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Abstract
In the present study, ZnO nanoparticles doped with 3%, 5% and 7% of cobalt have been synthesized by green method using 
Annona muricata leaf extract. The obtained nanopowder was characterised by XRD, FTIR, XPS, HRTEM, SAED, SEM, 
EDAX and UV–Visible spectroscopy techniques. XRD patterns confirm the formation of pure and Co doped ZnO nano-
particles with a hexagonal wurtzite structure with high phase purity. FTIR spectra indicate the stretching vibration of Zn–O 
at 495  cm−1. The incorporation of  Co2+ ions into the ZnO lattice was identified by XPS analysis. EDX spectra confirm the 
existence of Co, Zn and O elements. The SEM and HRTEM micrographs show morphology of nanoparticles. The optical 
study specifies a decrease in energy band gap with an increase in Co-doping concentration. The photocatalytic performance 
of ZnO and  Zn0.93Co0.07O has been examined for the degradation of methylene blue (MB) under sunlight irradiation. The 
antimicrobial activity of synthesized nanoparticles against s.aureus, p.aeruginosa, b.subtilis bacterial strains c.albicans and 
a.niger fungal strains as investigated. The  Zn0.93Co0.07O nanoparticles exhibit good antioxidant properties. Moreover, the 
cytotoxicity of ZnO nanoparticles was evaluated against L929 normal fibroblast cells. So, this work suggests that Annona 
muricata leaf extract mediated pure and Co-doped ZnO nanoparticles are a potential candidate for biomedical and photo-
catalytic applications.
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Introduction

Microbial infections are serious health issues for living organ-
ism, which causes huge morbidity, millions of causalities and 
mortality is an emerging public health issue across the globe 
level, demands the development of effective antimicrobial 
resistance [1]. However, the discovery of novel medical drug 
with increase in antimicrobial action is expanding challenge 
to scientific community [2]. In this scenario, the antibiotic 

medications and lack of novel strategically actions are needed 
for the development of new antimicrobial resistance for the 
treatments in different pathway [3]. Nanomaterials have small 
size and large surface to volume ratio, can generate reactive 
oxygen species which induce high oxidative stress and destroy 
cell membranes, DNA, protein formation, thus leads to micro-
bial cell death [4].

Now a days, rapid industrialization as well as rapid 
population growth result in environmental pollution and a 
scarcity of pure fresh water [5]. About 1.8 million children 
were euthanized each year as a consequence of water related 
diseases [6]. Water scarcity affects approximately half of 
the world’s population and nearly 20% of textile effluents 
contain colorants, which are a major contributor to river pol-
lution [7]. The synthetic dye effluents that are used as major 
colouring agents in food, cosmetic, textile, paper, printing 
and leather industries are non-degradable in nature and 
release a large number of toxic pollutants into aquatic water, 
leading to harmful diseases for human health and aquatic 
life through eutrophication [8]. MB  (C16H18N3SCl) is a 
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cationic azo dye used in paper, silk fabric, printing, colour-
ing and as a chemical reagent in dying that causes vomiting, 
breathing problems, hyperhidrosis and nervous disorders 
[9]. On a large scale industry, the dye has been effectively 
decomposed into organic pollutants in a reliable, low cost, 
non-destructive, low energy consumption, high efficiency, 
eco-friendly purification using biological treatments that has 
become a major focus for scientists [10]. Different advanced 
oxidation processes like coagulation, osmosis, filtration, ion 
exchange, precipitation and photodegradation are in practise 
for the efficient removal of dyes from contaminated water 
[11]. Out of various approaches, heterogeneous photoca-
talysis is one of the major and most validated treatment for 
the removal of dye pollutants, favoured for their operating 
features of cost effectiveness, eco-friendliness, low energy 
consumption, independence from secondary chemicals, and 
easye of operation [12]. Sustainable photocatalytic process 
involving light energy as a renewable source of energy to 
activate photocatalysts such as metal or semiconductor nano-
particles to degrade environmentally hazardous pollutants 
[13].

To date, metal oxide nanoparticles displaying large 
surface area and multifunctional properties have received 
immense attention in everyday life applications like sports 
textiles, agriculture, energy and health care industries [14]. 
The characteristic advantages of high biocompatibility, 
biodegradability, easy availability and the interaction of 
biomolecules are easy adaptation and flexibility in drug 
delivery [15]. ZnO is a well-known n-type II-IV semicon-
ductor material with a wide band gap (3.37 eV) and high 
electron–hole binding energy (60 MeV) [16]. The structural, 
morphological and biological properties of ZnO nanoparti-
cles have received remarkable interest in cosmetics, odour 
control [17], surface coatings and antimicrobial agents in 
sports textiles [18]. The properties of ZnO nanoparticles 
were enhanced by effective doping with transition metals 
like Mn [19], Fe [20], Mg [21], Co [22], Al [23] and Ni. This 
created lattice defects, changes in surface area, and surface 
oxygen vacancies, which provided an extra path for elec-
tronic transitions by tailoring the bandgap as well as generat-
ing defects in the band structure [24]. Among the transition 
metals, cobalt dopant can enhance recombination centres, 
surface area, crystal structure, shape and size, which allows 
for excellent material for well-organized antimicrobial and 
photo catalytic agents [25].

ZnO nanoparticles can be prepared by different chemi-
cal and physical techniques that utilise high energy, high 
cost, non-polar solvents, high radiation and toxic chemicals 
[26]. Bio-inspired agents reduces the generation of hazard-
ous waste and toxic substances in the environment while 
producing high purity, less toxic, low cost and eco-friendly 
nanomaterials [27]. Phytochemicals present in the plants 
are “natural chemical factories” [28], acting as natural 

capping, reducing, oxidizing and stabilizing agent [29]. 
The flavonoids, phenols, alkaloids and vitamins present in 
the A.muricata leaf extract exhibit good antibacterial, anti-
oxidant and cytotoxic properties [30]. For this reason, the 
present study was performed for the green synthesis of ZnO 
and cobalt doped ZnO nanoparticles using Annona Muricata 
leaf extract for the very first time. The synthesised nanopar-
ticles were analysed by various characterization techniques. 
Moreover, the in-vitro cytotoxicity, antioxidant, antibacte-
rial, antifungal and photocatalytic activities of nanoparticles 
were performed for the degradation of methylene blue dye 
in an aqueous medium.

