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ABSTRACT

Pure and copper-doped Zirconium oxide nanoparticles were synthesized using a co-precipitation process
and investigated the effect of doping on photocatalytic and anti-microbial activities. The prepared samples
are pure tetragonal phase, as shown by the X-ray diffraction pattern, and the crystallite size decreases
as the dopant concentration increases. Higher dopant concentrations resulted in needle-shaped
morphology, as seen in the SEM image. The presence of Zr, Cu, and O in the sample is confirmed by EDS
analysis. According to UV-VIS analysis, when the Cu content is increased, a more significant wavelength
absorption band edge is formed, and the band gap reduces with the increase in dopant concentration.
All samples have magnetic hysteresis loops with diamagnetic background effects, according to VSM tests.
A prominent and influential peak at 485nm in the PL spectra suggests that ZrO, nanoparticles emit blue
light. The produced nanoparticles were utilized as a photocatalyst to degrade Methylene Blue (MB) dye,
and the results indicate that a high dopant concentration (0.08wt percent) outperforms pure and other

dopant concentrations. Copper-doped ZrO, has moderate anti-bacterial and anti-fungal activities.
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INTRODUCTION

Zirconium dioxide (ZrO,), often known as
Zirconia, is a ceramic oxide frequently used in
dental bridges and crowns, diamond stimulants,
oxygen sensors, fuel cell membranes, and paint
additives. Many researchers have prioritized the
Zirconia study because due to its chemical and
physical features, including phase stability, hardness,
high melting point, high refraction indices, and
microbial resistance [1]. At high temperatures,
Zirconia can allow oxygen ions to travel through the
particle structure freely. Monoclinic Zirconia has a
temperature less than 1170° C, tetragonal Zirconia
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has a temperature of 1170° C to 2370° C, and the
cubic form of Zirconia has a temperature greater
than 2370° C. With the increase in temperature, a
phase change occurs, resulting in enormous strains.
The thermal, mechanical, and electrical properties
of metals such as Zn, CO, Cu, Mg, Ce, Ni, and Fe
are improved by doping. The bandgap of ZrO,
varies depending on the phase and the manner of
synthesis. Metal doping in Zirconia is predicted to
enhance its properties and uses [2].

Compared to other metal oxides, Zirconia is
a stable metal oxide over an extensive pH range
[11,12]. According to the literature, few studies
have been carried out on Cu-doped Zirconia that
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was synthesized by the Sol-gel process, and the
structural and optical properties were examined
[1]. The manufacture of Zirconium Oxide
nanoparticles is done in a variety of ways. The Co-
precipitation method is employed to prepare Cu-
doped Zirconia nanoparticles in this study. For
the creation of nanoparticles, the co-precipitation
approach is straightforward and effective [16-
19]. The transfer of holes from the valance band
to the surface produces an oxidative hydroxyl
radical, which induces efficient MO degradation
[3]. Thermal treatment was used to modify the
hydroxyl groups on the photocatalysts surface to
improve degrading efficiency [4]. Due to the wide
bandgap and many polymorphs, the photocatalytic
activity of Zirconia nanoparticles is limited [5].
The photocatalytic activity of Cu-doped ZrO,
nanoparticles was investigated against Methyl
Orange (MO) dye using a hydrothermal technique
[3].

Nanostructured materials could also be used
in biomedical applications. In this study, we
investigated the anti-microbial activity of Zirconia
nanoparticles in addition to their photocatalytic
activity. Many studies on metal oxide nanoparticles
such as TiO2, MgO, ZnO, and ZrO, for anti-
microbial activity have been conducted [13-15].
The anti-microbial activity of Cu-doped Zirconia
nanoparticles is examined in this paper.

