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Abstract The present study reports the synthesis of
pure and Cu-doped ZnO nanorods for antibacterial and
photocatalytic applications. The samples were synthe-
sized by simple, low cost mechanical-assisted thermal
decomposition process. The synthesized materials
were characterized by scanning electron microscopy,
UV-Visible spectroscopy, and photoluminescence
studies. The antibacterial activity of characterized
samples was determined against Gram-positive bacte-
ria such as Staphylococcus aureus and Streptococcus
pyogenes and Gram-negative bacteria such as Escher-
ichia coli using shake flask method with respect to
time. The significant antibacterial activity was per-
ceived from scanning electron micrographs that clearly
revealed bacterial cell lysis resulting in the release of
cytoplasmic content followed by cell death. The
degradation of methylene blue was used as a model
organic dye for photocatalytic activity. The present
study demonstrates the superior photocatalytic and
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Introduction

In 2011, World Health Day was celebrated with the
theme: “Antimicrobial resistance: No action today,
No cure tomorrow”. In 2014, WHO published first
global report (data provided by 114 countries) on
surveillance of antimicrobial resistance (AMR) stating
that antibiotics are no longer a prediction for the future
(Sharma 2011). World is heading towards post-
antibiotic era where infections and minor injuries
which have been treatable from decades and can have
lethal effect once again. Presently, AMR is a global
threat because standard treatments are no longer
effective, resulting in prolonged illness and greater
risk of death. In order to combat increase in microbial
resistance towards drug therapy, nanobioscience has
gained increased attention for discovering the bacte-
ricidal effect of metal nanoparticles with various
shapes and diameter (Koziej et al. 2014). This is due to
the novel properties of nanomaterials including small
size, large specific surface-to-volume ratio, and their
close interaction and high reactivity with microbial
membranes (Reddy et al. 2007).
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In recent times, zinc oxide is known for its
photocatalytic driven bacterial activity. Zinc oxide is
generally recognized as safe (GRAS) by food and drug
administration (Rajiv et al. 2013). Till date, a great
deal of research has been conducted on nano-sized
ZnO particles with tremendous scientific and techno-
logical interest due to their vast list of attractive
properties including biosafety, UV blocking ability,
low cost, white appearance, high stability, wide direct
band gap energy of 3.3 eV, and high exciton binding
energy of 60 meV (Rajiv et al. 2013; Chang et al.
2012). Furthermore, many studies have reported the
effective antimicrobial activity of ZnO nanoparticles
against food-related bacteria (such as Bacillus subtilis,
Escherichia coli, and Pseudomonas fluorescens),
confirming their prospective applications in agricul-
tural and food (Jiang et al. 2009). However, it has been
revealed that ZnO nanostructures retain their photo-
catalytic activity and lose their active sites due to
absence of capping agents resulting in aggregations.
Moreover, the photo-oxidation rate of organic com-
pounds present on the surface of ZnO surface is
usually decreased by the high electron—hole recombi-
nation (Zhang et al. 2014). Also, at higher concentra-
tions, Zn proves to be toxic for health besides acting as
an essential element for life (Chang et al. 2012). ZnO
is a wide band gap material (E, = 3.3 eV) so only UV
portion of sunlight can be used for generation of
charge carriers. Thus, it is necessary to develop some
simple and efficient procedures in order to overcome
the drawbacks of the nano-sized ZnO particles, such as
improving their photocatalytic efficiency along with
impeding the formation of aggregations (Wang et al.
2012). Thus, ZnO usage is restricted due to its inability
to use the solar spectrum effectively and high recom-
bination rate of electron and hole. New strategies have
been proposed for improving the photocatalytic effi-
ciency of semiconductor metal oxides. These strate-
gies include (i) tuning the band gap to use solar
spectrum effectively and (ii) new range of hetrostruc-
tures and morphologies so as to reduce the recombi-
nation probability by efficient separation of
photogenerated charge carriers. Many vigorous
attempts have been made to synthesize nano-sized
ZnO with various morphologies including rods, belts,
prisms, wires, rings, flowers, and many more (Koziej
et al. 2014; Zhang et al. 2014; Peng et al. 2006).

