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ABSTRACT

In the past few decades selenium nanoparticles have received a considerable importance
because of its effective biological applications. Therefore, nano-structured Se-doped ZnO
photocatalyst has been synthesized by electrochemical method, which is a simple and an
inexpensive method. The characterization techniques included are UV-Visible
spectroscopy, IR spectroscopy, SEM and X-ray diffraction techniques. From UV-Vis
spectroscopy and by using Tauc plot the band gap energy of Se-doped ZnO nanoparticles
is calculated and is found to be 2.6eV. The IR spectra showed the peak at 427 cm-1 for
ZnO bonds and peaks at 518cm-1, 612cm-1, 727cm-1 and 1373cm-1 correspond to the
presence of Se-ZnO bending and stretching vibrations. From the XRD data and with the
help of Williamson-Hall plot the crystalline size is calculated and it is found to be ~25.5
nm. The photocatalytic activity of the synthesized Se-doped ZnO nanoparticles was
investigated by the kinetics of degradation of Indigo carmine dye. The degradation
efficiency of Se-doped ZnO was found to be ~96%. The antimicrobial and antimitotic
activities were evaluated for the synthesized ZnO and Se-doped ZnO nanoparticles
against the control.
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1. INTRODUCTION

In the recent years nanotechnology has become one of the promising tools for scientific
innovations. Metal nanoparticles have found many applications in medicine, electronics and
in many industries [1-3], because of their unique, electronic, optical, catalytic and magnetic
properties [4-7]. Catalysis using metal oxide nanoparticles is currently a subject of great
interest and intensive research is being carried out to ensure the biological applications.

Consequently a growing interest in heterogeneous Photocataysis as an advance oxidation
technique has been developed. The use of nano semiconductors as photocatalyst and as
biological agents, to initiate redox reactions, have generated great interest due their unique
physiological properties, caused by nanosized dimensions and large surface/volume ratios.
ZnO has emerged to be more efficient catalyst as for as water detoxification is concerned
because it generates more number of H2O2 efficiently and it higher rate rate mineralization.
Also, it has more number of active sites with high surface activity [8]. Among the various
semiconducting materials, although TiO2 is extensively investigated and wildly employed,
some studies have highlighted that ZnO exhibits better efficiency than TiO2 for removing
organic compounds in water bodies and photoelectric conversion. Studies have showed that
ZnO nanoparticles can also be used as an antimicrobial agent.

Doping metal ions into ZnO can influence the performance of these photocatalysts. This
affects the dynamics of electron: Hole pair recombination and interfacial charge transfer. The
largest enhancement of photoactivity through doping can be found in nano sized particles.
Selenium is a trace element, very essential for normal health and reproduction. It was
considered as a poison until it was identified as a micronutrient for bacteria, mammals and
birds. Selenium is essential for the effective operation of the immune system in both animals
and humans. It has received considerable attention because of its remarkable biological
applications such as anticancer, antimicrobial, antidiabetic and antioxidant activities [9-13].
Research is under progress to extract the medicinal applications of selenium nanoparticles
such as anticancer, antimicrobial [14], orthopaedic or malignant mesothelioma. Results from
epidemiological, ecological clinical studies have shown se decreases the risk of some
cancers such as prostate, lung and colon cancers [15-17]. Selenium nanoparticles are also
known for their remarkable applications such as photodegradation, photoconductivity and
wastewater treatment. Many nanoparticles are known for their anti cancer application for
example silver nano particles. But silver nanoparticles (the group of Prof. Barcikowski) can
cause damage to human tissue in such case selenium nano particles can be used. Here we
have doped Selenium to ZnO in order to enhance the activity of Selenium. Keeping all these
view in mind Selenium is selected for doping with ZnO.

Further, in order to synthesis these nanoparticles, the development of simple and reliable
methods is very essential. In this way, electrochemical method for the synthesis of Se-doped
ZnO nanoparticles plays a very important role, which is simple, easy to handle, reliable and
an inexpensive method.

Dyes are important organic pollutants and their release as waste water in the eco-system
causes pollution and perturbation to aquatic life. Photocatalytic degradation for the purpose
of purifying waste water from industries and households has attracted attention in the recent
years [18]. Therefore the removal of these hazardous materials from water bodies is very
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important. Using Se-doped ZnO nanoparticles one can remove these hazardous materials
from water sources up to ~96%. The coating of an insulating layer on TiO2 particles
enhances the photocatalytic activity has been reported [19].

