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Abstract Indium (0.01, 0.04 and 0.06 mol%) doped ZnO
nanoparticles (IZ-NPs) have been synthesized using the
facile co-precipitation method. The prepared nanoparti-
cles (NPs) were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), Elemental dispersive
spectroscopy (EDS), UV—-Vis absorption spectrum (UV—
Vis) and photoluminescence (PL) techniques. The photo-
catalytic activities were evaluated for the degradation of
Rhodamine-B (Rh-B) under UV-Vis irradiation. The anti-
bacterial properties of Zinc oxide nanoparticles (NPs) were
investigated using human pathogens and were compared
based on the diameter of inhibition zone using Agar-well
diffusion method. Structural studies confirm the main pres-
ence of hexagonal wurtzite ZnO phase and well-crystalline.
The incorporation of indium ions was responsible for the
change in their various lattice parameters. The average crys-
tallite sizes were decreased by increasing the indium dopant
concentration. SEM images reveal the synthesized NPs are
in nanometer range with various shape and improved crys-
tallinity is noted for higher doping (In) concentration. The
presence of indium in the host lattice was confirmed by
EDS spectroscopy. Optical studies shows that the band-gap
energy decreases (3.34-3.17) with an increase in doping
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concentration (2-6%). The photoluminescence (PL) spec-
trum reveals the UV emission is strong near the band-edge
region (NBE) (392 nm) and intrinsic defects encountered in
series of visible emission peaks around 400-560 nm. From
the efficiency of the photocatalytic activity, higher dopant
concentration (6%) showed higher photocatalytic activ-
ity than the other NPs in destroying Rhodamine B (RhB)
under UV-Vis light irradiation. The synthesized In-doped
Zinc oxide nanostructures show maximum antibacterial
activity against Staphylococcus aureus and Staphylococcus
epidermidis.

1 Introduction

Nanoscale materials and nanotechnology have attracted huge
attention in recent years. ZnO is one of the most promis-
ing semiconductor materials, which has fascinated much
attention owing to a wide range of applications in the field
of science and technology. Because of its wide and direct
band gap (3.37 eV) equivalent that of GaN [1], ZnO has
drawn much interest in the field of Optoelectronic devices
[2], potential candidate for solar energy conversion [3], stor-
age devices [4], luminescence [5], transparent UV protection
films, chemical sensors, spintronic devices [6], antibacterial
agent, [7], gas sensing [8] and an excellent photocatalysts [9]
etc. Further, ZnO nanostructures have a high redox potential,
excellent physical and chemical stability, inexpensive, easy
synthesis and non-toxic [10].

In the ground of photocatalysis presently ZnO doped
with appropriate metals has emerged as the leading mate-
rial in the green environment. When comparing with TiO,
nanoparticles for the degradation of dyes, ZnO confirms to
be an enhanced photocatalyst due to its high efficiency and
mobility of photo-induced charge carriers [11]. The greatest
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advantage of ZnO is the ability to absorb a wide range of
solar spectrum and more light quanta than some other semi-
conducting metal oxides [12]. ZnO has the hexagonal close
packed lattice with empty octahedral sites. In this connec-
tion, Zinc oxide has a high surface reactivity because of a
large number of native defect sites [13]. From the literature,
it is evident that doping with suitable cations or anions with
ZnO in the degradation of various dyes has been drastically
improved its photocatalytic activity and to further widen its
light absorption in the visible region [14]. The incorporation
of alkali metal ions into the ZnO matrix results in the forma-
tion of significant lattice defects, that may be attributed to
the charge compensation and ionic radius mismatch between
Zinc and the corresponding dopant [15].