Experimental procedures

Materials

Fresh leaves of A.muricata were collected from home in 
Thiruvananthapuram, Kerala, India. Without further puri-
fication, Zn(NO3)2.6H2O, Co(NO3)2.6H2O and NaOH were 
purchased from Sigma Aldrich, India (purity: 99.99%). 
Methylene blue (MB) dye was obtained from Nice chemi-
cals, and double distilled water is used as a solvent through-
out the experiment.

Plant materials and its preparation

A.muricata fresh leaves were collected and washed thor-
oughly with tap water and double distilled water. Subse-
quently, 25 g of leaves were cut into fine pieces and boiled 
at 60 ℃ in 250 ml of double distilled water. The aqueous 
solution turns light brownish yellow after boiling. Now the 
leaf extract is allowed to cool, and then it is filtered with 
Whatman no.42 filter paper. The filtered leaf extract was 
stored for the preparation of nanoparticles.

Synthesis of pure and Co doped ZnO nanoparticles

For the preparation of pure and Co doped ZnO, the cal-
culated the stoichiometric ratio of Zinc nitrate and Cobalt 
nitrate  (Zn1-xCoxO (where x = 0.0, 0.03, 0.05 and 0.07)) 
was added to 30 ml of leaf extract and stirrer for 15 min. 
The pH 10 of the solution was maintained by adding NaOH 
solution in drop by drop, and the process was done at 
room temperature. The stirring process was continued for 
3 h. Subsequently, the solution is centrifuged and filtered 
through Whatman No. 42 filter paper. The filtered precipi-
tate is placed in a hot air oven at 100 ̊C and annealed at 
500 ̊C for 2 h. The synthesis process of nanoparticles is 
shown in Fig. 1. The obtained nanopowder was ground into 
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a fine powder and kept for further characterizations and 
applications.

Characterizations

XRD patterns were recorded using a D8 Advance Bruker 
X-ray diffractometer equipped with a CuKα radiation source. 
The functional groups present in the material are identified 
using FTIR spectra and recorded using Thermo Nicolet Ava-
tar 370. XPS measurements were done by a Thermo Scien-
tific ESCALAB Xi + X-ray Photoelectron spectrometer. The 
morphology of samples was employed by HR-TEM images 
along with the SAED pattern using JEOL/JEM 2100. The 
surface morphology was analysed by SEM JEOL 6390LA 
and the elemental composition of the samples was ana-
lysed by EDX spectra using OXFORD XMXN. The opti-
cal properties of nanoparticles were studied using a Perkin 
Elmer Lambda 365 spectrometer. The XRD, FTIR, XPS and 
UV–Visible spectra was plotted using origin 8.0 software 
(Origin Lab Corporation, USA). Antimicrobial activity was 
analysed by measuring the diameter of the zone of inhibition 
and the cytotoxicity of were calculated using ED50 PLUS 
V1.0 software.

Antibacterial activity

The antimicrobial activities of  Zn1-xCoxO (x = 0.0, 0.03, 
0.05 and 0.07) nanoparticles against gram positive (Bacil-
lus subtilis (MTCC 2413), Staphylococcus aureus (MTCC  
87)) and gram negative (Pseudomonas aeruginosa (MTCC  
741) pathogenic bacteria were evaluated using the Agar well 
diffusion method. Mueller–Hinton agar medium (HIME-
DIA- M173) of 15–20 ml was poured on petri plates and 
allowed to solidify. Standardized inoculums were uniformly 
spread on the surface, and four wells with a diameter of 
9 mm (20 mm apart from one another) were pressed with 
sterile cork borer. Nanopowder with a concentration of 40 
and 80 µL from 10 mg/ml was added into the wells in T1 & 
T2 forms. Gentamycin (40 µl from 4 mg/ml stock) is added 

to the positive well ( +) and the sample dilution solvent is 
added to the negative well (-). The plates were incubated 
under aerobic conditions, and after incubation, the zone of 
bacterial growth inhibition around wells was measured.

Antifungal activity

Potato dextrose agar plates were prepared and kept over-
night. Grown species of Candida albicans and Aspergillus 
Niger fungus were swabbed. Wells of approximately 10 mm 
were bored using a well cutter and samples of different con-
centrations, such as 250 μg, 500 μg and 1000 μg were added. 
The plates were incubated at 37ºC for 24 h.Then the zone 
of inhibition was measured and compared with that of a 
standard antimycotic (Clotrimazole).

Antioxidant assay

The radical scavenging activity of nanoparticles was deter-
mined by a DPPH assay. The nanoparticles of different con-
centrations of 12.5, 25, 50, 100 and 200 µg/mL from the 
stock solution were made up to a final volume of 20 µl with 
DMSO and 1.48 ml DPPH (0.1 mM) solution were added. 
The reaction mixture was incubated in a dark environment 
at room temperature for 20 min. The absorbance readings 
were taken at 517 nm wavelength. The radical scavenging 
ability was tested, and the percentage of DPPH inhibition 
was calculated using the relation,

Cytotoxic studies

The L929 normal fibroblast cell lines were used for cyto-
toxic studies of prepared ZnO nanoparticles. L929 cells were 
cultured in  25cm2 tissue in a culture flask. The cultured cell 

(1)percentage of inhibition =
A(Control) − A(Test)

A(Control)

