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ARTICLE INFO ABSTRACT

Keywords: The progress of the enriched photocatalytic degradation predominantly depends on materials fabrication. In the
Metal oxides recent times, the outcomes of nanomaterials show extraordinary efficiency due to its shape and size. In this
Zinc oxide connection, the present work concentrates on the fabrication of single digit metal oxides (CeO,, CuO, NiO,
UV-light Mn304, SnO, and ZnO) through precipitation method. The structural information of different metal oxides
E:;zzzt;})}:t (MOs) and their crystallite size were estimated via XRD analysis and their consistent results revealed that the

crystalline sizes of the prepared metal oxide were exhibited in nano size. The morphology and dimension of the
synthesized MOs were identified through FE-SEM and TEM techniques. The FE-SEM images were apparently
defined that the actual morphology of each metal oxide expresses different dimension due to nucleation and
growth process. The result of UV-vis absorption spectra was helped to identify the band gap of MOs and a
suitable light for photocatalytic irradiation. Additionally, the synthesized single digit MOs nanoparticles were

magnificently applied for the degradation of methyl orange and methylene blue under UV light irradiation.

1. Introduction

In the past few decades, the developing countries have met the
hazardous risk to the environment due to the failure of pure water
supply. According to the world health organization (WHO, 2014)
reports, over 10 million people were infected by various illnesses
because of water contamination [1]. Recently, UN (WWAP 2016) had
reported that one billion (three out of four jobs) people were mainly
dependent on water related sources [2]. Therefore, pure water is a
crucial factor for every creature as well as the world economy. On the
other hand, the organic manufacturing industries were disposing their
chemical wastes straight away into the pure water sources, which
results in several environmental problems [3]. Therefore, the society
must ensure proper safety measures for the essential environmental
factors and sustainable development of human life.

Recently, researchers pointed toward the nanosized metal oxides
based photocatalyst for its potential utility in the treatment of waste
water [3-10]. While comparing both micro and bulk materials,
nanosized materials show enhanced degradation efficiency since it
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displays excellent characteristic results via quantum confinement effect
[6]. Nano metal oxides being a suitable candidate for wastewater
treatment, it have been widely employed in a variety of other
applications such as solar cell, fuel cell, gas sensor, hydrogen storage
and generation, anti-bacterial activities and etc. [8,11-12]. Metal
oxides have been showing a greater interest to synthesize with more
attractive morphologies. Since the size, shape and structure of the
nanosized metal oxides correlate with its properties, it has been
produced with different shapes like nanospheres, nanowires, nanorods,
nanocombs, nanoleaves, nanobelts etc. [13-15]. Several recent reports
focused to synthesize of nanostructured metal oxides by various
physical and chemical methods such as sol-gel, hydrothermal, chemical
precipitation, thermal decomposition and chemical bath deposition
methods [14,16]. It is of greater interest to prepare single digit metal
oxide nanostructures in well-defined shapes and sizes.

The main goal of the present work is the synthesis of single digit
metal oxides (MOs) nanoparticles such as zinc oxide (ZnO), copper
oxide (CuO), nickel oxide (NiO), tin oxide (SnO,), manganese oxide
(Mn30,4) and cerium oxide (CeO,) by the chemical precipitation
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Fig. 1. The X-ray diffraction pattern of the entire synthesized MOs nanomaterials.

method. Best of the author's knowledge, this is the first report for
the preparation single digit six different MOs nanomaterials. In
addition, the synthesized various metal oxide properties were categor-
ized by different techniques like X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDS),
Brunauer-Emmett-Teller (BET) and UV-vis absorption spectrophot-
ometer (UV-vis). Likewise, the prepared metal oxides were engaged to
the degradation of methyl orange and methylene blue via photocata-
lytic reaction under UV light irradiation.

2. Experimental Details
2.1. Materials

For the single digit MOs preparation; the following chemicals are
necessary, such as Nickel (II) chloride hexahydrate (NiCl,6H,0), Copper
(I1) chloride (CuCly), Zinc chloride anhydrous (ZnCl,), Cerium(IIl) acetate
hydrate (Ce(CH3CO2)3H,0), Tin(Il) chloride anhydrous (SnCly),
Manganese (II) chloride tetrahydrate (MnCly4H,0), sodium hydroxide
(NaOH) pellets and for photocatalytic activity testing, methyl orange and
methylene blue are required. Which were procured from Rankem and
Sigma-Aldrich chemicals. In this procedure, the entire aqueous solution
was prepared with double distilled (DD) water.

