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NaNbO3 thin films were deposited under different conditions by rf magnetron sputtering of ceramic target. Spectral transmission of the

deposited films was measured in the UV-Visible-near IR range. Films deposited at 300 ◦C showed more absorption, and films annealed at

300 ◦C showed less absorption than those deposited at room temperature (RT), which was found to be consistent with their X-ray diffraction

(XRD) patterns. From the observed transmission spectra, refractive index, optical band gap, absorption coefficient, extinction coefficient and

film thickness were calculated for the deposited films. Refractive index at 550 nm wavelength was found to be 2.11, 2.01 and 2.34 for the films

deposited at RT, 300 ◦C and annealed at 300 ◦C, respectively. The refractive index was found to be almost constant with respect to frequency

for the films annealed at 300 ◦C. Optical band gap was found 3.82, 3.7 and 3.81 eV for the films deposited at RT, 300 ◦C, and annealed at

300 ◦C, respectively. Film thickness was shown to decrease with annealing. Absorption and extinction coefficients decreased with increasing

wavelength, in all the samples. Band gaps associated with different interactions have been calculated for the deposited films. Phonon assisted

indirect forbidden transition was most favorable in the deposited films.

Keywords: Ferroelectrics, antiferroelectrics, thin films, sputtering, transmission.
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1. Introduction

The physical properties of thin film material depend on its thickness, surface to volume ratio, microstructure
and microchemistry; which strongly depend on its growth process. The most conspicuous phenomena associated
with thin films are optical ones. The studies on electric properties as well as the emission of electrons from thin
films have made extraordinarily rapid advances in recent years, due to their wide tailor-made applications.

Dielectric materials employed in optical coatings include fluorides (e.g., MgF2, CeF3), oxides (e.g., Al2O3,
TiO2, SiO2, Ta2O5), sulfides (e.g., ZnS, CdS), assorted compounds (e.g., ZnSe, ZnTe), etc. An essential com-
mon feature of dielectric optical materials is their low absorption coefficients (α < 103/cm) in some relevant
portion of the spectrum, where they are essentially transparent. Ferroelectric materials, such as LiNbO3, KNbO3,
K(Ta, Nb)O3, PbTiO3 based materials, etc., are useful in optical applications, e,g., in infrared detectors, optical
waveguide devices, optical memories and displays, spatial light modulators, frequency doublers for diode lasers,
etc. [1–11]. Application of ferroelectric films in these devices hinges on successful integration of ferroelectric films
into semiconductors or other useful substrates.

Nonmetallic materials may be opaque or transparent to visible light, and if transparent, they often appear
colored. In principle, light radiation is absorbed in this group of materials by three basic mechanisms; viz.,
electronic polarization, electronic transitions across the band gap and electronic excitations to impurity or defect
levels, which also influence their transmission characteristics. Absorption by electronic polarization is important
only at light frequencies in the vicinity of the relaxation frequency of the constituent atoms. The other two
mechanisms involve electron transitions, which depend on the electronic energy band structure of the materials;
one of these absorption mechanisms involves the absorption as a consequence of electron excitations across the
band-gap; the other is related to electron excitations to impurity or defect levels that lie within the band gap.
Absorption of a photon may promote or excite an electron, across the band gap, from the nearly filled valence
band to an empty state within the conduction band, thus creating a free electron in the conduction band and a hole
in the valence band. The excitation energy E is related to the absorbed photon frequency (ν); i.e., E = hν. These
excitations with the accompanying absorption can take place only if the photon’s energy is greater than that of the
band gap Eg , i.e., if hν > Eg . At the minimum wavelength for visible light, E = 3.1 eV, means no visible light
is absorbed by nonmetallic materials having band gap energy (Eg) greater than about 3.1 eV; these materials, if
of high purity, will appear transparent and colorless. Optical measurements constitute the most important means
of determining the inter-band structure of the materials. Photon induced inter-band electronic transitions can occur
between different bands. Also optical measurements can be used to study lattice vibrations.
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In the present study, NaNbO3 films were deposited on the quartz substrate using the rf magnetron sputtering
method. Films were deposited at room temperature and at varying substrate temperatures. The room temperature
deposited films were annealed at different temperatures. Optical parameters were measured for NaNbO3 films de-
posited at room temperature, at 300 ◦C, and post deposition annealed at 300 ◦C. Deposited films were characterized
using XRD method.

2. Preparation

Thin films of NaNbO3 were deposited by the rf magnetron sputtering of bulk NaNbO3 pellet targets. Films
were deposited on to clean Quartz (Qz) and monocrystalline silicon surfaces. Ceramic pellets of NaNbO3 of 36 mm
diameter and 2.5 mm thickness were used as sputtering targets. The targets were prepared by the conventional
solid-state reaction method. The pumping system used was a combination of 300 l/sec diffusion pump and a
200 l/min rotary pump. The system gives an ultimate vacuum of 3×10−5 mbar. The pressure was monitored using
a Pirani and a Penning gauge combination. The vacuum chamber was a 300 mm diameter stainless steel cylinder.
The target disk was mechanically clamped to a water-cooled assembly with magnetic arrangement. The system
was arranged in sputter down configuration with a substrate-target distance of 30 mm. Separate feed-troughs were
fitted for heater connections, and for the thermocouple that is used in contact with the substrate to estimate its
temperature. Argon (99.999 %) was used as sputtering gas. An rf system from CVC Scientific Products Ltd,
Wakingham, England, was used for sputtering. Films were deposited at a working pressure of 1× 10−3 mbar, for
30 minutes, at different substrate temperatures. All the films were deposited at a forward power of 30 W, whereas
reverse power was zero. The cleanliness of the substrate’s surface exerts a decisive influence on film growth and
adhesion. A thoroughly cleaned substrate is a prerequisite for the preparation of films with reproducible properties.
Quartz substrates were rinsed with a laboratory detergent and then rinsed with distilled water and lastly wiped
with soft dry cloth with little trace of acetone. The temperature of the substrate was monitored using a cromel-
alumel thermocouple. The deposited films were left in the chamber for 2 hrs and then removed for experimental
investigations. The films deposited at room temperature were annealed post-deposition, in a furnace at different
temperatures, in the presence of ambient oxygen.

3. Characterization

3.1. X-ray diffraction patterns

The structures of the deposited NaNbO3 films, at room temperature (RT) and at substrate temperature 225, 270,
300 and 375 ◦C, were studied by x-ray diffraction with the help of Philips Analytical X-ray Diffractometer (PW
3710), using CuKα1 radiation of wavelength 1.54056 Å. Peak indexing was done by using the Joint Committee
on Powder Diffraction Standards (JCPDS) data cards. The XRD patterns obtained are shown in Fig. 1. The RT
deposited films exhibited crystalline structure with different orientations. However, it has been reported earlier
that oxide films deposited at RT, generally, show amorphous nature and crystalline structure is set at higher
temperatures [12–15].

The experimental investigations have shown that the properties of oxides depend on its growth process and
post annealing process [15]. To study the effect of annealing, films deposited at RT were annealed at 400, 500 and
600 ◦C. The XRD patterns of annealed films are depicted in Fig. 2.

From the XRD patterns of NaNbO3 films deposited at different substrate temperatures (at 225, 270, 300 and
375 ◦C) (Fig. 1), it has been observed that films deposited at 225 and 270 ◦C show crystalline structure with single
face orientation while films deposited at substrate temperatures of 300 and 375 ◦C showed amorphous nature.

From the XRD patterns of the annealed films (Fig. 2), it has been observed that annealing up to 500 ◦C
changes the orientation of the deposited films, and annealing at higher temperature (600 ◦C) shows amorphous
films. The observed amorphous nature of the films annealed at higher temperatures (≥ 600 ◦C) may be due
to a deficiency of volatile sodium ions. The films deposited at RT were oriented in (101) and (221) directions.
Films deposited at substrate temperatures of 225 and 270 ◦C and the films annealed at 400 and 500 ◦C showed
orientation towards the (002) plane. This orientation is due to the coalescing islands, which proceed until the film
reaches continuity.

3.2. Transmission spectra

The spectral transmissions (at 6 ◦ angle of incidence) of the NaNbO3 films were measured using a UV-
visible-near infrared double beam spectrophotometer (Hitachi, model 330). The observed transmission spectra of
the NaNbO3 films deposited at different conditions are shown in Figs. 3 – 5. It has been observed that the films
deposited at 300 ◦C substrate temperature show more absorption while those films annealed at 300 ◦C shows less
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FIG. 1. X-ray diffraction patterns of NaNbO3 films, deposited at different substrate temperatures

absorption than the films deposited at RT. The observed high absorption of the films also suggests an amorphous
nature for the deposited films at higher substrate temperature, as has been observed in the XRD study. The lower
absorption of the annealed films, at 300 ◦C, suggests a reorientation of the film crystallites in single face and also
to the decrease in oxygen vacancies in the deposited films when annealed in the presence of ambient oxygen, as
has been observed from the XRD patterns. The increase in absorption in the films, deposited at 300 ◦C, may be
due to the higher oxygen deficiency and some amount of sodium deficiency, so the deposited films may not be in
stoichiometric composition [16]. These deficiencies, in the films, may also be caused by the preferential sputtering,
which removes atoms from the film leaving the deposited film sub-stoichiometric [17].

The preferential sputtering in oxide thin films can be explained on the basis of Winter and Sigmund model [16],
according to which, the energy transfer coefficient in a head on collision process between an ion of mass m and
a target of mass M is given by ET = 4mM/(m +M)2. Applying this equation to the collision of oxygen with
oxygen and niobium atoms of the growing film, with oxygen, yields value of ET as 1.0 for oxygen-oxygen and
0.5 for oxygen-niobium collision. This means that only 50 % of the energy is transferred in the case of oxygen-
niobium collisions. Hence, more energy is delivered to the oxygen atoms than to the niobium atoms, leading to
higher re-sputtering of oxygen atoms from the film. Compounds made up of elements with smaller difference in
masses have fewer tendencies to be sputtered out from the film. The sub-stoichiometry causes degradation in the
refractive index of the film.
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FIG. 2. X-ray diffraction patterns of NaNbO3 films, deposited at room temperature (RT) and
annealed at different temperatures

FIG. 3. Transmission spectra of
NaNbO3 films prepared at different
conditions

FIG. 4. Envelope of the transmission
spectra of the NaNbO3 films, de-
posited at RT
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FIG. 5. Envelope of the transmission
spectra of the NaNbO3 films, de-
posited at 300 ◦C

FIG. 6. Envelope of the transmission
spectra of the NaNbO3 films, an-
nealed at 300 ◦C

4. Optical properties

Optical constants, such as, refractive index (n), optical band gap (Eg), absorption coefficient (α), extinction
coefficient (k), and thickness of the films have been calculated, for NaNbO3 films deposited on quartz (Qz)
substrate (n = 1.55, transmittance = 0.96), using Swanepoel’s envelope technique [18].

It is clear from Figs. 4 – 6 that the transmission in the film samples, deposited at the substrate temperature
300 ◦C, is lower than that the samples deposited at RT. It shows high absorption in the samples deposited at
300 ◦C substrate temperature, and thereby showing amorphous nature, which is in conformity with the results
obtained from XRD patterns, Fig. 1. The film absorption has been reported to increase with high-level substrate
temperature [12]. The absorption is low in the samples annealed at 300 ◦C, indicating good quality of NaNbO3

films, Fig. 5. The low absorption in the films deposited at RT in comparison to that in the films annealed at
300 ◦C (as confirmed by XRD patterns, Fig. 2) may be attributed to the variation in the rate of re-crystallization,
in these samples. Meanwhile, the peak transmission of all the films deposited in the present study is very much
lower than that of the quartz substrate used, indicating very high absorption in these films. No many maxima and
minima were observed in the transmission spectra of the present samples, which may be due to non-uniformity in
the film thickness.

4.1. Refractive index (n)

According to Swanepoel’s envelope technique [18], the refractive index (n), at wavelength λ, is given by

n (λ) =
(
N +

(
N2 − n2s

)1/2)1/2
,

where ns is the refractive index of the substrate, at wavelength λ, and

N =
2ns [TM (λ)− Tm (λ)]

TM (λ)Tm (λ)
+
n2s + 1

2
,

where TM (λ) and Tm(λ) are the transmission maxima and minima, respectively, corresponding to wavelength λ
obtained from the envelope, as shown in Figs. 3 – 5.

Figure 6 shows the calculated values of n with λ for the films deposited at different conditions. At 550 nm
wavelength, the refractive index (n) values for films deposited at RT and 300 ◦C were 2.11 and 2.01, respectively;
and 2.34 for the samples annealed at 300 ◦C. The degradation of n in the samples deposited at higher substrate
temperature is due to sub-stoichiometry in the films due to preferential sputtering in the deposited films. Fig. 7
shows that n decreases with increasing wavelength for the films deposited at RT, and at 300 ◦C; while n remains
almost constant for the samples annealed at 300 ◦C. The low value of packing density in the samples may be one of
the reasons for the decrease in n with increasing wavelength, in the samples deposited at RT and at 300 ◦C, since
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these samples may be oxygen deficient. In the samples annealed at 300 ◦C, in the ambient oxygen atmosphere, the
oxygen stoichiometry and hence the packing density improves, and n remains constant with varying wavelength.
Value of n has been reported 2.21 for the single crystal of NaNbO3 [19], at 550 nm.

4.2. Optical band gap

The excellent transmission of dielectric materials in the visible region of the spectrum is found to terminate
at shorter wavelengths with the onset of the UV absorption edge. The critical radiation wavelength, λc, at which
this occurs, is given by λc(µm) = 1.24/Eg (eV). These values physically correspond to electronic transitions from
the filled valence band levels, across the energy gap Eg , to the unfilled conduction band states. Multiple peaks
near the UV absorption edge indicate the complexity of these processes. At long wavelengths, the high optical
transmission is limited by absorption due to the vibration of lattice ions in resonance with the incident radiation.
The frequency of maximum absorption is related to the force constant and masses of vibrating anions and cations.
The optical band gaps for the films deposited at RT and at 300 ◦C has been calculated to be 3.82 and 3.7 eV,
respectively; and for the films annealed, at 300 ◦C, this value was found to be 3.81 eV. The band gap for single
NaNbO3 crystal has been reported 3.4 eV [20].

4.3. Film thickness

The thickness (d) of the film is given by [18]:

d =
λ1λ2

4 (n1λ2 − n2λ1)
,

where λ1 and λ2 are the wavelengths of two successive maxima and minima; n1 and n2 are the refractive indices
at λ1 and λ2, respectively.

The calculated thicknesses of the films deposited at RT and 300 ◦C were obtained as 3455 and 5182 Å,
respectively, while a value of 3132 Å was obtained for the films annealed at 300 ◦C after depositing at RT. The
lowering of the thickness in the annealed samples may be explained on the basis of reduction of voids between
islands during the process. The voids are filled up by coalescence process, recrystallization and reorientation of
the film crystallites.

4.4. Absorption and inter-band transitions

Absorption coefficient (α) of the film is given by [18]:

α = − log (x)

d
,

where,

x =
Em −

[
E2

m −
(
n2 − 1

)3 (
n2 − n4s

)]1/2
(n− 1)

3
(n− n2s)

,

with

Em =
8n2ns
TM

+
(
n2 − 1

) (
n2 − n2s

)
,

n is the refractive index of the film; Tm is the maximum transmission of the film, and d is the film thickness.
The absorption coefficient (α) was found to decrease with increased wavelength for all the NaNbO3 films,

deposited under different conditions. The calculated value of α was determined to be 4.67 × 103 /cm for the
samples deposited at RT, at 550 nm wavelength. In the region of strong absorption, the interference fringes
disappear. Values for n in strong absorption region were estimated by extrapolating the values calculated in the
other parts of the spectrum [18].

The extinction coefficient (k), at wavelength λ, is given by:

k =
αλ

4π
.

Observations, shown in Fig. 8, indicate that k decreases with increasing wavelength, for all the NaNbO3 film
samples, prepared under different conditions. Also, Absorption coefficient may be expressed as a function of the
incident photon energy, hν, as [21]:

α(hν) = A (hν − Eg)
m
, (1)

where A and m are constants, and the value of m decides the nature of transition. These observations may be
analyzed according to this relation. The value of Eg has been calculated at and beyond the absorption edge.
The variations of the absorption coefficient with the incident photon energy have been plotted for the estimation
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FIG. 7. Variation of refractive in-
dex with wavelength, of the NaNbO3

films prepared at different conditions

FIG. 8. Wavelength dependence of
extinction coefficient of NaNbO3

films, prepared at different conditions

of energy gap. The band gap was found to be composition dependent for dielectric films [22–25]. The radiation
absorbed by a solid can be converted into elastic vibrations in it, and it may initiate photon-electron, photon-phonon
and other interactions.

The photon-electron interaction leads to direct transition probability and this interaction satisfies Eq. (1) with
m = 1/2. Figs. 9(a), 10(a) and 11(a) show α2 vs. hν curves, for the films deposited at RT, at 300 ◦C, and for
the films annealed at 300 ◦C, respectively. Extrapolation of the straight portion of the curve, α2 vs. hν, gives
the direct allowed energy band gap of the film samples. The value for the direct allowed energy band gap was
estimated from the intersection of the tangent, drawn near the absorption edge, in the α2 vs. hν plot (the straight
line portion), with the energy axis. The direct allowed energy band gap values were obtained as 3.4 eV for the
films deposited at room temperature and 300 ◦C, and 3.2 eV for the films annealed at 300 ◦C.

FIG. 9. αm as a function of hc/λ, for different m values, in the samples deposited at RT
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FIG. 10. αm as a function of hc/λ, for different m values, in the samples deposited at 300 ◦C

FIG. 11. αm as a function of hc/λ, for different m values, in the samples annealed at 300 ◦C

The photon-phonon interaction leads to indirect allowed transition probability and is given by Eq. (1) with
m = 2; and Eg is indirect allowed energy band gap. Figs. 9(b), 10(b) and 11(b) show the variation of α1/2 with
hν. The indirect allowed energy band gap from the α1/2 vs. hν plots is found to be 2.2, 2.09 and 2.0 eV; for the
films deposited at RT, 300 ◦C, and for the films annealed at 300 ◦C, respectively.
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In addition to the photon assisted electronic transitions there are phonon assisted interaction probabilities that
give rise to the inter-band absorptions in the films corresponding to the energy levels in forbidden band. Excitons
may be formed by direct photons only or by photon-phonon assistance. This direct absorption probability in the
forbidden gap is given by Eq. (1) with m = 3/2; and the α2/3 vs. hν plots are shown in Figs. 9(c), 10(c)
and 11(c), for films prepared at different conditions. The values of direct forbidden gap energy (associated with
this mechanism) were found to be 2.3, 2.06, and 2.12 eV, for the samples deposited at RT, at 300 ◦C substrate
temperature, and for the samples annealed at 300 ◦C, respectively. Excitons may also be formed by photon-phonon
interactions. The phonon assisted probabilities or indirect absorption probability in the forbidden gap is given by
Eq. (1) with m = 3. Figs. 9(d), 10(d) and 11(d) shows α1/3 vs. hν plot to obtain the indirect forbidden energy gap
Eg , associated with this mechanism. The values of indirect forbidden energy gap Eg were found to be 2.24, 1.86,
and 1.63 eV, for the samples deposited at RT, at 300 ◦C and for the samples annealed at 300 ◦C, respectively.

From these measurements, the most satisfactory representation is obtained for α1/3 vs. hν plot, which suggests
phonon assisted indirect forbidden transitions in the deposited NaNbO3 films.

References

[1] Gunther P. Nonlinear optical crystals for optical frequency doubling with laser diodes. Proc. SPIE, 1981, 236, P. 8–19.
[2] Okuyama M., Matsui Y., Nakano H., Hamakawa Y. PbTiO3 ferroelectric thin film gate fet for infrared detection. Ferrelectrctrics, 1981,

33 (1), P. 235–241.
[3] Hewig G.H., Jain K. Frequency doubling in a LiNbO3 thin film deposited on sapphire. J. Appl. Phys., 1983, 54 (1), P. 57–61.
[4] Baumert J.C., Hoffnagle J., Gunther P. Nonlinear optical effects in KNbO3 crystals at AlxGa1−xAs, dye, ruby and Nd:YAG laser. Proc.

SPIE, 1984, 492, P. 374–386.
[5] Iijimo K., Tomita Y., Takayama R., Ueda I. Preparation of C-axis orientated PbTiO3 thin films and their crystallographic, dielectric, and

pyroelectric properties. J. Appl. Phys., 1986, 60 (1), P. 361–367.
[6] Martin S.J., Butler M.A., Land C.E. Ferroelectric optical image comparator using PLZT thin films. Electron. Lett., 1988, 24 (24),

P. 1486–1487.
[7] Krishnakumar S., Oguz V.H., et al. Deposition and characterization of thin ferroelectric lead lanthanum zirconate titanate (PLZT) films on

sapphire for spatial light modulators applications. IEEE Trans. Ultrason. Ferrelec. Freq. Contr., 1991, 38 (6), P. 585–590.
[8] Ivey M., Mancha S., Carter R. Optical information storage and charge traps in PZT thin films. IEEE Trans. Ultrson. Ferroelec. Freq.

Contr., 1991, 38 (4), P. 337–343.
[9] Tamada H., Yamada A., Saitoh M. LiNbO3 thin film optical waveguide grown by liquid phase epitaxy and its application to second-

harmonic generation. J. Appl. Phys., 1991, 70 (5), P. 2536–2541.
[10] Gutmann R., Hullinger J., Hauert R., Mosser E.M. Auger electron and x-ray photoelectrons spectroscopy of monocrystalline layers of

KTa1−xNbxO3 grown by liquid-phase epitaxy. J. Appl. Phys., 1991, 70 (5), P. 2648–2653.
[11] Polla D.I., Ye C., Tamagawa T. Surface-micromachined PbTiO3 pyroelectric detectors. Appl. Phys. Lett., 1991, 59 (1), P. 3539–3544.
[12] Sreenivas K., Mansingh A., Sayer M. Structural and electrical properties of rf-sputtered amorphous barium titanate thin films. J. Appl.

Phys., 1987, 62 (11), P. 4475–4481.
[13] Rabson T.A., Baumann R.C., Rost T.A. Thin film lithium niobate on silicon. Ferroelectrics, 1990, 112 (1), P. 265–271.
[14] Krupanidhi S.B., Mohan Rao G. Pulsed laser deposition of strontium titanate thin films for dynamic random access memory applications.

Thin Solid Films, 1994, 249 (1), P. 100–108.
[15] Pignolet A., Mohan Rao G., Krupanidhi S.B. Rapid thermal processed thin films of reactively sputtered Ta2O5. Thin Solid Films, 1995,

258 (1–2), P. 230–235.
[16] Smith R.A. Wave Mechanics of Crystalline Solids. North Holland publication, Amsterdam, 1972.
[17] Rubio J.D., Albella J.M., Martinez-Duart J.M. Sputtered Ta2O5 antireflecting coating for silicon solar cells. Thin Solid Films, 1982, 90

(4), P. 405–408.
[18] Swanepoel S. Determination of the thickness and optical constants of amorphous silicon. J. Phys. E: Sci. Inst., 1983, 16 (12), P. 1214–

1222.
[19] Landolt H., Börnstein R. et al. Numerical Data and Functional Relationships in Science and technology, 16, Group III, Crystal and Solid

State Physics. Springer Verlag Berlin, Heidelberg-New York, 1981.
[20] Raevskii I.P., Reznichenko L. Phase transitions and electrical properties of ferroelectric solid solution based on NaNbO3. Izestiva Akademii

Nauk SSSR, Neorganicheskie Mater., 1979, 15 (5), P. 872–875.
[21] Sze S.M. Physics of Semiconductor Devices. Wiley publication, New York, 2000.
[22] Pankove J.J. Optical Processes in Semiconductors. Prentice Hall, New Jersey, 1956.
[23] Sze S.M. Current transport and maximum dielectric strength of silicon nitride films. J. Appl. Phys., 1967, 38 (7), P. 2951–2955.
[24] Kittel C. Solid State Physics. John Wiley and Sons, New York, 1970.
[25] Michael S. Physics of Semiconductor Devices. Prentice Hall of India Pvt. Ltd., New Delhi, 1995.



NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2016, 7 (4), P. 592–594

In4Mg3 in InxMg3 (x = 1 − 6) series: a magic unit for future smart materials

Debesh R. Roy∗, Majid Shaikh, Vipin Kumar

Department of Applied Physics, S. V. National Institute of Technology, Surat 395007, India

drr@ashd.svnit.ac.in

PACS 36.40.-c, 81.05.Dz, 61.46.Bc, 31.15.E DOI 10.17586/2220-8054-2016-7-4-592-594

Systematic investigation on the stability and electronic properties of a series of bimetallic (semiconductor-alkaline earth) clusters, viz., InxMg3
(x = 1−6) is performed, in the search for exceptionally and/or unusually stable motifs. A very popular hybrid exchange-correlation functional,

B3LYP as proposed by A. D. Becke is employed for this purpose under the density functional formalism. The magic stability among the

concerned clusters is explained using the jellium model. It is evident from the present study that the magic stability of In4Mg3 cluster arises

due to the jellium shell closure and found as a potential building block for future novel semiconductor materials.
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1. Introduction

As a consequence of the discovery of fullerene [1], atomic and molecular clusters have gained immense
attention as the potential candidates for designing novel nanomaterials [2–4]. The most important fact is that
atomic clusters of sub-nano or nano-scale dimensions exhibits drastic differences in the physicochemical properties
compared to their bulk counterparts, due to the effect of quantum confinement. This important behavior of
nano-scale materials are found to be very useful in various technical applications over the last two decades or
so [1–7].

In order to overcome the usual meta-stable nature of many clusters, one main focus of researchers is to search
for the clusters with unusual or exceptional stability and/or useful physicochemical properties. The jellium is a
quantum mechanical model of interacting electrons within an infinite volume of space and neutralized with an
artificially assumed uniformly distributed background positive charge [8]. The jellium is usually treated within
the density functional theory (DFT) [9, 10], since at zeroth temperature the properties of a jellium depend solely
on electron density (ρ) [8]. Through an experimental mass spectra of a series of sodium clusters, W. D. Night
et al. [11] have noticed that sodium clusters with a certain total number of valence electrons, viz., 2, 8, 18, 20,
34, 40, 52, . . . etc. shows exceptional stability compared to their neighbors. Such exceptionally stable clusters
are named as magic clusters, and based on the jellium model as mentioned above and similar to the electronic
shell structure of atom, they have proposed a new cluster valence shell structure in terms of the total valence
electrons of the magic clusters as 1S21P61D102S21F142P6 . . . . Such cluster shell structure essentially represents
the total valence electrons as observed for magic clusters with shell closure as 2(1S2), 8(1S21P6), 18(1S21P61D10),
20(1S21P61D102S2), 34(1S21P61D102S21F14) etc. The exceptionally stable cluster motifs may have potency for
utilizing them as the building blocks for designing novel cluster assembled materials.

The purpose of the present work is to perform a detailed study on the geometries, electronic properties as
well as to search for any unusual and/or exceptionally stable cluster building motifs from the InxMg3 (x = 1 − 6)
cluster series. The electronic properties include energy gain in adding an indium atom (∆EIn) to the previous
sizes, HOMO-LUMO energy gap (HLG), ionization potential (I.P.), chemical hardness (η) etc.

2. Theory and computation

The energy gain (∆EIn) in forming InxMg3 clusters by adding an indium atom to the previous Inx−1Mg3
(x = 1 − 6) size is given as:

∆EIn = E (In) + E (Inx−1Mg3) − E (InxMg3) , (1)

where E(InxMg3), E(Inx−1Mg3) and E(In) are the total energies of the InxMg3, Inx−1Mg3 clusters and of the
In atom, respectively.

Using Koopmans’ finite difference approximation, the ionization potential (IP) and electron affinity (EA) can
be expressed in terms of the highest occupied (εHOMO) and the lowest unoccupied (εLUMO) molecular orbital
energies as:

IP ≈ −εHOMO; EA ≈ −εLUMO. (2)
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The chemical hardness can be expressed in terms of εHOMO and εLUMO as follows:

η ≈ IP − EA

2
≈ εLUMO − εHOMO

2
. (3)

The theoretical investigations are carried out within the density functional theory (DFT) framework [9, 10].
A molecular orbital approach, using a linear combination of atomic orbitals, is applied to probe the electronic
structure. The actual DFT based calculations are performed using GAUSSIAN 09 [12] program. We have used
B3LYP exchange-correlation functional [13] and LANL2DZ basis sets [14] for our calculations. A large number
of initial guesses in every possible way is considered for each of the InxMg3 (x = 1 − 6) clusters to predict their
ground state structures. The geometries of optimized clusters are drawn with CHEMCRAFT [15] visualization
software.

3. Results and discussion

The ground state structures of InxMg3 (x = 1 − 6) clusters along with the geometrical bond lengths and point
groups is represented in Fig. 1. The point group of various structures is considered within the tolerance limit of
0.1 Å. The profile of energy gain (∆EIn) in forming each clusters by adding one indium atom to an existing
Inx−1Mg3 (x = 1 − 6) cluster is provided in Fig. 2.

FIG. 1. Ground state structures and associated point groups of InxMg3 (x = 1 − 6) clusters.
Isomer x.n (x = 1 − 6) represents the clusters with x boron atoms in its lowest energy state
(n = 1). The bold numbers on the cluster images show a few representative bond distances
between In–In, Mg–Mg and In–Mg atoms in Angstroms (Å)

FIG. 2. Energy gain (∆E) of InxMg3 clusters, in adding an indium atom to an existing Inx−1Mg3
(x = 1−6) cluster. The bold numbers on the cluster image show few representative bond distances
between In–In, Mg–Mg and In–Mg atoms in Angstroms (Å)
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It can be noticed that, In4Mg3 cluster has very high energy gain (2.25 eV) compared to its neighboring
clusters, implying its exceptional stability in the considered series. The stability of In4Mg3 is expected from the
jellium framework since the number of valence electrons of the system is 18, which is a magic number with
cluster electronic shell closure as 1S21P61D10. Table 1 provides the energy gain (∆EIn), HOMO-LUMO energy
gap (HLG), ionization potential (IP), electron affinity (EA) and chemical hardness (η) of the InxMg3 (x = 1 − 6)
clusters. The maximum values of ∆EIn (2.25 eV) for In4Mg3 cluster justifies itself as the most stable motif in the
series. The stability of the In4Mg3 cluster is further confirmed by its large I.P. (4.31 eV) value.

TABLE 1. Energy gain in adding an In atom (∆E) to an existing Inx−1Mg3 (x = 1−6), HOMO-
LUMO energy gap (HLG), ionization potential (IP), electron affinity (EA) and chemical hardness
(η) of the InxMg3 (x = 1 − 6) clusters

X ∆E (eV) HLG (eV) IP (eV) EA (eV) η (eV)
1 1.15 2.20 4.36 2.16 1.10
2 0.91 1.23 3.58 2.35 0.62
3 0.82 0.85 3.71 2.86 0.42
4 2.25 1.19 4.31 3.12 0.60
5 1.82 1.95 4.34 2.39 0.98
6 1.44 1.55 4.26 2.71 0.77

In summary, In4Mg3 cluster is identified as a new magic cluster in the family of bimetallic magic clusters [16–
18]. The possibility of utilizing In4Mg3 cluster as a potential building block for future cluster assembled materials
by linking them with suitable inorganic/organic linkers is currently being investigated in our laboratory.

4. Conclusions

A detail theoretical study was performed in the search for exceptionally stable or magic clusters in the InxMg3
(x = 1 − 6) series. In4Mg3 shows magic stability with the effect of jellium shell closure. The significant energy
gain, HOMO-LUMO energy gap (HLG), ionization potential, chemical hardness and electron affinity explain the
origin of the extraordinary stability of In4Mg3 motif and imply its suitability to be considered as a building motif
for novel inorganic nanomaterials. Also, the HLG value for In4Mg3 as 1.19 eV implies an initial classification for
its suitability for application towards the design of novel semiconductor materials.
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A series of nickel-doped barium cobalt hexagonal ferrite samples with chemical composition BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6

and 2.0) were prepared using a simple heat treatment method. The dried precursor was calcined at 650 ◦C for 3 hours in a muffle furnace

and slowly cooled to room temperature in order to obtain nickel-doped barium cobalt hexagonal ferrite powder. The prepared hexagonal ferrite

powder samples were characterized using X-ray diffraction (XRD) and Vibrating Sample Magnetometer (VSM) techniques in order to study

the effect of nickel substitution on structural and magnetic properties of barium cobalt hexagonal ferrites. The XRD analysis confirms the

formation of mixed phases of W, M and spinel (S). The prepared powders exhibited single and multi-domain structures.
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1. Introduction

Barium hexaferrites possess magnetoplumbite crystal structure and have been extensively studied because of
their large intrinsic uniaxial anisotropy and high Curie temperature, which make them widely used as permanent
magnets, microwave devices and high density magnetic recording media, microwave absorbers, components and
shielding [1–3]. Hexagonal ferrites are used in various components at high frequency range due to their high mag-
netic anisotropy, high Curie temperature, mechanical hardness, very low electrical conductivity, low dielectric loss,
excellent chemical stability and corrosion resistance; their magnetic properties arise from the interactions between
metallic ions occupying particular positions relative to the oxygen ions in its hexagonal crystalline structure [4, 5].
It is well known that structural and magnetic properties of barium hexaferrites strongly depend upon preparation
method, substitution of Fe with other kind of ions and amount [6]. W-type hexagonal ferrites possess seven
different sites (4fIV , 2d, 12k, 6g, 4f, 4fV I and 4e) in hexagonal crystal lattice, out of them five are magnetic sites.
Iron ions are distributed among these sites of hexagonal crystal lattice [7]. Substitution of divalent or trivalent
ions among various sublattices of hexagonal lattice can be used to improve intrinsic magnetic properties of barium
hexaferrites [7]. During last decade various efforts have been made to improve structural and magnetic properties
of barium hexaferrites by divalent and trivalent substitutions [8–10].

In the present investigation, a simple heat tratment method is adopted to prepare nickel substituted barium
cobalt hexaferrite powder. The main objective of present investigation is to study the effect of nickel substitution
on structural and magnetic properties of BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6 and 2.0) hexaferrite powder
prepared by a simple heat treatment method and calcined at 650 ◦C for 3 hours.

2. Experimental

A series of BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6 and 2.0) hexaferrite is synthesized using high purity
metal nitrate reagent as precursors, polyvinyl pyrrolidone (PVP) [(C6H9NO)n] as a capping agent to reduce the
agglomeration of the magnetic particles and deionized water was used as the solvent. The aqueous PVP solution
is prepared by dissolving 3 g of polymer in 100 ml of deionized water and kept at 70 ◦C. Next, 1.6 mmol of iron
nitrate [(Fe(NO3)2)], 0.1 mmol of barium nitrate [Ba(No3)2], 0.2 mmole of cobalt nitrate [(CoN2O6·6H2O)] and
0.4 mmole nickel nitrate [Ni(NO3)2] solution was added into PVP solution and then kept on a magnetic stirrer
for 2 hours. The mixed solution was heated at 80 ◦C and the resulting orange thick slurry was recovered. The
obtained slurry was heated at 650 ◦C for 3 hours to obtain nickel-doped barium cobalt hexaferrite powder, which
was crushed in to fine powder using a mortar and pastel. The same procedure is repeated for x = 0.8, 1.2, 1.6 and
2.0 samples.
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3. Results and discussion

3.1. Crystal Structure

A Bruker D. Z. Phaser diffractometer (PW 1830) revealed X-ray powder diffraction (XRD) pattern when using
Cu-Kα radiation (λ = 1.5405 Å) with a step scan of 0.02 ◦C/min to determine the crystal structure of ferrite
powder. Fig. 1 shows the XRD patterns of BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6, 2.0) powder samples. The
XRD analysis reveals presence of W-ferrites (JCPDS No. 78-0135), M-ferrites (JCPDS No. 43-0002) and S-ferrites
Fe3O4 (JCPDS file – PDF # 790417) in final product; both W and M possess hexagonal while S possesses spinel
crystal structure. No traces of α-Fe2O3 was noted, as was observed in Ba-Ca hexaferrite [11, 12] prepared by the
sol gel technique. It is reported [13] that the unit cell of W phase is closely related to the M-phase, the only
difference is that the successive R blocks are inter placed by two S-blocks instead of one as in the M-phase. It
has also been reported by other researcher [14] that W-type hexagonal ferrite is chemically unstable and some of
W-phase decomposed with the M-phase.

FIG. 1. X-ray diffraction patterns of BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6, 2.0) powder
samples prepared using a simple heat treatment method and calcinated at 650 ◦C for 3 hours

The variation of lattice parameters a, c their ratio (c/a) and cell volume with the substitution of nickel are
listed in Table 1. It is clear from Table 1 that value of (c/a) for all the samples remains constant. This behavior
can be explained on the basis of ionic radii of the substituted ions. The ionic radius of Co+2 is 0.65 Å, which
is nearly of the same order of that of Ni+2 ions (0.69 Å). This confirms that Ni+2 ions replaces Co+2 ions in
the structure without disturbing the hexagonal symmetry. The average crystalline size (Dxrd) of the prepared
BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6, 2.0) powder samples is calculated from the strongest Bragg peak
[202] based on the Debye-Scherrer formula [15] shown in Table 2.

3.2. Magnetic Properties

The magnetic properties of the hexagonal ferrite powders are recorded at room temperature on a vibrating
sample magnetometer (VSM) (Lake Shore, Model 7404). Fig. 2(a) shows the field dependence of the magnetization
curves for BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6, 2.0) samples measured at room temperature under an
applied field of 12.5 KOe. Saturation Magnetization (Ms), Coercivity (Hc), retaintivity (Mr) and squareness
ratio (Mr/Ms) have been calculated from obtained hysteresis loops and listed in Table 2. The variation of Ms,
Mr and Mr/Ms with nickel content (x) is shown in Fig. 2(b). The saturation magnetization and remanence
values are found higher in x = 0.8 sample. The saturation magnetization and coercive field values were found
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TABLE 1. Lattice constant a, c, ratio (c/a), volume of unit cell (V ) and crystallite size (Dxrd)
of BaCo2−xNixFe16O27 hexaferrite samples

Nickel
Concentration

(x)

Lattice
Parameter

a [Å]

Lattice
Parameter

c [Å]
(c/a)

Cell Volume
V [Å]3

Crystalline
size Dxrd

[nm]
0.4 5.885 33.100 5.624 992.747 15.55 ± 0.78
0.8 5.885 33.105 5.625 992.898 15.58 ± 0.78
1.2 5.885 33.109 5.626 993.018 15.09 ± 0.75
1.6 5.810 32.846 5.653 960.180 14.38 ± 0.72
2.0 5.819 32.995 5.670 967.526 13.19 ± 0.66

TABLE 2. Room temperature Magnetic parameters of BaCo2−xNixFe16O27 samples prepared by
a simple heat treatment method and calcined at 650 ◦C for 3 hours

Ni concent
(x)

Ms [emu/g] Mr [emu/g] Hc [KOe] R=(Mr/Ms)

0.4 22.67 8.42 1.20 0.37
0.8 37.77 18.00 1.00 0.47
1.2 20.29 7.75 0.99 0.38
1.6 27.04 12.25 0.85 0.45
2.0 22.62 6.01 0.21 0.27

(a) (b)

FIG. 2. (a) Field Dependent magnetic properties and (b) variation of Mr, Ms and Mr/Ms for of
BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6, 2.0) hexaferrite samples, prepared using a simple
heat treatment method and calcinated at 650 ◦C for 3 hours

to be low in prepared samples compared to other doped barium hexagonal ferrites [8, 16]. The lower values of
saturation magnetization and coercivity may be due to many reasons; surface effects, particle size and morphology,
crystallographic defects, site occupancy of substituted ions in hexagonal lattice, phase impurity [17].

The ratio R of the remanence to the saturation magnetization (Mr/Ms) indicates the domain structure of
prepared samples. A Mr/Ms value of ∼ 0.5 is indicative of single domain and the lower value is associated
with a multidomain structure [18]. In the present case, samples x = 0.4, 1.2, 2.0 show R < 0.5, indicating the
formation of a multidomain structure, while samples x = 0.8 and 1.6 exhibited R ∼= 0.5 confirming the formation
of crystalline single domain structure. The hysteresis loops of x = 0.4 to 1.8 samples possessed hard magnetic
character while the x = 2.0 sample showed soft ferrite behavior.
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4. Conclusions

Nickel-doped barium cobalt hexagonal ferrites-BaCo2−xNixFe16O27 (x = 0.4, 0.8, 1.2, 1.6 and 2.0) were
synthesized using a simple heat treatment method. X-ray diffraction analysis confirmed the formation of mixed
phases of M, W (both hexaganal) and S (spinel). There was little change in the values of the lattice constants- a
and c with addition of nickel in prepared barium cobalt hexaferrite powder. BaNi2Fe16O27 hexaferrite exhibits soft
ferrite nature, while other nickel substitutes barium cobalt ferrites show hard ferrite behavior.
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Nanocrystalline samples of CaWO4 were prepared at room temperature by simple chemical precipitation. The samples were characterized

by X-ray diffraction and scanning electron microscopy. Energy dispersive X-ray analysis confirmed the elements present in the sample. The

frequency and temperature dependence of the dielectric constant and ac electrical conductivity of the nanomaterial were investigated. Very low

dielectric loss in nanocrystalline CaWO4 powder was observed at high frequencies. The values of ac electrical conductivity calculated from the

permittivity studies were found to increase as frequency increased, conforming to small polaron hopping.
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1. Introduction

Nanocrystalline CaWO4 has attracted particular interest because of its practical applications, such as laser
host materials in quantum electronics and scintillators in medical devices [1–6]. It has been reported that CaWO4

of scheelite-like structures is an excellent blue-emitting phosphor by their radiation of ultraviolet (UV) light [7].
Also, CaWO4 has shown considerable promise as a fiber-matrix interlayer in oxide ceramic composites [8]. The
lower dielectric constant and low loss make nanostructured CaWO4 a promising candidate for applications as a
low temperature co-fired ceramic (LTCC), substrate, and electronic packaging material [9]. Pullar et al. explained
the microwave dielectric properties of AWO4 (A = Mg, Zn, Ni and Co) compounds with extrinsic parameter, such
as density [10]. Sreedevi et al. reported that Ag2WO4 nanoparticles can be a promising material for the high
dielectric constant gate in Si-based complementary metal oxide semiconducting devices [11]. The influence of
processing methods on the characteristics of CdWO4 powders and the related microwave dielectric properties were
reported by Bao-Chun Guo et al. [12]. The study of dielectric properties of samples as a function of temperature
and frequency may help in identifying their potential applications [13]. The characterization of dielectric behavior
is very important not only to the theory of the polarization mechanism but also from an application point of view,
where knowledge of the temperature and the frequency dependence of dielectric constant are very important. The
relative dielectric constant of the material determines its ability to store electrostatic energy.

Dielectric studies of CaWO4 nanoparticles are incomplete and need further investigation. In the present work,
we synthesized CaWO4 nanoparticles by chemical precipitation followed by calcination. The samples were then
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The frequency and temperature
dependence of dielectric properties of sintered pellets made out of the products were then investigated.

2. Materials and methods

Calcium nitrate Ca(NO3)2·4H2O (99.8 %, Sigma Aldrich) and sodium tungstate Na2WO4·2H2O) (99.9 %,
Alfa Aesar) analytical grade reagents were used for the preparation of CaWO4 nanocrystals. The samples were
prepared by reacting aqueous solutions of calcium nitrate and sodium tungstate (0.1 M each) at room temperature.
The precipitate formed was centrifuged, filtered, washed with distilled water a number of times, and dried in an
oven to get fine powders of calcium tungstate. S1 and S2 are samples of nanocrystalline CaWO4 were calcined
at 650 and 750 ◦C, respectively. XRD studies of these samples were conducted using Bruker D8 Advance X-ray
diffractometer (λ = 1.5406 Å) with CuKα radiation in 2θ range from 20 to 80 ◦. The morphological analysis of
CaWO4 nanoparticles was carried out with a scanning electron microscope JEOL MODEL JSM-6390LV, operating
at 20 kV measurements.
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The calcined powder sample was cold pressed in the form of cylindrical pellets of diameter 13 mm and
thickness d ∼ 1.5 mm by applying a pressure of ∼ 10 GPa using a hand operated hydraulic press. The pellets
were then sintered at 500 ◦C. The density of the pellet was determined to be 4.88 g/cm3. The circular faces of
the pellets were made electrically conducting by coating with silver paste. Dielectric measurements as a function
of frequency in the range of 100 Hz – 1 MHz were measured at various selected temperatures from 303 – 423 K
using an LCR meter (Wayne Kerr H-6500 model) in conjunction with a portable furnace and temperature controller
(±1 K).

3. Results and discussion

The powder XRD spectra of CaWO4 nanoparticle samples are shown in Fig. 1. Both the samples showed
characteristic peaks of scheelite structure with tetragonal unit cell. The ‘d’ values taken from the JCPDS file
No. 77-2235 for CaWO4 are in close agreement with the observed ‘d’ values.

FIG. 1. XRD spectra of CaWO4 samples

In general, the nanocrystallite size can be estimated from the Scherrer’s formula: Dhkl = Kλ/(β cos θ), where
λ is the x-ray wavelength (0.15405 nm), β the full-width at half maximum, θ the diffraction angle, K is a constant
(0.89) and Dhkl the size along the (hkl) direction. From the analysis, the average crystallite size obtained was
39 nm for S1 and 44 nm for S2.

The SEM image of CaWO4 nanoparticles calcined at 650 ◦C is shown in Fig. 2(a). They are clusters shaped
like dumb-bells. The elemental analysis of the sample S1 was done by energy dispersive X-ray (EDX) spectroscopy.
Fig. 2(b) shows typical EDX spectrum of synthesized CaWO4 nanoparticles. The peaks of the spectrum confirmed
that the product contains Ca, W and O. The intense signal near at 1.774 keV indicates that W is the major element.

The dielectric constant and ac conductivity (σac) were calculated by using equations ε′ = Cd/ε0A and
σac = ε′ε0ω tan δ, respectively, where A is the face area, C the measured capacitance of the pellet, ε0 the
permittivity of vacuum, ω the angular frequency and tan δ the loss tangent. Fig. 3(a) shows the variation of
dielectric constant with frequency for temperatures from 303 to 423 K of sample S1. It is seen that the dielectric
constant for all temperatures are high at low frequencies which decreased rapidly as frequency increased, attaining
a constant value at higher frequencies. For 303 K, the value of ε was 24.74 at 100 Hz, which decreased to 7.11 at
1 MHz. At 393 K, the values were 30.08 (100 Hz) and 7.15 (1.0 MHz). The corresponding values for 423 K were
39.54 at 100 Hz and 7.20 at 1.0 MHz. Fig. 3(b) shows a similar variation for samples S1 and S2, at 393 K. At
lower frequencies the dielectric constant is found to be higher for the sample having smaller grain size (S1), but
approaches a constant value beyond 0.1 MHz. When temperature is increased, more and more dipoles are oriented,
resulting in an increase in the dielectric constant for a given value of frequency [14]. At very high frequencies
(MHz), the charge carriers would have started to move before the field reversal occurs and ε′ falls to a small value
at higher frequencies.
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FIG. 2. (a) SEM image of CaWO4 (S1) and (b) EDX spectrum of CaWO4

FIG. 3. The variation of dielectric constant with frequency of (a) sample S1 at temperatures 303,
393 and 423 K and (b) samples S1 and S2 at 393 K

Space charge polarization and reversal of the polarization direction contributes much to the ε′ [15]. With the
increase in volume of the particle, the volume of the interfaces decreases. When volume increases, the contribution
to ε′ by electronic relaxation polarization inside the particles increases.

The frequency dependence of dielectric loss of sample S1 is shown in Fig. 4(a). The loss factor represented
by tan δ has a value of 3.26 at 100 Hz which decreases slowly to zero at higher frequencies. At 393 K, the
corresponding variation is not very different. For 423 K, tan δ has a value of 9.53 at 100 Hz which gradually
decreases almost to 0 at frequencies beyond 0.10 MHz. At 393 K the corresponding variation is not very different.
The decrease in tan δ takes place when the jumping rate of charge carriers lags behind the alternating electric
field beyond a certain critical frequency.The inhomogeneities present in the interface layers in CaWO4 nanocrystals
produce an absorption current resulting in dielectric loss. This absorption current decreases with increase in
frequency of the applied field. The hopping probability per unit time increases with increase in temperature.
Correspondingly, the loss tangent also increases with increase of temperature [16]. The variation of tan δ with
frequency at 393 K for samples S1 and S2 with different grain sizes is shown in Fig. 4(b). At 100 Hz, the value is
3.4 for S1 which decreases to 0.9 for S2. This variation of tan δ for different grain sizes is due to size effect [17].
The low value of tan δ indicates its potential for microwave applications.