EXPERIMENTAL TECHNIQUE
Pure and Cu-Doped ZrO, Nanoparticles by Co-
precipitation method

NaOH as a precipitating agent, pure and
Cu-doped zirconium oxide nanoparticles was
synthesized. The ratio of Zirconium oxychloride
to sodium hydroxide in an aqueous solution was
0.5:2. Drops of NaOH solution were added until
the pH reached 12, and the mixture was agitated
repeatedly for 2 hours at 60°C. Finally, to remove
contaminants, the resulting precipitate slurry was
filtered and washed with distilled water several
times before being rinsed with acetone. After
drying, the residue was crushed into a fine powder
using a mortar and pestle. The resulting ZrO, was
then annealed for 2 hours at 500°C. Following
that, Cu-doped ZrO, nanoparticles for 0.04, 0.08,
and 0.12wt percent strontium concentrations were
synthesized using the same process; the resulting
products are referred to as Cu-1, Cu-2, and Cu-3,
respectively.
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Photocatalytic activity test

On the degradation of methylene blue (MB),
the photocatalytic activity of pure and Cu-doped
ZrO, was investigated. A 0.IM, 50ml aqueous
solution of methylene blue was prepared, and
0.2g of photocatalyst (Cu-1, Cu-2, and Cu-3)
was suspended in it. The experiment was carried
out in the presence of UV light. The solution is
continuously stirred while being exposed to a
50W halogen lamp. Every 60 minutes, 4ml of dye
solution was removed from the system, and the dye
removal efficiency was determined using a UV-Vis
spectrometer.

Kirby-Bauer test (KB test)

The KB test, also known as the disc-diffusion
antibiotic sensitivity test, is used for the bacterial
inhibition experiment. For the development of
bacteria, nutrient agar media with a pH of 7.2 was
created and inoculated with the experimenting
organism. The complete area of antibiotic discs was
sprayed with a suspension of gram-positive and
gram-negative bacteria. The reference antibiotic is
amikacin, which is also spread alongside the disc.
The plate was then incubated for 16 hours at 35°C
[20]. In and around the sample, bacterial inhibition
zones formed. The diameter of the inhibitory zones
was measured after incubation. The agar diffusion
method tested the antifungal activity of synthesized
materials against Candida Albicans and Candida
parapsilosis fungal strains. Nystatin was employed
as a reference antifungal. The zone of inhibition
is the area where bacterial growth is stopped due
to the compound’s bacteriostatic activity, and it is
used to measure the compound’s inhibitory impact
on a specific microorganism [13].

Characterization

The structural properties of synthesized
nano zirconia, such as crystallite size and phase
identification, were validated using an XPERT-
PRO diftractometer in the 100 to 800 diffraction
angle 2 range. Using a Perkin Elmer Lambda 35
spectrophotometer, UV VIS spectrums for nano
ZrO2 were acquired in the wavelength range of
100 to 1100nm. Scanning electron microscope
(SEM) and Energy dispersed X-Ray (EDX) with
EVO018(CARL ZEISS) and Quantax 200 with X
Flash 6130 were used to observe the structural
morphology and chemical condition. The magnetic
characteristics of the produced nanoparticles
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are studied using Lakeshore Vibrating Sample
Magnetometer (VSM) measurements.

RESULTS AND DISCUSSION
XRD analysis

Fig. 1 shows the XRD patterns of pure and
copper-doped zirconium oxide nanoparticles. The
presence of sharp, well-defined peaks shows that
the processed samples are extremely crystalline.
The peaks at 2 30.24°, 34.97°, 35.31°, 50.59°, 59.92°,
63.04°, and 74.34°, which correspond to planes
(011), (002), (110), (112), (013), (202), (220),
respectively, are in good agreement with JCPDS
card No.50-1089 and confirm the pure tetragonal
structure of produced ZrO, nanoparticles; no
import Cu atoms were successfully integrated into
the ZrO, lattice following doping, demonstrating
that the initial phase was not altered. It has been
discovered that there is a minor peak movement
towards higher 2 values, which is growing as the
copper concentration rises. Because Cu®* has a
smaller ionic radius (0.72) than Zr** (0.80), Cu ions

occupy substitution and interstitial lattice positions
[1].

