in the conservation. The use of polymer nanotechnology in packaging was
introduced by Silvestre et al. (2011) to achieve novel way of packaging that mainly meet the
requirements of protection against bacteria. These materials with improved antimicrobial

properties permit also tracking of food during storage and transfer.
Photocatalysis for waste water treatment

Nanostructured metal-oxide semiconductors are promising candidates for photocatalytic
environmental remediation (Lines , 2008; Arivalagan ef al., 2011). Many kinds of semi-conductor
oxides such as TiO,, ZnO, FexOs, ZrO», have been widely used as photocatalysts in waste water
decontamination (Padmavath et al., 2008). Among those metal-oxide semiconductors, zinc oxide
has attracted much attention for its high photosensitivity, environmental friendliness, low cost,
and strong oxidizing power (Li and Li, 2010; Vijayakumar et al., 2010; Qamar, et al., 2015). In the
field of photocatalysis, titanium dioxide (TiOz) is wundoubtedly the material most
extensively studied (Asahi et al., 2001; Maeda et al., 2006). However, ZnO has been reported to
exhibit photocatalytic activity comparable or sometimes even better to TiO, and is considered as a
very promising alternative. Moreover, ZnO is cheap, low-toxic material that can be prepared by a
large variety of methods (Rolison, 2003; Kim et al., 2005). As the photocatalytic activity of semi-
conductors generally depends on crystal size, surface area, morphology and native defects, the
abundances in morphologies makes ZnO representative material in the research field of
photocatalysis (Arai ef al., 2007; Ang et al., 2013). However, there are some non-ignorable faults in
the wide band gap semiconductors (such as TiO, and ZnO) as photocatalysts because they can
only be excited for photocatalysis under UV light irradiation (Linsebigler et al., 1995; Han, 2005).
It is noted that visible light with spectral wavelength between 400 and 700 nm accounts for about
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45% of the total energy of the solar radiation, while UV light occupies less than 10%. Thus, it is of
great interest to improve the photocatalytic activity for practical photocatalytic applications under
visible light. Besides, the fast recombination rate of the photogenerated electron_hole pairs in the
monocomponent semiconductors restricts their photocatalytic efficiency (Hoffmann et al., 1995).
Semiconductor/semiconductor heterostructure photocatalysts may increase the photocatalytic
activity by extending the photo-responding range and increasing the charge separation rate
(Serpone et al., 1995). ZnO hollow spheroids were successfully used for the complete
photocatalytic degradation of aqueous solution of rhodamine B (as the model organic dye used
for textiles colouring) under UV light within minutes. Neither in the presence of ZnO spheroids
and absence of UV light nor with UV illumination and without the ZnO, did any photocatalytic
degradation of rhodamine B took place (Sinha et al., 2010). Similarly, another group of authors
synthesized nanorods assembled flowers which demonstrated 91 % and 80 % degradation of
methylene blue and rhodamine B dye, respectively, within 140 minutes (Rahman et al., 2013). In
addition, the effect of morphology of ZnO particles prepared by microwave assisted solvothermal
synthesis on photodegradation of methyl orange was evaluated among six different samples. The
best result represented by 98% degradation of methyl orange within 40 min was manifested by
hierarchically structured spheres; the authors’ explanation was related to the highest specific
surface area (Zhang and Zhu, 2009).

Conclusion

The properties of ZnO at nanoscale, applications in industries can applied to many industrial
applications. ZnO nanostructure material has gained much interest owing to its wide applications
for various devices such as solar cells, transistors, transducers, transparent conducting electrodes,
sensors and catalysts. ZnO nanoparticles are one of the most abundantly used nanomaterials in
consumer products and biomedical applications due to their specific properties, e.g. transparency,
high isoelectric point, biocompatibility and photocatalytic efficiency. ZnO nanoparticles used as
antimicrobial agents in food packaging materials show good antimicrobial activity. ZnO nano-
particles are known for their anti-bacterial activity and hence it finds application in various
commercial products such as cosmetics and sunscreens. The ZnO-based textile exhibit excellent
photocatalytic and antibacterial activities, and it show a promising sensing response. The
combination of sensing, photocatalysis, and antibacterial properties provided of ZnO NRs is used
in the concept of smart textiles for wearable sensing without a deodorant and antibacterial
control. Advanced technologies included incorporation of moisture, temperature, pressure

sensors, drug release, and fiber optics powered by textile-based batteries.