The loss in CaWO4 can be explained using the electronic hopping model, which considers the frequency
dependence of the localized charge carriers hopping in a random array. This model is applicable for materials
in which the polarization responds rapidly to the appearance of an electron on any one site so that the transition
may be said to occur effectively into the final state [17]. In the high frequency region tan δ becomes almost zero
because the electron exchange interaction (hopping) cannot follow the alternatives of the applied ac electric field
beyond a critical frequency.
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FIG. 4. The variation of loss tangent with frequency of (a) sample S1 at temperatures 303, 393
and 423 K and (b) samples S1 and S2 at 393 K

Figure 5(a) shows the variation of ac conductivity (σac) of sample S1with frequency. Initially, it has a small
value which increased at higher frequencies. The nature of variation is similar for other temperatures, but the values
are shifted upwards as the temperature is raised. For 303 K, σac has a value of 5.001× 10−7 S/m at 100 Hz which
increased slowly at higher frequencies to 1.4× 10−3 S/m at 0.10 MHz. At 393 K, the corresponding variation was
not very different. For 423 K, the values were 2.236 × 10−6 S/m at 100 Hz and 2.781 × 10−5 S/m at 1.0 MHz.
The variation of σac with frequency at 393K for different grain sizes is shown in Fig. 5(b). At 100 Hz, σac is
found to be 5.002× 10−7 S/m for S1 which increased to 6.88× 10−5 S/m at 1.0 MHz. For S2, the corresponding
values were 5.823 × 10−8 S/m and 7.671 × 10−6 S/m. It is clear from the figure that the conductivity increased
as frequency increased conforming to small polaron hopping [18]. Also, there is a possibility of conduction due to
impurities at low temperature. It is found that at given temperature and frequency, σac is higher for particle having
smaller size. According to Elliot’s barrier hopping model, ac conductivity increases with hopping distance [19].
Therefore, it may be concluded that in CaWO4 hopping distance increased with reduction in particle size.

FIG. 5. The variation of ac electrical conductivity with frequency of (a) sample S1 at temperatures
303, 393 and 423 K; (b) samples S1 and S2 at 393 K

4. Conclusion

The CaWO4 nanoparticles were prepared at room temperature by simple chemical precipitation reaction without
any catalyst, surfactant, or templates. The dielectric properties of CaWO4 were determined as a function of
frequency from 100 Hz to 1.0 MHz for temperatures ranging from 303 to 423 K. At lower frequencies, ε′ and
tan δ have higher values while at higher frequencies the values reached steady lower values. Similar variation
was observed when the temperature was raised but the values of ε′ and tan δ were elevated. The ac conductivity
increased as frequency was increased conforming to small polaron hopping. The values of ε′, tan δ and σac
showed considerable increase as the particle size was reduced. The very low value of loss tangent obtained for
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CaWO4 nanocrystals suggests that it is potentially useful for microwave applications. It was found that the applied
frequency, temperature and particles size affect the dielectric properties of the CaWO4 nanocrystals.
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The 3D TiO2 microflowers, sensitized by Bi2Te3 nanoparticles, having novel architecture were generated employing a two-step synthetic

strategy, including a hydrothermal process and a potentiostatic electrodeposition technique. The design and synthesis of quantum dots (QDs)

for achieving high photoelectrochemical performance is an urgent need for high technology fields

Keywords: Bi2Te3 QDs assisted TiO2, 1D nanorods, PEC.

Received: 30 January 2016

Revised: 6 May 2016

1. Introduction

Quantum dot-sensitized solar cells (QDSCs) have received much attention because they are promising can-
didates for low cost and large area photovoltaic applications. Semiconductor quantum dot-sensitized solar cells
(QDSSCs) have the advantages of being low cost and a simple fabrication process. The most attractive property
of a semiconductor quantum dot is its ability to promote the photoconversion efficiency above Shockley-Queisser
limit. The low efficiency of QDSSCs is attributed to the relatively low photovoltage in the cell compared to
DSSCs and to the recombination paths induced by the electronic properties of the interfaces formed at TiO2-QD-
electrolyte triple junction [1]. Secondly, it is difficult to incorporate QDs into a TiO2 mesoporous matrix to obtain
a well-covered QD monolayer on the inner surface of the TiO2 electrode. Other possible reasons include QD-
electrolyte interfaces [2], electron loss occurring through charge recombination at the TiO2-electrolyte interface [3].
To achieve higher performance photovoltaic solar cells, morphologies and structures of anode materials are also
widely investigated [4]. In general, mesoporous TiO2 nanoparticles are the most frequently used photoanodes in
DSSCs and QDSSCs, due to their high internal surface area for sufficient sensitizer anchoring [5]. Unfortunately,
mesoporous TiO2 nanoparticles have some disadvantages, such as charge collection rate due to surface states and
grain boundaries existing in the pathway of nanoparticles, which can lead to many unexpected trapping and de-
trapping, and thus, inferior light scattering [6]. In this study, we successfully synthesized vertically aligned TiO2

nanorods sensitized by Bi2Te3 nanoparticles. The photoelectrochemical performance of TiO2 is greatly improved
by sensitization of TiO2 by Bi2Te3 nanoparticles [7]. The sensitization of TiO2 by Bi2Te3 nanoparticles leads to
a separation of the charge carriers. The charge separation leads to a reduction in the overall recombination in the
solar cells and the enhancement of photogenerated carrier collection.

2. Method

First, TiO2 can be prepared by our previously-reported hydrothermal method [7]. In detail 0.04 M TTIP
was added in the solution containing 3M HCl and ethylene glycol stirred for some time. The clear transparent
solution then poured into a Teflon-lined stainless steel autoclave maintained at 160◦C for 2 h. The electrodeposition
of Bi2Te3 nanoparticles on TiO2 thin films was accomplished in a three electrode cell configuration containing
aqueous solutions of 7 mM Bi (NO3)3 and 10 mM Te in 1M HNO3. The deposition was carried out at −0.8 V vs
Ag/AgCl. In this, TiO2 nanorods act as working electrode, platinum as counter electrode and Ag/AgCl as reference
electrode. The deposition time was fixed at 30 min. and the depositions were carried out at room temperature. In
order to control the size of Bi2Te3 nanoparticles and prevent large particle formation, PVA was used as structure
directing agent.
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3. Results and discussion

3.1. Optical absorption spectra of Bi2T3 loaded TiO2

The light absorption properties of Bi2Te3-loaded TiO2 thin was evaluated using the UV-visible spectropho-
tometer (Shimadzu UV-1800 Japan). Figure 1 shows the Tauc plot of Bi2Te3 loaded TiO2 thin films. The band
gap energy of composite can be expressed by the Tauc relation. It is well known that there are fundamental optical
transitions, namely directly-allowed (n=1/2) and indirectly-allowed (n=2) transition. It is also noteworthy that the
band gap energy of Bi2Te3 loaded TiO2 heterostructures was found to be 2.1 eV, indicating the optical absorption
of the hybrid nanostructure has been extended from the UV region to the visible region.

FIG. 1. Optical absorption spectra of Bi2Te3 loaded TiO2 thin film

3.2. X-ray diffraction (XRD) pattern of Bi2T3 loaded TiO2 thin film

The strong characteristic diffraction peak appeared at around 27.70◦ corresponds to (110) peak associated
with rutile phase of TiO2 (Space Group: P42/ mnm, JCPDS: 00-001-0562) (Rigaku, D/MAX Ultima III XRD
spectrometer (Japan)). Furthermore, it should be noted that diffraction peak appearing at 27.67◦ corresponds to
the (015) plane of Rhombohedral Bi2Te3 (JCPDS: 15-0863 space group R-3m) shown in Fig. 2. Due to overlap
between (110) plane of TiO2 and (015) plane of Bi2Te3, it is difficult to distinguish these two peaks in the XRD
pattern. While the other peaks appeared at 2θ 27.70◦, 36.22◦, 41.35◦, 54.58◦, 56.97◦ and 65.54◦, corresponding
to the (110), (101), (111), (211), (220) and (221) crystal plane of tetragonal TiO2 and 27.67◦, 37.86◦, 62.91◦ and
69.91◦ corresponding to the (015), (1010), (0213) and (0216) crystal planes of rhombohedral Bi2Te3.

It was found that the diffraction peak of the resulting deposit confirms the successful loading of Bi2Te3
nanoparticles on TiO2. The crystallite size of the material was calculated by using Debye Scherrer formula, given
in equation 1:

D =
0.94λ

β cos θ
, (1)

where D is crystallite size, θ is Peak position of X-ray diffraction, β is Full Width at Half Maxima (FWHM) in
radian, λ is Wavelength of X-ray used (0.154 nm). The XRD parameters are summarized in Table 1.

TABLE 1. XRD parameters.

Sample Crystallite Microstrain(ε) Dislocation density
Size (D) (nm) 10−3 (lines m−2) (δ)×10−3 (lines−2 m−4)

Bi2Te3 loaded TiO2 16.78 20156 3.5515
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FIG. 2. X-ray diffraction pattern of Bi2Te3 loaded TiO2 thin film

3.3. Field Emission Scanning Electron Microscopy (FESEM) of Bi2T3 loaded TiO2 thin film

The morphological analysis of the synthesized material was carried out using field emission scanning electron
microscopy (FESEM) (Hitachi, S-4700). Fig. 3 shows the low and high magnification field emission scanning
electron microscopy (FESEM) images. The FESEM image shows that entire surface of FTO substrate is covered
with well-aligned TiO2 nanorods coated with Bi2Te3 nanoparticles. From the higher magnification of such nanorod
arrays, the average diameter of the TiO2 nanorod is 95–110 nm.

After Bi2Te3 quantum dot loading, the TiO2 nanorods become rough, which means that the QDs have been
successfully deposited on the surface of the TiO2 nanorods after potentiostatic electrodeposition. The vertical
alignment of the TiO2 nanorods is beneficial for the improvement in the charge transfer of the solar cells. Such
deep penetration of Bi2Te3 nanoparticles into the TiO2 nanorods improves the charge separation and reduces
recombination rate, which is beneficial for the photoelectrochemical performance of the solar cell.

3.4. Compositional analysis Bi2Te3 loaded TiO2 thin film

Qualitative and quantitative analysis of the prepared Bi2Te3 loaded TiO2 was carried out using energy disper-
sive X-ray spectroscopy (EDS).

The EDS spectrum confirms the presence of titanium, oxygen, bismuth and tellurium in prepared Bi2Te3
loaded TiO2 thin film. From Figure 4, it is readily seen that the peaks at 4.5, 0.5, 2.4 and 3.7 keV confirm the
presence of Ti, O, Bi and Te respectively in the Bi2Te3-loaded TiO2 film.

3.5. Photoelectrochemical performance (PEC)

The typical J-V characteristic curve of Bi2Te3-loaded TiO2 thin film was determined. The photoelectrochem-
ical performance of the Bi2Te3-loaded TiO2 thin film was carried out using a two electrode cell configuration
(AUTOLAB PGSTAT100 FRA 32 potentiostat). In order to evaluate the photoelectrochemical performance, the
Bi2Te3-loaded TiO2 thin film acts as a photoanode, graphite as counter electrode with 0.5 polysulfide electrolyte.
The cell configuration is as follows: Glass/ FTO/ Bi2Te3 loaded TiO2/ 0.5M Polysulphide/G .

The photoelectrochemical performance i.e. fill factor (FF) and overall light to electric energy conversion
efficiency (%) was calculated by equation (2) and (3):

FF =
VmaxJmax

VocJsc
(2)

η% =
VocJsc

Pin × FF × 100,
(3)

where Voc is open circuit voltage, Jsc is short circuit current, Vmax is maximum voltage, Jmax is maximum
current, FF is the fill factor and Pin is the intensity of the incident light.
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FIG. 3. Field emission scanning electron microscopy images of Bi2Te3 loaded TiO2 thin film

FIG. 4. EDS spectrum of Bi2Te3 loaded TiO2 thin film

The detailed photovoltaic parameters are summarized in Table 2. The Bi2Te3-loaded TiO2 thin film shows
0.026% photoconversion efficiency.

TABLE 2. Photoelectrochemical solar cell parameters of Bi2Te3 loaded TiO2 thin film

Electrode Voc Jsc Rs Rsh η%
(mV) (µA/cm2) (Ω) (Ω)

Bi2Te3 loaded TiO2 397.03 61 2660 4762 0.026
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FIG. 5. J-V characteristic curve of Bi2Te3 loaded TiO2 thin film

4. Conclusion

In summary, a Bi2Te3-loaded TiO2 thin film was successfully prepared by a two-step synthetic strategy.
1D nanorods provided a unidirectional transport path for efficient charge, leading to high photoelectrochemical
performance. Therefore, this novel combinatorial Bi2Te3 loaded TiO2 thin film shows 0.026% photoconversion
efficiency.
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Composites of rotationally-moldable linear low density polyethylene (LLDPE) are becoming increasingly popular for rotational molding. In

this study, the influence of fumed silica (FS) in pulling force requirement for demolding of rotationally moldable LLDPE is investigated. The

dynamic mechanical analysis and creep studies were also performed to ascertain the reinforcement effects of FS in LLDPE matrix.
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1. Introduction

The use of nanoparticles in rotational molding to enhance the melt characteristics and mechanical properties
are increasing due to the limited choices of currently-available polymeric materials [1, 2]. Linear low density
polyethylene (LLDPE) is the most commonly-used polymer for rotational molding. Normally, micro scale additives
like anti oxidants, fillers, UV stabilisers, etc., are blended with LLDPE and pulverized to fine powder before
molding to obtain the desired products. These additives are generally not nano-scale particles, and hence, do
not provide reinforcement to polymer chains. Even though these additives provide desired properties, like UV
resistance, reduced product cost, thermal stability, etc, they may adversely affect the mechanical properties [3].
The improvements in mechanical properties, such as tensile strength, impact toughness, creep, stress relaxation, etc.
were reported with addition of nano fillers like, organo clays [4], metal nanoparticles [5], titanium oxide [6], zinc
oxide [7], calcium carbonate [8] and silica nanoparticles in a polymer matrix [9]. Along with the improvements in
mechanical properties, cycle time reduction for the molding process is also highly desired.

From our previous studies, it was observed that the nano-composites of LLDPE-FS up to 4 wt% FS provided
acceptable melt flow characteristics for rotational molding [10]. In this study, nanoparticles of silica up to 4
wt% in the form of fumed silica (FS) having primary particle size in the range of 5–50 nm was dry mixed
with LLDPE using a high speed mixer and was melt blended and pulverized in a commercial melt extruder and
pulverizer. These blends (LLDPE-4%FS) were rotationally molded in a bi-axial rotational molding machine for
studying the dynamic mechanical properties and cycle time. A unique fixture was made to study the mold release
force at various temperatures and rates of pulling. The effect on maximum pulling force on commonly used mold
materials, aluminum (grade 2024) and mild steel (grade S275), were studied with various LLDPE-FS blends. The
PIAT (Peak internal air temperature) during rotational molding was studied using a Templogger, which records and
transmits temperature readings wirelessly. The dynamic mechanical properties and viscoelastic creep was studied
using DMA Q800 from TA instruments.

2. Results and discussion

The influence of FS nano particles, on the dynamic mechanical properties (DMA) viz. storage modulus (E’),
loss modulus (E”) and tan delta are given in Fig. 1. With the addition of FS (4%), an increase of 20% in storage
modulus is observed at room temperature (30◦C), while the loss modulus recorded an increase of 15%. The
increasing trend of storage modulus and loss modulus is observed at all temperatures. Two distinct peaks are
observed in the loss modulus curve, representing the glass transition temperatures (Tg). The first peak at −127◦C
represents the ’γ’ Tg , which corresponds to small scale movements in polymer chains usually associated with
inter- and intramolecular motions. The second peak at 46◦C represents ’α’ Tg , which corresponds to the onset of
melting of low molecular weight polymer chains. The peak at −17◦C in the loss modulus is analogus to the ’β’ Tg

observed in low density polyethylene (LDPE). Generally, the β transition is not observed in LLDPE. However, due
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to the presence of fumed silica, the amorphous nature is increased in LLDPE, leading to entanglement of polymer
chains [11]. The relaxation in polymer chains due to bending and twisting with the presence of FS, analogous
to long side branches of LDPE, may be responsible for the presence of this β glass transition. At 4% FS, the
concentration the shifts for ’α’, ’β’ and ’γ’ Tg were not significant as compared to natural LLDPE.

FIG. 1. Visco-elastic properties of LLDPE and LLDPE-4% FS blends

The proper dispersion of FS in LLDPE is required to achieve good mechanical properties. From our earlier
studies, good dispersion was observed by both dry mixing and melt mixing until 2% FS concentration. Melt
mixing is preferred for FS concentrations above 2% in LLDPE. The SEM micrograph of LLDPE −4% FS, as
depicted in Fig. 2, shows good dispersion of FS for the samples tested. With the addition of FS, an increase
in melt viscosity due to entanglement of polymer chains was observed, along with improvements in mechanical
properties. The improvements in mechanical properties of LLDPE with the addition of FS can be attributed to the
restricted movement of polymer chains due to partial entanglement and adhesion of FS to polymer chains. This
provides higher resistance to shear in the polymer melt, thus increasing viscosity and polymer chain reinforcement,
enhancing the product’s mechanical properties. There also exists a structure, consisting of a hydrogen bonding
network between the LLDPE chains and silica groups, which leads to improved mechanical properties [12].

FIG. 2. Dispersion of FS in LLDPE - 4% FS blend
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For stepped isothermal method (SIM), all the creep tests were done in single cantilever orientation at a
constant stress of 0.5 MPa. The tests were done at increments of 10◦C started from room temperature (30◦C)
to a maximum of 100◦C providing a soak time of 5 minutes between every temperature step. The samples were
loaded for 180 minutes at each temperature step (a dwell time of 10,000s is recommended by ASTM-D6992) for
recording the creep strains. The SIM data were adjusted for thermal expansion and previous history of specimen by
the change in temperature. The vertical shifting, rescaling and horizontal shifting were carried out to generate the
creep master curves [13]. Creep master curves were generated for 40◦C and 50◦C and are shown in Fig. 3. As is
readily seen from the graphs, the creep strains tend to decrease with the addition of FS. After an estimated loading
of sample for one year (5.26×105 minutes) at 50◦C nanocomposites with 4 wt% FS, exhibited 13% reduction in
creep strains compared with natural LLDPE. Furthermore, the creep strains were reduced by as much as 13.5% for
4 wt% FS, which was predicted to be 5.26×107 minutes (around 100 years). The blends did not show significant
variation in percentage of strain reduction with temperature. It was observed that, blends with 4 wt% FS showed
14% creep strain reduction at 40◦C for an estimated loading of 1 year. The measurement of PIAT during rotational
molding suggested a possible reduction of PIAT for LLDPE-FS blends. At 4% concentration, a PIAT of 175◦C
afforded products with good mechanical properties and minimum inner surface blow holes. This represents a
reduction in cycle times and energy costs, as a PIAT of 210◦C is preferred for natural LLDPE.

FIG. 3. Creep master curves of LLDPE and LLDPE-4% FS blends

Another important factor for cycle time reduction is mold release time. The adhesion of polymer to the mold
and frictional resistance causes difficulty in the removal of products from a mold. Applying surface coatings and
mold release agents reduces frictional resistance, however, applying mold release agents is time consuming and
coating will deteriorate over time. Our investigations on pulling force required for removing the product from
mold, as measured by a standard UTM using a unique fixture with mold cavity and internal heating is summarized
in Fig. 4. It can be observed that the pulling force needed to remove the product from mold reduces with the
addition of FS for both mild steel and aluminium molds. The minimum pulling force was observed at 80◦C and
thus it can be considered the ideal temperature to remove the product from the mold. The results show that the
use of aluminium mold reduced the pulling force in comparison with that of steel molds at all temperatures. The
reduction of pulling force ensures easy removal of the formed product, thereby reducing the cycle time.

3. Conclusion

In this study, rotationally moldable grade natural LLDPE and LLDPE-4%FS blends were used to study
the dynamic mechanical characteristics of the parts produced by rotational molding. The improved viscoelastic
behavior of LLDPE-4%FS blends ensures better rigidity and strength for rotomolded products. The reduced creep
rates observed in LLDPE-4%FS blends ensure better product life. It was also observed that enhanced mold
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FIG. 4. Variation of pulling force

release and suggested reduction in PIAT considerably reduces the cycle time of the rotational molding process. In
conclusion, LLDPE-4%FS blends make a better substitute for natural LLDPE in rotational molding applications.
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In this work we have investigated the frequency dependent dielectric properties of PrCrO3 nano-ceramics using alternating current impedance

spectroscopy. The material was synthesized by the sol–gel process. The Rietveld refinement of the X-ray diffraction data suggests single

phase formation of the material with Pnma space group. The observed structure is substantiated by Raman spectrum of the sample. The ac

conductivity follows the power law. The most probable relaxation frequencies at different temperatures were found to obey Arrhenius’ law.
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1. Introduction

The rare-earth (R) transition-metal (M) oxides of perovskite structure with general formula RMO3 have
been the subject of investigation in recent years as they possess various interesting phenomena such as high
temperature superconductivity, colossal magnetoresistance, and multiferroicity. Among these materials, rare–earth
based orthochromites with general formula RCrO3 have been investigated for their usefulness in several devices
such as solid–oxide fuel cells and catalytic converters [1]. One of these orthochromites, PrCrO3 (PCO), is an
anti-ferromagnetic material with a Neel temperature of 237 K [2]. The Cr3+ spin structure is predominately Gx-
type and a weak ferromagnetic moment lies along c-crystallographic axis at 4.2 K in PCO [2]. Prasad et al. [3]
have investigated the relaxor ferroelectric like permittivity of bulk PCO ceramic having 30 nm grain size. Zhang
et al. [4] have synthesized the cubic particle of orthorhombic PCO by hydrothermal process. Their results have
showed that the molar ratio 1:1 of Pr and Cr can be obtained when the material is synthesized at 280 ◦C for 7 days
using 8 M KOH solution.

The magnetic property of PCO is extensively studied, but to the best of our knowledge there is no report on
the dielectric properties of PCO nano-ceramic till date. In the present work we have investigated the dielectric
relaxation and ac conductivity of PCO nanoparticles synthesized by the sol-gel process.

2. Experimental

To prepare the PCO nano-ceramic, the metal nitrates with 1:1 molar ratio were dissolved in deionized water
separately. Citric acid and ethylene glycol solution was added dropwise to the metal nitrates solution and stirred
at 353 K for 6 h to form the gelled mass by auto combustion process. The dried gel was then calcined at 973 K
in air for 4 h. The calcined sample was compressed into disc and sintered at 1023 K for 6 h. Scanning electron
micrograph and energy dispersive X-ray spectrum were taken by a FEI QUANTA 200 scanning electron microscope.
Transmission electron micrograph (TEM) was taken by TECNAI 200 kV transmission electron microscope. The
X-ray diffraction (XRD) pattern of calcined PCO was taken by Rigaku Miniflex-II X-ray diffractometer. Raman
spectrum was collected by Jobin-Yvon LABRAM-HR spectrometer using 488 nm line of an Ar-ion laser line. The
frequency dependence capacitance and conductance of sintered pellet were measured by an LCR meter (Hioki) at
frequencies ranging from 42 Hz to 1 MHz in temperature range from 303 – 673 K.

3. Results and disscussion

3.1. Structural Analysis

The Rietveld refinement of the room temperature XRD pattern of PCO with orthorhombic symmetry having
Pnma (D2h

16 ) space group using Full-prof code is shown in Fig. 1. The good agreement between the observed and
calculated interplanar distances (d-values) of PCO indicates the single phase formation of the material in Pnma
space group symmetry. The unit cell parameters, reliability factors, bond distances and bond angles obtained from
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FIG. 1. Rietveld refinement of XRD profile of PrCrO3 at room temperature

TABLE 1. Rietveld refinement data

Lattice parameters (Å) Bond length(Å) Bond angle

a = 5.4721(5) 〈Pr−OI〉 = 2.79, 〈Pr−OII〉 = 2.29 Cr−OI− Cr = 154.3 ◦

b = 7.7107(5) 〈Cr−OI〉 1.99, 〈Cr−OII〉 = 1.96 Cr−OII− Cr = 161.1 ◦

c = 5.4445(5) RP = 3.76, Rwp = 4.93, Rexp = 5.23, χ2 = 0.891

Atom x y z Multiplicity Biso (Å2)

Pr 0.5357(3) 0.25 0.4946(9) 4 0.429

Cr 0.25 0 0 4 0.087

OI −0.0184(4) 0.25 0.5945(8) 4 0.705

OII 0.2891(7) 0.0235(5) 0.72077(7) 8 0.972

Rietveld refinement are given in Table 1. The mean size of coherent scattering regions, as calculated from the
XRD data, was found to be 100 nm.

The high resolution TEM (HRTEM) image and selected area electron diffraction (SAED) pattern of PCO are
shown in Fig. 2. The HRTEM image presented in Fig. 2(a) shows the well resolved lattice fringes of nanoparticles.
The SAED pattern shows strong spots in regular positions indicating that particles are well crystalline in nature.
The SEM image as shown in Fig. 2(c) indicates the compactness of the grains. The average grain size is found
to be 92 nm. EDAX analysis shows that the atomic percentage of Pr, Cr and O in PCO is 19.09 %, 15.27 % and
65.64 % respectively.

We have studied the Raman spectrum of PCO to get a better understanding of the crystal structure and its
consequence on the vibrational features of the material. The room temperature Raman spectrum of PCO as shown
in Fig. 3 (Symbols are the experimental points) is typically matched with the Raman spectrum of perovskite having
orthorhombic crystal structure. According to group theory, the orthorhombic Pnma structure has 24 Raman active
modes (7Ag + 5B1g + 7B2g + 5B3g) at the zone center. The antiphase tilt of the adjacent CrO6 octahedra and the
antiparallel displacements of Pr cations activate the Raman modes. The sum of 20 Lorentzian lines (violet solid
lines in Fig. 3) is used to fit the experimental data. For the clarity of the figure, the frequency range is divided
into two parts. Very weak intensity peaks are neglected during the Lorentzian fitting of the experimental data and
thus a lesser number of peaks are obtained than the theoretical prediction.
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(a) (b) (c)

FIG. 2. HRTEM (a), SAED pattern (b) and SEM image (c) of PrCrO3

FIG. 3. Raman spectrum of PrCrO3 at room temperature

3.2. Ac conductivity and dielectric relaxation

The angular frequency (ω = 2πν) dependent log-log plots of ac conductivity (σac) for PCO at different
temperature are shown in Fig. 4. At each temperature, the conductivity decreases with decreasing frequency and
becomes independent of frequency in the low frequency region. The extrapolation of this region towards ω = 0
gives dc conductivity (σdc) which is attributed to the long range translational motion of the charge carriers. In
this low frequency region, the electric field cannot perturb the hopping conduction mechanism of charged particles
and hence, the conductance is approximately equal to the dc value. As the temperature is increased, the dc
part of the conductivity spectra shifts to higher frequency side. The large value of dc conductivity at the higher
temperature range with respect to the value in the lower temperature range indicates the generation of large number
of thermally activated charge carriers in the experimental temperature range. The conductivity begins to increase
after the frequency exceeds the critical frequency called hopping frequency (ωH ). The conductivity spectra of PCO
follow the power law [5] as shown by the solid lines in Fig. 4. The temperature dependence of σdc obtained from
the fitting of the experimental data to the power law at different temperatures follows Arrhenius’ law (inset of
Fig. 4) with an activation energy of 0.32 eV. The activation energy value indicates that polaron hopping may be
responsible for conduction processes in PCO.

In Fig. 5 the frequency dependent dielectric constant (ε′) and loss tangent (tan δ) of PCO as a function of
temperature are shown. The observed peaks in tan δ can be explained according to the fact that a strong correlation
between the conduction mechanism and the dielectric behavior exists in PCO. For a thermally activated relaxation
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FIG. 4. Frequency dependent Ac conductivity. Inset is the temperature dependence of σdc

process, the relaxation time τ has the form τ0 exp(E/kBT ), where E and kB are the activation energy for the relax-
ation process and the Boltzmann constant, respectively. Then the resonant condition is ωmaxτ0 exp(E/kBT ) = 1,
where ωmax is the frequency at which tan δ has its maximum value. The temperature dependence of the most
probable relaxation frequency (ωmax) follows Arrhenius’ law (inset of Fig. 5), and a straight line fit to the experi-
mental data gives an activation energy of 0.319 eV. This activation energy is equal to the activation energy obtained
for the temperature dependence of σdc. This suggests that the dielectric loss in PCO is due to the conduction of
charge carriers.

FIG. 5. Frequency dependence of ε′ and tan δ. Inset is the Arrhenius plot of ωmax
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4. Conclusions

The Rietveld refinement of XRD profile suggests the single phase formation of PCO with Pnma space group.
The Raman spectrum fitted with 20 Lorentzian lines substantiates the orthorhombic crystal structure of PCO with
space group Pnma. The dielectric properties of the sample have been investigated as a function of frequency and
temperature. The frequency-dependent conductivity spectra follow the power law. The activation energy for charge
carrier transport is found to be 0.32 eV, which indicates that polaron hopping plays the main role for the dielectric
relaxation in PCO.
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The modification effect of bismuth (Bi) on in-situ-formed magnesium silicide (Mg2Si) reinforced magnesium-aluminium (Mg–Al) alloy is

investigated using optical microscope, scanning electron microscope and X-ray diffraction. Processing of the in-situ composite was carried

out through a stir casting technique. The size of Mg2Si is significantly refined and the optimal modification effect was obtained when the Bi

content in the composite is 1.4%. A slight decrease in hardness values and increase in wear resistance were observed in the study with bismuth

addition.
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1. Introduction

Increasing the fuel efficiency of a vehicle is one of the main considerations in automotive field, which in
turn, is directly influenced by the weight of the vehicle. Magnesium alloys and composites are the lightest
structural materials which can be used extensively in automotive industries. Magnesium metal matrix composites
can be processed using both ex-situ and in-situ techniques. However, it has been noted that the in-situ method
of processing results in improved grain structure, mechanical properties and wear properties for the final metal
matrix composites [1, 2]. Magnesium alloys containing Mg2Si particles seem to show high melting temperatures,
low density, high hardness, low thermal expansion coefficients and reasonably high elastic moduli. Uniform
morphology of Mg2Si particles is difficult to obtain and moreover the size of these particles are larger in nature [3].
This can lead to poor mechanical properties for the composite. Modification is found to be a simple and effective
technique for improving the morphology and size of Mg2Si particles in Mg–Al alloys [4]. Modification of Mg2Si
can be also done by adding additives such as P, Li, Na, KBF4, Ca, La [5–8] etc. Bismuth is found to be one of
the suitable additives that can be used for the modification of Mg2Si particles.

The primary aim of the present study was to investigate the effect of Bi modification on the Mg2Si phase
in Mg–Al alloy. Based on these results, the hardness and dry sliding wear behavior of composites with different
amounts of Bi were investigated.

2. Experimental Procedures

2.1. Materials and Processing

Commercially pure Mg ingot (99.3% purity), Al ingot (99.2% purity) and Si powder (99.9% purity) were used
as the starting materials to prepare the Mg–Al/ Mg2Si composites. The melting process was carried out in a steel
crucible kept in a 2 kW electric resistance furnace under a protective atmosphere of argon gas. The furnace had a
bottom pouring configuration and was also provided with an inert gas atmosphere.

The processing of composites was carried out in two stages by a stir casting technique. In the first stage, cast
aluminium-silicon master alloy was synthesized by dispersing silicon particles into the molten aluminium. In the
second stage, cast Al–Si master alloy was dissolved in the molten magnesium (760 ◦C) in such amounts so that the
final mixture had 9 wt% Al in Mg–Al matrix alloy and 2.5 wt% Mg2Si reinforcement. For refinement of Mg2Si
bismuth (0, 0.7, 1.4, 2 wt%) was added to the molten magnesium. Stirring was done at 600 rpm for 10 minutes
for all samples. Finally, the composite slurry was poured into a 30mm×50mm×120mm steel mold.
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2.2. Materials characterization and phase analysis

XRD analysis was carried out for powders from Mg–Al/ Mg2Si composite containing 1.4 wt% Bi and Mg–Al/
Mg2Si composite without Bi. Specimens for microstructure analysis were prepared using standard procedures and
optical microscopy and SEM examination and EDS analysis were carried out.

2.3. Hardness and wear tests

The Brinell hardness test was used to measure the hardness of the specimens. Test specimens were indented
with a 5 mm diameter hardened steel ball subjected to a load of 150 N applied for 10 seconds. Dry sliding wear
tests were conducted according to the ASTM G99 standard using pin-on-disc machine. The wear tests for all
specimens were conducted under two different loads (10 N and 20 N) and varying the disc rotating speeds of 300,
350, 400 and 450 rpm. Wear tests were carried out for a total sliding distance of approximately 1000 m. The pin
samples were 30 mm in length and 8 mm in diameter.

3. Results and Discussion

3.1. Microstructural features

Figure 1 shows the XRD patterns of Mg–Al/ Mg2Si composite without Bi content and with 1.4 wt. % Bi
content respectively. The XRD pattern reveals that the processed in-situ composite contains α-Mg, β-Al12Mg17
and Mg2Si phases. Some new peaks appear in the pattern with the addition of 1.4 wt. % Bi. The XRD pattern of
the in-situ composite which was processed with the bismuth refinement material confirmed the presence of bismuth
by showing the additional peaks corresponding to it.

FIG. 1. XRD pattern of Mg–Al/ Mg2Si composite (a) 0 wt% (b) 1.4 wt% Bi

The SEM micrographs, along with EDS patterns for in-situ composite with and without bismuth are shown
in Figs. 2(a) and 2(b) respectively. The presence of bismuth was confirmed from the additional peaks, as is seen
in Fig. 2(b) compared to peaks in Fig. 2(a). The larger size of the reinforcing Mg2Si particles can be seen in
the Fig. 2(a), whereas refined and smaller size of Mg2Si phase can be seen in Fig. 2(b). Small white spots in
Fig. 2(b) correspond to bismuth powder. The Mg2Si particles in an unmodified sample were found to be clustered
throughout as large particles.

The morphology was poor when compared to the 2% Bismuth modified specimen. As the percentage of
bismuth increased, the Mg2Si particles became divided, finally resulting in a unique particle distribution. However,
it is also readily seen that the particles became coarser with more addition of bismuth.

3.2. Hardness and wear tests

Hardness tests revealed that Bi decreases the hardness value of the composites; however its variation is limited.
The Mg–Al/ Mg2Si composite showed better hardness properties than those Mg–Al/ Mg2Si composites which were
modified by varying amounts of bismuth. The hardness graph of the composite (Mg–Al/ Mg2Si) with varying
bismuth content is shown in Table 1.

Figure 3 shows the variation of wear rate for Mg–Al/Mg2Si composite with Bi content. A decrease in wear
rate can be seen with an increased Bi content and speed. However, the variation of decrease for wear rate can be
seen more at higher loads (20N).
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FIG. 2. SEM images with EDS of Mg–Al/ Mg2Si (a)without and (b)with 1.4 wt% Bi

TABLE 1. Variation of hardness of Mg–Al/ Mg2Si composite with Bi content

Bismuth (wt%) 0 0.7 1.4 2

Hardness (BHN) 72.9 69.3 69.3 71.5

FIG. 3. Variation of wear rate of Mg–Al/ Mg2Si composite with Bi content

4. Conclusion

From the research, it can be indentified that bismuth plays a significant role in modifying the morphology of
Mg2Si particles in Mg–Al/Mg2Si composite. The size of the Mg2Si particles and the hardness values decreased
with the addition of bismuth (Bi). However, it was shown that Bi exerts a great influence on wear resistance, as
that property was enhanced with increased bismuth content.
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Titanium oxide (TiO2) films were deposited on silicon (100) and quartz substrates at various substrate temperatures (300 – 873 K) at an optimized

oxygen partial pressure of 3.0 × 10−2 mbar by pulsed laser deposition. The effect of substrate temperature on structure, surface morphology

and optical properties of the films were investigated using X-ray diffraction (XRD), atomic force microscopy (AFM) and photoluminescence

spectroscopy (PL) respectively. The XRD results showed that the films are polycrystalline in nature and have tetragonal structure. The film

prepared at higher substrate temperature showed strong rutile phase. The results indicated that all the films possess both phases (anatase and

rutile) of titania. The AFM shows the crystalline nature, dense, uniform distribution of the nanocrystallites with a surface roughness of 2 –

8 nm. The photoluminescence studies showed the asymmetric peak ∼ 370 nm indicating the bandgap for the TiO2 films.

Keywords: Titania, thin films, pulsed laser deposition, X-ray diffraction (XRD), atomic force microscopy (AFM), photoluminescence spec-

troscopy (PL).
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1. Introduction

Titania (TiO2) exists in rutile, anatase and brookite phases. TiO2 thin films are widely studied due to
their interesting chemical, electrical and optical properties. TiO2 thin films exhibit unique properties such as
high dielectric constant, wide optical bandgap, high refractive index, photo catalytic, low absorption and high
transparency with high chemical and thermal stabilities. Because of its excellent properties, it finds applications
in heterogeneous catalysis, photocatalysts, self cleaning windows, solar cells, gas sensors, corrosion resistant
coatings, optical coatings, metal oxide field effect transistors, varistors, Li-based batteries and electro chromic
devices [1–3]. The occurrence of anatase and rutile phase of TiO2 thin films mainly depends on the deposition
method, process parameters and substrate temperature. Many techniques are used to deposit TiO2 films, including
sol-gel processes [4], reactive evaporation [5], chemical vapor deposition [6], sputtering [7, 8] and pulsed laser
deposition (PLD) [9]. Among these techniques, pulsed laser deposition (PLD) is a simple technique to prepare
high quality films from metal, semiconductors and ceramics. The rapid rate of ablation from target surface promotes
the constituents of the target to evaporate congruently and to retain the stoichiometry in the film. There are many
deposition parameters to be optimized to achieve the optimum properties. The oxygen partial pressure and the
substrate temperature play an important role to produce high quality films by PLD. The preparation method and
process parameters of TiO2 films are of fundamental importance for obtaining the optimum properties for various
applications. In the present work, nanocrystalline TiO2 films were deposited on silicon and quartz substrates as a
function of substrate temperature by PLD and their microstructure and optical properties were investigated.

2. Experimental details

TiO2 powder was compacted into a pellet of 30 mm diameter and 5 mm thickness using a uni-axial press. The
pellet was sintered ∼ 1473 K for 8 hours and used as a target for the PLD. TiO2 films were deposited on Si (100)
and quartz substrates at various substrate temperatures from 300 K to 873 K. The films were deposited using KrF
excimer laser (λ = 248 nm) with a repetition rate of 10 Hz. X-ray diffraction (XRD) studies were carried out using
X’pert PW 3040 D-8 (PANalytical) diffractometer with CuKα1 radiation. The surface topographies and roughnesses
of the films were analyzed using atomic force microscope (XE-100 Park systems) in non-contact mode. The
photoluminescent spectra of these films were recorded using a (Shimadzu, RF-5301PC) spectrofluorophotometer.
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3. Results and Discussion

3.1. Microstructural studies

XRD pattern of the TiO2 thin films is shown in Fig. 1. The XRD pattern shows the peaks at angles 25.8 ◦ and
37.9 ◦, corresponding to the anatase phase ((JCPDF # 21-1272), while the peaks at angles 27.5 ◦, 44.2 ◦, 56.5 ◦,
64.3 ◦ indicate the rutile phase (JCPDS # 21-1276) of titania. In the XRD pattern, A and R denotes the anatase
and rutile phase of titania respectively [9]. The XRD results showed that the films were polycrystalline in nature
and had tetragonal structure. The films deposited in the lower substrate temperatures (300 – 673 K), showed the
small intense peaks corresponding to both anatase and rutile phases, while the films deposited at higher substrate
temperatures (773 K and 873 K) indicated the strong peaks corresponding to the rutile phase. This indicated the
higher rutile phase content and smaller anatase phase content in the films with increasing substrate temperature.
The formation of rutile phase with temperature was due to the high energy of particles impinging on the substrate
kept at higher temperature. The thickness of the films increased with increasing temperature. The anatase to rutile
phase transformation takes place over a wide range of temperatures (from 823 to 1073 K). Ben Amor et al. [10]
investigated the properties of TiO2 films and observed the amorphous nature in the as-deposited condition, while
the annealed films at 873 K showed anatase phase.

FIG. 1. XRD pattern of the TiO2 thin films deposited on Si (100) at different substrate temperatures

FIG. 2. AFM images of the TiO2 films prepared at (a) 300 K and (b) 873 K

Figure 2 shows the AFM images of the typical films prepared at room temperature (300 K) and 873 K. The
images showed the dense crystallites, uniform formation of the crystallites and smooth morphology. The mobility
of the ad-atoms is higher at higher substrate temperatures and the film prepared at 873 K showed the coalescence
of the crystallites. The surface roughness of the films were measured and found to be in the range 3 – 8 nm.

3.2. Photoluminescence studies

Figure 3 shows the photoluminescence (PL) spectra of the TiO2 films deposited on silicon (100) substrates
at various substrate temperatures. The PL spectra of the films were analyzed using 325 nm laser excitation
wavelength. PL spectra showed broad and asymmetric peaks, indicating the presence of both anatase and rutile
phases. At 873 K, two PL peaks were observed, indicating the clear anatase and rutile peaks. The small intense
peak ∼ 470 nm (2.7 eV) is probably due to the structural defects, which are related to deep-level emissions like
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oxygen vacancy [9,11,12]. The PL peak intensity of TiO2 films with respect to substrate temperature is associated
with its crystallinity and defects. The glancing incidence X-ray diffraction (GIXRD) results of the films showed
more rutile phase (Fig. 1) at higher substrate temperatures. The PL peak intensity decreases systematically with
the increased substrate temperature [9]. The variation of PL peak intensity is related to the formation of rutile and
anatase phases at different substrate temperatures. The PL results are consistent with our XRD results [13]. All
these results showed that the optical properties of TiO2 films are dependent on their microstructure influenced by
substrate temperature. Table 1 gives the details for the crystallite size, surface roughness and bandgap of the titania
films with respect to the substrate temperature.

FIG. 3. Photoluminescence spectra of the TiO2 films prepared at different temperatures

TABLE 1. Substrate temperature vs crystallite size, surface roughness and bandgap

Substrate
Temp. (K)

Crystallite size
Rutile (110) (nm)

Surface roughness
AFM (nm)

Bandgap
(eV) PL

300 — 3.0 3.35
573 — 5.2 3.37
673 — 6.5 3.37
773 30 7.2 3.37
873 48 8.0 3.30

4. Conclusions

The TiO2 thin films were deposited on Si (100) and quartz substrates at various substrate temperatures by
pulsed laser deposition. The XRD studies indicated small intense peaks corresponding to both anatase and rutile
phases at low substrate temperatures, while the strong peaks indicated higher rutile phase content at higher substrate
temperatures. The rutile phase content increased with increased substrate temperature. The AFM studies illustrated
the dense, uniform distribution of the crystallites with smooth morphology. PL studies demonstrated the broad and
asymmetric peaks ∼ 370 nm, indicating a bandgap of ∼ 3.30 – 3.37 eV.
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Zinc doped cobalt ferriteCo1−xZnxFe2O4 nanoparticles (x = 0.1, 0.5, 0.9) were synthesized by chemical co-precipitation method. The

crystallite size, which was calculated from the full width half maximum (FWHM) value of the strongest peak (311) plane using Scherer

approximation, was found to decrease with higher zinc content. The surface morphology of the powder samples was obtained using transmission

electron microscopy (TEM). Magnetic properties, such as Saturation magnetization (Ms), Remanent Magnetization (Mr) and Coercivity of the

powder samples, were measured using Vibrating Sample Magnetometer (VSM) at room temperature and were found to decrease with increased

zinc content. Aqueous ferrofluids prepared from the powder samples were subjected to magnetic field to measure their Faraday rotation.

Faraday rotation of the ferrofluids was found to increase with applied magnetic field and decrease with increasing zinc composition.
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1. Introduction

Ferrofluids are a colloidal suspension of single domain magnetic particles, with typical dimensions of about
10 nm, dispersed in a carrier liquid [1]. To avoid the aggregation of nanoparticles, they have to be covered with a
suitable surfactant. Optical property of ferrofluids can be altered by external applied magnetic field [2]. Structural
reorientation of the nanoparticles suspended in a magnetic colloid brings out magneto-optic properties [3], which are
used in developing optical sensors [4], photonic devices [5], etc. The kinetics of particle aggregation in magnetic
nanofluid have been studied using various techniques [6, 7]. The functional group adhered to the nanoparticles
(stabilizers) can influence the kinetics of magnetic field induced chain like formation which influences their
magneto-optic properties [8]. Among other influencing parameters, the dipolar interaction among nanoparticles is
the main driving force for particle aggregation and field induced structural transitions [9]. Common methods of
synthesis of ferrofluids employ co-precipitation [10], ball milling [11], sol-gel method [12] and micro emulsion [13].
Among these methods, co-precipitation is the low cost and less energy required for synthesis of ferrofluids.

2. Sample preparation

The chemical co-precipitation method was used to synthesize Co1−xZnxFe2O4 nanoparticles for x = 0.1, 0.5
and 0.9. Stoichiometric ratios of FeCl3.6H2O, CoCl2 and ZnCl2 solution were mixed and added to NaOH solution
under constant stirring. Diluted HCl was added until the pH reaches 9. In order to prevent agglomeration of the
nanoparticles, oleic acid was added. The resultant precipitates were isolated by centrifugation and washed with
de-ionized water, acetone and ethanol to remove impurities and then dried at 60 ◦C for 4 hours. Powder samples
were used to carry out initial characterization such as XRD, TEM and VSM. Then, aqueous nanoferrofluids were
prepared to study their magneto-optic effect.

3. Results and discussion

3.1. X-ray diffraction

The XRD pattern of the powder samples are shown in Fig. 1, which confirm the spinel structure (JCPDS no
22-1086) [14]. The crystallite size for each composition was calculated using the Debye-Scherer formula for the
(311) plane. The crystallite size decreases from 11.4 nm to 5.6 nm with an increase in zinc content. In spinel
ferrite, zinc ions have stronger preference to occupy tetrahedral site, iron ions preferentially occupy tetrahedral site
while cobalt ions have octahedral site preference [15]. Increasing x values in Co1−xZnxFe2O4 spinel ferrite causes
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zinc ions to occupy tetrahedral sites preferentially, displacing iron ions from the octahedral sites [16]. Therefore,
replacement of cobalt ions by zinc ions forces the transformation of inverse spinel into normal spinel structure.

FIG. 1. XRD pattern of the samples (a) Co0.9Zn0.1Fe2O4, (b) Co0.5Zn0.5Fe2O4 and (c) Co0.1Zn0.9Fe2O4

3.2. Transmission electron microscopy

Figure 2 shows the transmission electron microscope (TEM) images of Co1−xZnxFe2O4 nanoparticles. Phys-
ical particle sizes of the samples are found to be slightly larger than the crystallite size obtained by XRD. It was
also observed that the presence of surfactant and decrease in the magnetic moment of particles reduced magnetic
nanoparticle aggregation.

FIG. 2. TEM of the samples (a) Co0.9Zn0.1Fe2O4, (b) Co0.5Zn0.5Fe2O4 and (c) Co0.1Zn0.9Fe2O4

3.3. Magnetic measurements

M-H loop of the powder samples are shown in Fig. 3. Magnetization in a spinel ferrite arises as a result
of dominant interaction existing between tetrahedral (A) site and octahedral (B) site mediated by oxygen A-O-B
interactions [17]. Increasing zinc content in Co1−xZnxFe2O4 spinel ferrite causes zinc ions to occupy tetrahedral
sites and displaces iron ions to octahedral sites [16]. In octahedral sites, cobalt ions are replaced by iron ions [18].
Thus, the substitution of non-magnetic zinc ion varies the A-O-B interaction. Magnetic parameters, such as
saturation magnetization (Ms), remanent magnetization (Mr) and coercive field (Hc), were found to vary with zinc
content and are shown in Table 1. The values are in agreement with the literature [19]. Moreover, saturation
magnetization of bulk cobalt ferrite is 65 emu/g [20]. Coercivity is a measure of magnetocrystalline anisotropy of
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FIG. 3. M-H loop at room temperatureof the samples (a) Co0.9Zn0.1Fe2O4, (b) Co0.5Zn0.5Fe2O4

and (c) Co0.1Zn0.9Fe2O4

the samples [17]. Decreasing values of coercivity and remanence at room temperature indicate that the samples are
approaching superparamagnetism [21]. Surface defects, such as formation of dead layer, canting of particle surface
spins and deviation in cation distribution may reduce the magnetic properties [15].

