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Abstract

Pure and dual doped ZnO nanoparticles were synthesized via the wet chemical method. The synthesized samples were
characterized by XRD, HR-SEM/EDS, HR-TEM, UV-Vis, PL, FT-IR, and FT-Raman spectral measurements. The prepared
ZnO nanoparticles exhibit a hexagonal wurtzite structure and [Ce-La, La—Gd, Gd—Ce] rare earth dual doped ZnO nanopar-
ticles was confirmed from the shift in XRD peaks position, cell parameter and also changes in the peaks intensity. HR-SEM/
EDS and HR-TEM show spherical in shape with less agglomeration on the surface of all samples and the images are clearly
revealed that the particle size ~40 nm (PZ), 14 nm (ZCL3), 16 nm (ZLG3) and 28 nm (ZGC3). UV-Vis spectra show a strong
Ultraviolet region absorbance for ZCL3 sample with the low Energy band gap value of 2.81 eV. The presences of the func-
tional group and molecular vibrations are characterized by employing the FT-IR and FT-Raman spectra. From the PL spectra,
it was found that the peak position of all samples produces a visible emission. The photocatalytic performance of the synthe-
sized doped nanoparticles found to exhibit better degradation of MB dye under solar irradiation ZCL3 showed an increase
in the photo catalytic decolorization efficiency. The bactericidal activity of dual doped ZnO nanoparticles was investigated
against Gram-positive and Gram-negative bacteria and compare with standard ampicillin. We observe that ZCL3 sample
have excellent antibacterial activity against Gram-negative bacteria (P. mirabilis) and the mean zone of inhibition~ 20 mm.

1 Introduction

In recent years, industrial pollutants found in the environ-
ment particularly air and water poses serious health haz-
ards to the human life. Therefore, the developments of the
cost-effective method to control water pollution consider
top priority in current research. Semiconducting nanopar-
ticles have attracted wide attention in this area due to their
unique structural and functional properties which are uti-
lized for potential applications in energy and environmental
nanotechnology [1]. Semiconductors are widely used as a
photocatalyst to convert harmful toxic organic pollutants
into harmless elements. Hence, it is used to eliminate envi-
ronmental pollutants and attracted the researchers to work
on the area a great deal of interest in the recent past [2].
Among the vast majority of semiconductor photocatalysts,
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Due to the excellent electric, optical and oxidation resist-
ance properties of ZnO, it serves as a promising component
in cosmetics and biological applications [3]. It also acts as
a promising host material for both rare earth ions as well as
a transition—metal ions due to its wide band gap of 3.37 eV
and high free exciton binding energy of 60 meV [4]. A suit-
able method for preparing ZnO at low operating cost, work-
ing at ambient temperature, smaller size range and better
properties are a challenge for scientists. It exhibits higher
quantum efficiency and photocatalytic activity than TiO, in
certain cases [5]. Hence, the photocatalytic activity of ZnO
has to be enhanced than the other materials by employing
various strategies. One of the important strategies in improv-
ing the photocatalytic properties is doping the metal oxides
which eventually results in the variation of surface area and
the incorporation of dopant ions generate lattice defects and
modify bandgap energy and its visible light response [6-8].
Consequently, doping of transition metals, noble metals and
non-metal is a very expedient way to improve the photocata-
lytic activity. Much rare earth doped ZnO photocatalyst was
used such as Ce [9], Dy [10], La [11, 12] and Nd [13] for the
photodegradation of organic pollutants. A literature survey
on the photocatalytic properties and antibacterial activity
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of RE [Ce, La, Gd] dual doped ZnO nanoparticles is very
limited. This motivated us to systematically study the pho-
tocatalytic and antibacterial activity of RE [Ce-La, La—Gd,
Gd—Ce] dual doped ZnO nanoparticles. Rare earth doped
ZnO nanoparticles can be synthesized by many techniques
such as pulsed laser deposition [14], hydrothermal method
[15], ball milling method [16], sonochemical method [17].
To date, a number of research workers have reported the
fabrication of nanostructured with the cube, flower, rod,
spherical and sheet-like structures [18, 19]. To best of our
knowledge, there has not been any study on the combined
effect of dual doped ZnO on photocatalytic and antibacterial
activity. The novelty of this work lies in synthesizing and
characterizing of pure and dual (Ce-La), (La—Gd), (Gd—Ce)
doped ZnO nanoparticles namely (PZ, ZCL3, ZLG3, ZGC3)
by a wet-chemical method for low cost and large-scale pro-
duction. The role of dual doped materials on the structural,
optical, photocatalytic and antibacterial activity of ZnO
nanoparticles has been studied. The performed studies of
dual doped materials effectively qualify in the field of pho-
tocatalytic applications.
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Fig. 1 Schematic diagram of dual doped ZnO nanoparticles