References

Al-Sabahi, J., Bora, T., Al-Abri, M. and Dutta, J. (2016). Controlled defects of zinc oxide nanorods for efficient visible light
photocatalytic degradation of phenol. Materials, 9(4): 238.



224 Satinder Pal Kaur Malhotra and T.K. Mandal (2019)

Altan, M. and Yildirim, H. (2012). Effects of compatibilizers on mechanical and antibacterial properties of injection molded
nano-ZnO filled polypropylene. Journal of Composite Materials, 46(25): 3189-3199.

Ang, W, Li, X, Li, S, Yan-Jun, L. and Wei-Wei, L. (2013). CuO nanoparticle modified ZnO nanorods with improved photo-
catalytic activity. Chinese Physics Letters, 30(4): 046202.

Arai, T., Yanagida, M., Konishi, Y., Iwasaki, Y., Sugihara, H. and Sayama, K. (2007). Photocatalysis: Fundamentals and Per-
spectives. Journal of Physical Chemistry C, 111: 7574.

Arivalagan, K., Ravichandran, S., Rangasamy, K., & Karthikeyan, E. (2011). Nanomaterials and its potential applications.
International Journal of ChemTech Research, 3(2): 534-538.

Asahi, R.Y.O].I, Morikawa, T.A.K.E.S.H.I,, Ohwaki, T., Aoki, K. and Taga, Y. (2001). Visible-light photocatalysis in nitrogen-
doped titanium oxides. Science, 293(5528): 269-271.

Banoee, M., Seif, S., Nazari, Z.E., Jafari-Fesharaki, P., Shahverdi, H.R., Moballegh, A. and Shahverdi, A.R. (2010). ZnO nano-
particles enhanced antibacterial activity of ciprofloxacin against Staphylococcus aureus and Escherichia coli. Journal of
Biomedical Materials Research Part B: Applied Biomaterials, 93(2): 557-561.

Chaudhry, Q. and Castle, L. (2011). Food applications of nanotechnologies: an overview of opportunities and challenges for
developing countries. Trends in Food Science & Technology, 22(11): 595-603.

Chen, M., Wang, Z., Han, D., Gu, F. and Guo, G. (2011). High-sensitivity NO2 gas sensors based on flower-like and tube-like
ZnO nanomaterials. Sensors and Actuators B: Chemical, 157(2): 565-574.

Chitra, K. and Annadurai, G. (2013). Antimicrobial activity of wet chemically engineered spherical shaped ZnO nanoparticles
on food borne pathogen. International Food Research Journal, 20(1): 1-10.

Gancheva, M., Markova-Velichkova, M., Atanasova, G., Kovacheva, D., Uzunov, I. and Cukeva, R. (2016). Design and photo-
catalytic activity of nanosized zinc oxides. Applied Surface Science, 368: 258-266.

Geilich, B.M. and Webster, T.J. (2013). Reduced adhesion of Staphylococcus aureus to ZnO/PVC nanocomposites. In 2013
39th Annual Northeast Bioengineering Conference. IEEE. pp. 7-8.

Han, S., Choi, S.H., Kim, S.S., Cho, M., Jang, B., Kim, D.Y. and Hyeon, T. (2005). Low-temperature synthesis of highly crystal-
line TiO2 nanocrystals and their application to photocatalysis. Small, 1(8-9): 812-816.

Hoffmann, M.R., Martin, S.T., Choi, W. and Bahnemann, D.W. (1995). Environmental applications of semiconductor photoca-
talysis. Chemical Reviews, 95(1): 69-96.

Hughes, G. and McLean, N.R. (1988). Zinc oxide tape: a useful dressing for the recalcitrant finger-tip and soft-tissue injury.
Emergency Medicine Journal, 5(4): 223-227.

Jain, R. and Sinha, A. (2016). Graphene-zinc oxide nanorods nanocomposite based sensor for voltammetric quantification of
tizanidine in solubilized system. Applied Surface Science, 369: 151-158.

Kaur, P., Thakur, R., Kumar, S. and Dilbaghi, N. (2011). Interaction of ZnO nanoparticles with food borne pathogens Esche-
richia coli DH5a and Staphylococcus aureus 5021 and their bactericidal efficacy, in International Conference on Advances
in Condensed and Nano Mater., pp. 153.

Kim, K., Utashiro, K., Abe, Y. and Kawamura, M. (2014). Structural properties of zinc oxide nanorods grown on Al-doped
zinc oxide seed layer and their applications in dye-sensitized solar cells. Materials, 7(4): 2522-2533.

