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‘I
This work demonstrates the enhanced photocatalytic and antibacterial activities of copper and nitrogen-co-doped ZnO (Cu-N-ZnO) |
nanomaterials deposited onto soda-lime glass using a low-cost chemical approach. The effect of combined Cu-N doping is significant on the |
structure, properties, and performance of ZnO, as revealed from the characterization results. The synthesized materials crystallize in a
hexagonal wurtzite structure of ZnO with a high degree of crystallinity, according to X-ray diffraction (XRD) experiments. The scanning |
electron microscopy (SEM) analysis indicated a uniformly distributed morphology with spherical-like ZnO nanoparticles. The optical |
studies revealed that the band gap decreases significantly in 5% Cu-5% N co-doped ZnO (2.89 eV) compared to intrinsic ZnO (3.36 V). |
The photocatalytic and antibacterial activities of the samples were evaluated by the degradation of methylene blue dye in aqueous media
and the inactivation of E. coli bacteria under visible light irradiation. The 5% Cu-5% N doped ZnO showed the highest dye degradation |
efficiency, which was 64.44% higher than that of the intrinsic ZnO and inactivated 62.53% more bacteria in the presence of light compared |
to that in a dark condition. Moreover, Cu-N co-doped ZnO inactivated 79.06% and 23.22% more bacteria than bare glass slides and ZnO |
under visible light irradiation, respectively. |
|
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INTRODUCTION

Zinc oxide is one of the most significant oxide materials,
finds applications in a wide range of technologies, such as energy
storage and conversion, transistors, panel displays, photo-
detectors, sensors and catalysis [1-6]. The application potential
of ZnO can be attributed to its typical material properties, which
include a direct band gap of 3.37 eV, transparency in the visible
light spectrum and a significant exciton binding energy of 60
meV [4-6]. Significantly, ZnO-based photocatalysts have drawn
extensive attention due to their exceptional qualities, which
include higher chemical stability, better optical and electrical
responsiveness, non-toxicity and natural abundance [7-10].
Nevertheless, the quick recombination of photogenerated charge
carriers, which significantly lowers the quantum efficiency of
photocatalyst, is a significant disadvantage to reaching high

photocatalytic efficiency. In addition, the high band gap of
ZnO restricts the use of visible light for different applications
[11]. Numerous techniques, including semiconductor coupling,
noble metal deposition, metal doping, non-metal modification
and dye sensitization, have been devised to get around this limi-
tation [12-16].

Typically, doping ZnO with transition and noble metals
has been considered an approach to designing photocatalytic
materials with functionality in the visible region of the electro-
magnetic spectrum. Doping ZnO with transition and noble
metals generally improves its characteristics by producing lower
energy states as it facilitates electron trapping and reduces the
band gap [17]. Different research groups have studied various
transition metals such as Ti [18], Fe [9,19,20], Ni [21-23], Co
[24], Cu [25-29], Mn [30], W [31], Ru [32], Mo [33], V [34]
and other metals like Ga [35,36] and Al [37] as dopants. Doping
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with lanthanides, particularly Ce [38-41], has also attra-cted a
lot of attention. Typically, these dopants are added to the ZnO
matrix and take up interstitial or substitution sites [38]. Transition
metals have their redox energy states in between the energy
bands of semiconductors. Depending on where it is with respect
to the valence or conduction band, this acts as a trap for photo-
generated electrons or holes [17,42]. On the other hand, there
have also been reports of potential drawbacks of transition metal
doping, including thermal instability.

