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ABSTRACT

ZnO based photocatalyst is a promising solution for efficient photocatalytic
degradation of organic dyes. ZnO nanoparticles have been prepared using zinc nitrate
hexahydrate and sodium hydroxide as precursor by co-precipitation method. Fe, Ag,
Mg-doped ZnO nanoparticles were synthesized by wet-chemical based co-
precipitation method with different doping concentrations such as 0.05, 0.075 & 0.1
mol.%., respectively. For Ag co-doped Fe-ZnO nanoparticles were synthesized using
various concentrations Ag (0.01, 0.02, and 0.03%) of silver nitrate hexahydrate used
as a source material.

All the prepared nanoparticles are annealed at 450 °C for 1h. The prepared
nanoparticles were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM) with energy-dispersive X-ray analysis (EDX), UV—Visible spectra
(UV-Vis), Fourier Transform Infrared (FT-IR) spectra and 1-V analysis. XRD patterns
reveal that all the crystal phases are hexagonal wurtzite structure of ZnO. It also
clearly indicates that the primary peak position shifted towards to higher angles. This
minor shift is mainly happened due to doped (Fe**, Ag" & Mg®")) ions substitute for
ZnO matrix cause the reduction in average crystallite size and lattice parameters.

The SEM image of synthesized samples indicates that the dopant material
changes the irregular spherical structure into various morphology. EDX and FTIR
spectra of prepared samples reveal that the presence of elemental presentation and
chemical functional groups, respectively. By using the UV-VIS absorption spectra, the
decrease of band gap from 3.60 to 3.27 eV is red-shift due to the incorporation of

Ag/Fe/Mg into ZnO lattice. The increases in electrical conductivity value by
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increasing temperature from 30 to 130 °C. This phenomenon of increase in
conductivity can be explained on the basis of the increase in the charge carrier’s
mobility.

All the synthesized nanoparticles have been used to investigate the methylene
blue (MB) and methyl orange (MO) dye degradation at pH = 2, 4 & 6 for different UV
light irradiation time intervals. The influence of photodegradation parameters
maximum at pH=6 and catalyst concentration=10 mg accepted as an ideal for the all
the samples. The possible mechanism for the enhanced photocatalytic activity of
prepared samples under UV light irradiation is also tentatively proposed.

Fe, Ag, Mg (0.05, 0.075, and 0.1%)-doped ZnO shows higher photocatalytic
activity than that of undoped ZnO. Ag (0.01%, 0.02% & 0.03%) co-doped Fe-ZnO
nanoparticles shows enhanced dye degradation efficiency compared with undoped
Zn0.

The chapter | of the thesis gives the introductory and present investigation has
been dedicated to explain briefly.

The chapter Il covers the importance of various characterization techniques
and instruments used in the present study.

The chapter 111 briefly explains the variation of various properties and photo-
catalytic decolourization of Fe doped ZnO nanoparticles from simple co-precipitation
method.

The Chapter 1V and V discussed about:

e Synthesis of high crystalline and different mole ratios of Ag, Mg doped

ZnO nanoparticles using co-precipitation method.
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e Characterization of synthesized Ag, Mg doped ZnO nanoparticles using
XRD, SEM with EDX, UV-Vis spectra, FT-IR and IV techniques.
e Photocatalytic activity of all the synthesized nanoparticles for the treatment
of organic dyes and their degradation performance testing under UV light.
The Chapter VI briefly explains the variation of various properties and photo-
catalytic decolourization of co-doped (Fe, Ag ) ZnO nanoparticles from simple co-
precipitation method.
e Discussed the various Characterization techniques such as XRD, SEM,
EDX, FT-IR, UV Vis Spectroscopy |-V Characteristics and photo

degradation.
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CHAPTER -1



CHAPTER - |
Introduction to Metal Doped ZnO Nanoparticles and

Literature Review

1.1 Introduction

Now a days, the world facing several pollution problems, each and every day,
7x10° tons of harmful organic pollutants are discharged into the environment from
varies industries. Among them approximately 10,000 different types of dyes and
pigments were included. Organic dyes play a vital role owing to their great demand in
textile, cosmetic and food industries. These dyes are not only chemically stable, it will
produce deep colour with bad smell to the water and also highly carcinogenic in
nature [1]. To protect our environment from this chemical pollution, various water
treatment techniques have been contributed. Among them semiconductor
photocatalysis has a great potential to contribute the waste water treatment. Since the
mechanism of photodegradation of ZnO was proved to be same as TiO, [2].

Among the various solution routes, sol-gel via co-precipitation method is a
very attractive and popular method because it can be used to prepare on large area,
handy in nature, synthesis is carried out at room temperature and it is easy to control
the parameters. It is also permit tailoring of certain desired structural characteristics
such as compositional homogeneity, grain size, particle morphology and porosity.
Preparation of transition metal-doped ZnO nanoparticles by sol-gel via co-
precipitation method, characterization and investigation of their photocatalytic activity

have been reported in recent literature [3, 4].



Methylene blue (MB) is a cationic dye, generally used for coloring the papers,
hair colorant, dyeing the fabrics and ability to cause some harmful effects [5]. The
molecular structure of the dye is given in Fig. 1.1. Strong exposure can increase heart

rate and induce vomiting, cyanosis, jaundice and tissue necrosis in Human [6].
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Fig. 1.1: Molecular structure of Methylene blue dye

The photocatalytic activity of the photocatalyst was evaluated by using MB or
MO as a model pollutant. In the present work, the photocatalytic activity of M/ZnO
[M= Fe, Ag, Mg], for the degradation of MB under visible light irradiation was
investigated. An optimization of the photocatalytic process was attempted through
tuning a series of reaction parameters such as pH, catalyst concentration and dye
concentration. Intense research work on the preparation and characterization of
undoped and co-doped ZnO has been carried out by achieving higher efficiencies. The
work also includes the preparation and characterization of new class of (Ag, Fe & Mg)

co-doped ZnO nanoparticles based photocatalysts.



1.2 Zinc Oxide

Zinc Oxide (ZnO) is an inorganic wide bandgap (3.3 eV) semiconductor and it
belongs to I1-VI group of transition elements. Compared with all other materials it
shows higher electron mobility. In this section, the general properties of the ZnO
material including crystal structure and electronic structure are given in detail. It also
shows attracted features with excellent optoelectronic and piezoelectric properties [7,
8]. The important structural and physical parameters were given in Table 1.1.

Table 1.1 Important parameters of ZnO

Chemical Formula ZnO
Appearance White Solid
Molar Mass 81.38 g/mol
Melting and Boiling point 1,975 °C
Solubility in water Insoluble
Bandgap 3.3eV
Crystal structure Hexagonal Wurtzite
Space group ' -P6,mc

1.2.1 Crystal Structure

At room temperature ZnO shows hexagonal-shaped wurtzite crystal structure.
In addition to this it also exists in the cubic rock salt and cubic zinc-blende forms [9-
10]. In ZnO crystal structure, each Zn ion is surrounded by four oxygen ions, and vice
versa. The structure with tetrahedral configuration and its unit cell structure are shown
in Fig. 1.2. The Zn?* and O,- ions in grey and yellow colour, respectively. The lattice
parameters are a =b= 0.32498 nm and ¢ = 0.52066 nm. The volume of the ZnO unit

cell with a wurtzite structure is 23.8 x 10 nm® [11].
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Fig. 1.2: Crystal structure of ZnO (a) Wurtzite and (b) cubic zincblende
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Fig. 1.3: Various crystal planes of the ZnO hexagonal structure




1.2.2 Electronic Structure

Zinc (Zn) metal has the outer shell electronic configuration of 3d*® 4s* while
oxygen (O) has the outer shell electronic configuration of 2s* 2p*. Since ‘O’ has
greater electro negativity than ‘Zn’, this enables to draw the outer shell electrons of Zn
4s shell into unequal bonds with O. All the experimental studies show that the 3d
electrons of Zn have an influence on the valence band electrons of Zn and O such as
Zn-4s and O-2p [12, 13]. Additionally, hybrid orbital’s strongly influence the Zn-4s
and O-2p electrons. Due to the existence of conduction band minimum and valence
band maximum in phase the band gap is high. In addition to this its wave functions/k-

vector values are the same.

1.3 Applications of ZnO

ZnO nanoparticles are widely used in various fields like optoelectronic devices,
solar cell application, LED, photodetectors, optical switches, Super capacitor
application and photocatalytic application. Among this photocatalytic application is
very important for our healthy life, due to this the effect of various parameters are
analysed in the present research work.
1.3.1 Photocatalytic Degradation

An especially designed photocatalytic reactor system made of wooden chamber
was used for photodegradation experiments, which contain 10 ml of MB dye (20 mg/l)
solution and 6 mg of undoped and (Ag, Fe) co-doped ZnO catalysts. Before the UV-
irradiation, the solution was stirred in the dark (15 min) to permit stability of the
system. lIrradiation was maintained out using UV table lamp of 15 W having

wavelength 365 nm was reserved inside the wooden chamber. The distance between



photoreactor and light sources was 20 cm. During the UV-irradiation and MB or MO
solution were 2-3 ml was withdrawn and centrifuged to separate the catalyst. The
enhanced photocatalytic degradation of MB or MO dye was observed by evaluating
the absorbance using a UV-Vis double beam spectrophotometer (Shimadzu-AU-2707)
at ~664 or ~464 nm wavelength. The photocatalytic degradation (%) of MB in each
sample was calculated using the Eq. (1) [14].

Degradation percentage = [(Ag Ay)/Aq] % 100 (%) .. (1)

Where ‘Ay’ is the absorbance of initial sample (t = 0 min) at ~664 or ~464 nm,
‘A¢ is the absorbance at the same wavelength of the UV irradiated solution (t = t min).
Similar stages were repeated for pure ZnO and other three samples of (Ag, Fe) co-
doped ZnO nanocomposites. The photocatalytic degradation percentage calculations
were made according to above Eq. (1).
1.3.2 Mechanism of Degradation

Fig.1.4. displays a mechanism of the charge separation and photocatalytic
degradation for (Ag, Fe) co-doped ZnO nanocomposites based photocatalyst. When
heterogeneous semiconductor is irradiated by UV light, a valence band electron (VB)
goes to the conduction band (CB), exit a hole in the valence band. Mostly,
recombination of electron—holes reduces the photocatalytic degradation of
heterogeneous semiconductors. However, the presence of ‘Ag’ and ‘Fe’ hold the
electron from CB of ZnO, suppressing the electron—hole recombination [15, 16].
Moreover, Ag acts as a sink of the electrons from CB of ZnO and after that silver (Ag)
is oxidized by the absorption of oxygen to produce reactive oxygen species (O,). The

reactive oxygen species (O,) is then further reduced to form hydroxyl radical (-OH).



On the other hand, the holes combine with water to form hydroxyl (-OH) radical and
these hydroxyl radicals (-OH) break down the dye molecules in order to degrade the
dye. ‘Fe’ doping also overwhelms recombination of electron and positive holes by

electron trapping.

Methylene blue + .OH/ O, —» CO,+H,0
Methylene orange + .OH/ O, 5 CO,+H)O
Fig.1.4: Photo-degradation mechanism of the MB and MO dye in presence of
(Ag, Fe) co-doped ZnO nanocomposites
It is shown that the photocatalytic degradation of (Ag, Fe) co-doped ZnO
nanocomposites based photocatalyst is higher than that of all other semiconductor
photocatalysts. The trapping nature of Ag and Fe produced more superoxide radical
anion, and at the same time VB holes of ZnO react with water to produce highly
reactive hydroxyl radical (-OH). The superoxide radical anion and hydroxyl radical

are used for degradation of dye.



1.4 Literature Survey

Zhang et al. [17] have reported the synthesis of ZnO nanoparticles by simple
chemical method. The structural and optical properties of the prepared ZnO
nanoparticles have been confirmed by using TEM, XRD and UV-VIS spectroscopy.
The synthesized nanoparticle shows lattice contraction due to high attractive
electrostatic interaction between Zn®* and O, ions. Band gap energy of ZnO
nanoparticle is 3.4 eV, obtained from the UV-Visible reflectance spectra, which is
higher than that of the bulk. Absorption peak of the prepared sample is 262nm which
is highly blue shifted as compared to the bulk (360 nm). Large band gap energy and
highly blue shifted absorption edge confirm that the prepared ZnO nanoparticle
exhibit strong quantum confinement effect. The average sizes of the sample have also
been determined to be 5 to 8 nm from the peak absorbance wavelength and using the
equation derived from the effective mass model. As temperature increases the particle
size of the sample is found to be increases.

Abinaya et al. [18] have synthesized ZnO nanoplates with a low temperature
and aqueous solution-based method without a calcination process. This method was
also found to be easy and simple approach for the incorporation of Cu and Ag dopants
into ZnO. X-Ray diffraction (XRD) studies confirmed that the synthesized samples
were in hexagonal wurtzite structure. From the FESEM images it is observed that
although the morphology does not change with dopants it has increased antibacterial
activity compared to pure ZnO. The absence of impurities and the presence of Cu and
Ag were evidenced by EDX. HRTEM images also confirmed the morphology as

nanoplates. UV-Visible absorption analysis shows characteristic absorption peak of



ZnO nanoparticles. The most interesting observation was found that the Ag doped
ZnO has MIC values against E.coli, S.aureus and S.typhi comparable to commercial
antibiotics, which has the mechanism for bactericide. The XPS results revealed the
oxidation state of Ag as metallic silver. The photo activation of ZnO and the metallic
Ag were the main cause for the enhanced activity.

Madras et al. [19] synthesized hexagonal wurtzite ZnO was carried having
BET surface area of 16.8 m%g. A modification to ZnO was performed by Ag
substitution and impregnation bearing surface area of 14.2m%g and 12.4m%qg,
respectively. The XPS results revealed the Substitution and impregnation of silver as
Ag+ ion. The photocatalytic tests showed that Ag impregnated ZnO exhibits excellent
bacterial inactivation. The porous and open structure of ZnO favored the effective
Inactivation by increasing the number of active sites and effective charge separation
observed in presence of Ag. Ag acts as an electron sink and hole as hydroxyl radical
former for the photochemical killing of bacteria.

Tripathi et al. [20] have reported the photocatalytic activity of pure and Ag-
doped TiO, photocatalyst was examined by performing the photodegradation of
methylene blue dye. The experimental result exhibited that Ag-doped TiO,
photocatalyst can effectively degrade MB under visible light irradiation and 4.0 mole
% Ag-doped TiO, showed the highest photocatalytic activity among all the samples
synthesized by sol-gel route. The antibacterial activity was tested against bacterial
strain such as Escherichia Coli, Pseudomonas aeruginosa, Klebsiella pneumoniae and
Enterobacter Cloacae. Parallel analysis by various characterization tools (XRD,

Raman, SEM, EDS, TEM, UV- visible, FTIR and PL) also demonstrated that the Ag-



doped TiO, photocatalyst showed enhanced photocatalytic and antibacterial activity.
TEM analysis confirms the presence of anatase phase structure without any other
impurity phases. SEM images showed the uniform morphology in the form of tiny
crystals. EDX spectrum revealed the presence of Ag, along with to Ti and O. UV-
visible spectroscopy shows a systematic variation in absorption edge with increasing
Ag substitution.

Chauhan et al. [21] were synthesized Ag-doped ZnO nanoellipsoids by simple
solution process at low-temperature and used as effective photocatalyst. X-Ray
diffraction (XRD) studies confirmed that the as-synthesized nanoellipsoids are well-
crystalline, possessing wurtzite hexagonal phase and grown in very high density. The
as-synthesized Ag-doped ZnO nanoellipsoids were used as photocatalysts and series
of photocatalytic experiments revealed that the photocatalytic degradation efficiency
was enhanced with increasing the amount of Ag-doped ZnO nanoellipsoids up to
certain extent and after that the reduction in degradation was observed. Under
optimized conditions, ~99.5% photo-degradation of MO was achieved in 240 minutes.
Further, the fabricated Ag-doped ZnO NEs based hydrazine sensor exhibited a high
sensitivity of ~9.46 uA/cmz. uM and detection limit of 0.07 uM in a short response
time of < 10s. The presented work demonstrates that simply prepared Ag-doped ZnO
nanoellipsoids are efficient photocatalyst and electron mediator for the fabrication of
highly sensitive chemical sensors.

Manjari et al. [22] were synthesized the Cu, and Ag NPs and Cu,ZnO and
Ag@ZnO nanocomposite using aqueous bark extract of A. Analysis by various

characterization characterized using UV-Vis Spectra, XRD, Raman spectra, TEM,
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SAED, EDAX, and FTIR. The characterization reveals the formation of Cu and Ag
nanoparticles with an average size 18 and 12 nm, immobilized over surface of ZnO.
The synergetic effect between metal and porous material exhibited enhanced catalytic
and recyclable activity than pure Cu and Ag NPs in both liquid and solid phase. As
compared to Ag/ZnO, Cu/ZnO has exhibited eminently high heterogeneous catalytic
activity in the reduction of p-NP. Finally, immobilization of metal nanoparticles over
surface of porous material exhibited more stability and activity by easily dispersion of
catalyst in reaction solutions.

Yanhong Lin et al. [23] synthesized a series of Fe/ZnO photocatalysts by a
simple and rapid facile hydrothermal method. The difference in the transfer pathway
of photogenerated electrons results in the different photocatalytic activity under the
irradiation of UV and visible light because of the coexistence of Fe** and Fe®" in the
ZnO host. When the samples are irradiated by UV light, the Fe ions may act as traps
for the photogenerated electrons and holes and promote the recombination; thus, the
Fe/ZnO photoactivity is reduced. Whereas, in the presence of visible light, the
existence of Fe®**/Fe®'can facilitate separation, and hider recombination
photogenerated electron-hole pairs from excited RhB.

Faheem Ahmed et al. [24] have reported different water samples, the Fe—Ag
co-doped TiO, NPs were found to be an excellent decontaminating catalyst for
flumioxazin. The compound persists for several days in the absence of a catalyst. The
mobile phase, acetonitrile, and HPLC water have shown good separation and
resolution, and the time required to analyze three different types of buffers for

chromatographic determination is a very short run time. Photocatalytic studies of
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flumioxazin at various conditions such as acidic, basic, and neutral revealed that the
activity was enormously increased with Fe—Ag co-doped TiO, NPs as the time frame
is fixed for a stipulated number of hours, whereas the activity was not found without
addition of Fe-Ag co-doped TiO, NPs, even though experiments were carried out
over several days.

Esmaeil Babanezhad et al. [25] were prepared to improve the photocatalytic
efficiency under visible light irradiation, Ag/Fe,O3 doped ZnO nanostructures by a
facile co-precipitation method. XRD and EDX reveal the presence of Ag and Fe,O3 in
ZnO matrix with a hexagonal structure growth in 101 directions. FESEM images
show agglomeration of NPs irregularly shaped, decreasing with increasing doped
concentration, also appearing of scattered of Nanorod, Nanosheet, and small single
NPs. The optical Characterisation shows Ag/Fe,O; doped ZnO has increased
absorption in the visible light region when compared to undoped ZnO. This three
component Nano junction (ZnO/Ag/Fe,03) system showed enhanced photocatalytic
activities for the degradation of MB dye. The degradation efficiency of undoped ZnO
and doped ZnO enhanced using coprecipitation due to high aspect ratio of ZnO and
the effects of a doped nanostructure. The photocatalytic activity enhanced almost
attributed to the excellent separation of photo generated charge carriers.

Mariani A. Ciciliati et al. [26] were synthesized nanostructured zinc oxide and
iron doped zinc oxide by a simple modified sol-gel method. The ZnO could be doped
with 1mo 1% of Fe ions. Results indicate that, most probably, with more than 2 mol%
of Fe, Fe,O3; phase segregation occurs. The average crystallite size of the samples

decreased with an increase in the Fe doping amount. Then a noparticles showed a near
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hexagonal shape. A decrease in the band gap energy was observed from 3.1eV (ZnO)
to 2.3eV (Feio Zngo), and the surface area increased from18 (Zn 100) to 55 m* g™ (Fes-
Zngs).

S. Malghe et al. [27] we reported synthesis of visible light activated N-doped
ZnO nanospheres using microemulsion method. Through UV analysis clearly shows
red shift in the absorption spectra due to N-doping. The photocatalytic degradation of
MG follows pseudo first order kinetics over pure and N-doped ZnO catalysts. N-
doped ZnO sample prepared at 500 ‘C showed excellent visible light photocatalytic
activity. Photocatalytic degradation rate for pure is1.29 x 10 ?min * and N-doped ZnO
is 2.6 x 10 ?min *. This was due to the significantly enhanced absorption ability of N-
doped ZnO in the visible region, small crystal size, and larger surface area. The
catalyst is highly stable and can be used repeatedly.

Roya Mohammadzadeh Kakhkil et al. [28] were prepared ZnO and Ag doped
ZnO based visible light photocatalysts developed by using a new method. low cost,
high production and excellent performance of the resulting products. Various mol% of
highly active silver modified and unmodified ZnO photocatalysts were prepared. The
structural and optical properties of the resultant materials were characterized by UV—
Vis, XRD, PL, FTIR, FESEM and EDS. Photocatalytic activity of all samples was
determined by analyzing the degradation of methylene blue in the presence of the pure
ZnO and Ag doped ZnO nanoparticles. Silver modification caused the material to
show significant improvement in the photocatalytic activity. 0.5 mol% silver was
considered as the optimum concentration. Also, the effect of initial MB concentration,

the amount of catalyst and the pH of solution on photo degradation of MB was
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investigated. The mechanism of photocatalytic activity was studied and it was found
that the presence of silver facilitates the interfacial charge transfer processes.

Thi Kieu Xuan Huynh et al. [29] In this study, ZnO nanoparticles was modified
with AgNO;, KF by thermal shock method. The experimental results show that all
modified ZnO catalysts exhibited higher photocatalytic activity than unmodified ZnO
sample. The enhanced activity of Ag-ZnO is attributed to silver species (Ag® and Ag")
on its surface, which is able to create the absorption in the visible region and suppress
the charge recombination whereas the improved activity of F-ZnO is assigned to the
increase of surface hydroxyl groups and the formation of zinc vacancies, which can
promote the generation of hydroxyl radicals and enhance the mobility of
photogenerated holes.

Rosari Saleh et al. [30] have deposited Fe-doped ZnO nanoparticles with
various dopant concentrations using co-precipitation method. The structural,
morphological, optical and magnetic properties as well as the photocatalytic activity
under UV irradiation have been performed. The effect of pH on the photocatalytic
activity was investigated. The results indicated that an acidic medium is appropriate
for the degradation of MO, while the degradation of MB is enhanced in an alkaline
medium. However, in general, Fe-doped ZnO nanoparticles are better catalysts for the
degradation of methyl orange under UV irradiation than for the degradation of
methylene blue. The results also revealed that the addition of a dopant atom
significantly improved the photocatalytic activity. The optimum conditions for the

photocatalytic activity were obtained at a Fe doping concentration of 21 at. %, an
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initial dye concentration of 20 mg/L, a catalyst dose of 0.6 gr/L and a pH of 4 for MO
and 13 for MB.

L. John Kennedy et al. [31] were synthesized ZnO and Co?*" doped ZnO by co-
precipitation method dried at 200 °C for 1 h followed by annealing at 500 °C for 3 h.
Nano sized particles with various nanostructures were synthesized and it was found
that as Co®* concentration increases, the crystallites size decreases. The lattice is
subjected to strain due to the substitution of dopant. Secondary phases corresponding
to Cos0, were observed for higher concentration of Co?* doping. It was observed that
the band gap of pure ZnO decreases as Co?* dopant increases. UV emission in pure
ZnO was identified along with defect states. As Co?* concentration increases, UV
emission completely vanishes and only defect states corresponding to violet emission,
blue emission, green emission, emission were identified. For undoped and Co®* doped
ZnO powders, the absorption peak at around 428 cm™*, confirms the formation of ZnO
by the FTIR spectra. Different morphologies such as nano hollow rods, nano rods,
nano sheets with pores, nano spheres were identified. The BMP model is the more
probable mechanism responsible for RTFM due to the presence of defects and oxygen
vacancies which led to the formation of BMPs.