TABLE 1. Magnetic parameter of the samples

Samples Saturation Magnetization Remanent Magnetization Coercive Field
(emu/g) (emu/g) (KOe)

Co0.9Zn0.1Fe2O4 50.95 9.4350 0.2878

Co0.5Zn0.5Fe2O4 41.04 0.0638 0.0044

Co0.1Zn0.9Fe2O4 17.89 0.0046 0.0013

3.4. FaradayrRotation

Faraday rotation of the samples was measured using standard technique, which includes electromagnet, polar-
izer, analyzer, cuvette and a monochromatic sodium vapor lamp. Co1−xZnxFe2O4 nanoparticles were dispersed
in de-ionized water and sonicated for 30 minutes. The volume fraction was kept as 0.005 for all the samples.
Linearly polarized light from a polarizer was allowed to pass through the electromagnet, ferrofluid and an analyzer.
In this set-up, a magnetic field applied is longitudinal to the polarized light. Light emerging out from analyzer was
detected using a photodetector. The angle of rotation (θF ) of plane polarized light is proportional to the product of
applied magnetic field (B) and optical path length (l) of the ferrofluid through which the light passes:

θF = V Bl,

where, V is Verdet constant of the sample.
When a magnetic field is applied to the samples, degeneracy is lifted and the relative energies are determined

by Lande g factor. During the transition of electrons between degenerate states, rotation of plane of polarization
is accompanied by the development of an ellipticity of the originally polarized light [22]. Also, it was reported
that Faraday rotation can be enhanced due to crystal field transitions and intervalence charge transfer transitions
between neighboring ions [22, 23]. Varying the occupancy of tetrahedral and octahedral sites changes the Faraday
rotation. The variation of Faraday rotation and Verdet constant are shown in Fig. 4 and Fig. 5. Variation of Verdet
constant below 600 gauss for samples (a) and (b) indicates the need to increase the accuracy of measurement
system at low fields.

4. Conclusion

Co1−xZnxFe2O4 nanoparticles were synthesized by co-precipitation method using oleic acid as surfactant.
The XRD diffraction patterns confirm the cubic spinel structure. The crystallite size decreases with increased zinc
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FIG. 4. Faraday rotation of the samples (a) Co0.9Zn0.1Fe2O4, (b) Co0.5Zn0.5Fe2O4 and (c) Co0.1Zn0.9Fe2O4

FIG. 5. Verdet constant vs magnetic field of the samples (a) Co0.9Zn0.1Fe2O4,
(b) Co0.5Zn0.5Fe2O4 and (c) Co0.1Zn0.9Fe2O4

content. The magnetic properties and Verdet constant of Co1−xZnxFe2O4 nanoparticles vary with the incorporation
of zinc and cobalt ions into iron oxide spinel ferrite. The Faraday rotation and hence the Verdet constant decreases
with increased zinc substitution.
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Nanostructured porous silicon (PS) samples were prepared by electrochemical anodic dissolution of doped silicon (p-Si) of (100) orientation at

constant current density of 30 mA/cm2 for different etching times 10 and 60 min. The samples were characterized by XRD and SEM. The

particle size was calculated from XRD using Scherrer’s approximation are in the range of 12 to 61 nm and the SEM images confirmed the

difference in porosities of the sample. The samples were sensitized with chloroaluminium phthalocyanine (ClAlPc) to fabricate Dye-sensitized

solar cells (DSSCs). The bandgaps from UV- Vis and photoluminescence measurements are in the range of 1.5 to 1.8 eV. The photocurrent and

photovoltage of the cells were measured using Keithely source meter. The maximum conversion efficiency of 2.8% is observed and results are

discussed.
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1. Introduction

Dye-sensitized solar cells (DSSCs) are regarded as a promising low cost option to the conventional solid-state
semiconductor solar cells, due to the use of relatively cheap materials and the easy manufacturing techniques. A
very important component of DSSCs is the photoelectrode, which includes a nanocrystalline porous wide bandgap
oxide semiconductor layer with large internal surface area. The Commercial solar cells are fabricated using
crystalline silicon which is costly in nature, where the maximum efficiency of 24.5% is reported in literature [1].
In this work, we measured the conversion efficiencies of DSSCs prepared from porous silicon with different
porosities.

2. Experimental

Porous silicon samples were prepared by electrochemical etching of p-type (100) silicon wafers (thickness
517 µm and resistivity 0.2–0.5 Ω cm) at a constant current density of 30 mA/cm2 for etching periods of 10 and
60 minutes [2]. To sensitize the porous samples, the dye solution was prepared by mixing the synthesized ClAlPc
dye [3] in 5 ml of ethanol and used for preparation of photoanode (ClAlPc/PS). The photoanodes were characterized
by X–Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Ultraviolet-visible spectroscopy (UV-vis) and
Photoluminescence (PL) techniques. The ClAlPc/PS photoanodes with different porosities were used to fabricate
DSSCs.The I–V measurements were carried out to calculate the solar efficiencies using Keithley Source Meter
2400.

3. Results and discussion

3.1. XRD measurement

The XRD patterns of PS and ClAlPc/PS prepared at constant current density of 30 mA/cm2 with etching times
10 and 60 min is shown in Fig. 1 A and B respectively.

In Fig. 1A, the characteristic peaks at 2θ = 24.82◦ and 64.77◦ depict the porous nature of silicon, which are
identified as (111) and (404) plane respectively and are in agreement with JCPDS (27-1402) values [4]. The peak
2θ = 6.31◦ for ClAlPc in Fig. 1B agrees well with the reported value [5] and identified as the (2 0 0) plane of
α–phase structure and the lattice spacing d = 12.88 Å. Additionally, it is noted that the intensities of the peaks
increase with etching time and hence the porosity, as the porosity increases with etching time [6]. The broadened
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FIG. 1. XRD Pattern of the samples prepared at 30 mA/cm2 for (a) 10 min (b) 60 min: (A) PS (B) ClAlPc/PS

peak shown by the sample prepared at 30 mA/cm2, 60 min indicates that it is more nanostructured in nature. The
crystallite sizes calculated from Scherrer’s approximation are in the range from 12 to 61 nm.

3.2. Scanning electron microscope

The SEM image of the PS sample is shown in Fig. 2. The porosity of the sample increases with increasing
etching time [6]. The porosities calculated from gravimetric method were shown to range from 55% to 78%.

FIG. 2. SEM image of PS samples prepared at 30 mA/cm2 for etching time (a) 10 min (b) 60 min

3.3. Optical measurements

The optical band gap measurements were carried out using UV absorption and PL emission for PS and
ClAlPc/PS samples at room temperature. The PL emission spectra of PS and ClAlPc/PS samples are shown in
Figs. 3A and 3B respectively. The calculated band gaps from PL and UV measurement are shown in Table 1. The
values are in good agreement with each other.

The band gaps of the PS samples are blue shifted from the bulk silicon (1.1 eV). Also, the band gaps of
the PS samples are slightly blue shifted with increased etching time. This shift in band gap (band gap widening)
is because of quantum confinement due to reduction in the size of the Si nanocrystallites for increased etching
time [7]. The decrease in crystallite size is attributed to the increase in porosity with increased etching time [8].
The PL intensity of the PS samples increases with increasing etching time due to the increase in the total volume
of the nanocrystallites on the surface of the PS [9, 10].

For the dye sensitized PS (ClAlPc/PS), the PL emission is shifted to 735 nm (Fig. 3B(a)) compared to the
PS sample which is attributed due to the presence of chlorine in the dye. The decrease in PL intensity shown by
ClAlPc/ PS with increasing etching time is explained due to the enhanced absorption with an increase in porosity
and confinement of particles into a lower dimension [11]. The minimum emission intensity shown by ClAlPc/PS
at a current density of 30 mA/cm2 with etching time of 60 min (Fig. 3B) indicates that it is a good absorber of
radiation and can be used for solar cell application.
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FIG. 3. Photoluminescence spectra of PS samples prepared at 30 mA/cm2 for (a) 10 min
(b) 60 min: (A) PS

TABLE 1. Bandgap of the samples

Band gap (eV)
Etching time PS ClAlPc/PS

PL UV PL UV

a (10 min) 1.81 1.81 1.60 1.59

b (60 min) 2.02 2.05 1.76 1.77

3.4. I-V Measurements

Performance of DSSCs (1 cm2 size) was analyzed by current–voltage (I–V) characteristics. Photocurrents
and voltages were measured using a Keithely source meter 2400, with an 80 W halogen lamp and AM 1.5 G.
The conversion efficiency of the samples is given in Table 2. The literature value of conversion efficiency of
ClAlPc/TiO2 is 2.1% [12].

TABLE 2. Conversion efficiency of the ClAlPc/PS samples (Current density 30 mA/cm2)

Porosity of PS (%) Efficiency (%)

a (10 min) 55 0.84

b (60 min) 78 2.84

4. Conclusion

Nanostructured porous silicon (PS) samples were prepared at constant current density of 30 mA/cm2 at etching
times of 10 and 60 min. The samples were characterized by XRD, UV-Vis and PL emission techniques. The band
gap increases with increased etching time. To study the effect of dye sensitizer, the surface of these PS samples was
sensitized with derivative of Chloroaluminum Pc (ClAlPc). The dependence of absorption and emission intensities
on these samples indicate that ClAlPc /PS prepared at current density of 30 mA/cm2 with 60 min etching time is
good absorber of radiations. The DSSC prepared by ClAlPc /PS shown a maximum conversion efficiency of 2.8%
and can be used for solar cell applications.
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Nanostructured TiO2 thin films were prepared for various thicknesses on fluorine – doped tin oxide (FTO) conductive glass by the spin coating

method. Anthocyanin dye was used to sensitize the sample. The structural characterization was done by XRD. The bandgaps from UV–Vis

and photoluminescence measurements are in the range of 2.41 to 2.59 eV. The photocurrent and photovoltage of the cells was measured using

Keithley source meter. A maximum conversion efficiency of 0.27 % was observed and the results were discussed.
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1. Introduction

Dye-sensitized solar cells (DSSC) are expected to be used for future clean energy [1, 2] and are usually
composed of a dye-capped nanocrystalline porous semiconductor electrode, a metal counter electrode, and a redox
electrolyte containing iodide and triiodide ions. The performance of the cell is primarily dependent on the material
and quality of the semiconductor electrode and the sensitizer dye used for the fabrication of the cell. In DSSC, the
sensitizer (dye) plays a key role in absorbing sunlight and transforming solar energy into electric energy. Numerous
metal complexes and organic dyes have been synthesized and utilized as sensitizers. By far, the highest efficiencies
for DSSC have been obtained using Ru-containing sensitizer compounds absorbed onto Nano crystalline TiO2

reached 11–12 % [3, 4]. Although, such DSSC have provided a relatively high efficiency, they are costly, as the
resources are limited in quantity. On the other hand, organic dyes are cheaper and are reported to attain efficiencies
as high as 9.8 % [5]. The advantages of natural dyes include their easy availability, environmental friendliness
and low cost. In this paper, we report the performance of natural anthocyanin, obtained from black rice extraction.
This compound would be used as the dye, since anthocyanin has good chemical bonding with titanium dioxide [6].

2. Experimental procedure

The solvent used to extract dye was prepared by using ethanol, acetic acid and distilled water with molarity
ratio about 3:2:1. The blackrice was mixed in the solvent, then the mixture was stirred at 50 ◦C for 30 minutes,
the solution formed was filtered by filter paper, to obtain dark-red solution of anthocyanin dye. TiO2 nanoparticles
of 0.2 g is blended using an agate mortar with 0.4 ml nitric acid solution (0.1 M), 0.8 g polyethylene glycol
(MW–10,000) and one drop of nonionic surfactant (Triton X–100) to obtain porous TiO2 film on FTO plate [7].
The blending process was continued using an ultrasonic bath for 30 minutes until it forms thick paste without any
clots. A piece of conductive glass (FTO) is selected and placed on a metal sheet. A scotch tape at four sides
was used as masking material on the conductive layer restricts the thickness and area of the paste. Then various
thicknesses of TiO2 thin films are coated over FTO plate by spin coating method for various rpm rates (3000,
4000, 5000 and 6000). Later, the plate is sintered at 450 ◦C for 2 hours under thermal furnace module. The
thicknesses of the sample were measured using optical thickness profilometer and the sintered TiO2 thin films were
immersed in natural dyes for 24 hours, allowing the natural dye molecules to be adsorbed onto the surface of TiO2

nanoparticles. The DSSC photo electrode (TiO2/anthocyanin) is ready for testing. The samples were characterized
by XRD, PL and UV techniques. Finally, the DSSCs were fabricated with platinum as a counter electrode and
potassium iodide as liquid electrolyte.
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3. Results and discussion

3.1. Structural characterization (XRD)

Various thickness of TiO2 on FTO plate were deposited using spin coating method and it was found that the
thickness of the sample decreases with increased rpm. The XRD patterns of the samples TiO2 and TiO2/anthocyanin
for various thicknesses are shown in Fig. 1A and 1B respectively. The thickness of the samples was measured
using an optical thickness profilometer. In Fig. 1A, the characteristic peaks at 27 ◦(110), 37 ◦(301) and 54 ◦(211)
reveal the formation of ructile phase of TiO2 (JCPDF card No: 73-1765) [8]. The nature of XRD peaks reflect that
the nanoparticles are crystalline. Furthermore, the intensity of peak corresponding to (1 1 0) plane decreases with
decreased thickness (Fig. 1A). After the absorption of anthocyanin dye, the peak corresponding to the plane (2 2
1) disappears and the peak corresponding to (1 1 0) decreases due to the formation of chemical bonding between
TiO2 and anthocyanin dye molecules (Fig. 1B) [6]. The thickness and XRD parameters are listed in Table 1.

FIG. 1. XRD pattern of the samples prepared at the rpm of a) 3000; b) 4000; c) 5000; d) 6000:
A) TiO2; B) TiO2/anthocyanin

TABLE 1. Thickness, Lattice Constant, Crystallite size of TiO2 sample prepared at different rpm

Rotation per minute Thickness (µm) Lattice constant (Å) Crystallite size (nm)

3000 18.62 4.58 27

4000 10.18 4.57 25

5000 7.36 4.56 22

6000 4.78 4.55 21

3.2. Optical measurements

The PL spectra of TiO2/anthocyanin samples are shown in Fig. 2. The bandgaps, calculated from UV –
absorption and Photoluminescence emission spectra of the samples, are given in Table 2. The bandgaps of the
prepared samples (2.59 to 2.41 eV) lie in the required range of preparation for solar cells. The intensity of the
PL spectra increases with increase in rpm, whereas the bandgaps of the samples decrease due to the decrease in
crystallite size [9].

3.3. I–V characterization

The photovoltaic tests of the prepared DSSCs using natural dye extracts as sensitizer were carried out by
I–V measurements. Photocurrents and voltages were measured using a Keithley source meter 2400, with a 80 W
halogen lamp and AM 1.5 G. The quality of the solar cell is determined by a parameter called solar cell efficiency,
which is simply defined by a ratio:

η =
Pmax

PL
(1)
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FIG. 2. PL spectra of TiO2/anthocyanin samples prepared at the rpm of a) 3000; b) 4000; c) 5000; d) 6000

TABLE 2. Bandgap values of TiO2/anthocyanin samples from PL and UV measurement

Rotation per minute
Band gap (eV)
PL UV

3000 2.57 2.59

4000 2.52 2.52

5000 2.47 2.46

6000 2.41 2.41

where Pmax is the maximum solar cell power and PL is power of the incident light. Thus, solar cell efficiency and
Pmax are associated by a linear dependence. The conversion efficiencies were measured and calculated, the results
are summarized in Table 3. The fill factor of the sample increases with decrease in thickness of the sample. This
increase in fill factor causes increase in efficiency of the DSSCs.

TABLE 3. Conversion Efficiencies of the DSSCs prepared by Natural dyes

Rotation per minute Thickness (µm) Fill Factor Conversion Efficiency (%)

3000 18.62 0.46 0.12

4000 10.18 0.58 0.13

5000 7.36 0.70 0.20

6000 4.78 4.28 0.27

4. Conclusion

The synthesized nanostructured porous TiO2 samples were sensitized using anthocyanin dye. The structural
characterization was done by XRD. The XRD pictures showed the features of TiO2 and the effect of anthocyanin
dye (blackrice). The bandgaps calculated from the UV absorption spectrum are in the range 2.41 to 2.59 eV, which
is in agreement with PL measurements. The bandgap decreases with increased RPM’s. The suitability of these
samples for solar cell applications and sensors were studied and the samples were optimized using UV absorption.
The DSSC prepared at the ratio 6000 rpm showed the highest efficiency of 0.27 %.
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A glucose biosensor has been fabricated by using ZnS nanoparticle-substituted graphene nanosheets. Thermally exfoliated graphene nanosheets

act as a suitable support for the deposition of ZnS nanoparticles. In this work, graphene was functionalized with ZnS nanoparticles by a simple

chemical reduction method. The synthesized G/ZnS nanoparticles have been characterized using X-ray diffractometry (XRD), Transmission

electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), FT-IR techniques. Aditionally, the

Glucose biosensor has been constructed by drop-casting G/ZnS over a conductive carbon support followed by the deposition of Glucose oxidase

(GOx) over a G/ZnS electrode. The performance of the biosensor was investigated by an electrochemical method. The resultant bioelectrode

retains its biocatalytic activity and offers fast, highly-sensitive glucose quantification and a shelf-life of about 10 weeks under refrigerated

conditions.
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1. Introduction

Estimation of glucose level in blood is considered as very important for patients suffering from diabetes, heart
diseases, chronic kidney failure and other disorders that require continuous glucose monitoring [1, 2]. Hence, in
recent years, the demand has grown in the field of medical diagnostics for simple and disposable devices that
also demonstrate fast response time, user-friendliness, cost-efficiency, and are suitable for mass production [3, 4].
Biosensor technologies offer the potential to fulfill these criteria through an interdisciplinary combination of
approaches from nanotechnology, chemistry and medical science. Among the various analytical methods, enzymatic
methods offer several advantages in terms of rapid determination, sensitivity and selectivity [5].

The immobilization of enzymes is the most critical step in biosensor fabrication, and thus, confers many
operational advantages including high selectivity and possible modulation of the catalytic properties. Carbon-based
nanomaterials are popularly used in electrochemical method due to its large surface area, excellent electrical and
mechanical properties for enzyme loading and direct electron transfer to obtain low detection limits [6,7]. Glucose
oxidase (GOx), a highly specific enzyme, is most widely employed of all enzyme-based glucose biosensors. It
catalyzes the oxidation of glucose to gluconolactone and hydrogen peroxide.

Among the various metal nanoparticles, zinc sulfide nanoparticles are an interesting material with a high
isoelectric point that allows easy immobilization of an enzyme (with a low Isoelectric point) through electrostatic
interaction [8, 9]. Furthermore, its high chemical stability and non-toxic nature, as well as its biocompatibility and
high electron transfer capability make ZnS a promising material for building an enzymatic sensor by immobilizing
the appropriate biomolecules without electron mediators [10, 11].

Graphene, a nanostructure of carbon, is a two-dimensional honeycomb crystalline single layer lattice of
carbon [12, 13]. It has received enormous interest in various areas of research owing to its large specific surface
area, extraordinary electrical and thermal conductivities, high mechanical stiffness, good biocompatibility and low
manufacturing cost. The biocompatibility, high conductivity, and the large surface area of graphene have made
it an ideal candidate in the development of bio-electronic devices. The large surface area and excellent electrical
conductivity of graphene allow it to act as an “electron wire” between the redox centers of an enzyme or protein and
an electrode’s surface. Rapid electron transfer facilitates accurate and selective detection of biomolecules [14, 15].

Currently, a wide variety of electrode devices are available for electrochemical determination. Toray Carbon
paper (GDL) has received much attention in several electrochemical applications such as biofuel cells, super-
capactiors, batteries and biosensors, owing to its large surface-volume ratio, high porosity and good electrical
conductivity [16].

Herein, we present the design and fabrication of Carbon paper (CP) macro-substrate/Graphene(G)/ZnS based
electrodes. The results show good performance, fast response times, nice stability and reproducibility, and low
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detection limits for the ZnS/G nanocomposite based on the reduction of H2O2 by immobilized glucose oxidase on
the composite.

2. Materials and Methods

2.1. Materials

Glucose oxidase (GOD, type x-s from Aspergillus niger), D-(+)-glucose, Flake graphite powder (99.99 %
SP-1, Bay carbon, average particle size 45 mm), were purchased from Sigma Aldrich. Carbon paper (TGPH-60)
was obtained from Toray Ind., Hydrogen peroxide (H2O2, 30 % wt/V) was purchased from Fisher scientific.
Concentrated sulfuric acid (H2SO4, 99 %), concentrated nitric acid (HNO3, 98 %), potassium permanganate
(KMnO4) were obtained from Rankem Chemicals, India and used without further purification. Zinc sulfide
nanoparticles were prepared by an aqueous chemical method using zinc chloride (ZnCl2) and Sodium Sulfide
(Na2S). 0.1M phosphate buffer solution (PBS, pH 7) prepared using were prepared by mixing stock standard
solution of K2HPO4. The aqueous stock solution of KH2PO4 was prepared using deionized water (DI water).
The common chemicals used for the preparation of buffers, etc., were of analytical reagent grade. All the
electrochemical studies and synthesis were performed using deionized (DI) water.

2.2. Synthesis of Graphene (G)

Graphene was synthesized according to thermal exfoliation method using GO as the precursor [12]. Thermal
exfoliation was done in a quartz tube at 800 ◦C. For dispersing metal nanoparticles over graphene, the as-prepared
graphene (G) was functionalized by continuous stirring in a solution of concentrated sulfuric and nitric acids (3:1)
for 30 min.

2.3. Synthesis of ZnS/G nanocomposite

Zinc chloride and sodium sulfide was taken such that the ratio between the ZnS produced and the f-G is 3:7.
In a typical preparation, functionalized graphene and 1 M zinc chloride was prepared in 100 ml of deionized water.
Then solution of 1 M sodium sulfide was added dropwise to the magnetically stirred mixture at 70 ◦C, which
resulted in formation of ZnS/f-G nano-colloid. The suspension was filtered and washed several times with DI
water and finally the residue was dried in a vacuum oven at 60 ◦C.

2.4. Materials characterization techniques

The crystallinity of the synthesized material was characterized by X-ray diffraction technique using PANalytica
X’pert pro X-ray diffractometer with Cu-Kα as the X-ray source. The surface morphology of the sample was
examined by SEM (FEI, Quanta 3D) and TEM (TECNAI G F20,S-TWIN). Electrochemical studies were carried
out by CH Instrument, electrochemical workstation with a three-electrode electrochemical cell comprising a ZnS/G
modified carbon paper electrode as the working electrode, a Pt wire as the counter electrode and a Ag/AgCl (1 M
KCl solution) as the reference electrode. PBS was used as the supporting electrolyte for all the electrochemical
studies at ambient temperature.

2.5. Fabrication of the Bioelectrodes

The bioelectrode was fabricated over the Carbon paper electrode (CPE). The electrode was modified by a
simple drop casting method. First, 1 mg/ml graphene (G) solution was prepared by ultrasonication of 1 mg of G in
1 ml of 0.5 % nafion solution. Nafion gives better dispersion as well as stability to the graphene (G). About 15 µl
of the solution was dropped over the surface of carbon paper electrode and allowed to dry at room temperature.
10 µl of GOD was film cast over the dried G film. Finally, another 5 µl layer of NA was dropped and allowed
to dry and kept at 4 ◦C to preserve the enzyme activity. The similar procedure was used for fabricating ZnS/G
electrode. The fabricated electrodes will be termed as f-G/GOD/NA/CPE and Au/f-G/GOD/NA/CPE from here
onward.

3. Results and discussion

3.1. XRD and FT-IR studies of the samples

The XRD pattern of the hybrid composite has been compared with the starting material. Fig. 1 depicts the
XRD pattern of (a) ZnS and (b) ZnS-G. Well resolved crystalline peaks appear at 13.15 ◦, 21.8 ◦, 26.6 ◦, 31.6 ◦,
40.5 ◦ and 55 ◦ corresponding to ZnS nanoparticles [10]. Fig. 1(b) shows the diffraction peaks appear at 29.0 ◦,
33.5 ◦, 48.1 ◦ and 57.0 ◦ (JCPDS No. 05-0566) corresponding to ZnS nanostructure along with C (002) peak. This
indicates the successful functionalization of graphene with ZnS nanoparticles.
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The compatibility study was carried out using a Perkin Elmer FTIR spectrophotometer in the region of 4000
to 500 cm−1. Spectra for ZnS, graphene and their admixture were obtained and compared. In the Fig. 2(b)
FTIR spectra exhibit strong bands appearing in 643, 947, 1129, 1410, 1629 and 3419 cm−1, corresponding to
ZnS nanoparticles [11]. The peak at 612 cm−1 is assigned to the ZnS band (i.e., corresponding to sulfides).
The O–H bending region due to absorbed water appear at 1629 cm−1 and O–H stretching at 3419 cm−1. From
FT-IR spectroscopy shown in Fig. 2(c), it is clear that several types of functional groups, particularly carbonyl and
hydroxyl groups have been generated on acid-oxidized graphene sheet surfaces as expected [13]. Examination on
surfaces of acid oxidized graphene was carried out using a Fourier transform infrared (FT-IR) spectrophotometer to
ensure formation of desired surface functional groups. The absorption spectra at 3441 cm−1 exhibit OH stretching
and OH-bending at 1624 cm−1. Hence, the information provided there indicates uniform distribution of ZnS
nanoparticles on the graphene surface.

FIG. 1. XRD of ZnS and ZnS/Graphene FIG. 2. FTIR spectra of (a) ZnS/G
(b) ZnS and (c) G

3.2. SEM and TEM analysis of the samples

The surface morphology of the samples was studied by electron microscopy. SEM and TEM images of G and
ZnS/G composites at different resolutions reveal the 2D structure of G sheets and the uniform distribution of ZnS
nanoparticles on the surface of G with low and high magnification, as shown in Figs. 3 & 4. Energy dispersive
X-ray analysis (EDX) results demonstrate the presence of ZnS in the corresponding samples [10].

Figure 5(a) illustrates that EDX of graphene shows the weight percentage of carbon 93.64 % and oxygen
06.36 % and Fig. 5(b) shows the edax of ZnS decorated graphene nanocomposites shows the weight percentage of
carbon 71 %, oxygen 3 %, Zinc 22 % and Sulphur 4 % present in the corresponding samples.

The EDX results explains the composition of elements such as C, O, S and Zn for the corresponding samples
and discussed above.

3.3. Electrochemical activity towards H2O2

The collective electro-catalytic effect of nanoparticles and graphene towards H2O2 is well-documented in the
literature. In the present study, the enzymatic generation of hydrogen peroxide is achieved in the reaction layer
of the G or (G/ZnS) film. In order to investigate the electro-catalytic performance towards the electrochemical
reaction of hydrogen peroxide at the G or (G/ZnS) film, cyclic voltammetry (CV) has been performed. The CVs
with ZnS and G/ZnS film modified CPE before and after addition of 10 µM H2O2 in 0.1 M phosphate buffer
solution (pH 7) are shown in Figs. 6 and 7. The two electrodes show only a small background current in the
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(A) (B)

FIG. 3. SEM images of (A) G and (B) ZnS/G

FIG. 4. TEM Images of (A) G and (B) ZnS/G

FIG. 5. EDX spectra of (A) G and (B) ZnS/G
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absence of hydrogen peroxide. Upon addition of hydrogen peroxide, the CV of G/ZnS modified electrode changed
with obvious increase of the current relative to that of G. A pair of well-defined redox peaks appears with G/ZnS
electrode. This is due to the high electron transfer rate of the G/ZnS/GOD/NA/CP electrode, high aspect ratio and
huge working surface area of the nanocomposite.

FIG. 6. CV of G/GOD/NA/CPE in
0.1 M PB solution (pH 7) contain-
ing 0.3 mM H2O2 at a scan rate of
(a) 25 mV/s; (b) 50 mV/s;
(c) 100 mV/s

FIG. 7. CV of ZnS/G/GOD/NA/CPE
in 0.1 MPB solution (pH 7) contain-
ing 0.3 mM H2O2 at a scan rate of
(a) 25 mV/s; (b) 50 mV/s;
(c) 100 mV/s

3.4. Electrochemical activity towards glucose

Figures 8 & 9 illustrates the CV responses of G/GOD/NA/CPE and G/ZnS/GOD/NA/CPE with the addition
of 100 µM glucose recorded at a scan rate of 25, 50 and 100 mV/s. G/ZnS/GOD/NA/CPE exhibits a couple of
redox peaks versus Ag/AgCl reference electrode, showing the potential characteristic of graphene. An increase
in current has also been observed from the CV curve of ZnS/G/GOD/NA/CPE with glucose in PBS compared
to ZnS/ChOx/NA/GCE with glucose in PBS. The origins of well-defined redox peaks from the CV curve of
G/ZnS/GOD/NA/CP electrode in PBS with 100 µM glucose is due to the H2O2 generation during the oxidation of
glucose by GOD. In addition to this, because of high surface area of G/ZnS, GOD attached to the surfaces of G/ZnS
facilitates the fast and direct electron transfer between the active sites of immobilized GOD and electrode surface
which leads to well-defined peaks. Therefore, glucose is efficiently detected with the G/ZnS/GOD/ NA/CPE.

4. Conclusions

Graphene nanosheets have been successfully substituted with ZnS nanoparticles and GOD has been immo-
bilized on the G-ZnS/CP electrode. The incorporation of Graphene into the electrode increases the surface area
and serves as an excellent support for ZnS nanoparticles that effectively catalyze redox reactions involving H2O2.
In addition, the combination of G and ZnS nanoparticles facilitates the low potential amperometric detection of
glucose and exhibits both good reproducibility and long-term stability of the biosensor, thereby providing a suitable
platform for biosensor design and other biological applications.
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FIG. 8. CV of G/GOD/NA/CPE in
0.1 M PB solution (pH 7) containing
100 µM cholesterol at a scan rate of
25, 50 and 100 mV/s

FIG. 9. CV of ZnS/G/GOD/NA/CPE
in 0.1 M PB solution (pH 7) containing
100 µM cholesterol at a scan rate of
25, 50 and 100 mV/s
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In this paper, the performance of a pentacene-based write once/read many memory device is reported. The IV characteristics of a pentacene

device deposited at 5 Å/s on an ITO-coated glass substrate was studied. This device showed a stable switching from ON to OFF state with an

ON-OFF current ratio of nearly 103 and a retention time of 5× 104 s with a switching threshold voltage of 3.9 V. The irreversible switching

of this device makes it suitable for write once/read many memory devices. The structural studies of pentacene thin films on glass substrate

were also done and the dependence of device performance on grain size is reported. Improved performance of this device due to the addition

of C60 layer is also discussed.
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1. Introduction

In recent years, organic memory devices with an active layer sandwiched between two electrodes have attracted
much attention as future information storage devices [1–5]. The demand on organic non-volatile memory devices
increases rapidly due to their simplicity in device structure, good scalability, low cost potential, low power operation
and large capacity for data storage. Electrical bistable switching phenomena have been observed and reported for
a variety of organic materials and device structures [1–10]. Several conductance mechanisms are also reported to
explain this switching phenomenon.

Different types of organic memory devices are: random access memory, re-writable memory and write
once/read many memory (WORM). WORM memory is a type of non volatile memory that is capable of stor-
ing data permanently and being read from repeatedly. Thus it is potentially applicable for permanent data storage,
such as wireless identification tags, smart cards, etc. Lidan Wang et al. [11] demonstrated a non volatile organic
WORM memory device based on CuPc/F16CuPc p–n junction. Shengwei Shi et. al. [12] fabricated an organic
electrical memory device with a simple structure based on a single layer pentacene film embedded between Al and
ITO electrodes. Bin Li et. al. [13] reported the impact of electrode metals on a pentacene based WORM device.
They found that devices with Fe electrodes have lower threshold voltages. However, in terms of application,
organic memory devices are often characterized by their performance and materials with good reliability need to
be developed.

In this work, we fabricated a write once/read many memory device with vacuum evaporated pentacene on
ITO coated glass substrate with aluminium as the top electrode and the performance of the fabricated device was
studied and compared with a device with an additional layer of C60.

2. Experimental

Figure 1(a) shows the chemical structure of pentacene molecule. Thin films of pentacene (99.999 % source
powder purchased from Aldrich) were thermally deposited onto chemically cleaned glass substrates under vacuum
(∼ 2 × 10−6 Torr) using a HIND HIVAC coating unit (Model no. 12A4D). For the devices, films were coated
on to pre-cleaned ITO coated glass substrates kept at room temperature. Source material was evaporated from
a molybdenum boat at a deposition rate of 5 Å/s to get a thickness of around 90 nm. Finally, aluminium was
deposited thermally at a deposition rate of 20 Å/s from a tungsten basket to complete the device as in Fig. 1(b). The
deposition rates and thicknesses of the deposited thin films were controlled by a quartz crystal thickness monitor.
The layered structure of the device was Glass/ITO/Pentacene (5 Å/s, 90 nm)/Al (150 nm). For comparison, a layer
of C60 was deposited on pentacene layer at a deposition rate of 5 Å/s to get a thickness of 60 nm. The overlap
between the electrodes defined the dimensions of the memory cell (9 mm2). The distance between molybdenum
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source and substrate holder was about 13 cm. The electrical measurements of the fabricated device were measured
using a Keithley 2400 source meter and an Agilent B1500A semiconductor device analyzer.

(a) (b)

FIG. 1. Chemical structure of pentacene (a) and schematic view of the fabricated pentacene device (b)

The structural studies were done using a Rigaku X-ray diffractometer. All the electrical tests were conducted
at ambient conditions, without any device encapsulation and the measurements were done with a probe dimension
of around 14 µm.

3. Results and discussion

3.1. Structural studies of pentacene thin films

An XRD spectrum of the pentacene thin films deposited at 5 Å/s is shown in Fig. 2. XRD pattern exhibits
crystalline nature with the major diffraction peaks indexed and matches with the previous results [14, 15]. The
peak was observed at 2θ = 5.80 which corresponds to α phase triclinic pentacene in the (001) plane. Average
crystallite size was calculated using Debye-Scherrer formula [16] and was found to be 200 Å. The dislocation
density was also evaluated using Williamson and Smallman’s formula [16] for the deposited films and was found
to be 2.5× 1015 m−2.

FIG. 2. X-ray diffraction patterns of pentacene thin films grown at 5 Å/s

3.2. IV characteristics of fabricated device

Figure 3(a) shows the IV plot of the device ITO/pentacene (5 Å/s)/Al for a forward and a reverse voltage
sweep for 8 continuous voltage sweep cycles. The voltage was scanned from 0 V to 15 V and back to 0 V. Initially
the device stayed in the high current state which is usually referred to as ON state. At a threshold voltage VT
of 3.9 V, the resistance increased suddenly from kiloohms to megaohms, indicating a sudden transition from ON
state to OFF state. This hysteresis loop clearly shows the bistability of the device. The ratio of the conductivities
achieved between the two states was about 103. After this transition, the device remained in the same state even
after turning off of the power as shown in the second voltage scan. This revealed the non-volatile nature of
this pentacene device. One of the important features of this device was that the switching was irreversible as
reported [12,13] and never returned to the initial off state even by applying a negative voltage pulse. This property
makes it potentially suitable for a write-once/read many memory (WORM) device. For the ON state, the sweep
voltage is between 0 V and 1.5 V, and the current can be measured very stably at a constant low voltage as long as
the current transition has not occurred. For the high resistance state, the sweep voltage is between 0 V and 15 V.
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After switching to the low current state, the device will stay in the OFF state with the next voltage sweep cycle.
The voltage sweep cycles can be more for both ON and OFF states. The stability of the device under stress was
evaluated in a continuous bias condition (@1V). The device showed a good performance for 5 × 104 s retention
time test as shown in the Fig. 3(b).

Figure 4 compares the device performance of the device with and without C60 layer. Addition of C60 layer
improved the device performance with an ON-OFF ratio 108 and VT = 3.17 V.

(a) (b)

FIG. 3. (a) IV characteristics of ITO/ pentacene (5 Å/s)/Al with eight continuous voltage sweep
cycles. Inset shows retention time measurements both in the ON state and OFF state (@1V).
(b) Retention time measurements both in the ON state and OFF state (@1V).

FIG. 4. Comparison of IV characteristics of ITO/Pentacene/Al and ITO/Pentacene/C60/Al

The conducting mechanism of a pentacene-based WORM devices were reported earlier [11, 12]. In those
devices with a structure Al/pentacene/Al, Al/pentacene/Fe and ITO/pentacene/Al, the top metal atom diffuse in to
the pentacene layer under positive bias forming conductive channels responsible for high ON state. P. Aruna et
al. reported the effect of fullerene doping on the electrical properties of P3HT-PCBM layers [17]. Salaoru I. et
al. [6] successfully demonstrated a new donor acceptor small organic molecular pair with tetrathiafulvalene (TTF)
as an electron donor and tetracyanoethylene as an electron acceptor element that determined memory behavior.
The initial ON state of our devices can be explained on the basis of grain size calculation. The grain size of the
films deposited at 5 Å/s was found to be more. Due to this large grain size, the metal will be diffused into the
active layer, which leads to the formation of huge interface dipole layer at the electrode interface resulting in an
initial high ON state. However, this interface dipole is destroyed for a large space field resulting in the decrease
of the current. Addition of C60 layer significantly improves the device performance due to the molecular storage
capability of the fullerenes, significantly enhancing the storage density capability as previously reported [5].
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4. Conclusions

Bistable electrical switching of pentacene devices was studied and compared to that of a device with a C60

layer. The irreversible switching of these devices makes it suitable for a write once read many memory device
applications. The devices with pentacene deposited at 5 Å/s showed a stable switching from low resistance state to
a high resistance state. This is because as the grain size increases, the penetration of Al increases, resulting in an
initial OFF state. ON-OFF ratio of the films increases from 103 to 108 with the addition of C60 layer. Threshold
voltage decreases from 3.77 V to 3.17 V with the addition of C60 layer.
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Oxides of manganese have large number of applications in the field of sensors, piezoelectric crystals etc. In the present work, Mn3O4 nano

materials were synthesized by using manganese acetate, adopting the method of thermal decomposition. The Nano materials thus prepared

were characterized by employing various techniques like PXRD, FTIR, UV and Thermal analyses. The average particle size, calculated using

Debye-Scherrer formula, was found to be in the range of 51 – 62 nm. The presence of Mn3O4 is also confirmed from FTIR. Thermal studies

were also carried out. The optical band gap for the prepared nano materials was obtained from the UV-spectroscopic studies.
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1. Introduction

Nanotechnology provides the ability to create new materials or devices with new functions and properties.
The current age is characterized by increased technological advances and rapid nanotechnology development [1].
Technologies with such a system of materials having at least one of its dimensions within 100 nm are referred to
as nanoscience. The fundamental, physical, chemical and natural properties of materials are considerably altered
as the size of their consistent grains is decreased to the nanometer scale. Most of the nanostructured materials
have properties significantly different from those of the bulk materials due to the factors such as large fraction of
surface atoms, high surface energy and reduced imperfections [2, 3].

It is evident that nanostructured materials are expected to have improved optical properties compared with bulk
materials, as these properties depend on their size, shape and local dielectric environment [4]. In recent years, the
synthesis of semiconductor materials with specific size and morphology has attracted a lot of interest due to their
significant mechanical, electrical, optical and magnetic properties for potential applications in various fields [5].
Nanoscience and nanotechnology find applications in almost every branch of science and technology, electronics,
astrophysics and in medical science. Recent progress in the preparation and characterization of materials on
nanometer scale has introduced a new point of view for scientists in reduced dimensions. This will change the
crystalline and electronic structure considerably [2].

Transition metal oxide nanoparticles are very attractive due to their variety of applications [6]. Mn3O4 is an
important transition metal oxide due to its extensive applications in magnetic, electrochemical, lithium ion batteries,
catalytic applications, super capacitors and dilute magnetic semiconductors etc. [7]. It is one of the most stable
oxides of manganese [6]. Due to its nanometer size and large surface area, different morphologies are expected
to display better performance in all the above mentioned applications [6]. The optical properties are the most
fascinating and very useful properties of nano metal oxides. Oxides of manganese have optical properties which
are associated with the intrinsic and extrinsic effect. The optical transition between the electrons in the conduction
band and holes in the valence band causes the intrinsic effect. Mn3O4 is a direct band gap semiconductor and a
transparent conducting material. By using a large number of techniques such as optical absorption, photo-reflection,
photoluminescence etc. the optical transitions can be widely used in variety of applications.

In the present study, Mn3O4 nanoparticles were prepared using the thermal decomposition technique. Man-
ganese oxide nanoparticles are water insoluble, brownish black powder and have no odor. Mn3O4 has the spinel
structure [3], where the oxide ions are cubically closed packed and the MnII ions occupy tetrahedral sites whereas
the MnIII occupy the octahedral sites [3, 7].
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2. Experimental procedure

Tri manganese tetra oxide nanoparticles were prepared by adopting the method of thermal decomposition. The
required quantity of manganese acetate tetra hydrate [(CH3COO)2Mn·4H2O] in its dry form is taken in a ceramic
container and is heated in a muffle furnace for a period of 24 hrs, maintained at a temperature of 950 ◦C. As a
result, a brownish black powder of Mn3O4 particles was obtained and collected for further characterization.

3. Result and discussion

3.1. XRD characterization

The prepared Mn3O4 nanomaterials were characterized by powder X-ray diffraction. X-ray powder diffraction
measurements were performed using the X-ray diffractometer operating with Cu-Kα radiation (λ = 0.15406 nm).
Fig. 1 shows the X-ray diffraction spectra for the prepared Mn3O4 nanoparticles.

Figure 1 shows the crystalline structure with several significant peaks that can be readily indexed as (112),
(200), (103), (211), (004), (220), (105), (224), (312) and (400) crystal planes respectively, which is in good
agreement with the standard value, JCPDS No. 024-0734. All the peaks in the pattern can be indexed to a
tetragonal phase with lattice constants a = b = 5.7621 Å, c = 9.4696 Å.

The particle size is calculated according to Debye-Scherrer formula:

2d =
0.9λ

βcosθ
,

where λ is the wave length of Cu-Kα radiation, β is the full width at half maximum, corresponding to the
diffraction angle 2θ. The crystal size for the prepared Mn3O4 nano particle was found to be 51 – 62 nm.

3.2. FTIR characterization

Figure 2 shows the FTIR spectra of the prepared Mn3O4 nano particles which show several significant
absorption peaks that help to understand various chemical bonds present in it.

FIG. 1. XRD Spectra for the prepared
Mn3O4 nano particles

FIG. 2. FTIR Spectra for the prepared
Mn3O4 nano particle

The vibration frequency located at 543 cm−1 corresponds to the vibration of Mn–O stretching modes. More-
over, the broad band at 3738 cm−1 and the narrow one at 1666 cm−1 correspond to O–H vibrating mode of the
adsorbed water. Thus, FTIR provides concrete evidence for the presence of manganese oxide.

3.3. Thermal analysis (TGA/DTA)

The thermal stability of the prepared Mn3O4 nano particles was carried out between 250 – 1050 ◦C.
Figure 3 represent the TGA/DTA spectra for the prepared Mn3O4 nano particles. In the temperature range up

to 300 ◦C a weight loss of 2.85 % can be related to the release of weakly adsorbed water molecules. It is found
that the sample was completely decomposed within the given range.

3.4. UV characterization

The UV absorption spectra for the prepared Mn3O4 nano particle is shown in Fig. 4. The optical absorption
peak intensity was found to be 316.507 nm. The optical band gap of the sample is calculated using the formula,
Eg = hc/λ, where Eg – energy gap, c – velocity of light and λ – wave length. The optical band gap for the
prepared Mn3O4 nano particle was found to be on the order of 3.824 eV.
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FIG. 3. TGA/DTA Spectra for the pre-
pared Mn3O4 nano particle

FIG. 4. UV Spectra for the prepared
Mn3O4 nano particles

4. Conclusions

Mn3O4 nano particles were successfully synthesized by using manganese acetate by adopting the method of
thermal decomposition. The nano materials thus prepared were characterized by adopting various techniques like
XRD, FTIR, UV and thermal analysis. The average particle size is calculated using Debye-Scherrer formula as
56 nm. Presence of Mn3O4 is also confirmed from FTIR. Thermal studies were also carried out. The optical band
gap for the prepared nanomaterials was found to be 3.824 eV.
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Frost formation and accretion on various outdoor structures like aircraft, wind turbines, heat exchanger coils etc. as well as on glass doors of

indoor refrigerators is a serious issue as it presents economic as well as safety challenges. Most of the research done on anti-frost coatings is

based on the theme of making the surface super hydrophobic (contact angle > 150 ◦, Sliding angle < 10 ◦) mimicking a lotus leaf which

provides low or zero ice adhesion. Nanomaterials have played a significant role in such coatings as they help in tuning the surface properties

which are surface roughness and surface energy. In this paper, we have tried to investigate why all superhydrophobic surfaces may not be

ice-phobic and how nanomaterials improve super hydrophobicity of the surface, in turn, making them anti-frosting. This paper is a detailed

study of anti-frosting strategies based on nanosystems which have been developed to date.
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1. Introduction

When moist air comes in contact with a cold surface, whose temperature is below the triple point of water,
frosting or icing takes place on the surface [1].

Considering the phase equilibrium of water-system, if pressure is applied to the system at the triple point
(where all the three phases coexist); the effect of applying pressure will be to cause condensation of vapor to liquid
or solid phase. Ultimately, the vapor phase will disappear and only two phases, solid and liquid, will stay and
further application of pressure will cause increase of pressure with change of temperature along the fusion curve
on phase diagram [2]. This implies that pressure exerted by humid air is responsible for frosting or icing on many
outdoor structures in colder regions such as wind turbines, aircrafts, heat exchangers (air-conditioners/heaters), as
well as domestic and industrial refrigerators/freezers. Thus, frosting is a condensation phenomenon and temperature
of the (cold) surface, percent relative humidity (% RH) and temperature of air, are the factors which influence
frosting and defrosting.

Frost formation and accretion on various infrastructures is a serious issue as it presents economic as well as
safety challenges. For example, the ice accretion on aircraft results in drag increase and sometimes may lead to
dangerous loss of lift force, which may cause tragic crashes [3]. Ice accretion on wind turbine blades can cause
a production loss of as much as 50 % of the annual production [4]. Furthermore, frost and ice accumulation in
refrigerators and heat exchangers results in a decrease of heat transfer efficiency up to 50 – 75 % [5].

Several conventional defrosting/de-icing techniques include electric heating which accelerates ice melting
or breaking the accretion by direct scrapping which neither safe nor efficient. In addition, Automatic robots,
electromagnetic forces [6] are reported for the de-icing of overhead transmission lines. Thus, most of these
conventional anti-frosting strategies are often inefficient, energy-consuming, high-cost, or environmentally harmful.
Applying an anti-frost or defrosting coating on the cold surface has been found as the most promising and
interesting method in the past two decades, realizing the objective of preventing frosting and saving energy.

Initially freezing point depressants such as Ethylene glycol were incorporated into the resin or a hydrophilic
polymer was impregnated with an anti-freeze, for defrosting in heat exchangers [7]; which was later replaced
by- developing an ‘ice-phobic’ surface where the substrate is mostly made superhydrophobic which exhibit water
contact angles exceeding 150 ◦C, mimicking a lotus leaf. Today, many such anti-frosting strategies have been
developed by incorporating various nanomaterials in the coating formulation.

This paper clarifies the terms ‘superhydrophobicity’ and ‘ice-phobicity’. It reviews the significance of nano-
materials for tuning the surface properties of a glass or a metal substrate so as to make it ‘anti-frost’; along with
some important anti-frosting strategies which have been developed till date.
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2. Superhydrophobicity and ice-phobicity

The wettability of a flat surface is directly related to the surface energy and is expressed by contact angle (CA)
θ of a water droplet given by Young’s equation:

cos θ =
γSV − γSL

γLV
, (1)

where, γSV , γSL, γLV refer to the interfacial surface tensions with S(solid), L(liquid) and V (gas) respectively.
Surfaces with water contact angles (CA’s) greater than 150 ◦ are considered superhydrophoic or ultraphobic. The
dynamic CA’s are measured during the growth (advancing) and shrinkage (receding) of a water droplet as contact
angle hysteresis CAH (4θ = θa− θr). The values of 4θ can be as low as below 10 ◦ on some surfaces, whereas
many surfaces show much larger hysteresis, due to chemical heterogeneity and roughness [8].

The superhydrophobic surfaces are usually covered with micro- or nanoscale asperities (rough). Water can
either penetrate the asperities (Wenzel state: wet-contact mode) or be suspended above the asperities (Cassie Baxter
state: nonwet-contact mode). In either case, much higher contact angles are observed than those obtained for the
corresponding flat surface. For a hydrophobic surface, in the Wenzel’s regime, the contact angle and its hysteresis
increase as the roughness factor increases until it exceeds 1.7, from where the CAH starts to decrease. The decrease
in the contact angle hysteresis is attributed to the switching from the Wenzel to the Cassie–Baxter state due to
the formation of hierarchical rough morphology with sufficient air trapped in the gap to reach Cassie state of
suspension of water droplet on top of the asperities as shown in Fig. 1 [8, 9].

FIG. 1. Wenzel model (a); Cassie-Baxter model (b); Behaviour of a liquid droplet on lotus leaf
(Cassie state) (c); Behaviour of a liquid droplet on rose petal (Cassie impregnating wetting
state) (d)

Thus, when a rough surface reaches ‘Cassie’ state it can show the ‘self-cleaning’ effect from where the dust
particles or frost roll off when surface is slightly tilted, mimicking a Lotus leaf. (Also known as ‘lotus effect’
characterized by high CA and low CAH). Another special case of Cassie state is ‘rose petal’ inspired surfaces
where the water droplets enter into the larger scale grooves of the petal but not into the smaller ones, thus forming
a Cassie impregnating wetting state (characterized by high CA and high CAH due to adhesive property of the
petal). These two effects can be attributed to difference of the microstructures and chemical composition between
the petal and the lotus leaf [9].

