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Abstract. Pure ZnO and Mn-doped ZnO nanoparticles were synthesized by Co-precipitate method. The structural characterizations of the nanoparticles were investigated by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) techniques. UV–Vis, FTIR and photoluminescence (PL) spectroscopy were used for analysing
the optical properties of the nanoparticles. XRD results revealed the formation of ZnO and Mn-doped ZnO
nanoparticles with wurtzite crystal structure having average crystalline size of 39 and 20 nm. From UV–Vis studies, the optical band-gap energy of 3.20 and 3.25 eV was obtained for ZnO and Mn-doped ZnO nanoparticles,
respectively. FTIR spectra conﬁrm the presence of ZnO and Mn-doped ZnO nanoparticles. Photoluminescence
analysis of all samples showed four main emission bands: a strong UV emission band, a weak blue band, a weak
blue–green band and a weak green band indicating their high structural and optical qualities. The antibacterial
efﬁciency of ZnO and Mn-doped ZnO nanoparticles were studied using disc diffusion method. The Mn-doped
ZnO nanoparticles show better antibacterial activity when higher doping level is 10 at% and has longer duration
of time.
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1. Introduction
In the recent decade, one of the most signiﬁcant challenges faced by the world is the recurrence of infectious diseases and the bacterial contamination in all
kinds of materials [1]. Several antibacterial agents are
widely used in day-to-day life for the prevention of
infectious diseases and bacterial contamination [2].
When antibacterial agents are used in the new packaging materials for health care and food applications,
the most crucial parameters to be taken care of are low

toxicity to human beings and high efﬁciency in controlling bacteria. Inorganic antibacterial agents are increasingly used because of their creditability and
stability when compared with organic antibacterial
agents. New nanostructured materials with antibacterial properties are the need of the day for preventing microbial growth because the size, structure and
surface properties of nanomaterials can improve the
antimicrobial efﬁcacy [3]. Several inorganic metal
oxides such as TiO2 , MgO, ZnO and CuO have gained
increasing attention in recent years. Of these oxides,
1
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ZnO is a versatile and important semiconducting material with a band gap of 3.37 eV that can exhibit some
special features like excellent chemical and thermal
stability, high transparency and biocompatibility. ZnO
has attracted much attention from the industry, as it
is suitable for many potential applications in optoelectronic devices [4], sensors [5], dye-sensitized solar
cells [6], biodevices [7] and photocatalysts [8]. Moreover, various morphologies of ZnO such as nanowires
[9], nanorods [10], nanotubes [11], nanowhiskers [12]
and nanoﬂowers [13] have been found to be useful in
biomedical applications. The characteristics of ZnO,
ZnO nanoparticles and Mn-doped ZnO nanoparticles
suitable for biomedical applications demand precise
control of particle size, shape and preparation conditions that inﬂuence these properties. Different physical
or chemical synthetic methods have been used to prepare doped ZnO nanoparticles [14–20]. Coprecipitation
is one of the most important methods to prepare
nanoparticles in large scale with low cost. In order
to enhance the optical properties and obtain a small
particle size, a search for alternative synthesis methods for efﬁcient Mn doping with ZnO nanoparticles
has become the major interest of studies with high
surface area for better antibacterial performance using
coprecipitation method. In the present investigation, ZnO
nanoparticles and Mn-doped ZnO nanoparticles are
synthesized and the effect of Mn dopant on its structural, morphological, optical and antibacterial activity
properties has been studied and discussed in detail.

Pramana – J. Phys. (2016) 87: 57
The SEM micrographs of the experimental samples
have been obtained using scanning electron microscope (INPECT-F Model). The absorbance of ZnO was
measured at room temperature using spectrophotometer (Shimadzu UV-Vis 1800). Besides, the photoluminescence spectra of ZnO nanoparticles were also
recorded by Spectroﬂuorometer (Perkin Elmer LS55).