Arthoba Nayaka et al. [32] synthesized pure ZnO and Cr-doped ZnO
nanoparticles by a simple microwave combustion method. The effect of Cr doping on
the structure, optical and electrical properties of ZnO were studied. The particle size
of the synthesized nanoparticles was found to be ~30 to 66 nm. The SEM and TEM
analyses were showed that the crystal structure of ZnO and Cr-ZnO. The UV analysis

of synthesized nanoparticles was studied by measuring of band gap energy. This
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reveals that with increasing the doping concentration of Cr up to 8 wt%, the band gap
edge shifted to longer wavelength region. 1-V characteristics of the ZnO and Cr doped
ZnO films in dark and under UV-illumination showed that, the band gap of ZnO
found to be decreased with increase in Cr content up to 8 wt%.

Auttasit Tubtimtae et al. [33] ZnO nanorods were prepared by a simple low-
temperature aqueous solution technique on undoped and indium-doped ZnO films.
The undoped film consists of nascent nanorods, but doping changes the surface
morphology of the film. Nanorods grown on the undoped film are single-crystalline
and vertically aligned to the substrate and become branch-like structures after 2 wt%
doped in the film. PL spectra reveal the good optical properties of the nanorods and
indicate that being ZnO. Doping with 2 wt% indium results in the largest increase in
electrical conductance in the ZnO film and yields the best power conversion
efficiency.

Rosari Saleh et al. [34] were synthesized Zinc oxide nanoparticles doped with
manganese and cobalt by a coprecipitation method and were used as a catalyst in the
process of photodegradation of methyl orange as a dye model. Doping of ZnO with
manganese and cobalt results in an enhanced photo degradation efficiency. The
photodegradation efficiency was influenced by different reaction parameters such as
the type of dopant, the amount of dopant and the pH values. The maximum
photodegradation efficiency for methyl orange was obtained with a catalyst ZnO
loading of 12 at.% of Mn and a pH value of 4.

Anandan et al. [35] synthesized La-doped ZnO nanoparticles with different La

contents and were characterized by various sophisticated techniques such as XRD,
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UV-Visible, AFM, XPS, and HR-SEM. The XRD results revealed that La** is
uniformly dispersed on ZnO nano particles in the form of small La,O5 cluster. It was
found that the particle size of La-doped ZnO is much smaller as compared to that of
pure ZnO and decreases with increasing La loading. Rough and high porous surface of
La-doped ZnO was observed by AFM, which is critical for enhancing the
photocatalytic activity. The photocatalytic activity of La-doped ZnO in the
degradation of monocrotophos (MCP) was studied. The effects of the adsorption of
MCP, lights of wavelength, and the solution pH on the photocatalytic activity of La
doped ZnO with different La loading were studied and the results were compared with
pure ZnO and pure TiO,. It was observed that the rate of degradation of MCP over La™
doped ZnO increases with increasing La loading up to 0.8 wt% and then decreases. It
was found that the doping of La in ZnO helps to achieve complete mineralization of
MCP within a short irradiation time. Among the catalyst studied, the 0.8 wt% La"
doped ZnO was the most active, showing high relative photonic efficiencies and high
photo-catalytic activity for the degradation of MCP.

M. Shanthi et al. [36] was synthesized Ce-co-doped Ag—ZnO by a simple solvo
thermal method. The presence of Ce and Ag in the catalyst has been revealed by
XRD, FE-SEM images, EDS, DRS, PL, CV and BET surface area measurements. Co-
dopants shift the absorption of ZnO to the entire visible region. Ce-Ag-ZnO shows
lower reflectance in the visible region than ZnO, and shifting of the absorption edge to
the visible region when compared to ZnO. The lower reflectance led to a higher
absorption visible region. The PL spectra reveal the suppression of recombination of

photo generated electron—hole pairs by Ce and Ag loading on ZnO. ‘Ag’ and Ce*" trap
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the photo-excited electrons, so that the recombination rate of the electron—hole pairs
decreases. Ce-Ag-ZnO is found to be more efficient than Ag-ZnO, Ce-ZnO, bare
ZnO, commercial ZnO, TiO,-P,; and TiO, (Merck) for degradation of NBB
degradation under solar light. The optimum pH and catalyst dosage for efficient
removal of dye are found to be 9 and 3 g/l, respectively. COD measurements confirm
the complete mineralization of the NBB molecule. A mechanism involving electron
trapping by Ag and Ce is proposed to explain the higher photocatalytic activity of the

catalyst. The catalyst was found to be reusable.

1.5 Objectives of the Present Work
The primary objective of present research is to progress an organized study

on the preparation of undoped, Fe, Ag, Mg doped ZnO and Ag co-doped Fe-ZnO
nanoparticles for photocatalytic applications.
The following is an overview of the thesis structure:

The chapter 1 of the thesis gives the introductory and present investigation has
been dedicated to explain briefly.

The chapter 2 covers the importance of various characterization techniques and
instruments used in the present study.

The chapter 3 briefly explains the variation of various properties and photo-
catalytic decolourization of Fe doped ZnO nanoparticles from simple co-precipitation
method.

The Chapter 4 and 5 discussed about:

e Synthesis of high crystalline and different mole ratios of Ag, Mg doped ZnO

and using co-precipitation method.

18



Characterization of synthesized Ag, Mg doped ZnO nanoparticles using XRD,
SEM with EDX, UV-Vis spectra, FT-IR and IV techniques.

Photocatalytic activity of all the synthesized nanoparticles for the treatment of
organic dyes and their degradation performance testing under UV light.

The Chapter 6 briefly explains Synthesis, Characterizations of Synthesized
nanoparticles and photo-catalytic decolourization of Ag codoped Fe -ZnO
nanoparticles from simple co-precipitation method.

Finally the conclusion and perspectives of the research work in which

important points of the results were summarized.
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CHAPTER - 11

Preparation and Characterization Methods

2.1 Introduction

In this chapter, the preparation of nanoparticles is discussed in detail. The
nanoparticle synthesis is one of the most active research in modern manufacturing of
new materials due to their fascinating properties at the nanoscale level. In general,
nanomaterials can be synthesized in two fundamentally different approaches namely,
top-down and bottom-up approaches. In top-down approach, the bulk materials are
divided into microparticles and further in the order of nanometers. On the other hand,
bottom-up approach the nanostructured materials are synthesized from atomic level

and is shown in Fig.2.1.
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Fig.2.1: Schematic diagram of Top-down and bottom-up approaches

However, it is subdivided into two types such as physical and chemical
methods. In the physical method, nanoparticles are prepared from a top-down
approach. Laser ablation, radiolysis, vaporization, physical vapor deposition (PVD),

are the example for some physical processing methods. Other methods like ball
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milling and high melting mixing are the example for mechanical processing methods.
In chemical methods, nanomaterials are synthesized in terms of bottom-up approach
such as chemical vapour deposition (CVD), sol-gel method, solvothermal method,
hydrothermal method, co-precipitation method, templating and chemical reduction
methods, etc. Among these methods, the present research focuses on co-precipitation
method. Because it is simple and cost-effective technique which has been used by
many researchers for the synthesis of semiconducting nanoparticles.This chapter
contains a brief description of the chemical routes to prepare and investigate the

semiconducting nanoparticle.

2.2 Chemical Methods

There are various chemical methods have been developed to prepare doped
ZnO (Fe, Ag, Mg) and co-doped ZnO ( Fe, Ag) nanoparticles, among them the most
common methods are discussed below.

2.2.1 Chemical Vapour Deposition (CVD)

Chemical Vapour Deposition (CVD) is an excellent method, which is utilized
to control the crystallinity, particle size, shape and chemical compositions. CVD
process is used to obtain high-purity and performance nanomaterial based thin films.
CVD technique involves chemical reaction between organo-metallic precursor and a
carrier gas. The quality of the deposited materials strongly depends on the
concentration of the precursors and the reaction temperature [1]. It also includes
trichloride, metal-organic and hydride chemical vapor deposition method. In a typical
CVD process, the atoms or molecules which are in the gaseous state are either allowed

to react homogeneously or heterogeneously depending on applications. In
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homogeneous CVD, the atoms or molecules in the gas phase are diffused towards the
cold surface owing to the thermophoric phases. The diffused particles collected from
cold surface to give nanopowders or deposited onto a substrate film. In heterogeneous
CVD, a dense film of nanoparticles is obtained on the substrate surface. The
advantages of this method include the uniform coating of nanofilms. This process has
some restrictions that include it is hard to scale up and the highest annealing
temperatures reported by Sudarshan [2]. In some of the processes, the chemical
reaction may be activated through an external agency, such as, application of heat, rf
field, light or X-rays, an electric or glow discharge or electron bombardment.
2.2.2 Sol-gel Method

Sol-gel technique is a flexible synthesis approach that can be used to
incorporate the creation of inorganic colloidal suspension in a liquid (sol) turned into
continuous network (gel) phase. The sol-gel method is based on poly condensation
reactions of metal chlorides/alkoxides precursors with precise stoichiometric ratio to
produce nano materials. When the polymerization is complete and the solvent has
evaporated, the sol forms a gel. The crystallite size and shape are controlled by the
sol-gel transitions. A gel is not static during aging but can continue to undergo
hydrolysis process and condensation chemical reaction is given in Equation 2.1 & 2.2.
M-O-R + H,0 — M-OH + R-OH (Hydrolysis) ... (2.1)
M-O-H + R-O-M — M-0O-M + R-OH (Condensation) ...(2.2)

The precursor sol can be further processed to obtain the substrate in a film,

either by dip or spin coating, or cast into a container with desired shape or powders by

calcinations. The sol-gel method is an interesting, cheap and low temperature
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technique, which is used to produce a range of nanoparticles with controlled chemical
compositions. In aero gel, the final material can be designed to have interconnected
nanoscale porosity and hence a high surface area. The sol-gel derived nanoparticles
are used in wide range applications like optics, electronics, energy, space, bio-sensors
and drug delivery.
2.2.3 Solvothermal Method

The solvothermal method is similar to the hydrothermal method, with the
exception that the variety of solvents other than water (non-aqueous) can be used for
this process. Solvothermal process involves the use of a solvent under moderate to
high pressure (typically between 1 and 10,000 atm) and temperature (typically
between 100 and 1000 °C) that allows the interaction of precursors during synthesis.
Organic solvents with high boiling point are possible to achieve much higher
temperatures [3]. This method versatile nature has better control of the crystallinity,
size and shape distributions than the hydrothermal method. A wide variety of ZnO
nanoparticles or nanorods with/without using the surfactants are prepared from this
technique.
2.2.4 Hydrothermal Method

Hydrothermal method is promoted by an inorganic formation in a pressurized
vessel called an autoclave under elevated pressure and temperature in the presence of
water. A hydrothermal method can be described as “a chemical reaction in a closed
system in the occurrence of a solvent (non-aqueous and aqueous solution) at a
temperature greater than the boiling point of a solvent”. Temperature in the autoclave

can be raised above the boiling point of water, which reaches the pressure of vapour
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concentration. The hydrothermal method has been widely used to control the
crystallite size, phase and surface morphology through regulation of the solution
composition, response temperature, pressure, additives, solvent properties and aging

time [4]. The typical Teflon-lined autoclave apparatus is shown in Fig. 2.2.

Inner teflon reactor

Outer stainless steel

< Rupture disc

o =2
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>
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lower pressure plate

Fig.2.2: Autoclave apparatus

2.2.5 Co-precipitation Method

The Co-precipitation is a wet-chemical technique used to produce nano
crystalline materials with high specific surface area, superior homogeneity, purity,
better micro structural control of metallic particles, narrow pore size and uniform
particle distribution. Co-precipitation method also offers several other advantages, like
low temperature processing, possibility of coating on large area substrates and most

importantly cost effective.
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Co-precipitation method is more suitable to prepare optical materials as it
permits molecular-level mixing, processing of raw materials, and preparation of
precursors at relatively lower temperature, produces nano-structured bulk powders and
thin films. This method is an efficient pre-concentration technique for tracing heavy
metal ions. In addition, the shape and size of the particles can be controlled by altering
pH of the medium. This method is often used to produce metal oxide nano materials at
low-cost.

There are three main mechanisms of co-precipitation: inclusion, occlusion and
adsorption. An inclusion occurs when the impurity occupies a lattice site in the crystal
structure of the carrier, resulting in a crystallographic defect; this can happen when the
ionic atoms and charge of the impurity are similar to those of the carrier. An occlusion
occurs when an absorbed impurity gets physically trapped inside the crystal as it
grows. An adsorbate is an impurity that is weekly bound to the surface of the
precipitate.

Co-precipitation is also potentially important to many environmental issues
closely related to water resources, including acid mine drainage, radio nuclide
migration in fouled waste repositories, metal contaminant transport at industrial and
defense sites, metal concentrations in aquatic systems, wastewater treatment
technology and also used as a method of magnetic nano particle synthesis.

A detailed study has been made about the various methods available for
preparation of ZnO nano particles. In the present study co-precipitation method has
been used for the preparation of undoped, Fe, Ag doped ZnO and codoped

(Fe,Ag ) ZnO nanoparticles.
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2.3 Characterization Medthods

To identify the structure, surface morphology, chemical composition, optical
and electrical properties of the prepared samples are characterized using various
characterization techniques. All the equipment setup, characterization tools and
working principle are explained in detail in this section.

2.3.1 X-Ray Diffraction Technique (XRD)

The physical characteristics of nanoparticles are extremely affected by
structure. X-ray diffraction, neutron diffraction technique, and Raman spectroscopy
were uniquely used to identify the structure of samples. Among these, XRD technique
have dominant role in the characterization due to its simplicity, quantitative and more
reliability.

X-ray diffraction technique is a versatile, non-contact and non-destructive
technique used to analyze the crystal structure and the schematic diagram of X-ray
diffraction is shown in Fig. 2.3(a). It also provides valuable insight about the
crystalline quality, lattice planes and unit cell dimensions, etc. X-rays are produced by
a CRT, filtered to generate monochromatic radiation, collide to concentrate and then
directed towards the sample. Generally, when X-ray beam incident on a sample,
interacts with the electrons and it scattered out by the sample atoms. However, the
XRD technique works only for the scattered elastic X-ray waves, they are partially
coherent may interfere with the incident waves under certain conditions. Therefore,
crystal information can be obtained from the elastic scattered X-ray waves. The
interaction of the X-rays with the sample produces constructive interference based on

Bragg’s law reported by Rousseau [5],
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Zdhk|Sin9 =n\ (23)
Where, ‘dpy’ is the distance between adjacent planes, ‘0’ is the scattering angle of

incident X-ray, ‘n’ is the order of diffraction and ‘A =1.5406A" is the wavelength of

the X-ray. The lattice parameters ‘a’ and ‘c’ of hexagonal wurtzite structure can be

calculated by using the following equation 2.4 [6],
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Fig.2.3: (a) Schematic diagram of XRD apparatus and
(b) Photograph of XRD apparatus
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Where, a and c are the lattice constants of the unit cell.
For (002) plane dgy,= c/2 and
For (100) plane dygo=0.86 x a
The average crystalline size (D) of the samples can be calculated from the full width

at half maximum (FWHM) using Scherrer’s formula [7].

ook
" PBcosH

.. (2.5)

Here ‘k’ is the shape factor = 0.94, ‘A’ is the wavelength of X-rays used, ‘B’ is
the FWHM and 0’ is the Bragg’s angle [8]. In the present work the prepared undoped
and doped ZnO samples are analyzed by using PANalytical X-ray diffractometer
[Fig.2.3(b)] with CuKa (A =1.5406A) radiation. The scanning of the sample lies in the
range of 10-80° and step size is 0.02/sec.

2.3.2 Scanning Electron Microscope (SEM)

The Scanning Electron Microscope (SEM) is used to investigate the surface
morphology of the prepared samples. SEM image was produced by scanning the
sample with a high energy beam of electrons, emitted by the secondary or scattered
electrons. Various interactions may occur with the high energetic electrons. These
interactions cause the emission of the secondary electrons, backscattered electrons,
characteristic X-rays, Auger electrons and cathode-luminescence emission on the top
side of the sample. The emitted electrons collected by a suitable device and translated
into signals that contain information about the sample's topography, surface
morphology and composition of the sample. In the most standard detection mode,

signals are covert into image of the sample on a CRT.
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The schematic diagram of the typical SEM apparatus is shown in Fig. 2.4(a).
The SEM used in this work consists of two column chambers under vacuum. The
upper chamber containing the electron gun column acting as an electron source, which
can be either a tungsten filament made of lanthanum hexaphoride (LaBg) crystal acts
as a thermionic emitter. The lower chamber with sample holder and stage control
without breaking vacuum is done by using various pumping techniques with pressure
control holes. The beam is passing through a pair of scanning coil which deflect the
beam in the x-y axes so it scans in a rectangular area of the sample surface. There are
two magnetic condenser lenses and apertures are used to focus the electron stream of
about 0.4 nm to 5 nm in diameter and also to eliminate the high-angle electrons from
the beam. The objective lens focuses the scanning beam onto the sample. There are
suitable detectors to detect the secondary electron emission after the interaction with
the sample. The process was repeated until the whole area of the sample and it has
been scanned over the CRT screen.

The ejected secondary electrons and backscattered electrons have energy in the
range of few 100eV to 40 keV. This sufficient energy stimulates a scintillator and then
emitted light amplified using a photomultiplier tube and converted into a digital
Image. The amount of emitted secondary electrons increases with the angle between
the surface and the incoming electron beam. The acceleration voltage between the
cathode and the anode is ~0.5 to 30 kV magnitudes under vacuum (~ 10°® Pa) in the
column of the microscope. SEM image can produce very high-resolution images of
the sample, revealing the details ranging from 1 to 5 nm. In scanning electron

microscope, a wide range of image is magnified in the range from x25 to x250, 000.

32



These images have a very large depth of field yielding a characteristic 3D appearance
useful for understanding the surface structure of the sample. In SEM analysis, sample
preparation is the only requirement and the sample must be conductive to undergo
SEM analysis.

In the present study, the surface morphological image of the prepared samples
has been studied using SEM-JEOL JS-6390 series scanning electron microscope and

is shown in Fig.2.4 (b).
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Fig.2.4: (a) Schematic diagram of a SEM and (b) photograph image of a
SEM-JEOL JS-6390 apparatus set up
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2.3.3 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX, EDS, EDAX or XEDS) is an
analytical technique used to identifying the elemental analysis or chemical
compositional variation of a sample. The basic principle of EDX characterization
relies that each element has a unique atomic structure allowing X-rays to identify each
other and it is due to the electromagnetic emission spectrum. EDX works as an
energy-resolving device and it present such as a multichannel analyzer, shown in
Fig.2.4 (b). EDX also provides the stoichiometry information of the composite
material under investigation.

In this technique, the high energy beam of charged particles, such as electrons
or protons, or the X-ray beam, is focused into the sample to induce the characteristic
X-ray emission from a sample. The ejected electrons during the interactions lead to a
second detectable signal (X-ray excitation). Some of the secondary electrons emitted
leave behind an inner shell hole of a surface atom and these holes are recombine with
electrons. The energy difference between the higher energy and the lower energy
orbital shells of the atoms may be released in the form of X-rays as shown in the
Fig.2.5. The produced characteristic X-rays are analyzed by two dispersion methods.
There are Wavelength Dispersion (WD) and Energy Dispersion (ED) methods. The
energy of the X-rays emitted from a sample can be measured by an energy dispersive
(ED) spectrometer. In ED system, a lithium drifted silicon detector is placed close to
the sample to receive the X-rays. Compared with WD, the ED is fast and convenient
in scanning. The whole range of X-rays can be collected and analyzed to allow

identification of the element in the region. The EDX pattern displays the different
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peaks corresponding to the elements present. This allows the concentration of the
elements present in the sample to be measured.

In the present investigation, the presence of elements in the synthesized sample
have been identified using energy dispersive X-ray analysis (EDAX, Thermo-Noran

system Six) system attached with JEOL JS-6390 scanning electron microscope.

kicked-out .
electron - -

radiation
energy

Fig. 2.5: Principle of EDX analysis
2.3.4 Fourier transforms infra-red spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) has become the standard
technique, provides specific information about the chemical characterization. IR
spectroscopy is a non-destructive technique for identifying chemicals that are organic
or inorganic. FTIR can be applied to the analysis of solid, liquids and gases. FTIR
spectrometer collects all the wavelengths simultaneously and digitizes the inter-ferro
gram, performs the FT function and converted from an interference pattern to displays
the spectrum. FTIR is the most powerful tool for identifying the chemicals from

paints, polymers, coatings, drugs and contaminants types and chemical bonds
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(functional groups). By understanding the IR absorption spectrum, the chemical bonds
in @ molecule can be determined. FTIR spectrum of undoped sample is typically so
unique that they are like a molecular “fingerprint”. To identify the organic compounds
IR was used, the inorganic compounds are usually identified using these simple
spectra. For most common materials the spectrum of an unknown can be identified by
comparison to a library of known compounds. To identify few common materials, IR
will need to be combined with NMR, emission spectroscopy, mass spectrometry and
X-ray diffraction techniques.

FT-IR is typically based on a Michelson interferometer with a movable mirror
as shown in Fig. 2.6(a). It consists of a beam splitter, a fixed mirror and a mirror that
propagates back and forth, very precisely. The beam splitter is made of a special
material that strikes half of the radiation and reflects the other half. Radiation from the

source strikes the beam splitter and separates into two beams.

|
Fixed mirror |
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‘ Beamsplitter ‘
¢ ‘ IR source
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Fig.2.6: (a) Schematic diagram of a FT-IR and (b) photograph image of a
FT-IR JASCO 410 apparatus set up
One beam is transmitted to the fixed beam through the beam splitter and the

second beam is reflected off the beam splitter to the moving mirror. The fixed and
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moving mirrors reflect the radiation back to the beam splitter. Again, half of this
reflected radiation is transmitted and half is reflected back at the beam splitter,
resulting in one beam passing to the detector and the second back to the source. The
frequency of molecular bonds vibration depends on the types of bonds and elements
present in the material. For a given specific bond, it can vibrate with a specific
frequency and the frequency of vibration corresponds to various high frequency
excited state and low frequency ground state. In the present work, samples were
analyzed using the JASCO FTIR-410 instrument, shown in Fig. 2.6(b).
2.3.5 UV-Visible Double Beam Spectrophotometer

To study the optical properties, a total wavelength range has been recorded
from 190 nm to 1100 nm wavelength. The spectrophotometer is equipped with two
light sources, a deuterium arc lamp for ultraviolet (UV) light and a tungsten-halogen
lamp for visible and infrared (IR) light as shown in Fig. 2.7 (a). After wards, the light
beam passes through a monochromator and is then incident on a sample. With the help
of various optical elements, the incident light is directed to the sample and gets
absorbed or transmitted it can be collected by a detector. In the present investigation,
the optical absorbance spectra of the prepared samples have been recorded using UV-
VIS double beam spectrophotometer (SYSTRONICS: AU-2707) at room temperature
[Fig.2.7 (b)]. According to the UV-visible spectra, the band gap energy of the sample
can be calculated using Tauc’s Equation.

(ahv)" = B(hv - EQ) ...(2.6)
Where a is the absorption co-efficient, hv is the energy of the incident photon,

B is the constant, Egq is the optical band gap energy and n is two different values that
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characterizes the band gap transition process (n = 2 for direct or n = 1/2 for indirect
allowed transition). The electronic transitions between the valence band and
conduction band can be direct or indirect.

The value of the band gap (E,) is obtained by extrapolating the linear portion of
the graph to intercept the photon energy axis. The optical method provides a very
simple way of finding the band gap as compared to the electrical method using the
thermal excitation. Here the excitation is less reliable because of the fact that the

effective mass of electron and holes also influence most of the electrical properties.
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Fig. 2.7: (a) Schematic diagram of UV-Visible analysis

(b) Photograph image of a UV2700 apparatus set up
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2.3.6 1-V Characteristics

The I-V characteristics were recorded for the samples using a constant DC
power supply and Keithley electrometer. The current was recorded as a function of the
changing applied potential across the two terminals. DC conductivity was estimated

using the Equation 2.7.

