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Visible light efficient Ag, Ni-codoped ZnO photocatalyst has been synthesised in the nano form by co-precipitation and
sonochemical method using ZnSO,-7H,0 as a precursor. The structural, morphological and elemental observations of
synthesised photocatalyst have been characterized using X-ray diffraction (XRD), FTIR, UV-DRS, SEM with EDX and
HRTEM analysis. Incorporation of metal ions into ZnO lattice caused a red shift in the absorption band thus extending its
absorption towards visible region through inhibition of electron hole recombination reaction and through the property of
surface plasmon resonance (SPR). However the addition of silver and nickel ions has modified the electronic and optical
properties of the photocatalyst thus improving the photocatalytic performance of the sample. The photocatalytic
performance of Ag, Ni-codoped ZnO nanoparticles have been tested for degradation of Direct Red 81 dye (DR-81), as
pollutant in aqueous solution. Under the optimum conditions (20 ppm dye and 10 mg/L photocatalyst), complete
mineralization of dye solution under study was achieved within 40min of time duration. The Ag, Ni-codoped ZnO
photocatalyst is thermally stable and efficient for five successive consecutive runs thus retaining its efficiency towards
degradation. The overall results thus obtained have suggested that a suitable method for the detoxification of environmental

pollutants emerging from industries.
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In modern days, the importance of wastewater
treatment, management and disposal is gradually
increasing. This poses a major challenge to public
health scientific interest'. The straight ejection of
wastewater effluents into environment causes a
dangerous problem, since they have complex mixture
of chemical substances and dyes that are difficult to
biodegrade™. The biological activity of several
aquatic plants and animals underwater as well as a
number of other activities, such as photosynthesis, are
directly hampered by dyes in wastewater. Many
synthetic organic compounds in the form of dye
substances are used in the manufacture process of
fabric, paper, printing, rubber, food, cosmetics, and
plastic industry’ that leads high toxicity to
environment ecosystem’. Additionally, dyes often
combine with metal ions to form chelating
compounds, which are hazardous to fish and other
species. Some of these colours exhibit toxic and
carcinogenic characteristics, which has an immediate
negative impact on people’.

Hence, it is a vital task to remove such dyes from
the industrial effluent previously discharging into

various water bodies’. The available water treatment
technologies such as absorption, coagulation,
sedimentation, filtration chemical and membrane
approaches are not so much effective to degrade dyes
completely from the atmosphere®™. Consequently,
there is a requirement of novel approaches for the
removal of harmful complex mixture of chemical
substances and dyes for mankind'’.In recent years,
one of the most suitable way to eliminate textile
contaminants are their degradation by photocatalysis.
Indeed, dyes absorb in the visible region and degrade
in the presence of photons when irradiated with
visible light. Due to their widespread use in organic
synthesis and its environmental applications, metal
oxide nano particles have attracted particular attention
in past decades'"".

In recent years, one of the most suitable way to
eliminate textile contaminants are their degradation
by photo catalysis. Photocatalysis is an advanced
oxidation process (AOPs) which extremely depends
upon the formation of a strong oxidizing agent like
hydroxyl radical, which has a tendency to eradicate
the contaminants from wastewater”'’. Semiconductor
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nanomaterial absorbs greater energy than its band gap
energy which leads to the excitation of electrons from
the wvalence band to the conduction band,
subsequently producing electrons and holes. When a
metal oxide nano particles as a photocatalyst is
exposed to UV-Vis radiation, electrons are stimulated
from the valence band to conduction band and an
electron-hole pair is created"”.

Then the valance band holes can react easily with
surface-bound H,O to produce hydroxyl (OH’)
radicals, whereas, the electron can react with oxygen
(O,) molecules to produce superoxide radical anion of
oxygen (0,")"*'"°. The decolorization of the dye is
caused by these free radicals (OH" and O,”), which
are particularly good oxidizers of organic dyes and
can rapidly react with them to degrade them into CO,
and H,0'*'¢,

Known for its carcinogenic properties and toxicity
toward both humans and animals, the toxic
sulphonated azo-based dye Direct Red 81 was chosen
as the synthetic model dye solution for
experimentation which is widely used across
numerous industries'”'®. Additionally, it harms the
skin and eyes. The dye is readily soluble in water due
to the double azo linkage and sulphonic acid group
that are present'’. Therefore, industrial effluent must
eradicate such hazardous dye before it contaminates
the nearby freshwater streams.