Now, talking about ice-phobicity, a surface should be called ice-phobic if it delays frost formation from
incoming water (moisture) or delays ice formation from condensed droplets (frost crystals) in the situation where
normally ice would form and/or there is low adhesion force between ice and the solid surface [10]. Considering
this definition, it is clear that to achieve ice-phobicity or anti-frost property on a cold surface, the surface can be
made superhydrophobic with low adhesion force i.e. low CAH so that the incoming water droplets (moisture) roll
off as soon as they condense and before converting into the frost; thus, frost accumulation can also be avoided due
to low or non-adhesion.
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This implies that lotus leaf inspired surfaces (high CA, low CAH) can show ice-phobicity and not the rose
petal inspired ones. However, it has been also studied that every superhydrophobic surface which shows self-
cleaning behavior (lotus effect) may not necessarily show ice-phobicity. There are several other parameters, such
as surface roughness, mechanical robustness of the surface so as to maintain the same superhydrophobicity at
sub-zero temperatures and with subsequent icing /de-icing events. This can be explained by the following example:

S. A. Kulinich et al. studied the ice-releasing properties of rough hydrophobic coatings based on different mate-
rials with different surface topographies [11]. Three samples were investigated for ice-phobic properties: 1. Etched
aluminium alloy coated with an organosilane (ODTMS). 2. TiO2 nanopowder functionalized with perfluoroalkyl
methacrylic copolymer (Zonyl) applied on the substrate by spin coating. 3. TiO2-Zonyl applied by spray coating.
Fig. 2 shows both CA and CAH values obtained for the above three samples. Table 1 shows root mean square
roughness values for the three samples at various icing-de-icing events. From Table 1 and Fig. 2 it can be seen
that sample 3 though maintains high roughness after 6 de-icing cycles, high CAH 80 ◦ leads to high ice adhesion
strength. Sample 1 and 2 show higher contact angles 153 ◦ and 152 ◦ respectively along with low CAH values
(5.7 ◦ and 6.1 ◦ respectively).

TABLE 1. Variation in surface roughness with subsequent icing-deicing events

Sample Number Sample Description Root-mean-square roughness (nm) at event:

1 2 3 4 5 6

1 Etched Al/ODTMS 240 238 237 237.5 232 230

2 TiO2 spin 210 200 170 168 167 165

3 TiO2 spray 310 290 300 302 305 305

FIG. 2. Contact angle and contact angle hysteresis for three different samples

However, there is a gradual decrease in roughness for sample 2 due to the sharper and much taller asperities
which were believed to be gradually damaged during icing/de-icing cycles, whereas sample 1, also having sharp
and tall asperities, seemed to be more resistant to damage during icing/de-icing. This was likely due its more
rigid asperities (built of AlxOy) compared to those in sample 2 (based on fluoropolymer heavily loaded with
TiO2 nanoparticles). Thus, the more robust nanostructured surface prepared by etching the aluminium substrate
maintained the ice-releasing properties better compared to its counterparts.

3. Role of nanomaterials

Nanomaterials play a significant role in the tuning of surface properties of the substrate which is desired to
be superhydrophobic and also ice-phobic. As mentioned in section 2, to achieve ice-phobicity, the surface has
to reach the Cassie state (high CA, low CAH), which can be accomplished by increasing the surface roughness.
Nanomaterials such as carbon nanotubes, hydrophobic nanosilica, ZnO nanorods etc. are often used both as fillers
and for functionalization, to impart roughness to the surface, and also to improve the mechanical properties of the
surface.
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Qitao Fu et al. prepared mechanically robust sol-gel type of ice-phobic coatings and once again clarified
the significance of nanofillers in designing superhydrophobic surfaces and also that all superhydrophobic surfaces
may not be ice-phobic [12]. Two sets of samples were prepared, one having coating samples prepared by using
MTEOS, GLYMO and varying amounts (5 – 20 wt %) of silica nanoparticles; and the other having coating samples
prepared by adding varying amounts of FAS (4 – 16 wt %) to the above formulations. The first set of samples
showed increase in water CA i.e. increase in superhydrophobocity with an increase in nanofiller content as a
result of increased surface roughness. However, such samples with high silica content failed in maintaining the
superhydrophobicity below room temperature (high ice adhesion). On the other hand, a second set of samples
containing a low surface energy fluoroalkylsilane showed ice-phobocity to temperatures as low as −10 ◦C. With
0.31 – 0.35 µmol/gm of FAS in sol and 16 wt % silica nanoparticles, the surface maintained CA ∼ 170 ◦, SA
∼ 4.4 ◦ at −10 ◦C. The samples containing only FAS without nanofiller or with up to 8 % nanofillers were able to
give CAs up to 120 ◦ and higher sliding angles (60 – 80 ◦) and therefore failed to show both superhydrophobicity
and ice-phobicity.

Carbon nanotube-based composite materials have been investigated for superhydrophobic coatings to improve
mechanical strength. Yoonchul Sohn et al. developed an anti-frost coating with reliable thermal cyclic proper-
ties [13]. A superhydrophobic multi-walled carbon nanotube (MWCNT)–silicone composite film (Cassie structure)
that can endure over 4000 thermal cycles (−30 ◦C to room temperature, 40 % RH) was fabricated by controlling
the composition and microstructure of the composite. The nanofiller content of this coating was 20 vol %, showing
thermo-mechanical reliability without significant change in the contact angle (∼ 160 ◦). A composite structure
having higher nanofiller content (20 – 30 %), which contains numerous pores, can accommodate high levels of
thermal stress. The stress relaxation can reach 48 % and 84 % of the reference point for the 20 and 30 vol %
MWCNT specimens, respectively. Since the coefficient of thermal expansion (CTE) of silicone (310 ppm ◦C) is
much larger than that of MWCNTs (7 ppm ◦C), the large expansion and shrinkage of silicone matrix compared to
MWCNT fillers resulted in cracking of specimens containing lesser nanofiller content, after 1000 thermal cycles.
Though the 30 vol % MWCNT-silicone film is better for stress relaxation, the 20 vol % film shows superior
ice-phobic properties (lower CAH).

Thus nanopores in superhydrophobic coatings, constituting air pockets in a Cassie structure, are of great impor-
tance not only for wetting characteristics but also for superior reliability induced by stress relaxation. Although a
more open structure can help relax more stress arising from a CTE mismatch, the composition of a superhydropho-
bic coating should be carefully selected to optimize its wetting characteristics while maintaining its mechanical
reliability.

4. Superhydrophobic anti-frost coatings using nanotechnology

Min He et al. also developed anti-frost coatings for glass substrates. They prepared superhydrophobic surfaces
using ZnO nanorod arrays, which could maintain superhydrophobicity to condensed micro-droplets at temperatures
below the freezing point. ZnO nanorod arrays were employed because of their controllable morphologies. Ma-
terials with different ZnO nanorod arrays were fabricated by the method of low-temperature wet chemical bath
deposition and modified with a fluoroalkylsilane (FAS-17) to obtain super-hydrophobicity, even at temperatures
lower than 0 ◦C [14]. Firstly, ZnO seeds layer was obtained on the cover glass by treating it with zinc acetate
and then it was immersed into an equimolar solution of Zn(NO3)2 and hexamethylenetetramine, and kept sealed
at a temperature of 90 ◦C for different times (tZnO) to control the growth (size) of the ZnO nanorods. Table 2
shows the change in contact angle with tZnO at room temp., −5 ◦C and −10 ◦C. The values of sliding angle
have been mentioned only at room temperature as 1 ◦, 1 ◦ and 2 ◦ for tZnO 1 h, 2 h and 3 h respectively. The
ice-phobic behavior when compared with that of a hydrophobic glass surface, it has been observed that the time of
condensed droplets maintaining a liquid state is much longer on the superhydrophobic ZnO nanorod array surfaces.
Furthermore, the shorter growth time (tZnO) of ZnO nanorods, increases the time period for maintaining condensed
droplet in the liquid state, thus providing better anti-frost performance.

Hao Wang et al. fabricated anti-frosting copper surfaces for evaporator coils of industrial refrigerators and
air-conditioners. This coating was based on nanosized CaCO3 particles modified with heptadecafluorodecyl
trimethoxysilane mixed in an ordinary polyacrylate binder [15]. The coating, when applied on glass, showed
superhydrophobic behavior (with CA = 155 ◦) and maintained the same superhydrophobicity on copper plate
for subsequent 10 frosting-thawing treatments at temperature −7.2 ◦C and 55 % humidity. In this case, frost
formation was not totally inhibited, but the rate of frosting was greatly reduced as compared to bare copper or
ordinary hydrophobic surfaces and formed frost was able to roll off the plate when mounted vertically as a result
of roughness (nano CaCO3) and low surface energy FAS.
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Yanfen Huang et al. developed ice-phobic coatings to protect aluminium ground wires and phase conductors
of overhead power lines from icing [16]. The coating was prepared by a simple, inexpensive method using
silica/fluorinated acrylate copolymers. The nano silica sol was mixed with fluorinated acrylic copolymers in
different weight ratios. The films showed good hydrophobicity (CAs up to 141.7 ◦C) and especially excellent
mechanical properties of adhesion strength and pencil hardness as compared to other superhydrophobic surfaces.
The coated Al surface can delay icing for 90 min. compared with the glass surface at −5.6 ◦C.

Hyomin Lee et al. prepared a zwitter-wettable surface, i.e. one that has the ability to rapidly absorb molecular
water from the environment while simultaneously appearing hydrophobic when probed with water droplets [17].
This can be prepared by using hydrogen-bonding-assisted layer-by-layer (LbL) assembly of poly (vinyl alcohol)
(PVA) and poly(acrylic acid) (PAA). An additional step of functionalizing the nano-blended PVA/PAA multilayer
with poly (ethylene glycol methyl ether) (PEG) segments produced a significantly enhanced antifog and frost-
resistant behavior. The addition of the PEG segments was needed to further increase the non-freezing water
capacity of the multilayer film. The desirable high-optical quality of these thin films arises from the nanoscale
control of the macromolecular complexation process that is afforded by the LbL processing scheme. The author
justifies the inhibition of frost formation on glass due to this type of coating by the fact that in this case, the water
molecules are presumably molecularly dispersed as a result of strong polymer-water hydrogen bonding interactions
and hence are not capable of freezing at the usual temperature. Also, the above-prepared nanoscale LbL assembly
ensures that crystallisation of PVA molecules will be limited or non-existent, which is helpful to accommodate
more amount of non-freezing water.

William Tong et al. designed transparent glass windows with antifrost/anti-fog capabilities in order to maintain
the aesthetic appearance of glass windows for vehicles and modern buildings [18]. The nanostructured metamateri-
als can be coated on the window’s outside surface. A tungsten-silica-tungsten (at nanoscale) metamaterial coating
was used as the solar absorber to coat on window’s outside surface. The top layer of the absorber is a 1D tungsten
planar stack, the dielectric SiO2 spacer works as optical cavity and the bottom tungsten film as non-perfect or per-
fect mirrors. The profile of this three-layer structured coating can be designed by adjusting the thickness of bottom
and top layers in such a way that sufficient visible light transmits through the window glass for enough lightening
in the room, while maximum infrared waves can be absorbed for heating. The coating was deposited using closed
field magnetron sputtering (CFM). This nanoscale metamaterial structure with periodic metal-dielectric interfaces
efficiently absorbs solar radiation and with proper design, the window surface temperatures can be well controlled
which is useful for efficient anti-frosting and anti-fogging. The transparency can be adjusted by changing the
tungsten layer thickness (∼ 300 nm) meanwhile the absorption performance of the solar absorber has no significant
variation.

Aeree Kim et al. fabricated a ‘nanostructured’ and therefore superhydrophobic Al surface for anti-frosting
applications due to its property of enhanced self-propelled jumping by condensate droplets. This Al surface was
fabricated in three following steps: 1. Alkali treatment (0.05 M NaOH) to produce an aluminium hydroxide
(Al(OH)3) layer. 2. Boiling the specimens in deionized water to induce formation of nanostructures. 3. A self-
assembled monolayer (SAM) of fluorochlorosilane was applied to render it superhydrophobic as well as ice-phobic.
It can be seen from Fig. 3 that the time for which the specimens are immersed in boiling water governs the surface’s
nanostructure and hence, the CA and CAH. All four specimens were alkali treated for the same time (5 min) and
coated with SAM layer, however, different CA and CAH values were obtained for those samples having different
boiling times. Samples had higher CA and lower CAH for 5 – 30 minutes boiling, as shown in Fig. 3. Self-Propelled
Jumping (SPJ) by condensate droplets that occurs on superhydrophobic surface, shows significant dependency on
the super saturation S = PV/PW , where PV is the vapor pressure and PW is the saturation pressure that
corresponds to the specimen surface temperature. Frost formation on the above ‘nanostructured’ aluminium was
delayed more than 4 times at S = 3.41 and S = 6.39 compared to smooth Al surface [19].

TABLE 2. Effect of tZnO on contact angle

Contact angle

tZnO Room temp. −5 ◦C −10 ◦C

1 hr 170.9 ◦ 167.9 ◦ 163.4 ◦

2 hr 166.1 ◦ 160.3 ◦ 158.2 ◦

3 hr 165.8 ◦ 154.6 ◦ 155.4 ◦
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FIG. 3. Effect of boiling time on CA and CAH

The lotus leaf-inspired superhydrophobic surfaces show promising ice-phobicity but at high humidity condi-
tions, they may fail. Due to their high surface area and increased nucleation site density to condensing droplets,
they may induce ice nucleation at an even faster rate than smooth surfaces of the equivalent materials at high
humidity conditions [20]. Slippery liquid infused porous surfaces (SLIPS) have attracted great interest as anti-icing
coatings. The ‘pitcher plant’ inspired slippery surfaces capable of repelling condensing water droplets have been
created by infiltrating a micro/nanoporous substrate with a lubricating liquid to produce a thin, ultra-smooth lubri-
cating layer that repels almost any immiscible materials. Such SLIPS have been fabricated on industrially-relevant
metals like aluminium and thus can be used as antifrosting surfaces for aircraft, refrigeration etc. The criteria for
designing SLIPS are: 1) the lubricating fluid repellent fluid (e.g. water, oil) have to be immiscible; 2) the chemical
affinity between the lubricating fluid and the solid should be higher than that between the repellent fluid and the
solid; 3) the solid surface should preferably have roughened nanostructures to provide increased surface area for
the adhesion and retention of the infiltrated lubricating fluid [21].

Kim et al. developed aluminium based SLIPS by the electrodeposition of highly textured polypyrrole (PPy)
on Al substrates followed by fluorination of the structured coating and infiltration with the lubricant. PPy/Al
surfaces having rough and globular morphology were fluorinated with a fluorochlorosilane and infiltrated with a
low viscosity perfluorinated lubricating fluid which has freezing point less than −70 ◦C, immiscible with water
and strong chemical affinity to the modified solid substrate. The contact angle hysteresis (CAH) which decides the
surface retention force was found to be lowest as below 3 ◦ for the SLIPS-Al specimens when compared with the
bare Al, hydrophobically modified Al and even with superhydrophobic PPy coated Al (without lubricant). While
checking the ice-phobic behavior, it has been observed that SLIPS-Al surface delays frost formation. After 100
min of freezing (at −2 ◦C, 60 % RH), only 20 % surface is covered with ice. After a prolonged exposure to
deep freezing, ice accumulates on the surface, however, during the defrost cycle, the large ice patches slide off the
surface immediately upon melting at the interface, leaving the surface clean and ready for the next cooling cycle
within 1 minute. The average ice adhesion strength on SLIPS/Al has been reported as 15.6 kPa. This low adhesion
strength is attributed to the ultrasmooth solid-liquid interface present at the SLIPS surface which has significantly
fewer defects/ heterogeneities/pinning points than the solid-solid interface found in conventional superhydrophobic
surfaces [22].

Though SLIPS are promising for anti-icing, the most challenging point is their durability. Water tolerance,
lubricant retention ability after subsequent icing-deicing cycles are the parameters to be considered while designing
a SLIPS. Q Liu et al. developed hierarchically micro structured high temperature vulcanized silicone rubber (HTV)
infiltrated with a perfluoropolyether lubricant to form SLIPS. These surfaces showed water contact angle more
than 162 ◦ and lubricant contact angle nearly 0 ◦, which suggests that the lubricant can infiltrate completely into
the substrate. As the no. of icing/deicing cycles increased the freezing and thawing times accelerate which is
related to the lubricant depletion. The lubricant retention rate (LRR) at −14 ◦C, 80 % RH and air at 18 ◦C for the
above surface was found to be nearly 37 % after 4 cycles. Also, these samples showed best results for delayed ice
formation. Ice adhesion strength was nearly 250 kPa up to 5 cycles and maximum 700 kPa for 20 cycles [23].

Recently, Chanda et al. studied and compared the advantages and disadvantages of superhydrophobic and
hydrophilic surfaces with respect to their anti-frosting properties and came to the conclusion that neither purely
(super)hydrophobic polymeric surfaces, nor ‘antifreeze’ hydrophilic ones provide an ideal solution for the problem
of icing [24].
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5. Conclusion

Frost formation and accretion on various infrastructures is a serious issue, as it presents economic as well as
safety challenges. Considering the current anti-frosting strategies based on superhydrophobic surfaces, it should be
made very clear that superhydrophobicity and ice-phobicity are different phenomena as far as practical applications
are concerned. Nanotechnology is the backbone of such coatings which helps in tuning the morphology of
the surface by providing the required surface roughness for a coating’s superhydrophobic nature and mechanical
strength. The amount of nanofillers to be incorporated or the procedures to be followed while fabricating a
nanostructured surface are also important in order to obtain the desired anti-frosting properties.

There is still scope for development of more bio-inspired anti-frosting strategies, such as grafting nanomaterials
on smart interface materials, the use of different binder combinations for naofiller, fluorinated system or simplifying
the design methods for ‘slippery’ surfaces.
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The objective of the existing research was essentially focused on recovery of MnO2 nanoparticles from consumed dry cells by employing

adapted hydrometallurgical process. Experimental tests for the recovery of MnO2 present in the dry cell batteries have been carried out by an

acidic reductive leachant, namely oxalic acid. The elemental compositions of the recovered metals from dry cells were confirmed by Energy

Dispersive X-ray analysis (EDAX). Surface morphology of the recovered metals was examined using Scanning Electron Microscopy (SEM).

Phase composition of the recovered metals from dry cell batteries were confirmed from X-ray Diffract meter (XRD). Cyclic Voltammetry (CV)

studies were carried out to clarify the reversibility of the reactions. The obtained MnO2 catalyst was applied for the degradation of different

non-volatile dye compounds such as Indigo carmine (IC) and Rhodamine B (RB). The performance of MnO2 shows fast degradation of dyes

of high concentration.
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1. Introduction

Dry cell batteries are used in radios, recorders, toys, remote controls, watches, calculators, cameras, and in
many other objects. The waste batteries present serious problems due to their toxicity, abundance and longevity in
the environment [1]. The hydrometallurgical methods are the most popular process in all over the world because of
its environmental suitability and economical coasts for treating even low zinc and manganese containing materials
on small scale with high purity and low energy requirements [2, 3]. Hence, the treatment of these wastes for
the recovery of manganese is vigorous for discarded material to raw material recycling. Two different acid-
reductive leaching agents have been investigated; sulfuric acid - oxalic acid and sulfuric acid- hydrogen peroxide.
MnO2 is economically and commercially-important with applications in different fields, such as battery industry,
catalysis, water treatment plants, steel industry and chemicals. In this study, we show how to recover manganese
as MnO2 from consumed dry cell using a hydrometallurgical process, without altering the concentration of zinc
in solutions that can be recovered by precipitation or electro winning [4]. The aim of this work is to study the
applicability of electrochemical and photocatalytic enactment of MnO2 using a hydrometallurgical process and the
catalytic action of MnO2 is due to its high efficiency in the reduction/oxidation cycles [1]. The effects of the
recovered conditions and crystallinity of MnO2 on the catalytic performance in degradation of high concentration
dyes (methylene blue indigo carmine and Rhodamine B) were intensively evaluated [5].Nanostructured materials
have received enormous interest in recent years because of their unusual properties when compared with bulk
materials. Nanoscale one-dimensional (1D) structures such as nanotubes, nanowires and nanorods have attracted
much interest because of their unique electronic, optical and mechanical properties due to the low dimensionality
and the quantum confinement effect. For example, the electrons interact differently in one dimensional (1D) and
three-dimensional structures (3D). The 1D system is the smallest dimensional structure that can be used for efficient
transport of electrons and optical excitations, and is thus expected to be critical to the function and integration of
nanoscale devices. 1D nanostructure provides a good system for investigating the electrical and thermal transport
properties in size and shape reduction [6–8]. The aim of this work is to study the applicability of electrochemical
and photocatalytic enactment of MnO2 using a hydrometallurgical process and the catalytic action of MnO2 is due
to their high efficiency in the reaction/oxidation cycles [1]. The effects of the recovered conditions and crystallinity
of MnO2 on the catalytic performance in degradation of high concentration dyes (methylene blue indigo carmine
and Rhodamine B) were thoroughly evaluated [5].
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2. Experimental

The waste dry cell batteries in an amount of 100 g were collected from different manufacturers. A series of
mechanical processing is conducted in the following sequence to yield enriched Zn and Mn particles. The waste
dry cell batteries were fed to a hammer mill for dismantling. Magnetic separator removed the magnetic fractions
and the non-magnetic fraction was screened in a 2 mm sieve. A second magnetic separation was carried out to
remove the ferrous materials which remain in the sample. The sieved powder was later washed with deionized
water and finally dried at 100 ◦C for 24 hrs. The washed powder (20 g) was subsequently dissolved in 100 mL,
3 M H2SO4 followed by addition of 5.94 g Oxalic acid dehydrated as leaching agent. The leaching was continued
for 5 hrs at 90 ◦C with continuous stirring. Recovery of MnO2 particle from the leaching solution is possible at
room temperature without special purification of the solution, and preserving a high efficiency. After the complete
reductive acid leaching process, the required quantity of leached solution in a 500 ml beaker and a solution of 4 M
NaOH was added slowly to the beaker with constant magnetic stirring. At the end of the precipitation, the solution
in the beaker was filtered and the solid residue remaining in the filter paper was dried in an oven at 100 ◦C for
24 hours. MnO2 was formed as dark precipitate at the bottom of the cell. The recovered sample was investigated
by means of the EDX, SEM and XRD to analyze elemental composition, morphology and phase composition of
the powder.

3. Result and discussion

Energy Dispersive X-ray analysis (EDX) was carried out to obtain the elemental composition of the metals in
powder sample. The accurate size and morphology of the MnO2 studied from the Scanning Electron Microscopy
(SEM) and X-ray diffraction spectroscopy (XRD). Fig. 1(a) shows that manganese and oxygen contents were
detected in that point, indicating the presence of high manganese hydroxide content [9]. The leaching residue
showed almost similar particle size compared to that before leaching. Particles are well distributed throughout with
little agglomeration; particle sizes ranged from 5 to 30 µm. In Fig. 1(b), the average particle size of MnO2 is
found to be 9 nm, indicating good crystallinity.

FIG. 1. EDAX/SEM and XRD spectra of MnO2 from dry cells

4. Cyclic voltammetry studies

The MnO2 electrode was prepared as a commixture with 10 wt.% of MnO2 powder as active material
with 90 wt.% of graphite. The constituents were mixed along with 3 drops of silicone oil to obtain uniform com-
position. Electrochemical activity of MnO2 is often assessed by CV and electrochemical impedance spectra (EIS).
An electrochemical measurement utilizes a three-electrode system having working electrode, Ag/AgCl reference
electrode and a platinum wire as counter electrode. Cyclic voltammetry (CV) and EIS were performed in potential
between +0 to −1 V using 0.5 M KCl, NaOH, Na2SO4 and NaCl electrolytes at a constant scan rate [6, 10]. To
evaluate the electrochemical reversibility (ER) of the sample, the potential window of CV was changed from +0 to
−1 V and sweep rate 10 mV as shown in Fig. 2(a). A smaller the value of E0 −ER shows the reversibility of the
electrode reaction is greater. In Figs. 2(a) and 2(b), it is clearly shown that the smaller the value of E0 −ER , the
greater the reversibility of the electrode reaction is. Samples having lower solution resistance values (Rs) are going
higher conductivity values. In Figs. 2(a) and 2(b), it is readily seen that the MnO2 sample using 0.5 M NaOH has
lower ER compare to different electrolytes, indicating the higher conductivity. The comparative cyclovoltammetric
results of electrode in several electrolytes at a scan rate of 10 mV/s are tabulated in Table 1. Fig. 3(a) to (d)
show the different scan rates with different electrolytes. The effect of scan rate is presented in Fig. 3. As the
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TABLE 1. Electrochemical reversibility

Electrolytes E0 (mV) ER (mV) E0 −ER Rct (ohm) C(F) × 10−5

0.5 M KCl 0.3951 0.3373 0.0578 15.75 0.0282

0.5 M NaOH 0.3040 0.3261 0.0221 15.15 0.01594

0.5 M Na2SO4 0.4443 0.3939 0.0504 22.28 0.01285

0.5 M NaCl 0.8268 0.3569 0.4699 19.26 0.01414

scan rate increases, the CV profile deviates from the ideal capacitive behavior. This is mainly because the redox
reactions depend on the insertion-deinsertion of the alkali ion or protons from the electrolyte. At slower scan rates,
the diffusion of ions from the electrolyte can gain access to almost all available pores on the electrode surface,
leading to a complete insertion reaction, indicating excellent capacitive behavior and a low contact resistance
However, the curve shape is gradually distorted from rectangular to quasi-rectangular with an increase of the scan
rate from 10 mV/s to 50 mV/s. The experimental information shows the redox reactions for all electrolytes, as
indicated by the moderately large E0 − ER and Rct. However, the E0 − ER of electrode in 0.5 M NaOH was
merely 0.0221 mV and 15.15 Ω, as shown in Fig. 4(a) to (d), which is smaller than that of the different electrolytes
as seen the Table 1. This indicates that the capacitive behavior of the given electrode in 0.5 M NaOH is better
than the other electrolytes.

FIG. 2. a) Cyclic voltagramms of MnO2 different electrolytes; b) Impedance spectra of MnO2 electrode

5. Photocatalytic Activity of MnO2

The photocatalytic enactment of the as-prepared sample was assessed through the photocatalytic degradation of
Rhodamine-B (RB) and Indigo carmine(IC) under visible light irradiation. In these experiments, 60 mg of MnO2

was dispersed in 250 ml IC (20 ppm) and similarly Rhodamine-B aqueous solutions respectively. The mixed
suspensions were first magnetically stirred in the dark for 30 min to reach the adsorption-desorption equilibrium.
Under stirring at ambient conditions, the mixed suspensions were exposed to visible light irradiation produced by a
400 W metal Philips lamp (wavelength: 254 nm). At certain time intervals, 5 ml aliquots of the mixed suspensions
were extracted. The filtrates were analyzed by recording UV-vis spectra of RB and IC using a Spectratreats 3.11.01
Release 2A UV–vis spectrophotometer.The UV-vis absorption of MnO2 show an intense absorption band in the
range 200 to 220 nm. In Fig. 5 shows the UV-vis absorption spectra of RB and IC as a function of the catalytic
reaction time [11]. Both RB and IC solutions turns colorless after 30 min, which indicates complete degradation of
the dye molecules by MnO2. After 30 min of reaction, the MnO2 showed a higher efficiency in degradation of IC
compared to RB. During the process of IC and RB degradation, the MnO2 is reduced to Mn2+, and leaches into the
water and 74 % degradation is achieved under optimal conditions. It was determined that using the as-recovered
MnO2 Nano particle from waste dry cells, the dye solutions with concentration 60 mg/L can be degraded up to
74 % and mineralized up to 24 % in 45 minutes.

6. Conclusion

In this study, an aqueous technique was utilized to recover MnO2 nanoparticles from waste dry cells by
hydrometallurgy. Highly porous nano-MnO2 is effectively recovered. Electrochemical estimations meant that the
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FIG. 3. Different scan rate of MnO2 in different electrolytes

FIG. 4. Nyquist plots and equivalent circuit for MnO2 electrode in different electrolytes

MnO2 obtained displayed high electrochemical activity when the precipitates are kept at 100 ◦C for 24 hrs. The
electric limit of this example demonstrated to be superior in correlation with the business tests. This showed that the
MnO2 had the best electrochemical execution at a high sweep rate of 10 mV/s. The recovered specimen displayed
low charge exchange resistance (Rct) and high capacitive authorization. The morphology and crystallinity of MnO2

improve in catalytic enactment in degradation of RB and IC. Using the as-obtained MnO2, the IC solution with
concentration 60 mg/L was shown to be degraded up to 74 % and mineralized up to 24 % and RB up to 72 % in
45 minutes.
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FIG. 5. UV-vis absorption spectra of RB and IC as role of time catalyzed by MnO2
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The objective of the research was mainly focused on the synthesis of ZnO and MgO nanoparticle by low temperature solution combustion

method using Urea as fuel. The accurate size and morphology of the nanoparticles were studied from Transmission Electron Microscopy (TEM)

to assess the structure of the ZnO and MgO particles. The phase composition of the Synthesized ZnO and MgO nanoparticles were confirmed

from powder X-ray diffractometer (PXRD). The electrochemical impedance spectroscopy (EIS) shows the charge transfer capacity was more

in the electrode with zinc oxide compared to magnesium oxide. Cyclic voltammetry studies were performed to ascertain the electrochemical

reversibility of electrode.We evaluate the photocatalytic activity of nanoparticles shows rapid color removal and reduction in the concentration

of dyes.

Keywords: Synthesis, ZnO, MgO, electrochemical and photo catalytic behavior.

Received: 5 February 2016

Revised: 1 May 2016

1. Introduction

The photocatalytic degradation efficiency and mineralization degree of dyes are limited because of the slow
interfacial electron transfer. In recent years, the light-converting materials have attracted tremendous attention for
photocatalysis and solar energy collection which can be easily absorbed by a given dye and thus effectively excite
the dye to generate more electron-hole pairs, resulting in the improvement of the self-sensitized dye degradation.
In this work, we report the photocatalytic degradation of Methylene Blue (MB) and Methyl Orange (MO) under
visible light irradiation by using ZnO/MgO nanoparticles synthesized by a solution combustion method [1]. It
was found that ZnO/MgO particles exhibited high enhancement of visible light photocatalytic performance in the
degradation of MB and MO.

Currently, inorganic nano metal oxides (TiO2, MgO, CaO and ZnO) are attracting research interest due to
their safety, stability and multifunctional properties [2]. Design of materials which can be efficiently trapped and
transfer energy in the form of charges is a major challenge in photocatalysis, photoluminescence (PL) and solar
energy conversion fields. However, less progress has been made for nanomaterials, which often exhibit their unique
size dependent physical/chemical properties due to their large surface-to-volume ratio and quantum confinement
effects. Zinc oxide finds a wide range of applications as photocatalyst, lasers, white light emitting diodes (WLEDs),
sensors, antireflection coatings, antibacterial, antifungal, solar cell material, varistors, optical devices, piezoelectric
devices, optoelectronic devices, photonics etc [3].

The aim of the work is the synthesis of ZnO and MgO Nanoparticle with Urea as a fuel by using low cost
solution combustion method. The cyclic voltammetry and photocatalytic activity were carried out to predict the
properties of prepared samples.
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2. Experimental

2.1. Synthesis of ZnO/MgO nano particles

In a synthesis, according to the stoichiometric ratio and molar mass of Zinc Nitrate (ZnNO3·6H2O), Magnesium
Nitrate (MgNO3·6H2O) and Urea (NH2CONH2) were dissolved in a small amount of distilled water. Then, the
solution was heated in a furnace 10 to 15 minutes at 450 ◦C. After the reaction was complete, the resulting white
product was crushed into a fine powder. Then, the as-synthesized products were calcined at 500 ◦C for 4 h in
air to obtain ZnO/MgO nanoparticles [4]. Stoichiometric compositions of the metals nitrates (oxidizers) and urea
(fuel) were calculated using the total oxidizing and reducing valences of the components which serve as numerical
coefficients for stoichiometric balances.

6Zn(NO3)2 + 10NH2CONH2 → 6ZnO + 10CO2 + 20H2O+ 16N2, (1)

6Mg(NO3)2 + 10NH2CONH2 → 6MgO + 10CO2 + 20H2O+ 16N2. (2)

2.2. Characterization

X-Ray diffraction analyses were carried out using a high resolution X-ray Diffractometer Maxima-7000 (Shi-
mandzu) at a scanning rate of 2 ◦min−1 using CuKα radiation (λ = 1.54 Å) operating at 40 kV and 30 mA.
TEM was used to study the accurate size and morphology of the ZnO/MgO. TEM images of the ZnO/MgO were
obtained at 80 kV under high resolution TEM instrument (JEOL, Japan, and JEM-1011). Cyclic voltammetry and
electrochemical impedance were measured by Electrochemical workstation CHI604E. The samples were analyzed
by recording UV–vis spectra of MB and MO, using a Spectra treats 3.11.01 Release 2A UV–vis spectrophotometer.

3. Result and discussion

3.1. X-Ray diffraction

The average crystalline size, structure and phase of sample were determined using XRD in the 2θ range from
20 – 700 at a scanning rate of 2 ◦min−1. Using the peak width at half maximum height and peak position (2θ) in
the XRD spectra, the inter layer space can be calculated utilizing Bragg’s law:

nλ = 2d sin θ, (3)

where λ is wave length of X-ray radiation used in the diffraction experiments, d is the space between layers in the
clay lattice and θ is the measured diffraction angle.

The XRD form of ZnO/MgO nanoparticles obtained from solution combustion synthesis were as shown in
Figs. 1(a) and 1(b). The peaks at 2θ values of 31.71, 34.41, 36.21, 47.46, 56.57, 62.76 and 67.94 ◦ corresponded to
the crystal planes of (100), (002), (101), (102), (110), (103) and (112) of zinc oxide nano particles. The diffraction
peaks could be referring to the spherical phase, which was evaluated with the data from JCPDS card No. 89-7102.
The strong and narrow peak denotes that the product particles have a well-formed crystalline nature. The particle
average size was calculated by the Scherrer formula and found to be in the range of 38 nm. In Fig. 1(b), the XRD
results of MgO revealed that the structure was in cubic structure and these results were matched with JCPDS card
number 75-1525. Peaks were absorbed at 36.8, 42.8, 62.1, 74.6 and 78.5 ◦ along with miller indices values (111),
(200), (220), (311) and (222) respectively. As the width of the peak increases, the size of particle size decreases,
which appears to make the present material in the nano range. The average crystallite size was measured as 40 nm.

3.2. Transmission electron microscopy

Transmission Electron Microscopy (TEM) is useful to understand if amorphous or crystalline sized particles
are smaller. The TEM images of ZnO and MgO nano particles were shown in the Figs. 2(a) and 2(b) respectively.
From Fig. 1(a), it is clearly shown that, ZnO exhibits nearly circular/spherical like structure and Fig. 1(b) indicating
MgO exhibits the hexagonal shape and very homogeneous crystal structures without any observable pores.

3.3. Cyclic voltammetry studies

Cyclic voltammetry (CV) and electrochemical impedance measurements were carried out using CHI604E
electrochemical workstation. For cyclic voltammetry studies, the test electrode was prepared by grinding the
combination of 20 % prepared ZnO/MgO Nano powder, 70 % graphite powder and 10 % silicone oil used as
binder and resulting pasted on a disk electrode. A platinum foil was used as a counter electrode; Ag-AgCl
electrode as a reference electrode and 0.5 M Na2SO4 solution as electrolyte. All measurements were carried out
at room temperature. The representative CV curves for ZnO/MgO are shown in Figs. 3(a,c,d) with different scan
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FIG. 1. XRD images of ZnO and MgO nano particles

FIG. 2. TEM images of ZnO and MgO nano particles

TABLE 1. Electrochemical reversibility and EIS of ZnO/MgO Electrodes

Electrode Electrolyte E0 (V) ER (V) E0 −ER Rct(Ω) C(F)× 10−5

ZnO Na2SO4 0.2988 0.2739 0.0249 12.01 2.801

MgO Na2SO4 0.2986 0.2639 0.0347 16.09 0.0326

rates. Increasing the scan rate from 10 mv to 50 mv, increases the oxidation and reduction of peaks for ZnO/MgO
samples. The comparative CV results of electrodes ZnO/MgO at a scan rate of 0.01 V/s are tabulated in Table 1.
The data there confirm that the electrochemical reversibility of ZnO is superior than that of MgO. Therefore,
ZnO is more suitable for electro and photo catalytic activity applications. These results indicate that the charge
and discharge process of the ZnO pasted electrode shows better electro chemical reversibility than MgO pasted
electrodes. Fig. 3(b) represents the electrochemical impedance spectra (EIS) of the ZnO/MgO pasted electrodes.
The impedance spectra of all these electrodes display a depressed semicircle considerable from charge transfer
resistance (Rct) in the high-frequency region, corresponding to Rct in parallel connection with the capacitance
(C) and the line at low frequency regions corresponds to Warburg impedance (W ) of proton diffusion. A decrease
in the charge transfer resistance and an increase in the capacitance indicate that ZnO-paste electrode shows more
surface electrochemical activity than that of MgO-paste electrode.

3.4. Photocatalytic studies

In the current work, Methylene blue (MB) and Methyl orange (MO) dyes were used as pollutants in our
models to assess the photocatalytic activity of ZnO/MgO under UV light irradiation. 60 mg of ZnO/MgO was
spread in 250 ml MB (20 ppm). The mixed suspensions were first magnetically stirred in the dark for 30 min



Synthesis and characterization of nano ZnO and MgO powder 665

FIG. 3. Cyclic voltagramms and EIS of a) ZnO b) MgO with different scan rate

to reach the adsorption-desorption equilibrium. Under the ambient conditions and stirring, the mixed suspensions
were open to visible light irradiation created by a 400 W metal Philips lamp (wavelength: 254 nm). At certain
time intervals, 5 ml aliquots of the mixed suspensions was extracted. The filtrates were analyzed by recording
UV-vis spectra of MB and MO using a Spectratreats 3.11.01 Release 2A UV-vis spectrophotometer. In UV light,
RGO/ZnO can absorb UV light (254 nm) and generate electron-hole pairs. These photo-produced electron and
hole pairs can travel into the catalyst surface and react with surface adsorbed O2 to form active oxygen species.
Photo degradation of MB and MO by ZnO/MgO nanoparticles was studied. In Figs. 4(a) to (b) show the UV-vis
absorption spectra of MB and MO as a function of the catalytic reaction time. Both MB and MO solutions turns
colorless after 60 min that specifies that complete degradation of the dye molecules by ZnO/MgO. After 60 min
of reaction, the ZnO/MgO, Showed a good catalytic degradation of MO. It was observed that by using prepared
composite material, the MB solution with concentration of 60 mg/L can be degraded up to 93 % in 60 minutes,
whereas the MO was degraded up to 76 % using ZnO particle. Additionally, 98 % and 91 % of MB and MO
respectively were degraded using MgO nanoparticles.

4. Conclusion

In the present work, ZnO and MgO were prepared by simple and low cost solution combustion method at
low temperatures (400 ◦C). The average grain sizes of ZnO and MgO nanoparticles were found to be 38 nm and
40 nm, which are confirmed by XRD results. The ZnO pasted electrode showed better electro chemical reversibility
than the MgO pasted electrode. A decrease in the charge transfer resistance and an increase in the capacitance
indicate that ZnO pasted electrode shows more surface electrochemical activity than that of MgO pasted electrode.
The photocatalytic activity of ZnO/MgO nanoparticles showed a good catalytic degradation of MB and MO. This
indicates that using as-prepared composite material, the MB and MO solution with concentration 60 mg/L can be
degraded up to 98 % and 93 %, MO degraded up to 91 % and 76 % in 60 minutes using ZnO and MgO particles.
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FIG. 4. UV-visible absorption spectra of MB and MO catalysed by ZnO and MgO

FIG. 5. Effect of Degradation of MB and MO by ZnO and MgO
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In the current study, chitosan films were prepared by dispersing different commercially-modified nanoclays, such as C-Na, C-10A, C-15A,

C-30B, and C-93A. The exfoliation and morphology were studied using XRD and SEM. The C-15A, C-30B and C-93A nanoclays/Cts BNCs

(Bionanocomposites) showed very good uniform exfoliation compared to that of other clays. The thermal analyses were evaluated using DSC

and TGA. These results also confirmed that because of exfoliation, the thermal properties were improved in the case of C-15A, C-30B and

C-93A nanoclays/Cts BNCs. The swelling capacity of a chitosan/clay films were studied. Increasing the chitosan content in the film increased

the swelling capacity significantly; the decreasing order of swelling capacity of Cts/Clay films is in accordance with the decrease in clay

content. Greater swelling capacity is shown by films Cts, C-Na and C-10A is because of the presence of greater hydrophilic agencies in the

film makeup, which assist in improving the swelling characteristics of the films. The antibacterial activities of Cts/clay were also investigated

against Gram-negative and Gram-positive bacteria (E. coli and S. aureus) according to the zone of inhibition in the disc diffusion method.
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1. Introduction

In the most recent decade, polymer/clay composites have received much attention because of their astonishing
ability to improve most of the properties and are an essential alternative to standard polymer composites. The
intercalation of polymers into the gallery of the clays brings greater characteristics to hybrid materials [1–4]. In
comparison to the vast research on polymer/clay composites, the quantity of biopolymer/clay composites research
is comparatively smaller [5–7]. Chitosan (Cts) is a polysaccharide that consists of N-acetyl-glucosamine and N-
glucosamine units and it is largely insoluble at neutral and alkaline pH, given that its pKa within the variety of
6.2–7.0 is one of the second most plentiful natural polymers after cellulose in the world, naturally obtained and
is derived by deacetylation of chitin present in crustaceous species [8, 9]. In addition to its unique properties
such as biocompatibility, biodegrability and non toxicity, it is widely used in biotechnology, pharmaceuticals,
cosmetics, textiles agriculture fields due to its antifungal and antimicrobial activities [10]. Unmodified chitosan is
not antimicrobially energetic at pH 7, since it does not dissolve or include a large number of charges on the amino
groups. The antimicrobial activity of chitosan also increases with increasing degree of deacetylation, due to the
increasing number of basic amino groups.

Montmorillonite (MMT) is a member of the smectite group minerals which has a layered shape or platelets.
Because of its high aspect ratios and excessive surface area, if clay particles are properly dispersed in a polymer
matrix at a loading level of 1–5 % (w/w), precise mixtures of physical and chemical properties may be enhanced,
and in turn those composites become more attractive for making films and coatings for a multiplicity of commercial
applications, such as drug delivery systems and antimicrobial systems due to their natural abundance and the
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propensity with which they can be chemically and physically modified for drug delivery applications [11, 12].
Montmorillonite has been appreciably implemented for prolonged release of drugs as it could hold large amounts
of drug due to its excessive cation exchangeability. The surface adsorption of various drugs like griseofulvin,
indomethacin and prednisone to montmorillonite clay improves their dissolution rate. The hydrophilic and swelling
properties of montmorillonite in aqueous media help to facilitate the wetting of hydrophobic drug substances. This
clay ultimately improves the bioavailability of drugs.

Cts are capable of engaging with negatively charged clay, which has a silicate layer shape. When Cts disper-
sions have been blended with clays, the zeta potentioability of clays and the viscosities of the composite dispersion
have been changed [13]. The dry fabric acquired from those composite dispersions is called a nanocomposite if the
Cts intercalates into the silicate layer of the clay. Different types of clays, such as montmorillonite and rectorite,
have all been used to prepare nanocomposite substances with Cts [14–17]. Within the practice method of these
substances, it is necessary to use a heating treatment on the composite dispersion to initiate the nanocomposite
formation [15,18] Furthermore, the clay content material stimulated thermal stability and mechanical properties of
the nanocomposites [16, 18]. Cts-clay nanocomposites have been developed and characterized for use as biosen-
sors, packaging materials and superabsorbent substances [19–21]. Furthermore, Cts–clay films should retard the
release of a bioactive agent integrated into the films. The current objective of these studies, in particular, targeted
the impact of various organo-modified nanoclays on the properties of chitosan (Cts) based Bio-Nanocomposites
(BNCs).

2. Experimental

2.1. Materials

Low molecular weight chitosan (CS) used in this work was bought from Sigma Aldrich Chemicals, Bangalore,
and Karnataka, India. The Clays such as C-Na, C-10A, C-15A, C-30B, and C-93A were procured form Southern
Clay Products, USA. Acetic acid and sodium hydroxide were obtained from Sigma Aldrich Chemicals, Bangalore,
and Karnataka, India.

2.2. Preparation of clay/chitosan nanocomposites

The 2 % wt/vol of chitosan solution was prepared by dissolving it in 1 % acetic acid (pH=4.0) with continuous
magnetic stirring for 30 min. and then allowed to sit overnight for complete dissolution, or alternatively, 3 %
wt/vol ratio of clay (based on the chitosan wt.) was used. Therefore, an appropriate quantity of different clays
were dispersed in 10 ml of 1 % acetic acid and magnetically stirred continuously for 24 hours at room temperature
and ultrasonicated for about 30 minutes, for this solution, the as already prepared chitosan solution was transferred
very slowly and this mixture was stirred for an additional 4 hours using magnetic stirrer. The resulting solution
was carefully poured into Teflon-coated glass plates and kept overnight in a 60 ◦C oven. The resulting composite
films were soaked in 1 % NaOH solution for 30 minutes to remove excess acidic content, followed by washed
with distilled water several times to effect the removal of NaOH. Then, the composite films were peeled off from
the glass plates and the resulting films again oven dried. Films were packed in air tight polyethylene pouches
for further characterizations. A similar procedure was followed for the other clay sample dispersion in a chitosan
matrix.

3. Results and discussion

3.1. X–Ray diffraction

The Fig. 1 shows the XRD patterns of neat Cts, Cts/C-Na, Cts/C-10A, Cts/C-15A, Cts/C-30B and Cts/C-
93A nanocomposites with addition of 3 wt% of above commercial clays. The XRD pattern of Cts suggests the
characteristic crystalline peaks at round 20 ◦. In line with the literature, after incorporation of clay inside Cts matrix
the basal plane of Cts/C-Na at 2θ=7.2 ◦ which disappears and which will be substituted by new peak at around
6 ◦ whose d-spacing d=1.47 nm. The shift of the basal reflection of C-Na to a lower angle indicates the formation
of an intercalated nanostructure, even as the peak broadening and lower depth most likely indicate a disordered
intercalated or partially-exfoliated structure, in the case of unmodified C-Na, the inter space distance (d001) turned
into enlarged from 1.23 to 1.47 nm (information required for specific composites Cts/93A, 15A, 30B)(approximate
d-spacing values for C93A, C30B, C15A, C10A are 3.68, 3.53, 3.4, 3.27 respectively in accordance with graph).
According to the XRD report, partial exfoliation is achieved only in the sample containing 3 % C-Na unmodified
clay but no uniform exfoliation was noted for the composites of C-15A, C-30B and C-93A. However, according
to SEM reports, partial exfoliation was achieved for the sample Cts/C-10A and same trend was observed in Fig. 1.
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FIG. 1. XRD Pattern of chitosan with different organo modified clay

3.2. Fourier transfer infrared spectroscopy

FTIR was used to characterize the chemical interactions with Cts and clay in the nanocomposites. The
organic cations in the clay may additionally comprise diverse useful functional groups that react with chitosan resin
to improve interfacial adhesion among clay monolayer and polymer matrix, hence, this cation exchange effect is
characterized by the enhancement of the magnitude of the 3193–3187 cm−1 band in conjunction with a reduction of
intensities because of Si-O and Al-O. The enhanced intensity of the 3193–3187 cm−1 band displays the increased
hydrogen bonding among the lattice hydroxyls and organic groups. Whilst the protons inside the chitosan are
hydrogen bonded oxygen species of Si-O and Al-O segments, Si-O and Al-O bonds might be weakened and the
tetrahedral symmetry of these moieties may be distorted. The FTIR spectrum of the clay shows the characteristic
bands at 1662 cm−1 because of H-O-H bending, 1000 and 1182 cm−1 due to Si-O stretching 819 and 670 cm−1

due to (Al Mg)-OH vibration modes, while the IR spectra of Cts/C-10A showed additional peaks, including
1725 cm−1 (N-H bending), 1590 cm−1 (N-H bending) and 1455 cm−1 (C-H bending). The absorption band
of the carbonyl(C=O) stretching for the secondary amide (amide first band) was observed at 1488 cm−1. At
2356 cm−1, the stretching frequency gradually increased from that of pure chitosan to C93A composite sample
with the variation of the type of clay. FTIR was also used to study the polymer/clay interaction, since a shift in the
δNH3 vibration might be expected when −δNH3 groups interact electrostatically with the negatively-charged sites
of the clay. In fact, a shift of the δNH3 band towards a lower frequency is noted in all the chitosan/clay films, as
is shown in Fig. 2. However, this shift is higher for chitosan/clay films with the lowest amounts of chitosan, while
the chitosan/clay films with the highest amounts of biopolymer show a frequency value the trend observed in the
films of pure chitosan (Ct). This fact may be related to the −δNH3 groups that do not interact electrostatically
with the clay substrate (Fig. 2). The absorption frequency of pure chitosan in the range of 1721 to 1644 cm−1 was
related to the vibrations of carbonyl bonds (C=O) of the amide group CONHR (secondary amide, ν1 = 1721 cm−1)
and to the vibrations of protonated amine group (δNH3, ν2 = 1644 cm−1).