In this way electrochemical method offers a green technology for the synthesis of metal
oxide nanoparticles, which is an environmentally friendly method.

2. EXPERIMENTALS

2.1 Synthesis of Se-doped ZnO Nanoparticles by Electrochemical Method

The experimental set up is as shown in Fig. 1. The metal wire (Zn) is used as anode and
platinum electrode is used as cathode. Using 30 mA current and potential of 12 V the
experiment was run for 3 hrs with continuous stirring. The electrolytic cell is consisting of
0.05 g of Na2SeO3 and 0.5 % of aqueous NaHCO3 solution. 1cm gap between electrodes is
maintained. During the electrolysis the zinc electrode which acts as anode starts to dissolve
and gives zinc ions which are electrochemically reacted with NaHCO3 and Na2SeO3 to give
Zn (II) oxide/Hydroxide with selenium. The solid obtained was then washed with double
distilled water till complete removal of NaHCO3. Since the melting point of Se is 2100C,
heating to higher temperature is avoided, so the wet powder was then heated at 180oC for
dehydration and removal of hydroxides to get Se-doped ZnO nanoparticles. The synthesis
takes place at electrode-electrolyte interface or close to the electrode within the electrical
double layer [20]. The product is deposited on the surface of the electrode in the form of a
thin film or coating and it also floats on the solution which is collected by filtration [21]. The
pH of the solution before electrolysis and after electrolysis was found to be alkaline. Since
the redox potential of Zn (-0.77) and Se (-0.37) is different, the rate of electrochemical
reaction will not be same. Since the dissolution potential of Zn is more negative than
selenium and selenium oxide dissolves in water, it is expected that the selenium present in
the solution will be doped in ZnO. Hence the mechanism for the synthesized ZnO and Se-
doped ZnO nanoparticles is given in scheme 1.

Fig. 1. Experimental set up for the synthesis of Se-doped ZnO nanoparticles
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Scheme 1

2.2. Determination of Photocatalytic Activities

Indigo carmine dye (Molecular formula: C16H8O8N2S2, Molecular weight: 466.16, Λmax = 610
nm) solution (3×10-5 M) was prepared by dissolving in distilled water. This solution was used
as a test contaminant for evaluating photocatalytic activities of the commercial and prepared
ZnO and Se-doped ZnO nanoparticles. The investigation was carried out both under sunlight
and UV-light in order to check the efficiency of Se-doped ZnO nanoparticles. To examine the
photocatalytic activity, 20 ml of colloidal solution were transferred to centrifuge tube and
centrifuged at 800 rpm to remove the dispersed catalyst and the percentage transmittance
was recorded for the clear solution. The chemical oxygen demand was recorded both before
and after degradation of the dye using dichromate oxidation method [22,23]. The decrease in
COD (mg/l) and increase in %T of the dye solution with color removal was observed as
follows;

Se-doped ZnO >ZnO>commercially available ZnO.

3. RESULTS AND DISCUSSION

3.1 UV-visible Spectra

UV-Visible spectrum (Fig. 2) of Se-doped ZnO over the range of 200-800 nm showed that
the synthesized nanoparticles are photoactive under visible light irradiation. The band gap of
Se-doped ZnO was calculated using Tauc plot (Fig. 3). For a semiconductor sample, it is
possible to determine the optical absorption near the band edge by the equation, h =
A(h-Eg)n/2 where , h, , Eg and A are absorption coefficients, plank’s constant, radiation
frequency, band gap and a constant respectively. The n value decides the characteristics of
the transition in a semiconductor being 1 or 4 respectively, for a direct or an indirect
semiconductor. In order to get an accurate value of the band gap of solids, it is neccesary to
construct a (h)1/2 versus h also called Tauc plot [24]. The band gap energy could be thus
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estimated to be 2.6 eV for Se-doped ZnO nanoparticles. Doping of Selenium to ZnO results
a remarkable increase in the photocatalytic activity, because the electronic energy levels of
these two substances match each other and hence the red shift. The red shift is due to two
factors; one is Burstein-Moss shift making the optical band gap broaden, the other one is
interactions among the carriers which result in a many-body effect causing the band gap to
become smaller [25].