2.2 Evaluation of antibacterial performance
The antibacterial property of undoped ZnO and Mndoped ZnO nanoparticle were analysed by their zone
of inhibitions for Escherichia coli (E. coli), Klebsiella
pneumonia (K. pneumonia), Pseudomonas aeruginosa
(P. aeruginosa), Staphylococcus aureus (S. aureus),
Salmonella typhimurium (S. typhimurium) and Streptococcus agalactiae (S. agalactiae). An overnight culture
of each organism was adjusted to an OD of 0.1 and
swabbed onto Mueller Hilton agar plates. These plates
were incubated at 37◦ C for 24 h and 48 h. The zone of
inhibitions was measured in diameter.

3. Results and discussion
3.1 Structural properties
(a) XRD Analysis
Figure 1 shows a typical XRD pattern of the synthesized uncapped ZnO and Mn-doped ZnO nanopowder.
The peaks correspond to the Miller indices (1 0 0),

2. Materials and methods
2.1 Synthesis process
The ZnO:Mn nanoparticles were synthesized using
simple coprecipitate method. Zinc acetate dihydrate
(Zn(CH3 COO)2 ·2H2 O) (0.2 M) and manganese acetate
tetrahydrate (Mn(CH3 COO)2 ·4H2 O) (10%) were used
as doping precursors. The pH value was maintained
at 8.5 by adding required amount of NaOH solution to the starting solution. The prepared solution
was magnetically stirred for about 2 h at 85◦ C. After
the completion of the stirring process, the resultant
solution was cooled to room temperature and kept
undisturbed for 1 h to get the required precipitate.
Then, it was ﬁltered and washed separately with
a mixture of ethanol and water kept in the ratio of 1 : 3.
Finally, the product was calcinated at 500◦ C for 4 h to
get it in the powder form.
The XRD spectra were recorded using Bruker D8
advanced XRD with CuKα1 (1.54060 Å) as a source.

Figure 1. XRD pattern of synthesized pure ZnO and Mndoped ZnO nanoparticles.
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(0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2),
(2 0 1), (0 0 4) and (2 0 2) and Bragg angles 31.78◦ ,
34.44◦ , 36.26◦ , 47.55◦ , 56.60◦ , 62.87◦ , 66.34◦ , 67.97◦ ,
69.09◦ , 72.54◦ and 76.92◦ . These peaks are sharp and
highly intense. The strongest diffraction peak shows
that the preferential orientation is along the (1 0 1)
plane. All the indexed peaks match well with the
JCPDS No. 36-1451. This conﬁrms the wurtzite hexagonal structure of ZnO with lattice parameters a =
3.2451 Å and c = 5.1901 Å. In the Mn-doped
ZnO nanoparticles, the intensity decreases. Further,
two peaks are newly presented at 2θ = 33.4 and
59. Moreover, a slight variation was observed in the
peak broadening and intensity. The peak broadening
clearly indicates the formation of small-sized particles. Similar behaviour is exhibited by ZnO nanoparticles which has been reported earlier [21]. The grain
sizes are compared to the pure ZnO and Mn-doped
ZnO nanoparticles. The grain sizes (D) of the crystallites were calculated using the Debye–Scherrer’s
formula [22].
D = 0.94(λ/β cos θ ),

(1)

where λ is the wavelength of CuKα used, β is the fullwidth at half-maximum of the peak position in radian
and θ is the Bragg diffraction angle at the peak position
in degrees. The lattice constants a and c are calculated
using the formula [23,24]


l2
4 h2 + hk + l 2
1
+
=
,
(2)
3
d2
a2
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where d is the interplanar spacing (d-spacing) value
and (h, k, l) are the Miller indices. The calculated lattice
constants a and c are very close to that of the standard
values (JCPDS: 36-1451) for both ZnO and Mn-doped
ZnO nanoparticle. These results show that the lattice
constants are not affected much by the substitutional
incorporation of Mn into the O sites. The volume of
the unit cell (v) is estimated using the relation [25]
√ 
(3) 2
a c.
(3)
v=
2
The volume of a crystallite (V) is calculated using
the relation
V = D3.

