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Abstract Green approach was employed to synthesize
Zn; _,Cu, O nanoparticles (x=0.0, 0.01, 0.03, and
0.05). The impact of Cu doping on the structure, mor-
phology, and optical properties of ZnO nanoparticles
was evaluated using XRD, SEM, and UV-vis spectros-
copy, respectively. The XRD analyses confirmed that
the samples have hexagonal wurtzite structure. The
crystallite size, lattice constants, volume of unit cell,
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and bond length of the nanoparticles showed increasing
trend as the Cu concentration was increased from 0 to
5% and vice versa for micro-strain and dislocation den-
sity. Atomic packing fraction was found to be 74.05%
and bond length was between 1.990 and 1.996 A. SEM
image showed spherical, petal, and rod-like shape. En-
ergy band gap (E;) of samples red shifted from 3.38 to
3.27 eV. The antibacterial results clearly showed that Cu
doping in ZnO NPs improved the diameter of inhibition
zone across the selected bacteria and exhibited higher
degradation efficiency after 100 min of irradiation.

Keywords Vernonia amygdalina - Cu-doped ZnO -
Structural study - Optical study - Antibacterial activities -
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Introduction

Health care-associated infection (HCAI) also known as
nosocomial infection affects significant number of pa-
tients without exception and remains one of the leading
causes of occupational infection among facility staff. It
poses a massive financial responsibility on healthcare
services and is linked with elevated patient morbidity
and mortality (Donlan 2008). The most frequently re-
ported HCAIs involve 22.8% of ventilator-associated
pneumonia and respiratory tract infections, 17.2% of
catheter-associated urinary tract infections, and 15.7%
of surgical-site infections (Health Protection Agency
2012). Approximately 56% of deaths in neonates are
caused by HCAIs, with prevalence rate of 75% in
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South-East Asia and Sub-Saharan Africa
(World.Health.Organization 2016). In Nigeria, the total
HCALI aggregate prevalence in surgical wards is about
45.8% (Kesah et al. 2004). The elevation in prevalence
rate of HCAI, drug-resistant bacteria, toxicity, and car-
cinogenicity of chemical-based disinfectant is a matter
of serious concern. Thus, there is a need to develop
alternative approaches to formulate a next-generation
antibacterial agent from inorganic materials to help mit-
igate HCAL

In recent time, the synthesis of metal and metal oxides
(like Ag, TiO,, MgO, CuO, ZnO) has drawn special
attention, considering their bacteriocidal and bacteriostat-
ic possible applications in the field of nanomedicine.
Among these metal oxides, zinc oxide nanoparticles
(ZnO NPs) are quite unique and have been acknowledged
as an alternative photocatalyst due to its non-toxicity,
high catalytic capability, and economy (Singh et al.
2017). It has also been shown to have high transparency
in the visible region of spectrum, electrochemical charac-
teristics, and high thermal stability (Shahid et al. 2018).
The photocatalytic activity of ZnO NPs on azo dyes like
methyl orange exposed to UV irradiation are very high
(Hong et al. 2009). Studies have shown that ZnO NPs
with large concentration of surface oxygen vacancies
showed improved photocatalytic activities in degradation
of Rhodamine B (Wang et al. 2015). Presently, zinc oxide
NPs are ZnO NPs considered one of the next-generation
materials for biocidal or disinfecting applications and
degradation of environmental contaminants because it is
associated with higher chemical stability compared to
organic disinfectants (Dutta et al. 2012). Prototype ZnO
nanoparticles (NPs) have also been used as delivery
systems for vaccine and anticancer drugs (Gubin 2009).
However, ZnO has a wide direct band gap of 3.37 eV and
substantial exciton binding energy of 60 meV (Ahmad
et al. 2010). Therefore, ZnO photocatalytic activities are
activated upon illumination with Uv radiation source. It
has been established that ultraviolet and visible light
constitute 5-7% and 46% of solar energy, respectively
(Bak et al. 2002); thus, it is more economical to develop
visible light-activated photocatalyst for bacteria disinfec-
tion in surfaces, water, and air.