Fig. 2. UV-Visible spectra Se-doped ZnO nanoparticles

3.2 X-ray Diffraction

Fig. 4 represents the XRD patterns of Se-doped ZnO nanoaprticles. From the XRD data it is
evident that Se-doped ZnO nanoparticles exhibit dominant diffraction peaks at 26.1788
(004), 29.9266 (101), 43.8478 (112), 46.0273 (112), 49.9094 (114) and 66.9720 (204) which
were absent in ZnO [26]. The size was calculated using Williamson-Hall plot (Fig. 5) [27].
From this the crystallite size of Se-doped ZnO was found to be ~25.5 nm.

The XRD of ZnO and Se-doped ZnO nanoparticles are compared with ZnO nanoparticles
and are as follows;

From the XRD data the cell parameters are calculated and it is found to be a = b ≠ c (a =
3.061 Å, b = 3.061 Å and c = 13.60 Å) and α = β = γ = 900. Accordingly, Se-doped ZnO
nanoparticles belong to Tetragonal crystal system. The size for synthesized ZnO [27]
nanoparticles calculated from Williamson- Hall plot was found to be ~7nm. From the XRD
data the cell parameters are calculated and it is found to be a = b ≠ c (a = 8.143 Å, b = 8.143
Å and c = 5.005 Å) and α = β = γ = 900. Accordingly, ZnO nanoparticles belong to Tetragonal
crystal system.
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Fig. 3. Tauc plot of Se-doped ZnO nanoparticles

Fig. 4. XRD patterns of Se-doped ZnO nanoparticles.
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Fig. 5. Williamson-Hall plot.

3.3 Infra Red Spectra

IR spectrum of Se-doped ZnO is as shown in Fig. 6. Due to interionic vibrations, metal
oxides generally give absorption bands below 1000 cm-1. The peak at 427 cm-1 corresponds
to Zn-O bonds. The presence of Se is confirmed with the appearance of the bands at 518
cm-1, 612 cm-1, 727 cm-1 and 1373 cm-1which were absent for ZnO. The M-O frequencies
observed for nanoparticles of metal oxides are in accordance with the literature values [25].

Fig. 6. IR spectrum of Se-doped ZnO nanoparticles
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3.4 Scanning Electron Microscopy (SEM)

The surface morphology of the synthesized samples was observed by using SEM. The SEM
micrographs (Fig. 7) of Se-doped ZnO samples show that it consists of agglomerated
particles.

Fig. 7. SEM micrographs of Se-doped ZnO nanoparticles

3.5 Photodegradation Kinetics and COD Measurements

3.5.1 Effect of concentration of indigocarmine

The reaction was performed with different concentration of IC with constant weight of Se-
doped ZnO catalyst. The change in concentration of the indigo carmine was recorded by
change in color using spectrophotometer. A plot of log Tt (percentage transmittance of light)
versus time was linear up to 60 % of the reaction indicating the disappearance of
indigocarmine follows first order kinetics (Fig. 8). The rate constant values are given in Table
1 and the reaction rate decreased with increase in indigocarmine. This is because with
increase in the dye concentration, the solution becomes more intense colored and the path
length of the photons entering the solution is decreased thereby few photons reached the
catalyst surface. Hence the production of hydroxyl radicals is reduced. Therefore the
photodegradation efficiency is reduced. The pH and COD [28] for indigocarmine solution
before and after degradation were measured and are given in Table 3. Results of COD effect
are illustrated in Fig. 9.

Table 1. Effect of photodegradation at different concentration of indigo carmine

10-5 [IC] 104K Sec-1 Effect of pH COD values in mg/l
Before
Degradation

After
Degradation

Before
Degradation

After
Degradation

1.0 6.52 10.15 9.34 254 16
2.0 5.30 9.98 9.16 368 32
3.0 4.22 9.76 8.93 448 16
4.0 3.45 9.55 8.63 496 32
5.0 1.53 9.32 8.55 672 128
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Fig. 8. Effect of concentration of IC on the rate of degradation

To account for mineralization COD was determined at different stage. The formation of
different radical species during photodegradation is given in scheme 2.The dye was found to
have mineralized into H2O, CO2 and simpler inorganic salts [29], after being irradiated for 5
hrs using Se-doped ZnO photocatalysts (Scheme 3). The photodegradation efficiency of the
photocatalyst was calculated by the following formula,= ×