3.3. Thermal analysis of Cts/clay composites using DSC and TGA

DSC showed two broad peaks for Cts/clay composites, one is an endothermic broad peak and the other one
is an exothermic broad peak. The endothermic broad peaks for Cts, Cts/C-Na, Cts/C-10A, Cts/C-30B and Cts/C-
93A composite films (as shown in Fig. 3) are: 273, 281, 297.5, 300, 271 and 292 ◦C respectively. The first
temperature region is situated at high temperature in DSC curves because of heating rate used was higher 20 ◦C
min−1. The first peak could be assigned to the water loss, while the second to the decomposition of system
components. It is bearing related to the thermal stability of nanocomposites. From these data, it can be concluded
that nanocomposites of Ct/C-Na, Ct/C-10A, Ct/C-15A, Ct/C-30B and Ct/C-93A improved the thermal stability of
chitosan. Additionally, for the degradation and deacetylation of chitosan and remaining residue at 270 ◦C and
above, the decomposition in air is highly exothermic for the samples Ct/C-30B, Ct/C-93A. This may be due to
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FIG. 2. FTIR patterns of chitosan with different organo modified clay composites

the surfactants used during the modification of these cloisites (C-30B, C-93A) and the same phenomenon was
observed in the Fig. 4 (decomposition of intercalated Ct/C-30B and Ct/C-93A layers occurred in the vicinity of
270 ◦C with significant weight loss). It has been observed that the melting points and exothermic broad peaks all
the composite films were 90, 75, 88, 95, 92, 83 ◦C respectively. The TG, glass transition behavior of Cts and
Cts/clay bio-composite films were measured by the DSC evaluation. The TG and melting endothermic height of
Cts 3 wt% of Cts/clay has been shifted from approxi. 50–130 ◦C. The DSC does not detect any traces of thermal
transitions for 3 wt% of MMT/clay. The melting endothermic peak of Cts was observed at 140 ◦C at the same time
as the height of Cts/Clay bio composites shown at 150–250 ◦C, the melting temperature expanded with increased
clay content (3 wt%) within the Cts. For these composites, one can find two peaks in TGA curves. In the first
stage, a smaller loss in weight 10–12 % was observed compared to the second stage (40 %).

The addition of nanoclays produces a thermal barrier and decreases the weight loss, thus inorganic particles are
found to enhance the thermal stability of the chitosan composites. As can readily be seen, better thermal stability
was observed for Cts/C-10A, Cts/C-15A, Cts/C-30B, Cts/C-93A composites. This is linked with more intercalation
and exfoliation of the chitosan and inorganic fillers (clay). In air flow, another degradation step at 63 ◦C for the
samples Cts/C-10A and Cts/C-93A was observed, the cause of which may be assigned to the oxidative degradation
of carbonaceous residue formed during second step. The carbonaceous residue is greater in these samples because
of the nature of the modifiers/surfactants which were used in the modification of cloisites.

3.4. Morphological study using SEM

The morphology of surfaces with different surface structure between MMT (clay) and chitosan films are
shown in Figs. 5(a-f) using SEM data. The surface of Cts exhibits a smooth laminated structure; comparatively,
the surface of composite films seems to be course, indicating an improved intercalation of Cts chains in the
clay platelets. Thus, SEM analysis results agreed with the XRD analysis results that produced increase in basal
spacing value which was relatively small. This small increase indicated that most of chitosan were on clay (MMT)
surface because of formation of hydrogen bonds and intermolecular interactions of these polymers. The exfoliated
structure was observed in XRD results. Those outcomes have been corroborated with the aid of SEM effects. The
homogenous dispersion of nanoparticles and homogenous matrix in SEM photographs give proof for an exfoliated
structure.

3.5. Swelling study

The swelling capacity of a chitosan/clay films performs an essential function regarding the antibacterial activity,
wound recovery potential and for biomedical packaging because of their excessive water/solvent retaining potential.
The Cts, Cts/C-Na, Cts/C-10A showed higher swelling capacity than Cts/C-15A, Cts/C-30B and Cts/C-93A films,
and, among the all these samples, Cts/C-15A showed lowest swelling capacity. This may be because of more
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FIG. 3. DSC micrographs of chitosan with different organo modified clays

FIG. 4. TGA of chitosan with different organo modified clays

cross linking /interaction of clay with chotosan polymer chains for example, the swelling capacities of the samples
were as follows: Cts-1.8 g/g; Cts/C-Na-1.85 g/g; Cts/C-10A 1.75g/g. The other films had the following values:
Cts/C-15A-1.58 g/g; Cts/C-30B-1.5 g/g; Cts/C-93A-1.35 g/g respectively. The lowering of the swelling potential
is attributed to the clay binding with Cts chains, i.e. the interplay of negative charges on the clay with ‘O’ and
N–atoms of hydroxyl and amine groups present in Cts chains. This produces an additional cross links inside the
chain networks. The higher degree of cross-linking with the film restricts the penetration of water for swelling. The
increase in chitosan content in the film increases the swelling capacity significantly, the decreasing order swelling
capacity of Cts/Clay films is in accordance with Cts/C-15A(1.35 g/g)< Cts/C-93A(1.5 g/g)< Cts/C-30B(1.58 g/g)
,Cts/C-10A< Cts/C-Na(1.7 g/g)< Cts(1.78 g/g) more swelling capacity is showed by films Cts,Cts/C-Na and
Cts/C-10A is due to the presence of greater hydrophilic agents within the film network which assist in improving
the films’ swelling properties (Fig. 6).

4. Antibacterial tests

The antimicrobial activity of chitosan and chitosan-based nanocomposite films were examined qualitatively via
an inhibition zone method. In this technique, specific pathogenic microorganism such as S. aureus and Escherichia
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FIG. 5. SEM images of a) Pure Cts, b) Cts/C-NA, c) Cts/ C-10A, d) Cts/C-15A e) Cts/C-30B
and f) Cts/C-93A

FIG. 6. Swelling behavior of chitosan with different organo modified clays

coli were used to assess the antimicrobial activity of the chosen two films. Both traces of S. aureus and E. coli
were cultivated on tryptic soy (TS) agar (Difco Lab) at 30 ◦C for two days. All the stock cultures were saved at
4 ◦C. For the qualitative size of antimicrobial activity, the film samples were punched to make disks (diameter)
6 mm), and the antimicrobial activity present determined the use of a modified agar diffusion assay (disk check).
The plates were examined for feasible clean zones after incubation at 37 ◦C for two days. The presence of any
clear zone that shaped across the movie disk at the plate medium was recorded as an illustration of inhibition
towards the microbial species. The qualitative antimicrobial activity of the films became determined the use of a
quarter inhibition technique for testing pathogenic bacteria.

Pure chitosan film did not show any antibacterial properties. This effect of chitosan may be related fact
that chitosan does not diffuse through the adjusted agar media in the agar diffusion test method, so that the only
organism in direct contact with the active site of chitosan are inhibited [22–24]. The inhibition zone diameters
for the Cts/C-15A sample is better than those of Cts/C93A sample, and it has also been observed that S. aureus
is more sensitive to Cts/C15A than E. coli. This may be attributed to the antimicrobial activity of the quaternary
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ammonium silicate layer of Ct/C-15A incorporated film. The effectiveness of such groups bearing alkyl substituents
in disrupting bacterial cell membranes (especially for S. aureus) and causing cell lysis has been well documented
in the literature [25–28]. In the case of Cts/C93A, greater activity was noted against E. coli than S. aeureus. There
are some suggestions that the antimicrobial activity of polymer clay nano composites depends on super molecular
organization of the surfactants and the nanostructure of the components. Cts/C-93A has most activity against E.
coli despite having the lowest surfactant content in the organoclay, that is, 90 % of the surfactants with respect
to CEC(Cationic exchange capacity) whereas Cts/C-15A has highest surfactant content in the organo clay and has
highest activity against S. Aureus (Fig. 7).

FIG. 7. Antimicrobial activity of a) pure Ct for E coli., b) Pure Ct for S aureus, c) Ct/C-93A for
E coli, d) Ct/C-93A S aureus, e) Ct/C-15A for E coli, f) Ct/C-15A for S aureus

5. Conclusion

The effect of different organo-modified nanoclays on the properties of chitosan (Cts) based bio-nanocomposites
(BNCs) was evaluated. The exfoliated structure was observed in XRD results. These results were corroborated
by SEM results. The homogenous dispersion of nanoparticles and homogenous matrix in SEM images provided
evidence for the BNC’s exfoliated structure. The addition of nanoclays produces a thermal barrier and decreases
the weight loss, thus inorganic particles are found to enhance the thermal stability of the chitosan composites. The
increase in chitosan content in the film increased the swelling capacity significantly; the decreasing order swelling
capacity of Cts/Clay films was due to the presence of more hydrophilic groups in the film network, which assist
in improving the swelling characteristics of the films. The chitosan with different organo-modified clays exhibited
optimum antibacterial activity against E. coli. and S. aureus.The inhibition diameters of these complexes were
slightly smaller and the amount of antibiotic explains the smaller inhibition halos that the adsorption complexes
showed in comparison to those of the antibiotic solutions.
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Superparamagnetism is an important physical property of a certain kinds of nanoparticles and these particles have attracted interest because of

their applications in the technological world and medical fields. In this work, the author reports the synthesis of iron cobalt (Fe60Co40) and

Manganese (Mn) incorporated FeCo compound nanoparticles by a simple inert atmosphere reductive decomposition method. The synthesized

nanoparticles were characterized by transmission electron microscopy (TEM), X-ray diffraction technique (XRD), selected area electron diffrac-

tion (SAED), energy dispersive X-ray analysis (EDX) and Fourier transform infrared (FTIR) spectroscopic method. The magnetic properties of

the particles have been studied with a magnetometer (SQUID).
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1. Introduction

Nanoparticles have now turned from theoretical interest to application in the technological world. In these years
nanomagnetic particles have drawn special attention because of their recording ability and use as perpendicular
magnetic memory and biomedical applications such as hyperthermia, magnetic resonance contrast enhancement
and drug delivery etc. [1]. The nanoparticles, which show high magnetic moment are a better candidate, as far as
the applications are concerned. The FeCo nano particle has such ability, but the main task is its preparation and
stability. Many investigators have prepared nanoparticles of FeCo compounds using different techniques.

They have used chemical and physical methods for the growth of nanoparticles. Most of the physical methods
require substrates [2–6]. For the fabrication of perpendicular recording media, substrate is applicable, but for the
biological application individual nanoparticles are more reliable.

This paper reports the preparation of multifunctional nanoparticles of Fe1−xCox and Mn-incorporated com-
pounds by a reductive decomposition-based reflux method using suitable stabilizers and surfactants. We have
prepared three compositional compounds containing iron and cobalt as well iron, cobalt and manganese. All
these synthesized materials were characterized by X-ray diffraction (XRD), selective area electron diffraction
(SAED), Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray (EDX) and transmission electron
microscopy (TEM). The magnetic properties of the materials studied using SQUID magnetometer.

2. Synthesis

The Fe1−xCox compounds, Mn incorporated nanoparticles were prepared using a modified method reported
by Sun et al. [2]. Here, we used Fe(acac)3 and Co(acac)2, Mn(acac)2 as precursors. Reductive decomposition of
these was achieved by using benzyl ether as solvent medium, 1-octadecene as reducing agent and oleic acid as
surfactant and oleylamine as stabilizer. The growth temperature was fixed at 240 ◦C. To avoid oxidation during
nanoparticle growth, the reaction chamber was blanketed with argon. Care has been taken for the collection of the
nanoparticles and washing of the nanoparticles to avoid the surfactants and stabilizers. But it was found to be very
difficult to completely rinse the surfactants and stabilizers from the nanoparticles.

The shape of the nanoparticles depended on the growth temperature, whereas it had nothing to do with the
composition and size of the particles. But it is very difficult to control the size of all the particles in this case. In
our studies, we have fixed the above temperature for obtaining the maximum product. In all the compositions, the
particle size found was to be less than 10 nm.
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3. Experiments

3.1. X-ray diffraction (XRD)

XRD is the most primary technique to analyze the crystalline nature of the material. A Rigaku X-ray
diffractometer has been utilized for the studies. All the three compounds shows the crystal structure is body
centered cubic (bcc). Since the particle size is too small, the spectral broadening is evident. The peaks at (110)
and (200) peaks are visible. TEM-electron diffraction studies were also utilized to confirm the crystalline nature
of the compounds.

3.2. Infrared Spectroscopy

During the preparation of the compounds, organic chemicals like oleic acid and oleylamine were utilized.
Even though proper washing has been done for the particles, there is a finite possibility that these molecules can
be found on the surface of the nanoparticles. The IR spectrum of all the particles shows, the absorption bands. It
is very difficult to wash out all the surfactants, and there is a strong attachment between the compound particles
and these molecules. Fig. 1 shows the IR spectrum for one sample of the compounds.

FIG. 1. TEM image of FeCo nano particles

For oleic acid, whose formula is (CH3(CH2)7CH = CH(CH2)7COOH), the following pattern was observed:
the vibration is assigned at C–C (either COOH- or CH3-sided) stretching. The difference observed is probably due
to C=C bonding. In the spectrum of the broad, strong band at 1161 cm−1 flanked by weaker bands at 1238 and
1118 cm−1.

3.3. Energy Dispersive X-ray Analysis (EDX)

The percentages of the Fe and Co present in all the prepared compound nanoparticles were measured using
EDX technique. During synthesis we have approximated the ratio by varying the molar ratio of the precursors.
Table 1, gives the ration of the final compositions of the Fe1−xCox compounds. From these results, we observed
that the Fe ion is dominant in the compound formation and the single phases will be observed during these ratios
only.

TABLE 1. Ration of the expected and actual compositions for Fe1−xCox compounds

No of compound
combinations

Molar ratio of the metal
precursors used

Molar ratio of the metal actually
present in the compounds as per EDX

Fe Co Fe Co

1 0.60 0.40 0.65 0.35

2 0.50 0.50 0.60 0.40

3 0.40 0.60 0.55 0.45
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3.4. Transmission Electron Microscopic Studies (TEM)

The TEM images of the prepared nano particles are shown in Fig. 1. The Fe1−xCox compounds (x = 0.35,
0.40, 0.45).

The coercivity was found to be 0. Fig. 2 shows the room temperature hysteresis loops of the Fe60Co40
compound nanoparticles. We took same weight (0.1 mg) of both compound particles for SQUID studies It is
found that due to the incorporation of Mn, the magnetic behavior of the materials were drastically changed and
the magnetic moment was reduced, due to the incorporation of Mn ions. Fig. 2 shows the M/Ms Vs H graph of
synthesized materials.

FIG. 2. Hysteresis loop of (a) Fe60Co40 and (b) Fe65Co30Mn5 compound nanoparticle (size: 4 – 5 nm)

4. Conclusion

Well defined nanoparticles of FeCo and Mn incorporated FeCo compound were synthesized by a reductive
decomposition-based reflux method. Uniformly sized nanoparticles of size 4 – 5 nm have been well characterized.
The magnetic properties were attenuated due to the incorporation of Mn ion. Both the compound particles showed
super paramagnetic behavior at room temperature.
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The objective of the current research was mainly focused on synthesizing the Reduced Graphene Oxide (RGO) using modified Hummers method

and ZnO functionalized reduced graphene oxide (RGO) composite was fabricated by a one-pot approach. The ZnO functionalized graphene

nanosheets were characterized by X-ray diffractometer (XRD) and surface morphology was examined using Transmission Electron Microscopy

(TEM). Electrochemical characteristics of the ZnO/RGO composite were investigated through cyclic voltammetry and electrochemical impedance

spectroscopy (EIS). The composite was capable of delivering a high specific capacitance with excellent cycling stability. The ZnO decorated

RGO catalyst was also applied to degrade different nonvolatile compounds such as Methyl Blue (MB) and Indigo carmine (IC). The performance

of RGO/ZnO shows rapid degradation of dyes of high concentrations.
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1. Introduction

Graphene is one-atom thick two-dimensional sheet of carbon atoms fashioned in a honeycomb lattice and is
considered as the future revolutionary material [1]. An exponential growth after 2004 in graphene-related research
is reflected in the number of publications. Graphene is highly anticipated to be an excellent electrode material due
to its notable characteristics such as high surface area to volume ratio, good electrical conductivity, good flexibility,
fast electron mobility and good thermal and electrochemical properties [2–4].

Because of its outstanding mechanical properties compared to other carbon materials, has attracted enormous
interest. Considering the excellent properties of graphene, ZnO and Mn2O3, a combination of graphene with ZnO
and Mn2O3 nanoparticles (NPs) might provide enhanced performance. Several methods have been carried out to
produce graphene/ZnO and graphene/Mn2O3 composites. Other researchers have also synthesized graphene/ZnO
and graphene/Mn2O3, as they appear to be promising materials for pseudocapacitors due to their superior electro-
chemical performance, environmental friendliness, and lower production costs [5]. The present research is mainly
focused on synthesizing Reduced Graphene Oxide (RGO) by using Hummer’s method. RGO and metal oxides
such as ZnO and Mn2O3 composite were fabricated by a one-pot approach. The obtained RGO with metal ox-
ides were characterized using X-ray Diffractometry (XRD) and ZnO and Mn2O3 composites were concerning to
electrochemical and photocatalytic activity [6–11].

In this report, a simple and facile synthetic route is developed to prepare graphene-ZnO composite as an
electrode material and photocatalyst for the organic dyes. Initially, graphene oxide (GO) was synthesized using
the well-known modified Hummer’s method. ZnO nanorods are inserted between the graphene nanosheets layer-
by-layer rather than simply appended to the surface of graphene during the GO hydrothermal reduction process.
This strategy provides a novel method for preparing highly active materials (ZnO nanorods) directly grown on Gr
surface that avoids the restacking of Gr sheets, which show high electrochemical activity at higher scan rates and
superior long-term cycle stability applied in an all solid-state supercapacitor device. Such excellent electrochemical
properties provide important prospects for graphene- ZnO hybrid to be widely used as electrode material in
supercapacitor [12, 13].
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2. Experimental

2.1. Materials

Graphite, zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium nitrate (NaNO3), sulfuric acid (H2SO4), hy-
drochloric acid (HCl), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), hydrazine hydrate (N2H4·H2O)
and potassium chloride (KCl) were purchased from Sigma-Aldrich and used without additional purification.

2.2. Synthesis of Graphene Oxide

GO was prepared from natural graphite using a modified Hummers method. In a typical experiment,
graphite (1.5 g), NaNO3 (1.5 g) and H2SO4 (70 mL) were mixed and stirred in an ice bath. Subsequently,
9 g KMnO4 was added slowly. In a particular reaction condition, water was added slowly, followed by the slow
addition of 10 mL 30 % H2O2. The above mixture was centrifuged and purified, the sample was dispersed in
deionized water to obtain highly exfoliated GO sheets. This as-prepared GO was reduced to obtain RGO.

2.3. Synthesis of RGO/ZnO Composite

Pure ZnO Nano rods were synthesized by hydrothermal method. In a typical experiment, 100 mg of Zn(NO3)2
was first dispersed into 30 ml deionized water. Then, 15 µl of hydrazine hydrate was added dropwise under stirring,
followed by ultrasonication for 30 min. Then, the solution was transferred to a 50 ml Teflon-lined autoclave and
heated at 160 ◦C for 12 h. Finally, the RGO/ZnO nanostructures were collected after washing and centrifugation.

3. Result and Discussion

3.1. X-Ray Diffractometer

Crystalline structure of the materials were examined by an X-ray diffractometer (XRD). It can be seen (Fig. 1)
that the ZnO XRD patterns of the nanocomposites with different mass ratios are similar to that of pure zinc oxide,
indicating that no other impurity peaks were detected. It can be readily assigned to pure ZnO with hexagonal
structure [2]. The XRD pattern confirms the crystalline nature of the as-prepared RGO/ZnO material and the
Transmission electron microscopy (TEM) images indicate the presence of nanosheets around the centers.

FIG. 1. XRD of a) RGO; b) XRD and TEM image of RGO/ZnO

3.2. Electrochemical Studies

The electrochemical activities of RGO and RGO/ZnO were assessed by cyclic voltammetry, which can provide
additional information for material characterization from the shape, the number and the position of the different
peak like the redox processes. The obtained black paste was immersed into a homemade disk electrode with
glass walls and graphite bar as current collector. A CHI604E work station was used for all electrochemical
measurements. Electrochemical measurement utilized three electrode system having working electrode, Ag/AgCl
reference electrode and a platinum wire as counter electrode. Cyclic voltammetry (CV) studies were performed in
potential between +0 to −1 V using electrolytes at constant scan rate. Cyclic voltammetry was used to determine
the influence of RGO/ZnO on the overall charge capacity of the electrode. The value of E0 − ER measures
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the electrode reversibility (ER), which is one of the predominant factors influencing the power capabilities of
electrodes in 0.5 M Na2SO4 electrolyte. In Fig. 2(a) the smaller value of E0 − ER indicates greater reversibility
for the electrode reaction. In the current studies, several scan rates ranging from 10 to 50 mVs−1 were used.
The effect of scan rate is presented in Fig. 2(b). As the scan rate increased, the CV profile deviated from the
ideal capacitive behavior. A smaller the value of RGO/ZnO showed greater reversibility for the electrode reaction.
Decreased solution resistance (Rs) values indicate greater conductivity values for the sample. In Fig. 3(a), one
can clearly see that the sample RGO/ZnO in 0.5 M Na2SO4 shows lower charge transfer resistance (Rct) than the
RGO electrode, indicating the enhanced conductivity and confirming that the capacitive behavior is faster, as is
shown in Table 1. The simulation of RGO/ZnO is shown in Fig. 3(b).

FIG. 2. a) Cyclovoltagramms of RGO and RGO/ZnO; b) different scan rate of RGO/ZnO

TABLE 1. Electrochemical reversibility and EIS of RGO, RGO/ZnO and RGO/Mn2O3 electrodes

Electrodes E0(V) ER(V) E0 − ER Rct(Ω) C(F)× 10−4

RGO 0.8675 0.4480 0.4195 23.7 0.01

RGO/ZnO 0.3963 0.3077 0.0886 36.74 2.021

FIG. 3. a) Nyquist plots of RGO and RGO/ZnO; b) fitted simulation of RGO/ZnO
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3.3. Photocatalytic Activity

In the existing work, Methylene blue (MB) and Indigo carmine (IC) dyes were used as ideal pollutants to
estimate the photocatalytic activity of RGO/ZnO under UV light irradiation [12, 13]. In an experiment, 60 mg
of RGO/ZnO was dispersed in 250 ml MB (20 ppm). The mixed suspensions were first magnetically stirred in
the dark for 30 min to reach the adsorption–desorption equilibrium. Under ambient conditions and stirring, the
mixed suspensions were exposed to visible light irradiation produced by a 400 W metal Philips lamp (wavelength:
254 nm). At certain time intervals, 5 ml aliquots of the mixed suspensions were extracted. The filtrates were
analyzed by recording UV–vis spectra of MB and IC using a Spectratreats 3.11.01 Release 2A UV–vis spec-
trophotometer. In UV light, RGO/ZnO can absorb UV light (254 nm) and generate electron–hole pairs. These
photo-generated electron and hole pairs can migrate into the catalyst surface and react with surface adsorbed O2

to form active oxygen species. The photo degradation of MB and IC by RGO/ZnO nanoparticles and the effect
of various parameters, like initial catalyst loading, initial dye concentration etc., were thoroughly investigated.
RGO/ZnO nanomaterials exhibited the highest photocatalytic activity.

Figure 4 shows the UV-vis absorption spectra of MB and IC as a function of the catalytic reaction time.
Both MB and IC solutions turned colorless after 80 min, indicating complete degradation of the dye molecules
by RGO/ZnO. After 80 min of reaction, the RGO/ZnO showed good catalytic degradation of IC. When using the
as-prepared composite material, the MB solution with concentration 60 mg/L can be degraded up to 79.9 % and
mineralized up to 21 % in 80 minutes, as is shown Fig. 5.

FIG. 4. Time-dependent UV-vis absorption spectra of RGO/ZnO in IC and MB

FIG. 5. UV-visible spectra of IC and MB degradation
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4. Conclusion

RGO and RGO/ZnO composites were successfully prepared and their applications as electrode materials for
electrochemical applications and photocatalytic activities were investigated. Cyclic voltammetry showed ideal
capacitive behavior for RGO and RGO/ZnO hybrid nanosheets. Table 1 shows RGO/ZnO having less E0 − ER

and hence electrochemical reversible reactions will be more, and RGO/Mn2O3 having lesser Rct value and hence
capacitance will be more. The photocatalytic activity was assessed through UV-Visible spectra, from which, we
conclude that RGO/ZnO showed a good catalytic degradation of IC. This test showed that using the as-prepared
composite material, the MB solution with concentration 60 mg/L can be degraded up to 79.9 % and mineralized
up to 21 % and IC degraded up to 40.85 in 80 minutes.
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Among electrochemical processes having a considerable impact on technical development, the mixed thin film (Mo-Ni oxide) plays an important

role, due to its better mechanical, anticorrosive and thermal stability characteristics. The mixed films have been prepared by dip spin coating.

The films are grown on substrates like Indium Tin Oxide (ITO) and are well adherent on the substrates, pinhole free and transparent. The X-ray

diffraction analysis of the films confirms they are polycrystalline in nature. The morphological study reveals that the uniform distributions have

flower-like structure. From the compositional analysis, the EDAX spectra show the presence of molybdenum and nickel. The optical band gap

was found to be 1.36 eV and band assignments for Fourier Transform Infrared (FTIR) spectra are comparable to reported values.
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1. Introduction

The optical properties of thin films are very important for many applications. Researchers have shown
considerable interest in Ni–Mo oxide films, because of their applications such as hydrogen evolution catalysis [1,2]
and anticorrosion treatment [3]. Transition metal oxides, like nickel oxides have found application due to their
anti-ferromagnetic semiconducting properties with a wide band gap of 3.6 eV [4,5]. This provides opportunities for
use in electrochromic devices [6], fuel cells [7] or other applications. Electrodeposition-prepared transition metal
oxide films exhibit good electrochromic properties. For electrodeposited Mo–Ni oxide films, it has been shown
that as Mo content increases, certain peaks in XRD broaden and disappear due to a decrease in grain size [8, 9].
Even though there are reports for the optical properties, structural characteristics, band assignments and electrical
properties by dip spin coating Indium Tin Oxide (ITO) plates, values are reported only for Indium Tin Oxide (ITO)
substrates in this paper.

2. Experimental

The concentrations of 0.05 N (of MoO3 and NiSO4 mixture) at 330 K by dip spin coating under optimized
conditions. The coating was performed at 3000 rpm for 30 mins as optimized parameters to obtain the mixed oxide
thin film. The coated samples were investigated by conventional XRD with CuKα radiation using XPERT-PRO
diffractometer. FTIR measurements in the range of 400 – 4000 cm−1 were carried out by JASCO CANVAS. The
SEM photographs were recorded using HITACHI S-3400.

3. Results and Discussion

3.1. XRD Analysis

The structural properties of these films were analyzed by the X-ray diffractometer. Fig. 1 shows the diffraction
pattern of Mo–Ni mixed oxide thin film which is deposited on the Indium Tin Oxide (ITO) plate. From the surface
analysis, it was found that the mixed thin films exhibit uniform thickness. The diffracting angles were set to 20 ◦

to 80 ◦ with a low scanning speed and in continuous mode. Diffraction peaks were observed at 2θ = 28.450,
39.430, 44.720, 47.320 and 65.560, corresponding to the (0 0 2), (-2 -2 2), (1 2 2), (1 -1 3), (-1 -5 1) planes of
the mixed thin films respectively. XRD pattern of Mo–Ni mixed oxide thin films showed polycrystalline wurzite
structure with a preferential (1 2 2) orientation peak and the peaks are comparable to reported values [10].
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FIG. 1. XRD pattern of as deposited Mo–Ni oxide film on ITO substrate

3.2. SEM Analysis

The film deposited on the Indium Tin Oxide (ITO) substrate showed flower-like structure. The EDAX, which
was used in conjunction with SEM, confirmed the elemental composition of the film as deposited on the substrate,
revealing the presence of molybdenum and nickel (89.52 % Mo & 5.42 % Ni) as well as impurities like copper
and zinc.

FIG. 2. SEM images of as deposited Mo–Ni oxide film on ITO substrate

FIG. 3. EDAX spectra of as deposited mixed Mo–Ni oxide film on ITO substrate
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3.3. FTIR Spectra

Fourier transform infrared spectroscopy provides information about a particular compound’s functional groups,
molecular geometry and inter/intramolecular interactions. The bands at 3425 cm−1, 1614 cm−1 in Fig. 4 were
attributed to the surface absorbed water in the mixed Mo–Ni oxide thin films. The band 3780 cm−1 and 3932 cm−1

are due to O–H stretching vibrations of water molecules. The vibration absorption peaks at 875 cm−1 were due to
Mo–O–Mo stretching [11].

FIG. 4. FTIR Spectra of as deposited mixed Mo–Ni oxide film

3.4. Optical Studies

Optical absorption characterisitcs were studied in the 200 – 1100 nm range. The absorption spectrum for the
as-deposited mixed Mo–Ni oxide film is shown in Fig. 5. The UV-Visible spectrum shows a sharp peak centered
at 360 – 376 nm with a long tail towards longer wavelength side. Absorption has very high value in the UV region
and decreases with increasing wavelength, becoming constant towards the visible region, which indicates a high
transparency in the visible region. The optical band gap of mixed Mo-Ni thin film was found to be 1.36 eV.

FIG. 5. Absorprtion Spectra for as deposited mixed Mo–Ni oxide film on ITO substrate
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4. Conculsion

Electrochromic materials, like mixed Mo–Ni oxide thin film, were deposited on ITO under optimized con-
ditions. The dip spin coated films are white in color and are transparent. The films are well adherent on the
substrates, pinhole-free and transparent. X-ray diffraction shows that the films are polycrystalline in nature and
are comparable to JCPDS data. SEM images reveal that the films are without any pinholes or cracks and cover
the substrate well. The optical absorption spectrum reveals that the material has a direct band gap nature and its
energy is in agreement with the reported values.
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Recently, transition metal oxides like Vanadium pentoxide have become a subject of intensive studies. The particular physical and chemical

properties of these materials allow a wide range of practical applications such as electrochromic devices, cathode electrodes for lithium batteries,

humidity sensors. The V2O5 film was prepared by an electrodeposition technique. The structural and optical properties were studied by X-

Ray Diffraction (XRD), scanning electron microscopy (SEM), UV-Visible and Fourier Transform Infrared Spectroscopy (FT-IR). XRD spectra

recorded has been observed and compared with the JCPDS values. SEM images showed very smooth surface morphology and the elemental

compositions of the film were confirmed by EDAX. The transmittance of the V2O5 films showed 75 % at 425 nm for the as-deposited

substrate. The energy band gap of the films was found to be 2.45 eV and the band assignments of the V2O5 film are comparable with the

reported values.
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1. Introduction

V2O5 is an important material among other transition metal oxides from the view point of its novel electronic
and optical characteristics in thin film form, leading to applications in lithium solid state micro batteries, gas sensors
and electrochromic display devices [1, 2].The vanadium-oxygen system has been intensively studied by theoretical
and experimental techniques. Vanadium oxide is used in thermal sensing and switching. Vanadium pentoxide
films have been prepared using various physical and chemical techniques, such as thermal evaporation, electron
beam evaporation, sol-gel, electrochemical deposition and pulsed laser ablation [3–6]. Some unique features of
V2O5 include its orthorhombic layered structure, high electrochromic activity, high stability and ease of thin
film formation by numerous deposition techniques. Among the various preparation methods, the electrodeposition
method was one of the simplest methods, due to its deposition rate, good uniformity on the substrates and thickness
control of the film. The main advantage of this electrodeposition coating is the conformal resist layer, independent
of the substrate geometry. Electrodeposition coating is the most suited technique to pattern structures that run in
and across cavities or when a smaller line width is required. In this present work, the films were prepared by an
electrodeposition technique and were characterized to study the optical and structural properties using XRD, SEM
with EDAX, UV-Vis Spectroscopy and FT-IR Spectra.

2. Experimental

In electrodeposition techniques, structurally and compositionally-modulated alloys and compounds can be
deposited and the deposition can be carried out at room temperature enabling the formation of the semiconductor
junctions without interdiffusion. The V2O5 films were prepared by electrodeposition technique having a bath 0.2 M
of vanadium pentoxide powder mixed with hydrogen peroxide which was used as the stock solution. The parameters
like the concentration of the solution, pH, current and temperature were optimized. The electrodeposition process
was carried out with three electrode systems, one is ITO coated plate acting as working electrode, the other the
platinum electrode as counter electrode and the third one was the saturated calomel electrode (SCE) as the reference
electrode. Two grams of vanadium pentoxide of 99 % purity and 30 % of sulfuric acid were added to avoid the
effervescence produced in the solution. Then the stock solution was diluted to get the concentration of 0.1 M.
The pH of the solution was maintained as 3.0 and the deposition current was fixed as 1 mA and the temperature
maintained at the room temperature. The crystallographic structure of the film was determined from Powder
X-ray diffraction patterns obtained by using BRUKER ECO D8 Advance diffractometer with a monochromatic
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CuKα radiation (λ = 0.15406 nm , 40 kV, 20 mA). The surface morphology was studied using SEM (BRUKER
ECO D8 ZEISS). The Compositional analysis was done using EDAX spectrometer attached to SEM. The optical
transmission studies were done using UV-Vis Spectrophotometer (HP2000). FTIR Spectra were obtained from
Perkin-Elmer make model spectrum RXI spectrophotometer.

3. Results and discussion

3.1. XRD Analysis

Figure 1 shows the diffraction pattern of V2O5 thin film which was deposited on the ITO substrate. From
the analysis, it was found that the V2O5 film exhibited uniform thickness [7, 8]. The XRD analysis proves that
the V2O5 films exhibit polycrystalline nature and the diffraction peaks for (2 2 0), (3 2 0) and (3 0 1) planes
were prominent. The other low intensity peaks showed that the as-deposited film has coarsely fine crystallites and
nanocrystallites. Sharp diffraction peaks at positions 2θ = 22.4 ◦, 27.14 ◦ and 52.22 ◦ correspond to the (2 2 0),
(3 2 0) and (3 0 1) planes respectively. The XRD pattern suggests that the film is polycrystalline with varying
degree of orientation and has FCC structure when compared with the JCPDS (03-0206) value. The smoothness of
the XRD pattern confirms the uniformity in the grown film. The average particle size, which was calculated using
the Scherrer relation, ranges from 28.21 nm to 30.81 nm.

FIG. 1. XRD pattern images of V2O5 film on ITO substrate

3.2. Surface morphology studies: SEM with EDAX

The microstructure and morphology analysis of the as-deposited V2O5 thin film was carried out. The SEM
image in Fig. 2 shows that the film is nearly homogeneous without any pinholes or cracks and covers the substrate
well. The particles are spherical in shape. The particle size observed from the SEM images was of the order
of 100 – 200 nm [9]. Fig. 3 shows the elemental composition of the as deposited V2O5 film. The presence of
vanadium and oxygen were confirmed by EDAX analysis and their atomic weight percentages are calculated as
10.45 % and 28.33 % for vanadium and oxygen respectively.

FIG. 2. SEM images of as deposited V2O5 film on ITO substrate
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FIG. 3. EDAX spectra of as deposited V2O5 film on ITO substrate

3.3. FTIR

The FTIR spectrum of V2O5 film is portrayed in Fig. 4. FTIR investigation was performed to study the
structural changes and band stretching of vanadium pentoxide. The band at 841 cm−1 corresponds to the polycrys-
talline V2O5 also the band at 814 cm−1 is assigned to the crystalline V2O5. A shoulder type of vanadium band
is observed at 767 cm−1 and bands located at 530 cm−1, 521 cm−1 are assigned to the stretching mode of the
oxygen which is shared between 3 vanadium atoms. The band at 431 cm−1 is assigned to the bending vibrations
of the bound oxygen which is shared by 2 vanadium atoms [10, 11].

FIG. 4. FTIR Spectra of the V2O5 film

3.4. Optical studies

The UV-VIS spectrum measured for V2O5 film is shown in Fig. 5(b) and the band gap calculated from
Fig. 5(a). The optical parameters are calculated from the transmittance spectrum in the 300 nm to 800 nm
wavelength region. The as-deposited film has a steady transmittance of 75 % in the visible region. The oscillations
in the curves were due to interference effects that depend on the film thickness and the refractive index. The plot is
linear, indicating a direct optical transition and the evaluated energy gap is 2.45 eV, which agrees with the reported
values [12, 13] and is similar to the value reported in the pulsed laser deposition technique [13]. Given this data,
one can say that a high quality V2O5 thin film was obtained using the electrodeposition method.

4. Conclusion

Polycrystalline V2O5 thin films were deposited on ITO substrate by electrodeposition method and the films
were well adherent, uniform and pinhole-free. The XRD pattern of the V2O5 film showed a polycrystalline nature
with a preferential (3 0 1) orientation. Morphological studies showed a well-defined structure and elemental
composition. The optical band gap of the V2O5 thin film was found to be 2.45 eV. The electrochromic studies and
coloration efficiency of the vanadium pentoxide thin films are areas for future exploration.
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FIG. 5. (a) (αhγ)2 versus Photon energy film for V2O5 thin film; (b) Transmittance curve for
V2O5 thin film
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Nanotechnology-assisted organic electronics is a wide-spread and promising research field at present in the search for an efficient solar cell.

The strong absorption spectra of the donor polymer poly[3-hexylthiophene-2,5-diyl)(P3HT) in the visible region and the prominent absorption

of the acceptor [6,6]-phenyl C61 butyric acid methyl ester(PCBM) in UV region have proved them to be the most popular donor-acceptor pair

for preparing photoactive materials. The active blend, having a broad absorption spectrum, is the primary requisite for an efficient solar cell.

The present work is focused on optimizing the photoactive blend of (P3HT)) and PCBM for the maximum absorption of the solar energy.

P3HT: PCBM blends of weight ratio 3:1, 1:1 & 1:3 were prepared in xylene as the solvent and glass coated samples are prepared by solution

cast method. Samples were characterized by JASCO UV Vis NIR V 670 spectrometer. P3HT has strong absorption in the visible region, while

PCBM has an effective absorption in the UV region with broad tail of absorption extending up to 800 nm. The spectrum for the blend is a

superposition of the spectra of the component moieties. The 1:3 blend of P3HT with PCBM has broad spectral sensitivity for absorption and

can be used as the best photoactive blend for construction of a plastic solar cell. The energy difference (band gap) between Highest Occupied

Molecular Orbital (HOMO) and the Lowest Un-occupied Molecular Orbital (LUMO) of the samples were determined through Tauc’s plot.

Calculations from Tauc’s plot indicated that pure P3HT sample has an onset wavelength of 640 nm with a band gap of 1.93 eV. The onset

wavelengths for 3:1 & 1:1 blends are almost same of about 632 nm with a band gap of 1.96 eV. The optimized blend 1:3 sample has the

onset wavelength 653 nm with the least energy gap 1.9 eV.The absorption by the blend can be further enhanced by either dye sensitization or

plasmon resonance.
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1. Introduction

First generation silicon-based solar cells are are hindered by material cost, installation cost, and fabrication
complications. Even the second generation thin film solar cells are also not economical [1]. Plastic solar cells
are promising because of their low cost, simple processing and flexibility. Since efficiency is the main drawback
of these solar cells, the search for an efficient plastic solar cell has become a global challenge at present in
the field of plastic electronics. The physics involved in the energy conversion efficiency of polymer cells is
a multistep process, including photon absorption, exciton formation and migration, exciton dissociation, charge
transport and charge collection [2]. The bulk heterojunction concept of the donor-acceptor system has provided
remarkable progress in the efficiency enhancement in this regard. The exciton diffusion mechanism and the charge
collection rate have been significantly increased due to the formation of number of hetero P-N junctions in the
blend. The photoactive blend must be properly tuned with respect to the choice of donor-acceptor pair as well
as their weight percentage combination to have a broad solar spectral response. Among the conducting polymers,
P3HT has the absorption spectrum matching well with the strongest solar spectrum and also has good transport
properties. The present work is focused on the preparation of an optimized active blend of the widely used donor
polymer Poly[3-hexylthiophene-2,5-dily) (P3HT) and N-type acceptor [6,6]-Phenyl C61 butyric acid methyl ester
(PCBM), a modified fullerene. The strong absorption spectrum of P3HT in the visible region and the prominent
absorption of PCBM in the UV region, along with the broad tail of absorption beyond the visible region are the
key factors in selecting them as the donor-acceptor pair. The resulting active blend must show broad spectral
absorption extending from the UV to the region beyond the visible for a proper composition between them. Blends
of different donor-acceptor weight ratios were prepared in the high boiling point solvent xylene and their glass
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coated samples (solution cast method) were characterized by UV-Visible spectra. The blend showing broad spectral
sensitivity for absorption is selected as the best photoactive blend.

2. Experimental

The P-type donor polymer P3HT (electronic grade, average mol wt 15000 – 45000, HOMO 5 eV, LUMO
3 eV) and N-type acceptor PCBM (functionalized Fullerene, HOMO 6.1 eV,LUMO 3.7 eV) were purchased from
Sigma Aldrich Corporation. The solvent xylene was obtained from Rankem Chemicals. These chemicals are used
as received without further purification. The chemical structures of these donor and acceptor molecules are as
shown below.

P3HT PCBM

10 mg of P3HT and 10 mg of PCBM were dissolved in 100ml of xylene in separate beakers and magnetically stirred
for 48 hrs at room temperature until clear solutions were formed. The resulting solutions were of concentrations
0.1 mg/ml each. The solutions were blended with P3HT: PCBM at weight ratios of 3:1, 1:1 & 1:3 keeping the
total weight of the film fixed at 4 mg. The mixtures were magnetically stirred for 3 days at room temperature and
then transferred to 3 cm diameter petri-plates, dried at room temperature and then at about 50 ◦C in hot air oven.
The film composition is as shown in Table 1.

TABLE 1. Weight proportions of blends

P3HT/Xylene (P type) PCBM/Xylene (N type) P:N

4 mg 0 mg Pure P

3 mg 1 mg 3:1

2 mg 2 mg 1:1

1 mg 3 mg 1:3

0 mg 4 mg Pure N

3. Result and discussion

One of the major problems in polymer solar cells is insufficient absorption in the solar irradiation spectrum.
Even the widely studied phenylene-vinylene polymers have band edges at 550 nm [2]. However, the pure P3HT
film has absorption extending from 300 nm to 640 nm. The spectrum has two peaks at 520 nm and 560 nm
with one shoulder around 620nm, having onset of absorption (the absorption edge) at about 640 nm, matching
well with the strongest solar spectrum (Fig. 1(a)). The first two peaks arise from π – π∗ transition and the
shoulder is due to interchain interactions [2]. Pure PCBM shows the strongest absorption in the UV region with a
broad tail of absorption extending up to 800 nm (Fig. 1(e)). The strong absorption in the UV region arises from
HOMO-LUMO (Highest Occupied Molecular Orbital-Lowest Unoccupied Molecular Orbital) transitions [3] or in
other words the strongest absorption is attributed to the formation of higher excited singlet states [4]. The spectra
are in good agreement with previously reported results. Spectra for all other blends are the superposition of the
component spectra. The effect of PCBM in the blend is to reduce the absorption of P3HT in the visible region
followed by increase of absorption in UV region and beyond 650 nm. The modification in the spectrum is because
of the interaction between PCBM molecules and P3HT polymer chain. Modified fullerene molecules hinder the
interaction among the P3HT chains [5]. Although the 3:1 and 1:1 blends have enough absorption in the visible
region as indicated Fig. 1(b) and Fig. 1(c) respectively, the absorption coefficient of 1:3 blend is greater in the UV
region and beyond 640 nm as depicted in Fig. 1(d). Relatively, the 1:3 blend has wide spectral sensitivity (Fig. 1(f))
and can be considered as the best photoactive blend among the samples prepared. Pure P3HT sample has onset
wavelength of 640 nm with a band gap of 1.93 eV as calculated from Fig. 2(a). Onset wavelengths for 3:1 & 1:1
blends are almost same of about 632 nm with a band gap of 1.96 eV as revealed by Fig. 2(b) and Fig. 2(c). The
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calculations from Tauc’s plot shows that the onset wavelength of the optimized blend is 653 nm with band gap
1.9 eV in accordance with Fig. 2(d). The absorption by the blend can be further enhanced by doping with metal
nano particles, exploiting Localised Surface Plsmon Resonance (LSPR) or by dye sensitization. Nanodoping/dye
sensitization of 1:3 P3HT: PCBM blend and construction of solar cell using the same is our work in progress.

(a) (b) (c)

(d) (e) (f)

FIG. 1. Spectrum of pure P3HT film (a); 3:1 (b); 1:1 (c); 1:3 (d) P3HT:PCBM; pure PCBM (e)
and overlay spectra of all films (f)

4. Conclusion

We have investigated the UV-VISIBLE absorption spectra for 3:1, 1:1, 1:3 blends of P3HT:PCBM mixed
p-n junction photoactive material along with their pristine glass coated films. Spectral analysis indicated that
increased weight percentage of PCBM in the blend broadened the spectral region of absorption. The 1:3 blend of
P3HT:PCBM showed broad spectral absorption and was selected as the best photoactive blend. The optimized blend
had the smallest band gap (1.9 eV). By doping the blend with metal oxide nanoparticles or by dye sensitization,
the absorption can be further enhanced. Exploiting Plasmon Resonance through nanodoping of the selected blend
is an area for future investigation. Additionally, there are plans for dye sensitization of the active blend which are
being explored. Finally, we conclude that the 1:3 blend of P3HT:PCBM can be used as a photoactive material for
constructing a plastic solar cell and the construction of this solar cell is progressing.
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(a) (b)

(c) (d)

FIG. 2. Tauc’s plot for pure P (a); 3:1 P:N (b); 1:1 P:N (c); 1:3 P:N (d)
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TiO2, Ag and CuO nanomaterials, and nanostructured TiO2/Ag/CuO photocatalytic materials coupled in different weight percentages were

synthesized. The prepared materials were characterized by XRD, SEM, EDX and UV-Vis diffuse reflectance spectroscopy. Photocatalytic

degrading capabilities of the pure, as well as the nanostructured TiO2/Ag/CuO photocatalytic materials were tested on the dye effluent collected

from the textile industries. The samples collected during the photocatalytic degradation of textile dye effluent were studied with UV-Vis

spectroscopy. The nanostructured TiO2/Ag/CuO photocatalyst with the composition of 80:10:10 weight percentage exhibited remarkable per-

formance. Coupling of Ag metal nanoparticles and narrow bandgap CuO semiconductor nanomaterial to the wide bandgap TiO2 semiconductor

nanomaterial was found to modify the operative bandgap of the system and generate electron-hole pairs under visible light irradiation. The

coupled TiO2/Ag/CuO system facilitates improved electron transfer to the adsorbed molecules, and thus the system improves the photocatalytic

degradation of dyes by enhanced redox mechanism.
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1. Introduction

In 1972, Fujishima and Honda found that TiO2 could be used as catalytic electrode in a photo-electrolysis
cell to decompose water into H2 and O2, without applying an external voltage [1]. Further researches established
the use of TiO2 for photo-assisted degradation of organic compounds and reduction of inorganic compounds.
Researches on purification of polluted water gained greater importance with ever increasing need to purify the
industrial effluents as well as the contaminated water resources by the industrial waste streams which often created
serious health and environmental problems. Among the many, textile effluents play significant role in polluting the
water resources and the environment. Traditional effluent purification processes often produce end products with
carcinogenic compounds, which require further treatment for complete purification. The photocatalytic degradation
of textile effluents using nanophotocatalysts through advanced oxidation process is one of the recent scientific
explorations that gain importance mainly due to its ability to produce harmless end products [2–4].

Titania is a semiconductor with bandgap energies in the range of 3.2 – 3.4 eV, and hence could produce
electron–hole pairs upon UV region photon irradiation. When these photogenerated charge carriers migrate to the
surface without recombining, they could interact with the adsorbed water and oxygen molecules to produce radical
species. These radicals strike any adsorbed organic dyes and lead to complete or selective degradation. Repeated
efforts are being made by the researchers to trigger this degradation process under visible light irradiation, to make
the process very economical by using abundantly-available solar light in various photocatalytic applications. Effi-
cient photogeneration of electron – hole pairs, prevention of their recombination and reduction of specific surface
area of the particles of the photocatalysts are the key factors in increasing the efficiency of photocatalytic activ-
ity. Several researchers have proven that coupling of semiconductors with noble metals and other semiconductor
materials at nanoscales plays significant role in modifying the above factors [5–9].

In this exploration, TiO2, Ag and CuO nanomaterials, and nanostructured TiO2/Ag/CuO photocatalysts coupled
in different weight percentages were synthesized under optimized conditions [10,11] and tested for their degradation
efficiency on a model dye and also on an effluent collected from textile industries in Tamil Nadu, India.