In the present work, both problems including
ineffective utilization of solar spectrum and high
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recombination rate of e~ and A" are overcome using
ZnO nanorods that are doped with copper. In rod-like
ZnO nanostructures, recombination probability is low
due to increase in electron and hole spatial confine-
ment. Cu doping leads to red-shift in absorption edge
proving that visible part of solar spectrum also
contributes to photogeneration of charge carriers
(Jacob et al. 2014). Copper oxide (CuO) and zinc
oxide (ZnO) NPs have been shown to exhibit tremen-
dous potential in inhibiting the growth of a wide range
of pathogenic micro-organisms (Nations et al. 2011).
Additionally, till date, there are no reports revealing
any bacteria developing immunity to copper as
compared to the bacterial resistance developed
towards many antibiotics (Theivasanthi and Alagar
2011; Santo et al. 2011). Since ages, copper nanopar-
ticles not only attracted attention as promising
antimicrobial agents, but also have been used for
sterilizing textiles, liquids, and human tissues and acts
as an additive in lubricants, polymers, and metallic
coatings (Chatterjee et al. 2014).

Methods

Synthesis of pure ZnO and Cu-doped ZnO
nanorods

Pure ZnO and Cu-doped ZnO nanorods have been
prepared by mechanical-assisted thermal decomposi-
tion process (Zhang et al. 2014; Shakti et al. 2014;
Noipa et al. 2014). Precursors (zinc acetate and copper
acetate) were grinded (mechanical process) using a
mortar—pestle for 45 min for obtaining a homogenous
mixture. The mixed powder was then placed in an
alumina crucible and loaded in an oven for thermal
decomposition. Therefore, the synthesis process is
termed as mechanical-assisted thermal decomposition
process. In ZnO nanorods synthesis process, 2 g of
zinc acetate dehydrate [Zn (CH5COO),-2H,0] was
grinded using mortar—pestle for 45 min and then
heated in programmable furnace (ramp rate 4 °C/min)
at 500 °C for 4 h. The obtained powder sample was
washed twice with distilled water and then dried in
oven at 100 °C for 8 h. For preparing Cu-doped
7ZnO nanorods, Zn(CH;COO),.2H,0, and Cu(CHs;.
C00),.2H,0 were used as the precursor material. The
weight ratio of Cu:Zn was kept to be 10 % and then the
materials were mixed in mortar—pestle until a
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homogenous mixture is obtained. The resultant mix-
ture is heated in the programmable furnace at the same
500 °C temperature for 4 h followed by the steps as
mentioned above.

Characterization

The morphologies and crystallographic structure of
samples were characterized by scanning electron
microscopy (JEOL JSM-6010LA).The absorption spec-
tra were measured by Perkin-Elmer UV-Visible spec-
trometer. The crystalline structures of ZnO and Cu-
doped ZnO were investigated using X-ray diffractome-
ter (Bruker, D2-Phaser). XRD spectrum was recorded
from 5 to 80° using CuK, (4 = 1.5403 A) X-ray
operated at 10 kV and 30 mA. The Photoluminescence
emission/excitation spectra were recorded at room
temperature using spectroflourometer (RF 5301 PC,
SHIMAZZU) with excitation wavelength of 325 nm.
The emission spectra were scanned from 300 to 700 nm
with a step size of 1.0 nm for both the samples.

SEM analysis of bacterial cells
Fixation of bacterial samples

Scanning electron microscopy was employed for
examining the morphological changes in the bacterial
cells (Staphylococcus aureus, Streptococcus pyoge-
nes, and E. coli) before and after treatment with
nanorod samples. Fixation of the bacterial samples
was carried out with 2.5 % glutaraldehyde in 0.1 M
sodium phosphate buffer, pH 7.4 for 30 min, and then
incubated overnight at 4 °C. This is followed by
washing the glutaraldehyde-treated samples with
0.1 M sodium phosphate buffer (pH 7.4) thrice and
dehydrated with a series of 30, 50, 70, 90, and 100 %
ethanol solutions. The prepared samples were then
dried for 1 h at 37 °C and finally coated with a thin
gold film (<10 nm). The changes in the bacterial
morphology were observed under scanning electron
microscope operated at a voltage of 5 kV.