O = i: (%) X (%) (27

Where R is the resistance, L is the thickness, A is the cross-sectional area, ¢ is the
conductivity, and p is the resistivity of the sample. In samples, sheet resistance was

I 28_4.532x ( ) oo 2 8
A ( * )

Where, ‘V’ is the measuring voltage and ‘I’ is the applied current. For resistivity was
calculated using the Equation 2.9,

p=Rgxt ...(29)
where ‘t’ is the thickness of the sample. The conductivity was calculated using the

Equation 2.10,
1
oc=- ...(2.10)
P

2.3.6.1 Temperature dependence of conductivity

The temperature dependence of conductivity was determined by placing the
pellet in a suitably designed apparatus. The pellet used in this measurement is a
sandwich type cell, and it is placed in between two platinum electrodes, which were

connected to the two terminals of the keithley electrometer as shown in Fig.2.8.
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The apparatus consists of a sample holder, which was enclosed in an
electromagnetic shielded cell and it was mounted inside a glass jacket. The entire
setup was sealed and connected to a rotary vacuum pump. A small heater was
mounted close to the pellet and using a suitable control device the temperature was
controlled. A digital temperature indicator connected to a thermocouple was placed
near the sample. The temperature was varied from room temperature to about 150 °C
at a rate of 3 °C per minute. The change in resistivity with temperature was noted

using an electrometer.
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Fig.2.8: Photograph of a keithley electrometer 2400 model

2.3.7 Photocatalytic Activity Setup

A specially designed photocatalytic reactor system made of wooden chamber
was used for photo degradation experiments. A UV lamp (Philips TUV-08) of 15 W
having wavelength 365 nm was kept inside the wooden chamber. Undoped, Ag, Fe
doped ZnO and Ag, co-doped Fe-ZnO samples prepared by co-precipitation method
and used as a photocatalyst. The photocatalyst with undoped, Ag, Fe doped ZnO and
Ag, co-doped Fe-ZnO samples were kept immersed in the methylene blue (MB) or

methyl orange (MO) solution, the solution was stirred for 10 min, and then kept in the
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dark for an hour to achieve adsorption equilibrium. When affixed onto the support,
doped ZnO samples offer higher surface to volume ratio compared to undoped ZnO,
allowing higher adsorption of the target molecules [9]. The sample was then
transferred into the photo reactor for UV exposure and the lamp was turned on and
approximately 5 ml mixture of photocatalyst and MB or MO solution. The dye-
solution with the undoped, Ag, Fe doped ZnO and Ag, co-doped Fe-ZnO was exposed
to light for 30 minutes interval at room temperature. The concentration of MB and
MO in the solutions was ascertained by referring to the absorption concentration
standard curve which was obtained by measuring the optical absorption of MB (A=665
nm) and MO at (A=464 nm) using UV-Vis double beam spectrometer. In the present
work the undoped, Ag, Fe doped ZnO and Ag, co-doped Fe-ZnO samples were

analyzed using the photodegradation experimental setup shown in Fig.2.9.
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Fig. 2.9: Photograph of a photo degradation experimental setup.
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CHAPTER - 111
Efficient photocatalytic degradation of organic dyes using

Fe-doped ZnO nanoparticles

3.1 Introduction

In recent years, many hazardous organic pollutants, such as toxic dyes and
organic residuals released into the atmosphere from several industries [1, 2]. The
degradation and full-mineralization process are vicious, because of merged structure
of organic dyes. Among these organic dyes, methylene blue (MB:C;5H1sN3SCI) and
methyl orange (MO: C4H14N3NaO3S) are the most important dyes which are used in
textile industries and very harmful to human. Because they cause increased heart rates,
cyanosis, shock, sickness, injuries to tissue and various skin infections. They also
highly harmful to the atmosphere, which then poses a threat to the health of cattle’s
and animals [3].

Industrial wastewater treatment and recycling are fundamental objectives to
secure the worldwide biological system and improve the environment quality. Various
techniques have been extensively utilized to suppress pollutants from contaminated
water sources [4, 5]. Among them, photocatalysis has emerged to be a promising way
to control the massive scale’s current environmental pollution. The photocatalysts
with semiconducting nanostructures have concerned much more attention due to their
exceptional physico-chemical properties in the photocatalytic reaction [6-8].

Many researchers recently developed various photocatalysts using metal oxide
semiconductor nanoparticles, including Bi,Os, TiO,, ZnO, and WO3z;. Among these

transition metal oxides, zinc oxide (ZnO) is found very sensible in the photocatalytic

43



method due to their wide-bandgap, non-toxicity, and high photosensitivity [9-11].
ZnO is a wide-bandgap semiconductor with a direct energy bandgap (Eg=3.37 eV)
[12]. ZnO nanoparticles are especially attractive for many interesting nanotechnology
applications such as transparent conductive coatings [13], photoanodes for dye-
sensitized solar cells (DSSCs) [14], gas sensors [15] and electro-photo luminescent
materials [16]. Unfortunately, ZnO can only absorb UV light [17] and photocatalytic
degradation efficiency was confined by the electron-hole charge carriers, low-
adsorption, and low-reusability.

To rectify this problem, numerous reports focused on doping ZnO with
transition metal (Fe, Co, Mn) ions [18], non-metal (N, C, S) ions [19] and noble
metals loading (Ag, Au, Pd) [20] have been carried out. Wu et al. reported that
compared with pure ZnO nanoparticles, ZnO based materials are potential
photocatalysts, That can be used as the scaffold or the coating layer in various
heterostructures [21-23]. Various techniques for the synthesis of pure ZnO and Fe-
doped ZnO nanoparticles are reported in the literature: hydrothermal method [24],
combustion [25], and sol-gel method [26]. Among these synthesis methods, co-
precipitation [27], is a flexible method for synthesizing the ZnO nanoparticles due to
its low-cost, and easy to operate.

Several studies have been reported that the doping of ZnO with transition metal
ions for visible light photocatalysts [28, 29]. It has been discovered that 2% Fe-doped
ZnO degraded the methyl orange dye up to 80.8% within 210 min. under sun-light
irradiation. The Fe doped ZnO degrades MB in 4h in sun light [30]. Zhang et al.

investigated that Fe/ZnO nanowires is obviously superior to that of P25 against MO
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[31]. Abbad et al. synthesized a Fe-doped ZnO nanoparticle and degraded 2-
chlorophenol in aqueous solution under solar irradiation. The most significant
photocatalytic action was accomplished with the optimized dopant centralization of
0.5 wt% Fe because of the small crystallite size and low bandgap with a low
oxidation—reduction potential [32].

In the present chapter deals the various properties of an efficient Fe-doped ZnO
nanoparticles for photocatalytic reaction. The effect of various dopant concentrations
on structural, morphological, optical, and electrical properties of ZnO nanoparticles
was investigated. Furthermore, the photocatalytic degradation of MB and MO dye

under UV light irradiation was investigated in detail.

3.2 Synthesis of pure ZnO, Fe-doped ZnO (ZnO-Fe,, x = 0.05, 0.075 and 0.1%)
nanoparticles

In the present study pure ZnO and Fe-doped ZnO nanoparticles with various
mol. % (x = 0.05, 0.075, and 0.1) were synthesized by using co-precipitation method.
3.2.1 Materials

All the chemicals used were analytical reagent (AR) grade obtained from Alfa
Aesar chemicals, India. The chemicals such as zinc nitrate hexahydrate
[Zn(NOs),-6H,0], ferric nitrate nonahydrate [Fe(NOjz),-9H,0], sodium hydroxide
[NaOH] methylene blue (MB) and methyl orange (MO) were used for the

experimental process.
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3.2.2 Preparation of Pure ZnO Nanoparticles

Zinc nitrate hexahydrate [Zn (NOs),-6H,0] and sodium hydroxide [NaOH] is
taking as apparent materials to prepare pure ZnO nanoparticles. 10 g of zinc nitrate
hexahydrate was dissolved into 20 ml of deionized water (DW) and stirred for 30 min.
at room temperature in beaker. 8 g of sodium hydroxide was mixed with 100 ml of
DW in another beaker. The sodium hydroxide was added drop by drop into the zinc
nitrate hexahydrate under continuous stirring until to reach pH 11. The mixture
solution was stirred for 2hr at room temperature. The obtained solutions were
centrifuged, washed three times with DW and ethanol. After centrifugation, the
precipitates are deposited in the beaker and dried in vacuum oven at 100 °C for 2hr
[12]. The collected samples have been annealed at 450 °C for 1h using muffle furnace
in silica crucible.
3.2.3 Preparation of Fe-doped ZnO (ZnO-Fex, x = 0.05, 0.075 and 0.1%)
Nanoparticles

The ferric nitrate nonahydrate [Fe(NOs),-9H,0] was used as a precursor to
prepare Fe doped ZnO nanoparticles. Various concentrations of ferric nitrate
nonahydrate (0.05, 0.075 and 0.1 mol. %) was added into the zinc nitrate hexahydrate
solution. Then sodium hydroxide was added drop wise to the above-mentioned
solutions. The color was tuned around white to brownish color. After that the
solutions were centrifuged and dried in a similar way as mentioned above. Finally, the
obtained Fe-doped ZnO nanoparticles were annealed at 450 °C for 1h. Fig.3.1 depicts

the detailed preparation procedure of pure and Fe-doped ZnO nanoparticles.
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Fig.3.1: Flow chart depicting the preparation of the pure and

Fe-doped ZnO nanoparticles

3.3 Characterization Techniques

Various important properties like structural, morphological, optical and
photocatalytic activities of all the prepared samples were studied by X-ray diffraction
technique (XRD), Scanning Electron Microscopy (SEM), FTIR, I-V and UV-Visible
spectroscopy techniques. The obtained results of all the characterization techniques

were briefly explained in the following chapters.
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3.3.1 XRD Analysis

The crystal phase formation and structural properties of pure and ZnO-Fex
nanoparticles were characterized by powder X-ray diffractometer (X’PERT PRO MPD)
using CuKa radiation (A = 0.15405 nm) operated at 40 kV voltage and 30 mA current with a

scanning rate of 2° per min. The powder XRD characteristic patterns of ZnO-Fe, (X = 0,
0.05, 0.075 and 0.1%) nanoparticles are shown in Fig. 3.2(a). All the XRD diffraction
peaks are indexed to hexagonal structure of crystalline ZnO, further confirmed from
the standard JCPDS No. 36-1451 (a = 0.325 nm and ¢ = 0.5207 nm) [33, 34]. There
are no characteristic peaks of Fe phases, or its oxides were not detected in samples.
Fig.3.2 (b) reveals that the magnification of primary peak at 31.8 (100), 34.3
(002) and 36.3° (101), it shows a minor shift in the 0.05, 0.075 and 0.1% Fe-doped
ZnO. The ionic radii of Fe*" and Zn?* are different (Fe** = 0.68 A and Zn* = 0.74 A).
This result suggests that the Fe ions substituting into the ZnO lattice [35]. The average
crystalline sizes (D) of the ZnO-Fe, was determined from the Debye—Scherrer
equation (Eq. 1) [36]
D = 0.9\ B cosH ... (2
Where ‘A’ is the wavelength of the X-rays (1.5406 A), B is the full width half
maximum of the peak (FWHM), ‘0’ is the diffraction angle of the X-rays (1.5406 A),
respectively. The lattice parameters and average crystalline size of the samples are

listed in Table 3.1.
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Table: 3.1. The lattice parameters and average crystallite size of ZnO-Fe,

nanoparticles

Fe Doping .
) 20 Crystallite
Concentration Hkl a[A] c[A] _
(degree) size (nm)
(mol. %)
(100) 31.77
ZnO (002) 34.40 3.24 5.20 23.53
(101) 36.30
(100) 31.81
ZnO-Feg o5 (002) 34.23 3.25 521 21.66
(101) 36.37
(100) 31.71
Zn0O-Feqo75 (002) 34.43 3.25 5.20 16.23
(101) 36.17
(100) 31.81
ZnO- Feq, (002) 34.23 3.24 5.20 12.03
(101) 36.23

The average crystallite size (D) of ZnO — Fe, calculated from XRD data are 23,

21, 16 and 12 nm, respectively. Furthermore, the increasing Fe content reduces the

lattice parameters and average crystallite size. Previous reports reported by Jeyachitra

et al. [12] in Fe-doped ZnO nanoparticles, Srinivasan et al. [37] in Mn-doped ZnO

and Nahm et al. [38] in V,0s-doped ZnO ceramics are also similar to the obtained

results.

The obtained result shows that there is no change in the peak positions of ZnO

with the dopants. This result verifies that there is no additional phase formation due to

the doping [12]. In addition to this, the high intensity peak of un-doped ZnO was

linearly decreases with increase of dopant concentration and it is clearly observed in

the XRD pattern.
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Fig.3.2: (a) XRD patterns of (a) pure ZnO and Fe-doped ZnO nanoparticles (b)
Fe concentration dependent shift in primary diffraction peaks

50



3.3.2 SEM Analysis
The surface morphology of pure and ZnO-Fex nanoparticles were analyzed by
using by scanning electron microscope (SEM-JEOL JS-6390) with energy dispersive X-ray
spectrometer (EDX) 21. SEM images of ZnO-Fe, (x=0, 0.05, 0.075 and 0.1 mol. %)
nanoparticles are given in Fig.3.3. Fig.3.3 (a) shows the surface morphology of pure
ZnO with crystalline size of ~42-68 nm. Interestingly, when the Fe concentration was
0.05 mol.%, the ZnO nanoparticles are turned into spherical and it is shown in
Fig.3.2(b). Fig.3.3(c-d) shows turning of needle and spherical like structures due to
the doping of 0.075 to 0.1 mol. % of Fe-dopants in ZnO nanoparticles. Compared with
pure ZnO, 0.1 mol. % of Fe-doped ZnO shows more information on the surface. The
Images clearly exposed that the surface morphology changed with the addition of Fe
concentration, the agglomerated particles breaks and pores were created and then
finally reduced into spherical nanoparticles. It can also be noticed that the size and
morphology of ZnO-Fe, nanoparticles enhanced with the dopant concentration. The
reason for the variation of surface morphology with dopant concentration is due to the
changes of alkalinity of the precursor solution and it varies the grain growth.
3.3.3 EDX Analysis
Fig.3.4 (a-d) shows the EDX analysis of the prepared samples and it was used to
investigate the chemical composition of pure and ZnO - Feyx nanoparticles. EDX
spectrum of pure ZnO shows the existence of characteristic peaks of oxygen (O) and
zinc (Zn) elements (Fig.3.4a). The atomic percentage of these elements found to be
49.5 and 50.5%, respectively. Fig.3.4 (b—d) shown the EDX spectra of ZnO-Fe,

nanoparticles also include elements such as O, Zn and Fe, respectively. The inset of
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EDX image ZnO — Fe, nanoparticles data was given in table format. The measured Fe
concentration of 0.05, 0.075 and 0.1 mol. %, are about 2.71, 14.94 and 18.21%,
respectively. The observed atomic percentage values almost match well with the

samples.

€

-

:v.."‘ ~ P 3
7 :l_'_‘ o “ : -—1— 3
20KV X55,000: 0.2im

Fig.3.3: SEM images of (a) pure ZnO (b) 0.05, (c) 0.075 and (d) 0.1 mol. % Fe-
doped ZnO nanoparticles
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Fig.3.4: EDX images of (a) pure ZnO (b) 0.05, (c) 0.075 and (d) 0.1 mol.% Fe-
doped ZnO nanoparticles
3.3.4 UV-Visible Absorption Spectra
The optical properties of pure and ZnO-Fex nanoparticles have been studied
using UV-Vis double-beam spectrophotometer (Systronics: AU-2707). UV-absorption
spectra of ZnO-Fey (x = 0, 0.05, 0.075 and 0.1 mol. %) nanoparticles are shown in
Fig.3.5 (a-d). The red-shift is due to the increase of crystallite size, and it was

confirmed from the XRD results. The optical bandgap of ZnO and ZnO-Feyx
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nanoparticles was calculated using Tauc plot or from the formula Eg = hc/A [39]. The
calculated optical band gap values are 3.90, 3.89, 3.86 and 3.82 eV, which

corresponds to pure ZnO and 0.05, 0.075 & 0.1 mol. % Fe-doped ZnO nanoparticles.

St ——(a)

——(b)
——(c)
——(d)

Absorbance (a.u.)

4
& ="‘o
'“nlIIIllIH"IIIIIIIIIIIII!IIIIIIIIII"I

I % | ¥ | L 1 ' I L I ! I v
310 320 330 340 350 360 370 380
Wavelength (nm)

Fig.3.5: UV-Vis absorbance spectra of (a) pure ZnO (b) 0.05, (c) 0.075 and (d) 0.1
mol.% Fe-doped ZnO nanoparticles

The reduction of band gap is due to the formation of new defect states with
dopant or the diffusion of dopants in the material. Similar result was also observed by
Hassan et al. [40]. The substitute of Fe*" with Zn®" ions shares the oxygen with Zn
atoms and reduces the band gap of the material.

The obtained absorbance spectrum clearly depicts the variation of absorbance
from 310 to 350 nm. This variation is due to the intrinsic bandgap absorbance of ZnO

or transitions of electrons from the valence band to conduction band.
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3.3.5 FT-IR Analysis

Fourier Transform Infrared (FT-IR) spectra of prepared samples were recorded by
using a FTIR Spectrometer (JASCO FTIR-410) in the range 400-4000 cm™ * a resolution of
4 cm™ at room temperature using KBr disc. The FT-IR spectra of ZnO-Fex (x = 0 and 0.1
mol. %) nanoparticles in the range 4000-400 cm™ are presented in Fig.3.6 (a, b). The
broad absorption band appearing in the range 3452-3446 cm™ corresponds to O—H
stretching vibration, while the two peaks located at 1625 and 1591 cm™ is due to —OH
bending vibration of the adsorbed H,O molecules [41]. The bands lower intensity
absorbed around 2380 cm™ which corresponds to the symmetric and asymmetric C—H

bond.

% Transmittance

455.2

Y T v T ¥ T Y T v T y T v T v T v
4000 3600 3200 2800 2400 2000 1600 1200 800 400
-1
Wavenumber (cm™)

Fig.3.6: FT-IR spectra of (a) pure ZnO and (b) 0.1% Fe-doped ZnO

nanoparticles
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Two weak absorption peaks at 428 and 449 cm™ is due to Zn—O stretching
mode for pure ZnO nanoparticles; similarly, for 0.1 mol.% Fe doped ZnO samples this
is pointed out from absorption peaks in the range of 449 cm™ for pure and 0.1 mol.%
Fe-doped ZnO sample may corresponds to Zn-O stretching mode. The absorption
peaks located at 1120, 1122 and 800 cm ™" attributed to the sulfate group, respectively
[42]. Also, FTIR spectra of 0.1 mol. % Fe-doped ZnO shows that the small stretch
observed at 601 cm™ corresponds to Fe—O stretch, as reported by Liu et al. [42].
Therefore, it might be due to Fe** ions substituted in Zn.

3.3.6 1-V Characteristics

The electrical properties of pure and ZnO-Feyx nanoparticles has been
confirmed by the study I-V analysis at different temperatures using Keithley
electrometer (2400 model). -V characteristics of ZnO-Fex (x = 0 and 0.1 mol. %)
nanoparticles determined using Ag-paste for better electrical contact and the result is
shown in Fig.3.7. From these curves, DC electrical conductivity measurement of ZnO-
Fex (x = 0 and 0.1 mol. %) nanoparticles taken under varying temperatures of 30, 50,
70, 90, 110 and 130 °C (Increase of 20 °C). Thus, it increases the conductivity of
0.1% Fe-doped ZnO nanoparticles due to the increase in the mobility of charge
carriers [43]. The remarkable increase in these samples may result in a higher

advantage for optical device fabrication.
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3.4 Photocatalytic Degradation of MB and MO

The photocatalytic activity of pure and ZnO-Fex nanoparticles was evaluated
by the degradation of MB and MO under UV light irradiation (8 W Philips). 20 mg of
ZnO-Fe, photocatalysts were dissolved in 20 ml aqueous MB and MO dye solution at
various pH (2, 4, and 6). The dye solutions with ZnO-Fe, photocatalysts were
exposed to UV light from 0 to 180 min. at room temperature. Every 30 min, sampling
out 2 ml of dye solution collected from samples for photocatalytic degradation test.
The photocatalytic degradation of MB and MO was observed Amq at ~664 and 464 nm
respectively using a UV-visible spectrophotometer in the wavelength range 200-800
nm. Time dependent UV-vis spectra of both MB and MO dye degradation using un-
doped and Fe doped nanoparticles are shown in Fig.3.9 and 3.10. The rate of
degradation was noted with reverence to the change in the intensity of absorption peak
in the visible region.
3.4.1 Influence of pH

The adsorption of MB and MO dye molecules on pure ZnO nanoparticles
strongly depends on the solution’s pH and is displayed in Fig.3.8 (a). The influence of
pH on the photodegradation of MB and MO dye was studied by varying the solution’s
pH from 2 to 6. The outcome shows that photodegradation was maximum in base
medium. The degradation arrives at most extreme at pH 6 and decreases sensibly up to
pH 2. Henceforth, the pH 6 was accepted as an ideal pH and utilized for additional

investigation.
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3.4.2 Influence of catalyst concentration

The influence of catalyst concentration on the photodegradation of MB and
MO dye was verified using ZnO catalyst concentrations from 5 to 15 mg/30 ml in 10
ppm MB, and MO dye solution at pH 6 and it is displayed in Fig.3.8 (b). The variation
in photodegradation can be clarified by accessibility of several surface-active sites and
UV light radiation into dye solution. The photodegradation reaches maximum at 10
mg/30 ml. The reduced photodegradation at higher catalyst concentration (15 mg/30
ml) may be due to ZnO nanoparticles aggregation increases the scattering effect [44].
Consequently, 10 mg/30 ml ZnO photocatalyst was expected as an ideal catalyst
weight.
3.4.3 Influence of UV irradiation time of MB

The photocatalytic activity was carried out with MB concentration of 2.0 mM,
catalyst concentration of 10 mg, pH 6 and irradiation time up to 150 min. Fig.3.9 (a—
d) show the variation in absorption spectra of MB illuminated to UV light for various
irradiation times (0, 30, 60, 90, 120 and 150 min) in the presence of ZnO—Fe, (x = 0,
0.05, 0.075, 0.1 mol. %) nanoparticles. The intensity of absorption peaks at 664 nm
decreases gradually with irradiation time. MB dye was degraded under UV light from
0 to 150 min. in the presence of ZnO-Fe, (x = 0, 0.05, 0.075, 0.1 mol.%)
nanoparticles and is shown in Fig.3.9 (e). The result reveals that the Fe-doped ZnO
shows higher photocatalytic activity than that of pure ZnO.

Fe (0.075%)-doped ZnO shows enhanced photocatalytic activity with a
degradation efficiency of 68% for MB (pH 6) dye at 150 min. Fe (0.075%)-doped

ZnO nanoparticles took less time to degrade the MB dye compared with other
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concentration of Fe. The reduction of photocatalytic activity at higher concentration
Fe (0.1%)-doped ZnO may be due to photons’ reduced path length [44].

Similar results are also observed by Suganthi and colleagues [45]. Another
reason for the increase in the photocatalytic activity of Fe-doped ZnO nanoparticles,
Fe ions substituted into ZnO surface may suppress the electron-hole pair
recombination and enhance the dye degradation efficiency [46, 47]

3.4.4 Influence of UV irradiation time of MO

The photocatalytic activity was carried out with MO concentration of 3.0 mM,
catalyst concentration of 10 mg, pH 6 and irradiation time up to 150 min. The
variation in absorption spectra of MO showing to UV light for various irradiation
times (0, 30, 60, 90, 120 and 150 min) in the presence of ZnO—Fe, (x = 0, 0.05, 0.075,
0.1 mol. %) nanoparticles. The intensity of absorption peaks at 454 nm decreases
gradually with the extension of irradiation time shown in Fig.3.10 (a—d). Fig.3.10 (e)
shows the MO dye degradation under UV light from 0 to 150 min. in the presence of
ZnO-Fe, (x = 0, 0.05, 0.075, 0.1 mol.%) nanoparticles. The result reveals that the Fe
(0.075%)-doped ZnO showed efficient photocatalytic activity with a degradation
efficiency of 55% for MO (pH 6) dye at 150 min [48].