Often, doping of ZnO with impurity is usually
targeted at introducing intra-band gap energy levels that
allow ZnO to utilize visible light for photocatalytic
application (Samadi et al. 2016). Presently, there is so
much attention given to alteration of ZnO NPs by dop-
ing it with transition metals like Ag (Wang et al. 2004),
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Co (Fabbiyola et al. 2015), Fe (Dao et al. 2016), Ni
(Cong et al. 2006), Pd (Zhong et al. 2012), Cr (Li et al.
2009), Ti (Peng et al. 2017), and Mn (Ullah and Dutta
2008) to improve its spectral sensitivity. These studies
have demonstrated that transition metals as dopants can
affect grain size of ZnO NPs together with its optical
properties. Copper is selected as a dopant in this work
because it has high electronic conductivity and avail-
ability and is relatively cheap (Ca et al. 2011).
Chemical, physical, and biological approaches have
been used to synthesize NPs (Kathiresan et al. 2009).
However, biological synthesis of NPs has become one
of the most preferred methods simply because it is
ecofriendly (Anastas and Warner 1998). Bio-
synthesized ZnO NPs have been shown to be bio-safe,
biocompatible, and desirable for medical applications like
drug carriers, cosmetics, and coating of medical materials
(Lakshmeesha et al. 2014). Consequently, attention is
directed towards plants that have aroma and colors in
their leaves for synthesis of NPs because they contain
most of the bioactive compounds that can reduce metal
salts to metal nanoparticles (Siddigi and Husen 2017).
Vernonia amygdalina (VA) well-known as bitter leaf in
Nigeria belongs to the Asteraceae group. Phytochemical
screening result of VA showed high concentration of
flavonoids, glycosides, saponins, and alkaloids, (Imaga
and Bamigbetan 2013). Flavonoids have been reported to
possess antioxidant properties (Edeoga et al. 2005). Lots
of work had been carried out on VA towards isolation of
secondary metabolites for medicinal purposes; however,
there has been no report on synthesis of undoped and Cu-
doped ZnO using V. amygdalina leaf extracts. Hence, we
report an efficient and ecofriendly approach for synthesis
of undoped and Cu-doped ZnO NPs, as well as their
structural, optical, and morphological properties. Anti-
bacterial activities of the samples were investigated
across the selected bacterial: Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa causing
nosocomial infections, isolated from wound infections.
Moreover, the photocatalytic activities were investigated
using methylene blue (MB) as the test contaminant.

Experimental details

Preparation of Vernonia amygdalina leaf extract

Fresh leaves of V. amygdalina were washed several
times with distilled water to get rid of the dust particles,
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finely chopped into pieces and then dried in the sun
shade at ambient temperature for 14 days to eliminate
the residual moisture. The VA extract was prepared
using the method of Yedurkar et al. (2016), and 10 g
of dried leaves of V. amygdalina was added in 250-ml
glass beaker along with 150 ml of distilled water. The
blend was allowed to boil for 20 min at 60 °C until the
color changed from watery to a yellow color. The ex-
tract was allowed to cool, then filtered using filter
whatman paper, and stored in a refrigerator for subse-
quent experiments.

Synthesis of undoped and Cu-doped ZnO nanoparticles

All chemicals used for this study were purchased from
Sigma-Aldrich and were used without further purifica-
tion. For synthesis of undoped ZnO and Cu-doped ZnO
NPs, the method of Vidya et al. (2013) with some
modification was used. Figure 1 is a schematic

ZH(NO3)2.6H20

Zn1xCuxO
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0.01,
0.03,
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EDS
FT-IR

Formation
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representation of processes involved in the syntheses
of the nanomaterial using VA extract.

Stoichiometric ratio of zinc nitrate (source of Zn) and
copper nitrate (source of Cu) is calculated using Zn; —
+Cu, 0 (where x=0.0, 0.01, 0.03, and 0.05). Each stoi-
chiometric ratio of Zn; _ ,Cu, O was added to 50 ml of
the extract separately in a 100-ml beaker, at 60-80 °C,
and then stirred at 800 rpm for 15 min. Each mixture
was allowed to boil at that temperature till it reduces to a
yellow paste. The obtained paste was collected in a
crucible and placed in an air-heated furnace at 350 °C
for 2 h. The obtained powder was grained using pestle
and mortar and delicately collected for characterization.