2 h. For identification, the prepared samples were named as
PZ (pure ZnO), ZCL3 (3 M Ce-La), ZLG3 (3 M La—Gd) and
ZGC3 (3 M Gd—Ce). A schematic illustration of the experi-
mental procedure for the synthesis is depicted in Fig. 1. The
chemical reaction formulae are given in Eqs. (1-3) for dual
doped ZnO nanoparticles respectively.

Zn,_,,Ce,La, + gaseousproducts (D

Zn,_,,La Gd, + gaseousproducts @

Zn,_, Gd,Ce, + gaseousproducts 3)

2 Experimental

For the preparation of pure and dual doped ZnO nanopar-
ticles were synthesized employing a simple wet-chemical
method. In a typical synthesis of the specific amount of
Zn(ac), Zn(ac),:Ce(NO;);:La(NO;); Zn(ac),:La(NO;);
:Gd(NO3);, Zn(ac),:Gd(NO;);:Ce(NO;); were dissolved
in methanol and octylamine (1 mL) was added as a sur-
factant to control the nucleation growth. Each of them as an
obtained solution was dropped into 100 ml of 3 M NaOH
solution reach a pH of 12 and the stirring was continued
for another 30 min. The formed glassy like white gel was
allowed to age overnight. The solution was aged and then
precipitates were collected out for washing by ethanol and
water respectively to remove the unreacted reagents. The
slurry was dried in an oven at 80 °C for 10 h. The dried
powder was then annealed at 400 °C in a muffie furnace for

XRD pattern was recorded at room temperature (PAN
analytical X’Pert PRO with 20 ranging from 5° to 80°, X-ray
diffractometer using CuKa irradiation (: 1.54056 A)). High
resolution scanning electron microscope (HR-SEM), High-
resolution tunneling electron microscope (HR-TEM) images
and energy dispersive X-ray spectroscopy analysis (EDS)
were done for the samples using JEOL JSM-67001. The opti-
cal absorption and photocatalytic degradation spectra were
recorded by UV—Vis absorption spectrometer (PerkinElmer
T90 + Spectrophotometer). Photoluminescence measure-
ments were carried out using JY Fluorolog-3-11 spectrom-
eter at room temperature. FT-IR-spectra were carried out
using Perkin Fourier transforms infrared spectrometer (FT-
IR; JASCO, Model 6300). FT-IR Spectra were recorded in
KBr dispersion in the range of 4000-400 cm™!. FT-Raman
spectra were recorded in the range of 4000-100 cm™' on
laser Raman Microscope (Raman spectrometer Nanophoton
Corporation Japan).
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Fig.2 XRD pattern of pure and
dual doped ZnO nanoparticles
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Table 1 Structural parameters of pure and dual doped ZnO nanopar-
ticles

Samples Loattice parameter values Crystallite ~ Volume (v) (;A)3
(A) size (D) nm
a c c/a