When the cationic dopant is added to ZnO, the photodeg-
radation efficiency of ZnO is improved further. Several loca-
tions are possible for the cationic dopant deposition which
results on the surface, Zn sites within the lattice of ZnO
crystal and the interstitial sites of the ZnO matrix [16]. Add-
ing doping element could also reduce the activation energy
in the photocatalytic mechanism. Further, ZnO exhibits
high reaction and mineralization rates [17] which can trig-
ger more hydroxyl ions with comparing to than other metal
oxides [18]. Thus, the incorporated dopants act as electron
traps, which suppress the recombination of photo-generated
holes and electrons [19] that could enhance the photocata-
lytic activity in the visible region under the entire spectrum
of sunlight. Further, Toxicity studies have shown that zinc
ions do not cause any harms to the DNA of human cells
[20]. Bacteria’s, such as Staphylococcus epidermis, Staphy-
lococcus aureus, Pseudomonas sp. and Escherichia coli have
the ability to cause localized skin contagion, diffuse skin
infection, necrotizing Pneumonia, urinary tract infection
(UTD) and respiratory infections. These infections are wide
spreading nowadays and it is difficult to recognize. With the
increase in urbanization, migration, and settlement, people
are exposed to more airborne, vector-borne and zoonotic
spread of infectious agents [21]. Therefore, in terms of
potential use, the incorporation of nano metal oxides into
surfaces and other objects could be studied in order to reduce
some of the infectious diseases. Among the various metal
oxides nanoparticles, doped ZnO nanoparticles play a piv-
otal role in acting as an antibacterial agent against bacteria.
Several techniques have been adopted to synthesise pure
and doped ZnO NPs like the vapour transport process [22]
spray pyrolysis [23], thermal decomposition [24], hydro-
thermal method [25], sol-gel method [26], hydrolysis, [27],
chemical precipitation [28], electrochemical method [29] in
order to tailor its morphology and size. Among them, the
standard co-precipitation method is simple, inexpensive and
mass production at room temperature to synthesize pure and
doped ZnO NPs [30]. In our previous work, we have studied
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the structural, optical, photoluminescence and photocatalytic
assessment of Sr-doped ZnO Nanoparticles [31].

In this present study, a special emphasis is taken to study
the Antibacterial activity along with the Photocatalytic stud-
ies between pure and Indium doped ZnO NPs prepared via
co-precipitation technique. However, it is noteworthy to
mention that both pure and In-doped ZnO NPs were syn-
thesized on a high altitude region (>2200 m above sea level,
Ketti, The Nilgiris, Tamil Nadu, India) at a room tempera-
ture of 18 °C as previously reported in our earlier work [29]
and now the same method is employed to dope Indium with
various concentrations. Samples were characterized using
X-ray diffraction (XRD), scanning electron microscope
(SEM), photoluminescence emission spectra (PL), UV-Vis
spectrophotometer. Photodegradation studies on Rhodamine
B dye (RhB) at various intervals (0—120 min) were carried
under UV-Visible irradiations. The antibacterial activity
for pure and Indium doped ZnO nano structures towards S.
aureus and S. epidermis was tested by an agar disc diffusion
method.

2 Materials and methods

Pure and In-doped ZnO NPs was achieved by simple co-
precipitation method. An appropriate quantity of Zinc chlo-
ride (ZnCl,) and Sodium hydroxide (NaOH) were mixed
with deionized water in the molar volume of 1:1. The main
role of sodium hydroxide during the synthesis is used to pre-
cipitate the transition metal hydroxides. It acts as a specific
intermediate in accelerating the reduction and increasing the
rate of formation of ZnO and In-ZnO nanoparticles. Further,
sodium hydroxide is used for converting ZnCl, to Zn(OH),
which on heating gives water to form ZnO nanoparticles.
A buffer solution of 1 M of sodium carbonate (Na,CO;) is
taken separately in another beaker. Further, the buffer solu-
tion is added dropwise to the in initial solution under con-
stant stirring for 5 h at room temperature to obtain a white
precipitate. The reaction was stopped and sufficient time was
given for the entire precipitation to settle at the bottom. This
precipitate was then allowed for complete settlement for 12 h
at a room temperature. The final product was washed several
times and then dried in a hot air oven at 100 °C to remove
water molecules. Finally, the synthesized nanoparticles
(NPs) were calcined at 600 °C for 4 h and then, crushed into
fine ZnO NPs. same process was adopted to synthesize In-
doped ZnO NPs. Different concentrations of Indium Chlo-
ride InCl, (0.02, 0.04, 0.06 M) was added to an appropriate
quantity of distilled water and (0.98, 0.96, 0.94 mol%) Zinc
Chloride ZnCl, were added into the appropriate amount of
distilled water and the same procedure remains as of pure
ZnO NPs as said above.
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The structural and phase characterization was carried
by X-ray diffraction (XRD) studies, Surface morphology
is done using the Scanning Electron Microscope (SEM).
Optical studies were carried at room temperature using
a UV-Vis (Perkin Elmer) spectrophotometer and Pho-
toluminescence (PL) emission studies were carried by
(JobHR800 in Yoon Horbe) spectrometer using a He—Cd
laser source with a wavelength of 325 nm.