Evaluation of antibacterial activity

The antimicrobial activities of all the samples were
tested in vitro across strains of Staphylococcus aureus,
Pseudomonas aeruginosa, and Escherichia coli (E. coli)
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Fig. 1 Schematic diagram for preparation of undoped and Cu-doped ZnO NPs using Vernonia amygdalina extract
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isolated from wound infection from the National Ortho-
pedic Hospital, Enugu, Nigeria, using agar well diffu-
sion technique (NCCLS 2002). The bacterial dilutions
were adjusted to meet the McFarland standard, indicat-
ing a bacterial density of 1.5 x 10® CFU/ml. About
25 ml of prepared nutrient agar in a sterile dish was
seeded alongside 24 h bacterial cultures by way of
dipping a sterile cotton swab into the broth of these
microorganisms. For the culture to get absorbed in the
medium, the plates were allowed to stand for about 10—
15 min. After solidification, 6 mm bores were made in
each petri plate using a sterile cork borer and 0.1 ml
(100 pg/ml) of each NPs dissolved in dimethyl sulfox-
ide (DMSO) was poured into the wells and then incu-
bated for 24 h at 37 °C. DMSO alone without NPs was
used as the control (C) test. After incubation, the diam-
eter of inhibition of zones (mm) was measured to assess
the antimicrobial activities of samples.

The antimicrobial activities and minimum inhibitory
concentration study were approved by the Medical Re-
search Ethics committee, National Orthopedic Hospital
Enugu, with IRB/HEC number S.319. Use of the fol-
lowing protective clothing, face masks, hand gloves,
laboratory coats, impervious shoe covers and goggles,
was strictly complied with all through the experiment.

Determination of the minimum inhibitory concentration

The twofold serial dilutions (SLD) method (Aysaa and
Salmanb 2016) was used in determining the minimum
inhibitory concentration (MIC) of samples with the
highest zone of inhibition for all the isolates. To this,
1 ml of media was appropriated in a test tube, and then
1 ml of test solution was added; consequently, 0.1 ml of
the bacterial strains was added to the test tube containing
media and test solution. The SLD was performed five
times giving concentrations of 20, 10, 5, 2.5, and
1.25 pg/ml. The control test consists of the inoculated
broth supplemented along DMSO alone at the same
dilutions. The nutrient broth containing the test samples
and control test were incubated for 24 h at 37 °C. The
MIC values were considered as the lowest or minimum
concentration needed to impede growth of bacteria in
the test tube after incubation (showed no turbidity).

Photocatalytic activity test

For the photocatalytic tests, the method of Ganesan et al.
(2016) was used. Methylene blue (MB) dye was
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prepared by adding 10 mg/l MB in a bottle and stirred
for 30 min at room temperature. To the prepared stock,
10 mg of each sample (ZnO, Zng 99Cug. 9,0,
7Zng 97Cug 030, and Zng 95Cug gsO) was added into
50 ml of MB solution separately in a 100-ml beaker.
Each mixture was stirred for 50 min in the dark to
establish adsorption/desorption equilibrium and then
exposed to sunlight. Light intensity and temperature
were monitored using Smart Luxmeter (v1.0) and Dig-
ital thermometer (MASmed SA, SN: 20033003347),
respectively, all through the experimental work. About
2-3 ml of mixture was collected every 20 min, centri-
fuged at 8000 rpm for 10 min. The collected supernatant
was analyzed using UV-visible spectroscopy to measure
the degradation of dye. The percentage degradation
efficiency (PDE) was estimated using Eq. (1).

PDE= <€ 100 (1)
Co

where C, = concentration at z=0 and C = concentra-
tion at different time intervals (0, 20, 40, 60, 80, and
100).

Characterization

The x-ray powder diffraction (XRD) patterns of Zn; —
+Cu,O samples were analyzed using an x-ray diffractom-
eter along Cu (kx) radiation (A=0.15406 nm) in a 26
range of 25-75°. For the surface morphology and particle
length investigation, SEM and ImageJ were used. The
absorption spectra of the samples were obtained
deploying UV—-Vis Spectrophotometer at wavelength
range of 330-650 nm. The elemental analyzes of the
samples were done using energy-dispersive x-ray spec-
troscopy. The presence and interaction of chemical func-
tional groups in the samples were investigated using FT-
IR at the scanning range of 400-4000 cm ™. The antibac-
terial activities of the samples were done separately in sets
of three, and the results are represented as the mean
values + standard deviation (SD) of each group.

Results and discussions
Structural analysis

Figure 2 is the XRD analyses of all the samples; the
results indicated distinctly sharp diffraction peaks
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Fig. 2 Comparison of XRD pattern of all the samples (Zn;
+Cu,0,x=0.0, 0.01, 0.03, and 0.05)

observed at 20 angles 31.76, 34.41, 36.25, 47.53, 56.59,
62.85, 67.94, and 69.08 which correspond to the lattice
planes (100), (002), (101), (102), (110), (103), (112),
and (201). The results confirm that the samples are
excellent crystalline in nature along with hexagonal
wurtzite structure that is in good agreement with JCPDS
card No. 01-079-2205 (Rafaie et al. 2015). The XRD
peak positions of all the samples are shown in Table 1.