Lattice defects such as oxygen vacancies and
imperfections are formed in the crystal during
doping [2]. The defects produced in the Cu-doped
ZrO, nanoparticles are analyzed from the XRD
pattern in terms of structural and geometrical
parameters such as lattice constants, dislocation
density, microstrain, and stacking fault. The
dislocation density (5 ) is the length of dislocation
per unit volume which depends on the crystallite
size (D) and is calculated using the relation: =§
. The stacking faugz _probability is calculated using
the formula F =35 555 The microstrain produced
due to the dislocations in the nanoparticles is
calculated using the relation, 4= 7’ | where 5
is the FWHM and @ is the diffraction angle. The
calculated values are tabulated in Table 1. The
average crystallite size is calculated using the debye
Sherrer equation: D= ﬂoc'sz . It is observed that
crystallite size decreases with the increase in dopant
concentration. Due to the difference in atomic radii
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Fig. 1. XRD pattern of pure and copper doped zirconium oxide nanoparticles

Table 1. Lattice and geometrical parameters of pure and Cu doped ZrO,

Lattice parameters

Geometrical parameters

Unit cell volume

Dislocation

S;en::;lle a=b(A) c(A) rﬁisf‘e;/ta, :V’ CrysI;azl:ne])S 16 Mlc(rfls.;i?; ¢ density‘d’ Stacking fault
(A)3 (x10" n/m2)
Pure 3.59 5.27 1.47 58.82 29.74 1.26 1.23 0.48
Cu-1 3.62 5.01 1.40 56.86 10.49 143 8.1 0.93
Cu-2 3.62 5.27 1.46 59.81 9.11 1.88 1.6 0.94
Cu-3 3.61 5.08 1.41 57.33 7.88 3.27 2.7 0.93
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Fig. 2. SEM images of (a) pure (b) Cu-1 (c) Cu-2 (d) Cu-3

of Cu?*and Zr*" there may be the creation of stress
in the crystal lattice that leads to low crystallite
size, and also the partitioning of copper atoms in
the grain boundaries may interrupt the long-range
crystallographic ordering that causes the decrease
in the crystallite size [3]. For the tetragonal phase,
the lattice constants a and ¢ are calculated by using
the relation ézhzj“ 2. The calculated values
of lattice constants a and c are in good agreement
with the reported values [3]. It is noted that for
pure and Cu-doped samples the aspect ratio ‘c/a
is almost constant which indicates the copper
atoms successfully incorporated into the ZrO,
crystal lattice without modifying its original phase.
The volume of ZrO, and ZrO,-Cu unit cell V” is
calculated by using the relation [4]: V=V3;’2” . The
calculated unit cell volume is listed in Table 1.

SEM and EDX analysis

The effect of Cu doping on the morphology
of ZrO, nanoparticles is investigated by scanning
electron microscope (SEM). The micrographs of
undoped and copper-doped ZrO, nanoparticles
under various concentrations are shown in Fig.
2. Rod-shaped morphology was noticed for pure
ZrO, nanoparticles. For Cu-1 non-homogenous
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microcrystals without agglomeration is obtained
and Cu-2 and Cu-3 needle-shaped morphology
was obtained. It was confirmed that from Fig. 2
the Cu®" ions are occupying the interstitial spaces
since the orientation of undoped and Cu-doped
nanoparticles are different. During doping it is
impossible to replace Zr** ions with Cu®* owing to
the smallest ionic radius of copper compared to
Zr*, thus it occupies the interstitial lattice sites and
produces defects in ZrO, and so it decreases the
crystallite size from 29.74nm to 7.88nm. There is a
strong effect on the morphology and crystallinity of
ZrO, while doping Cu in ZrO,. The Cu-doped ZrO,
nanoparticles play an important role to change
their optical, magnetic, thermal, and biological
properties because of the modification of structural
and morphological properties. The corresponding
EDS spectra of undoped and copper-doped ZrO,
nanoparticles are shown in Fig. 3 which confirms
the presence of Cu, Zr, and O elements in the
prepared samples.