In this process, narrow semiconductors act as a sensitizer to improve the dye’s
photodegradation based on their electronic band structure. When the photocatalyst
was illuminated with higher energy photons, it only allows the dye molecule

oxidation [44].
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We proposed a mechanism of ZnO-Fe, nanoparticles for efficient
photocatalytic activity. It can be described as follows:

ZnO + hy — ZnO (h" g + € cp) ... (2

(h"vg) +dye —> dye”vg —* oxidation of dye molecule ... (3)

When ZnO is illuminated by visible light, holes (h* yg) and electrons (e ¢g) are
generated and passed through from valence to conduction band.

The photogenerated electrons and holes combine with Fe** ions, respectively.

Fe**+0, —> Fe® + 0,°— (electron release) .. (8
Fe**+OH™ —>  Fe” + OH (hole release) ... (5)
OH’ + dye (MB & MOY—> oxidation of dye molecule ... (6)

These super oxide anion (0O,°-) and hydroxyl radicals (OH) are strong
oxidizing species, and it will degrade of MB and MO dye molecule (Eq. 6) [48]. From
these results, novel Fe-doped ZnO nanoparticles have played a primary role in the
degradation of organic dyes from wastewater.

3.5 Conclusion

Pure and different % of Fe-doped ZnO nanoparticles were prepared by using
simple co-precipitation method. All the prepared samples are calcinated at 450 °C for
1h and they are characterized by X-ray diffraction technique, scanning electron
microscope and UV-Vis spectroscopy analysis. The XRD result shows that when the
doping concentration increases the particle size decreases. From the optical
absorbance spectra, it should be noted that the band gap decreases with the dopant
concentration. The effect of Fe doping on structural, optical and photocatalytic
decolorization of MB and MO have been investigated. It has been observed that

0.075% Fe-doping the performance at higher pH values.
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CHAPTER -1V



CHAPTER -1V
Efficient photocatalytic degradation of organic dyes with Ag doped
ZnO nanoparticles under UV light irradiation

4.1 Introduction

Economically growing countries like India are facing environmental pollution
due to industrial developments. In particular, industrial effluents discharged from
cosmetics, textile, paper and paint industries contain high levels of organic
contaminants including toxic chemicals and heavy metals [1]. Untreated industrial
effluents release into water system has become one of the most serious water
pollutions that severely affect the ecosystem and human health. Appropriate treatment
is essential for effective destruction of effluents before they are released into the
ecosystem [2]. There are several techniques available for the wastewater treatment
such as activated carbon adsorption, chemical oxidation, coagulation, ion exchange,
reverse osmosis, electrodialysis and advanced oxidation processes (AOP) have been
found to be ineffective for the mineralization of toxic organic compounds [3-7].
Among them, photocatalysis is an effective process that is used for heterogeneous
photocatalytic degradation of organic effluents using a semiconductor as a photo-
catalyst [8]. Many researchers are recently focused in conversion of organic dyes into
harmless chemicals using photo-catalysts. ZnO is a versatile multifunctional wide
band gap semiconductor like TiO, and it has numerous superior properties such as
high electron transport, light sensitive, thermal and chemically stable, non-toxic and

sustainable with hydrogen environment [9, 10].
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ZnO nanoparticles are effective photo-catalysts for degradation of toxic
pollutants under UV irradiation. ZnO has better activity than TiO2 for photocatalytic
degradation of some organic dyes [11, 12]. The photocatalytic efficiency of ZnO
nanoparticles mainly depends on the ability of electron—holes (e /n*) pair formation
under light illumination. However, the rapid recombination of photo-excited electron—
holes (e /n*), aggregation and low surface area of the bulk form are the main factors
for the reduction of photocatalytic efficiency. Numerous methods, such as doping of
metals and non-metals, combining with different semiconductors are used to
overcome these drawbacks. The metal (Ag) doping of ZnO is most efficient way to
improve its photocatalytic efficiency, because metal doping accelerates the charge
carrier separation and change its physical and chemical properties [13-20]. ZnO has
been prepared by a variety of techniques such as hydrothermal method [21],
combustion [22], and sol-gel method [23]. Among these, co-precipitation [24] shows
some advantages over the other methods.

The present work explains the effect of various concentrations of Ag dopant on
the structural and photocatalytic activity of ZnO nanoparticles. Furthermore, the
samples were characterized by XRD, SEM, FT-IR and UV-Vis spectrophotometer. To
the best of our knowledge this is the first report of application of Ag-doped ZnO
nanoparticles for the degradation of cationic dye (methylene blue) and anionic dye

(methyl orange) in water.
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4.2 Synthesis of pure ZnO, Ag-Doped ZnO (ZnO - Agy, X = 0.05, 0.075 and 0.1%)
nanoparticles

To prepare pure ZnO and Ag-doped ZnO nanoparticles were synthesized using
various mol.% (x =~ 0.05, 0.075, and 0.1) using co-precipitation method.
4.2.1 Materials

All the chemical used in the experiments are analytical grade and were used
without further purification. Zinc nitrate hexahydrate [Zn(NO3),.6H,0], silver nitrate
Ag(NO3), methylene blue (MB), methyl orange (MO) and sodium hydroxide [NaOH],
were purchased from Alfa Aesar chemicals, India. Deionized water (DW) was used
for all of the solutions.
4.2.2 Preparation of Pure ZnO Nanoparticles

In a typical synthesis, 10 g of Zn (NO3),-6H,0O was dissolved into 20 ml of
DW. In another container, 8 g of NaOH in 100 ml DW. Then NaOH added to the zinc
nitrate solution. Both these solutions were added dropwise under continuous magnetic
stirring until pH adjusted into 11. Then the above solution was heated in a vacuum
oven at 150 °C for 1h. Afterwards, white color precipitates were separated by
centrifugation and washed twice with DW followed by ethanol and dried at 100 °C for
2h. The dried participate was calcined at 450 °C for 1h and finally pure ZnO

nanoparticles formed.
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4.2.3 Preparation of Ag-doped ZnO (ZnO - Agy, x = 0.05, 0.075 and 0.1%)
Nanoparticles

The silver nitrate precursor was used to prepare Ag-doped ZnO nanoparticles.
For synthesis of Ag-doped ZnO nanoparticles containing various concentrations
(mol% = 0.05, 0.075 and 0.1) of silver nitrate dissolved in water were added to the
zinc nitrate solution with stirring. Then sodium hydroxide was added drop wise into
the above-mentioned mixture solutions. The color was turned into white color. After
that the solutions were centrifuged and annealed in a similar way as mentioned in the
previous chapter. The co-precipitation method was selected based on available
literature as described above [24]. Finally, all the obtained Ag-doped ZnO

nanoparticles were used for further characterization.

4.3 Structural, Optical and Electrical Properties of Pure and Ag -Doped ZnO
Nanoparticles

All the prepared nanoparticles have been characterized using XRD, SEM,
EDX, UV-Visible, FTIR and I-V studies.
4.3.1 XRD Analysis

In order to investigate the crystal structure of pure ZnO and ZnO-Agyx
nanoparticles were characterized by using a mini desktop X-ray diffractometer (X’PERT
PRO MPD) operated at an accelerating potential of 40 kV and 30 mA filament current with
CuKa radiation of wavelength 1.5406 A° with a scanning rate of 3/min. (from 2h = 10 to C)

Fig.4.2 (a) depicts the PXRD patterns of pure ZnO and Ag-doped ZnO nanoparticles

with different concentrations of Ag, i.e. 0.05, 0.075 and 0.1%. The XRD pattern of all
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Fig.4.1: (a) XRD patterns of un-doped and Ag-doped ZnO nanoparticles
(b) expanded view of XRD patterns shift
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samples have strong diffraction peaks are assigned to (100), (002), (101), (102), (110),
(103), (200), (112) and (201) planes of hexagonal wurtzite structure of ZnO in the
Miller indices (JCPDS-36-1451) [26]. There are no extra peaks or other unidentified
peaks correspond to Ag or its oxide phases in the XRD pattern.

Fig.4.1 (b) shows a magnification of the peak at 31.8° (100), 34.3° (002) and
36.3° (101) were a slight peak shift to lower angles observed in the 0.05, 0.075, and
0.1% Ag-doped ZnO nanoparticles. This result confirms that Ag impurity has been
successfully incorporated into the ZnO lattice structure. The lattice constants and
average crystallite size of major XRD peaks calculated for different samples are listed
in Table 4.1. In our study, the effect of Ag doping on the average crystallite size (D)
of was calculated for all samples by Debye—Scherrer’s equation, and are found to be
23, 20, 19 and 18 nm, respectively [27].

These results indicate that the D value in the Ag-doped ZnO nanoparticles
decreased as the doping concentration increased. Furthermore, the increasing Ag
content decreases the lattice parameters and average crystallite size values. Other
studies have found the same results were reported by Pal et al. [28] in Co-doped ZnO
nanoparticles, Saravanan et al. [29] in Ag-doped ZnO nanoparticles and Udom et al.

[30] in Ag-doped ZnO nanowires.
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Table 4.1 Lattice parameters and crystallite size of pure and Ag-doped ZnO

nanoparticles

Ag Doping _
Concentration Hkl a[A] c[A] cla C.rystalllte
(mol.%) size (nm)
(100)
Zn0O (002) 3.2555 5.2184 1.6029 23
(101)
(100)
Zn0O-Agoos (002) 3.2562 | 5.2190 1.6028 20
(101)
(100)
Zn0O-Adgo.o75 (002) 3.2584 5.2210 1.6023 19
(101)
(100)
ZnO- Agos (002) 3.2586 | 5.2240 1.6031 18
(101)

4.3.2 SEM and EDX Analysis

The surface morphology and chemical composition of the pure and ZnO-Agx
nanoparticles were investigated by SEM with EDX of the samples were observed by
scanning electron microscope (SEM-JEOL JS-6390) with energy dispersive X-ray
spectrometer (EDX). SEM images of pure ZnO and Ag (0.05, 0.075 and 0.1 mol. %)
doped ZnO nanoparticles are shown in Fig.4.3 (a-d). Fig.4.2 (a) shows the formation
of irregular spherical morphology of the pure ZnO. From the Fig.4.2 (b-d), it was
precisely discovered that well prepared samples are in nanometer size and the surface

morphology changes with the silver concentration. The variation of surface
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morphology with Ag dopant is due to the variation of number of nucleation sites [21].
The silver concentration reduces the particle size and it was confirmed from the XRD
results. The obtained results are similar to the results reported by Pung et al. [31]

The EDX spectra for pure ZnO and Ag (0.1%)-doped ZnO nanoparticles are
shown in Fig.4.4 (a, b). EDX spectrum of pure ZnO shows presence existence
characteristic peaks of oxygen (O) and zinc (Zn) elements. The EDX pattern of Ag-
doped nanoparticles also includes elements such as existence of silver (Ag) together

with Zn and O, indicating the successful doping of Ag in the ZnO matrix [31].

20KV . X55,000 0.2pm _ 11 27 SEI

«

Fig.4.2: SEM images of (a) pure ZnO (b) 0.05, (c) 0.075 and (d) 0.1 mol.% Ag-

doped ZnO nanoparticles
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Fig.4.3: EDX images of (a) pure ZnO (b) 0.1 mol.% Ag-doped ZnO nanoparticles
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4.3.3 UV-Visible Absorption Spectra

The band gaps and related optical properties of pure ZnO and Ag (0.05, 0.075
and 0.1 mol. %) doped ZnO nanoparticles were analysed from UV-visible spectra
recorded using UV-Vis double-beam spectrophotometer (Systronics: AU-2707) and optical
absorbance spectra have been studied. Fig.4.4 (a-d) shows the UV-Vis absorption
spectra of pure ZnO and Ag (0.05, 0.075 and 0.1 mol. %) doped ZnO nanoparticles.
Pure ZnO has an absorption cut-off edge was observed around 370 nm. The
adsorption of Ag-doped ZnO nanoparticles was shifted to the longer wavelength from
ZnO with the increase of the molar ratio of Ag (0.05, 0.075 and 0.1 mol. %). After
Ag-doping display an additional hump absorption in the visible region observed at
373, 375 and 377 nm. The calculated optical band gap energies were 3.35, 3.33, 3.30
and 3.28 eV for un-doped ZnO and Ag-doped ZnO nanoparticles, respectively.

According to some previous reports similar result was observed by Hassan et al. [32].

undoped ZnO
——Ag 0.05%
- ——Ag 0.75%
::‘ ——Ag 0.1%
]
[
O
=
©
o
e
(]
7]
o
<
350 ' 400 ' 450 | 500 ' 550

Wavelength (nm)
Fig.4.4: UV-Vis absorbance spectra of (a) pure ZnO (b) 0.05, (c) 0.075 and
(d) 0.1 mol.% Ag-doped ZnO nanoparticles
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4.3.4 FT-IR Analysis

The various functional groups formation of pure and ZnO-Agyx nanoparticles
were characterized by FT-IR spectra recorded by Perkin-Elmer spectrometer in the
wavenumber range of 4000-400 cm™ using KBr pellet method. The FT-IR spectra of
Zn0-Agx (x = 0 and 0.1 mol. %) nanoparticles are presented in Fig.4.5 (a, b). The
absorption peaks present at 3441 and 1625 cm™ which corresponds to the -OH
stretching and bending vibration of the water molecule [33]. The band at 2380 cm™
corresponds to symmetric and asymmetric C—H bond [34]. The observed FTIR
spectrum exhibits several well-defined absorption bands at 1122 and 920 cm-1 and
they are attributed to sulphate and C=C bonds, respectively [35]. The absorption peaks
appear at 400 and 550 cm™ were assigned to the metal-oxygen (M-O) stretching
mode [36] and the absorbance peak noticed in the spectra around 455 and 430 cm™

corresponds to the presence of Zn—0O and Ag-O stretching bond, respectively.

% Transmittance

455.2

4000 l 36|00 ' 32'00 ' 28'00 ‘ 24I00 | ZOIOO ' 16|00 ' 12|00 l 8(|)0 . 400
Wavenumber (cm™)
Fig.4.5: FT-IR spectra of (a) pure ZnO and (b) 0.1% Ag-doped ZnO

nanoparticles
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4.3.5 1-V Characteristics

Electrical properties of pure ZnO and Ag (0.1%)-doped ZnO nanoparticles was
measured by using a Keithley electrometer 2400 model the I-V characteristics and it is
presented in Fig.4.6(a, b). From IV curves, electrical conductivity of pure ZnO and Ag
(0.1%)-doped ZnO taken under varying temperatures from 30 to 130 °C. This study
reveals that (0.1%) Ag-doped ZnO nanoparticles shows better conductivity than the

pure ZnO and it may due to the presence of more charge carrier’s mobility [37].

1.0x10®

| —=— 30° (a)
—o— 50°C
—a— 70°C
—~— 90°
—e—110°C

1 ——130°C
4.0x10°

8.0x10°

6.0x10°

Current (A)

2.0x10°

0.0 4

0 ' 20 ' 40 ' 60 ' 80 " 100
Voltage (V)

3.0x10°{ —=— 30°C (b)
2.5x10°
2.0x10°

1.5x10° -

Current (A)

1.0x10°

5.0x10"

0.0 S

0 l 210 I 4|0 ' 6|0 ' 8I0 ' 1(I)0
Voltage (V)
Fig.4.6: 1-V characteristics of (a) pure ZnO and

(b) 0.1% Ag-doped ZnO nanoparticles
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4.3.6 Photocatalytic Activity

Photocatalytic activity of the pure and Ag-doped ZnO nanoparticles was
evaluated for degradation of MB and MO dye solution under UV light irradiation. The
photocatalytic procedure was conducted by adding 10 mg of photocatalyst in 50 ml,
10 ppm of MB and MO dye solution. The reaction mixture was stirred for 30 min.
under a dark to reach adsorption—desorption equilibrium. After that the dye solution
was irradiated with an 8 W UV lamp was switched on. At different time intervals (0,
15, 30, 45, 60 and 75 min.) samples were taken out and centrifuged to separate the
catalyst and then the supernatant was analyzed in a UV-visible double beam
spectrophotometer maximum wavelength (A ) observed at ~664 and 464 nm to
study the photocatalytic degradation. The photo-degradation efficiency (D %) of the
MB and MO dye was calculated using the equation [25]

(D %) = [C-Cy/Cy] %100 .. (1)

Where, Cy and C are the initial and final degradation time of MB and MO (mg/l) dye
solution used.
4.3.6.1 Optimized Factors to the Catalytic Activity

The photocatalytic degradation of pure ZnO and Ag-doped ZnO nanoparticles
were selected for the evaluation of photocatalytic activity under UV-visible light. In
order to study the effect of the UV light on the degradation of MB and MO dye. The
dyes were prepared in various concentrations like acidic, neutral and alkaline medium.
The photocatalytic activity was carried out and optimized for pure ZnO catalyst with
MB and MO dye concentration of 10 ppm, catalyst concentration of 10 mg, pH = 6

and UV irradiation time up to 150 min.
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4.3.6.2 Impact of UV irradiation on Degradation of MB and MO

For the above-mentioned conditions, the photocatalytic degradation was carried
out for Ag-doped ZnO nanoparticles. Fig.4.7 (a-d) shows the comparative spectra of
degradation of MB dye with pure ZnO and Ag (mol% = 0.05, 0.075, 0.1)-doped ZnO
nanoparticles with respect to time. The high intensity absorption peaks were observed
at ~664 nm for MB dye. It was observed that the degradation of MB dye increases
with increase of dopant concentration [24].

The effect of irradiation time of UV on MB dye degradation is shown in the
above Fig.4.7 (e). The efficiency of pure and Ag-doped ZnO nanoparticles under UV
light reaches 38, 90, 92 and 95% after 75 min light irradiation. Ag (0.1%)-doped ZnO
nanoparticle shows the highest degradation efficiency of 95% under UV radiation for
MB dye, while under similar conditions, a much lower efficiency (38%) was observed

for pure ZnO nanoparticles under visible light radiation [24].

Wavelength (nm) Wavelength (nm)
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Fig.4.7: MB dye degradation of (a) pure (b) 0.05, (c) 0.075, (d) 0.1 mol.%
Ag-doped ZnO nanoparticles (MB dye:10 ppm, catalyst dose:10 mg, pH=6) and
(e) effect of irradiation time of UV on MB photo-degradation.

83



The comparative spectra for degradation MO dye with pure ZnO and Ag
(mol% = 0.05, 0.075, 0.1)-doped ZnO nanoparticles with respect to time was
presented in Fig.4.8(a-d). The high intensity absorption peaks of MO dye were
observed at ~464 nm. The effect of irradiation time of UV on MO dye degradation is
shown in Fig.4.8(e). The degradation efficiency increases with increase of dopant
concentration and the obtained values are 36, 72, 92 and 76%, respectively for pure,
0.05, 0.075 and 0.1 mol.% Ag-doped ZnO nanoparticles. It can be seen that maximum
degradation (92%) of MO dye was achieved for Ag (0.075%)-doped ZnO
nanoparticles in 75 min. It should be noted that MB was degraded more faster than
MO in the presence of the Ag-dopant.

The possible photocatalytic degradation mechanism of MB and MO on Ag-
doped ZnO nanoparticles under UV-visible light irradiation can be explained from the
equation 2 to 7. During the catalytic process, photons can excite electrons in the
valence band (VB) to be moved up to the conduct band (CB) and generate the same
amount of electron-hole pair (e- and h"). The photo-excited electrons will be

transferred from ZnO to Ag nanoparticles under the potential energy.

ZnO + hy — ZnO (h" yg + € cg) .. (2
ZnO (e cg) + Ag —> ZnO + Ag (e cp) ...(3
Ag(ecg)+0, —> ‘0, +Ag . (4)
ZnoO (h*yg) + H,O —  ZnO + H" + OH ... (5)
(O, + OH) + dye (MB or MO) —» degradation products ... (6)
(O, + ‘OH) + degradation products —» CO, + H,0 .. (N
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Fig.4.8: MO dye degradation of (a) pure (b) 0.05, (c) 0.075, (d) 0.1 mol.% Ag-
doped ZnO nanoparticles (MB dye:10 ppm, catalyst dose:10 mg, pH=6) and (e)
effect of irradiation time of UV on MO photo-degradation
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The photocatalytic activity is effective thereby preventing the recombination
between electrons and holes on the surface of ZnO. Afterwards, the electron on Ag
nanoparticles can produce the -O, superoxide radical, while the holes in the VB can
react with H,O, to produce -OH hydroxyl radical [38]. These free radicals can degrade
organic compounds to CO, and H,O [31]. Till now, many studies have proven that
electrons can transfer from Ag to the CB of ZnO. Then, they are scavenged by
adsorbed O, molecules to yield superoxide radical anions (-O, ) to degrade dye

molecules [38]. Therefore, the photocatalytic activity will be enhanced.

4.4 Conclusion

Pure and different % of Ag doped ZnO nanoparticles were prepared by using
simple co-precipitation method. All the prepared samples are annealed at 450 °C for
1h and they are characterized by using various techniques like X-ray diffraction
technique, scanning electron microscope and UV-Vis spectroscopy analysis. The
XRD result shows that when the doping concentration increases the particle size
decreases. From the optical absorbance spectra, it should be noted that the band gap
decreases with the dopant concentration. The effect of Ag doping on structural, optical
and photocatalytic decolorization of MB and Mo have been investigated. It has been

observed that 0.075% Fe doping the performance at higher pH values.
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CHAPTER -V



CHAPTER -V
Preparation and Characterization of Pure and Mg-Doped ZnO

Nanoparticles for Photocatalytic Degradation

5.1 Introduction

Since the mechanism of photodegradation of ZnO was proved to be same as
TiO, [1]. ZnO is also a potential semiconductor with a wide band gap (3.37 eV) with
large exciton binding energy of 60 meV, comparatively very soft material with high
melting point [2, 3]. Zinc Oxide is also known as zincite, which seldom occurs in
nature, normally in a crystalline form. Pure microcrystalline zinc oxide is white in
colour, which is almost insoluble in water. The three different forms of crystalline
zinc oxide are hexagonal wurtzite, cubic zinc blend and cubic rock salt. Among them
wurtzite structure is most common because of its stability at ambient conditions and
latter is most rarely found. Zinc oxide properties are always structure dependent. So,
the properties vary with morphology, structure, particle size and shape. A large
number of methods have been used to synthesize ZnO nanostructures, such as
chemical vapor deposition, sol-gel method, sputtering deposition, and chemical
solution deposition [4-7]. Comparing these methods, each method has some
advantages and limitations, for example, control the growth of the ZnO nanostructures
IS not easy in the microwave and chemical vapor deposition due to the high reaction
speed.

For ZnO nanostructures, the doping of selective elements is an important
valuable technique to alter its electronic structure and then influence the optical,

electrical, and magnetic properties, which are fundamental for their practical
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applications. In particular, transition metal doped ZnO nanostructures reveal new
physical and chemical properties, as long as the exciting opportunities for a wide
range of applications in the areas of catalysis, gap sensors, solar cells, and so on [8].
The biocompatibility nature of ZnO is an important for medical application in medical
as well as biological field [9]. Vinita et al. [10] have prepared sodium doped ZnO
guantum dots and reported the biocompatibility and optical properties. Since, the
urgent need for adyeing the fabrics and ability to cause some harmful effects [13].
Strong exposure can increase heart rate and induce vomiting, cyanosis, jaundice and
tissue necrosis in Human [14]. The photo- catalytic activity of the catalyst was
evaluated by using methylene blue as a model pollutant. In order to achieve high
photocatalytic activity, a series of experiments were carried out which includes effect
of initial pH of dye solution, the effect of photocatalyst concentration and impact of
UV irradiation. In this work, an attempt has been made to use pure and effect of
various concentrations of Mg doped ZnO nanoparticles for degradation methylene

blue and methyl orange in water.