The impact of Cu doping on the structure of ZnO NPs

The average crystallite size (D) was obtained using the
Scherrer equation (Thaweesaenga et al. 2013).

2
~ Bcosb

where £k=0.9, A=0.154056 nm, (3= full width at half
maximum (FWHM), 6 =Bragg angle. The induced
micro-strain (¢) was estimated using the equation.

(2)

o ﬁcose
==1 3)

For geometric structure, lattice parameters (LP) were
determined using the following equation.
1 4 [h2+hk+lz] I

23 2 += (4)

a C

where /., k, and [ are the miller indices, a = b and ¢ are
the lattice constants, and d is the interplanar spacing
(Thaweesaenga et al. 2013). Interplanar spacing (d)
was estimated using Bragg’s law

2dsing = n\ (5)

The dislocation density (0) was calculated applying
Eq. 6 (Rouchdi et al. 2017).

o= (©)

Once the lattice parameters a and ¢ are determined,
other structural parameter like the volume of unit cell
(VUC), atomic packing fraction (APF), and bond length
(BL) of Zn—O can readily be calculated, respectively,
through Eqgs. 7, 8, and 9.

VUC = 0.8664°c (7)
2ma

APF = 8
Wie ®

a 1 2
BL= || 5+ (2—u) 2¢2 (9)
u= % + 0.2, and it is referred to as a positional
parameter (Amrita et al. 2017).

Table 1 XRD peak positions of all the Zn, _,Cu,O samples compared to standard values

S (hkl) planc (26) (100) (002) (101) (102) (110) (103) (112) 201

1 JCPDS No. 01-079-2205 31766 34419 36251 47536 56.591 62.852 67942 69.080
2 ZnO 31766 34427 36254 47548 56604 6288 67976 69.111
3 Z19.99Clp 010 31689 34356 36180 47480 56532 62818 67906  69.037
4 Z.97CUg 030 31670 34338  36.161 47457 56110 62795  67.880  69.015
5 Z1,05Clg 050 31678 34346 36163 47458 56517  62.801 67.880  69.016
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The results for various estimated structural parame-
ters are shown in Table 2. The average crystallite size of
Zn0, Zny 99Cug 10, Zng.97Cug 930, and Zng 95Cug 05O
NPs were found to be 34.40, 39.38, 38.89, and
39.42 nm, respectively. It was noticed that the size of
the NPs increases from 34 to 39 nm as Cu content was
increased from 0 to 5%. This result is in conformity with
the result obtained by the following authors: Chauhana
et al. (2010), Chithra and Pushpanathan (2016), and
Khan et al. (2017). The addition of Cu does not change
the hexagonal wurtzite structure: however, as Cu con-
centration is increased, the XRD peak position deviates
towards a lower 26 angle which indicates evidence of
Cu doping in the ZnO matrix. The deviation in peak
positions to the lower 26 angle may be due to the
replacement of Zn** which has a larger ionic radius
(0.74 A) by Cu®* with a smaller ionic radius (0.73 A)
(Vegard 1921). The intensity of the diffraction increases
with increment in Cu concentration, which also con-
firms the presence of Cu in the ZnO structure. In addi-
tion, no Cu peak was noticed in the XRD patterns of the
doped samples, thereby, suggesting incorporation of Cu
ion into the Zn lattice site rather than the interstitial site.
This could be linked to the negligible difference in ionic
radii Zn** and Cu®"*.

The calculated crystal defect parameters like the in-
duced micro-strain and dislocation density decreased
with rise in Cu concentration. This finding implies that
the higher the Cu content (up to 5%) in ZnO nanostruc-
ture, the smaller the internal stress, and it is consistent
with theoretical (using first principle calculations) re-
sults obtained by Ma et al. (2019).

The ZnO nanostructure possesses lattice constants
a=3.250 and ¢=5.210 A (George et al. 2009). In this
study, for undoped ZnO, the calculated lattice constant
were a=3.250 A and 5.307 A. However, it was ob-
served that the lattice parameter “a” swiftly increased to