UV-vis analysis

UV-Vis absorption spectra of pure and Cu-
doped ZrO, nanoparticles are shown in Fig.
4. Because of the negatively charged electron
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Fig. 3. EDS spectra of (a) pure (b) Cu-1 (c) Cu-2 and (d) Cu-3 ZrO, nanoparticles
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Fig. 4. UV - vis absorbance spectrum

transition from the valence band to the conduction
band UV- region peak is obtained. The absorption
peak was occurring at 278.6nm for the un-doped
sample.

It was observed that a higher wavelength
absorption band edge is obtained for doped

J. Water Environ. Nanotechnol., 7(4): 351-362 Autumn 2022
(@) |

ZrO, nanoparticles and the absorption peak was
at 370.25nm for Cu-1, 380.15nm for Cu-2, and
390.05 for Cu-3 respectively. This variation in
the absorption band edge leads reduction in the
optical band gap energy. The band gap energy was
calculated using tauc relation,
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(ah9)' = 4(h9-E,) (1)

Where, 1 is the energy of a photon, Eg is the
band gap energy, A is the proportionality constant,
and n takes the value /p for direct allowed
transitions and & is the azbsorption coeflicient.
The absorption coefficient ¢ is determined using
the formula,

1
2.303log| —
g(T]

t

()

a=

Here, ‘T’ represents transmittance and
represents the thickness of the sample. The Tauc
plot is drawn and extrapolating the line to the
x-axis energy gap is obtained and is shown in Fig. 5.
The energy gap values of pure and Cu-1, Cu-2, and
Cu-3 doped ZrO,are 4.7, 2.5, 1.7, and 1.5 eV.

The optical analysis stipulates the energy gap
values were reduced from 4.7eV to 1.5eV with
increasing Cu content. This reduction may be due
to the use of Cu, a semiconductor with a lower band
gap than ZrO,. Also due to the d-d transition (2T,
>2A, or 2T ), the energy gap is reduced. Because
of free charge carriers and many-body interactions,
Cu ions manifest charge transfer into various ionic
states of the ZrO, lattice [5].

Photoluminescence analysis

To study the emission properties of undoped and
Cu-doped ZrO, nanoparticles photoluminescence
spectra were taken with an excitation wavelength
of 270 nm. To evaluate the effectiveness of

electron-hole trapping and perceived the fact of
charge carrier recombination in semiconductors
photoluminescence spectra have been used. Fig.
6 shows the emission spectra of prepared samples
with various dopant concentrations.

As seen from fig the PL spectra of pure ZrO,
exhibit peaks at 367,419,485 and 542 nm. Among
all these peaks weak peaks at 367 and 419nm
indicated UV emission of pure ZrO, nanoparticles
and the sharp and highly intense peak was
occurring at 485nm and a relatively weak peak
at 542 indicated blue and green emission of ZrO,
nanoparticles. Fig shows PL spectra of Cu-doped
ZrO, nanoparticles that exhibit the same peaks at
367,419,485 and 542nm with reduced intensity
while comparing to that of pure ZrO, nanoparticles.
Owing to the presence of empty oxygen sites in
ZrO, nanoparticles these emission peaks were thus
obtained. Due to the charge transition between the
Zr* conduction band and O* valance band and also
surface defects leads to the n hopping mechanism
of electrons [6].