5.2 Synthesis of pure ZnO, Mg-doped ZnO (ZnO-Mgy, x = 0.05, 0.075 and 0.1%)
nanoparticles

To prepare pure ZnO and Mg-doped ZnO nanoparticles were synthesized using
various mol.% (x = 0.05, 0.075, and 0.1) using co-precipitation method.
5.2.1 Materials

All the chemical used in the experiments are analytical grade and were used
without further purification. Zinc nitrate hexahydrate [Zn(NO3),.6H,0], magnesium

acetate tetrahydrate nitrate [Mg(CH,;COO), .4H,0], methylene blue (MB), methyl
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orange (MO) and sodium hydroxide [NaOH], were purchased from Alfa Aesar
chemicals, India. Deionized water (DW) was used for all of the solutions
5.2.2 Preparation of Pure ZnO Nanoparticles

In a typical synthesis, 10 g of Zn (NO3),-6H,O was dissolved into 20 ml of
DW. In another container, 8 g of NaOH in 100 ml DW. Then NaOH added to the zinc
nitrate solution. Both these solutions were added dropwise under continuous magnetic
stirring until pH adjusted into 11. Then the above solution was heated in in a vacuum
oven at 150 °C for 1h. Afterwards, white color precipitates were separated by
centrifugation and washed twice with DW followed by ethanol and dried at 100 °C for
2h. The dried participate was calcined at 450 °C for 1lh and finally pure ZnO
nanoparticles formed.
5.2.3 Preparation of Mg-doped ZnO (ZnO-Ag,, x = 0.05, 0.075 and 0.1%)
Nanoparticles

The magnesium acetate tetrahydrate precursor was used to prepare Mg-doped
ZnO nanoparticles. For synthesis of Mg-doped ZnO nanoparticles containing various
concentrations (mol% = 0.05, 0.075 and 0.1) of magnesium acetate tetrahydrate
dissolved in water were added to the zinc nitrate solution with stirring. Then sodium
hydroxide was added drop wise into the above-mentioned mixture solutions. The color
was turned into white color. After that the solutions were centrifuged and annealed in
a similar way as mentioned in the previous chapter. The co-precipitation method was
selected based on available literature as described above [16]. Finally, all the obtained

Mg-doped ZnO nanoparticles were used for further characterization.
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5.3 Results and Discussion

All the prepared nanoparticles have been characterized using XRD, SEM,
EDX, UV-Visible, FTIR and I-V studies.
5.3.1 XRD Analysis

The crystalline phases of pure and Mg-doped ZnO nanoparticles were
determined by powder X-ray diffractometer (X’PERT PRO MPD) using CuKa
radiation (A = 0.15405 nm) operated at 40 kV voltage and 30 mA current with a
scanning rate of 2° per min. Fig.5.1 (a) depicts the XRD patterns of pure ZnO and Mg-
doped ZnO nanoparticles with different concentrations of Mg, i.e. 0.05, 0.075 and
0.1%. The XRD pattern of all samples have strong and sharp diffraction peaks are
assigned to (100), (002), (101), (102), (110), (103), (200), (112) and (201) planes of
hexagonal wurtzite structure of ZnO in the Miller indices (JCPDS-36-1451) [18].
Interestingly the XRD pattern of Mg doped samples show much changes when
compared with the pattern of pure ZnO, which confirms that there is no extra peaks or
other unidentified peaks corresponds to Mg or its oxide phases in the XRD pattern.

Fig.5.1 (b) shows a magnification of the high intensity peaks at 31.8° (100),
34.3° (002) and 36.3° (101) displayed in Fig.5.1 (b) indicates that the preferential
orientation for the sample is along the c-axis. were a slight peak shift to higher angles
observed in the 0.05, 0.075, and 0.1% Mg-doped ZnO nanoparticles. The shift of
peaks towards high angles corresponds to a lattice compression caused by replacement
of Zn?** by Mg®" and this due to the difference in ionic radius of Zn and Mg. This
result confirms that Mg impurity has been successfully incorporated into the ZnO

lattice structure. Replacement of Mg in the Zn site introduces a change in ‘d’ and this
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induces this type of angle shift [15]. The lattice constants and average crystallite size
of major XRD peaks calculated for different samples are listed in Table 5.1. In our
study, the effect of Mg doping on the average crystallite size (D) of was calculated for

all samples by Debye—Scherrer’s equation, and are found to be 23, 18, 16 and 15 nm,

respectively.
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Fig. 5.1: (a) XRD patterns of un-doped and Mg-doped ZnO nanoparticles
(b) expanded view of XRD patterns shift
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These results indicate that the D value in the Mg-doped ZnO nanoparticles
decreased as the doping concentration increased. Furthermore, the increasing Ag
content decreases the lattice parameters and average crystallite size values. Based on
review of literature found same results were reported by Saravanan et al. [19] in Mg-
doped ZnO nanoparticles and Udom et al. [20] in Mg-doped ZnO nanowires.

Table 5.1 Lattice parameters and crystallite size of pure and Mg-doped ZnO

nanoparticles

Mg D-oplng Hkl | a[A] | c[A] c/a | Crystallite size (nm)
Concentration (mol.%o)
(100)
ZnO (002) | 3.2555 | 5.2184 | 1.6029 23
(101)
(100)
ZnO-Mgp 05 (002) | 3.2586 | 5.2240 | 1.6031 18
(101)
(100)
Zn0O-Mgg 075 (002) | 3.2562 | 5.2190 | 1.6027 16
(101)
(100)
ZnO- Mgy 1 (002) | 3.2556 | 5.1940 | 1.5954 15
(101)

5.3.2 SEM Analysis
The surface morphology of the pure and ZnO-Mgyx nanoparticles were

investigated Dby scanning electron microscope (SEM-JEOL JS-6390) with energy
dispersive X-ray spectrometer (EDX)21 SEM. SEM images of pure ZnO and Mg
(0.05, 0.075 and 0.1 mol.%) doped ZnO nanoparticles are shown in Fig.5.2(a-d).

Fig.5.2(a) shows the formation of irregular spherical morphology of the pure ZnO.
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From the Fig.5.2 (b-d), it was clearly found that well prepared samples are in
nanometer size and the surface morphology changes with the increase in addition of
magnesium concentration. When the concentration of added magnesium increases the
particles gets agglomerated and particle size increases for doped zinc oxide
nanomaterials. The reason for the increase of particle size is the increase of alkalinity
and it favors the grain growth. The increase of magnesium concentration increases the
pH of the precursor solution and thereby enhances the crystal growth. Due to this the

particle size of doped ZnO increases with increase of solution concentration.
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Fig.5.2: SEM images of (a) pure ZnO (b) 0.05, (c) 0.075 and (d) 0.1 mol.%
Mg-doped ZnO nanoparticles
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5.3.3 EDX Analysis

The elements present in the synthesized nanoparticles are analyzed using
Energy Dispersive X-ray (EDX) meter. Energy Dispersive X-ray (EDX) analysis is
based on the principle of unique atomic structure provides unique set of peaks on its
X-ray spectrum for each element. The EDXA were recorded in the range of 0 — 20

keV binding energy region.
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T rrrrrrrrrrrrrrrrrrrrrrrrrroT
] 5 10 15 2
Full =cale 1567 ctz Curzor: -0.110 (43 ctz) ke'

Fig.5.3: EDX images of (a) pure ZnO (b) 0.1 mol.% Mg-doped

ZnO nanoparticles
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The EDX spectra for pure ZnO and Mg (0.1%)-doped ZnO nanoparticles are
shown in Fig.5.3 (a, b). EDX spectrum of pure ZnO sample contain only Zn and O
elements no significant peaks for other elements were detected. The EDX pattern of
Mg-doped nanoparticles also include elements such as existence of magnesium (Mg)
composed with Zn and O, indicating the successful doping of Mg in the ZnO matrix.
5.3.4 UV-Visible Absorption Spectra

Band gap energies of the samples were analysed from UV-visible spectra
recorded using UV-Vis double-beam spectrophotometer (Systronics: AU-2707). UV-
Visible absorption spectra have been studied. The Fig.5.4 (a-d) shows the UV-Vis
absorption spectra of pure ZnO and Mg (0.05, 0.075 and 0.1 mol. %) doped ZnO
nanoparticles. Pure ZnO has an absorption cut-off edge was observed around 363 nm
indicates the presence of good crystalline and impurity suppressed ZnO
nanostructures. Substitution of Zn** by Mg®" results in an increase in oxygen
vacancies and electron concentration due to the electro negativity and ionic radius
difference between Zn and Mg. Pure and Mgy-doped ZnO (x = 0.05, 0.075 and 0.1%)
shows the absorption peak at 363.71, 385.43, 396.28 and 404.97 nm respectively. The
adsorption of Mg-doped ZnO nanoparticles was shifted to the longer wavelength from
ZnO with the increase of the molar ratio of Mg (0.05, 0.075 and 0.1 mol. %). After
Mg-doping display a small shift absorption in the visible region. The calculated
optical band gap energies were 3.76, 3.64, 3.54 & 3.38 eV for pure and Mg-doped
ZnO nanoparticles, respectively. According to some earlier reports similar result was

observed by Hassan et al. [22].
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Fig.5.4: UV-Vis absorbance spectra of (a) pure ZnO (b) 0.05, (c) 0.075 and (d) 0.1

mol.% Mg-doped ZnO nanoparticles

5.3.5 FT-IR Analysis

The various functional groups of pure and ZnO-Mgx nanoparticles were
characterized by FT-IR transmittance spectra recorded by Perkin-Elmer spectrometer
in the wavenumber range of 4000-400 cm™ using KBr pellet method. This spectral
region encompasses several important stretch modes involving hydrogen bonded to
carbon as well as to oxygen, and bonding between Zn—O is clearly observed. The FT-
IR spectra of ZnO-Mgx (x = 0 and 0.1 mol.%) nanoparticles are presented in
Fig.5.5(a, b). Common bands exist at 3452 and 3441 and 1625 cm™ which
corresponds to the -OH stretching and bending vibration of the water molecule [23].
The band at 2380 cm™ corresponds to symmetric and asymmetric C—H bond [24]. The
observed FTIR spectrum exhibits several well-defined absorption bands at 1122, 1120

and 920 cm™ and they are attributed to sulphate and C=C bonds, respectively [25].
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The absorption peaks appear at 400 and 550 cm™ were assigned to the metal—oxygen
(M-0) stretching mode [26] and the absorbance peak noticed in the spectra around
455 and 453 cm™ corresponds to the presence of Zn-O and Mg-O stretching bond,

respectively.
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Fig.5.5: FT-IR spectra of (a) pure ZnO and (b) 0.1% Mg-doped ZnO
nanoparticles
5.3.6 I-V Characteristics

Electrical characteristics (I-V) were carried out using a Keithley electrometer
2400 model of pure ZnO and Mg (0.1%)-doped ZnO nanoparticles was measured by
using the I-V characteristics and it is presented in Fig.5.6 (a, b). From IV curves,
electrical conductivity of pure ZnO and Mg (0.1%)-doped ZnO taken under varying
temperatures from 30 to 130 °C. This study reveals that (0.1%) Mg-doped ZnO
nanoparticles shows better conductivity than the pure ZnO and it may due to the

presence of more charge carrier’s mobility [27].
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nanoparticles
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5.3.7 Photocatalytic Activity

Photocatalytic activity of the pure and Mg-doped ZnO nanoparticles was
evaluated for degradation of MB and MO dye solution under UV light irradiation. The
photocatalytic procedure was conducted by adding 10 mg of photocatalyst in 50 ml,
10 ppm of MB and MO dye solution. The reaction mixture was stirred for 30 min.
under a dark to reach adsorption—desorption equilibrium. After that the dye solution
was irradiated with an 8 W UV lamp was switched on. At different time intervals (0,
15, 30, 45, 60 and 75 min.) samples were taken out and centrifuged to separate the
catalyst and then the supernatant was analyzed in a UV-visible double beam
spectrophotometer maximum wavelength (Ayax) Observed at ~664 and 464 nm to study
the photocatalytic degradation. The photo-degradation efficiency (D%) of the MB and
MO dye was calculated using the equation [17]

(D%) = [A-Ao/Ag] X100 .. (1)

Where, Ag and A are the initial and final degradation time of MB and MO (mg/l) dye
solution used.
5.3.7.1 Optimized factors to the photocatalytic activity

The photocatalytic degradation of pure and Mg-doped ZnO nanoparticles were
selected for the evaluation of photocatalytic activity under UV-visible light. In order
to study the effect of the UV light on the degradation of MB and MO dye. The dyes
were prepared in various concentrations like acidic, neutral and alkaline medium. The
photocatalytic activity was carried out and optimized for pure ZnO catalyst with MB
and MO dye concentration of 10 ppm, catalyst concentration of 10 mg, pH = 6 and

UV irradiation time up to 150 min
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5.3.7.2 Impact of UV irradiation on degradation of MB and MO

For the above-mentioned conditions, the photocatalytic degradation was carried
out for Mg-doped ZnO nanoparticles. Fig.5.7 & 5.8 depicts the absorbance spectra of
the typical time dependent UV-Visible spectra of methylene blue dye during photo
irradiation with Mg doped ZnO nanoparticles with pH = 2 and 4. The rate of
degradation was recorded with respect to the change in the intensity of absorption
peak in visible region. Fig.5.10(a-d) shows the comparative spectra of degradation of
MB dye with pure ZnO and Mg (mol% = 0.05, 0.075, 0.1)-doped ZnO nanoparticles
with respect to time at pH =6. The high intensity absorption peaks were observed at
~664 nm for MB dye. It was observed that the degradation of MB dye increases with
increase of dopant concentration [16].

The effect of irradiation time of UV on MB dye degradation is shown in
Fig.5.7(e). The efficiency of pure and Mg-doped ZnO nanoparticles under UV light
reaches 40, 69, 68 and 57% after 75 min light irradiation. Mg (0.05%)-doped ZnO
nanoparticle shows the highest degradation efficiency of 69% under UV radiation for
MB dye, while under similar conditions, a much lower efficiency (40%) was observed
for pure ZnO nanoparticles under visible light radiation [16].

The comparative spectra for degradation MO dye with pure ZnO and Mg
(mol% = 0.05, 0.075, 0.1)-doped ZnO nanoparticles with respect to time was
presented in Fig.5.8(a-d). The high intensity absorption peaks of MO dye were
observed at ~464 nm. The effect of irradiation time of UV on MO dye degradation is
shown in Fig.5.8(e). The degradation efficiency increases with increase of dopant

concentration and the obtained values are 36, 72, 76 and 92%, respectively for pure,
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Fig.5.7: MB dye degradation of (a) pure (b) 0.05, (c) 0.075, (d) 0.1 mol.% Mg-
doped ZnO nanoparticles (MB dye:10 ppm, catalyst dose:10 mg, pH=6) and
(e) effect of irradiation time of UV on MB photo-degradation.
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0.05, 0.075 and 0.1 mol.% Mg-doped ZnO nanoparticles. It can be seen that maximum
degradation (92%) of MO dye was achieved for Mg (0.1%)-doped ZnO nanoparticles
in 75 min. It should be noted that MO was degraded more faster than MB in the
presence of the Mg-dopant. The possible photocatalytic degradation mechanism of
MB and MO on Mg-doped ZnO nanoparticles under UV-visible light irradiation can
be explained from the equation 2 to 7. During the catalytic process, photons can excite
electrons in the valence band (VB) to be moved up to the conduct band (CB) and
generate the same amount of electron-hole pair (e- and h*). The photo-excited

electrons will be transferred from ZnO to Mg nanoparticles under the potential energy.

ZnO + hy —> ZnO(h"vg +€ cp) ... (2
Zn0(ecg) +tMg —>» ZnO+ Mg (e cp) ...(3)
Mg(Eec)+O, —> O, +Mg . (4)
Zno (h*yg) + H,O —>  ZnO+H" +-OH ... (5)
(O, + 'OH) + dye (MB or MO) —> degradation products ... (6)
(O, + ‘OH) + degradation products — CO, + H,0 ..(7)

The photocatalytic activity is effective thereby preventing the recombination
between electrons and holes on the surface of ZnO. Afterwards, the electron on Mg
dopant can produce the -O, superoxide radical, while the holes in the VB can react
with H,0, to produce -OH hydroxyl radical [28]. These free radicals can degrade
organic compounds to CO, and H,O [21]. Till now, many studies have proven that
electrons can transfer from Mg to the CB of ZnO. Then, they are scavenged by
adsorbed O, molecules to yield superoxide radical anions (-O, ) to degrade dye

molecules [28]. Therefore, the photocatalytic activity will be enhanced.
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Fig.5.8: MO dye degradation of (a) pure (b) 0.05, (c) 0.075, (d) 0.1 mol.%
Mg-doped ZnO nanoparticles (MB dye:10 ppm, catalyst dose:10 mg, pH=6) and
(e) effect of irradiation time of UV on MO photo-degradation
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5.4 Conclusion

Pure and different % of Mg doped ZnO nanoparticles were prepared by using
simple co-precipitation method. All the prepared samples are characterized by using
various techniques like X-ray diffraction technique, scanning electron microscope and
UV-Vis spectroscopy analysis. The XRD result shows that when the doping
concentration increases the particle size decreases. From the optical absorbance
spectra, it should be noted that the band gap decreases with the dopant concentration.
The effect of Mg doping on structural, optical and photocatalytic degradation of MB
and MO have been investigated. It has been observed that 0.1% Mg doping the

performance at higher pH values.
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CHAPTER - VI



CHAPTER - VI
Highly Enhanced Photocatalytic Degradation of Co-doped ZnO
(Fe,Ag) Nanoparticles

6.1 Introduction

Pollution occurs when chemical substance release into the environment. The
three major types of pollutions are air, soil and water pollution. Among them, water
pollution causes severe environmental destruction and leads to risk for our health.
Industrial effluents contain cosmetics, textile, leather, paint, paper, plastics and
pesticide wastages discharged into water are the major source of pollution and also
they are non-biodegradable [1]. Dyes such as methylene blue (MB: C1sH1gN3sSCI) and
methyl orange (MO: C14H14N3NaOS) are harmful to the environment even if they are
at low concentration [2, 3]. Wastewater treatment becomes very attractive research to
convert the hazardous organic dye into harmless chemicals. Therefore, several
methods, such as advanced oxidation process (AOP), electro-peroxone, coagulation
and photocatalysis have been employed to improve the dye degradation of toxic
organic pollutants [4-9]. Among them, photocatalysis has emerged as an important
degradation technology using semiconductors for the wastewater treatment [10].

The previously reports revealed that the semiconductor photocatalysts such as
Bi,0s, Fe,03, TiO, and ZnO exhibit excellent photocatalytic activity under UV-light
irradiation [11-14], among these semiconductor photocatalysts, ZnO and TiO, have
been investigated due to their wide bandgap, absence of toxicity and high chemical
stability [15-18]. ZnO is a promising alternative to TiO, photocatalyst due to their

similar band gap [19, 20]. ZnO also have unique physical, chemical, optical and
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electronic properties as well as for wide range of applications including UV detectors,
solar cells, gas sensors and photocatalysis [21-25]. ZnO exhibits excellent
performance compared with TiO, under UV light (~3 to 5% of solar spectra) for the
photocatalytic degradation of organic dyes in aqueous solution [26].

However, ZnO have several drawbacks such as a rapid recombination of
photogenerated electron and hole-pairs which decreases the photocatalytic efficiency
and limited the absorption in the visible range [27]. Therefore, numerous modification
methods were proposed to overcome these drawbacks and to enhance the efficiency of
the photocatalytic activity of ZnO for a large-scale usage, including combination with
other metal oxide nanoparticles and element doping with a heteroatom [28, 29].
Compared with the above methods, doping with transition metals into the ZnO lattice
easily modifies the electronic energy band structure of ZnO. Doping of transition
metals with ZnO nanoparticles acts as trap sites by capturing the photogenerated
electrons or holes and restrains their recombination with enhanced photocatalytic
activity [30].

The presence of two kinds of atoms (Co-doping) into ZnO surface can be
efficiently captured by photogenerated electrons from the conduction band. Co-doping
of transition metals with ZnO has been significantly enhances their photocatalytic
activity by capturing more electrons. Different transition or noble metals such as Pt,
Fe, Ag and Au could facilitate the electron transfer by trapping the photoinduced
charge carriers and enhances the photocatalytic efficiency [31-33]. Among these Ag
and Fe seems to be the most effective dopants for tuning the electronic and optical

properties of ZnO [34]. Recently, a variety of Ag or Fe,O3 doped ZnO nanostructures
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were reported for photocatalytic applications [35-38]. However, only few reports on
Ag co-doped Fe-ZnO nanoparticles for photocatalytic activity. The performance of Ag
co-doped Fe-ZnO photocatalyst have been found to most effective than the single-
element doping.

There are various methods were employed to synthesis the pure and doped ZnO
nanoparticles among them hydrothermal, combustion, sol-gel, microwave synthesis,
pulsed laser deposition and co-precipitation method are important [39-44]. Compared
with all other methods, co-precipitation method is an efficient way to synthesize the
ZnO nanoparticles. The advantages of this method are simple, inexpensive, non-toxic,
and easy to operate experimental conditions and uses only water as solvent.

The chapter deals, a successful attempt for the synthesis of the Ag-Fe co-doped
ZnO nanoparticles (AFZ) with different mole ratios by the co-precipitation method.
Various characterizations such as XRD, SEM with EDX, UV-Vis absorption spectra,
FT-IR and I-V characteristics were used to characterize the structural, optical and
electrical properties of the prepared AFZ nanoparticles. The influence of optimized
parameters including the initial pH, dye concentration, dosage of photocatalyst and
degradation efficiency was investigated. AFZ photocatalysts exhibits the higher
photocatalytic activity for the degradation of organic dyes (MB and MO) under UV
light irradiation. In addition, a possible mechanism of the photocatalytic activity was

also discussed in detail.
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6.2 Synthesis of Pure ZnO, Co-Doped Ag, Fe-ZnO (ZnO-Fe,-Agy, N = 0.075%,
X =0.01, 0.02 and 0.03%) Nanoparticles

Pure ZnO and Ag co-doped Fe-ZnO nanoparticles with various mol. % (x =
0.01, 0.02, and 0.03) were synthesized by using co-precipitation method.

6.2.1 Materials

Analytical Reagent (AR) grade zinc nitrate hexahydrate [Zn(NO3),.6H,0],
silver nitrate Ag(NOj),, ferric nitrate nonahydrate [Fe(NO3),.9H,0], laboratory
reagent (LR) grade methylene blue (MB), methyl orange (MO), and sodium hydroxide
[NaOH] were obtained from Alfa Aesar chemicals, India Limited and used without
further purification. Deionized water (DW) was used to prepare all the experimental
solutions.

6.2.2 Preparation of Pure ZnO Nanoparticles

Pure ZnO nanoparticle was prepared by using the following procedure [45]. In
a typical synthesis process, 5 g of Zn(NO3),-6H,0 was added to 10 ml of DW and 4 ¢
of NaOH in 50 ml of DW was added drop wise into the solution until the pH of the
solution reached into 11. By using the magnetic stirrer the solution was stirred and
heated to 60 °C for 1h. After cooling in to room temperature, the formed precipitate-
solution was centrifuged and washed three times with DW and ethanol and dried at
100 °C for 2h under vacuum oven. Finally, the collected white powder was annealed
at 450 °C for 1h in a muffle furnace.
6.2.3 Preparation of co-doped Ag, Fe-ZnO (ZnO-Fe,-Agy, n = 0.075%, x = 0.01,
0.02 and 0.03%) Nanoparticles

Ag co-doped Fe-ZnO nanoparticles were prepared by using DW as solvent

with the required molar ratio. 1 g (0.075 mol %) of Fe(NO3),.9H,0 was combined
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with the Zn(NO;),.6H,0 solution. With this mixture solution (FZ), various mol.% of
(x = 0.01, 0.02, and 0.03) Ag(NOs),.6H,0O were dissolved into 15 ml distilled water.
Subsequently, 4g NaOH was added in 50 ml of DW, this solution was added drop
wise in to the dopant metal mixture solution under continuous stirring up to 2h. The
obtained solid precipitates (denoted as AFZ-1, AFZ-2 and AFZ-3, respectively) were
centrifuged and washed three times with DW and ethanol and finally dried at 150 °C
for 5h under vacuum. The obtained materials were calcinated in a muffle furnace at
450 °C for lhour. A systematic diagram of synthesizing pure and Ag co-doped Fe-

ZnO nanoparticle was depicted in Fig.6.1.