Table 2 Structural data of Zn, — ,Cu,O samples

0.22%, 0.30%, and 0.25% at 1, 3, and 5% Cu doping,
respectively. In the same way, “c” also instantly in-
creased to 0.22%, 0.30%, and 0.26% at 1, 3, and 5%,
respectively, as shown in Fig. 3. The observed incre-
ment in lattice constants confirms that Cu ion was
successfully doped in the ZnO matrix and could be
linked to the replacement of Zn** by Cu* and Cu** ions
(Labhane et al. 2015).The VUC increased to about 0.8%
as the Cu concentration was increased from 0 to 5%, and
the result suggests that ionic radii of Cu ions expanded
the unit cell of the ZnO NPs by 0.8%. The calculated
atomic packing fraction (APF) of each samples was
found to be 74.05%, and this result is in accord with
the 74% obtained by Amrita et al. (2017), thereby,
confirming that all the samples have a hexagonal closed
pack structure. The calculated BL is between 1.990 and
1.996 A which is in agreement with the reported Zn—O
BL 1.9767 A (Ju-nam and Lead 2008).

Morphological analysis

SEM was employed to analyze the impact of different
concentrations of Cu on the particle length and surface
morphology of ZnO. The micrograph of all the samples
is displayed in Fig. 4(a, b, ¢, and d). The results reveal
that the surface morphology of ZnO NPs altered with
increase in Cu concentration. This result is consistent
with the result obtained by Labhane et al. (2015), for 1,
2, and 3% Cu-doped ZnO using co-precipitation tech-
nique. For ZnO and Zng¢9Cug o0, the micrograph
displayed spherical and petal-like-shaped NPs while
7Zng 97Cug 030 and Zngo95Cug osO showed rod-like-
shaped NPs. It was observed that the grain size increases
with increment in Cu concentration as shown in grain
size distribution (PLD) in Fig. 5(a, b, ¢, and d). The PLD
of all the Samples, ZHO, Zn0,99Cu0,0]O, Zn0,97Cu0,03O,
and Zng ¢5Cug 050, had mean grain size of 427, 441,

S/ Sample code NPs size Induced strain Lattice Dislocation Volume of  Atomic Bond length

n (nm) (%) constant (A) density unit cell packing A)
_— A factor (%)
a=b ¢

1 ZnO 3431 0.3837 3250 5307 8.49x107* 48.55 74.05 1.990

2 ZngooCupp O 39.38 0.3208 3257 5319 645x107* 48.89 74.05 1.994

3 ZngosCup0O 38.89 0.3268 3260 5323 6.61x107* 48.98 74.05 1.996

4 ZngosCuposO 39.42 0.3218 3258 5321 6.44x107* 48.94 74.05 1.995
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Fig.4 a The SEM micrograph of ZnO sample. b The SEM micrograph of Zng 99Cuyg ;O sample. ¢ The SEM micrograph of Zn 97Cug 030
sample. d The SEM micrograph of Zng ¢5sCug 5O sample
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Fig.5 a Grain size distribution of ZnO sample. b Grain size distribution of Zng 99Cug ;O sample. ¢ Grain size distribution of Zng 97Cug 030

sample. d Grain size distribution of Zng ¢5Cug 05O sample

610, and 635 nm, respectively. Furthermore, the ZnO
showed lower agglomeration and smaller grain size
compared to Zng99Cug 010, Zng 97Cug 930, and
Zny95Cug 50. This suggests that Cu aided the develop-
ment of secondary particles through agglomeration of
elementary particles.

Energy-dispersive analysis

The elemental composition analysis of the samples was
done using EDX. Figure 6 showed sharp signals of zinc
(Zn) and oxygen (O) for undoped ZnO which affirms
the formation of ZnO NPs. The following elements, Zn,
O, and Cu signals, were observed in Zngg9Cug o0,
Zn0,97Cu0,03O, and Zn0,95Cu0_050 NPs which corrobo-
rate that Cu was successfully doped in ZnO NPs. How-
ever, carbon (C) and traces of elements like silicon (Si),

@ Springer

chlorine (Cl), and potassium (K) were also observed in
the EDS of the samples. The presence of these elements
confirms the involvement of V. amygdalina phytochem-
icals in reducing and capping of the synthesized
samples. The elemental analysis of V. amygdalina
extract was investigated by Alara et al. (2019) using
EDS. The results confirmed presence of C and O in high
quantity while elements like Cl, K, O, and Si are in
moderate quantity. The presence of C and other ele-
ments in the EDX spectral of the samples indicates the
presence of stabilizing agents (Bala et al. 2014). These
elements originated from plant biomass.