2. Experimental methods

Titania was synthesized using the sol-gel method, by dissolving the precursor titanium (IV) isopropoxide in
isopropanol under continuous stirring at room temperature, and then by adding citric acid as the chelating agent
mixed with deionized water. Ag and CuO were synthesized via thermal decomposition method by heat treatment
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of silver acetate and copper acetate, separately in alumina crucibles, by rising the temperature up to 300 ◦C
in steps of 4 ◦C/min. Then, the respective polycrystalline nanoparticles were synthesized by annealing the as-
prepared samples at the optimized temperature of 450 ◦C for 30 minutes. Details for this protocol were reported
elsewhere [12]. Then, the coupled TiO2/Ag/CuO photocatalysts were synthesized by taking the as prepared samples
in three different weight percentages, viz. 80:15:05. 80:10:10 and 80:05:15, grinding them well for 2 hrs, and then
annealing at 450 ◦C for 30 min.

X-ray diffraction studies were carried out on RICH SEIFERT, Germany (model 3000) diffractometer using
Cu-Kα1 radiation (λ = 1.54056 Å), 30 kV voltage, and 10 mA current. Surface morphology and elemental
composition were carried out using QUANTA 200 FEG high resolution scanning electron microscopy (HR-SEM)
and energy-dispersive X-ray spectroscopy (EDX). The optical properties of the samples in UV and Visible ranges
were investigated using CARY 5E UV-VIS-NIR spectrophotometer.

3. Results and discussions

3.1. Phase and structure confirmation

Figure 1 shows the powder XRD patterns of the TiO2, Ag, and CuO, and that of coupled TiO2/Ag/CuO
samples prepared at weight percentages 80:05:15, 80:10:10 and 80:15:05, and annealed at 450 ◦C. The primary
diffraction peaks of the TiO2 were indexed to anatase phase Titania with tetragonal crystal structure, and the values
well matched with the JCPDS card 84-1285. The calculated lattice parameter values are: a = b = 3.784 Å and
c = 9.561 Å.

FIG. 1. XRD patterns of all the prepared samples, annealed at 450 ◦C for 30 min.

The characteristic peaks of the CuO were indexed to monoclinic structure and the values are in good agreement
with the reported values in the JCPDS card 89-5896. The determined lattice parameters are: a = 4.683 Å,
b = 3.424 Å and c = 5.129 Å.

The diffraction peaks of the prepared sample Ag were indexed to cubic structure and could be matched well
with the JCPDS card number 03-0921. The calculated lattice parameters are: a = b = c = 3.914 Å.

The crystallite sizes were estimated using the Scherrer’s formula, and the estimated average crystallite sizes
ranged from 9 to 64 nm. No significant peak shifts were observed in the XRD patterns of the coupled systems.

The HRSEM images, as shown in Fig. 2, of the coupled photocatalysts reveal irregularly-shaped particles,
which are agglomeration of the tiny spherically shaped particles. The average particle sizes of the isolated spheres
were in the range from 25 to 80 nm. The EDX analysis confirmed the elemental composition in the respective
coupled photocatalysts.
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FIG. 2. HRSEM images TiO2/Ag/CuO at wt%: (a) 80:10:10; (b) 80:15:05

3.2. Optical properties and bandgap energies

UV-Vis Diffuse Reflectance spectrum of the prepared photocatalytic samples TiO2, TiO2/Ag/CuO (80:15:05),
TiO2/Ag/CuO (80:10:10) and TiO2/Ag/CuO (80:05:15) are shown in Fig. 3. The absorption edge of the pure TiO2

was in the UV region. However, red shifts were observed for the coupled TiO2/Ag/CuO photocatalysts prepared
at three different weight percentages 80:15:05, 80:10:10 and 80:05:15 and their absorption edges have fallen in the
visible region.

The estimated optical band gap energies of pure TiO2 as well as those of the coupled TiO2/Ag/CuO nanopho-
tocatalysts prepared at three different weight percentages 80:15:05, 80:10:10 and 80:05:15 are shown in Table 1.

TABLE 1. Optical band gap energies of the prepared photocatalysts

Photocatalysts Band gap

TiO2 3.3 eV

TiO2/Ag/CuO (80:05:15) 3.0 eV

TiO2/Ag/CuO (80:10:10) 2.9 eV

TiO2/Ag/CuO (80:15:05) 3.0 eV

3.3. Photocatalytic degradation test results

All the photocatalysts were tested for their decoloration efficiency on the methylene blue (MB) dye under vis-
ible irradiations and the results are shown in Fig. 4. The photocatalyst TiO2/Ag/CuO synthesized at 80:10:10 wt %
showed best efficiency with more than 75 % of decoloration in 120 minutes under visible light irradiation.

Then the best photocatalyst TiO2/Ag/CuO (80:10:10) was employed in the degradation of the textile effluent
and the results are shown in Fig. 5. More than 80 % decoloration of the textile effluent was achieved in 240 minutes
under visible light irradiation.

4. Conclusions

TiO2, Ag and CuO, and coupled TiO2/Ag/CuO photocatalysts at three different weight percentages 80:05:15,
80:10:10 and 80:15:05 were synthesized. Their structural, morphological and optical properties were analyzed with
various characterization techniques. Among the prepared photocatalysts, TiO2/Ag/CuO (80:10:10) gave the best
decoloration (about 79 %) of MB in 2 hours under visible light irradiation. This is in agreement with the results
obtained from the optical property studies. The best photocatalyst effectively degraded the textile effluent with an
efficiency of about 82 % of decoloration in 4 hours under visible light irradiation. Inclusion of optimal amount of
CuO and Ag was found to modify the band gap significantly and make the photocatalyst active under visible light.
The CuO acts as sink for photogenerated electrons, prevents recombination and thus enhances the redox reaction
and hence the efficiency of the degradations.
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FIG. 3. Diffuse reflectance spectrum
of the prepared photocatalysts

FIG. 4. Degradation profile – Methy-
lene Blue

FIG. 5. Degradation profile – Textile Effluent
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Copper selenide was prepared by film is successfully deposited on a Fluorine-doped Tin Oxide (FTO) substrate by a brush plating technique.

The film was uniform, had good adherence to the substrate and was annealed at 300 ◦C and 500 ◦C. As the annealing temperature increased,

the orientation of the crystallites is more randomized than in the as-prepared film. The structural and optical properties of the film were

investigated by XRD, SEM, EDAX, UV-Visible and PL. The XRD pattern indicated that this film was crystalline in the structure.
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1. Introduction

Copper selenide (Cu2Se) thin films have attracted considerable interest over the last year owing their wide
range of applications in optoelectronic devices and solar cells. Copper selenide is an interesting metal chalcogenide
semiconductor material. A copper selenide thin film has a direct band gap and is transparent over a wide range of
the visible spectrum. It is seen that the photoelectronic and other properties of II–VI class of compound thin films
are highly optically-sensitive, which in turn, can severely influence device performance [1]. More progress has
been achieved in the fabrication of light emitting diodes, dielectric mirrors and other optically sensitive devices.

Selenium-based alloys are not stable under standard operational conditions because their glass transitions are
typically close to room temperature. In order to stabilize these glasses it is common to use an additive which acts
as a cross-linking agent and increase the dimensionality of structure and stability of the material [2]. The purpose
of present study is to explore and report in detail the structural properties and optical properties of copper selenide
thin film prepared by brush plating technique.

2. Experimental procedure

The precursor solution was prepared by stirring 1 g of copper(II) sulfate (CuSO4) and 0.05 gm of selenium
dioxide (SeO2) in 5 ml of distilled water until the powder is totally mixed to provide a saturated solution. The
Copper Selenide thin films were prepared by Brush Plating technique. The films were grown on Fluorine doped
Tin Oxide (FTO) substrate under optimized conditions. These grown films were uniform, blue in color and showed
good adherence to the substrate surface. All chemicals were of AR grade.

The as-deposited films were annealed at 300 ◦C and 500 ◦C for about 1 hr. The annealed film was utilized
for optical- and structural properties studies.

3. Results and discussion

3.1. XRD Analysis

Figures 1(a) and (b) show the X-ray diffraction pattern of the brush plated copper selenide thin film. The XRD
pattern obtained correlated well with the standard JCPDS (06-680) data.

Crystallite size (D) was calculated using Debye-Scherrer’s formula [3]:

D = 0.94λ/β cos θ,

where D is the crystallite size, λ is the wavelength of the kα line, β is the full width at half maxima (FWHM) in
radians and θ is the Bragg’s angle. The crystallite grain size increased from 2 – 53 nm as the annealing temperature
increased [4]. The observed ’d’ values 4.5, 2.2, 2.0, 1.5 Å are in good agreement with the standard ’d’ values.
Peaks corresponding to (1 1 0), (2 2 0), (3 1 0), (4 0 1) were observed [5].
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(a) (b)

FIG. 1. XRD pattern of Cu2Se thin film annealed at 300 ◦C (a) and 500 ◦C (b)

3.2. Morphological studies and compositional analysis

Scanning electron microscopy is a convenient tool to study the surface morphology of micro- and nanoscale
materials as well as thin films. Fig. 2(a,b) shows the SEM images of CuSe thin films annealed at 300 ◦C and
500 ◦C recorded at 20 kV with the magnification 10000 using the instrument JSM-6390. The particle size increased
as the annealing temperature increased [6].

(a) (b) (c)

FIG. 2. SEM image of Cu2Se as deposited (a); annealed at 300 ◦C (b) and 500 ◦C (c)

The EDAX analysis from Fig. 3(a–c) revealed that the presence of copper, selenium, oxygen and other elements
like silicon, tin on the FTO substrate. The EDAX spectrum recorded in the binding energy region of 0 – 10 keV
showed the presence of copper and selenium in thin films. EDAX analysis of the mass % and atom % of copper
selenide films are tabulated in Table 1. EDAX spectrum confirms the presence of copper and selenium in the thin
films [7].

(a) (b) (c)

FIG. 3. EDAX analysis of Cu2Se as deposited (a); annealed at 300 ◦C (b) and 500 ◦C (c)
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TABLE 1. Mass and Atom percentage of Cu2Se annealed at 300 ◦C and 500 ◦C

Sample Mass % Atom %
Copper Selenium Copper Selenium

As-deposited 49.35 1.19 26.23 0.51

Annealed at 300 ◦C 38.73 0.42 21.78 0.19

Annealed at 500 ◦C 16.37 0.41 12.89 0.26

3.3. Optical absorption, transmittance and reflectance measurement

The typical optical absorbance, transmittance T (%) spectra and reflectance spectra of the films prepared using
brush plating method are presented in Fig. 4(a–c) respectively for the as-deposited and annealed samples (at 300 ◦C
and 500 ◦C). Annealing the film at 300 ◦C and 500 ◦C resulted in some changes in the optical transmittance and
absorbance spectra of the films.

(a) (b) (c)

FIG. 4. Absorption (a), transmittance (b) and reflectance (c) spectra for Cu2Se

The Egdir values for the samples were as follows: as-deposited – 2.95 eV; 300 ◦C annealing – 2.86 eV and
500 ◦C annealing – 2.75 eV. The Egind values were as follows: as-deposited – 2.16 eV; 300 ◦C annealing –
2.54 eV and 500 ◦C annealing – 2.38 eV. The indirect band gap values were as follows: re as-deposited – 2.16 eV;
300 ◦C annealing – 2.54 eV and 500 ◦C annealing – 2.38 eV. All these optical band gap values are close to those
previously obtained for the material used for solar cells, which means that these materials have good utility for this
purpose [8].

3.4. Photoluminescence spectrum

The photoluminescence spectra of Cu2Se thin films are shown in Fig. 5. From the spectra, the photons are
excited at a wavelength of 280 nm. As the annealing temperature increases, the intensity of the peak increases.
From the spectra, the peaks observed in emission of Cu2Se thin films are at a wavelength 561 nm [9]. The spectra
of the as-deposited Cu2Se films and the annealed films showed increasing intensity as the annealing temperature
increased.

FIG. 5. Excitation Spectra of Cu2Se
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4. Conclusion

Copper Selenide thin films were successfully deposited on FTO substrates by a brush plating technique. The
films were uniform and had good aherence to the substrate. The XRD of Copper Selenide films formed a cubic
structure. The crystalline size of the films were determined by Scherrer’s formula and it increased from 2 – 53 nm
as the annealing temperature increased [10]. The energy gap values of the films were determined and compared
with the reported one. The emitted and excited wavelength were determined from the photoluminescence spectra.
The structural properties, surface morphological studies and chemical composition analysis were investigated and
reported.
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Tungsten selenide (WSe2) film was successfully deposited on FTO substrate by brush plating technique. The film was uniform and well

adherent to the substrate and annealed to 300 ◦C and 500 ◦C. As the annealing temperature was increased the orientation of the crystallites

was more randomized than in the as-prepared film. The structural and optical properties of the film were investigated by XRD, SEM, EDAX,

UV-Visible and PL. The XRD pattern indicates that this film was crystallized in the hexagonal structure.
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1. Introduction

Metal Chalcogenide thin films such as tungsten selenide films are promising semiconducting materials suitable
for solar cells. Tungsten selenide thin films have band gaps of 2.16 eV ≤ Eg ≤ 2.65 eV and reasonable overlap
with the solar spectrum [1]. Tungsten selenide thin film has direct band gap and is transparent over a wide range
of the visible spectrum. It can be seen that the photoelectronic and other properties of class II–VI compound thin
films are highly optically sensitive, which in turn can severely influence device performance. More progress has
been achieved in the fabrication of light emitting diodes, dielectric mirrors and other optically sensitive devices [2].

2. Experimental procedure

Precursor solution was prepared by magnetically stirring 1 g of tungsten trioxide (WO3) and 0.05 g of selenium
dioxide (SeO2) with 5 ml of distilled water until the powder was thoroughly mixed to form a homogenous solution.
The tungsten selenide thin films were prepared by Brush Plating technique on the FTO (Fluorine doped Tin Oxide)
substrate. The as-deposited films were annealed at 300 ◦C and 500 ◦C for about 1 hour. The structural optical and
morphological properties of the as-deposited and annealed tungsten selenide thin films were studied.

3. Results and discussion

3.1. XRD Analysis

Figure 1(a) shows the XRD pattern of the as-deposited tungsten selenide film on the FTO (Fluorine doped
Tin Oxide) substrate. The as-deposited WSe2 films are amorphous in nature. Fig. 1(b) and 1(c) show the XRD
pattern of tungsten selenide films which were annealed at 300 ◦C and 500 ◦C respectively. The pattern shows
well-defined peaks, suggesting that the films are polycrystalline. Tungsten selenide possesses a hexagonal structure
with a = 3.29 Å and b = 12.97 Å. The XRD pattern obtained correlated well with the standard JCPDS (06-0080)
data. Peaks corresponding to (0 0 4), (1 0 2), (1 0 3), (1 0 6), (1 1 0), (1 0 8) were observed. The observed peaks
were identified and matched with the reported values [3]. The crystallite grain size in the film was calculated using
the Scherer’s formula [4]:

D = 0.94λ/β cos θ (nm),

where D is the crystallite size, λ is the wavelength of the kα line, β is the full width at half maxima (FWHM) in
radians and θ is the Bragg’s angle. The crystallite grain size increased from 9 – 11 nm as the annealing temperature
was increased [5].
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FIG. 1. WSe2 film as deposited (a); annealed at 300 ◦C (b) and 500 ◦C (c)

3.2. Morphological study of tungsten selenide thin films

Figure 2(a-b) shows SEM images of tungsten selenide films. Detailed morphological study of the films was
carried out using the JSM-6390 instrument. At 1.500× magnification the film shows a clear picture. When the
magnification is increased from 1.500 to 10.000 the flakes type crystals are found. Smooth surface is obtained in
the as-deposited film. The particle size was found to increase as the annealing temperature was increased [6].

(a) (b) (c)

FIG. 2. As-deposited tungsten Selenide (a); film annealed at 300 ◦C (b) and 500 ◦C (c)

3.3. EDAX analysis of tungsten selenide films

The EDAX spectrum was recorded in the binding energy region of 0 – 10 keV Fig. 3(a,b) reveal the presence
of tungsten, selenium, oxygen and other elements like silicon, tin on the FTO substrate. EDAX analysis of the
elements present, mass % and atom % of tungsten selenide films are also tabulated [7] (Table 1).

TABLE 1. Mass and Atom percentage of WSe2 annealed at 500 ◦C and 500 ◦C

Sample Mass % Atom %
Tungsten Selenium Tungsten Selenium

As-deposited 2.16 0.47 1.18 0.6

Annealed at 500 ◦C 42.37 3.82 23.8 4.99
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(a) (b) (c)

FIG. 3. WSe2 as deposited (a); annealed at 300 ◦C (b) and 500 ◦C (c)

(a) (b)

FIG. 4. Absorption (a) and transmittance (b) spectra for Tungsten Selenide films

3.4. Optical absorption and transmittance measurement

Typical optical absorbance and transmittance T (%) spectra of the films prepared using brush plating method
are presented in Fig. 4(a,b) respectively for the as-deposited and annealed samples (at 300 ◦C and 500 ◦C).
Annealing the film at 300 ◦C and 500 ◦C did cause some changes in the optical transmittance and absorbance
spectra of the films.

The typical optical absorbance and transmittance spectra of as-deposited and annealed films of tungsten selenide
have been recorded and the band gap values for the films were estimated. For this, the transmittance spectra were
corrected for the loss due to reflectance. The direct and indirect band gap values were obtained from plots of
α2
g , α

1/2
g respectively, against the corresponding photon energy (hν) values. Table 2 shows band gap energy of

Tungsten selenide thin films for as-deposited as well as for the annealed at 300 ◦C and 500 ◦C. These optical
band gap values are close to that of the already reported materials used in solar cells, which means that these films
reveals good optical property necessary for this purpose [8].

TABLE 2. Direct and Indirect band gap of WSe2

Tungsten Selenide Direct band gap (eV) Indirect band gap (eV)

As-deposited film 2.75 2.375

Annealed at 300 ◦C 2.65 2.20

Annealed at 500 ◦C 2.48 2.16

3.5. Photoluminescence spectrum

The photoluminescence spectra of the WSe2 thin films are shown in Fig. 5. From the spectra, the photons are
excited at a wavelength of 280 nm. As the annealing temperature increased, the intensity of the peak increased.
From the spectra, the peaks observed in the emission spectrum of WSe thin films are at a wavelength of 560 nm.
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The spectra of the as-deposited WSe films and the annealed films show an increase in the intensity as the annealing
temperature is increased.

(a) (b)

FIG. 5. Excitation (a) and emission (b) spectra of Tungsten Selenide films

4. Conclusion

Structural and surface morphological studies of tungsten selenide thin films deposited by a brush plating
method were carried out with (i) as deposited film, (ii) film annealed at 300 ◦C and (iii) film annealed at 500 ◦C.
The SEM micrographs reveal changes in the surface morphology from amorphous to polycrystalline at 300 ◦C and
an increase in the size of crystallites when annealed at 500 ◦C. Also, the EDAX analysis confirmed the presence of
tungsten and selenium in the films. Optical characterization has been performed and band gap values were obtained
for the films which revealed that the films possessed very good optical properties necessary for the materials used
in solar cells [9].
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Zinc oxide (ZnO) / Tin oxide (SnO2) / Zinc stannate (Zn2SnO4) nanocomposite is prepared via hydrothermal route followed by calcination.

The nanocomposite is characterized by X–ray powder diffraction, Fourier Transform Infrared spectroscopy and UV spectroscopy techniques.

The nanocomposite’s morphology and the elemental composition is recorded using field emission scanning electron microscopy and energy

dispersive X–ray spectroscopy analysis. The nanorods dispersed in the matrix of nanoparticles increases the surface active sites for gas

adsorption and this material would be explored as a potential candidate for gas sensing applications at room temperature with quick response

and recovery in the near future.
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1. Introduction

A hybrid nanomaterial comprised of zinc oxide (ZnO) and tin oxide (SnO2) act as multi-component system
in which two or more of its combinations result in the enhancement of functional properties. Both ZnO and
SnO2 are well-known wide direct band gap (Eg = 3.37 eV and 3.6 eV at 300 K respectively) semiconductors and
both serve as potential candidates in the field of gas sensors, solar cells, optoelectronic devices, LED, lithium ion
batteries and so on. Recent investigations also state that the addition of a secondary component oxide in the form
of the composite inhibits the grain growth of the host material [1] and these coupled oxides with different band gap
widths are the effective approaches to enhance the storage capacity, photocatalytic activity, sensing of gases etc., [2]
Voluminous reports are available for synthesizing such composites with unique hierarchical morphologies [3]. In
this present work, ZnO/SnO2/Zn2SnO4 composite is prepared via a hydrothermal route and it is characterized with
various state-of-the art techniques and is reported herein.

2. Experimental details

0.1 M aqueous zinc chloride and stannous chloride solution together with glyoxylic acid monohydrate
(C2H2O3·H2O) was prepared. Ammonium hydroxide was added dropwise under constant stirring at room tem-
perature to adjust the pH to 9. The gel was then transferred into a Teflon – lined stainless – steel autoclave
and maintained at 160 ◦C for 3 h. Aerogel was collected, washed with absolute ethanol and deionized water
several times and dried in air. The product obtained was calcined at 600 ◦C for 3 h.

The X-ray powder diffraction (XRD) pattern of the sample was carried out using PANalyticalX’Pert PRO
diffractometer with Cu-Kα radiation (λ= 1.54 Å) in 2θ ranging from 20 ◦–80 ◦. The crystalline nature of the
samples and the identification of different phases were accomplished by comparing the XRD pattern with standard
data provided by the International Center for Diffraction data (ICDD). The lattice parameters were calculated by
least squares method and the average crystallite size (D) was calculated using the Scherrer formula:

D(nm) =
Kλ

β cos θ
, (1)



708 M. Chitra, K. Uthayarani, et al.

where K is a constant (app 0.9 assuming the particles are spherical), λ is the wavelength of CuKα radiation
(1.54056×10−10 m), β is full width at half maximum (FWHM) (in radian) and θ is the angle of diffraction (in ◦).
The surface morphology of the sample was examined using ZEISS ultrafield emission scanning electron microscope
(FE-SEM). The elemental composition analysis was carried out using an energy dispersive X-ray (EDAX) spec-
trometer (Oxford EDS INCA PENTA FETX3) attached with FE-SEM. Fourier Transform Infrared (FT-IR) spectra
of the samples were recorded in the 4000 – 400 cm−1 region using a Perkin Elmer RX1 FT-IR spectrometer by
KBr pellet technique. UV-visible spectrum was obtained using JASCO – UV VIS spectrophotometer.

3. Results and discussion

Figure 1 shows the XRD pattern of the as prepared sample. The peaks obtained in the XRD pattern matches
both the hexagonal wurtzite structured ZnO(ICDD No:36-1451) and tetragonal structured SnO2 (ICDD No: 41-
1445).

FIG. 1. XRD pattern of ZnO/SnO2/Zn2SnO4 nanocomposite material

In this context, only negligible variation in the lattice parameters occurs for both the phases, which suggests
that Zn2+ ions might not have been substituted into the SnO2 lattice due to its larger ionic radius (Zn2+ = 0.79 Å
and Sn4+ = 0.68 Å). In addition to these two individual oxides, two sharp peaks at (311) and (422) of the secondary
phase corresponding to the spinel Zn2SnO4 (ICDD No: 24-1470) were observed. This reveals the polycrystalline
nature of the composite material and is also supported by the formation of SnO2 nanoparticles amidst the ZnO
nanorods in the FeSEM image. The diffractogram displays a preferential orientation to the ZnO reflection at 2θ ∼
36.195◦, SnO2 reflection at 2θ ∼26.476◦ and Zn2SnO4 reflections at 2θ ∼ 34.290◦ and 51.796◦. The existence of
these three phases for an equimolar (1:1) mixture of Zn/Sn nanocomposite at a higher calcination temperature is
supported by the reports of Wang et al [1], Ruvini Dharmadasa et. al. [2]. The crystallite size of the composite
material comprising the peaks of ZnO, SnO2 and Zn2SnO4 were calculated using the Scherrer formula is around
30 nm, 29 nm and 21 nm respectively. The observed smaller crystallite size of 27 nm would enhance the sensitivity
of the composite material towards gases.

Fe–SEM image of the composite material in Fig. 2(a) depicts both the smaller spherical and larger hexagonal
structured nanoparticles clouded amidst the nanorods. The hexagonally-faceted nanorods of length 105 nm and
diameter 30 nm correspond to ZnO. The spherical-shaped nanoparticles of grain size around 25 nm correspond to
the SnO2 nanoparticles. The formation of hexagonal shaped nanoparticles of about 20 nm is due to the existence
of the secondary phase Zn2SnO4 which inhibits the growth of ZnO nanorods. The presence of Zn (26.79%), Sn
(28.81%) and O (44.40%) observed from the EDAX analysis (Fig. 2(b)) also supports the equimolar mixture of
the precursors. The nanorods in the matrix of the nanoparticles would increase the surface area of the composite
material which might provide more surface active sites for the adsorption of gas molecules.

The FT-IR spectrum of the composite material is shown in Fig. 3. The strong absorbance band around
3524 cm−1 corresponds to the stretching vibration (H-O-H) and a peak around 1515 cm−1 corresponds to the
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FIG. 2. (a) Fe–SEM image of ZnO/SnO2/Zn2SnO4 nanocomposite material; (b) EDAX spectrum
of ZnO/SnO2/Zn2SnO4 nanocomposite material

bending vibrations (O-H) between oxygen and hydrogen atoms of the bound water. The absorption bands at 664.89,
866.81 and 1696.90 cm−1 are due to the vibration of M–O or M–O–M groups in ZnO, SnO2 and Zn2SnO4 [4].
The results obtained by FT-IR analysis further confirm the formation of the composite and thus agree with the
results obtained in XRD analysis.

FIG. 3. FT–IR spectrum of ZnO/SnO2/Zn2SnO4 nanocomposite material

Figure 4 shows the UV–Vis absorption spectrum of the composite material measured in the wavelength range
of 200–800 nm. The absorption band edges were observed around 223 nm, 226 nm and 376 nm which correspond
to the characteristic bands of SnO2, Zn2SnO4 and ZnO respectively. Investigations done on such equimolar mixture
of Zn/Sn composites obtain similar kind of absorption edge for the nanoparticles ranging from 40–70 nm. The
reported band gap values of ZnO, SnO2 and Zn2SnO4 are 3.37 eV, 3.65 eV and 3.6 eV respectively. The band gap
value of the composite material calculated using the Tauc plot (shown in Fig. 5) is 3.7 eV. The smaller band gap
value obtained by the composite material is attributed to the synergistic effect of the material.

4. Conclusion

ZnO/SnO2/Zn2SnO4 nanocomposite has been successfully synthesized via a hydrothermal route followed by
calcination. The formation of the composite was confirmed by XRD and FT–IR. Fe–SEM image revealed the
presence of SnO2 nanoparticles among the ZnO nanorods. The secondary phase Zn2SnO4 in the material inhibited
the growth of nanorods, resulting in a larger surface area.
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FIG. 4. UV–Vis spectrum of ZnO/SnO2/Zn2SnO4 nanocomposite material

FIG. 5. Tauc plot of ZnO/SnO2/Zn2SnO4 nanocomposite material
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Titanium dioxide nanoparticles have been used to control corrosion of mild steel in well water in the absence and presence of an aqueous

May flower extract. As the concentration of TiO2 increases, the inhibition efficiency also increases. 100 ppm of TiO2 offers 84 % inhibition

efficiency. The addition of 10mlof May flower extract enhances the inhibition efficiency to 95 %. Adsorption of TiO2 on the metal surface

follows Langmuir adsorption isotherm. Polarization study reveals that the flower extract-TiO2 system functions as mixed type of inhibitor,

controlling both anodic and cathodic reactions. AC impedance spectra reveal the formation of a protective film on the metal surface. This

technology may find application in cooling water systems and concrete technology.
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1. Introduction

Nanotechnology is an emerging field through which new productions on nano scale can be manufactured.
Producing a new generation of textiles which possess antimicrobial properties using nanoparticles has attracted a
great deal of attention from both scientists and consumers in recent years [1, 2]. Furthermore, metal nanoparticles
show unique properties due to their peculiar electronic configuration, very large surface area and high amount of
surface atoms [3]. For instance, metal nanoparticles show a broad absorption band in the visible region of the
electromagnetic spectrum [4]. Some amazing properties of metals are used in order to improve the photocatalytic
activities of semiconductors, such as TiO2 and SiO2, which are among the most efficient ones, resulting in better
photocatalytic properties, even under visible rays [5]. Some noble metals, such as Ag [6], Au [7] and Pd [8] have
stood the test of time in the field of producing nanocomposites.

Several nanoparticles have been used as corrosion inhibitors. As the particle size decreases, the inhibition effi-
ciency increases because the surface area covered by the nanoparticles on the metal’s surface increases. Nano-TiO2

particles have improved the corrosion resistance of carbon steel [9], Ni-base alloys [10], aluminum surface [11].
A TiO2 nanoparticle coating has been used to prevent biofilm formation in water and wastewater installations.
Copper nanoparticles have improved the corrosion inhibition efficiency of carbon steel. Titanium dioxide (TiO2)
is a very promising metal oxide which has been widely studied as a photocatalyst for organic synthesis [12]
and environmental cleaning processes [13]. Recent applications, based on the photocatalysis and photoactivity of
TiO2, include antifouling, antibacterial, deodorizing and self-cleaning functions [14]. In close connection with the
developments in academic research, TiO2 photocatalysis technology has also become more attractive in industrial
applications due to its effectiveness, availability, low cost and chemical stability [15].

In this work, TiO2 nanoparticles were prepared using commercially available titanyl chloride solution and
characterization studies by SEM, EDS. The corrosion resistance of mild steel in well water in the presence of
titanium dioxide nanoparticles and an aqueous extract of may flower (Delonix regia) by weight loss method,
polarization study and AC impedance spectra.
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2. Experimental methods

2.1. Preparation of TiO2 nano particles

Stage1: 50 g of titanium tetrachloride of AR grade was chilled in a freezer overnight and placed in a 500 ml
flask. To this, 250 ml of deionized ice water was added drop-wise while continuously shaking the flask. The
reaction produced an aqueous titanyl chloride.

Stage 2: The titanyl chloride solution was then added dropwise to a solution of 10 ml glycolic acid (Merck,
70 %) in a flask. Deionized water was added dropwise until a total volume of 300 ml was reached, while
continuously shaking the flasks.

Stage 3: The precursor solution was then allowed to stand for 15 days at room temperature, until white
precipitates formed. The precipitates were filtered using a pressure filtration unit and then washed with water and
methanol [16].

2.2. SEM and EDAX spectra

A few drops of the solution containing TiO2 nanoparticles were dried on a glass plate. The solid mass was used
for recording SEM and EDAX. SEM and EDAX were recorded in field Emission Scanning Electron Microscopy
(FESEM-SUPRA 5S)-(ARLZEISS, GERMANY).

2.3. Preparation of the specimen

Mild steel specimens (0.026 % S, 0.06 % P, 0.4 % Mn, 0.1 % C, and the rest iron) of the dimensions
1.0 cm ×4.0 cm × 0.2 cm were polished to a mirror finish and degreased with trichloroethylene and used for the
weight loss method and surface examination studies.

2.4. Preparation of May flower extract

An aqueous extract of May flower (Delonix regia) was prepared by grinding 10 g of flower using sterile
mortar and pestle, filtered through three layers of muslin cloth and make up to 100 ml using double distilled water.
This aqueous extract was used as corrosion inhibitor. The image of May flower are shown in Fig. 1.

FIG. 1. May flower

2.5. Determination of corrosion rate

The weighed specimens in triplicate were suspended by means of glass hooks in 100 ml of well water
containing various concentration of TiO2 nanoparticles in the presence and absence of may flower extract (FE) for
one day. The specimens were taken out, washed in running water, dried, and weighed. From the change in weights
of the specimens, corrosion rates were calculated using the following relationship:

CR = [(Weight loss in mg)/(Area of the dspecimens in dm2 × Immersion periods in days)] mdd. (1)

Corrosion inhibition efficiency (IE %) was then calculated using the equation:

I.E. = 100[1 − (W2/W1)]%, (2)

where, W1 – corrosion rate in the absence of the inhibitor, and W2 – corrosion rate in the presence of the inhibitor.
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2.6. Potentiodynamic polarization

Polarization studies were carried out in a CHI – Electrochemical workstation with impedance, Model 660A. A
three-electrode cell assembly was used. The three electrode assembly is shown in Fig. 2. The working electrode
was mild steel. A saturated calomel electrode (SCE) was the reference electrode and platinum was the counter
electrode. From the polarization study, corrosion parameters such as corrosion potential (Ecorr), corrosion current
(Icorr) and Tafel slopes (anodic = ba and cathodic =bc) and Linear polarization resistance (LPR) were calculated.
The scan rate (V/S) was 0.01 and the hold time at (Efcs) was zero and quit time(s) was two.

FIG. 2. Circuit diagram of three-electrode cell assembly. WE- working electrode (mild steel),
RE-Reference electrode (saturated calomel electrode (SCE)), CE- Counter electrode (platinum)

2.7. AC impedance spectra

AC impedance spectral studies were carried out in a CHI – Electrochemical workstation with impedance,
Model 660A. A three-electrode cell assembly was used. The working electrode was mild steel. A saturated
calomel electrode (SCE) was the reference electrode and platinum was the counter electrode. The real part (Z’)
and imaginary part (Z”) of the cell impedance were measured in ohms at various frequencies. Values of the charge
transfer resistance (Rt) and the double layer capacitance (Cdl) were calculated.

3. Results and Discussion

3.1. Characterization of TiO2 nanoparticles

The TiO2 nanoparticles have been synthesized. The SEM image of the TiO2 nanoparticles is shown in Fig. 3.
The quantitative results for TiO2 are shown in Fig. 4.

3.2. Analysis of EDS

EDAX spectrum of TiO2 nanoparticles is shown in Fig. 5. The data derived from the spectra are given in
Table 1. The processing option during recording the spectrum was normalized (all elements were analyzed). The
number of iterations was 3. The following standards were used: carbon – CaCO3; oxygen – SiO2; titanium – Ti.
The size of TiO2 nanoparticles is shown in Fig. 6. The size of TiO2 nanoparticles was shown to range from 70 –
90 nm.

TABLE 1. Date derived from EDAX

Element Weight% Atomic%

O K 9.03 22.90

Ti K 90.97 77.10

Totals 100.00
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FIG. 3. The SEM image of TiO2 nanoparticles

FIG. 4. The quantitative results of TiO2 nanoparticles

FIG. 5. EDAX spectrum of TiO2 nanoparticles
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FIG. 6. The size of TiO2 nanoparticles

4. Weight loss method

4.1. Corrosion inhibition by TiO2 system

Corrosion rates (CR) of mild steel immersed in well water (WW) in the absence and presence of TiO2 and the
inhibition efficiencies (IE) obtained by weight loss method are given in Table 2. It was observed that when 100 ppm
of TiO2 was added to well water, the corrosion rate decreases to a great extent; and an inhibition efficiency of 80 %
was obtained. This is due to the adsorption of TiO2 nanoparticles on the metal’s surface. As the concentration of
TiO2 increases, the corrosion rate decreases and the inhibition efficiency increases (Fig. 7) [17–20].

TABLE 2. Corrosion rates (CR) of mild steel immersed in well water (WW) in the absence and
presence of TiO2 and the inhibition efficiencies (IE) obtained by the weight loss method

TiO2 Ppm CR mdd IE %

0 23.45 -

0 13.93 41

40 11.26 52

60 7.50 68

80 6.80 71

100 4.69 80

FIG. 7. Correlation between concentration of TiO2, corrosion rate and inhibition efficiency



716 P. Nithyadevi, R. Joseph Rathish, et al.

4.2. Corrosion inhibition by May flower extract (FE) system

Corrosion rates (CR) of mild steel immersed in well water (WW) in the absence and presence of May flower
extract and the inhibition efficiencies (IE) obtained by weight loss method are given in Table 3. It was observed
that when 10 ml of flower extract was added to well water, the corrosion rate decreases significantly and an
inhibition efficiency of 84 % was obtained. This is due to the adsorption of active principles of May flower
extract on the metal surface. As the concentration of flower extract increases, the corrosion rate decreases and the
inhibition efficiency increases. (Fig. 8).

TABLE 3. Corrosion rates (CR) of mild steel immersed in well water (WW) in the absence and
presence of May flower extract and the inhibition efficiencies (IE) obtained by weight loss method

FE ml CR mdd IE %

0 23.45 -

2 12.66 46

4 10.55 55

6 7.97 66

8 6.10 74

10 3.75 84

FIG. 8. Correlation between concentration of May flower extract, corrosion rate and Inhibition
Efficiency (IE)

4.3. Corrosion inhibition by WW+ TiO2 100 ppm + 10 ml of May FE System

Corrosion rates (CR) of mild steel immersed in well water (WW) in the absence and presence of TiO2 and
an aqueous extract of May flower extract (FE) and the inhibition efficiencies (IE) obtained by weight loss method
are given in Table 4. It was observed that when 100 ppm of TiO2 was added to well water, the corrosion rate
significantly decreased, and an inhibition efficiency of 80 % was obtained. This is due to the adsorption of TiO2

nanoparticles on the metal surface. When 10 ml of flower extract was added to well water, the corrosion inhibition
efficiency was 84 %. When both 100 ppm of TiO2 and 10 ml May flower extract were added, the IE was 95 %.
Hence, one can conclude that the WW+ TiO2 100 ppm + 10 ml of FE system offers the best inhibition efficiency.
TiO2 is adsorbed on the metal surface and offers corrosion protection by preventing water molecules and aggressive
ions from reaching the metal surface. The active principles of FE are adsorbed on the TiO2 layers. These layers
are hydrophobic in nature and prevent water molecules reaching the metal surface (Fig. 9).

5. Adsorption isotherm for TiO2 system

The adsorption of inhibitor molecules (TiO2 ppm) obeys Langmuir Adsorption Isotherm (Fig. 10). A graph
was made by plotting C vs C/θ, where C is concentration of inhibitor and θ is surface coverage. A linear plot
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TABLE 4. Corrosion rates (CR) of mild steel immersed in well water (WW) in the absence and
presence of TiO2 and an aqueous May flower extract (FE) and the inhibition efficiencies (IE)
obtained by weight loss method

System CR mdd IE %

WW 23.45 -

WW+TiO2100 ppm 4.71 80

WW+10ml of FE 3.77 84

WW+TiO2100 ppm + 10ml of FE 1.18 95

FIG. 9. Correlation between corrosion rates and inhibition efficiencies for various systems

was obtained with R2 value of 0.980. This indicated that the adsorption of molecules on the metal surface obeyed
the Langmuir adsorption isotherm. The slope was 0.940 and intercept was 33.88. The Langmuir constant, K
(calculated from the relation Intercept = log K), was found to be 7.59×1033.

FIG. 10. Langmuir adsorption isotherm for TiO2 system

Since the Langmuir adsorption isotherm is obeyed, it implies that:

• The adsorption of a single adsorbate onto a series of equivalent sites on the surface of the solid.
• The surface containing the adsorbing sites is perfectly flat plane with no corrugations (assuming an

homogeneous surface).
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• The adsorbing molecule adsorbs into an immobile state.
• All sites are equivalent.
• Each site can hold at most one molecule of inhibitor (monolayer coverage only).
• There are no interactions between adsorbed molecules on adjacent sites.
• The formation of Langmuir monolayers by adsorption onto a surface dramatically reduces the entropy of

the molecular system

5.1. Adsorption isotherm for May flower system

The adsorption of inhibitor molecules (May flower extract in ml) obey Langmuir Adsorption Isotherm (Fig. 11).
A graph was made by plotting C vs C/θ, where C is concentration of inhibitor and θ is surface coverage. A linear
plot was obtained with R2 value of 0.970. This indicated that the adsorption of molecules on the metal surface
obeyed the Langmuir adsorption isotherm. The slope was 0.933 and the intercept was 3.088. The Langmuir
constant, K (calculated from the relation Intercept = log K) was found to be 1225×103.

FIG. 11. Langmuir adsorption isotherm for May flower system

6. Potentiodynamic polarization study

Electrochemical analyses, such as Polarization study and AC impedance spectra, have been used to investigate
the corrosion resistance of metals [20–25].

In the polarization study, if corrosion resistance increases, linear polarization Resistance (LPR) value increases
and corrosion current decreases. In the present study, the corrosion resistance of mild steel immersed in well
water in the presence and absence of an aqueous May flower extract and TiO2 has been investigated by a
potentiodynamic polarization study (Fig. 12). The corrosion parameters such as corrosion potential (Ecorr), Tafel
slopes (bc = cathodic, ba = anodic), LPR values and corrosion current (Icorr), derived from the TAFEL plots, are
given in the Table 5.

When mild steel was immersed in well water (WW), the corrosion potential was −631 mV vs SCE, the LPR
value was 7249 ohm cm2 and the corrosion current was 5.268×10−6 A/cm2.

It is interesting to note that when mild steel was immersed in well water containing 100 ppm of TiO2, the
corrosion resistance of mild steel increased. This was due to the presence of TiO2 nanoparticles in the medium.
The nanoparticles were adsorbed onto the metal surface, forming a protective film. Hence, corrosion resistance
increased. This was revealed by the fact that when the mild steel was immersed in WW containing TiO2,
the LPR value increased from 7249 ohm cm2 to 8350 ohm cm2. The corrosion current value decreased from
5.268×10−6 A/cm2 to 1.587× 10−6 A/cm2.

When mild steel was immersed in WW+10 ml of FE + system, it was inferred that the corrosion resistance
of mild steel increased. This was revealed by the fact that, in presence of flower extract, the LPR value was
high (30994 ohm cm2); the corrosion current decreased to 1.045×10−6 A/cm2 and the corrosion potential shifted
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TABLE 5. Corrosion parameters of mild steel immersed in well water (WW) in the absence and
presence of TiO2 and an aqueous flower extract (FE), obtained by polarization study

System Ecorr bc ba LPR Icorr
mV vs SCE mV/decade mV/decade ohm cm2 A/cm2

WW −631 202 155 7249 5.268×10−6

WW+TiO2 100 ppm −663 221 120 8350 1.587×10−6

WW+10 ml of FE −670 199 119 30994 1.045×10−6

WW+TiO2 100 ppm + −641 186 165 36770 1.035×10−6

10 ml of FE

FIG. 12. Polarization curves of mild steel immersed in various test solutions (a) WW,
(b) WW+TiO2 100 ppm, (c) WW+10 ml of FE, (d) WW+TiO2 100 ppm + 10 ml of FE

to the cathodic side (from −631 to −641 mV vs SCE). This means that the cathodic reaction was controlled
predominantly. The active principle present in the flower extract forms a protective film on the metal surface. The
transfer of electrons from the metal to the bulk of the system was prevented. Because of the necessity of electrons,
the cathodic reaction, which involves the interaction of electrons with oxygen and water, is minimized, thus, the
formation of hydroxide ions is reduced.

When mild steel was immersed in theWW+10 ml of FE + TiO2 100 ppm system, the corrosion resistance
of mild steel further appeared to be further increased. This is revealed by the fact that, in presence of flower
extract, the LPR value was very high (36770 ohm cm2); the corrosion current decreased to 1.035×10−6 A/cm2

and the corrosion potential shifted to the cathodic side (from −631 to −670 mV vs SCE). This means that the
cathodic reaction was controlled predominantly. The active principle present in the May flower extract forms a
protective film on the metal surface. The transfer of electrons from the metal to the bulk of the system was
prevented. Because of the need for electrons, the cathodic reaction, which involves the interaction of electrons with
oxygen and water, is limited, thus, the formation of hydroxide ions is reduced. However, when compared with the
WW+10 ml of FE system, (−670 mV vs SCE), the shift is anodic (−641 mV vs SCE). This shift revealed that in
presence of TiO2, the anodic reaction is also controlled. Moreover, when compared with −631 mV vs SCE, this
shift is very small. So it can be considered that the “WW+10 ml of FE + TiO2 100 ppm system” functions as a
mixed inhibitor system, controlling both the anodic and cathodic reactions. Thus, the polarization study leads
one to the conclusion that the corrosion resistance of mild steel in various test solutions decreases in the
order:

WW+TiO2100 ppm+10 ml of FE system>WW+10 ml of FE>WW+TiO2100 ppm>WW

From the data, one can conclude that the WW+TiO2100 ppm + 10ml of FE system offers better inhibition
efficiency than other systems.
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FIG. 13. Comparison of LPR values of various systems

6.1. AC impedance spectra

AC impedance spectra have been used to investigate the corrosion resistance of metals. When corrosion
resistance increases, the charge transfer resistance values (Rt) increase, impedance values increase and double
layer capacitance values (cdl) decrease [26–30]. AC impedance spectra of mild steel immersed in various test
solution are shown in Figs. 14 – 17. Nyquist plots are shown in (Fig. 14), and Bode plots are shown in Fig. 15 –
17. The corrosion parameters are given in Table 6.

TABLE 6. Corrosion parameters of mild steel immersed in well water (WW) in the absence and
presence of TiO2 and an aqueous May flower extract (FE), obtained by AC impedance spectra

System Rt Cdl Impedance
ohm cm2 F/cm2 Log(z/ohm)

WW 181 2.78 × 10−8 2.543

WW+TiO2100 ppm 782 0.639 × 10−8 3.152

WW+10 ml of FE 1021 0.490 × 10−8 3.251

WW+TiO2100 ppm + 10 ml of FE 1080 0.463 × 10−8 3.261

It was observed from Table 6 that when the inhibitor (TiO2 100 ppm) was added to well water, the charge
transfer resistance (Rt) increased from 181 Ω cm2 to 782 Ω cm2. The Cdl value decreased from 2.78×10−8 F/cm2

to 0.639×10−8 F/cm2 and the impedance value increased from 2.543 to 3.152. These results lead one to conclude
that a protective film was formed on the metal surface. Nanoparticles of TiO2 have adsorbed on the metal surface
forming protective film. The surface becomes hydrophobic, hindering water molecules and aggressive ions from
reaching the surface, thus protecting the metal from corrosion.

When the inhibitor (10 ml of may flower extract) was added to well water, the charge transfer resistance (Rt)
increased from 181Ω cm2 to 1021 Ω cm2, the Cdl value decreased from 2.78×10−8F/cm2 to 0.490×10−8 F/cm2

and the impedance value increased from 2.543 to 3.251. These results would seem to indicate that a protective
film was formed on the metal surface. This film is more compact and hydrophobic than the previous case, which
is why the Rt value of this system is higher than that of the previous system.

It was observed that the WW+TiO2100 ppm + 10 ml of FE system is more corrosion resistant than the
previous system because for this system, the Rt value increases to 1080 Ω cm2 and the Cdl value decreases to
0.463×10−8 F/cm2 and the impedance value increases to 3.261. It seems that the flower extract and TiO2 particles
are adsorbed jointly on the metal surface and thus form a better protective film. Thus, AC impedance spectra lead
to the conclusion that corrosion resistance of mild steel in various test solutions decreases in the following order:

WW+TiO2 100 ppm+10 ml of FE system>WW+10 ml of FE>WW+TiO2 100 ppm>WW.
The WW+TiO2 100 ppm + 10 ml of FE system offers better inhibition efficiency than other systems. This

view is in agreement with the polarization study results.
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FIG. 14. AC impedance spectra (Nyquist Plots) of mild steel immersed in various test solutions
(a) WW, (b) WW+TiO2 100 ppm, (c) WW+10 ml of FE, (d) WW+TiO2 100 ppm + 10 ml of FE

FIG. 15. AC impedance spectrum (Bode Plot- impedance) of mild steel immersed in well water (a) WW

FIG. 16. AC impedance spectra (Bode Plots-impedance) of mild steel immersed in various test-
solutions (b) WW+TiO2 100 ppm, (c) WW+10 ml of FE, (d) WW+TiO2 100 ppm + 10 ml of
FE
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FIG. 17. AC impedance spectra (Bode Plots-phase angle) of mild steel immersed in various test
Solutions. black line – WW, grey line – WW+ TiO2 100 ppm, blue line – WW+ 10 ml of FE,
red line – WW+TiO2 100 ppm + 10 ml of FE

7. Conclusion

The present study leads to the following conclusions:

• Titanium dioxide nanoparticles, along with an aqueous may flower extract has been synthesized success-
fully.

• The formulation consisting of 100 ppm of TiO2 nanoparticles and 10 ml may flower extract afforded a
95 % IE for mild steel immersed in well water.

• Polarization study reveals that 100 ppm of TiO2 nanoparticles and 10 ml may flower extract functions as
mixed inhibitor system, controlling both anodic and cathodic reactions.