Scheme 2

3.5.2 Effect of pH

The pH of the solution is one of the important factors in evaluating the photodegradation
reaction in aqueous medium. In the present work, the pH of the solution was adjusted by
adding 0.01 M HCl solution. The effect of pH was studied at pH 4, pH 6 and pH 9.72 by
keeping all other experimental conditions constant. The results are given in Fig. 10 and
Table 2. From the results it is observed that, the rate of degradation increases from pH 4.0 to
pH 9.72. Also, the amount of catalyst recovered after the experiment was lowered at lower
pH because of the dissolution of the semiconductor oxides at very low pH values. Results of
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COD effect are illustrated in Fig. 11. The optimum pH selected is 9.72 at which
photodegradation is high.

Scheme 3

Fig. 9. Effect of concentration of IC on COD values

Fig. 10. Effect of pH on the rate of degradation of IC
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Table 2. Effect of pH on photodegradation of Indigo Carmine

pH 104k sec-1 COD values in mg/l Photodegradation Efficiency %
Before
Degradation

After
Degradation

4.0 1.15 448 32 92.85
6.0 2.30 448 32 92.85
9.72 4.22 448 16 96.42

Fig. 11. Effect of pH on COD values

3.5.3 Effect of catalyst loading

The experiments were performed by taking different amount of catalyst varying from 10 mg-
40 mg in order to study the effect of catalyst loading.  The study showed that increase in
catalyst loading from 10 mg-20 mg increased dye removal efficiency. Further increase in
catalyst above 20 mg decreased the photoactivity of the catalyst. The reason for this
decrease in degradation rate is due to the aggregation of Se-doped ZnO nanoparticles at
high concentration causing a decrease in the number of surface active sites and increase
the opacity and light scattering of Se-doped ZnO nanoparticles at high concentration. This
tends to decrease the passage of light through the sample [30]. Further, the present study
indicated, from economic point of view, the optimized photocatalyst loading is 20 mg/20 ml
(Fig. 12 and Table 3). A result of COD effect is illustrated in Fig. 13.

3.5.4 Effect of light intensity

The above mentioned kinetic study of photodegradation of indigo carmine dye was studied
under sunlight. The photodegradation rate with sunlight was compared with UV light
(Figs. 14, 15 and Table 4). It is noticed that the photodegradation rate was increased in
sunlight for prepared Se-doped ZnO than ZnO. This is because; the inclusion of Se2+ in ZnO
matrix caused an decrease in the band gap of ZnO from 3.3 eV to 2.6 eV indicating that
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these semiconductor nanoparticles absorb sunlight. This can subsequently activate these
modified metal oxide photocatalysts upon sunlight irradiation. When a photon incident on a
semiconductor (Se-doped ZnO) whose energy matches or exceeds the band gap energy of
semiconductor, an e- is ejected from valence band to conduction band, leaving a positively
charged hole h+ in the valence band. Excited state conduction band electrons and valence
band holes can recombine and dissipate energy in the form of heat, get trapped in
metastable surface states or react, respectively, with electron acceptors and donors that
happen to be adsorbed on the semiconductor surface or within the surrounding electrical
double layer of the charged nanoparticles. In the absence of suitable e-/h+ charged carriers
the stored energy is dissipated within a few nanoseconds by recombination [31]. If a suitable
scavenger or surface defect state is available to trap the electron or hole, recombination is
prevented and subsequent redox reaction may occur. As there are many number of defect in
Se-doped ZnO nanoparticles, electron or hole recombination is prevented and therefore Se-
doped ZnO acts as a very good photocatalyst and is very active under sunlight compare to
ZnO alone.