2.1 Measurement of photocatalytic activity

Experiments were performed in a quartz reactor of 150 ml
capacity, provided with water circulation in order to main-
tain a constant temperature. The UV irradiation was car-
ried out by using 125 W (311 nm) medium pressure Hg arc
lamp (SAIC, INDIA). 150 ml of desired initial concentra-
tion (20 ppm) of RhB dye solution was mixed with a fixed
amount ZnO NPs (50 mg) at natural pH (6.2). This mixture
is then magnetically stirred and subjected to UV illumi-
nation. The sample from the photoreactor is withdrawn
at different time intervals and centrifuged. The superna-
tants are analyzed for its absorption maximum (585 nm)
using UV-Vis Spectrophotometer. Similar procedure was
adopted for the incorporation of various concentrations In
dopants (2, 4 and 6%) into RhB dye solution. Percentage of
RhB absorbed on the catalyst surface was calculated from
the following equation.

Percentage of degradation = (C, — C,)/C, X 100%

where C represents the initial time in absorption and C,
represents the absorption after’ minutes.

The total organic carbon (TOC) for all the samples
were analyzed by direct inoculation of the filtered sample
solutions into a Thermo Euroglas, Model TOC 1200, total
organic carbon analyzer (Thermo Electron Corporation,
The Netherlands).

2.2 Antibacterial activity

The antibacterial activity of the synthesized samples was
tested towards S. aureus and S. epidermidis was performed
by an agar disc diffusion technique. The bacterial suspen-
sion was applied uniformly on the surface of nutrient agar
medium (NAM) plate and agar-wells were punched using
agar punches. Then, the synthesized nanoparticles were
added in the 0.1%/1 concentration. The plates were incu-
bated at 37 °C for 24 h, after which the average diameter
of the inhibition zone surrounding the disk was measured
with a ruler up to 1 mm resolution.

3 Results and discussion
3.1 Structural studies

The XRD diffraction pattern for pure and In-doped ZnO NPs
are shown in Fig. 1. It is noted from Fig. 1, the diffraction
peaks corresponding to (100), (002), (101), (102), (110),
(103) and (112) are with a hexagonal phase ZnO of Wurtz-
ite structure (JCPDS 36-1451, space group p6;mc) [32]. It
is noted that no other peaks were observed confirming the
purity and the crystalline nature of the synthesized NPs. It is
interesting to observe there is a negligible peak shift towards
the lower diffraction angle occurred as a result of In doping
into ZnO matrix. This may be attributed due to the lattice
strain occurred as a result of In doping into ZnO lattice [33].
The crystalline size (D) is calculated by using the
Debye—Scherrer’s formula as given below [34]

D =0.9)\/p cos 6 (1)

where A is the X-ray wavelength of 1.54 A, f is the full-
width half maximum, 6 is the Bragg’s diffraction angle. The
average crystallite size and is listed in Table 2. From the cal-
culated values it is found the crystallite size decreased with
the increase of In content. This may be due to the reduction
in diffusion rate which makes the NPs intact and due to the
distortion in the host ZnO lattice by foreign impurities [35].