(4)

From the volume of the unit cell and the volume of the
crystallite, we can estimate the number of unit cells per
crystallite (Nu ) using the equation,
Nu =

V
.
ν

(5)
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The estimated values (table 1) clearly showed that
the decrease in the number of unit cells per crystallite (Nu ) as seen in table 1 is an expected result, as the
incorporation of Mn disturbs the possible grouping of
a large number of unit cells into a crystallite.
Atomic packing fraction (APF) was calculated using
formula
2π a
APF = √
,
(6)
3 (3)c
where a and c are the lattice parameters. The values
of APF are listed in table 1. The APF of bulk hexagonal ZnO materials is about 74% but in our case the
APF of pure ZnO and Mn-doped ZnO nanoparticles
is nearly 75% in hexagonal structure. It means that
APF in nanocrystals are slightly larger than that of bulk
materials.
The values of D are presented in table 1 along with
the lattice constants a, c and c/a, volume of the unit
cell, volume of the crystallite and number of unit cells
in a crystallite. Table 1 clearly shows that the crystallite size (D) decreases with the higher Mn doping
level (10%) for Mn-doped ZnO samples as shown by
various researchers [31–34]. This result must be a consequence of the increase in the Mn incorporation in the
ZnO lattice with the increase in the doping level. This
interpretation can be explained on the basis of the fact
that a crystallite is an aggregate of a number of unit
cells arranged in a periodic manner. This partial reduction in crystallite size with the higher doping level as
seen in table 1 is an expected result, as the incorporation of Mn disturbs the possible grouping of a large
number of unit cells into a crystallite.

3.2 Morphological analysis
The surface morphologies of the pure ZnO and Mndoped ZnO nanoparticles were investigated by scanning electron microscope (SEM). Figures 2a and 2b
show ZnO nanoparticles (3 μm and 500 nm). SEM
studies show that the materials are networks of rod-like
crystals. The images show that all the samples have
micrometric structure and well-deﬁned grains with
hexagonal cross-section, and the structures obtained
are similar to the structure reported by Kim et al [26].
SEM images of ﬁgure 2a show a rod-shaped ZnO
in different sizes and ﬁgure 2b exhibits a small rod
shaped smooth surface of a solid, unless this is the
effect of agglomeration. Figures 2c and 2d indicate
(3 μm and 1 μm) Mn-doped ZnO nanoparticles which
are rod-shaped. The addition of Mn affected the surface morphology and prevented agglomeration. SEM

values: a = 3.248 Å and c = 5.206 Å (JCPDS card no. 36-1451). Error values (ZnO): a = 0.0029 Å and c = 0.0159 Å. ZnO:Mn: a = −0.0114 Å,
c = −0.0013 Å.
a Standard

1.2533
0.1670
59.32
8.000
47.33
47.91
39
20
Undoped ZnO 3.2451 5.1901 1.5994
Mn-doped ZnO 3.2594 5.2073 1.5976

Crystallite size (D) (nm) Volume of the unit cell (v) (Å3 ) Volume of the crystallite (V )×103 (nm3 ) (Nu )×106
Lattice constantsa (Å)
a
b
c
Sample

0.7553
0.7561
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Table 1. Structural parameters of ZnO:Mn nanoparticles.
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studies show that the materials are network of hexagonal crystals. The structures obtained are similar to
structures reported by earlier researchers [27].

3.3 UV–Vis spectroscopy
The UV–Vis spectra of pure and Mn-doped ZnO are
shown in ﬁgure 3. The pure ZnO exhibits its absorption
peak at 362 nm. The Mn-doped ZnO exhibits slightly
blue shifted peak at 360 nm. The blue shift in the
absorption spectrum edge is a clear indication of the
incorporation of Mn inside the ZnO lattice. It may be
the strain due to Mn doping that causes the change
in the band structure of doped ZnO resulting in blue
shift. We have also observed an increase in absorption intensity in ultraviolet region of the spectrum with
the Mn doping sample region, all the samples exhibit
decrease in intensity of absorption spectra compared to
pure ZnO.
As in the semiconducting materials, the optical band
gap energy (Eg ) is deﬁned as the energy at which the
absorption coefﬁcient has a value >104 cm−1 . In order
to ﬁnd the value of Eg for our samples, we use the Tauc
relation [28,29].
αhν = A(hν − Eg )m ,