Antimicrobial activity
Shake flask test in Luria Bertani (LB) broth

Preparation of bacterial cultures The antibacterial
assay of the nanorod samples was determined against

both Gram-positive bacteria, S. aureus and S.
pyogenes, and Gram-negative bacteria, E. coli. The
stock bacterial cultures were maintained at 37 °C.
Sterile Luria Bertani (LB) broth of 100 mL was
prepared in 500-mL Erlenmeyer flasks followed by
inoculation of single bacterial colonies from each of
the bacterial stock cultures of S. aureus, S. pyogenes,
and E. coli. Finally, the prepared bacterial suspensions
were placed in an incubator shaker at 37 °C.

Antibacterial assay

The antibacterial activity of the nanorod samples was
investigated using shake flask method. The growth
inhibited by the nanoparticles was monitored as a
function of time. The samples containing pure ZnO
and Cu-doped ZnO nanorods (100 pg/mL) were
placed in an incubator shaker at 37 °C and the
variations in bacterial growth were monitored. The
changes in the optical absorbance were recorded over
a fixed duration of time interval (0, 3, 6, and 9 h), and
the final reading was noted after 24 h of incubation at
600 nm. Antimicrobial efficacy of the bacterial
species was defined as {[(Y — Z)/Y] x 100}, where
Y is the pre-inoculation bacterial count and Z is the
bacterial count after treatment with the nanorod
samples.

Photocatalytic studies

For photocatalysis, methylene blue (MB) was selected
as a model water pollutant released by textile industry.
The photocatalytic activities (degradation efficiency)
of pure ZnO and Cu-doped ZnO nanorods were
estimated by measuring the decomposition rate of
MB. The solution was prepared by adding 5.0 mg of
nanorods powder in 1000 mL of water and stirred in
dark for 2 h. The samples from the solution were
collected at regular intervals of time, centrifuged, and
filtered. The concentration of MB was estimated in the
suspension by UV-Visible spectroscopy. The absorp-
tion peak of MB is at 664 nm. The photocatalytic
activity is calculated using the following relation:
n = {[(C — Cy)/Cp)] x 100}; here, C, denotes the
absorbance of the aqueous MB solution before the
exposure, C denotes the absorbance of aqueous MB
after the addition of photocatalyst and exposed for
time t. The synthesized nanorods are cost-effective can
be easily filtered out and are reusable after the
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completion of the anticipated photocatalytic activity,
hence offering the best outcomes achievable.

Results and discussion

The morphology of ZnO nanorods were investigated
using scanning electron microscopy. Figure 1 shows
the SEM micrograph of (a) pure ZnO nanorods and
(b) Cu-doped ZnO nanorods. The zinc oxide nanorods
have an average length of 500 nm and diameter
50 nm. Figure 2 shows the Tauc’s plot and UV-Vis
absorption spectra (inset of Fig. 2) of pure ZnO and
Cu-doped ZnO nanorods. Band Gap is calculated by
Tauc’s relation: « = A(hv — E,)"/hv, where a is the
absorption coefficient, E, is the absorption band gap,
A is constant, n depends on the nature of the
transitions, » may have values 1/2, 2, 3/2, and 3
corresponding to allowed direct, allowed indirect,
forbidden direct, and forbidden indirect transitions,
respectively. In this case, n = 1/2 for direct allowed
transition. The band gap is obtained from the inter-
cepts of (ohv)* versus (hv)? graph. The observed band
gaps are 3.35 eV for pure ZnO and 3.30 eV for doped
ZnO. Observed UV spectra depicts that doping plays
an important role in varying absorption characteristics
of ZnO nanorods. There was a red-shift between
absorption bands at 374.7 nm of pure ZnO to other
absorption band at 378.2 nm of Cu-doped ZnO. The
red-shift in absorption peak shows decrease in band
gap of ZnO with Cu doping. Thus, red-shift in
absorption edge indicates that more percentage of
solar light can be utilized for electron—hole pair
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Fig. 2 Tauc plot and UV-Vis absorption spectra (inset of this
figure) of pure ZnO and Cu-doped ZnO nanorods