[ Solution A ] [ Solution B ]
v !

Ferric zZinc nitrate Sodium
nitrate hexahydrate (0.1 M) hydroxide
nonahydrate

Ad I Sol A+Sol.B
Silver nitrate
(0.01,0.02 & Stir @ 2h
0.03 mol.%)

[ Centrifuged ]

[ Dried at lOO °C for

f Annealed at 450 °C ]

l for 1h

Pure ZnO
nanopatrticles

Co-doped
(Ag, Fe)ZznO
nanopatrticles

Fig.6.1: Schematic diagram of synthesizing the pure and Ag co-doped
Fe-ZnO nanoparticles
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6.3 Characterization techniques of Pure ZnO and Co-Doped (Ag, Fe) Zno
Nanoparticles

The prepared Pure and co-doped (Ag,Fe) ZnO nanoparticles have been
characterized by using XRD, SEM, EDX, UV-Visible, FTIR and |-V studies. The
obtained results are given in the following section as follows.
6.3.1 XRD Analysis

The prepared nanoparticles were determined by powder X-ray diffractometer
(X’PERT PRO MPD) using CuKa radiation (A = 0.15405 nm) operated at 40 kV
voltage and 30 mA current with a scanning rate of 2° per min21.XRD technique was
used to characterize the crystalline phase of the as-synthesized nanoparticles. XRD
patterns of the pure ZnO, AFZ-1, AFZ-2 and AFZ-3 nanoparticles are shown in
Fig.6.2 (a). All the diffraction peaks in the XRD patterns confirm the single crystalline
phase with a hexagonal wurtzite structure of ZnO (JCPDS No. 36-1451, space group
P6smc) [46]. There is no characteristic diffraction peak corresponding to Ag, Fe or
any other metal impurity phases. Due to the low concentration of Ag and Fe, the peaks
corresponds to the dopant might be too low [47]. Fig.6.2(b) shows a magnified view
of the primary peaks present at 31.8° (100), 34.3° (002) and 36.3° (101), there is a
gradual shift towards a higher angle specially in the AFZ-1, AFZ-2 and AFZ-3
nanoparticles [48]. This probably occurs due to the difference in ionic radius between
the metals (Ag* =~ 1.22 A, Fe*" = 0.68 A and Zn** = 0.74 A), which indicates that the
very little distortion in the crystal lattice can be caused by dopant ions, Ag* and Fe**
ions are homogeneously distributed (substitution mechanism) in the Zn*" ions matrix

[49]. The intensity and width of the peaks decreases with increasing concentration of
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Ag. This result suggests a change in lattice parameters (i.e. a and c), volume and
reduced average crystallite size (D) of the hexagonal wurtzite ZnO phase, they are
presented in Table 5.1. The average crystallite size (D) of pure ZnO, AFZ-1, AFZ-2
and AFZ-3 nanoparticles have been determined by using Debye-Scherrer equation and
they are found to be 23, 18, 14 and 12 nm, respectively [50]. According to this result,
the doping of AFZ with ZnO matrix was confirmed, the obtained results are also

similar to the previous reported literatures [31-33].

Intensity (a.u.)

20 30 40 50 60 70 80
20 (degrees)

Intensity (a.u.)

30 l 32 ' 34 ' 36 I 38
20 (degrees)
Fig.6.2: (a) XRD patterns of pure ZnO and AFZ-1, AFZ-2 and AFZ-3

nanoparticles (b) expanded view of primary XRD patterns

117



Table 6.1 The structural parameters for pure and AFZ nanoparticles

Ag co-doping Fe

Concentration HkI a[A] | a[A] ca | V(A C-rystalllte
size (nm)
(mol.%)
(100)
ZnO (002) | 3.2482 | 5.2065 | 1.6028 | 47.5717 23
(101)
(100)
Zn0O-Feg 075-Ado.o1 (002) | 3.2555 | 5.2174 | 1.6026 | 47.8858 18
(101)
(100)
Zn0O-Feg 075-Ado.o2 (002) | 3.2562 | 5.2183 | 1.6025 | 47.9147 14
(101)
(100)
ZnO-Fepors-Adoos | (002) | 3.2580 | 5.2208 | 1.6024 | 47.9907 12
(101)

6.3.2 SEM Analysis

The particle size and morphological features of the samples were observed by

scanning electron microscope (SEM-JEOL JS-6390) with energy dispersive X-ray

spectrometer (EDX) .The surface morphology and structure of the pure ZnO, AFZ-1,

AFZ-2 and AFZ-3 nanoparticles are given in the Fig.6.3. The Fig.6.3 (a) shows the

presence of irregular and spherical nanoparticles with smooth surface. With the

increase of the Ag dopant, the surface of the AFZ-1 nanoparticles became rough, and

Is shown in Fig.6.3 (b). From the Fig.6.3(c-d) it should be noted that the morphology

of AFZ-2 and AFZ-3 nanoparticles are slightly agglomerated. This reveals that the Ag

and Fe incorporated in to ZnO surface, and shows an aggregated form. The average

diameter of spheres is around ~38-66 nm. The obtained results are good consistent
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with the result of XRD results. Sabry et al. [32] found a similar behavior on Ag and

Fe,03 co-doped ZnO nanostructure.

g
et . 2 R
11 30 SEI , . 420kvV X55,000 0.2um

Fig. 6.3: SEM Images of (a) pure ZnO (b) AFZ-1, (c) AFZ-2 and (d) AFZ-3
nanoparticles
6.3.3 EDX Analysis
The chemical composition of as-prepared nanoparticles has been analyzed by
X-Ray photometer. The EDX of pure ZnO, AFZ-1, AFZ-2 and AFZ-3 nanoparticles
are shown in Fig.6.4. Typical EDX spectra of pure ZnO show the presence of zinc

(Zn), and oxygen (O) [Fig.6.4 (a)]. As shown in Fig.6.4 (b-d), the EDX pattern of
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AFZ nanoparticles further include deposited metals elements such as of silver (Ag),
iron (Fe) together with zinc (Zn) and oxygen (O), respectively. The results of the
elemental analysis investigated the homogeneous distribution of dopant metal

nanoparticles in the ZnO lattice. The obtained EDX data are listed in Table 6.2.

[l 5 10 15 2

Full Scale 2800 cts Cursar 0.000 ke Full Scale 2500 cts Cursor: 0.000 ke

TrrYrrrerr[r-rrerereerre T T T T T T T T T T PR e ) P O tme By b2z o mm s mom Do T
0 5 10 15 200 p 5 10 15 20
Full Scale 2800 cts Cursor: 0.000 ke Full Scale 2500 cts Cursor: 0.000 ke

Fig. 6.4: EDX Images of (a) pure ZnO (b) AFZ-1, (c) AFZ-2 and (d) AFZ-3

nanoparticles
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Table 6.2 Phase Composition of pure and AFZ nanoparticles

Atomic (%)
Samples
(@] Zn Fe Ag
ZnO 51.26 45.74 - -
AFZ-1 70.17 12.35 10.99 6.49
AFZ-2 70.15 10.30 10.95 8.60
AFZ-3 69.24 8.76 10.98 11.02

6.3.4 UV-Vis Absorption Analysis

The optical absorption property is vital analysis for photocatalytic activity of
the as-synthesized nanoparticles and it was investigated by UV-visible absorption
spectra using UV-Vis double-beam spectrophotometer (Systronics: AU-2707) at room
temperature. UV—Vis absorption spectra and the plot of (ahv)? versus hv of pure ZnO,
AFZ-1, AFZ-2 and AFZ-3 nanoparticles are depicted in Fig.6.5, respectively. As
shown in Fig.6.5 (a), the absorption spectra of pure ZnO show the absorption edge
around ~340 nm. After co-doping, AFZ-1, AFZ-2 and AFZ-3 nanoparticles shows
shift in the absorption edge from 370 to 390 nm. The bandgap energy of the
photocatalysts were calculated from Fig.6.5 (b) [51]. The bandgap values of the
samples are 3.65, 3.57, 3.46 and 3.33 for pure ZnO, AFZ-1, AFZ-2 and AFZ-3
nanoparticles, respectively. The observed shift of AFZ nanoparticles may be attributed

to incorporation of Ag/Fe into ZnO lattice and reduces the bandgap of the material.
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Fig.6.5: (a) UV-Vis Absorbance Spectra of bare and AFZ Photocatalysts,
(b) The Plot of (ahv)? vs. Photoenergy
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6.3.5 FT-IR Analysis

The chemical characteristic functional groups of prepared nanoparticles have
been characterized by FT-IR analysis. FT-IR spectra of the pure ZnO and AFZ-3
nanoparticles recorded by using a FTIR Spectrometer (JASCO FTIR-410) in the range
400-4000 cm-1with a resolution of 4 cm-1 at room temperature using KBr disc at
room temperature in the range of 4000400 cm™ were presented in Fig.6.6. FT-IR
spectra of the pure ZnO nanoparticles shows broad absorption peaks at 3441 and 1625
cm ™, corresponding to O-H stretching and O-H bending vibration of the water
molecule [52] respectively. In fact, FT-IR spectra of AFZ-3 nanoparticles shows the
vibration peaks at 3543 and 1622 cm™ shifts from high to lower wave number. FT-IR
spectra of the pure ZnO nanoparticles shows prominent peak at 455 cm™ could be

assigned to the metal-oxygen stretching modes and confirms the formation of ZnO

and M/ZnO [53].

100

80

60 -

40 -

% Transmittance

20 I
455.2

— T & I - & -~ I I~ 1 >~ 71T 17
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig.6.6: FT-IR spectra of (a) pure ZnO and (b) AFZ-3 nanoparticles
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FT-IR spectra of the AFZ-3 nanoparticles absorption peak at 455 cm™ shifted
to 547 cm™, respectively and the intensity of the M-O stretching was also weakened
and no additional peaks are present indicating the absence of Ag and Fe bands. It
clearly proves that the presence of co-dopants and changing of bonding energy of Zn-
O stretching vibrations [54]. The weak intensity peak appeared at 2310 cm™ which
corresponds to the absorption of atmospheric CO, on the metal cations surface [55].
The absorption peaks appeared at 1120 and 1112 cm™ assigned to the sulfate group,
respectively [56].

6.3.6 1-V Characteristics

The Electrical characteristics of prepared nanoparticles have been investigated
by using a Keithley electrometer 2400 model. I-V curves of pure ZnO and AFZ-3
nanoparticles are presented in Fig.6.7. The electrical conductivity of pure ZnO and
AFZ-3 nanoparticles has been determined in the temperature range from 30 to 130 °C,
respectively. It can be noticed that the variation of voltage with current of the both
photocatalysts increase with increase of temperature. The estimated electrical
conductivity of AFZ-3 nanoparticles increases compared with the value of Pure ZnO
(from 10 to 10° S/cm). The increase of electrical conductivity of the AFZ-3

nanoparticles indicates the increase of charge carrier’s mobility [57].
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Fig.6.7: 1-V characteristics of (a) Pure ZnO and (b) AFZ-3 nanoparticles
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6.3.7 Photocatalytic Activity

The photocatalytic activities of the samples were evaluated by monitoring the
time-dependent photodegradation of organic dyes including MB and MO solution
under UV-light irradiation (8W Philips). In a typical experiment, 0.2g of
photocatalysts were dissolved into beaker containing 25 ml of 0.1 g/l MB and MO dye
solution at various pH (2, 4, and 6) in dark room for 30 min. Next, the dye solutions
with photocatalysts were illumination with UV light irradiation from 0 to 150 min. at
room temperature. The samples were taken out 2 ml of aliquot solution at regular time
intervals (30 min.) and monitored via UV-visible spectroscopy to evaluate the
degraded of MB and MO dye. The optical absorption peak of MB and MO dye-
solution were measured by a double beam UV-Vis spectrophotometer at the
wavelength range of ~664 and 464 nm (Ana), respectively.
6.3.7.1. Influence of optimized parameters

The photocatalytic activity of pure ZnO, AFZ-1, AFZ-2 and AFZ-3
nanoparticles were evaluated using the photocatalytic degradation of MB and MO in
aqueous solutions under UV light irradiation. The effect of various initial dye
concentrations for the degradation of MB and MO on pure ZnO was investigated out
by varying dye concentrations from 10 to 30 ppm. The effect of initial pH on the MB
and MO degradation was carried out by varying the solution pH from 2 to 6. The
effect of catalyst dosage on degradation of MB and MO under UV light was
investigated out by varying the catalyst amount from 10 to 30 mg. The photocatalytic
degradation strongly depends on the dye concentrations, solution pH and catalyst
dosage. Fig.6.8 (a-c) depicts the optimized parameters values are found to be pH = 6,

20 mg and 10 ppm, respectively.
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the photodegradation of MB and MO
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6.3.7.2 Photocatalytic performance of MB

MB degradation was used to evaluate the photocatalytic activity of the pure

ZnO, AFZ-1, AFZ-2 and AFZ-3 nanoparticles. The time-dependent absorbance

spectra of the MB dye solution under UV light irradiation in the presence of pure

Zn0, AFZ-1, AFZ-2 and AFZ-3 nanoparticles are displayed in Fig.5.9 (a—d).

The absorption characteristics of MB dye at ~664 nm decreases gradually with

increased UV irradiation time. It is clear that all AFZ nanoparticles possess higher

photocatalytic activities compare to pure ZnO. It depicts the Fig.5.9 () MB degraded

as function of irradiation time with UV light. MB degradation efficiency of pure ZnO,

AFZ-1, AFZ-2 and AFZ-3 nanoparticles reached 38, 96, 98 and 99% after 150 min. at

pH=6. However, Ag / Fe ions co-doped into ZnO site and its photocatalytic

performance higher than that of Pure ZnO.
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Fig. 6.9: UV-visible spectra of MB (dye conc.=10 ppm, pH = 6 and catalyst dosage =20 mg)
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3 nanoparticles and (e) comparison of photocatalytic efficiency of MB
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6.4 Photocatalytic performance of MO

The variation of UV-visible absorption spectra of aqueous MO dye solution as

a function of irradiation time through the photodegradation of pure ZnO, AFZ-1,

AFZ-2 and AFZ-3 nanoparticles are shown in Fig.6.10 (a-d). From the UV-visible

absorption spectra it can be seen that the intensity of the absorption peak MO

decreases when the irradiation time increases from 0 to 150 min. The characteristic

absorption peak of MO dye (~454 nm) has been monitored as a function of UV light

irradiation time, is shown in Fig.6.10 (e). MO degradation efficiency of pure ZnO,

AFZ-1, AFZ-2 and AFZ-3 nanoparticles reached 39, 96, 90 and 94% after 150 min. at

pH=6. Among our catalysts, the AFZ-1 showed the best performance with the MO

degradation efficiency enhanced by the optimized parameters under UV light

irradiation. Overall, MB degraded faster than MO in the presence of the AFZ

nanoparticles.

= 0% 30 min
— 0% 60 min
0% 90 min
e 0% 120 min
— 0% 150 min

(a)

—0.01% 30 min.
—0.01% 60 min.
—0.01% 90 min.
—0.01% 120 min.
—0.01% 150 min. -

Absorbance (a.u.)

350 400 450
Wavelength (nm)

T
500

(b)

I L I b I L I
=3t 350 400 450 500

Wavelength (nm)

130

I
550



Absorbance (a.u.)

—0.02%
—0.02%
—0.02%

—0.02% 120 min.
—0.02% 150 min.

Ref. MO 10 PPM
30 min.
60 min.
90 min.

(c)

Absorbance (a.u.)

= 0.03% 30 min.
= 0.03% 60 min.
=——0.03% 90 min.
—0.03% 120 min.
= 0.03% 150 min.

Ref. MO 10 PPM

(d)

I T T T T T
3%0 550 350 400 450 500 550

400 450 500
Wavelength (nm) Wavelength (nm)
100
Il bare ZnO (e)
1 I AFz1
g0 | I AFZ-2

B AFZ-3

B (o))
o o
1 1

Photodegradation (%)

30 60 90
UV irradiation time (in min.)

120 150
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(d) AFZ-3 nanoparticles and (e) Comparison of Photocatalytic Efficiency of MO
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6.5 Degradation Mechanism of MB and MO

A possible photocatalytic mechanism of the as-prepared AFZ photocatalysts
under UV irradiation were proposed and schematically illustrated in Fig.6.11. The
enhanced photocatalytic process can be explained as follows: Initially, the adsorption
of the dye molecules (MB and MO) onto the doped ZnO surface. Irradiation of dye
(MB and MO) adsorbed on ZnO surface with UV light leads to the electron—hole pairs
(e and h™) generation (equation (2)). The excited state of dye* would inject electrons
into the conduction band (CB) of pure ZnO participate in the photo—reaction process.
The Ag*/Fe* ions trap electrons and convert into Ag®/Fe”". The presence of Ag®/Fe*
ions less stable so it reacts with the oxygen molecules (O,), thereby reducing to form
superoxide radical anion (-O,) (egn. (4)). The Fe** ions located in the valence band
(VB) of ZnO reacts with surface hydroxyl group (OH") to produce hydroxyl radical
(-OH). The highly reactive superoxide radical anion (-O, ) and hydroxyl radical (-OH)
react with dye adsorbed on ZnO lead to the degradation of dye solution.

The possible degradation of dye can be summarized by the following equations

Dye+hv — Dye*+e —>» Dye + - .. (D)
co-doped ZnO+hv —» e cg+h've .. (2
Ag'/Fe* + e —» Ag/Fe* [electron trap] ..(3)
Ag/Fe* + 0, —» Ag'/Fe** + -0, [electron release] )
(h"vg) +H,O —> H"+-OH ... (5)
H,0,+e —» -OH+OH ... (6)
(O, +:-OH) + dye (MB or MO) —>  degradation products .. (N
(O, + -OH) + degradation products —  CO, + H,0 ... (8
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Fig.6.11: Photodegradation mechanism of the MB and MO dye in the

presence AFZ photocatalysts

The photocatalytic activity of pure and AFZ photocatalysts were studied by
measuring the photocatalytic degradation of dye (MB and MO) under UV light
irradiation. AFZ-3 photocatalyst degrades MB up to 98% photodegradation efficiency
after 150 min. and AFZ-1 photocatalyst degrades MO up to 93% photodegradation
efficiency after 150 min. Saravanan et al. prepared Cd doped ZnO by a hydrothermal

method with enhanced visible light photocatalytic activity as compared to pure ZnO,
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degrading 95% methylene blue dye in 6h under visible light irradiation [58]. Zhang et
al. reported that Fe doped ZnO nanowires much better than that of P25 degrades
methylene orange up to 60% in 300 mins. [59]. Jayachitra et al. synthesised (Ag, Mg)
co-doped ZnO by co-precipitation method under UV light irradiation with enhanced
photocatalytic activity as compared to pure ZnO, degrading 82% of MB dye in 5h
(pH=6) [60]. Based on the above results, novel AFZ photocatalysts have played a vital

role in the degradation of MB and MO dyes from wastewater.

6.6. Conclusion

Pure and various concentrations of co-doped Ag, Fe ZnO nanoparticles were
prepared by simple co-precipitation method. The synthesized samples are annealed at
450°C for 1 hr and they are characterized by using X-ray diffraction technique,
scanning electron microscope and UV-Vis spectroscopy analysis. The XRD result
clearly shows that the dopant concentration changes the average crystallite size. The
optical absorbance spectra reveal that the band gap decreases with increase of dopant
concentration. The effect of dopant, pH values, UV light irradiation time and dosage
concentration was evaluated for photocatalytic decolourization of MB and MO. It has
been observed that 0.075% Ag co-doped Fe-ZnO nanoparticles shows better catalytic

activity at higher pH values.
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Summary and Suggestions for Future Work

Summary

In the present work, ZnO-Fe,, ZnO-Agy ZnO-Mgy (x = 0, 0.05, 0.075 and 0.1
mol.%) nanoparticles and Ag (0.01, 0.02, 0.03%) co-doped Fe-ZnO nanoparticles
were effectively synthesized by simple co-precipitation method. All the prepared
samples are annealed at 450 °C for 1 hour. The pure and Fe, Ag, Mg-doped ZnO and
Ag co-doped Fe-ZnO nanoparticles are characterized by XRD, SEM, EDX, FTIR,
UV-Visible absorbance and electrical studies. The photocatalytic activity of the
prepared samples is investigated.

The structural properties of the prepared pure, Fe, Ag, Mg-doped and Ag co-
doped Fe-ZnO nanoparticles have been studied using X-ray diffraction (XRD)
analysis. XRD patterns reveals that the all the crystal phases are hexagonal wurtzite
structure of ZnO. The average crystalline size was reduced by adding the
concentration of 0.05, 0.075 and 0.1% Fe content in the ZnO nanoparticles. The low
intensity of pure ZnO was slowly increased with increase of Fe, Ag and Mg (0.05,
0.075 and 0.1%) concentration. The average crystalline sizes are varied from ~23 to
12 nm for Fe, Ag and Mg-doped ZnO nanoparticles. The XRD pattern of the prepared
co-doped ZnO (Fe, Ag) nanoparticles are well matched with standard JCPDS card.
Also, there is no characteristic diffraction peak corresponding to Ag, Fe, Mg or any
metal impurity phases. The obtained result confirms that the Fe®**, Ag*, Mg?" ions
effectively substitute into the ZnO lattice structure.

The surface morphology of Fe, Ag and Mg (0.05, 0.075, and 0.1%)-doped

Zn0O, Ag (0.01%, 0.02% & 0.03%) co-doped Fe-ZnO nanoparticles were determined
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by using Scanning Electron Microscopy (SEM). Pure ZnO nanoparticles have
irregular spherical morphology and Fe-doped ZnO nanoparticles shows variation in
the surface structure. The SEM image of Ag (0.05, 0.075 and 0.1 mol. %) doped ZnO
nanoparticles exhibit a worm, irregular square and spherical morphology. The images
of Ag co-doped Fe-ZnO indicate that the spherical structure composed of
nanoparticles is slightly agglomerated due to increase of dopants.

The chemical composition was investigated by using the Energy Dispersive X-
ray spectroscopy (EDX) analysis. EDX spectrum displays that pure ZnO nanocrystals
has a composition of Zn - 49.5 at% and O - 50.5 at%. EDX spectra of Fe-doped ZnO
nanoparticles mainly contains ZnO, and Fe elements with a composition of Zn-
59.56%, 0-22.23% and Fe-18.21%. The EDX image of Ag-doped ZnO nanoparticles
mainly contains Zn, Ag and O elements with a composition of Zn - 44.2 at%, O - 51.5
at% and Ag - 4.2 at%. Co-doped Ag (0.03%) Fe (0.075%)-ZnO nanoparticles
contains Ag, Fe, Zn and O elements with a composition of Ag —11.02 at%, Fe — 10.98
at%, Zn - 8.76 at% and O - 69.24 at%.

The chemical groups of the pure and doped ZnO were investigated by using
FT-IR spectral analysis. From the FT-IR spectrum of pure and Fe (0.1 %)-doped ZnO
nanoparticles, the broad absorption peaks at 3452, 3446, 1626 and 1591 cm?
corresponds to O H stretching and —OH bending vibration of the adsorbed H,O
molecules. The absorption peaks at 428 and 449 cm™ correspond to stretching mode
of Zn-O bonding in pure and Fe (0.1 %)-doped ZnO nanoparticles. The absorption
peaks of Fe (0.1 %)-doped ZnO nanoparticles have a small shift towards the lower

wave number and it is due to the change in bond length and substitution of Fe*" ions
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instead of ZnO matrix. FT-IR spectra of 0.1 mol. % Fe-doped ZnO shows that the
minor shift observed at 601 cm™ ascribed to Fe—O stretch.