∗ 100

Fig. 1  Synthesis of 0%, 3%, 5% and 7% Co doped ZnO nanoparticles



170 Journal of Environmental Health Science and Engineering (2023) 21:167–185

1 3

lines are kept at 37℃ in a humidified 5%  CO2 incubator. The 
cell viability was evaluated by direct observation of cells by 
MTT assay. After incubation of 24 h, the sample content 
was separated from the well and 30 µl of MTT solution was 
added to control wells and test samples followed by incuba-
tion at 37℃ for 4 h. After removing the supernatant, 100 µl 
of dimethyl sulfoxide solution is added. The wells are mixed 
gently by pipetting up and down to solubilize the formazan 
crystals. The absorbance values are measured using a micro-
plate reader having a wavelength of 550 nm. The viability 
percentage is calculated using the formula,

Photocatalytic study

The photocatalytic performance of pure and Co doped ZnO 
nanoparticles was tested by methylene blue (MB). The dye 
solution at a concentration of 100 mg/L was prepared and 
stirred in dark conditions for 1 h to reach adsorption–desorp-
tion equilibrium. The experiment was carried out in direct 
sunlight (10/01/2022, Time: 11 a.m to 1 p.m at Thiruvanan-
thapuram, Kerala). For the photocatalytic study, 100 mg of 
catalyst was added to 100 ml of prepared dye solution and 
magnetically stirred. During the reaction, 10 ml of solution 
from the beaker was extracted at certain time intervals, and 
the catalyst was separated by centrifugation at 5000 rpm at 

(2)% viability =
ODtest

OD control
∗ 100

8 min. The dye concentration was calculated by measuring 
the absorbance intensity ratio between the remains and the 
original dye solution using a UV–Visible spectrophotometer 
(Perkin Elmer Lambda 365).

Results and discussion

XRD analysis

Phase purity, crystallite size and orientation of 0%, 3%, 5% and 
7% of Co doped ZnO nanoparticles were analysed by XRD, as 
illustrated in Fig. 2. The diffraction peak corresponds to (100), 
(002), (101), (102), (112), (103) and (112) crystal planes, 
revealing the hexagonal wurtzite structure of ZnO nanoparticles 
with space group of p63mc(JCPDS card file No: 36–1451) [31]. 
The enlarged image of (101) peak was given in inset of Fig. 2, 
which shows a slight shift in peak position when compared to 
ZnO. This shift in peak position indicates the incorporation 
of  Co2+ ions into the ZnO lattice [32]. Compared with pure 
ZnO there are no structural changes and no additional phase-
changes due to Co doping in ZnO, which indicates samples 
are highly pure and Co-ions are successfully occupied in the 
lattice site rather than the interstitial site [33]. Narrow diffrac-
tion peaks indicate all the synthesised nanoparticles are crystal-
line in nature. The occupation of  Zn2+ (0.60Å) lattice by  Co2+ 
(0.58Å) causes crystal defects due to a change in ionic radius, 
resulting in a decrease in crystalline quality, a decrease in lattice 

Fig. 2  XRD pattern of 
 Zn1-xCoxO (x = 0.0, 0.03, 0.05, 
and 0.07) nanoparticles
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parameters, and an increase in lattice volume [34]. The change 
in peak intensity and full width half maximum could be attrib-
uted to c crystallite size and micro-strain.

In a hexagonal structure, the spacing between planes d 
can be calculated using the relation [35],

Here, dhkl is the interplanar distance corresponding to its 
miller indices of h, k, l planes, a and c are lattice constants.

The lattice constant a for (100) plane is calculated by,

The lattice constant c for (002) plane is calculated by,

The lattice parameters depend on concentration of dopant, 
defects in crystal structure, strain and ionic radii. Further, the 
changes in d-value, cell parameters, volume, bond-length, 
average crystallite size, shift in peak position and peak 
intensity confirm the substitution of Co in the ZnO lattice. 
Constant c/a ratios reveals that Co doping does not affect the 
hexagonal wurtzite structure of ZnO.

The volume of a unit cell is determined by the relationship,

a and c are lattice parameters. The volume of the unit 
cell (v) increases with the increase in Co doping indicated 
in Table 1. According to Vegard’s law, the incorporation of 
 Co2+ ions into the ZnO lattice could be identified by vari-
ations in the lattice constant and increase in volume of the 
unit cell, as well as the smaller ionic radius of the Co ion 
compared to Zn ions [36]. The  Zn2+ has tetrahedral coordi-
nation, which is not completely filled by  Co2+ in tetrahedral 

(3)
1

d2
hkl

=
4

3
⌊

h2 + hk + k2

a2
⌋ +

l2

c2

(4)a =

�
√

3 sin �
100

(5)c =
�

sin �
002

(6)� = 0.866a2c

coordination [37].  Co2+ in octahedral coordination with 
r = 0.065 nm low spin and 0.075 nm high spin [38].

The crystalline size was calculated using the 
Debye–Scherrer equation,

where D is the mean size of crystallites (nm), K is crystallite 
shape factor, λ is the X-ray wavelength (1.5405 Å), β is the 
full width half maximum (FWHM) in radians of the X-ray 
diffraction peak and θ is the Bragg’s angle.

The volume of nanoparticles is calculated by the 
relationship,

The bond length (L) of Zn–O is calculated using the 
relation,

u is the positional parameter and is calculated using the 
relation,

Crystallographic defects are called dislocations or it’s the 
length of dislocation lines per unit volume of the crystal. The 
dislocation density was calculated using the relation,

The difference in crystallinity of nanoparticles is due to 
decrease in crystalline size and enhancement in dislocation 
density. Line broadening is caused by micro-strain and size. 
The slight increase in lattice parameters with increase in ‘Co’ 

(7)D =

K�

� cos �

(8)V =
4

3
�(

D

2
)
3

(9)L =

√

(
a2

3
+
(

1

2
− u

)2

c2

(10)u =

(

a2

3c2

)

+ 0.25

(11)δ =
1

D2

Table 1  Lattice parameters, 
Crystallite size, Volume of Unit 
cell, Volume of nanoparticles, 
positional parameter, bond 
length, dislocation density, 
Degree of distortion, Atomic 
Packing Fraction of  Zn1-xCoxO 
(x = 0.0, 0.03, 0.05 and 0.07) of 
nanoparticles