The nano sized semiconductor materials (TiO,,
SnO,, ZnO, etc) have recently proven to be useful
for the dye degradation process because their band
gaps have an ultraviolet (UV) region®*?'. One of the
most promising semiconductor nanomaterials for
electronic and optoelectronic properties is ZnO NPs,
which has largest excitation binding energy (60 meV),
band gap (3.37eV), high chemical stability, harmless
nature, low cost, and high photosensitivity***. ZnO
NPs were also employed in a wide range of industries,
including photocatalysis, optical devices, and
cosmetics like sunscreen®.

As a result, in this study, hazardous organic dyes
were removed from industrial effluents using
synthesised semiconductor nanomaterials rather than
traditional  materials.Researchers have recently
focused on developing the co-doping of two metal
atoms into semiconductor materials in order to
achieve a higher photocatalytic degradation process
compared to single element doping into
semiconductor material. When impurity atoms from
transition metals are co-doped with ZnO, that produce

a new energy level, where electrons are controlled in
this new level overcoming the high rate of electron-
hole recombination®*.

More than a few metals are used in order to
improve the effectiveness of ZnO by co-doping as
(ALFe) - ZnO nanoparticles™, (AlL,Co) - ZnO
nanoparticle526, (Ni,Co) - ZnO nanoparticles”,
(ALMn) - ZnO nanoparticles®™, (Ni,V) - ZnO
nanoparticles™, etc. Co-doped ZnO nanoparticles are
produced using a variety of techniques, including
sol-gel, co-precipitation, hydrothermal, thermal
hydrolysis, dc thermal plasma method etc*. Chemical
co-precipitation is the most effective and affordable
technique for producing large quantities of pure and
co-doped ZnO nanoparticles®'.

In this work, Ag, Ni- codoped ZnO nanoparticles
was synthesised using an integrated approach of both
co-precipitation and sonochemical method. The
nanoparticles were characterised by various
spectral techniques including XRD, SEM, EDX,
HR-TEM and UV-Visible spectral analysis. The
modified ZnO photocatalysts showed complete
degradation of Direct Red 81 dye (DR 81), a dye
pollutant under study. Thus this work has
provided a novel route to synthesise a modified ZnO
photocatalyst for environmental remediation.

Experimental Section

The major chemicals used for the present study
include as follows; zinc sulphate heptahydrate
(ZnSO4 7H,0) (LOBA Chemie, 99.5%), nickel
sulphate heptahydrate (NiSO, 7H,0)(Sisco, 98%),
silver nitrate (AgNO;3;) (Merck) and sodium
bicarbonate (NaHCO;) (LOBA Chemie, 99.5%).
These chemicals were procured for the fabrication of
Ag,Ni- codoped ZnO photocatalyst and are used in
pristine form. Double distilled water is used in all the
experiments. The experimental studies were
conducted on sunny days from 10.00 am to 2.00 pm
respectively. Direct Red 81dye (DR-81) was used as
the pollutant for the present study. The structural
formula of DR-81 shown in Fig. 1.

Preparation of Ag,Ni- codopedZnOnanophotocatalyst

A stoichiometric quantity of zinc sulphate
heptahydrate was dissolved in 100 mL double
distilled water under continuous stirring. To this
suspension an adequate quantity of nickel sulphate
heptahydrate and silver nitrate were added. NaHCO;
solution was added drop wise to the above solution
and continuous stirring was done for aboutSh. The
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Fig. 1 — Structure of Direct Red-81dye

resultant solution was stirred, and sonicated for an
hour. The suspension was centrifuged and washed
several times with double distilled water and ethanol,
dried at 90°C for 4 h. Finally the Ag, Ni- codoped
ZnO nanoparticles was calcinated in a muffle furnace
at 450° C for 1 hour and used for further analysis™.