• AC impedance spectra reveal that the formation of protective film on the metal’s surface.
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Cashew nut shell wastes produced in cashew nut processing factories cause environmental problems. Currently, these wastes are being converted

to a variety of bio-based chemicals and functional materials. Cashew nut shells (CNS) produce cashew nut shell liquid (CNSL), a dark reddish

brown viscous liquid (ca. 30 – 35 wt. %) which is extracted from the soft honeycomb of the CNS. CNSL offers multitude interesting

possibilities for the synthesis of speciality chemicals, high value products and polymers due to their functionalities. Our recent research have

demonstrated that CNSL constituents can be transformed into diverse functional chemicals. This contribution will report on how cashew nut

shells (an agro waste from cashew nut processing factories) have been employed to produce anacardic acid capped chalcogenide nanoparticles.
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1. Introduction

Metal chalcogenides quantum dots (QDs) or semiconducting nanocrystals are interesting due to their highly
refined chemistry, availability, and super tunable optical and electronic properties suitable for variety of applications
in different fields, such as photovoltaics, light-emitting devices, environmental sciences and nanomedicine [1–7].
Recently, increasing concern about the environment has led researchers to focus on ‘green chemistry’, i.e. the
utilization of nontoxic chemicals, environmentally benign solvents and renewable materials. The aforementioned
are some of the key issues that merit important consideration in a green synthesis strategy. In order to reduce
the environmental and health effects associated with nanoparticle synthesis, greener synthetic routes are being
investigated [8, 9]. Green chemistry aims at addressing ways to reduce environmental and health impacts of
chemical production [10]. In the field of nanotechnology, green synthesis involves three key issues; “utilization of
non-toxic chemicals, environmentally benign solvents, and renewable materials” [11].

Recently, researchers have begun using green renewable chemicals for the generation of inorganic nanostruc-
tures and materials. These chemicals have shown the capability to control architectures of materials at nanoscale
level. Castor oil and ricinoleic acid [12], olive oil and oleic acid [13–16] and anacardic acid [17, 18] are some of
the green chemicals that have been used as capping agents to fabricate nanoparticles. In the present communica-
tion, we extend our earlier work using cashew nut shell liquid extracts for the synthesis of metal chalcogenides
(Cadmium and lead sulfide, selenide and telluride) nanoparticles via a solution-based technique. Synthetic methods
based on naturally occurring resources not only provide an alternative, friendly means of obtaining these metal
chalcogenides nanoparticles, but also have a well-defined size and morphology. The use of cashew nut shell liquid
and its isolate, anacardic acid (Fig. 1), in nanoparticle synthesis is associated with their chemical structures, easy
availability, non-toxicity, low cost, non-food competition, high boiling point and high viscosity.

FIG. 1. Structure of Anacardic acids [19]
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2. Experimental procedure

The chemical reduction and thermolysis route has been employed in this work. The cashew nut shell liquid
and its isolate, anacardic acid, were extracted using a procedure reported by Paramashivappa et al. [20] with
slight modifications reported by Lucio et al. [21]. Other chemicals, characterizations and procedures are similar
to our earlier publications [17, 18]. The reaction scheme is shown in Fig. 2. The as-synthesized particles were
characterized by TEM and HRTEM techniques.

FIG. 2. Reaction scheme for the synthesis of anacardic acid-capped ME nanoparticles

2.1. Results and discussion

The morphology of the metal chalcogenide nanoparticles was studied by transmission electron microscopy
(TEM). A typical TEM micrograph of the cadmium chalcogenide nanoparticles is given in Fig. 3. Fig. 3(a)
shows anisotropic shaped anacardic acid-capped CdS nanoparticles, synthesized at 160 ◦C with average width of
11.8±2.4 nm and length 32.6±4.2 nm. CdSe (Fig. 3b) displayed uniform rod-shaped nanocrystals with a narrow
size distribution on the TEM grid. A similar trend was observed for CdTe nanoparticles, showing rod shaped
particles with an average width of 16.3±3.0 nm and length 48.4±4.5 nm (Fig. 3(c)). There is almost an equal
inter-particle distance of approximately 3 nm for the CdSe and CdTe particles as observed from the TEM images.

The TEM image of the as-synthesised anacardic acid capped PbS (Fig. 4(a)) consists of small undefined
spherical like particles with an average size of 9.8±1.8 nm. PbSe nanocrystals revealed the formation of small
triangle-shaped particles with an average size of 12.6±3.1 nm (Fig. 4(b)). The presence of interspersed particles
supports the fact that the formation of nanocrystals may be due to the influence of anacardic acid. While for PbTe
nanoparticles (Fig. 4(c)), rod shaped and some cubic shaped particles, typical for PbTe [22] were formed. Rods of
width 11.9 nm and length 37.8 nm and cubes of 20.9 nm were estimated.

3. Conclusion

Cadmium and lead chalcogenide (ME where M = cadmium or lead and E = S, Se or Te) nanoparticles have
been successfully synthesized using anacardic acid as a coordinating solvent. The TEM studies reveal a mosaic-like
pattern for all samples. Furthermore, monodispersed spherical to cubic shaped PbE nanoparticles were obtained.
The results reveal that anacardic acid could be an effective and potential capping agent in the synthesis of metal
chalcogenide nanoparticles. The method utilized an inexpensive and non-toxic naturallyoccurring acid as a capping
agent which proved to be a good choice for high quality, monodispersed nanoparticles.
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FIG. 3. TEM images of anacardic acid capped CdS (a), CdSe (b) and CdTe (c), and table showing
their sizes (d) synthesized at 160 ◦C

FIG. 4. TEM images of anacardic acid capped PbS (a), PbSe (b) and PbTe (c), and table showing
their sizes (d) synthesized at 160 ◦C
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Cerium oxide (CeO2) nanoparticles were successfully synthesized by the hydrothermal method with different reaction times. The synthesized

CeO2 nanoparticles were characterized by Powder X-Ray diffraction (XRD), Scanning Electron Microscopy (SEM), UV-Vis spectroscopy and

FTIR spectroscopy. The effects of the reaction time on the structure and morphology of the prepared samples were investigated using XRD and

SEM. The XRD studies reveal that the ceria nanoparticles have face-centered cubic structure. The SEM images reveal that the prepared Ceria

nanoparticles are an aggregated form of spherical nanoparticles and the particle size decreases with increasing reaction time. FTIR analysis

confirms the presence of CeO2 in the prepared samples. UV-Vis spectral studies show that the UV cut off wavelength decreases and the optical

band gap increases with increased reaction time. Photoluminescence (PL) studies indicate that the PL emission of both the samples occurs at

683 nm, however, the emission intensity increases with longer reaction times.
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1. Introduction

Cerium oxide (CeO2) is a refractory material possessing cubic fluorite crystal structure [1, 2]. It is one of the
most reactive rare earth metal oxides due to its oxygen storage capacity (OSC), oxygen deficiency, and electronic
conductivity. It has promising applications in fuel cells, oxygen sensors and mechanical polishing. It also has utility
as an ultraviolet blocking agent, luminescent material and photocatalyst. Ceria nanoparticles can be prepared by
methods such as hydrothermal [3], reverse micelles, micro-emulsion [4], homogeneous precipitation [5] etc. The
main objective of this research paper is studying the effect of reaction time on the structural and optical properties
of nanostructured cerium oxide prepared by the hydrothermal method.

2. Experimental

2.1. Synthesis

All the reagents used in the synthesis process were of analytical grade purity and used without any further
purification. In the synthesis process, 0.274 g of ammonium ceric nitrate ((NH4)2Ce(NO3)6) was dissolved in
5 ml distilled water and 0.499 g of Sodium hydroxide (NaOH) was dissolved in 25 ml distilled water. These
two solutions were mixed and the mixture was stirred for 30 min. To the resultant precursor solution obtained,
0.1808 g of urea (CO(NH2)2) dissolved in 10 ml of distilled water, was added. The solution was transferred to
a Teflon-lined autoclave which was maintained at 200◦C for 24 hours. The autoclave was allowed to cool down
naturally and to reach the room temperature. The final product was collected from the autoclave and washed
several times with distilled water and ethanol. The product was dried at 80◦C for 6 hours. The dried sample was
calcined at 400◦C for 2 hrs.

CO(NH2)2 + 3H2O→ 2NH+
4 + 2OH− + CO2 ↑

NH+
4 + OH− ↔ NH3 · H2O↔ H2O + NH3 ↑

(NH4)2Ce(NO3)6 + 4NaOH
200◦C−−−−→ Ce(OH)4 + 4NaNO3 + 2NH3 ↑ +2NO3 + H2 ↑

Ce(OH)4 · xH2O
80◦C−−−→ Ce(OH)4 + xH2O ↑

Ce(OH)4
400◦C−−−−→ CeO2 + 2H2O ↑
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2.2. Characterizations

The XRD measurements were carried out using Rigaku X-ray diffractometer with CuKα (λ = 1.54187 Å)
radiation in the range of 10 – 80 ◦ at room temperature. The surface morphology of the particles was studied by
scanning electron microscope.The optical transmittances of the samples were studied by Varian Cary 50 UV-Visible
spectrophotometer in the range 200 – 800 nm. The FTIR spectra were recorded in the range of 400 – 4000 cm−1 by
PERKIN ELMER SPECTRUM II FTIR spectrometer. The photoluminescence spectra were obtained by PERKIN
ELEMER LS45 fluorescence spectrophotometer using excitation wavelength of 343 nm.

3. Results and discussions

3.1. XRD analysis

The powder XRD patterns of CeO2 nanoparticles prepared with different reaction times are shown in Fig. 1.
The peaks are indexed using JCPDS card #34-0394. Both 12 hour and 24 hour CeO2 samples have Face Centered
Cubic structure with lattice parameters a = b = c = 5.411 Å and α = β = γ = 90 ◦. The diffraction peaks found
at 28.27, 33.09, 47.34, 53.36, 69.26 and 76.75 ◦ showed a broadening effect, which suggests the formation of
nanosized CeO2. The absence of impurities indicates that pure CeO2 is synthesized by the hydrothermal method.
The average crystallite sizes (D) of the CeO2 nanoparticles prepared with different reaction times, were calculated
using the Debye-Scherrer equation:

D =
Kλ

β cos θ
,

where λ is the wavelength of the CuKα radiation, D is the crystallite size, K is a constant and its value is taken
as 0.9, θ is the diffraction angle and β is the full-width half maximum (FWHM). The average crystallite size
decreased slightly from 3.9 nm to 3.6 nm as the reaction time increased from 12 to 24 hours. The decrease of
crystallite size with increasing reaction time was also confirmed from SEM images.

FIG. 1. XRD spectra of the CeO2 nanoparticles prepared at (a) 24 hours and (b) 12 hours

3.2. FTIR spectra

The FTIR spectra of CeO2 nanoparticles prepared by hydrothermal method with different reaction times are
shown in Fig. 2. The band below 700 cm−1 is due to the Ce–O stretching vibrations [6–8].

3.3. UV-Visible spectra

The optical properties of synthesized CeO2 were examined by UV-Visible spectrophotometer and the results
are depicted in Fig. 3. The UV cutoff wavelength of the 12 hour sample was 349 nm, while the UV cutoff
wavelength of the 24 hour sample was 343 nm. Additionally, the UV-Visible spectra showed no other peak related
with impurities and structural defects, which confirmed that the synthesized nanoparticles are pure CeO2. The band
gap energy of 12 hour sample was 3.54 eV, whereas the band gap energy for the 24 hour sample was found to be
3.67 eV. As the reaction time increased, the band gap energy increased while the crystallite size decreased.
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FIG. 2. FTIR spectra of the CeO2 nanoparticles prepared at (a) 24 hours and (b) 12 hours

FIG. 3. UV-Vis spectra of the CeO2 nanoparticles prepared at (a) 24 hours and (b) 12 hours

3.4. Scanning electron microscopy

The SEM images of the CeO2 nanoparticles prepared by hydrothermal method with different reaction times are
shown in Fig. 4. The CeO2 nanoparticles prepared with 12 hours reaction time had sphere-like structure with an
average particle size of 78 nm. The CeO2 nanoparticles prepared with 24 hours reaction time also had sphere-like
structure with an average particle size of 63 nm. Hence, it may be said that the change in the reaction time does
not lead to any change in the shape of the CeO2 nanoparticles, however, the change in the reaction time definitely
had an effect on the particle size. The particle size decreased with additional reaction time.

3.5. Photoluminescence studies

The PL spectra of the CeO2 nanoparticles prepared with different reaction time are shown in Fig. 5. The
samples were excited by 343 nm wavelength, and the emission wavelength of these samples was obtained at
approximately 683 nm. This emission peak corresponds to red-light. The emission intensity increased from
110.8 a.u to 132.6 a.u with longer reaction times.

4. Conclusions

CeO2 nanoparticles were successfully synthesized by hydrothermal method and were analyzed by XRD, FTIR,
SEM, UV-Visible spectroscopy and photoluminescence measurements. The studies indicate that the reaction time
has an effect on the particle size and hence on the optical properties of CeO2 nanoparticles. The CeO2 nanoparticles
prepared at 24 hours exhibited smaller particle size. The XRD studies revealed that they have face centered cubic
structure and have the average grain size of 3.6 nm. From the SEM studies, the average particle size of CeO2

nanoparticles prepared at 24 hours was found to be 63 nm. The UV-visible spectroscopic studies and PL studies
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FIG. 4. SEM images of the CeO2 nanoparticles prepared at (a) 24 hours and (b) 12 hours

FIG. 5. PL spectra of CeO2 nanoparticles prepared at (a) 24 hours and (b) 12 hours

reveal that the CeO2 nanoparticles prepared at 24 hours have a lower UV cut off wavelength, wider optical
transmission range and higher PL emission intensity; i.e. it has better optical properties.
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In the present work, Polyaniline (PANI) and Polyaniline-Titanium dioxide (PANI-TiO2) composite have been synthesized separately by chemical

polymerization of aniline without/with TiO2. Characteristic absorption bands of PANI and TiO2 in the composite were confirmed by FT-IR

studies, indicating the interaction of PANI with TiO2. Comparative study of XRD patterns of PANI and the composite confirmed superficial

deposition of PANI on TiO2 and the average size of the composite particle was found to be 25 nm. The aggregated granular porous morphology

of the composite was confirmed by its SEM image. The composite’s sensing response to humidity at room temperature was tested and was

found to be 84.21 % in the range 25 % – 95 % RH. The response and recovery time of the composite at 95 % RH were measured to be 60s

and 100s respectively and its sensing stability over a period of one month was also confirmed.
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1. Introduction

In recent years, nanocomposites have evolved as the most sought after materials in various fields such as
sensors, super capacitors, catalysis, light emitting diodes and fuel cells because they offer flexibility in terms
of tuning their electrical and mechanical properties for best synergetic effects [1–5]. Thus, reliable fabrication
of devices using these materials by cost effective methods is a major concern of many researchers. One such
method is the incorporation of metal/metal oxides into the conducting polymers via a chemical or electrochemical
route [6–12].

With the advancement of moisture-sensitive technologies and the increasing awareness for quality of life issues,
humidity sensing has gained in importance in various areas like medicine, agriculture and electronic industries [13].
With the rapid advances in technology, increasing efficiency, reducing cost, reliability and miniaturization for
fabrication of sensors are the major concerns in any research. In recent years, conducting polymer based sensors
have become more favorable over metal oxide based sensors in terms of increased sensitivity, simple processing
and their room temperature operation [14]. Among all conducting polymers, PANI is the most preferred because
of its unique characteristics, such as tunable electrical and chemical properties, easy processing and low costs [15].
Recently, PANI based metal oxide composites have been found to be more advantageous in terms of enhanced
humidity sensitivity and such composites have been studied by many researchers. Electrospun PANI composite
nanofibers have shown good sensitivity to humidity with a good recovery and response time as reported by Q.
Lin et al. [16]. M.T.S. Chani et al. Studied the humidity sensitivity of an orange dye PANI composite film by
impedance measurements and have showed a uniform change in impedance for humidity values ranging from 30 –
90 % RH [17]. Room temperature humidity sensing of PANI-PVA composite has been studied by Y. Li and others,
and they showed that the sensitivity of the composite increases with increased impedance from 10 – 90 % RH
and has both quick response and recovery times [18]. K. C. Sajjan et al. have reported better humidity sensing
response for a PANI-Cr2O3 composite over the range 20 – 95 % RH [19]. S.C. Nagaraju et al. have reported
good humidity sensing response for PANI-Pr2O3 composites in the range 10 – 90 % RH [20]. In this work, we
have attempted to fabricate a low cost humidity sensing device made of PANI-TiO2 composite which can be easily
prepared and operable at room temperature. We preferred TiO2 with PANI for the composite because it is a white
n-type transition metal oxide semiconductor with a wide band gap (3.0 – 3.2 eV) and has a large dielectric constant
(∼100) [21,22]. This compound’s compatible physical properties were considered favorable for use in fiber optics,
photovoltaics, gas sensors, biocompatible materials, electrolytic capacitors and dye sensitized solar cells [21].
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In this work, PANI and PANI-TiO2 composite were synthesized by a cost effective, simple in situ chemical
polymerization method and were structurally characterized using FTIR, XRD and SEM techniques. Based on these
studies, humidity sensitivity of the composite’s film prepared by spin coating technique was tested and analyzed.
Its stability, recovery and response time have also been studied. Both processability and sensing studies were
carried out at room temperature.

2. Experimental

2.1. Materials

Aniline (C6H5NH2) (99.5 %), ammonium persulfate [(NH4)2S2O8] (98 %), hydrochloric acid (HCl) (34.5%)
and titanium dioxide (TiO2) (99.5 %), all of analytical grade reagents were purchased from s.d. Fine Chemicals,
Mumbai, India. Aniline monomer was doubly distilled before use.

2.2. Preparation of PANI-TiO2 composite

The method of preparation of pure PANI and the PANI-TiO2 composite at room temperature is as follows;
firstly, a solution of 6.7 ml of aniline monomer in 60 ml 1M HCl was prepared. It was added to 180 ml of
deionized water in which 0.67 g of TiO2 powder was previously dispersed. Then adsorption of aniline on TiO2

was facilitated by sonication of the above mixture. Then 7.5 g of (NH4)2S2O8 in 60 ml deionized water was
added dropwise into the above mixture with continuous stirring for 30 min and then allowed to polymerize for 8 –
10 hrs. The reaction product was collected by centrifugation and washed successively with deionized water and
acetone until a clear precipitate was obtained which was dried in vacuum until it turned dark green.

2.3. Characterization of the samples

The FTIR spectra of pristine PANI, PANI-TiO2 composite and TiO2 were recorded using Nicolet 750 FT-
IR spectrometer in KBr medium at room temperature. The X-ray diffraction pattern of each sample was ob-
tained by employing Siemens D-5000 powder X-Ray diffractometer with CuKα source radiation of wavelength
1.54×10−10 m. SEM images of PANI and the composite samples were recorded using a Hitachi S-520 scanning
electron microscope.

2.4. Humidity sensing measurements

The experimental set up used for humidity sensing measurements has been described previously in our literature
[23]. A film of the composite was prepared by dissolving the composite powder in m-cresol and then coating
it on a glass plate using spin coating unit (Make: Delta Scientific Pvt. Ltd, India, Model: Delta Spin I). Then,
interdigitated silver electrodes were printed on it and it was then placed in a specially designed glass chamber
well equipped for maintaining required relative humidity. The chamber was tightly closed at the top with a cork.
One end of these electrodes were connected to the film by passing through the cork while the other ends were
connected to a digital LCR meter (Make: Hioki, Japan, Model: 3532-50) which recorded the impedance changes
before and after exposing the sample to humidity at a selected frequency of 100 Hz. The relative humidity in the
chamber was varied using saturated salt solutions and monitored using humidity meter (Mextech-DT-615).

3. Results and discussion

3.1. Fourier transform infrared spectroscopy

FT-IR analysis was used to examine the composite structure after polymerization. The FT-IR spectra of TiO2,
PANI and PANI-TiO2 composite are shown in Fig. 1.

The FT-IR spectrum of pure TiO2(Fig. 1(c)) shows strong absorption bands at 648 cm−1 and 419 cm−1 which
are the characteristic vibrations of TiO2. These are respectively assigned to the Ti-O-Ti stretching vibration and
for Ti-O and Ti-O-Ti combined stretching vibrations and all these results agreed with the published literature [24].

In the FT-IR spectrum of pristine PANI (Fig. 1(b)), the absorption bands at 3419 cm−1, 1600 cm−1, 1498 cm−1,
1299 cm−1, 1147 cm−1 and 880 cm−1 are attributed to the PANI chain. These are respectively assigned to O-H
stretching of absorbed water, the C=C stretching of quinoid ring, the C=C stretching of benzenoid ring, the C-N
stretching of imine and secondary amine of PANI backbone, the C-H stretching in-plane bending vibration and the
1,4 coupling of aromatic ring and all these have agreed well with the pattern published in the literature [25, 26].

The FT-IR spectrum of the composite sample (Fig. 1(a)), exhibited characteristic absorption bands at 3425 cm−1,
1630 cm−1, 1497 cm−1, 1299 cm−1, 1136 cm−1, 896 cm−1, 611 cm−1 and 419 cm−1, which are associated with
the characteristic vibrations of both PANI and TiO2 but with a small shift are due to the interaction of oxygen ions
of TiO2 and nitrogen atoms of PANI macromolecules present in the composite [27].
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FIG. 1. Fourier transform infrared spectra of (a) PANI-TiO2 composite (b) Pristine PANI and (c) TiO2

3.2. X-ray diffraction

The XRD patterns of PANI, PANI-TiO2 composite and that of TiO2 with assigned hkl values are shown in
Fig. 2. The XRD pattern of pristine PANI (Fig. 2(a)), reveals some degree of crystallinity with the appearance
of broad peaks corresponding to (100) and (110) planes [JCPDS No. 53-1718] in the region 2θ = 15 – 25 ◦

similar to those reported in our earlier literature [?, 28] The XRD pattern of TiO2 (Fig. 2(c)) clearly shows peaks
corresponding to the planes (110) (101) (200) (111) (210) (211) (220) (002) (310) and (112) in the range 2θ =
20 – 70 ◦ and the peaks when compared with JCPDS No. 870710 were confirmed to be of rutile TiO2. The same
pattern for TiO2 has also been confirmed in previous literatures [29, 30].

Comparison of XRD patterns of PANI, TiO2 and the PANI-TiO2 composite (Fig. 2(b)) indicates predominance
of TiO2 in the composite, the rutile phase (110) of TiO2 has remained while the broad weak peaks of PANI have
disappeared. All these suggest that there is interaction between PANI and TiO2 and that TiO2 has restricted the
growth of PANI chains hampering its crystalline behavior. So it can be concluded that PANI has just deposited on
TiO2 and has no effect on the crystalline behavior of TiO2. Similar study has been reported in earlier literature [30].

Applying the Scherrer formula [31] using Eq. (1) to the most prominent sharp peak at 28 ◦, we obtained the
size of the crystallite t to be 25 nm:

t =
kλ

b cos θ
, (1)

where b is the breadth in radians, θ is the Bragg angle and λ is the wavelength of radiation. The coefficient k
normally takes a value close to 0.9.

3.3. Scanning electron microscopy

The morphology of TiO2, PANI and PANI-TiO2 composite are shown in Fig. 3. The morphology of pristine
PANI shown in Fig. 3(a) is an agglomerated granular structure with uniform surface. The morphology of the
composite (Fig. 3(b)) shows predominance of TiO2 particles, their surface being covered by PANI, which agrees
very well with the results obtained by XRD studies.

The Scanning electron micrograph of TiO2 shown in Fig. 3(c) reveals aggregated granular morphology and
agrees well with the SEM images in previously reported studies [32].

The average grain size DAvr of the composite material calculated using Mendelson’s formula [33] given by
Eq. (2) is 25 nm:

DAvr =
1.56× CL

M ′Ni
, (2)
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FIG. 2. X-ray diffraction spectra of (a) Pristine PANI (b) PANI-TiO2 composite and (c) TiO2

where CL is the total length of the test line used, Ni is the number of intercepts and M ′ is the magnification of
the photograph.

3.4. Humidity sensing response studies

The sensing response of the composite for various % RH are measured at 100 Hz using fractional base line
manipulation method [34] using Eq. (3):

SH =
Z0 − ZRH

Z0
× 100 (3)

where Z0 is the impedance of the sample before exposure to moisture (dry air with 25 % RH) and ZRH is the
impedance at various % RH.

The sensing response characteristic curve of the composite thus obtained by the above method is shown in
Fig. 4. It can be seen that the composite is sensitive and its response is linear in the 25 – 95 % RH range with
a maximum sensing response of 84.21 %. This linear response of the composite in this range with increasing
humidity may be attributed to the following probabilities: (i) At low RH mobility of TiO2 ions in the composite
is restricted due to curling up of polymer chains. As humidity increases, polymer chain uncurls and becomes
aligned by absorbing water molecules paving way for faster hopping of charge carriers, resulting in increased
sensing response of the composite [21,35]. (ii) Porosity of the polymers as revealed by SEM studies may facilitate
absorption of water molecules as RH increases causing a decrease in the impedance of the composite [13].

Efficiency of the composite as a sensing device was studied by measuring its response and recovery times [36].
Humidity sensing response and recovery characteristic curve of the composite at 100 Hz is shown in Fig. 5. For the
purposes of our study, two chambers, one with 25 % RH and another with 95 % RH were maintained separately.
The response time of 60 s was recorded when the sample was moved from 25 % RH to 95 % RH and a recovery
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FIG. 3. Scanning electron micrographs of (a) Pristine PANI (b) PANI-TiO2 composite and (c) TiO2

FIG. 4. Variation of sensing response and Impedance with relative humidity at 100 Hz

time of 100 s was recorded when the sample was moved from 95 % RH to 25 % RH, switching time being 1s in
both the cases, establishing that the composite can become a good humidity sensing device.

To examine the practical viability of the composite for use as a sensor, variation of sensing response at 55 %
RH and at 95 % RH at a frequency of 100 Hz after every one week for one month was studied [37]. The results
presented in the graph shown in Fig. 6 suggest stable sensing ability both during adsorption and desorption with
a negligible degradation of 3 % in sensing response. This finding suggests that the composite, apart from being a
good sensor, is also stable and so it can be practically feasible to utilize it in a sensor device.
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FIG. 5. Response and recovery characteristic curves of PANI-TiO2 composite at 100 Hz

FIG. 6. Stability of PANI-TiO2 composite at 100 Hz

4. Conclusions

The PANI-TiO2 composite synthesized by simple chemical polymerization method showed a room temperature
sensing response of 84.21 % in the range 25 % – 95 % RH. The sensing response of the composite film prepared
by cost effective spin coating method was measured using LCR meter at a selected frequency of 100 Hz. The
efficiency of the composite as a sensor was also confirmed with a recorded response time of 60s and a recovery
time of 100s. The composite has shown stable sensing ability over a period of one month. All these results show
that the composite has the potential to become an efficient humidity sensing device operable at room temperature
besides being easily prepared and cost effective.
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1. Introduction

Dyes from textile industries strongly pollute water resources and produce serious environmental problems.
Photocatalysis is an efficient technique to remove the dyes in waste water [1]. Nanostructured semiconductors and
their composite materials have been preferred as catalyst (photocatalyst) for the photocatalysis process [2, 3]. Zinc
oxide (ZnO) is a wide band gap (3.37 eV) semiconductor material; it is used as one of the efficient photocatalyst
and photoelectrocatalyst [4–6]. This compound can be prepared by several techniques with collection of different
morphologies and sizes. The nanostructured ZnO and ZnO–metal nanocomposite materials have been found
huge attention in the field of photocatalysis [7–9], because of their high surface-volume ratio, stability and surface
charge (SPR effect of metal nanoparticles). The metal support with ZnO to increase the photoexcited electrons-hole
charge separation, transfer process and decreases the electron-hole recombination rate. Moreover, metal increases
the adsorption of pollutant on catalyst surfaces afterwards improved its photocatalytic oxidation and reduction
process [10,11]. Once the ZnO-Pd nanocomposite material was prepared, it was characterized and its photocatalyic
activity was investigated by degradation of Congo red dye under solar light.

2. Materials and methods

2.1. Materials

The materials such as zinc acetate dihydrate, palladium acetate, hydrazine hydrate and were obtained from
Merck, and sodium borohydride, congo red were purchased from S. D. Chemicals, Mumbai.

2.2. Preparation of ZnO-Pd nanocomposite material

ZnO nanomaterial was prepared by simple microwave assisted technique. A 100 ml mixture of 0.05 M aq. zinc
acetate and 0.2 M aq. Hydrazine hydrate was stirred for 30 min then subjected to microwave irradiation 15 min.
The obtained white precipitate was washed, centrifuged and calcined at 200 ◦C for 2 hrs. Then, the prepared ZnO
and palladium acetate precursor was added to an aqueous solution with 100:2.5 weight percentage and stirred for
few hrs. Then, freshly prepared sodium borohydride solution was added to afford ZnO-Pd nanocomposite material.

2.3. Characterization

The prepared ZnO and (ZnO-Pd)NCM materials absorbance spectra were recorded using a Shimadzu UV-2550
UV-Vis spectrometer. Photoluminescence was recorded using JASCO-FP-6500 spectrofluorometer. The crystalline
nature of prepared materials was studied by XRD pattern using a Bruker Advance with Cu Kα radiation. The
morphology and elemental composition of the samples were recorded by Carl Zeiss FE-SEM and Bruker EDX
instruments.
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2.4. Photocatalytic study

The photocatalytic experiment was carried out by photodegradation of Congo red (CR) under solar light
irradiation. A 20 mg of prepared ZnO and ZnO-Pd composites material was suspended into 50 ml of Congo red
(CR) 25 ppm aq. solution. Then the dye solution was exposed to solar light irradiation in open air condition,
time between 11 am to 2 pm with continuous aeration. Subsequently, at a given time interval 3 ml aliquots
were collected and centrifuged. The degradation process was monitored and confirmed by UV-Vis absorbance
spectroscopy by measuring its absorption.

3. Results and discussion

3.1. Optical property

FIG. 1. UV-Diffuse reflectance spectra of (a) ZnO (b) (ZnO-Pd)NCM

The UV-DRS measurement reveals that the band energy and optical properties of semiconductors materials.
UV-DRS spectra of the ZnO and (ZnO-Pd)NCM samples were measured at room temperature and are shown in
Fig. 1. The prepared ZnO and (ZnO-Pd)NCM showed strong absorption below 400 nm in near-UV spectral region,
confirming the wide band of ZnO semiconductor material. The (ZnO-Pd)NCM does not show any absorption in the
visible region due the particle size and amount of Pd in the composite is much less. Moreover, the (ZnO-Pd)NCM

have existed higher absorbance intensity than bare ZnO in UV region, which indicates that the Pd improves the
quantum efficiency of the ZnO material [12].

FIG. 2. Photoluminescence spectra (a) ZnO (b) (ZnO-Pd)NCM
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The PL spectra showed wide band emission at visible region (Fig. 2). This extended emission is due to the
recombination of photogenerated electron-hole and oxygen vacancy sites in the materials. The ZnO and (ZnO-
Pd)NCM where observed weak emission at 468 nm due to band edge free excitons. The blue and green emission
peaks were observed around 520–580 nm for the prepared samples due to presence of oxygen vacancies in the
material’s surface [13]. The emission intensity of ZnO decreased with the addition of palladium metal because of
the Pd trapped excited electrons from the zinc oxide.

3.2. Crystalline properties

FIG. 3. XRD pattern of (a) ZnO and (b) (ZnO-Pd)NCM

The XRD pattern of ZnO and (ZnO-Pd)NCM composite material is shown in Fig. 3. All the diffraction peaks
in XRD are confirmed that the prepared ZnO in hexagonal wurtzite structure (JCPDS No. 36-1451). The diffraction
peaks of palladium was not observed in (ZnO-Pd)NCM due to the very minimum percentage of Pd present in the
composite [13, 14]. The absence of any other peak in XRD is confirmed that the prepared materials are highly
pure.

3.3. Morphology and elemental analysis

The morphology and elemental composition of synthesized materials were studied by FE-SEM and EDX
analysis is shown in Fig. 4. The synthesized ZnO and ZnO-Pd composite material displays flower buds-like
morphology with average size about 1 to 2 µm (Fig. 4(a,c)). The spherical like Pd nanoparticles are deposited
on ZnO surface can be confirmed by FE-SEM image. The ZnO buds have exhibited rough surface which formed
by the agglomeration of small nanoparticles. EDX analysis provided the elemental composition of the materials
is shown in Fig. 4(b,d). In Fig. 4(d) the spectrum confirms that the Zn, O and Pd elements are present in the
composite material, as evidence for formation of (ZnO-Pd)NCM . The absence of any other elemental peaks in
EDX spectrum confirmed that the as-synthesized materials were very pure.

3.4. Photocatalytic study

The photocatalytic experiment was carried out by photodegradation of Congo red (CR) under solar light
irradiation. The effect of different parameters such as catalyst loading, solution pH and dye concentration on
photodegradation efficiency were evaluated using ZnO and (ZnO-Pd)NCM [15, 16].

The experiment was carried out by 25 ppm (mg/l) of CR in aqueous solution in the presence of 20 mg/50 ml
of ZnO and (ZnO-Pd)NCM photocatalysts. The percentage of degradation was significantly increased for the zinc
oxide - palladium nanocomposite and nearly attained maximum degradation efficiency of 100 % in 3 hrs under
solar irradiation. The result displays that the photocatalytic activities of (ZnO-Pd)NCM are higher than that of
ZnO, shown in Fig. 5. Because the palladium metal acts as electron sink, it therefore enhanced the electron-hole
charge separation and reduced the charge recombination process. This process promotes the hydroxide radical and
superoxide radical generation [12, 13, 16]. These generated active radicals are the effective degradation agents for
the CR dye molecules.
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FIG. 4. FE-SEM and EDX spectrum of ZnO (a,b) and (ZnO-Pd)NCM (c,d)

FIG. 5. The photocatalytic degradation of congo red (25 ppm) using (a) ZnO and (ZnO-Pd)NCM

using 20 mg/50 ml

3.4.1. Effect of the catalyst loading. This experiment was carried out using different amounts of (ZnO-Pd)NCM

(5 to 40 mg/50 ml) catalyst and dye concentration 25 ppm. In Fig. 6, the results showed that the photodegradation
efficiency was increased with increasing amounts of catalyst and the maximum efficiency was observed at 20–
40 mg of catalyst loading In this case, 20 mg/50 ml catalyst amount was found to have the highest photodegradation
efficiency with lower catalyst loading and it’s also consider as the optimum amount of catalyst. In general, the
amount of catalyst is proportional to the generation of number of active radical such as OH and O2− which rapidly
degrade the adsorbed dye molecules. A catalyst at higher loading increases the total active sites of the catalyst
but dye molecules is constant at fixed concentration. Hence, the optimum amount of catalyst is enough for the
efficient degradation of CR at above optimum concentration [17, 18].

3.4.2. Influence of pH. The influence of initial dye pH value on the degradation efficiency of CR was investigated
is shown in Fig. 7. The pH of dye solution was adjusted using dilute sulfuric acid or dilute sodium hydroxide.
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FIG. 6. Photocatalytic degradation of of congo red (25 ppm) using (ZnO-Pd)NCM with different
amount of catalyst

FIG. 7. Effect of dye solution pH on the photocatalytic degradation of congo red (25 ppm) using
(ZnO-Pd)NCM 20 mg/50 ml

The result showed that the higher degradation efficiency was observed at neutral pH (pH 7). On the other hand,
the degradation efficiency decreased at both acidic and basic pH. From that result the photocatalytic degradation
of CR is favorable at neutral pH in presence of (ZnO-Pd)NCM [17–19].

3.4.3. Effect of the initial dye concentration. The effect of initial concentration of CR dye on photodegradation
activity was studied by varying the CR dye concentration from to 10 to 40 ppm (Fig. 8). The degradation efficiency
of Congo red was high with increased dye concentration up to 25 ppm, however, after that, the degradation
efficiency was decreased. This may be due to competition of adsorption between dye molecules and catalyst
surface. At higher dye concentrations, the number of dye molecules is high, but the available active sites on the
catalyst surface are constant, hence the fixed catalyst amount occupies a fixed number of active sites. Hence, it is
possible to have a constant amount of dye molecule adsorption and degradation and it is not enough to degrade a
large number of dye molecules (higher concentration) [16–19].

3.4.4. Photocatalytic mechanism. Photocatalytic mechanism of ZnO-Pd nanocomposite for degradation of Congo
red is shown in Fig. 9. When sunlight is exposed to the ZnO-Pd nanocomposite, it undergoes photoexcitation
followed by electron movement to the conduction band (CB) and the holes are generated in the valence band
(VB) of ZnO. The photoinduced holes are captured by surrounding water molecules, producing hydroxyl radicals
(OH). Then, the photoinduced electrons can be trapped by oxygen molecules on the catalyst surface and formed
superoxide radicals (O2−). Afterward, the generated free radicals effectively degraded the CR dye molecules in
aqueous solution. Moreover, the electron-hole can be recombining together during the light irradiation and this
process is effectively prevented by palladium metal on zinc oxide’s surface. At the time, the metal nanoparticle
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FIG. 8. Effect of initial congo red concentration on the photocatalytic degradation of congo red
using (ZnO-Pd)NCM 20 mg/50 ml

FIG. 9. Photocatalytic mechanism for ZnO-Pd nanocomposite-catalyzed degradation of Congo red

traps the surface electron from conduction band of ZnO and transfers it to oxygen molecules adsorbed on the
catalyst surface [12, 13, 20].

4. Conclusion

ZnO and ZnO-Pd nanocomposite materials have been successfully synthesized and characterized by UV-DRS,
PL, XRD, EDX and FE-SEM. The UV-DRS displayed the optical properties and PL spectra explained the photo-
chemical charge separation and transfer properties of the materials. The XRD pattern confirmed crystalline nature
and EDX analysis confirmed the elemental composition of the materials. The FE-SEM showed the surface morphol-
ogy of ZnO and ZnO-Pd nanocomposite materials. The photocatalytic activity of (ZnO-Pd)NCM was investigated
by the decomposition of Congo red under solar light irradiation. The zinc oxide-palladium nanocomposite mate-
rial exhibited efficient photocatalytic activity due to synergic effect of palladium and promote the photocatalytic
degradation of Congo red.
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Copper oxide is a narrow band gap, low cost, nontoxic, photoactive metal oxide and can be considered as the best candidate for photo-

electrochemical applications. Thin films of p-type copper oxide are prepared by cyclic voltammetric technique. The electrochemical method

is a cost effective low temperature technique for the preparation of functional thin films. Tools like, GIXRD, Raman Spectroscopy, UV-Vis

Spectroscopy, PL, SEM and EIS analysis are done to study the structure, phase, optical, morphological and electrochemical behavior of the

copper oxide thin film. The effect of deposition conditions on the electrical and optical properties of the thin films are analyzed in detail.
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1. Introduction

Copper oxide is a low cost, non-toxic, narrow band gap metal oxide [1]. Oxides of copper crystallize mainly
in two forms, cuprous oxide (Cu2O) and cupric oxide (CuO) [1, 2]. Cuprous oxide is a direct bandgap [1] and
cupric oxide is an indirect band gap [1] metal oxide. These metal oxides exhibit interesting properties suitable
for catalytic [3], electrochromic [4], electrochemical [4], photoelectrochemical [5] and photovoltaic applications
[4]. Due to the narrow band gap (Cu2O – 1.9–2.2 eV and for CuO is 1.2–1.7 eV) it has high potential in
photovoltaic and photoelectrochemical applications. Commonly, copper oxide films have been synthesized by the
high temperature thermal oxidation of copper metal [6] that limits the control over the interfacial features like
surface area, particle size, and grain boundaries etc, which affect the optical and electrochemical properties. Hence,
the present study focus on electrodeposition method [7] which is an attractive method for thin film synthesis under
low temperature conditions. The efficiency of electronic and charge transfer mechanism between the nanoparticles
or the nanoparticles and the adjacent layer depends highly on the shape and size of the particles participating
in the process. This highlights the significance of deposition of size and shape controlled nanostructures by
electrochemical deposition.

2. Experimental method

Electrodeposition of copper oxide is done using three electrode system, where cleaned FTO is used as the
working electrode, platinum wire as counter electrode and Ag/AgCl as reference electrode. The Cu2O is deposited
on the FTO substrate under neutral pH the potential is swept between 0 V to −0.8 V from the solution containing
5 mM CuSO4 and 50 mM KNO3 and repeat the cycles three times to get a yellow colored film. The CuO
is deposited from solution containing 5 mM CuSO4 and 50 mM KNO3 under acidic (2.5 mM H2SO4) pH the
potential is swept between 0 V to −0.8 V and repeat the cycles three times to obtain a black colored film. Fig. 1
shows the photographs of the obtained yellow and black films of copper oxides.

FIG. 1. Photographs of Cu2O and CuO films
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3. Result and discussion

3.1. Cyclic voltammetry

Figure 2 depicts the cyclic voltammogram for the electrodeposition of both Cu2O and CuO. Cu2O formed
under neutral pH. In Fig. 2(a), the peak at −0.21 V shows the film formation and there are two peaks at Fig. 2(b)
shows the conversion of Cu2+ ion from Cu+ion i.e, the formation of CuO. The Cu2+ ion accepts an electron from
the electrode and becomes a Cu+ ion to attain a stable electronic configuration. The positive nature of the metal
ion helps, forming weak Van der Waals interactions with the non-bonded electrons of oxygen atom of the water
and the adsorbed Cu-H2O complex on FTO substrate is neutralized by releasing H+ ion, which resulted in the
deposition of Cu2O. An increase in cathodic current is found near a cathodic potential of −0.21 V, indicating the
deposition of Cu2O film. When the cycle is repeated, the deposition current diminishes with an increase in film
coverage on the substrate, since Cu2O is less conducting than FTO. But at acidic pH, the H+ ion from H3O+

ion complex reduced by accepting electron from Cu+ ion, leads to the formation of Cu2+ ion which is the then
converted into CuO.

FIG. 2. Cyclic voltammogram of electrodeposition of (a) Cu2O and (b) CuO

3.2. Structural analysis

The crystallinity of the deposited films was analyzed using a grazing angle X-ray diffraction (GIXRD). Fig. 3
depicts the XRD spectra of the deposited films and is compared with standard JCPDS files 78-2076, 80-1917,
which correspond to cubic and monoclinic crystal structures respectively for cuprous and cupric oxide of space
groups Pn3m and C1c1. In cubic Cu2O, the copper atoms are at fcc sub lattices and oxygen atoms are at bcc
sub lattices [8]. In the case of monoclinic CuO, the copper atom is coordinated by four oxygen atoms in an
approximately square planar configuration and the oxygen is coordinated to four copper atoms at the corners of a
distorted tetrahedron [9].

FIG. 3. XRD spectra of Cu2O and CuO films compared with standard JCPDS
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3.3. Morphology

The morphology of the film obtained from SEM analysis. Fig. 4 depicts the average size of Cu2O is 75 nm
and that of CuO is 93 nm. The morphology of Cu2O is square in shape, while that of CuO is spherical shape.

FIG. 4. SEM image of Cu2O and CuO films

3.4. Optical properties

Optical properties of the films were analyzed by using UV-Visible spectroscopy. The absorption spectra and
Tauc plots for Cu2O and CuO are shown in Fig. 5. The band gap is estimated from the Tauc plot and the obtained
values are 2.43 eV and 1.73 eV respectively for Cu2O and CuO. The PL spectra give idea about the defect state.
Fig. 6 depicts three peaks in the PL spectra corresponding to band edge emission, oxygen ion vacancy and copper
ion vacancy [10]. The band edge emission is slightly red shifted (562 nm) in the case of cupric oxide than cuprous
oxide (527 nm). All the defect emissions are also red shifted. The p-type nature of the films is due to the presence
of copper ion vacancies.

FIG. 5. UV-Visible spectra and Tauc plot of Cu2O and CuO films
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FIG. 6. PL spectra of Cu2O and CuO films

3.5. Electrical properties

The electronic properties of the films are studied using hall measurement system. From this measurement
both Cu2O and CuO are p-type semiconductors with conductivity of 4.71×102 Scm−1 and 4.12×103 Scm−1

respectively. Fig. 7. depicts the Nyquist plots obtained from electrochemical impedance (EIS) analysis of copper
oxides, which measure the interfacial resistance between the electrode and electrolyte in the dark and light condition.
This analysis confirms the photo activity of copper oxide. Cu2O is more photoactive than CuO.

FIG. 7. Nyquist plots of electrodeposited Cu2O and CuO films

The efficiency of the cell was obtained from chronoamperometric analysis in 0.1 M Na2SO4 electrolyte by
using three electrode system where deposited film was a working electrode, Pt wire was a working electrode and
Ag/AgCl was the reference electrode. The efficiency is calculated from equation 1, where η is the efficiency of the
cell, I is the steady current density obtained from I-t curves (shown in Fig. 8), V is the applied potential −0.2 V
and JLight is the irradiance intensity of 100 mW/cm2. The efficiencies obtained for Cu2O and CuO were 0.5 %
and 0.2 % respectively.

η =
I(1.23− V )

JLight · 100
. (1)
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FIG. 8. Chronoamperometric spectra of electrodeposited Cu2O and CuO films

4. Conclusion

Cyclic voltammetric deposition techniques were utilized to synthesize p-type copper oxides at potentials
ranging from 0 V to −0.8 V at a scan rate of 20 mV/s. Cu2O is formed under neutral pH and CuO is formed
at lower pH values. The band gaps of both copper oxides are narrow ie; 2.43 eV and 1.73 eV for Cu2O and
CuO respectively. The p-type nature is confirmed from Hall measurement system. Both are p-type copper oxides.
The electrochemical impedance analysis shows that the cuprous oxide thin films are more photoactive than cupric
oxide, which was confirmed through chronoamperometric analysis. The efficiencies of Cu2O and CuO were 0.5 %
and 0.2 % respectively.
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The volatility of liquid electrolytes has been a major problem for their application in dye-sensitized solar cells (DSSC). In this study, liquid

electrolyte was replaced by polymer based gel electrolyte. Polyvinyl alcohol is chosen as the polymeric matrix to gelate the liquid electrolyte

with iodide-triiodide redox couple and suitable organic solvent. The amorphous nature and the physical cross linking formed between polymer-

polymer and polymer-solvent is analyzed from XRD and FT-IR. Cell was fabricated and characterization was done. I-V and EIS measurements

of the cell was taken. Easy fabrication and its advantages over liquid electrolyte makes gel electrolyte a promising alternative for liquid

electrolyte.
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1. Introduction

DSSC have received great attention owing to their low production costs and high efficiencies [1, 2]. The
certified record efficiency of DSSC is 12–13 %. A DSSC consists of a photo anode, a semiconductor film coated
on a transparent conducting oxide layer, which is dye sensitized, a counter electrode, usually FTO coated with a
catalytic material and electrolyte which includes a redox couple usually I− /I−3 system and a suitable solvent. In
DSSC, the electrolyte is the medium for charge transportation between the two electrodes and acts as a source for
dye regeneration [3]. The long term stability of the device strongly depends on the electrolyte component [4]. The
highest efficiency reported in DSSC was by employing liquid electrolyte. But there are some practical impediments
when using this liquid electrolyte like leakage while sealing and volatilization of the solvent, desorption and photo-
degradation of the attached dye, corrosion of the counter electrode etc., which prevent DSSC’s from further
application and commercialization [4, 5]. So, as an alternative to liquid electrolyte, solid state electrolytes and
quasi solid state electrolytes (gel electrolytes) were introduced. Though solid state electrolytes seem to be an ideal
material for DSSC, the efficiency was not up to expectations [6]. This might be due to poor interfacial contact
and poor charge carrier mobility. When coming to gel electrolyte, all the problems related to liquid and solid state
electrolyte can be resolved. It remains as quasi solid at room temperature and as a highly viscous liquid at high
temperatures. Thus, a gel electrolyte possesses both the cohesive property of solid as well as diffusive transport
property of liquid [7]. In the present work a polymer-based gel electrolyte is synthesized and its behavior in the
performance of dye sensitized solar cell is studied by using two different photoanode materials – TiO2 and ZnO.

2. Experimental

2.1. Materials

Fluorine doped tin oxide (FTO-7Ω/Sq.), N719 (Ru(dcbpy)2(NCS)2) -95%), Hexachloroplatinic acid (H2PtCl6),
Potassium iodide (KI) (bio ultra, 99.5 %), Polyvinyl alcohol (PVA, 99 % hydrolyzed) were purchased from Sigma-
Aldrich. Dimethyl sulfoxide (DMSO) and Iodine (I2) is supplied by MERCK.

2.2. Gel electrolyte synthesis

Polyvinyl alcohol is used as the polymeric matrix. Gel electrolyte is prepared by adding adequate amount of
polymer, KI and I2 to dimethyl sulfoxide. The resulting mixture is heated to 2 hrs and stirred continuously to
obtain the gel.
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2.3. Assembling of quasi solid state dye sensitized solar cell

The nanocrystalline TiO2 photo anode was fabricated by doctor blading TiO2 paste on FTO substrate. The
film was air dried and sintered at 450◦C for 30 mins. The sintered sample was then cooled to room temperature
and was dipped in the dye solution for 24 hrs. The dye loaded sample was then air dried and sealed. The counter
electrode was made by electrodepositing Pt on FTO surface. The two electrodes were then kept face to face with
gel electrolyte in between to obtain a sandwich structure and is then clamped tightly.