The present work was performed on the transition-metal (Cu)
and a non-metal (N) co-doped ZnO nanomaterials to enhance
its photocatalytic and antibacterial activity. Copper, among
several transition metals, has been doped in the ZnO semi-
conductor due to a number of intriguing characteristics, for
example, copper has a larger ionization energy than zinc and
has incorporated the high concentration of impurities as facili-
tated by the low formation energy of group 11 elements [43].
Moreover, the smaller effective mass, which is indicated by
the large coupling between the p-orbitals of oxygen and the
d-orbitals of dopant, enhances electron transport in the lattice
[44]. So, a significant modification of the surface as well as the
optical properties of ZnO can be affected by Cu doping [17,45].
Along with Cu, we also considered a non-metal, nitrogen, for
co-doping into ZnO. It is advantageous to choose nitrogen as
a dopant due to a number of its significant characteristics. A
few explanations for this doping are that nitrogen atoms can
replace oxygen and occupy those sites [46]. Again, nitrogen
and oxygen are similar in size and nitrogen has a lower ioniza-
tion energy than oxygen [42,46]. As seen in N-TiO,, the presence
of nitrogen in the metal oxide’s interstitial sites may influence
the establishment of sub-bands above the valance band [47].
In case of TiO,, the band positioning of interband in the sub-
stitution doping is lower than that of interstitial doping [48].
Hence, for interstitial doping, electron excitation from a highly
occupied level to the conduction band is simpler [17]. Hence,
N-doping in ZnO may facilitate band gap modification and
enhancement of charge transfer. Therefore, in this study, the
Cu- and N co-doping approach were employed to derive the
excellent properties and performance in ZnO. Pure ZnO, Cu-
doped ZnO and Cu- and N-co-doped ZnO nanomaterials were
prepared by a low-cost sol-gel drop coating method for the first
time. The photocatalytic and antibacterial activities of these
nanostructured thin films were investigated by photodegra-
dation of methylene blue dye and inactivation of E. coli bacteria
under visible light irradiation. As presented and discussed in
this article, the results demonstrate that the Cu- and N-co-doped
ZnO materials with optimum composition exhibits enhanced
photocatalytic and antibacterial activity and are quite useful
for practical applications.

EXPERIMENTAL

Zinc acetate dihydrate (Sigma-Aldrich) and triethanolamine
(TEA, Sigma-Aldrich) were used as sources of Zn and stabilizer,
respectively. Anhydrous ethanol (VWR Int. Ltd.) was used as
a solvent, whereas copper acetate monohydrate (Merck) and
urea (Sigma-Aldrich) were used as the sources of copper and
nitrogen, respectively. The soda lime silica glass slides were

used as substrates for thin film. Chromic acid (Sigma-Aldrich)
and dichloromethane (Fisher Scientific) were used for the
cleaning of these glass substrates. Nutrient agar (Merck) and
NaCl (Sigma-Aldrich) were used for the antibacterial study.

Synthesis of pure, Cu-doped and Cu and N co-doped
ZnO nanomaterials: Sol-gel drop coating was utilized to
synthesize the nanostructured ZnO thin film. At first, zinc
acetate dihydrate was added to 9.6 mL of absolute ethanol by
vigorous stirring and then 0.4 mL of TEA was added dropwise
to the mixture. The solution was agitated at 200 rpm for 2-3
min, heated at 65 °C for 1 h, and maintained the volume of 10
mL to obtain a transparent and stable ZnO sol. Then the sol
was aged for 24 h and furthermore, it was used for film prep-
aration. The same method was used to prepare Cu-doped ZnO
and Cu and N-co-doped ZnO thin films. An appropriate amount
of copper acetate monohydrate and urea were added as Cu
and N precursors, respectively, to the solution of zinc acetate
dihydrate, TEA and ethanol. It was then stirred for 3 min at
200 rpm, heated for 1 h at 65 °C and then the formed transparent
sol was aged for 24 h. To fabricate the sample, soda lime silica
glasses with dimensions of 60 mm x 25 mm x 1.5 mm were
abrassed by a sand blast machine prior to the coating process.
Then the abrasive glasses were washed by using chromic acid
and a dichloromethane solution. Finally, alcohol and deionized
water were also used to wash the abrasive glass substrates and
subsequently dried at 100 °C. For the preparation of bare ZnO,
Cu-doped ZnO and Cu and N co-doped ZnO thin films, 0.2
mL prepared sol was cast dropwise on each abrasive glass
substrate uniformly and then heated at 80 °C for 20 min in an
oven. The coating was repeated four times and finally the films
were annealed at 500 °C for 2 h using a muffle furnace (JSMF-
30T, Korea).