Characterization techniques

The  crystallography  information of the
photocatalyst ~was  examined using  X-ray
diffractometer (XRD) using CuKa irradiation (A =
0.154 nm) operatedwith 40 kV and with 100 mA in
the diffraction range (20) between 20 to 80°. The
average crystalline size i.e. (nm), of the obtained
nanoparticles was calculated by Scherrer's equation®.

D=K A/ cosb (1)

Where D is the crystallite size, A is the wavelength of
the X-ray used,0 is the diffraction angle, K is the
shape factor and fis the full width at half maximum
(FWHM) measured in radians.

The surface morphology and shape of Ag, Ni-
codoped ZnO nanoparticles were analysed by
scanning electron microscope (JEOL, 5800LV) with
energy dispersive and X-ray Spectroscopy(JSM-
7100F) for analysing the chemical composition of
nanoparticles. The morphology and average size of
the nanoparticles were analysed by HRTEM (JEOL-
2100).

The surface functional entities of Ag, Ni- codoped
ZnO nanoparticles were studied using Fourier
Transform Infrared Spectroscopy (FT-IR, 8400S
Shimadzu, Japan). The optical absorption properties
were analysed from UV- Vis diffuse reflectance
Spectra (Agilent Cary 5000) using a double beam
spectrophotometer within a range of 200-600 nm. The
optical band gap of nanoparticles is calculated by
Tauc equation Eq. (1)*.
ahv = A (hv-Eg)" .. (2)

where, o is absorption Coefficient, 4v is photon
energy, Eg is band gap, A is constant and n refers to
the index which depends on the type of transition. The
band gap can be determined from the extrapolation of
the straight line to Zero absorbance, i.e. (ahv))*= 0.

Photocatalytic degradation experiments

The photocatalytic activities of synthesised Ag, Ni-
codoped ZnO nanoparticles was assessed by
evaluating the photocatalytic degradation of an
aqueous solution of Direct Red - 81 dye in the
presence of visible light at neutral pH. Initially 20
ppm of dye solution is taken in a reactor and a small
dose of Ag, Ni- codoped ZnO nps (10mg) is added.
The suspension was stirred in dark for 30 min to
obtain absorption - desorption equilibrium and was
placed under direct sunlight with constant stirring.
Aliquot of test solution was withdrawn at equal
intervals of time, centrifuged and the concentration of
sample was analysed by wusing UV- Visible
spectrophotometer. The following equation was used
to determine the dye degradation efficiency.

% Degradation = (Cy-C,)/Cy x100 ..(3)

Corefers to the initial concentration of the test
solution with adsorption-desorption equilibrium and
C, denotes the concentration of the solution after
photocatalytic degradation.

Mineralization studies

The degradation of organic material in the
contaminant is revealed by an insignificant decrease
in the chemical oxygen demand (COD) values. This
technique involves the oxidation of the contaminant
by potassium dichromate using a strong oxidizing
agent. The percentage of mineralization is represented
as follows:

% mineralization = (CODy-CODy)/COD, x100 ..(4)

where, COD, = initial COD of pollutant dye,
CODg#= COD of dye after irradiation at time‘t’.

Results and Discussion

X-ray diffraction analysis

Figures 2(a) and 2(b) shows the XRD pattern of
pure and Ag,Ni- codopedZnOnanoparticles in the 26
range of 20-80°. The XRD diffraction peaks at31.67°,
34.41°, 35.97°, 47.52°, 56.54°, 62.58°, 66.3°, 67.87",
68.98%and 76.20%re characteristic to the wurtzite
hexagonal phase of ZnO and the peaks corresponds to
(100), (002), (101), (102), (110), (103), (200) (112),
(201) and (202) planes of ZnO respectively which are



SONIA & VASAM: Ag, Ni- CODOPED ZnO PHOTOCATALYST FOR ENVIRONMENTAL REMEDIATION

(a)

Pure ZnO

2500 -

2000 -

0.0

1500

1000

Intensity (a.u.)