3.2 Effect of doping on lattice parameters

The physical properties of the pure and In-doped ZnO NPs
are strongly affected by various parameters such as crystal-
lite size, dislocation density, bond length and lattice strain
[36]. In the case of wurtzite phase, the lattice parameters are
calculated by using the formula Egs. (3-5)

Intensity (a.u)

Fig. 1 XRD pattern for pure and IZ-ZnO NPs: a Pure ZnO NPs, b
2% 1Z-NPs, ¢ 4% 1Z-NPs, d 6% 1Z-NPs
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It is noted from Table 2, there is an increase in its lat-
tice stress and strain as a result of In ions doped into ZnO
environment.

Young’s modulus (E) for a hexagonal wurtzite structure
is given by the following relation.
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where a="> and c are the lattice parameters, d,, is the inter-
planar distance corresponding to its Miller indices (hkl). The
calculated lattice parameters are presented in Table. From
Table 1 it is noted that there is a small change in its lattice
parameters; this may due to the change in its crystallite size
and difference in their atomic radius with respect to their
doping concentration [37].

Dislocation density (5), which represents the amount of
defect present in the sample and is calculated using Eq. (5)
(381,

1
0=13 ®

From Table 2, it is observed that the dislocation density
is slightly increased with doping. This may be due to the
decrease in grain size and the presence of defect states [39].

Strain induced is calculated using the Eq. (6)

where S, (7.86x 1072 m? N71), § 5 (=2.206x 1072 m> N1,
S35 (6.940x 107> m? N~") and S, (23.57x 1072 m?> N~!) are
the elastic coefficient of ZnO [40]. From Table 2, the calcu-
lated value of Young’s modulus is found to be constant for
both pure and IZ-NPs. This indicates the doping concentra-
tion do not have any significant effect on Young’s Modulus
(E). Similar results were obtained by Yousefi et al. in inves-
tigating the properties of Mg-doped ZnO nanoparticles [41].
Also for an elastic system, the energy density (u) per unit
lattice is calculated by the following Eq. (8) [42].

2
Eyye
U= ——-

5 ®

It is observed that the energy density has found to increase
with In doping concentration. This is because energy states
increase with doping concentration. Thus doping plays a
vital role in changing the physical property of the material
[43].

€= Py cos 0/4 (6)
Table 1 Lattice parameters of Sample Lattice parameter Atomic packing frac- Volume (nm?)
pure and IZ-NPs _ _ tion (APF) %
a(A) c(A) c/a ratio

Pure ZnO NPs 3.25 5.21 1.6004 7542 47.19

2% 1Z-NPs 3.24 5.19 1.6012 75.44 47.35

4% 1Z-NPs 3.24 5.19 1.6019 75.44 47.59

6% 1Z-NPs 3.25 5.20 1.6035 75.51 47.81
Table 2 Geometric parameters of pure and IZ-NPs
Sample Crystal size Micro strain (no unit) Stress o (MPa) Dislocation density ~ Young’s modulus  Energy/unit lat-

(D) nm @) (KIm™) (E) (GPa) tice (U) K J m™>

ZnO NPs 50.2 7.197x 107 0.1036 3.97x107* 144 37.3
2% 1Z-NPs 40.1 9.375x107* 0.1351 6.22x107* 144 63.3
4% 1Z-NPs 325 1.594x 1072 0.1820 9.48x107* 144 115.1
6% 1Z-NPs 28.4 1.263x1072 0.2293 1.24x1073 144 183.2
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4 SEM analysis

Figure 2a—d shows the SEM images of pure and IZ-NPs.
From the figure, it is noted that the surface of the synthe-
sized NPs exhibits shapes like hexagon, cube, polygon and
rod-shaped nanostructures. It is also observed that a uni-
form distribution of crystals throughout the surface without
any cluster formation. Further, the crystallite size decreases
(66.4-32.6 nm) with an increase in Indium concentration
(2-6%). This inference on the decrement of the crystallite
size with dopant concentration is consistent with the present
XRD results.

The composition analyses of the samples are further
quantitatively evaluated using energy dispersive X-ray
spectroscopy (EDS) studies. Figure 3 shows the EDS spec-
tra of Indium doped ZnO nanoparticles. The spectra indi-
cate the occurrence of In, Zn, and O as the major elements
along with the elemental chart. It is also observed from
the obtained values of O (oxygen) content, the weight% of
oxygen decrease with increase in indium doped NPs which
confirms the substitution of Indium into ZnO matrix. No
traces of other elements were found in the spectrum which
confirms the purity of the samples.