generation (Koziej et al. 2014; Jacob et al. 2014).The
band gap of ZnO nanorods was decreased from 3.35 to
3.30 eV after doping with copper. The observed red-
shift in band gap (E,) is due to Cu doping-induced
band-edge bending. The change in the band gap
energy is attributed to two reasons: First, the sp—d
exchange interactions between sp and d orbitals of
host and dopant, respectively, lead to negative
correction in the conduction band and positive
correction in valence band, hence overall band
narrowing is observed (Ahn et al. 2007). Secondly,
the electronegativity of Cu is 1.9 as compared to ZnO
(which is 1.6), leading to a chemical affect in the host
ZnO crystal which results in decrease in band gap.
Figure 3 shows the XRD pattern of pure ZnO and
Cu-doped ZnO nanorods. All the peaks have been

Fig. 1 SEM micrograph of a pure ZnO nanorods and b Cu-doped ZnO nanorods
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labeled with (hkl) planes after comparing with JCPDS
File number (06-2151). XRD pattern shows wurtzite
structure with lattice constant a = 3.247 A and
¢=5203 A for ZnO and a=3.249 A and
¢ =5.204 A for Cu-doped ZnO. The very slight shift
in peak positions were observed with copper doping in
ZnO indicating that all doped copper had gone to the
substitution sites. No secondary phases viz., Cu,O,
CuO, or other metallic Cu or Zn phases were observed.
Intensity of XRD peaks of Cu-doped ZnO nanorod
sample was found to reduce in comparison to that of
pure ZnO which indicates a decrease in crystallinity of
ZnO nanorods with Cu doping.

Room-Temperature photoluminescence (PL) spec-
tra of pure ZnO and Cu-doped ZnO nanorods sample
excited at 325 nm are shown in Fig. 4a. Both pure ZnO
and Cu-doped ZnO nanorods show PL characteristics
in the UV and visible range. The band of PL is resolved
into multiple Gaussian peaks as shown in Fig. 4b, ¢ for
ZnO and Cu-doped ZnO samples, respectively. The
peaks for pure ZnO nanorod sample were observed at
399.1 nm (3.11 eV), 468.2 nm (2.65 eV), 541 nm
(2.29 eV) and for Cu-doped ZnO peaks were observed
at 400.5 nm (3.10 eV), 460.4 nm (2.70 eV), and
535.1 nm (2.32 eV). The slight shift in band edge
peak positions in Cu-doped ZnO with respect to pure
ZnO confirms the doping states in ZnO. The observed
peaks at 3.11 and 3.10 eV were assigned as ultraviolet
(UV) emission which is attributed to the near band-
edge (NBE) free-exciton transition. The NBE emission

500

Cu doped ZnO
400 -

300 ™

Intensity (a.u.)

200

100 4

26 (degrees)

Fig. 3 XRD pattern of the two samples namely pure ZnO and
Cu-doped ZnO nanorods

is a result of the exciton-associated recombination
(Muthukumaran and Gopalakrishnan 2012).