500 -

0

L

A L ,,ﬁ,,JLJ,,,\f\,,

a)

30 4‘0 5‘0 6‘0 70 80
2 theta (deg)

(b)

(Ag.Ni)ZnO

2500 ~

2000 ~

1500

Intensity (a.u.)

=)
=3
=3
1

500 ~

0 -

I

20

T T T T T T
30 40 50 60 70 80

2 theta (deg)

Fig. 2 — X-ray diffraction (XRD) pattern of (a) pureZnO (b) Ag,Ni- codoped ZnO
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Fig. 3 — FT-IR spectra of (a) pureZnO (b) Ag,Ni- codoped ZnO

in good agreement with the JCPDS file (JCPDS card
no 036 - 1451)**. The presence of sharp peak at
20 angle of 35.97° for the plane 101 reflects the
crystalline nature of the sample. Similar diffraction
pattern is reported by Srithar ef al.”’.

Doping ZnO framework with Ag and Ni ions
increased the peak intensities to a greater extent
than pure ZnO nanoparticles. This is due to
the difference in ionic radii of Ni*" (0.55 A°), Ag’
(0.115 A°) and Zn** (0.60 A°) ions™®. However, the
diffraction peaks characteristic to Ag and Ni ions is
missing since the concentration of dopants
incorporated into the ZnO crystalline lattice is
very low. The crystallite size of the nanoparticles
was estimated by using the Debye-Scherrer
formula. The average crystallite size of the pristine
and Ag, Ni- codoped ZnO nanoparticles are in the
range of 23.53 nm and 17.2 nm respectively. The size

reduction is attributed to the improved crystallinity of
the particles.

FT-IR analysis

The functional group, purity and the molecular
structure of the prepared sample is well established
from FT-IR spectra performed in the range of
4000-400cm™'and the presence of functional groups
in ZnO NPs and Ag, Ni- codoped ZnO are shown in
Figs. 3(a) and 3(b) respectively.

The band that appears at around 3400 cm™ is an
indication of O-H stretching vibration, while the band
that appears at around 1615 cm™ is a sign of H-O-H
bending vibration. These bands result from a trace
amount of H,O on the ZnO nanocrystalline surface,
which may be the result of moisture. These bands are
caused by a trace amount of H,O, which may be
moisture, on the ZnO nanocrystalline surface®’.
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Several absorption peaks are observed between 400
to 600 cm™ in both the spectra that corresponds to the
stretching vibrations of Zn-O bond®® whereas the
absorption peaks in Fig. 3(b) at 454, 889, 1626 and
3345 c¢cm’ are characteristic to the formation of
Ni doped in ZnO nanoparticles™. The vibrational
mode at 889 cm” is also associated with the
incorporation of Ni*" ions occupying at Zn*" sites™.
Amor Sayari et al. also reported same results in an
analysis of ZnO NPs doped with Ni and Al".
Inclusion of Ag*" ions in ZnO lattice was confirmed
by the emergence of new bands at 682 cm™, which
does not exist on the pure form of ZnO NPs*'. The
observed FT-IR spectra of Ag, Ni- codoped ZnONPs
clearly indicated that there is no additional chemical
bonding presence between the Ag-Ni co-dopants. The
result obtained is in consistent with the XRD results
reported in Figure 2.

UV-Vis DRS studies

Figure 4 illustrated the UV-Vis absorption spectra
of Ag,\Ni- codoped ZnO nanoparticles. The optical
absorption spectra of synthesized Ag, Ni- codoped
ZnO nanoparticles were examined by UV-Vis DRS
at room temperature in the range of 200 to 700nm.
The optical energy gap of the nanoparticles was
obtained from drawing the graph of (ahv)* versus
energy (hv) according to Tauc's equation*” and the
plot is shown in Fig. 5.