PZ 3237 5.198 1.605 16.36 47.16

ZCL3 3244 5196 1.601 9.05 47.37

7L.G3 3253 5213 1.602 9.09 47.79

7ZGC3 3253 5210 1.601 9.61 47.77

3 Results and discussion
3.1 Structural studies

The XRD patterns of pure and dual doped ZnO nanoparti-
cles are given in Fig. 2a. It is clearly indicated that all the
samples show a hexagonal wurtzite structure. The major
peaks are identified as (100), (002), (101) planes showing
sharp diffraction peaks with ZnO which well matched with
the standard JCPDS card (36-1451). There was a shifting of
diffraction peaks towards slightly higher angle, i.e., 0.08,
0.07 and 0.04 for ZCL3, ZLG3 and ZGC3 respectively were
inferred from the Fig. 2b. It might be due to the additional
strain developed due to dual doped rare earth elements into
the ZnO matrix [20]. The pure ZnO sample was compared
with doped ZnO samples, it was noticed that the peak inten-
sities were reduced and they are full with half maxima val-
ues were increased in the XRD patterns. It is due to the fact
that dual doped rare earth ions into the ZnO lattice and hence
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its crystallinity was decreased. The formation of dual doped
elements can be explained by the hindered incorporation of
the large ionic radii Ce** (0.103 nm), La** (0.115 nm) and
Gd** (0.093 nm) in comparison to that of Zn>* (0.074 nm)
which makes the replacement more difficult, thus distorting
the ZnO lattice [21-23]. Table 1, summarizes the structural
parameters like lattice parameters, crystallite size, and vol-
ume of the pure and dual doped ZnO nanoparticles. The
Scherer’s formula was used to calculate the average crys-
tallite size from the prominent obtained XRD peaks in the
XRD spectra [24].

D= %cose 4)

where K is a shape constant, 4 is the wavelength of X-ray
(0.1540 nm), p is the full width at half maximum and @ is
the angle of diffraction. The lattice parameters of hexagonal
ZnO were calculated from the relation. The volume (v) of
the unit cell of a wurtzite hexagonal lattice system has been
calculated using equation [25].

1 4/, K PP
¥_§<h +hk+a_2+C_2> 5)
v=0.869 x a> X ¢ (6)

where ‘a’ and ‘c’ are the lattice parameters, h, k and 1 are
the Miller indices and d is the inter-planer spacing for the
plane (hkl).
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Fig.3 HR-SEM images of pure
and dual doped ZnO nanopar-
ticles

3.2 Morphological studies

HR-SEM images of PZ and dual doped ZnO nanoparticles
are shown in Fig. 3. The PZ sample consists of randomly
dispersed bigger spherical particles within the nanoscale
regime. It can be seen from Fig. 3 that the sample was
showed the uniform distribution of smaller spherical parti-
cles with good crystalline quality. The particle size of ZnO in
pure and doped ZnO samples was also estimated from HR-
SEM analysis were in good agreement with XRD results.
To confirm the presence of dual doped rare earth elements
and the purity of the sample was done with EDS analysis in
Fig. 4. It reveals that the sample ZCL3 contains mainly four
elements (Zn, O, Ce, La), ZLG3 spectrum indicates that the
elements (Zn, O, La, Gd) and ZGC3 spectrum exhibits that
the elements (Zn, O, Gd, Ce). It indicated that the prepared
samples contain no impurity and also confirms the presence
of both dual doped rare earth ions in ZnO nanoparticles.

Firsthand information about the particle size and mor-
phology of the prepared nanocrystalline samples can be
obtained by analyzing HR-TEM images of the pure and
dual doped ZnO nanoparticles. The HR-TEM images clearly
showed that pure and dual doped ZnO particles were in
spherical in shape with almost in the uniform distribution.
Figure 5 also shows the particle size of the ZnO nanopar-
ticles incomparable with XRD and HR-SEM analysis. The
nanoparticles were clearly well identified and no effective
aggregations of bulk particles were formed.

3.3 Optical absorption studies

The UV-Vis absorption spectra of pure and dual doped ZnO
nanoparticles are shown in Fig. 6. It can be seen that the
optical absorption edge of pure ZnO appeared at 371 nm
is due to its wide band gap energy, which suggests that the
ZnO could only be activated under UV-light irradiation [26,
27]. While dual doped ZnO - like ZCL3, ZL.G3 and ZGC3
showed the optical response in the range of 373, 368 and
370 nm. When the sample ZCL3 absorption decreased red
shifted (2.81 eV) the observed red shifted indicates the nar-
row bandgap originating from the charge transfer between
7ZnO valence band and the rare earth ion 4f level [28]. On the
other hand, ZL.G3 and ZGC3 absorption peak increased blue
shifted (2.92 eV) and (2.87 eV) of band gap as compared
with pure ZnO nanoparticles due to quantum confinement
effects [29]. The optical band gap (Ey) is calculated from
tauc’s relation.