Fig. 12. Effect of catalyst loading on the rate of degradation of IC under sunlight

Table 3. Effect of catalyst loading on the photodegradation of Indigo Carmine
under sunlight

Catalyst
(Se-doped
ZnO) in mg

104K
Sec-1

Effect of pH COD values in mg/l
Before
Degradation

After
Degradation

Before
Degradation

After
Degradation

10 2.68 9.70 8.79 448 32
20 4.22 9.76 8.93 448 16
30 3.83 9.69 8.96 448 16
40 3.07 9.70 8.86 448 16
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Fig. 13. Effect of catalyst loading on COD values for the degradation of Indigo
Carmine under sunlight

Fig. 14. Effect of catalyst loading on the rate of degradation of Indigo Carmine under
UV light

3.5.5 Reuse of catalyst

The possibility of reusing the photocatalyst was tested to see the cost effectiveness of the
method. After the degradation of the dye, the dye solution was kept standing for 10 hrs and
then the supernatant liquid was decanted. The photocatalyst was thoroughly washed with
double distilled water and then reused for the photodegradation by taking fresh dye solution.
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From the degradation study it was observed that the efficiency of the catalyst to degrade the
dye solution was slightly reduced to approximately 80 % for the use of 2 to 3 times. Further
use of the catalyst showed lesser efficiency.

Table 4. Effect of catalyst loading on the photodegradation of Indigo Carmine under
UV light

Catalyst
(Se-doped
ZnO) in
mg

104K Sec-1 Effect of pH COD values in mg/l
Before
Degradation

After
Degradation

Before
Degradation

After
Degradation

10 1.91 9.62 8.69 448 32
20 3.07 9.73 8.83 448 16
30 2.68 9.61 8.94 448 16
40 2.30 9.68 8.88 448 32

Fig. 15. Effect of catalyst loading on COD values for the degradation of Indigo
Carmine under UV light

4. BIOLOGICAL ACTIVITIES

4.1 Antimitotic Activity

Cell is the basic structural, functional and biological unit of living organisms. They are called
building blocks of life. Cell division involves a single cell (called a mother cell) dividing into
two daughter cells. Between successful cell division, cell grow through the functioning of
cellular metabolism and is responsible for the development of organisms [32].

Allium cepa has been used to evaluate the antimitotic activity of synthesized ZnO and Se-
doped ZnO nanoparticles. Results of antimitotic activity are given in Table 5, the different
stages of mitosis (Fig. 16), the percentage inhibition of cell division by ZnO and Se-doped
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ZnO nanoparticles comparative to control is given in Fig. 17. It can be clearly seen that there
exists a changes in cellular morphology such as slight elongation in shape with many of
them remains in the earliest stages of mitosis called prophase stage in Se-doped ZnO and
cell growth inhibition is less effectively effected in ZnO compared to control. Onion roots in
ZnO and Se-doped ZnO of concentration (25, 50 and 75 ppm) at different time duration (12,
18 and 24 hrs) exhibited changes in chromosomes and shape of the cells with elongated
appearance. Change in chromosomes and cellular morphology were achieved in increasing
time and concentration. Se-doped ZnO showed good inhibitory effect by inhibiting the cell
growth and ZnO showed moderate inhibition towards cell division.

From the above observations, the partial-c-mitosis, full-c-mitosis with partial functional
spindles and comparatively normal mitotic cells phases were noticed in various cells of the
same root tip between 12-24 hrs time duration. Hence, Se-doped ZnO has very good ability
in controlling the cell division.

A B

C D

Fig. 16. A) Prophase; B) Anaphase; C) Metaphase; and D) Telophase
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A B

C

Fig. 17. Cell growth inhibitions by Control (A), ZnO (B) and Se-doped ZnO
(C) nanoparticles

4.2 Antimicrobial Activity

The antibacterial activity of ZnO and Se-doped ZnO nanoparticles was evaluated by well
diffusion method. The study was subjected to evaluate the ability of these nanoparticles as
antibacterial agent against five bacterial strains which are well known to cause some
infections to humans namely, E. fecalis, K. pneumonia, E. aerugenes, P. aerugenosa, A.
fecalis. The antibacterial activity was evaluated by measuring the zone of inhibition in mm
(Table. 6). The effect of antibacterial activity by ZnO and Se-doped ZnO nanoparticles
against E. fecalis bacterial strain is as shown in Fig. 18. The results of antibacterial activity of
ZnO and Se-doped ZnO nanoparticles are given in Table 6. The biggest inhibition was
observed with Se-doped ZnO, for the growth of E. fecalis is similar to standard
Chloromphenicol. Further, around 80-90 % of inhibition was observed for K. pneumonia and
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Table 5. Effect of ZnO and Se-doped ZnO nanoparticles on antimitotic activity