Date 110 Jun 2014
Time :11:30:28

Signal A = InLens
Mag = 100.00 K X

EHT = 15.00 kv

WO = 48mm

5 Optical studies

Figure 4 shows the optical absorption and transmission spec-
tra for pure and IZ-NPs. From the figure it is clear the optical
absorption edge for pure and IZ-NPs is below 400 nm. It
is also noted that for pure ZnO, high absorption owing in
the UV region under 400 nm and slightly decreases with
Indium dopant (In). This may be due to the incident photon
having sufficient energy to interact with the atoms of the
materials and therefore high absorption and low transmis-
sion occur in the UV-region [44]. As the doping of Indium
increases (4—6%), it is interesting to see that there is a minor
shift towards the longer wavelength region (Red shift) in
the spectrum (Fig. 4a). This is due to the defects inducing a
delocalization of the conduction band edge and creates deep
traps in electronic energy states [45].

The optical band gap E, is determined from a Tauc-plot
from the following relation

ahv=A (hv-E,)" ©9)

where a is absorption coefficient, % is the Plank’s constant,
v is the frequency of light radiation and E, is the band gap
energy where ‘n’ takes the value of 1/2 allowed direct

EHT = 15.00 kV
WO = 50mm

Signal A = InLens
Mag = 150.00 K X

Date :10 Jun 2014
Time :11:12:20

EHT = 16,00 kV
WD = 48mm

Signal A = InLens.
Mag = 150.00 K X

Date :10 Jun 2014 ZEISS
Time :11:30:28

ra
Date 110 Jun 2014 ZEISS
Time :11:30:28

T EHT =15.00KV
WD = 48mm

Signal A = InLens.
Mag = 150.00 K X

Fig. 2 SEM photographs of pure and In-doped ZnO NPs: a pure ZnO NPs, b 2% IZ-NPs, ¢ 4% 1Z-NPs, d 6% 1Z-NPs
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Fig. 3 Energy dispersive X-ray (EDX) spectra: a pure ZnO NPs, b 2% IZ-NPs, ¢ 4% 1Z-NPs, d 6% 1Z-NPs
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Fig. 4 Optical spectrum for pure ZnO and In-doped ZnO NPs: a absorption spectrum, b transmission spectrum
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Fig. 5 Band gap energy (E,) for pure and IZ-NPs

transition [46]. Plots of (ahv)? and (hv) are made for pure
and In-doped ZnO NPs.

From the extrapolation of the linear portions of the plots
onto the x-axis, Eg is found and the values are listed in
Table 3. From Fig. 5, it is found that the band gap energy
decreases with the increase of In doping concentration into
ZnO matrix. The decrease in band gap perhaps due to the
shallow level donor impurities creates additional energy
levels in the bandgap near the conduction band edge [47].
A further change in lattice parameter from the ideal order
and defects such as zinc excess or moderate oxygen vacan-
cies can lead to a decrease in band gap energy values [48].
Moreover, the decrease in band-gap energy results in the
increase in photon production and Photo-receptive [49].
Subsequently, it is accepted that [Z-4 should show a higher
photocatalytic activity than other NPs.

6 Photoluminescence studies

PL Studies is an important tool to analyze defect states and
their effects in optical studies. Figure 6 shows the PL spectra
recorded at room temperature for pure and IZ-ZnO NPs at
an excitation wavelength of 330 nm. It is observed from the
figure, that several intense peaks are present in the wave-
length region around 350-600 nm. Emission peaks at 362
and 391 nm originated in the UV-region. This may be due to
the occurrence of free exciton-electron—hole recombination
corresponding to the near band edge emission (NBE) during
the impact process [50]. Further series of peaks at 411, 438,
490, 520 and 596 nm are observed in the wavelength range
ranging from 400 to 600 nm (visible region).