(ahv)* = A(hv — E,)" (7)

where A is the function of the index of refraction and elec-
tron/hole effective mass ‘o’ is the optical absorbance and ‘n’
is a number equal to the direct gap and indirect gap semicon-
ductors. For determination of band gap, a graph was drawn
between (ahv)? versus hv as shown in Fig. 7. The extrapola-
tion of a straight line on the energy (hv) axis gives a band
gap for pure and dual doped ZnO nanoparticles respectively
and given in Table 2.
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Fig.4 EDS pattern of pure and dual doped ZnO nanoparticles

3.4 Photoluminescence studies

PL spectroscopy is used to study the efficiency of recom-
bination charge carrier trapping, migration, crystal defects
and the rate of electron—hole pairs in semiconductor par-
ticles. The PL spectra of pure and dual doped ZnO nano-
particles are shown in Fig. 8. The characteristic emission
band at 393 nm followed by near band edge emission was
observed in all the samples. The presence of Zn intersti-
tials in the sample was observed as a peak in the visible
region at 413 nm due to electron transition. The peak cen-
tered at 436 nm confirms the presence of singly ionized
oxygen vacancies which are the main sources of generation
of hydroxyl radicals generation required for the photo decol-
orization process [28]. The emission peaks were observed
at 504 nm, 528 nm and 541 nm were attributed to the radia-
tive transition of an electron from the deep donor level of
Zn interstitial to an acceptor level caused by singly ionized
charged state of the defect in ZnO [29]. It is obvious all
doped ZnO nanoparticles shown fewer intensity peaks as
compared to pure ZnO, because of the increase in non-radi-
ative traps produced by structural disorder [30].

@ Springer

3.5 FT-IR studies

FT-IR is one of the essential techniques to analyze the chem-
ical bonding and functional groups present in the material
and to identify the compositional elements of the material.
FT-IR spectra of pure and dual doped ZnO nanoparticles
are shown in Fig. 9. A very broad and strong absorption
peak observed at 3425 cm™! was assigned to O—H stretching
vibration in the hydroxyl group was seen in all the samples
[31]. Due to the presence of carboxyl group, the symmet-
ric and asymmetric C=0 stretching mode of vibration was
expected and assigned at 1451 cm™! and 1357 cm™! respec-
tively in the FTIR spectra [32, 33]. The defect arises due
to dual doped rare earth ions in ZnO was identified with
the peak occur at 881 cm~! [34]. The peak 460 cm™! in the
curves of all samples was attributed to the stretching vibra-
tion modes of Zn-O [35].

3.6 FT-Raman studies

Raman scattering is a technique for studying the molecu-
lar vibrational modes of semiconductor materials. Raman
spectra of pure and dual doped ZnO nanoparticles in the
spectral range of 200-800 cm™' were recorded and shown
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Fig.5 HR-TEM images of pure
and dual doped ZnO nanopar-
ticles
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Fig.6 UV-Vis absorbance spectra of dual doped ZnO nanoparticles

in Fig. 10. According to factor group theory, the structure
of ZnO belongs to the C4V symmetry group, which predicts
2A,, 2E,, 2E, and 2B, modes. The peaks that at 350, 386,
438, 579, 604, 627, 706 and 756 cm™!, for pure ZnO nano-
particles corresponding to the E, (High)-E, (Low), A, (TO),
E, (High), TO+TA (M), E, (LO) and E, (Low)-B,(High)
fundamental phonon modes of hexagonal ZnO, respectively
[36]. The intensity of both E, (low) and E, (High) modes
decreases with the addition of RE compound, which can be
attributed to the distortion in the crystal.