The energy interval from zinc interstitial (Zn;) to
vacancy (Vz,) is of the order of 2.62 eV which
corresponds to blue emission at 473 nm (Xu et al.
2004). Therefore, in our samples, the prominent
transition observed at 2.65 eV (468.2 nm) and
270 eV (460.4 nm) can be noted as the blue
emission. The blue emission peak intensity increases
dramatically in Cu-doped ZnO nanorods. As copper
is identified to be a prominent luminescence activa-
tor, it can enhance the visible luminescence band by
constructing localized states in the band gap of ZnO
(Muthukumaran and Gopalakrishnan 2012; Peng
et al. 2008; Lupan et al. 2011). Copper has high
ionization energy and low formation energy which
results in the faster incorporation of Cu into the ZnO
lattice that leads to the appearance of two defective
states at Eyg + 0.45 eV (above the valence band
maximum) and Ecg — 0.17 eV (below the conduc-
tion band minimum). The Cu ions partially substi-
tute the Zn ions in ZnO lattice structure and
respective Zn ions enter into the interim of lattice
to form interstitial defects (Zn;). The Zn interstitial
(Zn;) and oxygen vacancy (V,) are observed to be
the dominating donor defects, whereas Zn vacancy
(Vz,) and oxygen interstitial (O;) act as chief
acceptor defects (Peng et al. 2008). The observed
emission at 2.29eV (541 nm) and 2.32eV
(535.1 nm) is due to the yellow emission owing to
the various oxygen defects present in the sample as
surface defects. These peaks can be assigned as O;
(oxygen interstitial) and V, (oxygen vacancies). The
blue and yellow emission peak intensity has
increased in Cu/ZnO nanorod samples as compared
to that in pure ZnO nanorods, as shown in Fig. 4c.
As surface redox reactions occur on the surface of
oxygen vacancies and defects, these oxygen defects
are active sites of ZnO photocatalyst. These two
emission peaks can enhance the electron—hole sep-
aration rate in doped ZnO nanorods.

Morphological changes in E. coli cells
after treatment with pure ZnO and Cu-doped ZnO
nanorods

SEM analysis of the prepared bacterial samples was

carried out showing the changes in external mor-
phologies of the bacterial strain. Figure 5 shows the
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SEM micrograph of E. coli in (i) control, (ii)) ZnO
nanorods, (iii) Cu-doped ZnO nanorods, and (iv)
magnified view of selected portion of Fig. 5iii. The
untreated E. coli cells (control) seemed to retain their

preserved cell walls and membranes as shown in
Fig. 5i. In contrast, Fig. 5ii, iii shows the aggregated
colonies of dead bacterial cells upon interaction with
pure ZnO and Cu-doped ZnO nanorod samples. In
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Fig. 4 a Photoluminescence (PL) spectra of pure ZnO and Cu-doped ZnO nanorods recorded at excitation wavelength 325 nm.
Deconvoluted PL spectra of pure ZnO (b) and Cu-doped ZnO (c¢) nanorod samples
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Fig. 5 SEM micrograph of E. coli in i control, ii ZnO nanorods, iii Cu-doped ZnO nanorods, and iv magnified view of selected portion

of (iii)
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accompanied by complete cellular degradation as
shown. The treated E. coli cells undergo lysis and
finally get disrupted, resulting in the release of their
cytoplasmic contents into their surrounding environ-
ment. Figure 5iv clearly shows the more pronounced
effect of Cu-doped ZnO nanorods on E. coli; clear
voids had been observed in the bacterial cells that
leads to loss of membrane potential.

Antibacterial activity

Comparative analysis of the antibacterial efficacy of
pure ZnO and Cu-doped ZnO nanorods was carried out
using shake flask method, as shown in Fig. 6 and
Table 1. The antibacterial activity of pure and Cu-
doped ZnO nanorods was studied as a function of time
(0, 3, 6, 9 and 24 h) against Gram-positive S. aureus
and S. pyogenes, as well as Gram-negative E. coli.
Figure 6 reveals that both pure and Cu-doped ZnO
samples are effective antibacterial agents on Gram-
positive as well as on Gram-negative bacteria. How-
ever, percentage reduction in bacterial growth was
found to be significantly higher using Cu-doped ZnO
nanorods as compared to pure ZnO nanorod samples.
The percentage reduction in growth was found to be
CZNg, coii (61 %) > ZNg, coii (37 %); CZN. aureus
(78 %) > ZNs. aureus (70 %); and CZNs. pyogenes
(55 %) > ZNg (38 %). Interestingly,

pyogenes

Fig. 6 Comparative analysis of the antibacterial efficacy of
Pure ZnO and Cu-doped ZnO nanorods using shake flask
method