The Functional group of pure and Mg (0.01%) doped ZnO is analysed by FTIR
spectrum. It exhibits several well-defined absorption bands at 1122, 1120 and
920 cm™ and they are attributed to sulphate and C=C bonds, respectively. The
absorption peaks appear at 400 and 550 cm™ were assigned to the metal—-oxygen (M—
O) stretching mode and the absorbance peak noticed in the spectra around 455 and
453 cm™ corresponds to the presence of Zn-O and Mg-O stretching bond,
respectively.

In Ag (0.1%)-doped ZnO nanoparticles the peak at 2380 cm™ denotes the
existence of C-H band. The peaks at 1122 and 920 cm™ was ascribed to the sulfate
and C=C bonds. The small stretch observed at 455 cm™ corresponds to the Zn-O
bending vibration. But the peak at 430 cm™ only establishes in the Ag (0.1%)-doped
ZnO nanoparticles is characteristic of an Ag—O stretching bond. FT-IR peaks at 3441,
3543, 1625 and 1622 cm™ are ascribed to O—H stretching vibration and —~OH bending
vibration of the water molecule in the pure and Ag (0.03%) co-doped Fe (0.075%)-
ZnO nanoparticles. The absorption peak at 2310 cm™ is due to the CO, on the metal
cations surface.

The optical absorption properties of pure, Fe, Ag, Mg (0.05, 0.075, and 0.1%)-
doped ZnO, co-doped Ag (0.01%, 0.02% & 0.03%) Fe-ZnO nanoparticles have been
investigated by UV-Vis absorbance spectrophotometer. The band gap energy for Fe,
Ag, Mg (0.05, 0.075, and 0.1%)-doped ZnO nanoparticles decreases with increase of

(Fe, Ag & Mg)-doping concentrations. In co-doped Ag (0.01%, 0.02% & 0.03%) Fe-
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ZnO nanoparticles the absorption edge shifted towards higher wavelength with
increase of Ag concentrations. The decrease of band gap from 3.60 to 3.27 eV is due
to the incorporation of Ag/Fe/Mg into ZnO lattice.

The electrical properties of pure, Fe, Ag, Mg (0.1%)-doped ZnO and Ag
(0.03%) co-doped Fe-ZnO nanoparticles have been characterized using I-V analysis.
The pure and Fe, Ag, Mg (0.1%)-doped ZnO nanoparticles taken under varying
temperatures of 30, 50, 70, 90, 110 and 130 °C. The electrical conductivity value
increases by increasing temperature. The electrical conductivity of Ag (0.03%) co-
doped Fe-ZnO nanoparticles increased from the value of pure ZnO (from 10°° to 10°°
S/cm). This result indicates that the increase in the charge carrier’s mobility.

The photocatalytic activity of the pure and Fe-doped ZnO was evaluated by the
degradation of MB and MO under UV light irradiation. The photodegradation was
maximum at pH=6 and catalyst concentration=10 mg for the all the samples such as
pure, Fe, Ag, Mg (0.05, 0.075, and 0.1%)-doped ZnO nanoparticles. The result reveals
that the Fe, Ag, Mg (0.05, 0.075, and 0.1%)-doped ZnO shows higher photocatalytic
activity than that of pure ZnO. Fe (0.075%)-doped ZnO shows enhanced
photocatalytic activity with a degradation efficiency of 68% for MB and 55% for MO
(pH 6) dye at 150 min. Mg (0.075%)-doped ZnO shows enhanced photocatalytic
activity with a degradation efficiency of 68% for MB (pH 6) dye at 150 min.

Ag, (0.1%)-doped ZnO shows enhanced photocatalytic activity with a
degradation efficiency of 98% for MB. Ag (0.075%)-doped ZnO shows enhanced

photocatalytic activity with a degradation efficiency of 92% for MO (pH 6) dye at 75
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min. Mg (0.01%)-doped ZnO shows enhanced photocatalytic activity with a
degradation efficiency of 92% for MO (pH 6) dye at 75 min.

At pH=6, Ag (0.01%, 0.02% & 0.03%) co-doped Fe-ZnO nanoparticles shows
enhanced dye degradation compared with pure ZnO. MB degradation efficiency of
pure, Ag (0.01%, 0.02% & 0.03%) co-doped Fe-ZnO nanoparticles reached 38, 96, 98
and 99% after 150 min. MO degradation efficiency of pure, Ag (0.01%, 0.02% &

0.03%) co-doped Fe-ZnO nanoparticles reached 39, 96, 90 and 94% after 150 min.

Suggestion for Future Work

» Characterization of synthesized (Fe, Ag, Mg) doped and co-doped (Ag, Fe)
ZnO nanoparticles particles will be performed by various techniques such as
HRTEM, XPS, AFM, BET, etc.

» To evaluate the photocatalytic activity of other synthetic dyes like azo dye,
rhodamine-B under UV/solar irradiation, etc.,

» Evaluation and performance studies of the co-doped (Ag, Fe) ZnO
nanoparticles used as photocatalyst for removal of heavy metals from industrial
effluent and antibacterial applications.

> In future, optimization of co-doped (Ag, Fe) ZnO nanoparticles for energy

making such as hydrogen production application through water splitting.
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ABSTRACT

ZnO-Fe, (x =0, 0.05, 0.075, and 0.1 M) nanoparticles based photocatalysts are
successfully synthesized by co-precipitation method. The synthesized
nanoparticles are characterized using X-ray diffraction, scanning electron
microscopy with energy-dispersive X-ray spectroscopy, and UV-visible double
beam spectroscopy techniques. The prepared catalysts and its photocatalytic
activity were evaluated by methylene blue and methyl orange dye under UV
light irradiation. The effect of various photocatalyst parameters such as pH,
catalyst dosage, and initial dye concentration on the photodegradation was
examined in detail.

1 Introduction

In recent years, many hazardous organic pollutants,
such as toxic dyes and organic residuals released into
the atmosphere from several industries [1, 2]. The
degradation and full-mineralization process are
vicious, because of merged structure of organic dyes.
Among these organic dyes, methylene blue (MB:Cy¢.
H;1sN35Cl) and methyl orange (MO: C14H;4N3NaO55)
are the most important dyes which are used in textile
industries and very harmful to human. Because they
cause increased heart rates, cyanosis, shock, sickness,
injuries to tissue and various skin infections. They
also highly harmful to the atmosphere, which then
poses a threat to the health of cattle’s and animals [3].
Industrial wastewater treatment and recycling are
fundamental objectives to secure the worldwide
biological system and improve the environment’s

Address correspondence to E-mail: arunasuba03@gmail.com

https:/ /doi.org/10.1007 /s10854-021-06328-0

quality. Various techniques have been extensively
utilized to suppress pollutants from contaminated
water sources [4, 5]. Among them, photocatalysis has
emerged to be a promising way to control the mas-
sive scale’s current environmental pollution. The
photocatalysts with semiconducting nanostructures
have concerned much more attention due to their
exceptional physico-chemical properties in the pho-
tocatalytic reaction [6-8].

Many researchers recently developed various
photocatalysts using metal oxide semiconductor
nanoparticles, including Bi,O3, TiO,, ZnO, and WO;.
Among these transition metal oxides, zinc oxide
(ZnO) is found very sensible in the photocatalytic
method due to their wide-bandgap, non-toxicity, and
high photosensitivity [9-11]. ZnO is a wide-bandgap
semiconductor with a direct energy bandgap
(Eg ~ 3.37 eV) [12]. ZnO nanoparticles are especially
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attractive for many interesting nanotechnology
applications such as transparent conductive coatings
[13], photoanodes for dye-sensitized solar cells
(DSSCs) [14], gas sensors [15], and electro-photo
luminescent materials [16]. Unfortunately, ZnO can
only absorb UV light [17], and photocatalytic degra-
dation efficiency was confined by the electron-hole
charge carriers, low-adsorption, and low-reusability.
To rectify this problem, numerous reports focused on
doping ZnO with transition metal (Fe, Co, Mn) ions
[18], non-metal (N, C, S) ions [19], and noble metals
loading (Ag, Au, Pd) [20] have been carried out. Wu
et al. reported that compared with pure ZnO
nanoparticles, ZnO-based materials are potential
photocatalysts, that can be used as the scaffold or the
coating layer in various heterostructures [21-23].

Various techniques for the synthesis of pure ZnO
and Fe-doped ZnO nanoparticles are reported in the
literature: hydrothermal method [24], combustion
[25], and sol-gel method [26]. Among these synthesis
methods, co-precipitation [27] is a flexible method for
synthesizing the ZnO nanoparticles due to its low-
cost, and easy to operate.

Several studies have been reported that the doping
of ZnO with transition metal ions for visible light
photocatalysts [28, 29]. It has been discovered that 2%
Fe-doped ZnO nanoparticles degraded the methyl
orange dye up to 80.8% within 210 min under sun-
light irradiation. The Fe-doped ZnO degrades MB in
4 h in sunlight [30]. Zhang et al. investigated that Fe/
ZnO nanowires’ utilization is superior to P25 against
MO [31]. Abbad et al. synthesized a Fe-doped ZnO
nanoparticle and degraded 2-chlorophenol under
solar irradiation. The most significant photocatalytic
action was accomplished with the optimized dopant
centralization of 0.5 wt% Fe because of the small
crystallite size and low bandgap with a low oxida-
tion—reduction potential [32].

In the present work, we reported the various
properties of an efficient Fe-doped ZnO nanoparticles
for photocatalytic reaction. The effect various dopant
concentration on structural, morphological, optical,
and electrical properties of ZnO nanoparticles was
investigated. Furthermore, we investigated the pho-
tocatalytic degradation of MB and MO dye under UV
light irradiation.

@ Springer
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2 Experimental
2.1 Preparation

Fe-doped ZnO (ZnO-Fe,) nanoparticles were syn-
thesized using various mol.% (x = 0, 0.05, 0.075, and
0.1) using co-precipitation method. The chemicals
such as zinc nitrate hexahydrate [Zn(NO;),-6H,0],
ferric nitrate nonahydrate [Fe(NOj3),-9H,O] and
sodium hydroxide [NaOH] used in the present study
are of analytical grade obtained from Alfa Aesar
chemicals, India.

To synthesis pure ZnO nanoparticles, 10 g of
Zn(NOs),-6H,0O was dissolved into 20 mL of deion-
ized water (DW) and in parallel 8 g of NaOH was
added drop wise in 100 mL water under continuous
stirring until to reach pH 11. Then the above solution
was heated in a vacuum oven at 100 °C for 2 h [12].
The obtained precipitates were centrifuged, washed
three times with DW and ethanol; finally it was dried
at 100 °C for 4 h. The collected precipitates were
calcined at 450 °C for 1h. To synthesis, various
concentrations of Fe-doped ZnO nanoparticles, such
as Fe = 0.05, 0.075, and 0.1 mol.%, 0.68 to 3.4 g of
Fe(NO3),-9H,0 was added into the reaction mixture.

2.2 Characterization techniques

XRD patterns of the samples were recorded using a
mini desktop X-ray diffractometer (X’PERT PRO
MPD) operated at an accelerating potential of 40 kV
and 30 mA filament current with CuKa radiation of
wavelength 1.5406 A with a scanning rate of 3/min.
(from 20 = 10 to 80 °C). The surface morphology and
particles size of the samples were characterized by
scanning electron microscope (SEM-JEOL ]S-6390)
with energy dispersive X-ray spectrometer (EDS).
UV-visible absorbance spectra of the samples were
measured with a Systronics: AU-2707 double-beam
spectrophotometer in the absorption range
190-1000 nm. Fourier transform infrared (FT-IR)
spectra of the samples were analyzed by JASCO
FTIR-410 spectrometer in the range 400-4000 cm .
The current—voltage (I-V) characteristic curves were
recorded using the Keithley electrometer 2400 model.

2.3 Photocatalytic degradation test

The photocatalytic activity of the samples was eval-
uated by the degradation of MB and MO under UV



] Mater Sci: Mater Electron (2021) 32:17925-17935

light irradiation (8 W Philips). 20 mg of ZnO-Fe,
photocatalysts were dissolved in 20 mL aqueous MB
and MO dye solution at various pH (2, 4, and 6). The
dye solutions with ZnO-Fe, photocatalysts were
exposed to UV light from 0 to 180 min. at room
temperature. Every 30 min, sampling out 2 ml of dye
solution collected from samples for photocatalytic
degradation test. The photocatalytic degradation of
MB and MO was observed A, at ~ 664 and 464 nm
respectively using a UV-visible spectrophotometer in
the wavelength range 200-800 nm.

3 Results and discussion
3.1 X-ray diffraction (XRD)

Figure 1a shows the powder XRD characteristic pat-
terns of ZnO-Fe, (x ~ 0, 0.05, 0.075, 0.1%) nanopar-
ticles. All the XRD diffraction peaks are indexed to
the hexagonal wurtzite structure of crystalline ZnO,
further confirmed from the standard JCPDS No. 36-
1451 (a = 0.325 nm and ¢ = 0.5207 nm) [33, 34]. There
are no characteristic peaks of Fe phases, or its oxides
were not detected in the samples. Figure 1b reveals
that the magnification of primary peak at 31.8 (100),
34.3 (002), and 36.3° (101), it shows a minor shift in
the 0.05, 0.075, and 0.1% Fe-doped ZnO. The ionic
radii of Fe>* and Zn*" are different (Fe** = 0.68 A
and Zn>* = 0.74 A). This result suggests that the Fe
ions substitute into the ZnO lattice [35]. The average
crystallite sizes (D) of the ZnO-Fe, was determined
from the Debye-Scherrer equation (Eq. 1) [36].

0.94
- p cos 0 (1)

where 1 is the incident of diffraction angle, f is the
full width half maximum of the peak (FWHM), 0 is
the wavelength of the X-rays (1.5406 A), respectively.
The lattice parameters and average crystalline size of
the samples are listed in Table 1. The average crys-
tallite size (D) of ZnO-Fe, calculated from XRD data
are 23, 21, 16 and 12 nm, respectively. Furthermore,
the increasing Fe content reduces the lattice param-
eters and average crystallite size. Previous reports
reported by Jeyachitra et al. [12] in Fe-doped ZnO
nanoparticles, Srinivasan et al. [37] in Mn-doped ZnO
and Nahm et al. [38] in V,0Os-doped ZnO ceramics are
also similar to the obtained results.
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Intensity (a.u.)

----%(100)

E

Intensity (a.u.)

30 32 34 36 38
20 (degrees)
Fig. 1 XRD patterns of a undoped ZnO and Fe-doped ZnO

nanoparticles b Fe concentration dependent shift in primary
diffraction peaks

3.2 SEM analysis

The surface morphologies of ZnO-Fe, (x = 0, 0.05,
0.075, and 0.1 mol.%) nanoparticles are shown in
Fig. 2a—d. Fig. 2a shows the surface morphology of
undoped ZnO with crystallite size of ~ 42-68 nm.
Interestingly, when the Fe concentration was
0.05 mol.%, the ZnO nanoparticles are turned and it
is shown in Fig. 2b. Figure 2c, d show turning of
needle and spherical like structures due to the doping
of 0.075 to 0.1mol.% of Fe-dopants in ZnO
nanoparticles. Compared with undoped ZnO,
0.1 mol.% of Fe-doped ZnO shows more information
on the surface. The images clearly exposed that the
surface morphology changed with the addition of Fe

@ Springer
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Table 1 The lattice

J] Mater Sci: Mater Electron (2021) 32:17925-17935

parameters and average

Fe Doping Concentration (mol.%)

hkl 20 (degree) a[A] c[A] Crystallite size (nm)

crystallite size of ZnO—-Fe,

. Zn0O
nanoparticles

ZIlO—Fe()'05

ZnO-Fey 075

Zl’lO—Fe()Al

(100)  31.77 324 520 23
(002)  34.40
(101) 3630
(100)  31.81 325 521 21
(002)  34.23
(101)  36.37
(100)  31.71 325 520 16
002) 34.43
(101)  36.17
(100)  31.81 324 520 12
(002) 34.23
(101)  36.23

Fig. 2 SEM images of

a undoped ZnO b 0.05,

¢ 0.075 and d 0.1 mol.% Fe-
doped ZnO nanoparticles

concentration, the agglomerated particles breaks and
pores were created and then finally reduced into
spherical nanoparticles. It can also be noticed that the
size and morphology of ZnO-Fe, nanoparticles
enhanced with the dopant concentration.

3.3 EDX analysis

EDX analysis (Fig. 3a—d) was used to investigate the
chemical composition of ZnO-Fe, (x = 0, 0.05, 0.075
and 0.1 mol.%) nanoparticles. EDX spectrum of
undoped ZnO shows the existence of characteristic

@ Springer

peaks of oxygen (O) and zinc (Zn) elements (Fig. 3a).
The atomic percentage of these elements found to be
49.5 and 50.5%, respectively. Figure 3b—d show the
EDX spectra of Fe-doped ZnO nanoparticles also
include elements such as O, Zn and Fe, respectively.
The inset of EDX image ZnO-Fe, nanoparticles data
was given in table format. The measured Fe concen-
tration of 0.05, 0.075 and 0.1 mol.%, are about 2.71,
14.94, and 18.21%, respectively. The observed atomic
percentage values almost match well with the
samples.
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Fig. 3 EDX images of

a undoped ZnO b 0.05,

¢ 0.075 and d 0.1 mol.% Fe-

doped ZnO nanoparticles Element  Atom%
0K 4950

Element  Atom%
0K 36.65
nK 60,64

nK 50.50
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3.4 UV-Vis spectral studies

— (@
UV-absorption spectra of ZnO-Fe, (x ~ 0, 0.05, 0.075 (b)
& 0.1 mol.%) nanoparticles are shown in Fig. 4a—d. EZ))

The absorption edge is shifted towards a higher
wavelength region, which means that the bandgap
decreases. The red-shift is due to the increase of
crystallite size, and it was confirmed from the XRD
results. The optical bandgap of ZnO and Fe-doped
ZnO nanoparticles was calculated using the formula Py o

E; = hc/7.[39]. The calculated optical bandgap values ]
are 3.90, 3.89, 3.86 and 3.82 eV, which corresponds to
undoped ZnO and 0.05, 0.075 & 0.1 mol.% Fe-doped
ZnO nanoparticles. Similar result was also observed
by Hassan et al. [40]. The substitute of Fe> with Zn** Wavelength (nm)
ion shares the oxygen with Zn atoms and reduces the

Absorbance (a.u.)

T T T T T T T T T T T T T T
310 320 330 340 350 360 370 380

Fig. 4 UV-Vis absorbance spectra of a undoped ZnO b 0.05,
bandgap. ¢ 0.075 and d 0.1 mol.% Fe-doped ZnO nanoparticles

3.5 FTIR analysis vibration of the adsorbed H,O molecules [41]. The
band lower intensity absorbed around 2380 cm™
which corresponds to the symmetric and asymmetric
C-H bond. Two weak absorption peaks at 428 and
sented in Fig. 5a, b. The broad absorption band 449 cm™" for undoped and 0.1 mol.% Fe-doped ZnO
appearing in the range 3452-3446 cm ! corresponds sample may corresponds to Zn-O stretching mode.

to -OH stretching vibration, while the two peaks The absorption peaks located at 1120, 1122, and
located at 1625 and 1591 cm™" is due to ~OH bending

FTIR spectra of ZnO-Fe, (x ~ 0 and 0.1 mol.%)
nanoparticles in the range 4000400 cm™' are pre-

@ Springer



17930

% Transmittance

455.

— 71T r 1 1 1 1 1 1T T 7

4000 3600 3200 2800 2400 2000 1600 1200 800 400
A

Wavenumber (cm’)

Fig. 5 FT-IR spectra of a undoped ZnO and b 0.1 mol.% Fe-
doped ZnO nanoparticles

800 cm ™! attributed to the sulfate group, respectively
[42]. Also, FTIR spectra of 0.1 mol.% Fe-doped ZnO
shows that the small stretch observed at 601 cm™'
corresponds to Fe-O stretch, as reported by Liu et al.
[42]. Therefore, it might be due to Fe’* ions substi-
tuted in Zn.

3.6 I-V characteristics

The I-V characteristics of ZnO-Fe, (x ~ 0 and
0.1 mol.%) nanoparticles have been determined using
Ag-paste for better electrical contact and the result is
shown in Fig. 6a, b. From these curves, DC electrical
conductivity measurement of ZnO-Fe, (x ~ 0 and
0.1 mol.%) nanoparticles taken under varying tem-
peratures of 30, 50, 70, 90, 110 and 130 °C (Increase of
20 °C). Thus, it increases the conductivity of
0.1 mol.% Fe-doped ZnO nanoparticles due to the
increase in the mobility of charge carriers [43]. The
remarkable increase in these samples conductivity
may result in a higher advantage for optical device
fabrication.

3.7 Photodegradation of MB and MO
3.7.1 Influence of pH

The adsorption of MB and MO dye molecules on
undoped ZnO nanoparticles strongly depends on the
solution’s pH displayed in Fig. 7a. The influence of
pH on the photodegradation of MB and MO dye was

@ Springer

J] Mater Sci: Mater Electron (2021) 32:17925-17935

a 1.0x10°

| —=— 30°

8.0x10° 4
6.0x10° 4

4.0x10°

Current (A)
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0.0

o 2 o 6 8 100
Voltage (V)

3.0x10°

30°C
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2.0x10°
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1.0x10° 4

Current (A)

5.0x107

0.0 4

o 20 40 6o 8 100
Voltage (V)

Fig. 6 [-V characteristics of a undoped ZnO and b 0.1 mol.% Fe-
doped ZnO nanoparticles

studied by varying the solution’s pH from 2 to 6. The
outcome shows that photodegradation was maxi-
mum in base medium. The degradation arrives at
most extreme at pH 6 and decreases sensibly up to
pH 2. Henceforth, the pH 6 was accepted as an ideal
pH and utilized for additional investigation.

3.7.2  Influence of catalyst concentration

The influence of catalyst concentration on the pho-
todegradation of MB and MO dye was verified using
ZnO catalyst concentrations from 5 to 15 mg/30 ml
in 10 ppm MB, and MO dye solution at pH 6 and it is
displayed in Fig. 7b. The variation in photodegrada-
tion can be clarified by accessibility of several sur-
face-active sites and UV light radiation into dye
solution. The photodegradation reaches maximum at
10 mg/30 ml. The reduced photodegradation at
higher catalyst concentration (15 mg/30 ml) may be
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Fig. 7 a Influence of pH and b catalyst concentration on the photodegradation of MB and MO

due to ZnO nanoparticles aggregation increases the
scattering effect [44]. Consequently, 10 mg/30 ml
ZnO photocatalyst was expected as an ideal catalyst
weight.

3.7.3 Influence of UV irradiation time of MB

The photocatalytic activity was carried out with MB
concentration of 2.0 mM, catalyst concentration of
10 mg, pH 6 and irradiation time up to 150 min.
Figure 8a—d show the variation in absorption spectra
of MB illuminated to UV light for various irradiation
times (0, 30, 60, 90, 120 and 150 min) in the presence
of ZnO-Fe, (x ~ 0, 0.05, 0.075, 0.1 mol.%) nanopar-
ticles. The intensity of absorption peaks at 664 nm
decreases gradually with irradiation time.

MB dye was degraded under UV light from 0 to
150 min. in the presence of ZnO-Fe, (x ~ 0, 0.05,
0.075, 0.1 mol.%) nanoparticles and is shown in
Fig. 8e. The result reveals that the Fe-doped ZnO
shows higher photocatalytic activity than that of
undoped ZnO. Fe (0.075%)-doped ZnO shows
enhanced photocatalytic activity with a degradation
efficiency of 68% for MB (pH 6) dye at 150 min. Fe
(0.075%)-doped ZnO nanoparticles took less time to
degrade the MB dye compared with other concen-
tration of Fe. The reduction of photocatalytic activity
at higher concentration Fe (0.1%)-doped ZnO may be
due to photons’ reduced path length [44]. Similar
results are also observed by Suganthi and colleagues
[45]. Another reason for the increase in the photo-
catalytic activity of Fe-doped ZnO nanoparticles, Fe
ions substituted into ZnO surface may suppress the

electron-hole pair recombination and enhance the
dye degradation efficiency [46, 47].