The fundamental phonon modes of ZnO in doped samples
observed in the FT-Raman spectra showed a 4 cm™' redshift

approximately in all the samples due to the cohesive bond of
the lower coordinated atoms. Another cause for the redshift
may be, the decrease in size relaxes the momentum thereby
the Raman active modes will not be limited at the centre
of the Brillouin zone. Hence, the FT-Raman studies that
there was a decrease in Raman wavenumber when related
to rare earth compounds than bulk material. The formation
of hexagonal size in the as-synthesis ZnO nanoparticles was
further supported by Raman spectroscopy.

3.7 Photocatalytic studies

The photocatalytic activity of pure and dual doped ZnO
nanoparticles was evaluated using Methylene Blue (MB)
degradation under solar light irradiation. ZnO nanoparticles
exhibit photocatalytic degradation by absorbing the genera-
tion of electron—hole (¢ ~/h™) pair. This can be achieved when
the photocatalyst was irradiated with a photon of energy
which equals to or higher than its band gap of the ZnO nano-
particles. Figure 11 shows the interaction of dye molecules
with e /h* pairs and its reposition to the surface of the pho-
tocatalyst leading to redox reactions and as a sign, the dye
molecules degrade as follows [37, 38].

ZnO +ho = ZnO(e_ + h+) (8)
e +0, > 0," )
h* + H,0 — OH' + H* (10)

0,7 /OH + dye — dye redox — intermediates — CO, + H,0
Y
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Fig.7 Tauc plots drawn (ohv)? versus photon energy (hv) of pure and dual doped ZnO nanoparticles

Table 2 Energy band gap values for pure and dual doped ZnO nano-
particles

S. no Doping concentration ~ Absorbance value  E, (eV)
(mole) (nm)

1 PZ 366.65 3.05

2 ZCL3 371.12 2.81

3 ZLG3 371.99 2.92

4 7ZGC3 379.72 2.87

Highly reactive hydroxyl radicals (OH’) are formed when
holes can react with water adhering to the surfaces of ZnO
nanoparticles. Meanwhile, the photogenerated electrons
react with oxygen to produce superoxide (O, ) which in
turn reacts with water to form hydrogen peroxide eventu-
ally leads to the formation of reactive hydroxyl radicals
(OH)). These reactive hydroxyl radicals combined decom-
pose organic compounds into CO,, H,0, and other minerals.
During the photocatalytic reaction process, oxygen vacan-
cies and defects act as active centers in capturing photo-
induced electrons. As a result, photo-induced recombination
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Fig.8 PL spectra of pure and dual doped ZnO nanoparticles

of electron and hole can be effectively inhibited. The forma-
tion of superoxide radicals (O, ™) occurs by absorption of
O, which was induced by more oxygen vacancies the help
of with photoinduced electrons [39]. These superoxide radi-
cals are active to produce other radicals such as OH', H,0,
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to degrade the organic pollutants [40, 41]. Thus, this study
reveals that oxygen vacancy and defects induced by dual
doping in ZnO favor the photocatalytic reaction. Moreover,
it was found that the photocatalytic activity can be enhanced
by increased oxygen vacancy. The rate at which a pollutant
was removed from the aqueous solution can be calculated
with the help of rate kinetics. The reaction kinetics of MB
dye was calculated using the equation [42].

In = =kt (12)

where C and C, are the concentrations of the MB at t=0 and
at the time of t, respectively. Figure 12a shows the absorb-
ance spectra of MB, recorded to different irradiation times
in the presence of the PZ, ZCL3, ZLG3 and ZGC3 samples.
Figure 12b shows the plot of concentration ratio In (C/C,) vs
the irradiation time. The linear behavior of the plot confirms
the first order kinetics of the MB degradation reaction. The
kinetic parameters such as degradation rate constant (k) and
linear coefficient (R?) calculated from the kinetic plot for
MB dye values are given in Table 3. If a photocatalyst was
involved in the photo-decolorization process, it alters the
absorbance by decreasing it gradually with the increase in
time of irradiation. Figure 12c clearly shows that there was
the decolorization efficiency of the dual doped samples is
higher when compared with that of pure ZnO. Ce-La doped
ZnO nanoparticles yield smaller size of ZnO. Hence, the
surface to volume ratio is large when the particle size is
reduced. So that it exhibits better photocatalytic activity.
Moreover, ZCL3 samples showed an increase in the photo-
catalytic decolorization efficiency.