Compound Conc. in PPM % Dividing cells % of Dividing Cell Compare to Control % of Inhibition Compare to Control
12 hrs 18 hrs 24 hrs 12 hrs 18 hrs 24 hrs 12 hrs 18 hrs 24 hrs

Control 74.57 84.16 82.59 100 100 100 00 00 00
25 64.57 69.32 67.54 86.68 82.36 81.77 13.41 17.63 18.22

ZnO 50 59.32 62.42 64.02 79.54 74.16 77.51 20.45 25.83 22.48
75 54.79 65.97 59.54 73.47 78.38 72.09 26.52 21.61 27.90
25 55.80 54.75 64.04 74.82 65.05 77.53 25.17 34.94 22.46

Se-doped ZnO 50 51.32 52.30 60.34 68.82 62.14 73.05 31.17 37.85 26.94
75 47.16 47.15 54.75 63.24 56.02 66.29 36.75 43.97 33.70

Table 6. Effect of ZnO and Se-doped ZnO nanoparticles on antibacterial activity

Compound No. Zone of Inhibition in mm
Enterococcus  faecalis Klebsiella pneumonia Enerobacter aerugenes Pseudomonas aeruginosa Alcaligenes faecalis

Conc. in mg/ml 0.1 0.1 0.1 0.1 0.1
Control (solvent) 00 00 00 00 00
Chloromphenicol 18.4±0.08 18.8±0.06 19.2±0.04 18.6±0.06 18.4±0.03
ZnO 03.4±0.05 05.2±0.02 04.8±0.04 08.2±0.05 05.0±0.04
Se-doped ZnO 18.4±0.15 15.2±0.04 11.4±0.04 16.6±0.08 12.4±0.08
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Fig. 18. Antibacterial activity of ZnO (1a) and Se-doped ZnO (1b) against E. fecalis
bacterial strain

Fig. 19.  Antifungal activity of ZnO and Se-doped ZnO against Fusarium and
Aspergillus bacterial strain

Table 7. Effect of ZnO and Se-doped ZnO nanoparticles on antifungal activity

Compound No. Zone of Inhibition in mm
Fusarium verticillioides Aspergillus flavus

Conc. in mg/ml 0.1 0.1
Control 00 00
Nystatin 22.0±0.04 18.0±0.06
ZnO 12.2±0.04 08.1±0.04
Se-doped ZnO 16.2±0.04 12.4±0.02
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4.3 The Potent Activity of Se-doped ZnO and ZnO

The potent activity of Se-doped ZnO is explained as follows; Some of the differences in the
cell growth are related to the modest changes observed in surface energy, hydrophilicity and
hydrophobicity upon Se doping, compared to undoped ZnO and control. Control tissue
fractions consume O2 at a more rapid rate, hence higher the chain reaction and cell growth.

The presence of Se may act as antioxidant scavenging for free radical intermediates (R00.,
.OH, etc...), thereby breaking the chain reaction. Therefore the presence of nanoparticles
could react with the radicals and gives considerably more stable compound, so that the cell
viability is reduced with increase of cell death and hence inhibits the cell growth. However
ZnO alone shows less inhibiting effect compared to Se-doped ZnO as it shows lesser
antioxidant activity.

From the literature obtained the toxicity of the ZnO nanoparticles or Se nanoparticles were
observed for the concentration greater than 500 ppm [33-36], which is much higher than the
concentration of nanoparticles used in our present study, whose concentration varies from
25ppm-100 ppm. Hence the synthesized nanoparticles may be considered safe up to
concentration of 200 ppm.

5. CONCLUSION

Se-doped ZnO nanoparticles were synthesized by electrochemical method, an
environmentally friendly method. Photodegradation by these semiconductors offers a green
technology for the removal of hazardous compounds present in the industrial effluents.
Kinetics for the degradation of Indigocarmine by Se-doped ZnO nanoparticles were studied
systematically. The completion of degradation reaction was confirmed by conducting COD
experiment. Results of COD effect revealed that ~96 % of the dye has been degraded. The
synthesized nanoparticles are capable of entering into the allium cepa cell, bacterial cell,
fungus cell, therefore inhibits the cell growth and hence confirms the biological activity as a
potent antimitotic and antimicrobial agents. The synthesized nanoparticles may be safe up to
the concentration of 200 ppm.
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