Pure ZnO NPs

———2 % In doped ZnO NPs
4 % In doped ZnO NPs
6 % In doped ZnO NPs

391nm

411nm

Intensity(a.u)

350 400 450 500 550 600
Wavelength (nm)

Fig. 6 Photoluminescence spectrum of pure and IZ-NPs

It is interesting to note that the intensity of the peak in
the visible spectral region (490 nm) slightly increases with
the increase of dopant concentration (2-6%). This is due to
the enhancement of more defect states such as the Zn vacan-
cies, Interstitials, restrained oxygen vacancies and oxide
antisite defect etc. [51]. It is well known that smaller sized
nanoparticles have a higher population of surface defects for
the enhanced defect emission relative to the UV-Vis emis-
sion, as seen in the presence of metal ion doped metal oxide
nanoparticles [52]. Due to the increase in surface to volume
ratio and concentration on oxygen vacancies, the grain size
decreases it causes to the increase of the luminescence cent-
ers. In general, vacancies due to defects in doped ZnO NPs
can act as the active centers to capture photo-induced elec-
trons. This occurrence causes reduction of recombination,
causing to higher photocatalytic activity.

7 Photocatalytic studies

The photocatalytic activity of [Z-NPs was investigated for
Rhodamine-B dye under UV—Vis irradiation. Figure 7a—d
shows the change in the optical absorption spectra of RhB
dye solution for pure and In-doped ZnO NPs recorded at
different intervals of time. From the Fig. 7 it is clear that the
absorption decreases as the exposing time is increased from
0 to 120 min. It is interesting to note that from Fig. 7a only a
negligible amount of degradation (8%) has occurred for pure
ZnO NPs at 120 min in comparing to 6% 1Z-NPs (Fig. 7d).
Further, as the doping concentration increases enhancement
in photodegradation is observed (Table 3). This may be due
to the defect states and oxygen vacancies created for the
while the doping content increased [53]. Figure 8a, b shows
the Kinetics of RhB dye solution as a function of irradiation
time. Where C is the concentration of RhB at its maximum
absorption and C; is the initial absorption. It is observed
from Fig. 8b the concentration of RhB decreases over a
period of time as the In concentration is increased.
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Fig. 8 Kinetics of RhB dye degradation for pure and IZ-NPs under UV—Visible radiations
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Table 3 Photocatalytic degradation with band gap energy: (2-6% 1Z-

NPs)
Sample Band gap (E,)  Degradation (%) Degradation the
at 120 min rate constant (k)
Zn0O 3.34 8 0.0002
2% 1Z-NPs  3.28 25 0.0019
4% 1Z-NPs  3.22 57 0.0072
6% 1Z-NPs  3.17 76 0.0101
80 —a&— 6 % IZ NPs
1 —8— 4%IZNPs
70 —=— 2%IZNPs
—&— ZnO NPs
B3
c
2
&
-1
s
o
[
(=]
10 S
: T T T T T v T T T
40 60 80 100 120

Time(min)

Fig. 9 Photodegradation of Rhodamine B under pure and IZ-NPs

The percentage of degradation of RhB from 0 to 120 m
is shown in Fig. 9. It is noted for pure ZnO NPs only 8% of
degradation has occurred for 120 min but for 2, 4 and 6% 1Z-
NPs the degradation is found to be 25, 57, and 76% respec-
tively. This increase in its degradation is due to the fact that

H,0

In doped ZnO NPs in Rh-B dye

(b)

OH- (Radical)

the active sites provided for the adsorption of the substrate
on the catalyst surface are enhanced for [Z-NPs [54].

From the kinetics of degradation, the rate constant (k) for
RhB is calculated by using the first order plot as given below

C0
In( = ) =kt

where C;, and C are the reactant concentration at time t=0
and t=t, correspondingly, k and t are the First-order rate
constant and time. From the linear plot, the rate constant
(k) for the degradation of RhB dye for pure and [Z-NPs are
determined and summarized in Table 3.