Characterization: The crystal structure and phase of the
Cu-N-ZnO thin films were determined by their XRD pattern
using X-rays from a CuKo source. SEM imaging was also
used to examine the morphology of the synthesized thin films.
The accurate compositions of the samples were verified by using
energy dispersive X-ray spectroscopy (EDS) spectra. It also
provided information regarding the purity of the samples. For
Fourier transform infrared spectroscopy (FTIR) analysis, the
samples were taken in a KBr matrix and the spectra were recorded
by IRPrestige-21 (Shimadju, Japan). UV-Visible spectroscopy
was used to record the absorption spectra of the samples using
a UV-1800 spectrophotometer (Shimadju, Japan) and the
photoluminescence (PL) spectra were recorded using an RF-
5301pc spectroflurophotometer (Shimadzu, Japan).

Photocatalytic activity: In order to assess the photo-
catalytic activity of the synthesized nanocomposites, 250 mL
of 5 ppm methylene blue dye (Merck) were photodegraded
for 240 min in a visible light chamber. A 200 W tungsten lamp
was used as a light source in the visible chamber. To achieve
the adsorption-desorption equilibrium, the sample film was
dipped in the dye solution and left in dark for 30 min for each
study. Throughout the experiment, the solution was magne-
tically stirred and a constant temperature of 25 °C was main-
tained by a cyclic flow of cooling water using a refrigerating
bath circulator (RW-0525G, Lab Companion). The tungsten
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lamp was kept 25 cm above the dye solution’s surface. The
methylene blue dye solution (3 mL) was pipetted out of the
beaker once every 30 min and the absorption data of dye solu-
tion was recorded by a UV-Vis spectrophotometer accordingly.
Considering the maximum absorbance at 664 nm, the degra-
dation efficiency was computed using eqn. 1:

. . _CO_C[ NAO_Al
Efficiency (%) c x100 A x100 (1)
In this case, C, and C, represented the initial concentration
of dye, the reduced concentration of dye at time (t) and whereas,
A, and A, were the initial absorbance and absorbance at time
t, respectively. By using the data of dye degradation with time,
the C,—C, vs. time and log (C/C,) vs. time curves were plotted
to study the zero-order and first-order kinetics, respectively.
The rate of reaction and regression coefficient (R?) for both
orders were calculated from the graph by using eqns. 2 and 3,
respectively [49]:
For zero-order kinetics:

C -C,=-kt 2)

For first-order kinetics:

Ct —

log C. kt 3)
Antibacterial activity: The antibacterial study of the thin
films was carried out by the simple drop test method [49]. For
the antibacterial study, all the apparatus was sterilized at 120
°C and 3 atm pressure in the autoclave for 30 min. Then the
apparatus was dried and treated under UV radiation. For the
preparation of the agar bed, 1 g of nutrient agar was dissolved
in a 100 mL solution and sterilized at 120 °C and 3 atm in an
autoclave for 15 min. Then, it was cooled to 50 °C and 10 mL
of solution was placed on each Petri dish. To check the anti-
bacterial activity, 250 uL of 1.5 x 10® CFU/mL bacterial
solution was cast on the 25 mm x 25 mm sample film. The
sample film was then irradiated under tungsten light (at a
distance of 25 cm) for 1 h. At the same time, another identical
solution was kept in dark for the same time period for comp-
arison. After 1 h, each film was washed with 16 mL of distilled
water and the mixture was then diluted 30 times and 10 pL of
this solution was spread on the prepared agar bed in a petri
dish. Then the dishes were placed in an incubator at 37 °C for
24 h. After 24 h of incubation, the number of colonies that
survived was counted and photographs of the petri dishes were
taken. This process was repeated for each sample. A similar
experiment was conducted on a bare glass slide of the same

dimension (blank solution) for proper comparison.

RESULTS AND DISCUSSION

XRD studies: The XRD patterns of the synthesized thin
films are shown in Fig. 1. All the sharp and strong peaks present
in the XRD spectra represent the existence of pure hexagonal
phase of wurtzite-type ZnO. The planes (1 00), (002), (10 1),
(102),(110),(103),(200),(112),(201),(004)and (202)
are represented by the strong peaks at angles (20) of 31.7°,
35.8°, 38.8°,45.6°, 48.8°, 56.6°, 61.5°, 66.5°, 68.3°, 72.6° and

75.5°, respectively, which are all in accordance with JCPDS
card no. 36-1451 [7,16,50-52]. The diffraction peaks are sharp
and intense, exhibiting the high crystallinity of the samples,
while there is no evidence of the presence of other phases. The
absence of any secondary phases is a confirmation of the phase
purity of all the materials synthesized. The Scherrer’s equation
(eqn. 4) was utilized to determine the average size of the crysta-
llites (D) using the XRD data, in addition to identifying the
crystalline phase:

_ kA
BcosO @
where the X-ray wavelength of CuKo is represented by A =
0.15405 nm, k = 0.9, the full-width at half-maximum intensity
(FWHM) in radians is represented by 3 and the peak’s Bragg
angle is shown by 0. The calculated average crystal size is
shown in Table-1.
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Fig. 1. XRD patterns of pure ZnO, 5% Cu-ZnO, 5% Cu-1% N-ZnO and

5%Cu-5%N-Zn0O. The indexing of the patterns indicate that all the
materials crystallize in wurtzite-type ZnO

TABLE-1
AVERAGE CRYSTALLITE SIZE OF THE PRODUCED
SAMPLES CALCULATED BY SCHERRER’S EQUATION

Samples Average crystallite size (nm)
Pure ZnO 29.2
5% Cu-ZnO 314
5% Cu-1% N-ZnO 31.7
5% Cu-5% N-ZnO 34.0

SEM studies: The SEM images of pure ZnO thin film with
different magnifications are shown in Fig. 2. The images indi-
cated that the thin film consists of relatively spherical-shaped
agglomerates of ZnO nanoparticles. In addition, the film has
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Fig. 2. SEM image of pure ZnO thm film (a) at 5000 times and (b) at 30000 times magnifications

densely packed grains which are homogenous and uniformly
distributed throughout the film surface.

SEM images of a 5% Cu-5% N-ZnO thin film at various
magnifications are shown in Fig. 3. A relatively denser, coral-
like and smoother surface is observed compared to the previous
undoped thin films. These images indicated that the mean grain
size was increased, which supported the increase in particle
size given in Table-1. No large porosity or cracking has been
observed on any of the film surfaces. The activity of the thin
films has been significantly influenced by the size of the particles.
In photocatalytic system, the catalyst dispersion, dye adsorption
and light absorption can all be beneficial because of the catalyst
particle’s uniform and tiny size [31].

EDS study: The chemical composition of the synthesized
thin films was confirmed using the SEM-guided EDS technique.
The EDS spectra of 5% Cu-ZnO, 5% Cu-1% N-ZnO and 5%
Cu-5% N-ZnO thin films clearly show the presence of Cu and N
in addition to Zn and O in 5% Cu-5% N-ZnO films, indicating
that dopant elements are occupied in the crystal structure (Fig.
4). In each case of the EDS spectra of thin films, no prominent
peak of other elements was found except zinc, oxygen and doping
elements, which confirms the high purity of the samples.

FTIR spectral studies: As a crosscheck of the EDS anal-
ysis and for a better study of the chemical composition and
purity, the synthesized thin films were analyzed by FTIR spectro-
scopy. Fig. 5 depicts the FTIR spectra of the samples. Three

Fig. 3. SEM image of 5% Cu-5% N- ZnO thm ﬁlm (a) at 5000 times and (b) at 30000 times (c) at 50000 times magmﬁcatlons
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Fig. 4. EDS spectra of (a) 5% Cu-ZnO, (b) 5% Cu-1% N-ZnO and (c) 5% Cu-5% N-ZnO thin films
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Fig. 5. FTIR spectra of Cu-N co-doped ZnO the thin films

well-defined absorption bands have been observed at around
453,775 and 1033 cm™. The peaks at 775 and 453 cm™ indicate
the presence of O-Zn-O and Zn-O stretching vibrations, respec-
tively. Another peak at 1033 cm™ may appear due to the asym-
metric stretching vibration of Zn-O-Zn [21-24,38,53-55]. All
the peaks indicate the formation of ZnO.

UV-visible absorption spectra: The UV-visible absor-
ption spectra of the synthesized thin films are shown in Fig. 6.
All the photocatalysts show similar UV-visible absorption
spectra; however, as the percentage of dopant was increased,
the absorption within the visible range also increased. It suggests
that as the doping percentage increases, the band gap narrows
and optical absorbance increases in the visible region.
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Fig. 6. UV-visible absorption spectra of Cu-N-ZnO thin films. The data
shown are for samples with variable composition

The band gap of the samples was calculated by eqn. 5
and it was observed that the band gap decreases as a result of
the shifting of absorption peaks to a higher wavelength (Table-
2). Every sample exhibits a strong absorption in the UV and
visible regions.