Kumar, S.A. and Chen, S.M. (2008). Nanostructured zinc oxide particles in chemically modified electrodes for biosensor appli-
cations. Analytical Letters, 41(2): 141-158.

Lee, ].H. (2009).Gas sensors using hierarchical and hollow oxide nanostructures. Sensors and Actuators B - Chemistry, 140:319.

Li, B. and Wang, Y. (2010). Facile synthesis and photocatalytic activity of ZnO-CuO nanocomposite. Superlattices and Micro-
structures, 47(5): 615-623.

Li, J.H., Hong, R.Y., Li, M.Y,, Li, H.Z., Zheng, Y. and Ding J. (2009). Effects of ZnO nanoparticles on the mechanical and anti-
bacterial properties of polyurethane coatings. Progress in Organics Coatings, 64: 504.

Li, S.C. and Li, Y.N. (2010). Mechanical and antibacterial properties of modified nano-ZnO/high-density polyethylene com-
posite films with a low doped content of nano-ZnO. Journal of Applied Polymer Science, 116(5): 2965-2969.

Lines, M.G. (2008). Nanomaterials for practical functional uses. Journal of Alloys and Compounds, 449(1-2): 242-245.

Linsebigler, A.L., Lu, G. and Yates Jr, J.T. (1995). Photocatalysis on TiO surfaces: principles, mechanisms, and selected results.
Chemical Reviews, 95(3): 735-758.

Ma, X.Y. and Zhang, W.D. (2009). Effects of flower-like ZnO nanowhiskers on the mechanical, thermal and antibacterial prop-
erties of waterborne polyurethane. Polymer Degradation and Stability, 94(7): 1103-1109.

Maeda, K., Teramura, K., Lu, D., Takata, T., Saito, N., Inoue, Y. and Domen, K. (2006). Photocatalyst releasing hydrogen from



Satinder Pal Kaur Malhotra and T.K. Mandal (2019) 225

water. Nature, 440(7082): 295.

Makhniy, V.P. and Melnik, V.V. (2003). Surface barrier diode based on zinc selenide with a passivating zinc oxide film. Tech-
nical Physics Letters, 29(9): 712-713.

Marie, M., Mandal, S. and Manasreh, O. (2015). An electrochemical glucose sensor based on zinc oxide nanorods. Sensors, 15
(8): 18714-18723.

Mitchnick, M.A., Fairhurst, D. and Pinnell, S.R. (1999). Microfine zinc oxide (Z-cote) as a photostable UVA/UVB sunblock
agent. Journal of the American Academy of Dermatology, 40(1): 85-90.

Moezzi, A., McDonagh, A.M. and Cortie, M.B. (2012). Zinc oxide particles: Synthesis, properties and applications. Chemical
Engineering Journal, 185: 1-22.

Narayanan, P.M., Wilson, W.S., Abraham, A.T. and Sevanan, M. (2012). Synthesis, characterization, and antimicrobial activity
of zinc oxide nanoparticles against human pathogens. BioNanoScience, 2(4): 329-335.

Padmavathy, N. and Vijayaraghavan, R. (2008). Enhanced bioactivity of ZnO nanoparticles —an antimicrobial study. Science
and Technology of Advanced Materials, 9(3): 035004.

Porter, F. (1991). Zinc Handbook: Properties, Processing, and Use in Design. CRC Press, pp. 1-10.

Qamar, M.T., Aslam, M., Ismail, M., Salah, N. and Hameed, A. (2015). Synthesis, characterization, and sunlight mediated
photocatalytic activity of CuO coated ZnO for the removal of nitrophenols. ACS Applied Materials & Interfaces, 7(16): 8757
-8769.

Rahman, Q.I, Ahmad, M., Misra, S.K. and Lohani, M.B. (2013). Hexagonal ZnO nanorods assembled flowers for photocatalyt-
ic dye degradation: growth, structural and optical properties. Superlattices and Microstructures, 64: 495-506.

Rolison, D.R. (2003). Catalytic nanoarchitectures--the importance of nothing and the unimportance of periodicity. Science, 299
(5613): 1698-1701.

Serpone, N., Maruthamuthu, P., Pichat, P., Pelizzetti, E. and Hidaka, H. (1995). Nanostructured and photoelectrochemical
systems for solar photon, Journal of Photochemistry and Photobiology A: Chemistry, 85: 247.