From Table 3 it is observed that the degradation rate (k)
increases with increase in doping concentration. High degra-
dation rate constant demonstrates higher photocatalytic per-
formance [55]. Thus the collective effects of the increased
surface area and the small size nanoparticles induce better
photocatalytic performance for the Indium-doped nanopar-
ticles compared with pure ZnO NPs.

(10)

7.1 Mechanism of photocatalytic reaction

The mechanism of photocatalysis for In-doped ZnO NPs
has been illustrated in Fig. 10a. Due to the decrease in acti-
vation energy, an increase in specific surface area by the
incorporation of In dopant creates extra energy level, which
can enhance the light absorption range and enhance the pho-
toresponse of the cation (In) induced ZnO in the UV-Vis
region [56].

The photocatalysis process is initiated by the genera-
tion of electron—hole pair irradiation. An electron from
the valence band (VB) gets excited to the conduction band
(CB) by absorbing UV light (hv>E,), equal or greater
than the band gap energy of ZnO (Eq. 11). This leads to
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Fig. 10 a Photocatalytic degradation mechanism by In dopant on ZnO surface, b degradation (%) of Rhodamine B dye under various catalyst

with different In doped concentrations (120 min)
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formation of holes in valence band and electrons excited
to conduction band (Eq. 11)

ZnO + hv > ZnO(ecg + hyg) (11)

Further, Indium doping results in the formation of
trap levels between the valence and conduction band
of ZnO. These trap levels effectively red-shift the band
edge absorption threshold. Besides the separation of elec-
tron—hole pairs process, electron- and hole-driven photo-
redox reaction lead to the generation of highly active
hydroxyl (OH) radical (Eq. 13) which is mainly respon-
sible for degradation of organic dyes [57]. This is due to
the oxygen vacancy defects (V") and In-doped NPs on
the surface of ZnO act as a sink in improving the pho-
togenerated electron—hole pair separation [58]. Also, the
photoelectron can be easily trapped by electronic acceptors
like adsorbed O,, to produce a superoxide radical anion
(O',7)(Eq. 17), whereas the photoinduced holes can be
easily trapped by electronic donors, such as organic pollut-
ants, to further oxidation of organic pollutants as described
in (Eq. 15). At the short instance electrons and holes oxi-
dation—deoxidization with the electron donators or accep-
tors, the separation effects of photoinduced electrons is
high and the photo-generated electrons and holes can be
effectively used. The hydroxyl radical and photogenerated
holes are extremely strong, non-selective oxidants that
lead to degradation of the Indium at the surface of the
catalyst (Egs. 12—18).

h™ + RhB — Oxidation of RhB (12)
h* + H,0 - H" + OHe (13)
OH™ +h* — OHe (14)

OHe + RhB — +degradation products + CO, + H,O (15)

In** +0, - In** + 0, (16)
ecg + 0, = Oey” a7
Oe.,” + RhB degradation products + CO, + H,0 (18)

It can be illustrated by Fig. 11b 6% IZ-NPs show a good
photocatalytic activity at 120 min in compared to pure and
other nanoparticles. Enhancement in photocatalytic activity
can be attributed to the band gap narrowing effect due to extra
defect created tail states in the vicinity of valence band [59].
This transition within the tail states requires smaller excita-
tion energy as compared to the band gap (3.30 eV) of pure
7Zn0 and therefore results in improved photocatalytic activity.

7.2 Total organic carbon analysis (TOC)

In order to study the mineralization of RhB by the prepared
pure ZnO and IZ-NPs, the TOC concentration of aqueous
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Fig. 11 The effect of irradiation time (TOC) on the photodegradation
of RhB of pure and IZ-NPs

RhB solution at different reaction times was analyzed and
the results are shown in Fig. 11.

Total organic carbon (TOC) results reveal that 6% In-
doped ZnO NPs requires only 120 min to degrade 76% of
RhB while pure ZnO shows the TOC of the solution barely
changed after the photocatalytic reaction indicating that the
photodegradation of RhB molecules occurred to a negligible
extent. The results show that RhB solution can be effectively
mineralized to CO, and H,O by the prepared IZ-NPs under
UV-Vis irradiation. In addition, it also can be seen that pure
ZnO nanoparticles showed poor mineralization efficiency
compared with Indium doped ZnO nanoparticles. This con-
firms that IZ-NPs show a good photocatalytic activity than
the pure ZnO nanoparticles. Further, it is suggested that the
TOC can be eliminated to a larger extent with an increase
of time period.