Magnetic Properties

The magnetic properties of pure and Cu-doped
ZrO, nanoparticles were analyzed using Vibrating
Sample Magnetometer (VSM) at room temperature
with a maximum field of 15000 Oe. Fig. 7 shows the
magnetic hysteresis curve of pure and Cu-doped
ZrO, nanoparticles. All samples show magnetic
hysteresis loops. The saturation magnetization(M)
of the undoped sample is 586.89 x 10 © emu/gm,
for Cu-1 477.03x 10 ¢ emu/gm, Cu-2 488.56x
10 © emu/gm, and Cu-3 456.24x 10 ¢ emu/gm.
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Fig. 5. Tauc plots for (a) pure and (b) Cu doped ZrO,
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Fig. 6. PL spectra of pure and Cu doped ZrO, nanoparticles
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Fig. 8. Absorption spectra of MB solution after degradation by (a) pure ZrO, (b) Cu-1 (c) Cu-2 (d) Cu-3

When dopant concentration increases saturation
magnetization decreases.

Photo catalytic performance

The photocatalytic performance of prepared
samples has been tested for degradation of
methylene blue dye under UV irradiation. Due to
the increase in the energy gap of solar light, it is
not suitable as a source of photocatalysis, since it
is a continuous spectrum certain part of spectra is
not used for photoelectron hole production. The
input energy provided by UV light is large when
compared to solar light thus it is sufficient for band
gap excitation of electrons in the photocatalysts.
The surface composition of ZrO, has a great role
in the adsorption of dye to enhance photocatalytic
activity [12]. Also, various properties of ZrO,
polymorphs have a great effect on the adsorption
and reaction of dyes.

The optical absorption spectra of the
degradation of methylene blue (MB) dye using
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undoped and Cu-doped (Cu-1, Cu-2, and Cu-3)
ZrO, nanoparticles are shown in Fig. 8. The strong
absorption peak of MB arises at 665nm which is
due to the chromophore group. The intensity peak
of MB at 665 nm was reduced while increasing
the irradiation time. It is because of fragmenting
of chromophores in the dye throughout the
photocatalytic oxidation The following equation
provides the removal efficiency (E) of MB
degradation,

5 G-C

0

x100 %

Where, C, is the initial concentration of
dye and C is the concentration of MB after UV
irradiation. It was observed that Cu-doped ZrO,
nanoparticles provide faster degradation of MB
dye compared to pure ZrO, 0.12wt% Cu-3) of
Cu doped ZrO, provides 89% degradation within
35 minutes, 0.08wt% (Cu-2) provides 78% and
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0.04wt% (Cu-1) provides 68% within 35 minutes.
The normalized residual concentration of MB dye
is estimated using

C/C,=A/A,

Where C  and C, are the initial and residual
concentration of MB dye, A and A are the
absorbance intensity at time t and at time t = 0
obtained from the UV-absorbance spectrum [7]
and is shown in Fig. 9. The surface area of the
prepared sample is high due to the low crystallite
size (7.88nm) for Cu-3 as compared to other
doping concentrations (Cu-1 and Cu-2 ). The
high surface area provides more active sites for
the reaction of photodegradation [8]. Thus copper
ions can act as recombination centers and cover
the active sites in the host lattice and so it enhances
the photocatalytic activity as compared to pure
ZrO, [9-11]. Due to the morphological change
and reduction of crystallite size while doping by
Cu ions it enhances photocatalytic activity. Table
1 shows that microstrain increases while crystallite
size decreases. The calculated microstrain increases
as the Cu content increases from 0.04 to 0.12
wt%, owing to the introduction of more oxygen
vacancies. As a result, because Cu-doped ZrO,
has more oxygen vacancies, it may have higher
photocatalytic efficiency [20]. From the observed
values of dislocation density, it may be a surface
dislocation due to the e atoms on the surface
adjusting their positions to accommodate for the
absence of neighboring atoms outside the surface

0.8

0.6

y \

0.2 .\l

cic,

0O 20 40 60 80 100 120 140 160 180
Time (min)

(2)

[21]. From the outcome of the results, it shows the
copper doped (Cu-1, Cu-2and Cu-3) ZrO, can
effectively enrich the photocatalytic activity