1243
T ©
where, E, is the band gap and A is the cut off wavelength (nm)
of each UV-Visible spectrum. The higher visible light absorption

E =

TABLE-2
ESTIMATED BAND GAP OF THE THIN FILMS
Sample Band gap (eV)
Pure ZnO 3.36
5% Cu-ZnO 3.18
5% Cu-1% N-ZnO 2.96
5% Cu-5% N-ZnO 2.89

and the lowering band gap would facilitate better photocatalytic
performance within the range of visible light by the 5% Cu-
5% N-ZnO than other thin films.

PL spectral studies: Fig. 7 represents the PL spectra of
different thin films. All the PL spectra show a similar pattern,
with two emission bands in the visible range. The samples
demonstrate a strong emission peak at 425 nm and a shoulder
peak is also observed at 405 nm in the visible range. There
is a noticeable variation in the intensity between the ZnO
materials; those were doped and those were not. The decreasing
PL intensity denotes longer charge separation and effective
charge transport without charge carrier recombination [17].
The 5% Cu-5% N-ZnO film exhibits the lowest PL intensity,
indicating more efficient charge separation and reduced recom-
bination within the film, even though its band gap is smaller
than that of pure ZnO.

80
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Fig. 7. PL spectra of Cu-N-ZnO thin films. The data shown are for samples
with variable composition

Evaluation of photocatalytic activity: Under visible light,
pure ZnO, Cu-doped ZnO and Cu and N-co-doped ZnO thin
films were tested for photocatalytic activity by decomposing
methylene blue (MB), acommon dye pollutant. For better anal-
ysis of only photocatalysis, the adsorption by glass substrate
and the photolysis of MB dye were ruled out by carrying out
photolysis of MB dye in the presence of bare glass substrate
at an identical condition. An insignificant change in the MB
concentration was observed after 240 min of visible light
irradiation on the reaction. So, the self-photolysis of MB dye
and adsorption by glass substrates were neglected in all the
experiments. Fig. 8 shows the comparison of the degradation
efficiency of the thin films under visible light irradiation. The
efficiencies were 19.4%, 27.38%, 35.56%, and 54.55% for
pure ZnO, 5% Cu-ZnO, 5% Cu-1% N-ZnO, and 5% Cu-5%
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Fig. 8. Comparison of degradation efficiency of Cu-N-ZnO samples in visible
light irradiation. The remarkable effect of Cu and N codoping is evident.
5% Cu-5% N-ZnO showed the highest degradation efficiency of
54.55%

N-ZnO thin films, respectively. Thin films of 5% Cu-5% N-
ZnO showed the highest degradation efficiency of 54.55%.

Kinetics studies: The rate of the reaction and correlation
of the degradation with both kinetic models were calculated
by eqns. 2 and 3, and the results are shown in Table-3. Fig. 9
shows the correlation of the degradation study with the zero-
order and first-order kinetics.

The first-order kinetics of the photocatalytic degradation
of methylene blue dye are well suited, which indicates that the
degradation depends on the amount of energy supplied and that
the photocatalytic degradation of the dye molecules occurs at

the catalytic surface of composite film [43]. The rate of degra-
dation gradually increases with the addition of a dopant. In case
of 5% Cu-5% N ZnO, the rate increased by about 62% compared
to pure ZnO for zero-order kinetics, whereas in case of first-
order kinetics, it was 68.70% faster than pure ZnO.

Antibacterial activity: The nanocomposite thin films
were tested for their ability to inhibit E. coli growth. Fig. 10
illustrates the decrease in the viable count of E. coli on the nano-
composite thin films under visible light irradiation. A bar
diagram of antibacterial efficiency is depicted in Fig. 11, which
shows the comparison between the numbers of E. coli colonies
that survived in the presence of samples exposed to 1 h of visible
light irradiation and identical solutions in a dark condition.