Sample ZnO Zn0.97Co0.03O Zn0.95Co0.05O Zn0.93Co0.07O

Lattice parameters a(Å) 3.245 3.255 3.256 3.259
c(Å) 5.199 5.216 5.218 5.219

c

a
1.6011 1.6024 1.6025 1.6014

Crystallite size (nm) 15 17 22 24
Volume of Unit cell (Å)3 47.8252 47.8583 47.906 48.0036
Volume of nanoparticles 1766.25 2571.14 5572.45 7234.56
positional parameter (nm) 0.380015 0.379809 0.379789 0.379979
bond length (L) (Å) 1.98064 1.98108 1.98174 1.98311
dislocation density (nm)−2 0.004444 0.00346 0.002066 0.001736
Degree of distortion 1.019245 1.019053 1.018976 1.019719
Atomic Packing Fraction 0.754372 0.75423 0.754173 0.754723
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concentration into ZnO clearly shown in the data, which may be 
due to incorporation of Co ion on Zn site, which may be defined 
by the parameter, degree of distortion (R) as follows [39],

If R = 1, confirms the ideal wurtzite structure as per the 
literature.

The Atomic Packing Fraction of Hexagonal structure was 
evaluated by the relation,

All the estimated lattice parameters, crystallite size, vol-
ume of unit cell, volume of nanoparticles, positional param-
eters, bond length, dislocation density, Degree of distortion, 
atomic packing fraction are tabulated in Table 1.

FTIR spectra

The functional group present in the materials has been identi-
fied by FTIR spectra, as shown in Fig. 3. The fundamental 
mode of vibration at 3440  cm−1 corresponds to O–H vibra-
tional stretching mode [40]. The peak around 1361  cm−1 indi-
cates the presence of H–O-H bending vibration, which may 
be due to water adsorbed in the nanoparticles during synthe-
sis. The bond at 1066  cm−1 is due to C-O stretching vibration 
[41]. Furthermore, the band at 830  cm−1 corresponds to the 
formation of Zn tetrahedral coordination. The bond located 
at 495   cm−1 confirmed the stretching vibration of Zn–O, 

(12)
R =

(

2a

√

2

3

)

c

(13)APF =
2�a

3
√

3c

indicating the metal oxygen bonding [42]. This result was 
consistent with the data obtained by XRD.

XPS analysis

The chemical state and valence electron present in the material 
were identified by XPS measurements, as shown in Fig. 3. The 
surface composition of Zn, Co and O was investigated by employ-
ing the Zn2p, Co2p and O1s peaks in the XPS survey spectrum 
indicated in Fig. 4(a). Figure 4(b) shows the Zn2p spectrum for 
 Zn0.03Co0.07O, which resolves doublet  Zn2p3/2 and  Zn2p1/2 cen-
tering at binding energies of 1022.5 and 1045.1 eV [43]. The spin 
orbital splitting energy of two peaks is 23.4 eV, which agrees well 
with the standard value, which confirms Zn is present as  Zn2+ ions 
[44]. These two convoluted Zn2p peaks confirm the formation of 
hexagonal wurtzite ZnO [45]. The binding energies of  Co2p3/2 
and  Co2p1/2 located at 780.24 eV and 797.02 eV, respectively, in 
Fig. 4(c), indicating that cobalt can substitute in the Zn cation site 
with the  Co2+ oxidation state [46]. The difference in binding ener-
gies found to be 17.22 eV for Co2p ions indicates that Co ions may 
have a bivalent ZnO lattice with a high spin d state. The amount 
of cobalt ion incorporated in the sample was smaller, so the XPS 
peaks for Co2p were not intense. Figure 4(d) for O1s had a single 
peak located at 532.1 eV, which was attributed to the  O2− ions 
corresponding to the lattice oxygen of ZnO [47]. The intensity 
of this peak indicates that the difference may generate defects in 
ZnO nanoparticles and a number of oxygen vacancies. Hence, XPS 
analysis further confirms the prepared  Zn0.03Co0.07O nanoparticle 
has high purity and a single phase without the formation of second-
ary phases. Also, Co ions are decorated on the surface of ZnO.

HR‑TEM analysis

The information about crystalline structure, size, surface 
morphology and shape of nanoparticles was analysed using 
HR-TEM images and SAED patterns. ZnO nanoparticles 
show a nearly spherical shape with agglomeration (Fig. 5a) 
[48]. Whereas,  Zn0.93Co0.07O nanoparticles are composed of 
hexagonal structure with an uneven grain boundary (Fig. 5d) 
and the obtained product was in good agreement with XRD 
results. Lattice fringes in the HRTEM image correspond to 
diffracted and transmitted waves exiting one plane of the 
crystal [49]. The lattice spacing of 0.24 nm and 0.26 nm in 
the (101) plane represents the hexagonal wurtzite structure 
of ZnO (Fig. 5c) and  Zn0.93Co0.07O (Fig. 5e) respectively. 
The concentric circle dotted with bright spots in the SAED 
pattern indicates the diffraction planes are due to the poly-
crystalline nature of the hexagonal wurtzite crystal structure.