(7)

where α is the absorption coefﬁcient given by α =
2.303 log(T /d) (d is the thickness of the sample and
T is the transmission) and hν is the photon energy.
Figure 4 shows the plots of (αhν)2 vs. hν for pure ZnO
and Mn-doped samples. Linearity of the plots indicates
that the material is of direct band-gap nature. The values of Eg have been estimated by taking the intercept of
the extrapolation to zero absorption with photon energy
axis i.e., (αhν)2 → 0. The Eg is found to be 3.20 eV
for pure ZnO sample and increases with Mn doping and
a value of 3.25 eV is estimated for Mn concentration,
only 10% as shown in ﬁgure 4.
This change in the value of Eg depends on several
factors such as grain size, carrier concentration, lattice
strain, size effect etc. Because the particle sizes of the
samples in the present study are much bigger than the
sizes for which quantum conﬁnement effect occurs, the
observed shifting cannot be assigned to the size effect.
This blue-shift behaviour or increase in the band gap
may be attributed to the fact that any change in the band
gap of Mn-doped ZnO depends on orbitals hybridized
between Mn atom and the host band. Because the band
gap of MnO (bulk band gap = 4.2 eV), is greater than
that of ZnO (bulk band gap = 3.37 eV, error value for
undoped ZnO is 0.17 eV and for Mn-doped ZnO is
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Figure 2. (a) and (b) show SEM images for rod-shaped pure ZnO and (c) and (d) show Mn-doped ZnO nanoparticle.

0.12 eV), it is reasonable to expect that the band gap
increases with the addition of Mn [30].

3.4 FTIR spectra
Fourier transform infrared spectroscopy of ZnO and
ZnO:Mn nanoparticles has been used to determine the
presence of vibrational bands in the prepared samples. FTIR spectra of ZnO and ZnO:Mn nanoparticles
are shown in ﬁgure 5. Normally, the FTIR spectra give information about the presence of functional
groups, molecular geometry and inter- or intramolecular interactions in the prepared samples. It is observed
that the presence of band frequencies in the range
between 0 and 1000 cm−1 may be due to the bond
between inorganic elements in the prepared sample.
The observation of strong peak at 450 cm−1 may be

assigned to stretching vibration of ZnO which conﬁrmed the wurtzite structure of the prepared samples
[31,32]. The appearance of peak at 677 cm−1 in
ﬁgure 5b may be due to the vibration mode of MnO
which is not observed in ﬁgure 5a for pure ZnO. It
is also observed that the appearance of band at 1016,
1200 and 1600 can be attributed to C–O (stretching), C=O (asymmetric stretching), C=C (asymmetric
stretching due to Lewis acidity), C=O (symmetric
stretching due to Bronsted acidity) group that are
present in the citrates species on the surface of the
nanoparticles. The peaks observed at 2360 and 2921
cm−1 may be due to the presence of CO2 molecule in
acetate, air and C–H stretching mode, respectively. It is
found that the appearance of broad absorption peak at
3451 cm−1 is attributed to the O–H group of H2 O, indicating the existence of water absorbed on the surface
of nanocrystalline powders. The vibration frequency
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Figure 3. Absorption spectra of pure and Mn-doped ZnO nanoparticles.

Figure 4. The plot of (αhν)2 vs. hν for (a) pure ZnO and (b) Mn-doped ZnO nanoparticles.

values of the corresponding modes for both ZnO and
ZnO:Mn nanoparticles are given in table 2.

3.5 Photoluminescence study
Photoluminescence analysis is a powerful tool to understand the nature of defects of the synthesized nanopowders. The photoluminescence spectra of undoped
and Mn-doped ZnO nanopowders obtained in the range
of 350–525 nm at room temperature under the excitation wavelength of 325 nm are shown in ﬁgure 6.
PL spectra of ZnO and Mn-doped ZnO nanoparticles
are shown in ﬁgure 6. The spectra of the nanoparticles
include four main emission bands: a strong UV emission band at 394 and 384 nm, a weak blue band at
458 nm, a weak blue–green band at 490 nm and a very
weak green band at 530 nm. The strong UV emission
corresponds to the exciton recombination related to the
near-band edge emission of ZnO. The weak blue and
weak blue–green emissions are possibly due to the surface defects in the nanoparticles as in the case of ZnO
nanomaterials reported by other researchers [33]. The