3.8 Antibacterial studies

The antibacterial activities of the pure and dual doped sam-
ples were tested against strains of Gram-positive (Bacillus
subtilis, Staphylococcus aureus) and Gram-negative bac-
teria strains (Proteus mirabilis, Salmonella typhi) and the
obtained results were shown in Fig. 13. Table 3 shows the
zone of inhibition values for all the samples with standard
ampicillin and the inhibition rates of all samples against
antibacterial species is shown in Fig. 14. It can be seen that
ZCL3 sample have good antibacterial activity against Gram-
negative bacteria (P. mirabilis) and the mean zone of inhi-
bition ~20 mm was significant when compared ampicillin.
The bactericidal activity was activity was important to the
material by these excited excess electrons in the conduc-
tion band and the holes created in the valence band which
was the one to generate reactive oxygen vacancies (ROV).
The ROVs has the capacity to penetrate into the cell mem-
brane of microorganisms and leads to the damages the cell
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Fig. 13 Antibacterial activity of pure and dual doped ZnO nanoparti-
cles against P. mirabilis
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Table 3 Antibacterial activity of pure and dual doped ZnO nanoparti-
cles against human pathogens

Antibacterial activities of samples were determined as zone of inhibi-
tion (in mm)

Samples B. subtilis  S. aureus  P. mirabilis  S.
typhi

Ampicillin (C) 11 14 24 17

PZ 5 NA 6

ZCL3 8 NA 20 8

ZLG3 6 NA 8 13

7ZGC3 NA NA 12 15

membrane, DNA and cellular proteins [43] eventually death
of the bacteria. Therefore, the samples ZCL3 have higher
antibacterial efficiency than other samples. The study gave
a better understanding of the bactericidal activity of ZnO
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nanoparticles which could be due to various properties of
ZnO such as photocatalytic activity, cellular internalization,
the electrostatic interaction of the nanoparticles and produc-
tion of reactive oxygen species (ROS) which are responsi-
ble for antibacterial activity [44—46]. Among them, ROS
generation has been considered as the dominant mechanism
of antibacterial activity. ZnO with defects, created by dual
doping can be activated by sunlight and generates elec-
tron—hole pairs. The holes split H,O molecules from ZnO
into OH™ and H" Eq. (8). Then, they produce H,O, by react-
ing with a hydrogen ion. The H,0, directly penetrate into
the cell membrane and kill the bacteria whereas the other
hydroxyl radicals and superoxide cannot penetrate into the
cell membrane and remain in contact the outer surface of
bacteria causing severe damage to proteins and lipids. In
this study, the XRD, UV-Vis and photocatalytic degrada-
tion results reveal that the sample ZCL3 has the minimum
particle size, more lattice defects, visible region, and higher
photocatalytic degradation efficiency compared with PZ and
other dual doping levels. These characteristics are beneficial
for the enhancement of antibacterial activity of ZCL3 doped
ZnO.

4 Conclusion

In this study, synthesis of dual doping RE metals such as
ZCL3, ZLG3 and ZGC3 doped ZnO nanoparticles by the
simple wet chemical method using octylamine as a sur-
factant was performed. Structural, morphological, optical
properties were studied. The results conclude that ZCL3
doped ZnO nanoparticles exhibit the best photocatalytic
behavior amongst the studied combinations. It may be due

to fact that particles size was lesser than other dual dopant
systems as confirmed by PXRD and HR-SEM results. From
the antibacterial test, it was evident ZCL3 that dual doped
ZnO nanoparticles execute a better and effective antibacte-
rial activity compared to the rest of the samples. Genera-
tion of radical oxygen vacancies (ROS) plays a vital role in
imparting the toxicity mechanism on bacteria along with the
electrostatic interaction between the ions and membrane.
There has been a significant increase in the number of ROS
which was achieved by ZCL3 doping in ZnO in showing a
bactericidal activity in Gram-positive bacteria.
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