SEM analysis

Surface morphology, size and shape of biosynthesized pure 
and Co doped ZnO nanoparticles have been described by 

Fig. 3  FTIR spectra of  Zn1-xCoxO (x = 0.0, 0.03, 0.05, and 0.07) nan-
oparticles
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Fig. 4  XPS spectra of (a) 
 Zn0.03Co0.07O survey spectra (b) 
Zn 2p (c) Co 2p (d) O1s

770 780 790 800 810

s/stnuo
C

Binding energy (eV)

Co2p1/2

Co2p3/2

525 530 535 540

s/stnuo
C

Binding energy (eV)

O1s

(a) (b)

(c) (d)

Fig. 5  HR-TEM image (a) ZnO (d)  Zn0.93Co0.07O, fringe width (c) ZnO (e)  Zn0.93Co0.07O, SAED pattern (e) ZnO, (f)  Zn0.93Co0.07O
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SEM analysis. ZnO nanoparticles are aggregated to form 
a cauliflower-like structure [50], as demonstrated in the 
micrograph of Fig. 6(a). While Co doping indicates that 
most nanoparticles are agglomerated due to their larger sur-
face area (Fig. 6b). EDX spectra indicate Zn and O elements 
are present in pure ZnO (Fig. 6c) at the same time as the 
presence of Zn, Co and O in Co doped ZnO confirms the 
presence of  Co2+ ions as substitutes for the  Zn2+ ions in 
the ZnO matrix (Fig. 6d) [51]. Thus, it can be verified that 
Co-ions are successfully incorporated into the ZnO lattice 
without any impurities. The quantitative analysis of atomic 
and weight percentage was listed on inset tables in Fig. 6c, d.

UV visible analysis

Figure 7(a) displays optical absorption spectra of  Zn1-xCoxO 
(x = 0.0, 0.03, 0.05, and 0.07) nanoparticles. ZnO is a direct 
bandgap semiconductor and the optical bandgap can be 
found out by extrapolating linear portion in the plot of (αℎv)2 
against ℎv using Tauc’s relation,

where α is the absorption coefficient, ℎv is the photon 
energy, Eg is the bandgap energy of the material and k is 

(14)αhv = k(hv − Eg)
1∕ n

Fig. 6  SEM image (a) ZnO (b) 
 Zn0.93Co0.07O, EDX spectra (c) 
ZnO (d)  Zn0.93Co0.07O

(b)

Fig. 7  UV–Visible absorption spectra of  Zn1-xCoxO (x = 0.0, 0.03, 0.05, and 0.07) nanoparticles
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a constant. The estimated bandgap is 3.15 eV, 3.00 eV, 
2.87 eV and 2.71 eV for 0%, 3%, 5% and 7% Co-doped ZnO 
nanoparticles respectively from Fig. 7(b).Decrease in band-
gap with increase in Co concentration was occurred through 
increase in adsorption edge as well as the electrons in sp-d 
spin-exchange interaction between localized spins of tran-
sition metal ions and the localized d electron of  Co2+ ions 
substituting  Zn2+ions [52]. The reduction in bandgap may be 
due to the crystallinity of nanoparticles, carrier concentra-
tion, grain size as well as s-d and p-d exchange interaction 
[53]. Co-doping gives structural deformation of interstitial 
zinc ions and it gives additional energy levels in the valance 
band edge of host ZnO linked to direct transition [54].

The valence band ( Evb) and conduction band ( Ecb) posi-
tion of semiconductor nanoparticles are estimated using 
Muliken electronegativity theory [55],

where χ is the absolute electronegativity of ZnO (5.79), E0 
is the constant value of free electron energy on the hydro-
gen scale (4.5) and Eg is the optical band gap of the mate-
rial [56]. The estimated valence band and conduction band 
edges from direct band gap of nanoparticles are 2.865 eV, 
2.79 eV, 2.725 eV, 2.645 eV, -0.285 eV, -0.21 eV, -0.145 eV, 
-0.065 eV respectively for 0%, 3%, 5% and 7% Co doped 
ZnO nanoparticles.

Refractive index is a measure of transparency of incident 
spectral radiation, semiconductor materials with high refrac-
tive index and wide bandgap have applications in optical 
interference filters, optoelectronics and sensor (anti reflec-
tion coating) industry [56]. If the band gap of a material is 
known, the refractive index of semiconductor can be calcu-
lated using the following models,

Moss relation,

(15)Evb = � − E0 + 0.5Eg

(16)Ecb = � − E0 − 0.5Eg

(17)n =

(

k

Eg

)
1

4

where k is a constant having value 108 eV.
Vandamme’s relation,

where A = 13.6 eV and B = 3.4 eV.
Liner relation proposed by Ravindra for variation of opti-

cal refractive index with energy gap between bonding and 
antibonding states,

Anani proposed an empirical relationship between refrac-
tive index (n) and bandgap (Eg) of solids as follows,

The data for the UV edge, bandgap, refractive index, 
valence and conduction band edges are summarised in 
Table 2. The variation in bandgap with Co doping on ZnO 
nanoparticles may be attributed to oxygen vacancy avail-
ability, which causes transition of electrons from a valence 
band to a conduction band. As the concentration of oxygen 
vacancy increases, impurity states of ZnO become more 
delocalized and overlap with valance band edges, thus 
reducing the bandgap.

Antibacterial activity

The antibacterial activity of synthesized  Zn1-xCoxO (x = 0.0, 
0.03, 0.05, and 0.07) nanoparticles was tested against 
P.aeruginosa, S.aureus and B. subtilis, as shown in Fig. 8(a-
l) and the zone of inhibition is depicted in Table 3. The result 
shows effective antimicrobial activity against S.aureus has 
zone of inhibition of 13 mm, 12 mm, 12 mm and 13 mm 
for 0%, 3%, 5% and 7% cobalt doped ZnO nanoparticles at 
80 µL concentration (Fig. 8a-d). P.aeruginosa has zone of 
inhibition of 11 mm, 12 mm, 12 mm and 13 mm for 0%, 3%, 
5% and 7% Co-doped ZnO nanoparticles respectively at 80 

(18)n =

√

1 + (
A

Eg + B
)
2

(19)n = 4.08 − 0.62Eg

(20)n =
(17 − Eg)

5

Table 2  UV edge, Band gap, 
Refractive index, valence and 
conduction band edges of 
 Zn1-xCoxO (x = 0.0, 0.03, 0.05 
and 0.07) nanoparticles