weak green band emission corresponds to the singly
ionized oxygen vacancy in ZnO. This emission results
from the recombination of a photogenerated hole with
the singly ionized charge state of the speciﬁc defect.
Compared to Mn-doped ZnO nanoparticles, the low
intensity of the green emission of ZnO nanoparticles
may be due to the low density of oxygen vacancies during
the preparation, whereas, the strong UV emission intensity should be attributed to the high purity and perfect
crystallinity of the synthesized nanoparticles [34].

3.6 Antibacterial studies
The antibacterial activity of ZnO:Mn nanoparticles
having two different time period was estimated using
the zone of inhibition method. Bacterial strains of
E. coli, K. pneumonia, P. aeruginosa, S. aureus, S.
typhimurium and S. agalactiae were used for the
antibacterial test. From ﬁgure 7, it is observed that
doped ZnO samples prevented the growth of bacteria
remarkably and formed well-deﬁned zones around the
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Figure 5. FTIR spectra of (a) pure ZnO and (b) Mn-doped
ZnO at room temperature.

Table 2. FTIR vibration frequencies for different modes of
pure ZnO and Mn-doped ZnO.
Undoped Zno Mn-doped ZnO
450
−
848
900
1036
1425
1534
2360
2921
3451

450
677
−
−
1036
1393
1566
2360
2921
3451

Vibration modes
Zn−O
Mn−O
Zn−O
Zn−O
C−O stretching vibration
C=O symmetric stretching
C=O asymmetric stretching
CO2 molecule
C−H bond stretching
O−H bond

samples. Moreover, the zone of inhibition for the individual micro-organisms increases with the increase in
the period of time. The antibacterial activity of the ZnO
nanoparticles may be related to several mechanisms
including the generation of reactive oxygen species
(ROS) on the surface of the particles [35], release of
Zn2+ ions from the ZnO samples and the penetration of these nanoparticles which contributes to the
mechanical destruction of cell membrane [36]. The
hydroxyl radicals and superoxide anions are negatively
charged and hence they cannot penetrate into the cell
membrane, but they can cause fatal damage to proteins, DNA and lipids, whereas, H2 O2 can penetrate
directly into the cell wall and kill the bacteria [37]. In
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Figure 6. Photoluminescence spectra of pure ZnO and
Mn-doped ZnO under an excitation wavelength of 325 nm
at room temperature.

the present work, the antibacterial activity is against
E. coli, K. pneumonia, P. aeruginosa, S. aureus, S.
typhimurium and S. agalactiae. The increase in the
zone of inhibition is caused by the substitution of Mn
ions into the Zn ion sites; The ROS can rupture the
cell membrane and kill the bacteria. Mn-doped ZnO
nanopowder in the starting solution can enhance the
possibility of interstitial incorporation of Mn and Zn
ions into the ZnO lattice.
The increased intensity in the blue emission at
425 nm (2.92 eV) observed in the PL spectra at Mn-doped
ZnO is a clear evidence for these interstitial incorporations (ﬁgure 7). These interstitial incorporations cause
the generation of free carriers in the lattice. These
free carriers in turn result in an improvement in the
antibacterial efﬁciency. The reduction in the crystallite size as estimated from the X-ray diffraction data
(table 1) and the reduction in the grain size of Mndoped ZnO conﬁrmed from SEM images (ﬁgure 2)
provide more contact area for micro-organism. This
could be another reason for the improved antibacterial
activity compared to that of the undoped ZnO. With
increase in the time duration after 48 h, the diameters of
the zone of inhibition increased for both ZnO and Mndoped ZnO (ﬁgure 7). The maximum antibacterial
activity was shown on the E. coli and K. pneumonia
followed by P. aeroginosa, S. auereus, S. typhimurium
and S. agalactiae. In the present investigation, ZnO and
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resultant increase in the carrier concentration and the
decrease in the crystallite size and grain size values as
evidenced by the PL, UV–Vis, XRD and SEM results.
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