8 Antibacterial studies

Figure 12 displays the zone of inhibition of nanoparticles
against the Bacterial S. aureus and S. epidermidis. From
the Fig, it is observed that all the samples show the effec-
tive bacterial opposing behavior. This indicates that the
dimensionality of nanomaterials can immensely influence
the antibacterial activity. Since the different surface-inter-
face characteristics might have different chemical-physi-
cal adsorption—desorption abilities towards the bacteria,
ensuring in different antibacterial activities [60].

The zones of inhibition measured are listed in Table 4.
From Table 4 it is observed that interaction between the
nanoparticles and the cell wall of bacteria perish the fact
that the growth of S. aureus and S. epidermidis was more
effectively affected by In-doped ZnO nanostructures than
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Fig. 12 Zones of Inhibition of ZnO and In-doped ZnO nanoparticles against the given bacteria

that pure ZnO NPs. However, it is noteworthy to mention
that S. aureus was affected more in compared to S. epider-
midis. This is due to interaction between nanoparticles and
bacteria in the production of increased levels of reactive
oxygen species (ROS), mostly hydroxyl radicals (OH) and
singlet oxygen [61, 62] and the other is the deposition of
the nanoparticles on the surface of bacteria or accumula-
tion of nanoparticles either in the cytoplasm or in the peri-
plasmic region causing disruption of cellular function or
disruption and disorganization of membranes [63]. Similar
such observations were obtained by Pavithra et al. for the
“Effect of In doping on the properties and antibacterial
activity of ZnO films prepared by spray pyrolysis” These
doped ZnO nanoparticles will be a promising material
for a potential drug delivery to cure some very important
infections in near future.

9 Conclusion

Pure and IZ-NPs were successfully synthesized by co-precip-
itation method. XRD results confirm the hexagonal Wurtzite
structure of doped ZnO lattice with no any manifestation of the
secondary phase. The existence of Indium ions caused a small

change in its various lattice parameters. The average crystal-
lite size was reduced from 51 to 28 nm. SEM images also
show that the distribution of ZnO nanoparticles improves and
crystals size is reduced. The absorption edge slightly shifted
towards the longer wavelengths and energy band gap (E,) has
found to decrease with the increase of Indium concentration
(3.34-3.17 eV). PL spectrum shows the defect states encoun-
tered a series of enhanced visible emissions for the doped NPs.
Kinetic evaluation of photocatalytic mechanism on RhB dye
has pronounced the degradation rate has increased with the
higher In-doped sample. Owing to the more surface area in
nanoparticles and the new trapped centers related to doping,
the Indium-doped ZnO nanoparticles are more photoactive
than pure ZnO. Therefore the synthesized samples showed
incredibly intense blue-violet PL emission and also high pho-
tocatalytic action under visible irradiations, which is essential
for optical devices and organic pollutant related applications
as well. Further, the prepared nanoparticles exhibit effective
antibacterial activity against S. aureus and S. epidermidis and
can easily inhibit the bacterial growth at the concentration of
0.1%/1. These results suggest pure and doped ZnO nanoparti-
cles have a potential application as a bacteriostatic agent and
may have future applications in the development of deriva-
tive agents to control the spread and infection of a variety of

Table 4 Average diameter
values of zones of inhibition
(ZO]I) for pure and indium

Bacterial culture

Zones of inhibition (ZOI) in mm

doped ZnO nanoparticles
(2-6%)

ZnO 2% In-ZnO NPs 4% In-ZnO NPs 6% In-ZnO NPs
Pseudomonas 13+0.7 16+0. 17+0.4 20+0.2
Staphylococcus epidermidis 14+0.4 11+0.3 15+£0.5 19+0.2
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bacterial strains. Use of doped ZnO-NPs for delivery of anti-
microbial or drug molecules will be at its helm in near future.
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