Sample ZnO Zn0.97C0.03O Zn0.95Co0.05O Zn0.93Co0.07O

UV edge (nm) 356 366 370 373
Band gap (eV) 3.15 3.00 2.87 2.71
Refractive index (n) Moss 2.419793 2.44949 2.476769 2.512544

Vandamme’s 2.304598 2.348537 2.388476 2.440174
Ravindra 2.127 2.22 2.3006 2.3998
Anani 2.77 2.8 2.826 2.858

Valence Band Edge ( E
vb
)(eV) 2.86 2.79 2.725 2.645

Conduction Band Edge ( E
cb
)(eV) -0.29 -0.21 -0.145 -0.065
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µL concentrations (Fig. 8e-h). B.subtilis has zone of inhibi-
tion of 12 mm, 11 mm and 14 mm for 0%, 5% and 7% of 
cobalt doped ZnO nanoparticles at sample concentration 80 
µL (Fig. 8i-l). P.aeruginosa has higher antibacterial activity 
compared to B.subtilis and S.aureus because of the thinner 
and impermeable peptidoglycan layer of gram-negative bac-
teria. Higher concentrations of cobalt doping have a higher 
bactericidal potential than the standard drug Gentamycin 
due to their lower toxicity, grain size, shape, and surface area 
[57]. This allows increase in biological activity in everyday 
life applications such as sports cloths, medical textiles and 
bed clothes [58].

The greater antibacterial activity was due to the fact 
that when Co-ZnO nanoparticles enter the cell wall of bac-
teria, they produce electrostatic interaction between the 
negatively charged outer surface of bacteria and positively 
charged  Zn2+,  Co2+ ions via, uptake of metal ions into the 
cells [59].So, metal ions produces induced oxidative stress 
and reactive oxygen species which damages the cellular 
structure, DNA, lipopolysaccharides, proteins, bacterial 
membrane permeability, intercellular factors, and enzymes 

[60]. These leads to bacterial cell death [61]. Also anti-
bacterial activity of Co doping may be increased by the 
decreasing bandgap due to the doping of Co ion into the 
ZnO lattice which generate higher reactive oxygen spe-
cies [62]. The schematic diagram for antimicrobial action 
was represented in Fig. 9. ZnO is highly biocompatible 
with human cells, low toxicity, no irritation to eye and 
skin so it is used for therapeutic purpose as creams, oint-
ments to prevent sun burn and other skin care products 
[63]. Production of textile material with ZnO coating is 
useful for self-cleaning purposes via creation of hydro-
philic surfaces by photocatalytic activity and antimicro-
bial protection. S.aureus bacteria cause infectious diseases 
in athletic teams. So antibacterial sports clothing, which 
prevents microbial growth and sweat odour during sports 
activity, revolutionized the sportswear market [64].

Antifungal activity

The antifungal activity of 0%, 3%, 5% and 7% Co doped ZnO 
nanoparticles against Candida Albicans and Aspergillus 

Fig. 8  Antibacterial activity 
of  Zn1-xCoxO nanoparticles 
against Staphylococcus aureus 
(a) x = 0, (b) 0.03, (c) 0.05 (d) 
0.07, Pseudomonas aeruginosa 
(e) x = 0, (f) 0.03, (g) 0.05 (h) 
0.07, Bacillus subtilis (j) x = 0, 
(j) 0.03, (k) 0.05 (l) 0.07 Co 
doping concentration

Table 3  Antibacterial activity 
of  Zn1-xCoxO (x = 0, 0.03, 
0.05 & 0.07) nanoparticles 
for Staphylococcus aureus, 
Pseudomonas aeruginosa and 
Bacillus subtilis 

Nanoparticles Zone of inhibition

Organisms Staphylococcus aureus Pseudomonas aeruginosa Bacillus subtilis

Concentration T1 T2 Gentamycin 
(160 mcg)

T1 T2 Gentamycin 
(160 mcg)

T1 T2 Gentamy-
cin (160 
mcg)

ZnO 11 13 26 - 11 28 - 12 27
Zn0.97Co0.03O 11 12 26 - 12 28 - - 21
Zn0.95  Co0.05O - 12 26 - 12 30 - 11 25
Zn0.93  Co0.07O - 13 24 11 13 22 - 14 27
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niger was shown in Fig. 10, and the zone of inhibition was 
represented in Table 4. 0%, 3%, 5% and 7% Co doped ZnO 
nanoparticles showed significant antifungal activity against 
Candida Albicans with zone of inhibition of 16 mm, 20 mm, 
15 mm and 22 mm with 1000 μg concentration respectively. 
Aspergillus niger shows zones of inhibition of 15 mm, 
13 mm, 12 mm and 16 mm for 0%, 3%, 5% and 7% Co doped 
ZnO nanoparticles. The antifungal activity of nanopowder 
was compared with that of the standard drug clotrimazole, 
and the antifungal potential was observed more in Candida 
Albicans than in Aspergillus niger. The higher antifungal 
activity for the higher doping level of Co may be due to an 

increase in crystallite size and a decrease in bandgap [65]. 
As a result, Co doped ZnO nanoparticles exhibit a broad 
range of antifungal activities.

Reactive oxygen species formed from ZnO nanoparticles 
damage the DNA and cause denaturation of proteins. The 
ionic interaction of ZnO nanoparticles on the cell wall leads 
to the death of cell wall (Fig. 9). Some reports suggest that 
the discharge of lipids, nucleic acids and proteins alters the 
membrane permeability of fungal cells, but the high content 
of carbohydrate creates self-protecting mechanism against 
nanoparticles. According to these findings, ZnO nanopar-
ticles can inhibit the lipid and protein content in the cell 

Fig. 9  antimicrobial mechanism of nanoparticles against microbial cells

Fig. 10  Antifungal activity of 
 Zn1-xCoxO nanoparticles for C. 
albicans (a) x = 0, (b) 0.03, (c) 
0.05 (d) 0.07 nanoparticles, A. 
niger (e) x = 0, (f) 0.03, (g) 0.05 
(h) 0.07 07 nanoparticles
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membrane, while increasing carbohydrate content in the cell 
membrane results in antifungal activity [49].