antimicrobial action of pure and doped ZnO nanorod
samples was found to be highest for S. aureus as
compared to E. coli and S. pyogenes. Thus, the
antibacterial effect of pure and doped ZnO was more
pronounced for Gram-positive bacteria as compared to
Gram-negative bacteria, which is in good match with
the earlier studies. (Premanathan et al. 2011; Raghu-
pathi etal. 2011; Bhuyan et al. 2015). This is explained
on the basis of differences in (i) cell membrane
structure, (ii) physiology and metabolic activities of
the cell, and (iii) degree of contact of Gram-positive
and Gram-negative bacteria (Jung et al. 2008). Addi-
tionally, Li et al. 2011 discussed the bacterial toxicity
of pure and iron-doped ZnO nanoparticles in aquatic
media where the Gram- negative bacteria were
(Pseudomonas putida and E. coli)more resistant to
the antibacterial activity of ZnO nanoparticles as
compared to Gram-positive bacteria (B. subtilis)
which holds good agreement with our results. This
might be attributed due to the presence of lipopolysac-
charide (LPS) layer in Gram-negative bacteria that
protects the cell from a variety of toxic molecules and
hence contributing to metal tolerance and sorption
capacity of bacteria (Li et al. 2011).

Recent studies on Fe-doped ZnO nanoparticles
have shown reduction in antimicrobial activity due to
decreased shedding of Zn™> as iron doping leads to
stabilization of ZnO crystal structure (George et al.
2010; Fairbairn et al. 2011; Pokhrel et al. 2013).
Pokhrel et al. 2013 have also reported that Fe doping
adversely affects ZnO dissolution, as Fe concentration
increases from 0 to 10 % and ZnO dissolution
decreases from 51 to 26 %. The relatively strong o-
bonding of Fe in the host lattice of ZnO significantly
reduces ZnO nanoparticle dissolution. Conversely, Cu
doping is known to strain the ZnO crystal structure
(Mukhtar et al. 2012), hence leading to increased
dissolution of ZnO and shedding of more Zn™? ions.
Thus, the substitution of Cu in ZnO lattice affects the
ionization of ZnO during exposure and these effects
are not in line with Fe-doped ZnO.

Photocatalytic studies

The photocatalytic activity was performed by employ-
ing the synthesized ZnO and Cu-doped ZnO nanorods
as a photocatalyst in order to study the degradation of
aqueous solution of MB dye. Time-dependent UV-Vis
spectra of MB dye in the presence of both ZnO and Cu-
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Table 1 Antibacterial activity of pure ZnO and Cu-doped ZnO nanorods

Time (h) Antibacterial activity (%)
E. coli S. aureus S. pyogenes
Sample ZnO Sample CZN Sample ZnO Sample CZN Sample ZnO Sample CZN
0 0 0 0 0 0 0
3 8.3 6.1 6.2 3.7 8.5 134
6 15.5 16.9 17.9 22.5 23.7 28.9
9 27.2 26.4 32.8 36.6 355 38.2
24 37.7 36.9 46.6 54.7 60.8 64.2

CZN Cu doped ZnO nanorods

doped ZnO nanorods are shown in Fig. 7a, b, respec-
tively. It is evident that Cu-doped ZnO nanorods lead
to more efficient degradation of MB for the same
exposure time as compared to pure ZnO.

Figure 7c shows the degradation efficiency (1) of
both ZnO and Cu-doped ZnO nanorods as a function
of time (30, 60, 90, and 120 min). The percent
degradation of MB under UV irradiations using ZnO
nanorods was 41.2, 58.9, 71.8, and 80.0 % at 30, 60,
90, and 120 min, respectively. Interestingly, as
compared to ZnO nanorods, Cu-doped ZnO nanor-
ods exhibited higher photocatalytic activity degrad-
ing the MB up to 97.5 % of the initial value at the
end of 120 min. The percent degradation of MB
using Cu-doped ZnO nanorods was recorded to be
59.1, 77.3, 88.1, and 97.5 % at 30, 60, 90, and
120 min respectively. Study of the photodegradation
kinetics of MB catalyzed by pure and Cu-doped
ZnO nanorods is shown in Fig. 7d. The photocat-
alytic activity follows the pseudo first-order kinetics
and is given by

C, = Cpe™™

Alternatively, ln& =kt
G

where Cj, is the initial concentration, C, is the concen-
tration after time ¢, and k is the rate constant of pseudo
first-order reaction (Mohan et al. 2012a, b). A linear
relationship between In (C,/C;) and time (f) has been
observed. The first-order degradation rate constants for
pure ZnO and Cu-doped ZnO are found to be
kzoo = 0.0102 min~! and kcwzno = 0.0301 min~!,
respectively. Thus, degradation rate of MB by Cu-
doped sample is three times faster as compared to pure

Zn0O.