ZnO has been considered to be direct band gap
oxide and it has a strong absorption maximum
towards UV radiation. It has a band gap energy value
of the 3.36 eV* which has been reported earlier.
However its response towards visible region is
achieved by incorporation of silver and nickel ions
into ZnO lattice. The Ag, Ni- codoped ZnONPs
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Fig. 4 — UV-Vis absorption spectra of Ag,Ni- codoped ZnO

showed an absorption peak edge to 365 nm. This is
due to the incorporation of Ag and Ni ions into lattice
by filling excessive energy levels on the edge of the
conduction level.

Doping ZnO with Ni*" and Ag*" caused the mixing
the 3d levels of these ions with 2p orbitals of O* ions
that created a new energy level below the conduction
band of ZnO and thus band gap of Ag, Ni- codoped
ZnO has decreased to a value of 2.86 eV (Fig. 5). The
energy band and the absorption edge of co-doped
ZnO photocatalyst showed a red shift due to the
exchange interactions caused by sp-d interactions
between the electrons of band and localised d
orbitalsthus showed a very high visible-light
harvesting ability. This could be achieved only after
the incorporation of noble metals into the lattice sites
of ZnO semiconductor™*,

SEM with EDX analysis

The elemental composition and the surface
morphology were studied by SEM with EDX
analysis and shown in the Figure 6. The Fig. 6(c)
and 6(d) showed that the synthesised Ag, Ni-
codoped ZnO nanoparticles are agglomerated
and appearedas a non-homogeneous spherical
particles. EDX spectrum (Fig. 7) shows the atomic %
of Ag-Ni ZnO chemical composition in the
synthesized Ag,Ni- codoped ZnO nanoparticles,
which confirmed the presence of Zn, O, Ag and
Ni in the ZnO lattice. Doping of Ag-Ni with ZnO
with has not affected the morphological appearance

due to very small concentration of dopants
incorporated in the lattice of ZnO.
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Fig. 5 — Optical band gap spectra of Ag,Ni- codoped ZnO



SONIA & VASAM: Ag, Ni- CODOPED ZnO PHOTOCATALYST FOR ENVIRONMENTAL REMEDIATION 357

200V X3,000 Sum e - 1329 SEIN.

' 1 2 3 4 5 € 7 8 9 10

Full Scale 752 cis Cursor. 0.000 ke!

S 10 15
Full Scale 907 cts Cursor: 17 §33 (2 cts) keV]|

"20kV  X5,500 2um

Elements Weight Atomic
percentage | percentage
Zinc 67.4 35.18
Oxygen 32.6 64.82
Elements Weight Atomic
percentage percentage
Zinc 64.63 33.58
Oxygen 28.47 60.44
Silver 2.77 1.60
Nickel 4.13 4.38

Fig. 7— EDX pattern of (a) pure ZnO and (b) Ag,Ni- codoped ZnO

TEM Analysis

The morphology and particle size of Ag, Ni-
codoped ZnO is further characterized by HR-TEM
which showed the direct information about the
distribution of metal oxide on the surface. Fig. 8(a),
8(b) and 8(c) shows the high-resolution TEM images
of Ag, Ni- codoped ZnO photocatalyst. Fig. 8,
suggests that, the particles of Ag,Ni- codoped ZnO
photocatalyst were spherical in shape and their size
were distributed from 10-30 nm. The particle size

distribution histogram obtained by Guassian fitting
method is shown in Fig.6c and confirms the average
particle size of Ag, Ni- codoped ZnO as 17.35 nm,
which is in good agreement with the XRD results.