Antioxidant activity

Antioxidant activity was measured by neutralising free radicals 
that are able to respond to various life-threatening diseases by 
donating an electron. Antioxidants are capable of scavenging or 
inhibiting the production of reactive oxygen species [66]. The 
phytochemical constituent of polyphenols reveals significant 
antioxidant activity due to absorption and neutralization of free 
radicals, quenching of singlet and triplet oxygen, as well as 
flavonoids capped on the surface of nanoparticles, which have 
increased antioxidant activity of nanoparticles [67]. The col-
our change of DPPH with the reduction by nanoparticles from 
purple to yellow was confirmed by the decreasing in absorbent 
value at 517 nm [68]. The antioxidant activity of nanoparticles 
increases with increasing concentration. The IC50 value was 
depicted for expressing 50% of inhibition and the obtained IC50 
values for ZnO and  Zn0.93Co0.07O nanoparticles are 252.187 µg/
mL and the 150.665 µg/mL respectively (Fig. 11). Many reports 
suggest that metal and metal oxide nanoparticles exhibit better 
antioxidant properties.

Cytotoxicity assay

ZnO has received considerable attention in the field of nano-
technology due to its cosmetics, sports industry and biomedical 
applications. On the increasing sample dosage, the green syn-
thesised ZnO nanoparticles represent enhanced cell viability of 
L929 normal fibroblast cell lines, represented in Fig. 12, and 
the phase contrast microscopic images are shown in Fig. 13. 
The obtained LD50 value of ZnO nanoparticle is 5.9569 µg/µl. 
The cytotoxicity of cells and tissues depends on several factors, 
including size distribution, morphology, surface chemistry, sur-
face charge, shape, capping agents, cell type etc. Factors such as 
induction of membrane leakage, DNA fragmentation and ability 
to activate the apoptotic mechanism by the generation of ROS 
may be due to the toxic effects of nanoparticles. The obtained 
phase contrast images confirm the damage of cell morphology 
was related to dose concentration of ZnO nanoparticles, and the 

decreased in viability of cancer cells suggest oxidative stress 
caused by nanoparticles resulted in cell death.

Table 4  Antifungal activity 
of  Zn1-xCoxO (x = 0.0, 0.03, 
0.05 and 0.07) nanoparticles 
against Candida albicans and 
Aspergillus niger 

Nanoparticles Zone of inhibition(mm)

Candida albicans Aspergillus niger

Concentration(µg) 250 500 1000 Clotrimazole 
100 µg

250 500 1000 Clotri-
mazole 
100 µg

ZnO NA 12 16 27 11 13 15 29
Zn0.97Co0.03O 12 14 20 30 NA 11 13 30
Zn0.95Co0.05O NA 13 15 30 NA NA 12 30
Zn0.93Co0.07O 13 15 22 30 11 12 16 30

Fig. 11  Antioxidant activities of ZnO and  Zn0.93Co0.07O

Fig. 12  Percentage viability versus concentration of ZnO nanoparti-
cles against L929 fibroblast
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Photocatalytic study

The photocatalytic performances of ZnO and  Zn0.93Co0.07O 
catalyst were investigated for the degradation of MB under 
sunlight irradiation. The UV–Visible spectrometer was used 
to measure the absorbance of the mixture, and the percentage 
of dye degradation was calculated from the expression [69],

where C0 and Ct are the dye absorbance before degradation 
and final absorbance of dye at different time intervals “t” of 
sunlight irradiation. The reaction rate constant of dye deg-
radation was calculated by using pseudo-first order kinetic 
equation,

Here k is the first order rate constant  (min−1) and t is the 
photo-irradiation time (min). The slope of the linear fitted 
curve of ln

(

Ct

C0

)

 vs. time gives the value of rate constant k.
In this work, ZnO and  Zn0.93Co0.07O nanoparticles are 

used as photocatalysts and MB solution is used as a target 
pollutant. The degradation of MB was confirmed by a high 

(21)Degradation efficiency,% =
C0 − Ct

C0

× 100

(22)Ct = C0e
−kt

(23)ln

(

Ct

C0

)

= −kt

intensity peak at 660 nm; this peak decreased rapidly with 
an increase of degradation time, and no new peaks appeared 
during the reaction. The time-dependent absorption spec-
tra of ZnO and  Zn0.93Co0.07O nanoparticles were shown in 
Fig. 14 (a, b), respectively. Approximately 92% and 95% 
of MB was degraded in 120 min, suggesting the complete 
degradation of photocatalyst for ZnO and  Zn0.93Co0.07O 
nanoparticles as indicated in Fig. 14 (c). The kinetics of 
degradation reaction were determined from a pseudo first 
order kinetic model, as discussed in a previous report [70]. 
Figure 14 (d) shows that it obeys pseudo first order kinet-
ics, which states that as time increases, C/C0 decreases[71]. 
Also, the graph shows a linear relationship with a high cor-
relation coefficient  (R2) indicating that methylene blue deg-
radation by the prepared photocatalysts follows pseudo first 
order kinetics under sunlight irradiation [72], which con-
firms that the suggested model is valid [73]. The obtained 
rate constant values are 0.02053  min−1 and 0.02252  min−1 
and the obtained  R2 values are 0.88074 and 0.92238 for ZnO 
and  Zn0.93Co0.07O nanocatalysts, respectively. Therefore, the 
ZnO and  Zn0.93Co0.07O nanoparticles show good photocat-
alytic activity with regards to degradation of MB and act 
as catalysts. The enhancement in catalytic performance of 
 Zn0.93Co0.07O nanoparticles is due to a decrease in bandgap 
and compared with the photodegradation efficiency of other 
synthesised ZnO nanoparticles listed in Table 5. Surface 
oxygen vacancies present in the nanoparticles increase the 
electron–hole pairs, which increase adsorption of oxygen 

Fig. 13  Microscopic images of cell treated with various concentration of CuO nanoparticles (a) control (b) 6.25 (µg/mL), (c) 12.5 (µg/mL), (d) 
25 (µg/mL), (e) 50 (µg/mL), (f) 100 (µg/mL)
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and create oxygen vacancies, which produce energy levels 
within the band gap of the nanoparticles. The energy lev-
els trap the charge carriers and capture the photogenerated 
charges, delaying electron–hole pair recombination. These 
trapped carriers enhance the formation of active species that 
enhance photocatalytic activity. Also, oxygen vacancies help 
the adsorption of oxygen on the ZnO surface, leading to the 
generation of superoxide radicals. As a result, photocatalytic 
performance increases [74].