UV-visible spectroscopy

For the energy band gap (£,) studies, UV-visible spec-
troscopy technique was used. The spectra of the samples
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KeV
Fig. 6 The EDX spectra of all the samples

were taken in the range of 330 to 620 nm at ambient
temperature, and their £, was determined using Tauc-
plot relation (10),

(ahv)'/> = A(h—Ey) (10)

where o, E,, 1 / . and A are the absorption coeffi-
cient, energy band gap, transition type (direct band gap),
and proportionality constant, respectively (Kaur et al.
2015). The E, of the NPs was calculated by plotting

(ahv)]/ 2 versus (hv) and taking the intercept of the
extrapolation to the photon energy axis. Figures 7 and
8 show absorbance spectra and £, of the samples. The
absorption edge of ZnO, Zng 99Cug 10, Zng 97Cug 30,
and Zng 95Cug 05O NPs was found to be 371, 375, 377,
and 380 nm, respectively. This suggests that the higher
the Cu concentration in ZnO (up to 5%), the higher the
absorption edge in the UV-visible region. Additionally,
the E, of the samples decreased with the increase in
concentration of Cu as shown in Figure 8. These

findings suggest that Cu induced a redshift in the £, of
ZnO NPs. The induced redshift (AE, = 0.11 eV) also
confirms the substitution of Cu ion in the ZnO lattice
structure and could be attributed to the formation of
intraband energy level in the £, of ZnO. The reduction
in the E, was due to many body effects on the conduc-
tion band and valence band (Hamberg and Granqvist
1986). The observed decrease in E, of doped samples
conforms to the findings reported in Sajjad et al. (2018).

Fourier transform infrared (FT-IR) spectroscopy

FT-IR spectroscopy analyzer was used in identifying
different functional groups in the samples and was ana-
lyzed at spectrum range of 4000-500 cm ™' wave num-
ber in percent transmittance mode, as shown in Figure 9.
Distinct peaks were noticed at peculiar wave number
and maintained the same trend in all the samples. A
strong and intense absorption band centered between
3525 and 3481 cm ' is accredited to the hydroxyl group

@ Springer
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Fig. 7 Absorbance spectra of Zn; _,Cu,O samples

(OH) stretching vibrations due to water and phenols
(Parthiban and Sundaramurthy 2015). The observed
medium absorption bands in the region between 1641
and 1542 cm™ ' was as result as of aromatic C=C ring
and C=0 stretch in polyphenols while the strong peak
band between 1376 and 1371 cm ™ is traced to CH-H
bending of methyl which can be associated with the
presence of proteins (Senthilkumar and Sivakumar
2014; Handago et al. 2019). The peak between 825
and 824 cm ' is linked to C—H. Finally, Peaks between
639 and 505 cm ™ is the characteristic absorption of Zn—
O bond (Bhuyan et al. 2005). FT-IR spectra analyses
demonstrated that the presence of significant phenolic
group of molecules in V. amygdalina extract are respon-
sible for the reduction process while the amino acids and
amide linkages are associated with capping and stabili-
zation of the samples.

Antimicrobial activities of the samples

Table 3 indicates the diameter of inhibition zones
(DOIZs) of all the samples across selected gram-

@ Springer

Wavelength (nm)

positive and gram-negative bacteria causing nosocomial
infections. The investigation was done using Agar well
diffusion method. It is fascinating to note that the bac-
terial pathogens were all sensitive to the samples. How-
ever, gram-negative bacteria were more sensitive to the
samples; this may be due to the electrostatic attractive
interaction between positively charged Zn>* and nega-
tively charged cell wall line of a gram-negative bacteria.
Moreover, the cell wall of gram-positive bacteria has a
thick layer of peptidoglycan 20-80 nm while that of
gram-negative bacteria has a thin peptidoglycan 2-3 nm
(Hajipour et al. 2012). Thus, it was easier for the syn-
thesized NPs to interact more with gram-negative bac-
teria. Figure 10 shows the image of DOIZs for all the
samples against selected bacteria causing nosocomial
infections. It is evident that Cu doping in ZnO NPs gave
higher DOIZs across the selected pathogens: Staphylo-
coccus aureus (21 mm), E. coli (24 mm), and Pseudo-
monas aeruginosa (25 mm). The improvement in
DOIZs observed in 3 and 5% Cu doping could be
closely associated to the induced redshift by Cu ion in
the energy band gap of ZnO NPs and the observed
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particle agglomeration. The MIC for Zng 95Cug 950
against S. aureus and E. coli was found to be 10 and

2.5 ng/ml respectively, while Zng¢7Cug 03O against
P. aeruginosa was found to be 5 pg/ml.