In addition, the efficiency of the thin films in comparison
to both the blank and light or dark situations is presented in
Table-4. It is clear that composite films containing 5% Cu-
5% N-ZnO composite films exhibited a significant reduction
of E. coli. This could be caused by different reactive oxygen
species (O*, OH", H,O,, etc.) which are produced by visible
light irradiation on the photocatalyst. Under the effect of such
reactive species, lipid peroxidation may cause E. coli cell death
by disruption of the cell membrane structure [56,57]. Compared
to the dark, 62% less bacteria could survive in the presence of
visible light which exceeded ZnO by 23%.

Conclusion

The advantageous copper and nitrogen-co-doping approach
to enhance the photocatalytic and antibacterial activity of ZnO
has been demonstrated. Nanostructured ZnO, Cu-doped ZnO,
and Cu and N-co-doped ZnO thin film photocatalysts were
successfully synthesized by the low-cost sol-gel drop coating

TABLE-3
THE PHOTOCATALYTIC EFFICIENCY AND THE ANALYSIS OF THE ZERO ORDER AND FIRST ORDER KINETICS

Name of sample Photocatalytic Zero order rate of First order rate of Regression coefficient, Regression coefficient,
P efficiency (%) reaction, K, (min™") reaction, K, (min™") 1’ (zero order) 1? (first order)
5% Cu-5% N-ZnO 54.55 0.000500 0.0013 0.9854 0.9641
5% Cu-1% N-ZnO 35.56 0.000303 0.00068 0.9359 0.9113
Cu ZnO 27.38 0.000221 0.00047 0.9387 0.9140
ZnO 19.4 0.000190 0.00041 0.9799 0.9845
0.02 0.1
old (b)
0 4
-0.021
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i“ 0061 [ e S
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Fig. 9. Kinetics study of the photocatalytic dye degradation (a) (C,— C,) vs. time plot for zero order kinetics study and (b) log (C/C,) vs. time

plot for first order kinetics study kinetics study
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Fig. 10. Colony forming units (CFUs) of E. coli in various condition (a) blank (dark), (b) blank (light), (c) ZnO (dark), (d) ZnO (light), (e)

5% Cu-ZnO (dark), (f) 5% Cu-ZnO (light), (g) 5% Cu-5% N-ZnO (dark), (h) 5% Cu-5% N-ZnO (light)

TABLE-4
NUMBER OF SURVIVED COLONIES IN DARK AND LIGHT FOR VARIOUS SAMPLE
Sl Dl Light " blank (ight) (%) Dk and lght condition (%

Blank 880 850 0 34

Pure ZnO 277 144 83 48

5% Cu-ZnO 305 127 85 58

5% Cu-1% N-ZnO 410 168 80 59

5% Cu-5% N-ZnO 475 178 79 63
900 by XRD and SEM analysis. EDS spectra revealed the presence
of Cu and N as the doping elements and ensured the high purity
800 M In dark of the samples, while the presence of the Zn-O bond was confir-
700 In light med by FTIR analysis. All the samples showed good optical
_, 0o properties through PL and UV-Visible absorption spectroscopy.
:\E) 500 Further, the Cu-N co-doped ZnO showed significant PL charac-
& 400 teristics, having longer charge separation and high charge
300 transport without recombination. This degradation process
200 Ko showed a strong correlation with first-order kinetics. Co-doping
100 I I I I of Cu and N enhanced the photocatalytic efficiency of the
0 samples by narrowing the band gap and reducing the rate of
Blank Pure  5%Cu- 5%Cu- 5% Cu- recombination. The samples showed the efficient antibacterial

ZnO ZnO 1% N-ZnO 5% N-ZnO

Catalyst

Fig. 11. Antibacterial efficiency of ZnO, 5% Cu-ZnO, 5% Cu-1% N-ZnO,
5% Cu-5% N-ZnO at dark and in presence of light

method. A wide variety of characterization techniques, such
as XRD, SEM, EDS, FTIR, PL and UV-visible absorption
spectroscopic methods, were performed to characterize the
morphological, optical and structural characteristics of the
samples. A high-crystalline nano-structured wurtzite phase of
ZnO and the increasing surface area by doping were confirmed

activity under visible light irradiation, while 5% Cu-5% N
ZnO showed the best bacterial inactivation in the presence of
visible light. It can be concluded that the 5% Cu-5% N ZnO
nanomaterial could be a promising material for the photocatal-
ytic degradation of commercial dye as well as an antimicrobial
agent.
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