Shan, L., Liu, Y., Ma, C,, Dong, L., Liu, L. and Wu, Z. (2016). Enhanced Photocatalytic Performance in Ag+-Induced BiVO4/ -
Bi203 Heterojunctions. European Journal of Inorganic Chemistry, 2016(2): 232-239.

Silvestre, C., Duraccio, D. and Cimmino, S. (2011). Food packaging based on polymer nanomaterials. Progress in Polymer Sci-
ence, 36(12): 1766-1782.

Singh, S.N., Kumari, S. and Das, B.K. (1984). Electrical properties of polycrystalline silicon and zinc oxide semiconductors.
Bulletin of Materials Science, 6(2): 243-258.

Sinha, A K., Basu, M., Pradhan, M., Sarkar, S. and Pal, T. (2010). Fabrication of large-scale hierarchical ZnO hollow spheroids
for hydrophobicity and photocatalysis. Chemistry-A European Journal, 16(26): 7865-7874.

Thirumavalavan, M., Huang, K.L. and Lee, ].F. (2013). Preparation and morphology studies of nano zinc oxide obtained using
native and modified chitosans. Materials, 6(9): 4198-4212.

Vijayakumar, G.N.S., Devashankar, S., Rathnakumari, M. and Sureshkumar, P. (2010). Synthesis of electrospun ZnO/CuO
nanocomposite fibers and their dielectric and non-linear optic studies. Journal of Alloys and Compounds, 507(1): 225-229.

Wang, J.X., Sun, XW., Wei, A., Lei, Y., Cai, X.P., Li, CM. and Dong, Z.L. (2006). Zinc oxide nanocomb biosensor for glucose
detection. Applied Physics Letters, 88(23): 233106.

Wang, Z.L. (2004). Zinc oxide nanostructures: growth, properties and applications. Journal of Physics: Condensed Matter, 16(25):
R829.

Wang, Z.L. (2008). Splendid one-dimensional nanostructures of zinc oxide: a new nanomaterial family for nanotechnology.
ACS Nano, 2: 1987.

Willander, M., Nur, O., Sadaf, J.R., Qadir, M.I,, Zaman, S., Zainelabdin, A. and Hussain, I. (2010). Luminescence from zinc
oxide nanostructures and polymers and their hybrid devices. Materials, 3(4): 2643-2667.

Yakimova, R., Selegard, L., Khranovskyy, V., Pearce, R., Lloyd Spetz, A. and Uvdal, K. (2012). ZnO materials and surface
tailoring for biosensing. Frontiers in Bioscience (Elite edition), 4(1): 254-278.

Yang, P., Yan, R. and Fardy, M. (2010). Semiconductor nanowire: what's next?. Nano Letters, 10(5): 1529-1536.

Zainelabdin, A., Amin, G., Zaman, S., Nur, O., Lu, J., Hultman, L. and Willander, M. (2012). CuO/ZnO Nanocorals synthesis
via hydrothermal technique: growth mechanism and their application as Humidity Sensor. Journal of Materials Chemis-
try, 22(23): 11583-11590.

Zhang, L. and Zhu, Y.J. (2009). ZnO micro-and nano-structures: microwave-assisted solvothermal synthesis, morphology

control and photocatalytic properties. Applied Physics A, 97(4): 847.



226 Satinder Pal Kaur Malhotra and T.K. Mandal (2019)

Zhang, Q., Dandeneau, C.S., Zhou, X. and Cao, G. (2009). ZnO nanostructures for dye-sensitized solar cells. Advanced Materi-
als, 21(41): 4087-4108.

Zhang, Y., Fu, W., Sui, Y., Yang, H., Cao, J., Li, M. and Chen, H. (2011). Twinned tabour-like ZnO: Surfactant-, template-free
synthesis and gas sensing behaviors. Applied Surface Science, 257(13): 5784-5788.

Fkkdokkk

Cite this chapter as: Malhotra, S.P.K. and Mandal, T.K. (2019). Zinc Zinc oxide nanostructure and its application as
agricultural and industrial material. In: Kumar, V., Kumar, R., Singh, J. and Kumar, P. (eds) Contaminants in Agriculture and
Environment: Health Risks and Remediation, Volume 1, Agro Environ Media, Haridwar, India, pp. 216-226,
https:/ /doi.org/10.26832/ AESA-2019-CAE-0171-016