100
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Fig. 9 FT-IR spectra of Zn; - ,Cu,O samples synthesized using
Vernonia amygdalina
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The mechanisms of antibacterial activities of ZnO
could be related to size of the NPs, surface defects, zinc
ion (Zn**) release, and oxidative stress. The average cell
wall diameter of a bacterium is about 1 um (Bacterial
cell structure n.d.) and about 250 times bigger than a
ZnO NPs (Yousef and Danial 2012). This makes it easy
for these NPs to adhere and penetrate cell walls of the
bacteria, leading to destruction and death of the micro-
organism. Surface defects in ZnO NPs creates space for
ZnO NPs to interact with microorganism (Nirmala and
Pandian 2007), due to potential reactive sites. This
interaction could occur alongside the basic elements in
the outer cell membrane and can possibly degrade or
induce structural change that could lead to cell death.
The release of Zn** in medium plays a vital part in the
toxic effects of ZnO NPs (Song et al. 2010). The re-
leased Zn>* causes destruction to bacteria by disrupting
amino acid metabolism and enzymatic system of the
microorganism (Sirelkhatim et al. 2015). Zinc and cop-
per ions crosslink with nucleic acid strands by
interacting with the deoxyribonucleic acid (DNA) of
the microorganism. This results in denaturation of
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Table 3 Antibacterial activities of the samples against bacteria causing nosocomial infections

S/n Sample code Diameter of inhibition zones (mm) + standard deviation

Gram-positive bacterium
Staphylococcus aureus

1 ZnO 18+0.6
2 Zn0.99Cug,010 20+0.9
3 Zng 97Cu0,030 21+03
4 Zn9.95Cug,050 21+0.8

Gram-negative bacteria Control
E. coli Pseudomonas aeruginosa (DMSO)
20+0.3 23+0.6 -
23+0.3 24+0.5 -
21+£0.6 25+0.3 -
24+0.5 24+0.3 -

protein and outright demolition to the bacterial cell (Ijaz
et al. 2017). The oxidative stress approach could be due
to the potentiality of ZnO NPs to induce reactive oxygen
species (ROS) like superoxide (O, ), and hydroxyl

]% Cu doped Zno

Zn0 |
\

Pseudomonas aeruginosq

(OH ) and hydrogen peroxide (H,O,) radicals on its
surfaces via photocatalytic process. Hydrogen peroxide
radicals can enter cell wall membrane of the bacteria and
cause damage or cell death (Sirelkhatim et al. 2015).

Fig. 10 Diameter of inhibition zones of all the samples against selected bacteria causing nosocomial infection
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Table 4 MIC results of the Samples with highest diameter of inhibition zones

S/n Bacteria strain MIC of the samples (pg/ml) against bacteria
ZnO Zn.99Cu,010 Zn.97Cu0.030 Zng 95Cug 050
Staphylococcus aureus - - - >10
E. coli - - - >25
Pseudomonas aeruginosa - - >5

Table 4 is the MIC result for samples with highest
DOIZs across gram-negative and gram-positive bacte-
ria. Their MIC was investigated using twofold serial
dilutions method.

Photocatalytic activities

The photocatalytic percentage degradation efficiency
(PDE) of the samples on MB dye solution was investi-
gated under distinct intervals of time (0, 20, 40, 60, 80,

1.2
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and 100 min) using sunlight as a source of irradiation.
Methylene was utilized as test contaminant because the
International Standard Organization (International
Standard Organization 2010) recognized it as standard
for measuring self-cleaning activity of photocatalytic
semiconductor. The absorption spectrum of each sample
was recorded every 20 min. All the samples showed
degradation of MB solution as time increases from 0 to
100 min. The degradation was also observed in the color
changes; as the irradiation time increases, the

1.2 - - -
; -
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Fig. 11 a The absorption spectra of ZnO sample on MB solution. b The absorption spectra of Zng 99Cuyg ;O sample on MB solution. ¢ The
absorption spectra of Zng 97Cug 030 sample on MB solution. d The absorption spectra of Zng 95Cug 05O sample on MB solution
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Fig. 12 PDE of all the samples after 100 min

decolorization also increases. Figure 11(a, b, ¢, and d)
also demonstrated that the absorption peaks decreases
with the lapse of time, indicating photocatalytic activi-
ties of the samples.

Figure 12 indicated that the PDE of the samples
increases with increment in dopant concentration, and
this finding is in agreement with results obtained by
Mohan et al. (2012). After 100 min of exposure, ZnO,
Zng.99Cug .01, Zng.97Cup,030, and Zng 95Cug 95O NPs
had 54%, 56%, 60%, and 61% PDE, respectively.