Photocatalytic mechanism

The photocatalysis mechanism for Co doped ZnO nano-
particles has been illustrated in Fig. 15. ZnO is an n-type 
semiconductor material with a wide bandgap. The calcu-
lated direct band gap based on UV–Visible absorption spec-
tra was 3.15 eV and 2.17 eV for ZnO and  Zn0.93Co0.07O 

nanoparticles, respectively. The valence and conduction 
band edges are calculated from Eqs. (15) and (16). Under 
sunlight irradiation, the electrons from the valance band 
get excited to the conduction band of ZnO, leaving holes 
in valence band that lead to the formation of electron hole 
pairs. Co doping results the formation of electron trap levels 
between the valance band and conduction band. These trap 
levels effectively shifted the band edge threshold [75].

The photogenerated electron and hole pairs migrate on 
the surface of nanoparticles, producing a redox reaction. 
This leads to the generation of highly active hydroxyl radi-
cals, which are responsible for the degradation of organic 
dyes. The oxygen vacancy defects (singly ionized oxygen, 

(24)ZnO + hv → e−
CB

+ h+
VB

Fig. 14  MB Time dependent absorption spectra (a) ZnO, (b)  Zn0.93Co0.07O, (c) percentage of dye degradation, (d) kinetic study of ZnO, 
 Zn0.93Co0.07O
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doubly charged state) and doped Co on the surface of ZnO 
improve electron–hole pair separation [76]. The released 
electron from the conduction band reacts with molecular 
oxygen (acceptor), forming a super oxide anion [77].

Co takes electrons from conduction band of ZnO and 
decreases the electron hole pair recombination probability 
and makes more holes available for  OH− radical formation

(25)e−
CB

+ V++
0

→ V+
0

(26)O2 + V+
0
→ V++

0
+ O−

2

(27)Co → Co2+ + 2e− or e−
CB

(28)e− or e−
CB

+ O2 → O−
2
(Super Oxide Anion)

The holes from valence band react with (OH−) moisture 
in air forming hydroxyl radical (OH−) and H2O forming 
(OH−) radical H+ ions [78].

The generated O− radical oxidize water H2O forms H2O2 , 
this further reacts with electrons forms  OH− radicals [19].

(29)2e−
CB

+ Co2+ → Co

(30)h+
VB

+ OH−
→ OH− + H+

(31)h+
VB

+ H
2
O → OH−

(32)O−
2
+ H2O → H2O2

(33)H2O2 + e−
CB

→ 2OH−

Table 5  Comparison of 
photocatalytic efficiency 
of biosynthesised ZnO 
nanoparticles with recently 
reported work

sample Synthesis method Energy source Irradiation 
time(min)

Degradation 
efficiency

Reference

ZnO Green synthesis Visible light 90 83.45% [74]
ZnO Green synthesis UV light 90 88.37% [75]
ZnO Green synthesis UV light 120 83% [76]
ZnO Green synthesis UV light 150 97% [77]
ZnO Green synthesis Sunlight 180 91.4% [78]
ZnMnO Green synthesis Sunlight 120 95% [19]
ZnO Green synthesis Sunlight 120 92% Present work
ZnCoO Green synthesis Sunlight 120 95% Present work

Fig. 15  Simple mechanism to 
understand photocatalytic deg-
radation under solar light
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The formed O−
2
 and OH− undergo oxidative reaction with 

pollutants forming H2O and Co2 and less toxic materials 
[79].

Therefore, the presence of  Co2+ in ZnO affects the 
charge transfer kinetics and separation of photogenerated 
e− / h∓  pairs, resulting in enhanced photocatalytic degra-
dation of MB. The superoxide anion and hydroxyl radi-
cals break down organic compounds and oxidize MB dyes 
into minerals as end product [80]. The results of photo-
catalytic degradation show green synthesized ZnO and 
 Zn0.93Co0.07O act as potential catalysts for the degradation 
of commercial dyes.

Conclusion

In this work, we have synthesized 0%, 3%, 5% and 7% Co 
doped ZnO nanoparticles by the green method for photo-
catalytic degradation of MB and its biological activities. 
The XRD pattern confirms the formation of the hexagonal 
wurtzite structure of ZnO, and the FTIR spectra assures the 
formation of Zn–O. Morphology of nanoparticles identified 
by SEM and HR-TEM analysis. EDX evident the presence 
of Co dopants along with Zn and O. UV–Visible absorption 
spectra has decrease in energy by Co doping. The ZnO and 
 Zn0.93Co0.07O nanoparticles show photocatalytic degradation 
efficiencies of 92% and 95% under sunlight irradiation for 
MB within 120 min. Based on the antimicrobial analysis, it 
can be concluded that as the concentration of  Co2+ increases, 
 Zn0.93Co0.07O nanoparticles can effectively destroy various 
disease-causing bacteria, which indicates strong antimicro-
bial activity. Also, the nanoparticle shows good antioxi-
dant and cytotoxicity activities. Thus, the obtained result 
demonstrates a simple, cost-effective, bio-compatible, eco-
friendly green method can be used for the synthesis of pure 
and Co doped ZnO nanoparticles using Annona Muricata 
leaf extract and has potential applications in environmental 
and biomedical fields.
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