Photocatalytic degradation studies

The photocatalytic decomposition reaction of
DR-81, dye was carried out using Ag, Ni- codoped
ZnO nanoparticles as photocatalyst under direct
sunlight. Figure 9 shows a snapshot of DR-81 dye



358 INDIAN J. CHEM. TECHNOL., MAY 2023

Normalized Counts

Diameter (nm)

Fig. 8 — HR-TEM images of (a), (b) Ag,Ni- codopedZnO nanoparticles, (c) particle size distribution of Ag,Ni- codoped ZnO

Fig. 9 — Visual representation of photocatalytic degradation
experiment

colour removal efficiency using Ag, Ni- codoped ZnO
nanoparticles with varying irradiation time intervals
(0-40 min). Within forty minutes of irradiation, the
colour of the test solution changed from red to a clear
colourless liquid, indicating 100 % degradation in the
presence of sunlight.

UV-Vis spectral analysis
The degradation of DR-81 dye with Ag, Ni- codoped
ZnO photocatalyst was analysed at regular intervals of

Sample-A
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Absorbance

T T T T T T T T T
375 400 425 450 475 S00 525 S50 575 600 625
Wavelength (nm)

Fig. 10 — UV-Visible absorption spectrum for degradation at
various time intervals

irradiation time using UV-Vis absorption spectra and is
shown in Fig. 10. DR-81 showed an absorption maxima
at Amax =507 nm. However the intensity of absorption
maxima of the dye solution under study gradually
decreased and finally disappeared completely after 40
min of irradiation using sunlight in the presence of Ag,
Ni- codoped ZnO photocatalyst. This ensures the
complete degradation of the dye solution.

Photocatalytic mineralization of Direct Red-81
COD analysis was carried out under optimum
condition to confirm the mineralization of the DR-81
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Fig. 11 — Reusability test of Ag,Ni- codoped ZnO

dye. The COD of the dye solution before and after
photocatalytic irradiation was estimated to be 14599
and 30 mg/L respectively. These results confirmed the
complete mineralisation of dye using the synthesised
Ag, Ni- codoped ZnO photocatalyst under optimum
conditions showing 99.79% mineralization.

The % mineralization from COD values was
calculated as,

% mineralization = (COD,-COD,)/COD, x100

Reusability of the catalyst

The cost and stability of the photocatalyst is
significantly increased by the reusability of the
photocatalyst®. Figure 11 represents the reusability of
the catalyst. After the degradation experiments were
performed the photocatalyst was removed from
the dye solution carefully by centrifugation under
3200 rpm. The recovered nanoparticles were washed
with double distilled water for several times, dried in
an oven to 100°C and further employed for the
degradation studies of DR-81. The degrading
efficiency is the same for almost five consecutive runs
further, as confirmed by UV-visible absorption data.
Therefore, it can be concluded that the recycled
catalyst can be reused for the photocatalytic
degradation of dyes under the influence of sunlight.

Conclusion

A novel photocatalyst Ag, Ni-codoped ZnO, for
the degradation of environmental pollutants in
aqueous solutions, has been effectively synthesized
using an integrated approach of both co-precipitation
and sonochemical method with less expensive
precursors. The XRD, SEM-EDX and HR-TEM
analysis highlight the different optical, morphological
and structural characteristics of synthesised Ag, Ni-
codoped ZnO photocatalyst than bare ZnO. XRD
patterns reveal that the Ag, Ni- codoped ZnO sample
has a hexagonal wurtzite structure with an average

crystallite size of ~17.2 nm. The particle size
distribution histogram has been obtained using
Guassian fitting method and confirms the average
particle size of Ag, Ni- codoped ZnO as 17.35 nm
which is in consistent with XRD analysis. These
results are a clear indication of the substitution of Ag
and Ni ions into the ZnO lattice. The removal of DR-
81was 100 % in the presence of Ag, Ni- codoped ZnO
and this enhancement in photocatalytic activity
compared to ZnO photocatalyst is due to the increase
in the life time of charge carriers. The COD value has
decreased to 30 mg/L using sunlight illumination
under 40 min. The photocatalyst thus developed show
an increased photocatalytic activity, low dosage and is
efficiently stable for almost five consecutive runs.
Thus the incorporation of silver and nickel ions into
ZnO has made an effective technique to enhance the
photocatalytic performance of semiconductors in
environmental remediation applications.
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