The photocatalytic rate of organic compound and
photocatalyst was estimated using pseudo first-order
kinetics (Yadav et al. 2007) as shown in Eq. 11.

InC = —kt + InCo (11)

Rearranging Eq. 11 gives

CO
lnF =kt (12)

where & =kinetic rate constant and can be estimated
precisely from the linear fit from plot of ln% Vs exposure
time. From Fig. 13a, it is noticeable that an increase in
Cu concentration (up to 5%) in ZnO structure improved
the photocatalytic rate. Figure 13b shows reaction kinet-
ics of MB in the presence of the samples (a plot of ln%
vs exposure time). The kinetic rate constant (k) and their
correlation coefficients (R”), PDE, and energy band gap
are shown in Table 5. It is quite obvious that
7Zng 97Cug 030 and Zng 95Cug 05O showed better kinetic
rate constants compared to ZnO NPs, and this observa-
tion suggests that doping up to 5% of Cu in ZnO NPs
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Fig. 13 a Photodegradation rate of MB in the presence of the of
the samples. b Reaction kinetics (plot of /n(C,/C) against exposure
time) of MB in the presence of the of the samples

can improves its photocatalytic activities. The improved
PDE and k observed in Zngy ¢97;Cug ¢30 and
7Zny.95Cug 95O can be linked to the observed shrinkage
in their energy band gap. Furthermore, it can also be
linked to the large number of defects like zinc interstitial
(Zi;) and oxygen vacancies (V,) generated by the Cu
ions in ZnO matrix.

The photocatalytic mechanism is initiated when ZnO
absorbed a photon (4v) that equals or is greater than its
energy band gap, and electron moves from the valence
band (VB) to the conduction band (CB), thus creating
electrons (e”) and a positive hole (h™).

Zn0O + h’V—>eCB’ + hVB+ (13)

The electrons and holes have strong oxidizing and
reducing power and when they reach the surface or
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Table 5 The energy band gap, percentage degradation efficiency, kinetic rate constant, and correlation coefficients of the samples

S/n Sample Energy band gap (¢V)  PDE (%) after 100 min  Kinetic rate constant £ (min~') ~ Correlation coefficients R
1 ZnO 3.38 54 7.81 %107 0.997
2 Znpo9CuppO  3.31 56 793 %107 0.995
3 Znp97Cup30  3.30 60 8.71x107° 0.998
4 ZngosCugosO 327 61 934x 107 0.997

come in contact with atmospheric oxygen and water,
they react to give ROS like superoxide anion radical and
hydroxide radical (Teichner and Formenti 1985).

(Oy)ads + e >0y (14)

H,0 +h"y,—+OH + H' (15)

And can further lead to generation of hydroperoxyl
and hydrogen peroxide (H,0,) radicals

*Oy- + H"—+HO,- (]6)

'HOzf + H+—>H202 (17)

These ROS are highly reactive; hence, the destruc-
tion of microorganism in air and water may be achieved
when they are in contact with the surface of a metal
oxide photocatalyst. The resultant reaction between
ROS and organic compounds leads to mineralization
with formation of CO, and H,O (Hoffmann et al. 1995).

Conclusion

Vernonia amygdalina leaf extract was successfully used
to synthesize 0, 1, 3, and 5% Cu-doped ZnO NPs. The
structural, morphological, and optical properties of the
samples were investigated in details using XRD, SEM,
EDX, UV-visible, and FT-IR spectroscopy. It can be seen
that all the samples were crystalline in nature with
wurtzite hexagonal structure and their crystallite size
increases from 34 to 39 nm as Cu content increased from
0 to 5%. The lattice parameter “a” and “c” were found to
between 3.250 and 3260 A and 5.307 and 5.323 A,
respectively. The atomic packing fraction of the samples
was found to be 74.04%, and the bond length was be-
tween 1.990 and 1.996 A. The Energy band gap was
found to decline from 3.35 to 3.27 eV as Cu concentra-
tion was raised from 0 to 5%. The FT-IR study clearly

revealed the presence of reducing, stabilizing, and cap-
ping molecules present in VA. The antibacterial investi-
gation showed that selected pathogens were all sensitive
to the prepared samples; however, Cu-doped ZnO NPs
showed better antibacterial activities across the selected
pathogens. Photocatalytic activities of Zng 97Cug 30 and
Zng.95Cug 05O had better percentage degradation efficien-
¢y (60 and 61%) and kinetic rate constant (8.71 x 10~
and 9.34 x 1073) after 100 min of irradiation.
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