3.74 Influence of UV irradiation time of MO

The photocatalytic activity was carried out with MO
concentration of 3.0 mM, catalyst concentration of
10 mg, pH 6 and irradiation time up to 150 min. The
variation in absorption spectra of MO showing to UV
light for various irradiation times (0, 30, 60, 90, 120
and 150 min) in the presence of ZnO-Fe, (x ~ 0, 0.05,
0.075, 0.1 mol.%) nanoparticles. The intensity of
absorption peaks at 454 nm decreases gradually with
the extension of irradiation time shown in Fig. 9a—d.

Figure 9e shows the MO dye degradation under
UV light from 0 to 150 min. in the presence of ZnO-
Fe, (x = 0, 0.05, 0.075, 0.1 mol.%) nanoparticles. The
result reveals that the Fe (0.075%)-doped ZnO
showed efficient photocatalytic activity with a
degradation efficiency of 55% for MO (pH 6) dye at
150 min [48].

In this process, narrow semiconductors act as a
sensitizer to improve the dye’s photodegradation
based on their electronic band structure. When the
photocatalyst was illuminated with higher energy
photons, it only allows the dye molecule oxidation
[44]. We proposed a mechanism of ZnO-Fe,
nanoparticles for efficient photocatalytic activity. It
can be described as follows:

ZnO + hy — ZnO(h{y + egp) (2)

@ Springer
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(hiy) + dye — dyey, — oxidation of dye molecule
(3)

When ZnO is illuminated by visible light, holes (h™
ve) and electrons (e"cp) are generated and passed
through from valence to conduction band. The pho-
togenerated electrons and holes combine with Fe®"
ions, respectively.

Fe’" + O, — Fe’" + O — (electron release) (4)
Fe’™ + OH™ — Fe*" 4+ OH (hole release) (5)

OH  + dye (MB & MO) — oxidation of dye molecule
(6)

These superoxide anions (O,°—) and hydroxyl
radicals (OH') are strong oxidizing species, and it
will degrade of MB and MO dye molecule (Eq. 6)
[48]. From these results, novel Fe-doped ZnO
nanoparticles have played a primary role in the
degradation of organic dyes from wastewater.

4 Conclusion

In this paper, we reported the synthesis of ZnO-Fe,
(x =~ 0, 0.05, 0.075 & 0.1 mol.%) nanoparticles by co-
precipitation method. The intensity of Fe-doped ZnO
nanoparticles decreases due to the incorporation of
Fe (0.05, 0.075 & 0.1 mol.%), confirmed by XRD.
Doping of Fe modifies the morphology and crystallite
size of ZnO nanoparticles and it was estimated to
be ~ 42-68 nm. UV-Vis absorbance studies reveals
that increasing of Fe concentration up to 0.1 mol.%,
the bandgap decreases when compared with
undoped ZnO. The maximum percentage of MB and
MO photodegradation was achieved for the dosage
concentration of 10 mg and irradiation time of
150 min at pH 6. Fe-doped ZnO nanoparticles may be
used as an efficient photocatalyst to degrade the
organic dyes under UV light.
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Abstract: Semiconductor based photocatalyst for degradation of cationic and anionic dye pollutants under UV light was
demonstrated for wastewater treatment. In the present work, un-doped and Ag (mol% = 0, 0.05, 0.075 and 0.1)-doped ZnO
nanoparticles were synthesized by co-precipitation method. X-ray diffraction (XRD) pattern confirms that the samples are found
to be of highly crystalline hexagonal wurtzite structure. Scanning electron microscopy (SEM) image reveals that the morphology
of the doped ZnO nanoparticles are highly affected by the addition of silver (Ag). Fourier transform infra-red (FTIR) and energy-
dispersive spectra (EDS) demonstrates the presence of Ag in the ZnO lattice. UV-Vis absorption spectra shows that the Ag-
doped ZnO nanoparticles exhibit a red-shift with reduced bandgap energy compared with un-doped ZnO nanoparticles. Hence,
our aim is to find the effect of Ag- doping in ZnO nanoparticles for the improvement of photocatalytic degradation. The
photocatalytic activities of these Ag-doped nanoparticles were evaluated by measuring the rate of photo-degradation reaction of
hazardous methylene blue (MB) and methyl orange (MO) dye under UV-light irradiation. Photocatalytic efficiency in the
degradation of MB and MO dyes was compared with the efficiency of un-doped ZnO. The effects of various factors like solution
pH, photocatalytic dosage and UV irradiation time with concentration of MB and MO on photocatalytic degradation were
studied. It was found that cationic dyes shows better photo-degradation than the anionic dyes. The main objective of the present
work was optimizing the various factor for better photocatalytic activity, complete mineralization and evaluating the
photocatalytic-degradation mechanism.
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I. INTRODUCTION

Economically growing countries like India are facing
environmental pollution due to industrial developments. In
particular, industrial effluents discharged from cosmetics,
textile, paper and paint industries contain high levels of
organic contaminants including toxic chemicals and heavy
metals'. Untreated industrial effluents release into water
system has become one of the most serious water pollutions
that severely affect the ecosystem and human health.
Appropriate treatment is essential for effective destruction of
effluents before they are released into the ecosystem?. There
are several techniques available for the wastewater treatment
such as activated carbon adsorption, chemical oxidation,
coagulation, ion exchange, reverse osmosis, electrodialysis
and advanced oxidation processes (AOP) have been found to
be ineffective for the mineralization of toxic organic
compounds®’. Among them, photo-catalysis is an effective
process that is used for heterogeneous photocatalytic
degradation of organic effluents using a semiconductor as a
photo-catalyst®. Many researchers are recently focused in
conversion of organic dyes into harmless chemicals using
photo-catalysts. ZnO is a versatile multifunctional wide band
gap semiconductor like TiO, and it has numerous superior
properties such as high electron transport, light sensitive,
thermal and chemically stable, non-toxic and sustainable with
hydrogen environment”®. ZnO nanoparticles are effective
photo-catalysts for degradation of toxic pollutants under UV
irradiation. ZnO has better activity than TiO, for
photocatalytic degradation of some organic dyes'"'>.The
photocatalytic efficiency of ZnO nanoparticles mainly
depends on the ability of electron—holes (e'/h*) pair
formation under light illumination. However, the rapid
recombination of photo-excited electron—holes (e /h"),
aggregation and low surface area of the bulk form are the
main factors for the reduction of photocatalytic efficiency.
Numerous methods, such as doping of metals and non-
metals, combining with different semiconductors are used to
overcome these drawbacks. The metal (Ag) doping of ZnO is
most efficient way to improve its photocatalytic efficiency,
because metal doping accelerates the charge carrier
separation and change its physical and chemical properties'*
2 ZnO has been prepared by a variety of techniques such as
hydrothermal method?, combustion?, and sol-gel method?.
Among these, co-precipitation** shows some advantages over
the other methods. The present work explains the effect of
various concentrations of Ag dopant on the structural and
photocatalytic activity of ZnO nanoparticles. Furthermore,
the samples were characterized by XRD, SEM, FTIR and UV-
Vis spectrophotometer. To the best of our knowledge, this is
the first report of application of Ag-doped ZnO nanoparticles
for the degradation of cationic dye (methylene blue) and
anionic dye (methyl orange) in water.

2. EXPERIMENTAL

2.1 MATERIALS AND METHODS

All the chemical used in the experiments are analytical grade
and were used without further purification. Zinc nitrate
hexahydrate [Zn(NO,),.6H,0], silver nitrate Ag(NO,),
methylene blue (MB), methyl orange (MO) and sodium
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hydroxide [NaOH], were purchased from Alfa Aesar
chemicals, India. Double distilled water (DDW) was used for
all of the solutions.

2.2 Photo-catalyst Preparation

In a typical synthesis, 10 g of Zn (NO,), 6H,0O was dissolved
into 20 ml of DDW. In another container, 8 g of NaOH in
00 ml DDW. Then NaOH added to the zinc nitrate
solution. Both these solutions were added dropwise under
continuous magnetic stirring until pH adjusted into I|. Then
the above solution was heated in in a vacuum oven at 150 °C
for Ih. Afterwards, white color precipitates were separated
by centrifugation and washed twice with DDW followed by
ethanol and dried at 100 °C for 3h. The dried participate was
calcined at 450 °C for |h and finally un-doped ZnO
nanoparticles formed. For synthesis of Ag doped ZnO
nanoparticles containing various concentrations (mol% =
0.05, 0.075 and 0.1) of silver nitrate dissolved in water were
added to the zinc nitrate solution with stirring. The co-
precipitation method was selected based on available
literature as described above?*

2.3 Characterizations

The crystalline phases of un-doped and Ag-doped ZnO
nanoparticles were determined by powder X-ray
diffractometer (X’PERT PRO MPD) using CuKa radiation (A
= 0.15405 nm) operated at 40 kV voltage and 30 mA current
with a scanning rate of 2° per min*". The particle size and
morphological features of the samples were observed by
scanning electron microscope (SEM-JEOL ]S-6390) with
energy dispersive X-ray spectrometer (EDX)?. Band gap
energies of the samples were analysed from UV-visible
spectra recorded using UV-Vis double-beam
spectrophotometer ~ (Systronics: ~ AU-2707).  Fourier
Transform Infrared (FT-IR) spectra of prepared samples were
recorded by using a FTIR Spectrometer (JASCO FTIR-410) in
the range 400-4000 cm™'with a resolution of 4 cm™ at room
temperature using KBr disc. Electrical characteristics (I-V)
curve of the samples were carried out using a Keithley
electrometer 2400 model

2.4 Evaluation of Photocatalytic activity

Photocatalytic activity of the un-doped and Ag-doped ZnO
nanoparticles was evaluated for degradation of MB and MO
dye solution under UV light irradiation. The photocatalytic
procedure was conducted by adding 10 mg of photo-catalyst
in 50 mL, 10 ppm of MB and MO dye solution. The reaction
mixture was stirred for 30 min. under a dark to reach
adsorption—desorption equilibrium. After that the dye
solution was irradiated with an 8 W UV lamp was switched
on. At different time intervals (0, 15, 30, 45, 60 and 75 min.)
samples were taken out and centrifuged to separate the
catalyst and then the supernatant was analysed in a UV-visible
double beam spectrophotometer maximum wavelength
(Amax) observed at ~664 and 464 nm to study the
photocatalytic degradation. The photo-degradation efficiency
(D%) of the MB and MO dye was calculated using the
equation®
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(D%) = [C-C,/C,]*100

Where, C, and C are the initial and final degradation time of MB and MO (mg/L) dye solution used.

3. RESULT AND DISCUSSION nanoparticles with different concentrations of Ag, i.e. 0.05,
0.075 and 0.1%. The XRD pattern of all samples have strong
3.1 XRD Analysis diffraction peaks are assigned to (100), (002), (101), (102),

(110), (103), (200), (112) and (201) planes of hexagonal
wurtzite structure of ZnO in the Miller indices (JCPDS-36-
1451) %. There is no extra peaks or other unidentified peaks

In order to investigate the crystal structure of un-doped
ZnO and Ag doped ZnO nanoparticles were characterized
by powder X-ray diffraction (PXRD) data. Fig. 1(a) depicts ) - ;
the PXRD patterns of un-doped ZnO and Ag doped ZnO corresponds to Ag or its oxide phases in the XRD pattern.

$ (a)
- a &
3 e =~
e Ag 0.1% 7‘5*8
> g 0.1% =
2 ["Ag 0.075%
3
£
T T T T T T
20 30 40 50 60 70 80
20 (degree)
4
S
2
2 Ag 0.075%
S
£ Ag 0.05%

30 32 34 36 38 40
20 (degree)

Fig. 1. (@) XRD patterns of un-doped and Ag-doped ZnO nanoparticles (b) expanded view of XRD patterns shift.

Table I. Lattice parameters and crystallite size of undoped
and Ag-doped ZnO nanoparticles.
Ag doping (mol%) hkl a[A] <c[A] «c/a Average Crystallite Size (nm)
10
0
00
ZnO ) 3.2555 52184 1.6029 23
10
|
10
0
Agy05ZNng 450 00 3.2562 52190 1.6028 20
2
10
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Ago.075ZNg 950

3.2584 52210

1.6023 19

Agy.1Zny 5O

3.2586 5.2240

1.6031 18

Fig. 1(b) shows a magnification of the peak at 31.8 (100), 34.3 (002)
and 36.3° (101) were a slight peak shift to lower angles observed in
the 0.05, 0.075, and 0.1% Ag-doped ZnO nanoparticles. This result
confirms that Ag impurity has been successfully incorporated into
the ZnO lattice structure. The lattice constants and average
crystallite size of major XRD peaks calculated for different samples
are listed in Table |. In our study, the effect of Ag doping on the
average crystallite size (D) of was calculated for all samples by
Debye—Scherrer’s equation, and are found to be 23, 20, 19 and 18
nm, respectively?’.These results indicate that the D value in the Ag-
doped ZnO nanoparticles decreased as the doping concentration
increased. Furthermore, the increasing Ag content decreases the
lattice parameters and average crystallite size values. Other studies
have found the same results were reported by Pal et al28 in Co-
doped ZnO nanoparticles, Saravanan et al?° in Ag-doped ZnO
nanoparticles and Udom et al.3 in Ag-doped ZnO nanowires.

3.2 SEM with EDX Analysis

The surface morphology and chemical composition of the prepared
samples were investigated by SEM with EDX. SEM images of un-
doped ZnO and Ag (0.05, 0.075 and 0. mol.%) doped ZnO
nanoparticles are shown in Fig. 2(a-d). Fig. 2(a) shows the formation
of irregular spherical morphology of the un-doped ZnO. From the
Fig 2(b-d), it was precisely discovered that well prepared samples
are in nanometer size and the surface morphology changes with the
silver concentration. The variation of surface morphology with Ag
dopant is due to the variation of number of nucleation sites2!. The
silver concentration reduces the particle size and it was confirmed
from the XRD results. The obtained results are similar to the
results reported by Pung et al3!.

Fig. 2. SEM images of (a) undoped (b) 0.05, (c) 0.075 and (d) 0.1 mol.% Ag-doped ZnO nanoparticles.

The EDX spectra for un-doped ZnO and Ag (0.1%)-doped ZnO nanoparticles are shown in Fig. 3 (a, b). EDX spectrum of un-
doped ZnO shows presence existence characteristic peaks of oxygen (O) and zinc (Zn) elements. The EDX pattern of Ag-doped
nanoparticles also include elements such as existence of silver (Ag) together with Zn and O, indicating the successful doping of

Ag in the ZnO matrix®'.

u] 5 10 15 2
Full Scale 2800 cts Cursor: 0.000 ke

5 10 15 2q
Full Scale 2800 -ts Cursor: 0.000 ke

Fig. 3. EDX images of (a) un-doped and (b) 0.1 mol.% Ag-doped ZnO nanoparticles.
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33 UV-Vis Analysis

In order to investigate the optical properties of un-doped ZnO and
Ag (0.05, 0.075 and 0. mol.%) doped ZnO nanoparticles were
investigated by UV-Vis. absorption spectroscopy. Fig. 4 (a-d) shows
the UV-Vis absorption spectra of un-doped ZnO and Ag (0.05,
0.075 and 0.1 mol.%) doped ZnO nanoparticles. Un-doped ZnO has
an absorption cut-off edge was observed around 370 nm. The

Nanomaterial

adsorption of Ag-doped ZnO nanoparticles was shifted to the
longer wavelength from ZnO with the increase of the molar ratio of
Ag (0.05, 0.075 and 0.1 mol.%). After Ag-doping display an additional
hump absorption in the visible region observed at 373, 375 and 377
nm. The calculated optical band gap energies were 3.35, 3.33, 3.30
and 3.28 eV for un-doped ZnO and Ag-doped ZnO nanoparticles,
respectively. According to some previous reports similar result was
observed by Hassan et al.32.

Absorbance (a.u.)

—— undoped Zn0O
——Ag 0.05%
——Ag 0.75%
——Ag 0.1%

T
350 400

T
450

500 550

Wavelength (nm)

Fig. 4. UV-Vis absorbance spectra (a) un-doped (b) 0.05, (c) 0.075 and (d) 0.1 mol.% Ag-doped ZnO
nanoparticles.

3.4 FT-IR Analysis

The FTIR spectra of un-doped ZnO and Ag (0.1%)-doped ZnO nanoparticles are presented in Fig. 5 (a, b). The absorption peaks
present at 3441 and 1625 cm™' which corresponds to the -OH stretching and bending vibration of the water molecule®.

(a)

(b) \

b
3
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™
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2380.99

;
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455.2
—
800 400
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Fig. 5. FT-IR spectra of (a) un-doped and (b) 0.1 mol.% Ag-doped ZnO nanoparticles.

The band at 2380 cm” corresponds to symmetric and
asymmetric C-H bond*. The observed FTIR spectrum
exhibits several well-defined absorption bands at |122 and
920 cm™' and they are attributed to sulphate and C=C bonds,
respectively®. The absorption peaks appears at 400 and 550

cm’ were assigned to the metal-oxygen (M-O) stretching
mode* and the absorbance peak noticed in the spectra
around 455 and 430 cm™ corresponds to the presence of
Zn-O and Ag-O stretching bond, respectively.
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3.5 I-V Characteristics

Nanomaterial

Electrical properties of un-doped ZnO and Ag (0.1%)-doped ZnO nanoparticles was measured by using the |-V characteristics
and it is presented in Fig. 6 (a, b). From IV curves, electrical conductivity of un-doped ZnO and Ag (0.1%)-doped ZnO taken

under varying temperatures from 30 to 130 °C.

1.0x10°
—=— 30°C (a)
0
8.0x10° - 50 OC
—— 70 °C
— —— 90°C /
z | ——10°
= ——130°C
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5
(3]
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004 =
T T T T T T T T T T
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2.5x10° -
2.0x10°
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0.0+
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Voltage (V)

Fig. 6. I-V characteristics of (a) un-doped and (b) 0.1 mol.% Ag-doped ZnO nanoparticles.

This study reveals that (0.1%) Ag-doped ZnO nanoparticles shows
better conductivity than the un-doped ZnO and it may due to the
presence of more charge carrier’s mobility37.

3.6 Photocatalytic Activity

3.6.1 Optimized Factors to the Catalytic Activity

The photocatalytic degradation of un-doped ZnO and Ag-doped
ZnO nanoparticles were selected for the evaluation of

——Ref. MB 10 PPM (a)
——0% 30 min
0% 60 min

e ()9, 90

0% 120 min

— 0% 150 min

Absorbance (a.u.)

500 550 600 650 700 750
Wavelength (nm)

For the above mentioned conditions the photocatalytic
degradation was carried out for Ag-doped ZnO
nanoparticles. The Fig. 7(a-d) shows the comparative spectra
of degradation of MB dye with un-doped ZnO and Ag (mol%

photocatalytic activity under UV-visible light. In order to study the
effect of the UV light on the degradation of MB and MO dye. The
dyes were prepared in various concentrations like acidic, neutral
and alkaline medium. The photocatalytic activity was carried out and
optimised for un-doped ZnO catalyst with MB and MO dye
concentration of 10 ppm, catalyst concentration of 10 mg, pH = 6
and UV irradiation time up to 150 min.

3.6.2 Impact of UV irradiation on Degradation of MB and
MO

Ref. MB 10 PPM
— 0.05% 15 min.
—0.05% 30 min.
—0.05% 45 min.
—0.05% 60 min.

75 mir

(b)

— 0.05%

Absorbance {a.u.)

) T T T : T T T .
500 550 600 650 700 750
Wavelength (nm)

= 0.05, 0.075, 0.1)-doped ZnO nanoparticles with respect to
time. The high intensity absorption peaks was observed at
664 nm for MB dye. It was observed that the degradation of
MB dye increases with increase of dopant concentration™.
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Fig. 7. MB dye degradation of (a) un-doped (b) 0.05, (c) 0.075, (d) 0.1 mol.% Ag-doped ZnO nanoparticles (MB
dye:10 ppm, catalyst dose:10 mg, pH=6) and (e) effect of irradiation time of UV on MB photo-degradation.

The efficiency of un-doped and Ag-doped ZnO nanoparticles
under UV light reaches 38, 90, 92 and 95% after 75 min light
irradiation. Ag (0.1%)-doped ZnO nanoparticle shows the
highest degradation efficiency of 95% under UV radiation for

100

MB dye, while under similar conditions, a much lower
efficiency (38%) was observed for un-doped ZnO
nanoparticles under visible light radiation®.

Bl undoped ZnO
I Ag 0.05%

80 -Ag 0.075%
B Ag 0.1%

& D
[S) t=3
1 1

Photodegradation (%)

15 30
UV irradiation time (in min.)

(e)

45 60 75 90

Fig. 8. MO dye degradation of (a) un-doped (b) 0.05, (c) 0.075, (d) 0.1 mol.% Ag-doped ZnO nanoparticles (MO
dye:10 ppm,

catalyst dose:10 mg, pH=6) and (e) effect of irradiation time of UV
on MO photo-degradation.The comparative spectra for degradation
MO dye with un-doped ZnO and Ag (mol% = 0.05, 0.075, 0.1)-
doped ZnO nanoparticles with respect to time was presented in Fig.
8(a-d). The high intensity absorption peaks of MO dye were
observed at 464 nm. The effect of irradiation time of UV on MO

dye degradation is shown in Fig. 8 (e). The degradation efficiency
increases with increase of dopant concentration and the obtained
values are 36, 72, 92 and 76%, respectively for un-doped, 0.05,
0.075 and 0.1 mol.% Ag-doped ZnO nanoparticles. It can be seen
that maximum degradation (92%) of MO dye was achieved for Ag
(0.075%)-doped ZnO nanoparticles in 75 min. It should be noted
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that MB was degraded more faster than MO in the presence of the
Ag-dopant. The possible photocatalytic degradation mechanism of
MB and MO on Ag-doped ZnO nanoparticles under UV-visible light
irradiation can be explained from the equation | to 6. During the
catalytic process, photons can excite electrons in the valence band
(VB) to be moved up to the conduct band (CB) and generate the
same amount of electron-hole pair (e- and h*). The photo-excited
electrons will be transferred from ZnO to Ag nanoparticles under

Nanomaterial

the potential energy. The photocatalytic activity is effective thereby
preventing the recombination between electrons and holes on the
surface of ZnO. Afterwards, the electron on Ag nanoparticles can
produce the ‘Oz superoxideradical, while the holes in the VB can
react with H202 to produce "OH hydroxylradical38. These free
radicals can degrade organic compounds to CO: and HO3!

ZnO +hy —» ZnO(h™yptecB) 0y}

ZnO (e"cp) + Ag — ZnO +Ag (e"cp) 2)

Ag(€cp)+ 0y —> -Oy+Ag ©)

ZnO (h'yvg)+H,0 —» ZnO+H +-OH 4)
(-O;7+ -OH) + dye — degradation %)

(MB or MO) products
(-O:~+-OH) + degradation—» CO,; + H,0 (6)
products

Products Till now, many studies have proven that electrons
can transfer from Ag to the CB of ZnO. Then, they are
scavenged by adsorbed O, molecules to yield superoxide
radical anions (‘O,) to degrade dye molecules®. Therefore,
the photocatalytic activity will be enhanced.

4. CONCLUSION

In summary, various mol% of Ag-doped ZnO nanoparticles
was synthesized using co-precipitation method. The
structural, morphological, optical and electrical properties as
well as the photocatalytic activity under UV irradiation of the
resultant samples were characterized by XRD, SEM with
EDX, UV-Vis FT-IR and IV analysis. Doping of Ag modified
the morphology and average crystallite size of ZnO
nanoparticles. In photocatalytic activity, Ag-doped ZnO
nanoparticles enhances the degradation of MB dye under UV
irradiation than the degradation of MO dye. The optimum
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