@ Springer

The mechanism of photocatalysis for Cu-doped
ZnO nanorods has been illustrated in Fig. 8. The
photocatalysis process comprises three steps: Step
(I) generation of electron—hole pair: The electron from
the valence band gets excited to conduction band by
absorbing UV light equal or higher than the band gap
energy of ZnO (Eq. 1). This leads to formation of holes
in valence band and electrons excited to conduction
band. Copper doping results in the formation of trap
levels between the valence and conduction band of
ZnO. These trap levels effectively red-shift the band
edge absorption threshold. In recent studies, George
et al. (2011) have observed the similar enhanced
absorption of near-visible light in Fe-doped TiO,; due
to trap level (vacant 3d orbitals of Fe+3) formations,
electrons are excited to either TiO, conduction band or
to trap levels (George et al. 2011).

ZnO + hv — ecg + hig (1)

Step (II) separation of electron-hole pairs and step
(IIT) the electron- and hole-driven photo-redox reac-
tion leads to the generation of highly active hydroxyl
radical which is responsible for degradation of organic
dyes (George et al. 2011; Arsana et al. 2012). The
oxygen vacancy defects VI (Singly ionized oxygen
defects), V" (doubly charged state), and doped Cu
nanoparticles on the surface of ZnO act as sink in
improving the generated electron-hole pair separa-
tion. The released electron from the conduction band
reacts with acceptors (like molecular oxygen) forming
super oxide anion (Egs. 2-5)

Vo e — Vg (2)
Vo + 0, — Vi + 05 (3)
Cu — Cu™ + 2¢™ (or)ecy (4)
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duction band of ZnO decreasing the electron—hole pair
recombination probability (Eq. 6), making more holes
available for OH' radical formation
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120 min) and corresponding d photodegradation kinetics of MB
catalyzed by pure ZnO and Cu-doped ZnO nanorods

hyg + H,O — OH + H" (8)

The generated O, radical reacts with H,O form-
ing HyO,; this further reacts with electrons from
conduction band forming more OH' radicals (Egs. 9,
10)

0'27 + H,O — H,0O, (9)

H,0, + gy — 20H (10)

The formed O; and OH' undergo oxidative
reaction with pollutants, i.e., organic dyes forming
H,0 and CO, and less toxic materials (Eq. 11).
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Fig. 8 The mechanism of photocatalysis for pure ZnO and Cu-
doped ZnO nanorods

O, (or)OH + Organic Dyes
— H,0 + CO; + Less toxic materials. (11)

In consequence, enhanced photocatalytic activity in
Cu-doped ZnO nanorods is attributed to (i) added rate
of formation of O, and OH’, and (ii) rate of electron
transfer from VB of ZnO to Cu is faster than electron—
hole recombination (George et al. 2011; Zhang et al.
2014; Arsana et al. 2012). Thus, Cu-doped ZnO
nanorods effectively separate formed electron—hole
pairs, forming more radicals and in turn enhancing the
photocatalytic activity.

Conclusions

In the present work, the antibacterial and photocat-
alytic activity of pure and Cu-doped ZnO nanorods
was investigated. Cu-doped ZnO nanorod samples
showed superior antibacterial action against Gram-
positive as well as Gram-negative bacteria. In addi-
tion, doped ZnO nanorods had shown better photo-
catalytic activity for degradation of organic water
pollutants like MB. The UV-Visible results revealed
that band gap undergoes a red-shift in doped ZnO
nanorods as compared to pure ZnO resulting in
effective utilization of solar spectrum for electron—
hole pair generation. The PL results indicate that green
and yellow defect emission was enhanced in doped
ZnO samples leading to increase delocalization of
electron hole pair.
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