Anti-microbial assessment of pure and Cu-doped
ZrO, nanoparticles

The synthesized nanoparticles were screened
for antibacterial activity against gram-positive
pathogens such as Bacillus cereus and Staph aureus
and gram-negative pathogen including E. coli and
Pseudomonas aeruginosa. Disc-diffusion antibiotic
sensitivity test is used to evaluate their anti-bacterial
activity. Nano-scaled particles possess enhanced
anti-microbial activity as compared to their bulk
part due to their larger surface-to-volume ratio.
Pure ZrO, exhibit a larger zone of inhibition around
28mm against gram-positive pathogen namely
staph aureus compared to other bacteria. Cu-
doped ZrO, nanoparticles exhibit a higher zone of
inhibition against both gram-positive and negative
bacteria. The measured values of the inhibition
zone in terms of mm are presented in Tables 2 and
3. Fig. 11, clearly shows the synthesized Cu-doped
ZrO2 samples have more activity against Bacillus
cereus and Staph aureus bacterial strains.

Also, the synthesized samples tested for anti-
fungal strains such as candida Albicans and candida
parapsilosis. Figs. 10 and 11 show the inhibition
zone of pure and Cu-doped ZrO, nanoparticles.
Cu-3 sample shows more activity against Candida
parapsilosis on comparing to other fungal strains.
The zone of inhibition for all the samples is
presented in Tables 2 and 3. The inhibition zone

cicy

0.0

0 10 20 30 40
Time (min)

(b)

Fig. 9. MB degradation efficiency of (a) pure and (b) Cu doped ZrO,
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T Cpampeilgy

@

Fig. 10. Anti-bacterial and Anti-fungal effect of pure ZrO, nanoparticles

Table 2. Anti-bacterial and Anti-fungal assessment of ZrO,

Anti-bacterial Assessment

" - Antifungal assessment
Sample Gram Positive Gram Negative
Bacillus Staph aureus Escherichia coli Pseudomonas Candida albicans Candida parapsilosis
cereus (mm) (mm) (mm) aeruginosa (mm) (mm) (mm)
Amikacin 16 15 21 37 NA NA
t-ZrOz 27 28 26 28 25 18
Nystatin NA NA NA NA 20 15
Table 3. Anti-bacterial and Anti-fungal assessment of Cu doped ZrO,
Anti-bacterial Assessment .
— . Antifungal assessment
Gram Positive Gram Negative
Sample 1:2::11;1 SS Staph aureus Escherichia coli Pseudomonas Candida albicans Candida parapsilosis
(mm) (mm) aeruginosa (mm) (mm) (mm)
(mm)
Amikacin 27 24 26 21 NA NA
Cu-1 22 25 17 16 16 18
Cu-2 25 26 18 15 15 22
Cu-3 21 20 20 18 19 23
Nystatin NA NA NA NA 27 20
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[D)e |



R, Jeba et al. / The influence of Cu doped ZrO, catalyst for the modification of the rate

Fig. 11. Anti-bacterial and Anti-fungal effect of Cu doped ZrO, nanoparticles

of samples is compared with the control amikacin
for bacterial strain and nystatin for fungal strain.
A better zone of inhibition is obtained. From this
result, we conclude that both pure and Cu-doped
ZrO, nanoparticles act as good anti-microbial
agents.

CONCLUSION

Pure and Cu-doped ZrO, nanoparticles were
successfully prepared by the Co-precipitation
technique and the structural, morphological,
optical, magnetic, photocatalytic, and antimicrobial
properties were investigated. XRD pattern
shows prepared samples show tetragonal crystal
structure. SEM analysis revealed that surface
properties depend on the doping concentration of
Cu. Optical band gaps are found to be decreasing
with increasing dopant concentration. PL analysis
showed that blue emission of prepared materials.
From the photocatalytic results, it was concluded
that 89% of methylene blue dye degradation
within 35 minutes was observed for high dopant
concentration as compared to pure and other
dopant concentrations. Copper-doped ZrO, has
moderate anti-bacterial and anti-fungal activities.
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