3. Results and discussion

3.1. Gel characterization

Figure 1 shows the FT-IR of pure PVA and PVA based gel electrolyte. The presence of broad band at 3416
shows the inter-molecular hydrogen bonding. In PVA-G, the intensity of the band was found to increase, and this
is because of extensive hydrogen bonding between the polymeric chains due to its complete expansion. The band
at 2914 cm−1 shows the –CH- stretching vibration. The band at 1654 cm−1 is for terminal vinyl group. Bands
at 1783 cm−1 and 1806 cm−1 correspond to the ester group present. The 1315 cm−1 and 1434 cm−1 bands
correspond to S-O stretching, while those at 1024 cm−1, 1083 cm−1, 1186 cm−1 show the C-O vibration of PVA.

FIG. 1. FT-IR spectra of pure PVA and PVA gel electrolyte

The XRD spectra of gel electrolyte, pure PVA, KI, and I 2 are shown in figure 2. Diffraction peak at 2θ –
40.76 is ascribed to pure PVA. Diffraction peak at 2θ – 21.67, 30.80, 54.98 and 24.62, 25.07, 29.04 is for pure KI
and I2 respectively, shows the crystalline nature of the ionic salt. An amorphous peak is observed for polymer gel
electrolyte, which shows the complete dissolution of the ionic salt and also increased liquid electrolyte uptake by
the matrix.

FIG. 2. XRD of pure I2, KI, PVA and polymer gel electrolyte
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3.2. Cell characterization

The current-voltage characteristics and Nyquist plot of the DSSCs based on polymer gel electrolyte were
performed with two different photoanode semiconductor materials-TiO2 and ZnO. The table below summarizes the
best values of their photovoltaic parameters.

FIG. 3. (a) Jsc-Voc curve, (b) nyquist plot of the cell

TABLE 1. Photovoltaic parameters of TiO2 and ZnO based DSCs with gel electrolyte

Photoanode material Jsc(mA/cm2) Voc(V) FF(%) Eff(%)

TiO2 1.21 0.67 63.6 2.05

ZnO 0.723 0.517 45.8 0.684

The obtained efficiencies are 2.05 and 0.68 % respectively for TiO2 and ZnO based DSSC with PVA gel
electrolyte. Here, the pure PVA based gel electrolyte of KI/I2 in DMSO/EC mixture without ionic liquid and any
additives or fillers is used. An enhancement in the efficiency is anticipated with ionic liquid and other additives
in the gel electrolyte and more studies in this direction are ongoing to enhance the efficiency. The efficiency
values are low compared to perovskite-based DSSC. Perovskites give better efficiency and absorption coefficient
as a sensitizer along with conventional electrolytes. However, focus of current work is on the synthesis of gel
electrolyte, a better substitute for liquid electrolytes, and its application in electrochemical cells.

The charge transfer or transport behavior of the cell was measured by utilizing electrochemical impedance
spectroscopy. The three semicircle from left to right gives the electrochemical behavior at the Pt counter
electrode,TiO2/dye/electrolyte interface and Warburg diffusion. The resistance offered at each interface when
using ZnO as photoanode is very high when compared to the cell fabricated with TiO2 as the photoanode. This
confirms the lower performance of the ZnO-based quasi solid state dye sensitized solar cell.

4. Conclusion

PVA based polymer gel electrolyte was synthesized. DSSC were fabricated with two different photoanode
materials to study the performance of the cell. Photovoltaic studies show that the gel works well with TiO2-based
solar cell, displaying an overall efficiency of 2.05 %.
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Traditional strain sensors, such as metal foil gauges, can measure the strains only on the structural surface in designated directions and locations.
Hence, there is a need to develop new types of strain sensors which can function on both the micro-and macro-scale, either on the surface
or embedded in the structure, and able to behave as multifunctional materials. Owing to its outstanding electrical and mechanical properties
carbon nanotubes (CNTs) can be used as strain sensing material. A film (Bucky paper/CNT network) made from multiwalled carbon nanotubes
by use of solvent/surfactant and vacuum filtration method is used as strain sensor.

The paper discusses the experimental work involving preparation of CNT film sensor specimen, its application on aluminum and brass strips

along with conventional foil gauge and subjecting the metal strips to axial loading to measure gauge factor. It was found that CNT film

strain sensor shows linear relationship between change in resistance and strain. Furthermore, the gauge factor increases as the film aspect ratio

increases, and for the same aspect ratio, a higher gauge factor was observed for brass than aluminum.
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1. Introduction

Mechanical strain sensors are widely used for structural health monitoring and vibration control. Traditional
strain sensors such as strain gauges are sensitive, stable, of low cost and easy to use. However, strain gauges
can only measure the strains on the structural surface in designated directions and locations; also strain sensing
is usually the only function they can offer. Carbon nanotubes (CNTs) possess excellent physical and chemical
properties [1] and strain sensor made of carbon nanotube material can alleviate this difficulty and can behave as
multifunctional material.

Comprehensive reviews on sensors based on carbon nanotubes and their composites are presented by Christofer
Hierold et al. [2] and Chunyu Li et al. [3]. A study by Dharap et al. [4] showed that pure SWCNT films (‘bulky
paper’) can serve as strain sensors if they are bonded to the structural surface as conventional strain sensors.

Strain sensitivity is one of the most important parameters to consider and is expressed as the gauge factor
(GF), a dimensionless number describing the change in resistance as a ratio of applied strain, and is given by [5]:

GF =
Relative change in resistance

Applied strain
=

(
∆R/R

)
ε

. (1)

The effect of aspect ratio on sensitivity of CNT film sensor is not reported in the literature. The investigation
of this relationship is the objective of this study.

2. Carbon nanotube film

Many applications of CNT film are reported in the literature [6]. Some of them are in field emission, energy
storage and conversion, electronics, humidity and temperature sensor, gas sensors, bio sensor etc. The methods
for preparation of CNT film are chemical vapor deposition growth, electrophoretic deposition, drop drying from
solvent etc. Vacuum filtration method as outlined in [7] is used in this study.
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2.1. Preparation of CNT Film

Multiwalled carbon nanotubes (MWCNTs) having an average inner and outer diameters 4–13 nm, and length
of 1–4 µm was procured from D & D Advanced Materials, Pune, India. 25 mg of MWCNT, as procured, was
mixed in 100 ml of Dimethylformamide (DMF) solvent. DMF-MWCNT solution was then ultrasonicated in a
bath sonicator (DC-80H, MRC, 80 W) for 3 hours and by an ultrasonic tip (Vibra-Cell VCX130, Sonics, USA)
for 20 min in an alternating sequence. CNT suspension was then filtered by using vacuum filtration method. The
film is peeled off from filter paper and dried in oven at 60 to 80 ◦C for 12 hours. The film after drying is cut in
required aspect ratios and used as strain sensor.

3. Experimental setup

The setup consists of Universal Testing Machine (UTM) for tensile loading (1–10 kN) of specimens and Agilent
34410A digital multimeter for measuring the resistance change. The CNT film strain sensors and conventional
metal foil strain gauge are bonded on opposite side of on aluminum or brass strip by epoxy adhesive. The terminals
for the electrical resistance measurements were taken from film through silver paste.

Four sensors of different aspect ratio as mentioned in Table 1, were used on Aan aluminum strip of size
300 mm×30 mm×3 mm and on a Brass strip of size 300 mm×50 mm×6 mm.

TABLE 1. Specifications of CNT Film and metal foil strain sensors

Sensor Type CNT Film Size
Aspect

Used on
Initial Resistance,

Ratio R0, Ohm

Sensor 1 30 mm × 10 mm 3:1 Aluminium Strip 19.0365

Sensor 2 20 mm × 10 mm 2:1 Aluminium Strip 11.2752

Sensor 3 10 mm × 10 mm 1:1 Aluminium Strip 5.0815

Sensor 4 30 mm × 10 mm 3:1 Brass Strip 42.1362

Metal Foil 1 Aluminium Strip 349.565

Metal Foil 2 Brass Strip 350.005

4. Results and discussion

The relative change in resistance with respect to applied strain for three CNT film sensors, Sensor 1 to 3 and
conventional metal foil gauge applied on aluminum strip is shown in Fig. 1.

The relative change in resistance with respect to applied strain for sensor 4 and one conventional metal foil
gauge applied on brass strip is shown in Fig. 2.

Gauge factor is slope of straight line fitted in the graphs shown in Fig. 1 and Fig. 2. The gauge factors were
determined for all these six sensors using equation (1) i.e. slope of straight lines fitted are listed in Table 2.

TABLE 2. Gauge factors for CNT sensors of different aspect ratio

Sensor Type Film Size
Aspect

Used on
Initial Resistance, Gauge Factor

Ratio R0, Ohm observed

Sensor 1 30 mm × 10 mm 3:1 Aluminium 19.0365 1.05

Sensor 2 20 mm × 10 mm 2:1 Aluminium 11.2752 0.59

Sensor 3 10 mm × 10 mm 1:1 Aluminium 5.0815 0.38

Sensor 4 30 mm × 10 mm 3:1 Brass 42.1362 1.38

Metal Foil 1 Aluminium 349.565 2.10

Metal Foil 2 Brass 350.005 1.99

Gauge factor for metal foil strain gauge as supplied by the manufacturer is 2.0, which validates the observations
shown in Table 2.
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FIG. 1. Relative resistance change vs applied strain for sensors on Aluminium strip

FIG. 2. Relative resistance change vs applied strain for sensors on Brass strip

5. Conclusion and future scope

CNT film sensors show nearly linear response to applied strain similar to conventional metal foil gauges.
Sensitivity of CNT film sensor is affected by aspect ratio. Higher aspect ratios were shown to result in better
sensitivity. Additionally, a higher gauge factor noted for CNT sensor mounted brass strip than that mounted on an
aluminum one, suggesting its better suitability for brass material.
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5.1. Future scope

The following two points can be suggested as future scope of study:

(1) Magnitude of resistance change for a CNT film is proportional to its initial resistance which in turn
depends on its thickness. Hence, resistance change and sensitivity of sensor can be increased by reducing
film thickness i.e. by lowering CNT content in film.

(2) Alternatively, initial resistance of CNT film can also be increased by manufacturing composite film of
CNT with polymers, e.g., Poly Dimethyl Siloxane (PDMS).
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A simple green method was developed for the synthesis of silver nanoparticles in the presence of a neomycin-functionalized chitosan as

stabilizing agent using a fresh lemon juice as green reducing agent. The stabilizing agent was synthesized based on the Schiff base formation

reaction between the chitosan dialdehyde and neomycin antibiotic in 0.05 mM at pH 7.0. The combined form of neomycin antibiotic with

chitosan can be used as stabilizing agent for silver nanoparticles (AgNPs) synthesized by a biogenic method using lemon juice as a green

reducing agent. The neomycin functionalized chitosan stabilized AgNPs were characterized by various analytical techniques, including UV-

Visible spectra studies, FTIR, XRD and SEM. The antimicrobial activity of these composite was tested against human pathogenic Gram-positive

and Gram-negative bacteria. The synergetic effect of the neomycin functionalized chitosan protected silver nanoparticles was tested against

various drug resistant microorganisms. These chitosan derivatives can be used in combination with an anti-bacterial agent to treat and inhibit a

resistant bacterial infection or the growth of resistant bacterial infection.
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1. Introduction

Due to its biocompatibility, biodegradability and non-toxicity, chitosan has increasingly been used in the
biomedical and pharmaceutical fields [1–4]. Chemical modifications have been used to prepare chitosan deriva-
tives with enhanced biological and physicochemical properties. Recently, aldehyde-functionalized chitosans have
received considerable interest. The preparation of chitosan derivatives containing aldehyde groups have been
achieved by reaction with periodates. The latter selectively cleaves the 2, 3 C-C bond and converts chitosan into
a dialdehyde derivative [5, 6]. Aldehyde-functionalized chitosans have also been prepared by reaction with nitrous
acid (HNO2) [7–10]. In this method, chitosan undergoes deaminative cleavage of the 1, 4-glycosidic bonds, produc-
ing 2, 5-anhydro-D-mannose as the reducing end, which contain an aldehyde group. Hydrogen peroxide was also
used to synthesis chitosan containing 2, 5-anhydro-D-mannose recently [11]. The periodate oxidation of chitosan
was performed which yielded a dialdehyde chitosan (DAC) that can be used for the construction of biosensor and
drug delivery applications [12]. Similarly, chitin and chitosan can be easily processed into hydrogels for various
types of biomedical applications such as drug and gene delivery, wound healing and tissue engineering [13–15].
Drug loaded chitosan hydrogels have been generated using diffusion, entrapment and tethering techniques [16].
Chitosan membrane and its derivative have shown a prolonged antibacterial activity and decreased potential toxicity
of silver [17, 18].

Recently, a facile and green method was reported in the literature to synthesize stable Ag nanoparticles
(AgNPs) with a narrow size distribution. It is well established that chitosan (DAC) and its derivatives were widely
used as both a reducing as well as stabilizing agent for the synthesis of metal nanoparticles. In the present study,
we investigated the antibacterial activity of both neomycin-functionalized chitosan as well as the combined form
of Neo-chit stabilized silver nanoparticles because of the synergetic microbial activity. Here, lemon juice was used
to prepare narrow size silver nanoparticles, as previously reported in the literature.

2. Materials and methods

2.1. Materials

Analytical grades chitosan and sodium periodate were purchased from Sigma-Aldrich. The other reagents and
solvents were analytical grade. All materials were used without further purification.
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2.2. Preparation procedures

2.2.1. Oxidation of chitosan. About 1g chitosan (5.34 mM) was dispersed in 50 ml HCl (10−3 M) (pH ranging
from 4–5) with magnetic stirring. Then, 1 ml aqueous sodium periodate 0.534 mM was added, the reaction mixture
was allowed to stir at 4 ◦C in the dark for 30 minutes. After completion of the reaction, to eliminate the unreacted
periodate, 1 ml of ethylene glycol was added. The oxidized chitosan was washed by distilled water and the sample
was frozen and lyophilized for 4 h.

2.2.2. Synthesis of neomycin functionalized chitosan (Neo-Chit). 10 ml of chitosan dialdehyde mixed with
0.05 mM of neomycin sulfate and then the reaction mixture was stirred for 2 h. The powder form of the
sample was isolated by by lyophilization after freezing with liquid nitrogen.

2.2.3. Synthesis of silver nanoparticles. 1 ml of freshly prepared lemon juice was diluted with 3 ml of distilled
water and then the pH of the solution was adjusted to 11. Then, 2 ml 1 M aq. AgNO3 was added dropwise to the
above vigorously-stirred lemon juice solution. The polyphenol group present in the lemon juice reduced the silver
ions to silver metal nanoparticles in th aq. medium. The appearance of reddish brown color solution indicated the
formation of silver nanoparticles. Then, th silver nanoparticles were isolated via centrifugation.

2.2.4. Neomycin functionalized chitosan stabilized silver nanoparticles. To prepare Neo-Chit stabilized AgNPs,
0.1 g neomycin-functionalized chitosan was mixed with 1 ml of silver nanoparticle solution and then allowed to stir
for 30 min. The Neo-Chit @ AgNPs was isolated by centrifugation followed by drying under nitrogen atmosphere
in the dark. The powdered samples were collected and stored in dark until further use Fig. 1.

2.2.5. Instrumentation. UV-Visible spectral studies were carried out by using a Shimadzu UV-Visible Spectropho-
tometer, Japan (Model UV-1800). The characterization of functional groups on the surface of AgNPs performed
by FT-IR (perkin-Elmer, Germony) the spectra were scanned over 500 to 4000 cm−1.

FIG. 1. Schematic representation of the synthetic route of Neomycin functionalized chitosan
stabilized silver nanoparticles
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3. Result and discussion

3.1. UV-Vis spectroscopy

The UV-Visible spectrum of silver nanoparticles and Neo-chit protected AgNP are shown in Fig. 2. The
Plasmon absorption peak was observed at 408 nm which indicated the formation of silver nanoparticles. From
the UV-Visible spectral studies, it is clearly seen that the particle size of the silver nanoparticles ranged from
5–20 nm. The peak shape of AgNPs is narrow and sharp, providing evidence for the uniform size distribution of
the silver nanoparticles in lemon juice solution. The appearance a sharp Plasmon band is due to the formation
of silver nanoparticles having a narrow size range. A slight shift in Plasmon band position is due to the surface
modification of silver nanoparticles using neomycin-functionalized chitosan as stabilizing agent. The decrease in
Plasmon band position is due to the surface modification of the neomycin functionalized AgNP. The broaderning
of the peak position was also observed which is due to the partial aggregated particles of the silver nanoparticles.

FIG. 2. (a) UV-Visible spectrum of AgNPs obtained from lemon juice reduction method; (b Di-
lute AgNPs and (c) Neo-chit @ AgNPs

3.2. FT-IR-spectrum of neomycin functionalized chitosan modified AgNPs

The FT-IR spectrum was recorded for both neomycin-functionalized chitosan and neomycin-functionalized
chitosan protected silver nanoparticles. The major bands at 2926, 2851, 1746, 881, 774 cm−1 are assigned for the
characteristic bands for aldehyde group that resulted from periodate mediated oxidation was observed at Fig. 3(b).
The bands at 1077 and 1020 cm−1 are typical for neomycin-functionalized chitosan modified AgNPs was observed
at Fig. 3(c), Table 1.

TABLE 1. FT-IR bands related to chitosan/modified chitosans and their respective assignments

FT-IR band(cm−1) Assignment FT-IR band(cm−1) Assignment

3356, 2926 N-H,C-H 1071, 1020 C-O-C

3425 O-H 2352, 1323 N-N,NO2

2851 C-H 2075 O-H

1746 C=O 1077 C-O

1626 C-C 881,774 C-H, NO3

1406 C=O
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FIG. 3. FT-IR spectrum of chitosan and neomycin functionalized chitosan

3.3. Scanning Electron Microscopic studies

Conventional high vacuum scanning electron microscopy (SEM) images were also taken to envision the
structure of oxidized chitosan and Chitosan dialdehyde with neomycine@AgNPs. Fig. 4 shows that there is no
change for the stretched out and fibrous network of chitosan, but on the surface of oxidized chitosan one can see
a slight degradation of some foliage. The EDX pattern of chitosan dialdehyde with neomycin @ AgNPs is shown
in Fig. 5. This pattern shows peaks for the elements Ag and C are the major components. From these studies, we
conclude that the the chitosan dialdehyde-functionalized neomycin stabilizes the AgNPs.

FIG. 4. SEM – EDAX of Chitosan dialdehyde with neomycin @ AgNPs

3.4. Antibacterial activity of Neo-Chit @ AgNP

It is well established that silver nanoparticles with various capping agents have shown excellent antimicrobial
activity [18, 19]. In the present study, we demonstrate the antimicrobial activity of silver nanoparticles, neomycin-
functionalized chitosan modified AgNPs against various Gram negative and Gram positive bacteria. The disc
diffusion method was used for the quantification of inactivation of microbial growth. From the experimental
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FIG. 5. Antibacterial activity of the Neo-chit and Neo-chit@AgNPs against A, C – Staphylococ-
cus aureus and B, D – Salmonella typhi

studies it is inferred that Neo-chit@AgNPs have shown an enhanced antimicrobial activity than the Neo-chit as
well as bare AgNP (Table 2).

TABLE 2. Antimicrobial activity of the Neo-chit and Neo-chit @ AgNPs against Gram positive
and Gram negative bacteria

Gram positive bacteria Gram negative bacteria

Sample (µg/ml)
Staphylococcus aureus Salmonella typhi

a b c d e a b c d e

Neo-chit 2.5 3 3.5 8 − − − − 11 −
Neo-chit@AgNPs 3 6 8 14 − 4 6 9 24 −

4. Conclusion

We have synthesized neomycin antibiotic drug-functionalized chitosan by a Schiff base reaction using chitosan
dialdehyde. The neomycin-functionalized chitosan was isolated in pure form by dialysis followed by freeze drying
method. From the FT-IR result it is confirmed that neomycin aminoglucoside antibiotic drug molecules effective
functionalized on chitosan backbone. The neomycin-functionalized chitosan was used further to stabilize the green
synthesized silver nanoparticles using lemon juice as reducing agent. The antibacterial activity of the Neo-chit and
Neo-chit@AgNP were tested. An enhanced antimicrobial activity was noted in the case of neo-chit-stabilized silver
nanoparticles system than the neo-chit system and silver nanoparticles. The combined form of silver nanoparticles
and Neo-Chit showed can be used to eradicate the microbial drug resistance organisms.
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In the present investigation, we have successfully synthesized nanocrystalline bismuth selenide (Bi2Se3) thin films using an arrested precipitation

technique at room temperature. The optostructural, morphological, compositional and photoeletrochemical properties were studied for Bi2Se3
thin films prepared via surfactant-assisted synthesis. The optical study reveals the presence of direct allowed transition with band gap energy

ranging from 1.40–1.80 eV. The X-ray diffraction (XRD) pattern confirms rhombohedral crystal structure. Scanning electron microscopy study

shows the morphological transition from an interconnected mesh to nanosphere-like morphology and finally, lamellar sphere. Atomic force

microscopy (AFM) study carried out to determine surface roughness and surface topography of thin films. Energy dispersive spectroscopy

(EDS) analysis reveals the presence and ratio of elemental bismuth and selenium. Finally, the photoelectrochemical (PEC) performance of all

the as-synthesized thin films were carried out using iodide-polyiodide redox couple.

Keywords: Bi2Se3, APT, surfactant.
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1. Introduction

Currently, there is significant research interest in the development of semiconducting materials for solar
cell applications. Bi2Se3 is V-VI group binary chalcogenide which has been a material of interest for many
years [1, 2]. The novel optostructural and morphological properties of Bi2Se3 are useful in numerous fields, such
as thermoelectric devices, photosensitive devices, photovoltaic cells, Hall Effect magnetometer, refrigeration, high
frequency power sensors, topographic insulator, etc [3–7].

Several methods have been developed to obtain nanostructured Bi2Se3 such as SILAR, MOCVD, CBD,
Sputtering, Microwave assisted synthesis, etc. Among all these metods, APT is a simple, attractive and cost
effective method. Hence, we have selected an APT method for deposition of Bi2Se3 thin films. There are very
few reports available on the PEC performance of Bi2Se3 thin films. Hence, in the present article, we are reporting
on the PEC performance for Bi2Se3 thin films prepared by a surfactant-assisted APT protocol.

2. Experimental

Nanocrystalline Bi2Se3 thin films have been synthesized via an arrested precipitation technique (APT) at room
temperature. 0.05 M bismuth triethanolamine complex (Bi-TEA) and 0.25 M sodium selenosulphite (Na2SeSO3)
were used as precursor solution for Bi and Se respectively. TEA was used as a complexing agent. In a typical
synthesis, both precursor solutions were added in a 2:3 ratio. The pH was adjusted to 10. The pre-cleaned glass
substrate was placed vertically in the reaction bath. The total volume of reaction bath was made 40 mL by addition
of double distilled water (D/W). The reaction bath is maintained at room temperature without disturbing for 8 hrs.
When the terminal growth stops, thin films were taken out and washed 2–3 times with D/W. Thin films were dried
at room temperature and used for further characterization.

3. Optical study

The thicknesses of Bi2Se3 were measured using a surface profilometer. The thickness was found in the range
of 630 nm to 910 nm.

The UV-Visible spectrum of as-deposited Bi2Se3 thin film was recorded for wavelengths ranging from 500–
1100 nm, as shown in Fig. 1(a). In order to determine the band gap of Bi2Se3 thin films, the classical absorption
equation is used:

αhν = A(hν − Eg)
n. (1)

The optical band gap was found to be 1.7 eV with directly-allowed transition, as shown in Fig. 1(b)
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FIG. 1. (a) Optical absorption spectrum of Bi2Se3 thin films (b) Plot of (αhν)2 vs. hν

4. Structural study

The phase determination of as-deposited Bi2Se3 thin film was done using XRD. All peaks in the XRD pattern
are well matched with rhombohedral crystal structure (JCPDS 33-021). The most intense peak is observed at
29.33◦ for (015) plane. The crystallite size is calculated by the Debye-Sheerer equation.

D = 0.9λ/β cos θ. (2)

The crystallite size is found to be 47.89 nm.

FIG. 2. XRD Patterns of Bi2Se3 thin films

5. Morphological and compositional study

The SEM image indicates a uniform, well-adherent and pinhole-free deposition for the Bi2Se3 thin film. The
SEM micrograph shows an interconnected mesh-like structure.

In order to determine the chemical composition of Bi2Se3 thin films, EDS analysis was also carried out. The
presence of Bi3+ and Se2− was confirmed from EDS. The expected and observed atomic percentages of Bi and
Se are in good agreement with standard data. The excess percentage of bismuth is most likely due to an antisite
defect. Antisite defects means that excess Bi enters the lattice by replacing Se. The higher percentage of Bi may
also attributed to the more metallic character of Bi and its high reactivity towards Se. The small difference in the
electronegativity between Bi and Se is also responsible for antisite defect.
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FIG. 3. SEM images of Bi2Se3

FIG. 4. EDS pattern of Bi2Se3 thin films

6. Conclusion

Bi2Se3 thin films were synthesized via simple and low cost APT. The optostructural and morphological
properties were studied to a film prepared using a surfactant-assisted protocol. The XRD pattern confirmed
rhombohedral crystal structure. The SEM pattern revealed an inetrconnected mesh-like structure. The EDS pattern
determined the stoichiometric ratio for Bi and Se in the thin film formation.

All these results showed that Bi2Se3 thin films may be useful for solar cell application.
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Zeolite Y is a cage-like alumina silicate which is widely used as solid support to immobilize metal and metal sulfide nanoclusters. We have

attempted to synthesis silver nanoparticle-loaded zeolite Y by an ion exchange method followed by a biogenic reduction method using lemon

juice as a reducing agent. The antimicrobial activity of the silver ion, silver nanoparticles and silver chloride-modified zeolite was investigated

against various Gram negative and Gram positive microorganisms. The silver nanoparticle-loaded zeolite was further functionalized with

amoxicillin antibiotic which exhibited a strong antimicrobial action to kill drug resistant microorganisms. The catalytic behavior of silver

nanoparticles was investigated to reduce 4-Nitrophenol in presence of NaBH4. The catalytic reaction is found to be pseudo-first order, resulting

in a rate constant that was comparable with previously-reported results.
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1. Introduction

Zeolites are an important group of crystalline aluminosilicates currently available for various fields of appli-
cations. These minerals are widely used as sorbents, ion exchangers, catalysts and biosensors [1–4]. The catalytic
nature, reactivity and other properties of zeolite can be greatly improved by cation exchange methods [5]. These
materials are negatively charged with a high density of active acid sites, high thermal stability, high size selectivity
and unique porous properties, which impart their ability act as catalysts for various industrial catalytic studies at
elevated temperature with wider pH ranges. Because of void space and swelling behavior which can be used
in petrochemical cracking, ion-exchange, gas and solvent separation, and removal of pollutants [6]. Metal ion,
charged species, redox and photoactive molecules can be immobilized within the pores of zeolite system and these
composites can be used in sensors and catalytic applications [7–10].

Silver (Ag) is a metallic element that has been widely used in various excellent fields [11]. Silver ions
(Ag+) and silver nanoparticles are effective in inhibiting bacterial growth and may damage the DNA of both
Gram-positive and Gram-negative bacteria [12–15]. Silver modified zeolite has been used in various fields such as
catalyst, biosensors, water purification, antifungal and antimicrobial activity [16, 17].

The aim of this study is to prepare AgNPs/Zeo-Y nanocomposites using lemon juice as reducing agent by
green synthesis method and study of its applications in the catalytic reduction of 4-Nitrophenol and the antibacterial
activity of the system.

2. Experimental Section

2.1. Chemicals

Zeolite-Y and silver nitrate were purchased from Sigma Aldrich, USA. 4-Nitrophenol and liquid ammonia
(30% v/v) were received from Fisher Scientific Pvt. Ltd., India. Sodium borohydrate, sodium chloride and
amoxicillin were received from Merck, India. Hydrochloric acid and sulphuric acid were purchased from SRL Pvt.
Ltd., India. All reagents and chemicals were used received from commercial source with an analytical grade and
without further purification.
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2.2. Preparation of AgNPs/Zeo-Y

To prepare AgNPs/Zeo-Y nanocomposite, 0.1 M AgNO3 was dissolved in 20 mL of distilled water and then
1 % solution of NH4OH was added dropwise to the aq. solution of AgNO3 [18]. The color of the solution changed
from greenish gray to colorless. 1 g of natural zeolite-Y was added to above mixture and stirred overnight. The
product was collected and washed with distilled water and then dried at 100 ◦C for 2 h. Finally, the AgNPs/Zeo-Y
nanocomposite was collected for further studies.

2.3. Synthesis of AgCl/ Zeo-Y

The Ag+ ion loaded Zeo-Y was placed in a sealed 100 ml round bottom flask and then purged with HCl gas
which was generated from NaCl in presence of conc.H2SO4 continuously to obtain AgCl immobilized Zeo-Y for
a period of 2 h.

2.4. Preparation of AgNPs/Zeo-Y using lemon juice as reducing agent

To 3 mL of DD water was added a fresh 1 mL of lemon juice and the pH of the medium was adjusted to 11
followed by 0.01 M of silver nitrate solution was added. Finally, the yellowish green colored solution was changed
to reddish brown color which indicated the formation of silver nanoparticle immobilized zeolites.

2.5. Preparation of Amoxicillin modified AgNPs/Zeo-Y

A known amount of AgNPs/Zeo-Y was dispersed an aqueous solution of 0.01M amoxicillin and then allowed
stand for 1 h to obtain amoxicillin protected AgNPs/Zeo-Y. The final product was obtained by centrifugation.

2.6. Instrumentation

UV-Visible spectral studies were carried out using Shimadzu UV-Visible Spectrophotometer, Japan (Model
UV-1800). The XRD patterns with diffraction intensity versus 2 θ were recorded in a JSO Debye Flex 2002 Seifert
diffractometer using Cu Kα radiation (λ=1.5406 Å) from 10 to 80◦ at a scanning speed of 1◦ min−1. X-ray tube
voltage and current were set at 40 kV and 40 mA, respectively. Morphological and structural investigations were
carried out using field emission scanning electron microscopy (FE-SEM, SU6600, Hitachi, Japan).

2.7. Antibacterial test

To evaluate the antibacterial properties of AgNPs/Zeo-Y and amoxicillin modified AgNPs/Zeo-Y, Bacillus
subtilis and Salmonella typhi were selected as Gram-negative and Gram-positive bacteria, respectively. One has
the ability to measure the effectiveness of an antibacterial agent by determining a zone of inhibition. A standard
inoculum of the test organism with 1×107 colony forming units (CFU)/mL was swabbed onto the surface of a
LB agar plate, AgNPs/Zeo-Y and Amoxicillin/AgNPs/Zeo-Y antibacterial agents were placed on the surface of
agar. The plates were incubated overnight at 37◦C, and the clear zones around the antibacterial agents were then
measured. The above experiments were repeated thrice and the average values were taken.

3. Results and discussion

3.1. Characterization of AgNPs loaded Zeolite Y

The UV-Visible spectra of a) AgNPs/Zeo-Y, b) lemon juice, c) amoxicillin and d) AgNPs/Zeo-Y with amox-
icillin are shown in Fig. 1. The silver nanoparticles loaded zeolite Y nanocomposite shows a silver nanoparticle
peak at 420 nm due to surface plasmon resonance (SPR). The lemon juice not showing any peak and the amox-
icillin peak was obtained at 270 nm. After the incorporation of amoxicillin drug into the silver nanoparticles
loaded zeolite Y nanocomposite two major peaks were observed one at 360 nm and another one at 250 nm. Thus,
these results confirm that amoxicillin drug was effectively attached to the silver nanoparticles loaded zeolite Y
nanocomposite through ionic interaction.

The X-ray diffraction pattern of a) zeolite-Y and b) AgNps/Zeo-Y nanocomposite are shown in Fig. 2. As
shown in Zeo-Y, the peaks at 31.04, 32.74, 33.24, 34.34, 35.94, 36.64, 37.76, 40.24, 41.74, 41.92, 52.80, 54.48,
56.54, 57.58, 58.74, 65.22, 66.54, 69.34, 71.10, 72.92, 75.96, and 77.82◦ are assigned for the presence of zeolite
(JCPDS: 01-072-2344) [19]. In AgNPs/Zeo-Y, the characteristics peaks are due to the presence of silver chloride
are attributed at 27.6, 32.05, 46.05, 54.6, 57.3, 67.4, 74.5 and 76.6◦ with plane of 111, 200, 220, 311, 222, 400,
311 and 420 reflections owing to the AgCl phase. These results confirm that the silver nanoparticles loaded within
zeolite Y matrix.

The structural and morphology were confirms by FE-SEM images. The mesoporous material of zeolite has
octahedral shaped particles with various sizes around 1 µm (Fig. 3(a)) [20]. From AgNPs loaded zeolite Y, the
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FIG. 1. UV-Visible spectrum of a) AgNPs/Zeo-Y, b) lemon, c) amoxicillin and d) AgNPs/Zeo-Y
with amoxicillin

FIG. 2. XRD analysis a) zeolite Y and b) AgNPs loaded Zeo-Y
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silver nanoparticles loaded on surface of mesoporous zeolite and also regular shaped silver nanoparticles and the
size of the silver nanoparticles are roughly 0.1 µm as shown in Fig. 3(b). Therefore, the present method can be
exploited for the effective loading of silver nanoparticles on zeolite surface.

FIG. 3. FE-SEM images for Zeolite-Y (A) and AgNPs/Zeo-Y (B)

3.2. Catalytic activity of Zeolite Y loaded AgNPs

The catalytic activity of AgNPs/Zeo-Y was tested against the catalytic reduction of 4-Nitrophenol (4-NP) in
the presence of NaBH4. Upon the addition of NaBH4 (Fig. 4(a)), the absorption peak of 4-Nitrophenol undergoes
an immediate red-shift from 317 nm to 400 nm indicating the formation of 4-Nitrophenolate ions, evidenced by
the visible color changes from light yellow to yellow green in color. After the addition of AgNPs/Zeo-Y using
lemon juice nanocomposite, the absorption peak at 400 nm gradually decreased in intensity along with increase
in absorption of a new peak at 300 nm, indicating the formation of 4-Aminophenol (4-AP). Under these reaction
conditions, the reduction was completed within 10 and 5 mins for the addition catalytic amount 5 mg and 10 mg
respectively (Fig. 4(b) and Fig. 4(c)).

The rate of reaction forb the reduction of 4-NP in presence of the AgNPs/Zeo-Y nanocomposite is due to
decrease in absorbance values at 400 nm. Therefore, the rate constant of the reaction can be calculated using the
following formula:

lnC/C0 = −kt, (1)

where k is the constant, t is the reaction time; C and C0 are the concentration of 4-NP at time t and 0, respectively.
The concentration or borohydride used in the entire study was 0.1 M, which is large excess when compared to
the concentration of 4-NP, thus the reduction reaction is considered to be pseudo first order so that the rate of the
reaction depends primarily on the concentration of 4-NP. The rate of the reaction (k) obtained from the slope of
the straight line was found to be 0.083 min−1 and 0.32 min−1 for 5 and 10 mg of catalyst used for the catalytic
studies (Fig. 4(d)). The rate of the reaction increases with increasing of the catalyst concentration which is due to
the increase of the catalytic activities.

3.3. Antibacterial activity

It is well established that silver nanoparticles modified substrates have shown an enhanced antimicrobial
activity [12, 13]. In the present study, we studied the antimicrobial activity of silver nanoparticles, AgNPs/Zeo-Y
and amoxicillin incorporated AgNPs/Zeo-Y against various Gram negative and Gram positive bacteria. Obviously,
amoxicillin modified AgNPs/Zeo-Y showed a good antimicrobial activity against Bacillus subtilis and Salmonella
typhi. The antimicrobial activity of AgNPs/Zeo-Y and Amoxicillin/AgNPs/Zeo-Y against various Gram positive
and Gram negative bacteria as shown in Table 1.

4. Conclusion

In summary, the biogenic method was established to synthesize silver nanoparticle-loaded zeolite Y through
an ion exchange approach followed green chemical reduction using lemon juice. This method is a fast and easy
way to synthesize the AgNPs/Zeo-Y in large scale. The activity of AgNPs/Zeo-Y was studied, displaying excellent
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FIG. 4. UV-Visible spectra capturing the conversion of 4-NP to 4-AP upon reaction with
NaBH4(A), in presence of 5 mg and 10 mg of AgNPs/Zeo-Y (B), (C) and kinetic plot. Er-
ror bars designates the standard deviation for five independent measurements (D)

TABLE 1. Antibacterial activity of AgNPs/Zeo-Y and Amoxicillin/AgNPs/Zeo-Y against Bacillus
subtilis and Salmonella typhi

Sample (mg/mL)
Gram Positive Bacteria Gram Negative Bacteria

Bacillus subtilis Salmonella typhi

a b c d e a b c d e

AgNPs/Zeo-Y 2.2 6.5 7.3 16.4 - 3.3 6.5 8.4 20.5 -

Amoxicillin AgNPs/Zeo-Y - 3.1 3.5 7.5 - - - - 9.4 -

a = (25 µg/ml), b = (50 µg/ml), c = (75 µg/ml), d = (25 µg/ml (Standard) chloramphenicol),
e = 50 µg/ml 0.1 % DMSO
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catalytic activity for the conversion of 4-NP to 4-AP. The amoxicillin-protected AgNPs/Zeo-Y system can be
exhibited an enhanced antimicrobial activity as compared to AgNPs/Zeo-Y.
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Aniline oligomers are considered as one of the electron transfer mediators for the electrochemical oxidation of ascorbic acid. The electrochemical

oxidation of ascorbic acid was investigated using aniline oligomer-functionalized polymer modified electrode. In the present investigation, we

demonstrated a novel methodology for the in-situ modification of aniline oligomer onto the layered graphene sheet by using diazonium salt form

as precursor molecule. An enhanced electrocatalytic current was obtained for the oxidation of ascorbic acid using aniline pentamer-functionalized

reduced graphene oxide (AP-rGO). Detailed studies have been carried out to study the surface modified rGO by FTIR spectroscopy. A linear

relationship between peak current against the concentration of ascorbic acid was observed within the ranges from 1 µM to 10 µM. The detection

limit was measured at signal/noise (S/N) of 3. The present method can be utilized for the electrochemical detection of ascorbic acid present in

food products like fruit juices.
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1. Introduction

Ascorbic acid is one of most important biological compounds involved in various human metabolisms. It is
used to ameliorate a number of illnesses, such as the scurvy, common cold, cancer and AIDS [1]. Moreover it
is present in fresh fruits, vegetables and also available in pharmaceutical products and foodstuffs as an oxidant
as well as stabilizer. Thus, the development of inexpensive and easy methods for the determination of ascorbic
acid is particularly important in the pharmaceutical and food industries. There are several reported methods
for the detection of ascorbic acid in foodstuffs, such as chromatography [2], spectrophotometry [3], capillary
electrophoresis [4] and most recently, electrochemical methods [5–7].

The amperometric determination of ascorbic acid is based on its electrochemical oxidation, which occurs at high
potential at carbon or metal electrodes, however, fouling by oxidation products leads to poor reproducibility [8].
Numerous attempts to decrease the high working electrode potential and improve reproducibility have been made
by modifying the electrode surface with various active mediators for the electrochemical oxidation of ascorbic
acid. Attempts have been made to develop a chemically-modified electrode with various redox mediators like
7,7,8,8-tetracyanoquinodimethane, osmium 2,2-bipyridyl poly-4-vinyl pyridine chloride complex, lanthanum 2,6-
dichlorophenolindophenol, manganese dioxide and a cobalt (II) phthalocyanine and Prussian blue was also used
to oxidize ascorbic acid [9, 10]. The electrocatalytic oxidation of ascorbic acid on conducting polymer modified
electrodes, in particular on polyaniline, has also been studied. Recently, aniline oligomer-functionalized polymers
have been used for the electrochemical oxidation of ascorbic acid has been developed that has both a low applied
operating potential and a low detection limit.

In the present investigation, we demonstrated the preparation of an aniline oligomer-modified graphene oxide
based on chemical reductive binding of diazonium salt form of aniline oligomer in presence of graphene oxide. The
electrocatalytic behavior of an aniline oligomer-functionalized graphene oxide-modified glassy carbon electrode was
tested against the electrochemical oxidation of ascorbic acid in phosphate buffer solution. The greater sensitivity
and low detection limits were achieved by the differential pulse voltammetry method. Thus, the present method
can be considered as an efficient one for electrochemical detection of ascorbic acid in food products.
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2. Experimental Section

2.1. Chemicals

Graphite powder, Ascorbic acid and N, N-diphenylamine were received from Sigma Aldrich, USA. Ammonium
hydroxide and sodium nitrite were purchased from Fisher Scientific Pvt. Ltd. India. DMF, HCl, H2SO4 and ethanol
were received from SRL Pvt. Ltd. India. Ethanol and KMnO4 were procured from Merck, India. All reagents and
chemicals were used an analytical grade and without further purification.

2.2. Preparation of pentamer

2.28 g amino capped aniline trimer and 3.04 g N, N-diphenylamine were dissolved with 80 mL of DMF.
20 mL of water and 10 mL of 36 % of HCl were then added to the above solution with vigorous stirring at
4 hrs for room temperature. The HCl-doped aniline pentamer was obtained by filtration and then washed by a
mixture of DMF/water. The product was doped in 100 mL of 1 ML−1 ammonium hydroxide for 30 m to produce
aniline pentamer in emeraldine state. The emeraldine aniline pentamer was reduced by phenylhydrazine and was
precipitated in a H2O/ethanol mixture. The leucomeraldine aniline pentamer was collected by filtration and washed
thoroughly with H2O/ethanol mixture. The product was finally dried in vaccum oven.

2.3. Preparation of graphene oxide

20 g of graphite powder stirred with 500 mL of conc. H2SO4 in 1L beaker for 30 min. Then, 60 g of KMnO4

was gradually added to this solution (added 20 g/30 minutes). The solution was then stirred for an additional 5 to
8 h and then added one l L water (900 mL) to the above mixture. Then, the reaction was terminated by addition of
50 mL H2O2 solution. Repeated centrifugation was done by using 5 % HCl aqueous solution followed by washed
with deionized water until the pH of the solution reaches neutral. Then 160 mL of water was added resulting
in the formation of precipitate. A uniform suspension of grapheme oxide (GO) nanoparticles was obtained after
sonication [11].

2.4. Preparation of AP-rGO

The modification of GO was accomplished by dispersing GO (10 mg) in DI water (5 mL) to which aniline
pentamer (10 mg) in 2 mL water was added. After complete dispersion of the reagent 0.011 g sodium nitrite in
1 ml of conc. HCl was added drop wise. The mixture was stirred for 4 h and then filtered, washed successively
with deionized water followed by methanol. Finally, the powdered form of the product was isolated and then dried
under nitrogen atmosphere in overnight.

2.5. Instrumentation

FTIR spectrum was recorded in the range of 400 to 4000 cm−1 FTIR spectrum was collected against the
background spectrum of KBr. The cyclic voltammetric experiment was carried out using CHI 660A electrochemical
instrument, USA and Gamry model 330, USA. A conventional three electrode system comprising of glassy carbon
electrode (GCE) of 3 mm of geometrical surface area was purchased from BAS. Pvt. Ltd., USA. The Ag/AgCl
and platinum wire were used as a reference electrode and counter electrode, respectively. The working electrode
was polished using Bioanalytical system (BAS, USA) polishing kit.

3. Results and discussion

3.1. Characterization of AP-rGO

The FTIR spectrum of pentamer and AP-rGO are shown in Fig. 1. The absorption of aniline pentamer showed
main bands at 1590 cm−1 and 1485 cm−1 assigned to the absorption of benzene ring and the quinoid ring. The
1273 cm−1 band was attributed to C-N stretching in the proximity of quinoid rings as shown in Fig. 1 [12]. After
modification of AP-rGO, the benzenoid and quinoid peaks are bounded in the surface of graphene oxide. So these
results confirm that the pentamer modified on graphene oxide surface.

The electrochemical behavior of AP-rGO was studied and the resulting cyclic voltammetry responses are
shown in Fig. 2. As seen from Fig. 2(A), the typical cyclic voltammogram of AP-rGO in presence of 0.1 M
H2SO4. With increase of scan rate the electrocatalytic oxidation peak current also increased gradually in the range
from 5–100 mV/s. A linear relationship exists between peak current (Ip) versus scan rate (ν) and a linear regression
equation of y = 0.406 – 5.685 with correlation coefficient (R2) of 0.9959 as shown in Fig. 2(B), which illustrates
a reversible electron transfer process with adsorption controlled one.
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FIG. 1. FTIR spectrum of a) pentamer and b) AP-rGO

FIG. 2. A) CV of AP-rGO modified GCE at different scan rates (5-100 mV/s) in presence of 0.1
M H2SO4. B) Linear plot of Ip vs. υ

3.2. Electrochemical oxidation of ascorbic acid

The electrochemical behaviors of a) bare, b) bare-with ascorbic acid and c) AP-rGO modified GCE in presence
of AA are shown in Fig. 3.(A) poor anodic current response was observed for the AA oxidation on bare GCE
where as a well define oxidation peak was observed at +0.05 V (vs. Ag/AgCl) in the case of AP-rGO modified
GCE.

The electrochemical behavior of AP-rGO/GCE at different concentrations of ascorbic acid (1×10−4 – 7×10−4 M)
were investigated in 0.1 M pH 7.0 PBS by cyclic voltammetry (CV). As can be seen in Fig. 4(A), the AP-rGO/GCE
after addition of AA to the buffer solution, an irreversible oxidation peak was observed at a scan rate of 50 mV/s
with a anodic oxidation peak potential of +0.05 V (vs. Ag/AgCl). In Fig. 4(B) shows a linear regression equation
of y = 0.092x− 0.14 with correlation coefficient is 0.9994.

The influence of peak potential scan rate against the electrochemical oxidation of ascorbic acid was investigated
using AP-rGO/GCE in presence of 1mM of ascorbic acid at 0.1 M PBS (pH 7) with various scan rates as shown
in Fig. 4(C). From AP-rGO modified GCE, the oxidation peak current of AA was increased by increasing the scan
rates (10–120 mV/s) and linearity was observed by plotting the peak current values versus the square of scan rates
with correlation coefficient of 0.9920 (Fig. 4(D)), suggesting that the electrochemical oxidation of AA is diffusion
controlled electron transfer process.
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FIG. 3. Electrocatalytic behavior of a) bare, b) bare-with AA (1 mM) and c) AP-rGO/GCE with
1 mM of AA in 0.1 M PBS (pH 7) at scan rate 50 mV/s

FIG. 4. A) AP-rGO/GCE in presence of AA in 0.1 M PBS (pH 7) at scan rate 50 mV/s and
B) Linear plot of conc. vs. peak current. C) AP-rGO/GCE in presence of AA at different scan
rates in 0.1 M PBS (pH 7) and D) Linear plot of Ip vs. υ1/2
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3.3. Differential pulse voltammetry method

For the quantitative detection of ascorbic acid (AA) present in the pharmaceutical formulations and fruits
samples at low concentration levels, the differential pulse voltammetry method was demonstrated using AP-rGO
modified GCE under optimized experimental conditions. Fig. 5(A) shows differential pulse voltammogram for
the electrocatalytic oxidation of AA using AP-rGO/GCE in PBS (pH 7) containing various concentrations of AA.
The result shows the electrocatalytic peak current of AA oxidation at the AP-rGO/GCE was linearly dependent on
the AA concentration and its ranges from 0.3 µM to 3 µM. As seen from Fig. 5(B), the calibration plot shows
electrocatalytic peak current (Ip) versus AA concentrations with linear regression equation of y = 0.494x− 0.212
with correlation coefficient of 0.9923 and the detection limit (3σ/slope, σ is a standard deviation) is found to be
20 nM. These results strongly suggest that the oxidation of AA can be good selective and sensitive at aniline AP
-rGO/GCE.

FIG. 5. A) DPV of AP-rGO/GCE in presence of AA at various concentrations (0.3–3.0 µM) in
0.1 M PBS (pH 7). B) Linear plot of concentration vs. peak current

3.4. Food sample analysis

In order to estimate the amount of AA present, fruit juice food samples were analyzed. Based on the repeated
differential pulse voltammetric responses (n = 5) of the diluted analyte, samples were spiked with specified
concentration of AA, measurements were made for determination of AA concentration in food samples. The
results are listed in Table 1. The AP-rGO/GCE possessed reasonable selectivity and produced satisfactory recovery
result with an average recovery of 100.3 % and the RSD was less than 5.3 %. The measured data of AA
concentration was in good agreement with the results found in the titration measurements, suggesting the good
accuracy and reliability.

TABLE 1. Determination of AA in fruit samples

Samples Added (10−6 g/ml−1) Found (10−6 g/ml−1) Recovery (%)

Apple 0.50 1.024 99.3

Pineapple 0.70 1.208 100.6

Orange 1.50 2.133 101

4. Conclusion

A single step method was adapted to modified graphene sheet with aniline pentamer as electron transfer
mediator. The surface modification of graphene was confirmed from FTIR and cyclic voltammetry studies. A
simple differential pulse voltammetry method was developed to determine low concentration ranges of ascorbic
acid using aniline pentamer grafted graphene sheet. Enhanced detection limits was achieved using this method.
The present method can be utilized for the electrochemical detection of ascorbic acid in pharmaceutical and fruit
samples.
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