2.2. Synthesis of Single Digit MOs Nanoparticles
The existing work focuses on the synthesis of single digit MOs

Table 1
Structural parameters of the entire synthesized MOs nanomaterials.
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nanoparticles by precipitation method. While comparing with other
chemical methods, chemical precipitation is a unique, cost-effective and
simply available method [14,17]. In this method initially, 0.01 M of
metal oxide precursors (separately) was dissolved in 400 mL of DD
water in a 1000 ml beaker through persistent stirring (RPM 600)
condition. After that, the alkaline solution is gradually added (in this
report, we used sodium hydroxide (NaOH) is alkaline) drop wise into
the above dissolved solution under constant stirring atmosphere at
room temperature. Simultaneously, the pH of the above solution was
monitored and sustained in-between 7 and 8. As a result, the formation
of precipitates is attained. Then, the precipitation was washed numer-
ous times with the use of DD water and allowed to dry at room
temperature for a few days. Subsequently, the dried powder was
calcinated at 350 °C for 30 min with a heating rate of 5 °C per minute.
At the end, we have completed the successful synthesis of single digit
metal oxide nanoparticles. The following chemical reaction is easily
understood by the above procedure;

MO precursor + NaOH — MO hydroxides + NaCl + H,O (€8]

The precipitate powder was washed several times with the use of DD
water due to removal of NaCl.

MO hydroxides + NaCl + H,O — MO hydroxides + NaCl t + H,O (2)

After the reaction, the above solution was filtered and dried, then
the dry preserved powder was calcinated at 350 °C for 30 min.

MO hydroxides + H,O 5 single digit MO nanoparticles + HQOT 3

Finally, we obtained single digit MO nanoparticles.
2.3. Procedure for Photocatalytic Testing

The photocatalytic testing procedure was surveyed by our previous
literature [18-19]. Primarily, the light (photo) stability of the degradation
dyes (methyl orange and methylene blue) was tested without catalyst and
their outcomes were unmistakably identified that the degradation dyes
have more stable nature under UV light irradiation. Before irradiation, the
photocatalytic testing solution was prepared by 100 mg of single digit MO
nanocatalyst into 100 ml of dye solution (initial concentration of methyl
orange and methylene blue is 5 x 10~ > mol/L) in a 1000 mL quartz
container covered with a water jacket. The photocatalytic testing solution
was consistently stirred with a constant RPM 600. The earliest (without
light) and light exposed solutions were collected periodically (each
20 min) up to 2 h. In this process, the UV lamp (8 W, A. = 365 nm) was
hold as a light source for irradiation. The initial and light exposed
solutions were centrifuged, filtered for the purpose of removing the
catalyst into the dye solution and then the concentration of dyes were
monitored via UV-visible spectrophotometer. The effectiveness of the
degradation were determined by the following formula [18-19],

7= [1 - E] x 100
Co 4

where, Cy and C are the concentrations of the initial (t = 0) and light
exposed solutions for‘t’ minutes respectively.

Prepared MOs JCPDS number Structure Crystal system Lattice parameters @A) Crystallite size (nm)
a b C
CeO, 04-0593 Cubic a=b=c 5.401 6.5
CuO 89-2529 Monoclinic a=b=c 4.679 3.430 5.133 7.8
NiO 04-0835 Cubic a=b=c 4.180 6.3
Mn304 89-4837 Tetragonal a=b=c 5.771 9.450 9.6
SnO, 88-0287 Tetragonal a=b=c 4.730 3.190 6.8
ZnO 65-3411 Hexagonal a=b=c 3.240 5.210 8.1
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Fig. 2. FE-SEM images of (a) CeOs, (b) CuO, (¢) NiO, (d) Mn304, (e) SnO, and (f) ZnO nanomaterials.

Fig. 3. (a) TEM images and (b) SAED pattern of ZnO nanomaterials.
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Table 2

Surface area, absorption wavelength, band gap and degradation efficiency of the entire

synthesized MOs nanomaterials.

Fig. 4. EDS spectra of (a) CeO,, (b) CuO, (c) NiO, (d) Mn304, (e) SnO, and (f) ZnO nanomaterials.

Prepared MOs  BET Absorption Band  Degradation Degradation
surface  wavelength gap of methyl of methylene
area ) (Eg) orange (%) blue (%)
(m*/g)

CeO, 76.8 371 3.34 70 77

CuO 42.5 720 1.72 12 15

NiO 40.3 327 3.83 49 55

Mn30y4 31.2 425 291 20 26

SnO, 72.5 373 3.32 78 83

ZnO 65.8 376 3.29 93 98
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2.4. Characterization Details

The lattice parameters, crystallite size and structure of the prepared
single digit MOs were determined with the use of powder X-ray
diffraction pattern which were carried out at room temperature
(26 = 20° to 60°) by a Siemens diffractometer (D5000) with CuK,;
radiation (. = 1.5406 A). The morphology and existing elements in the
single digit MOs were scrutinized via field emission scanning electron
microscope (FEI quanta FEG 200-FE-SEM with EDS detector) and
transmission electron microscopy (TEM-Tecnai G2 20). The value of
the absorption wavelength (A) and band gap energy (Eg) of the
prepared single digit MOs were examined by UV-vis spectrophotometer
(CARY 5E UV-VIS-NIR). The exact surface area of single digit MOs were
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Fig. 5. UV-vis absorption spectra of all prepared MOs nanomaterials.

calculated by exhausting Brunauer-Emmett-Teller equation (BET,
Micromeritics ASAP 2020, USA). The absorption value of initial and
irradiated dyes such as methyl orange (464 nm) and methylene blue
(664 nm) solution were monitored via Perkin — Elmer UV-visible
spectrometer RX1.

3. Results and Discussions
3.1. Structural Analysis

Before the actual photocatalytic test, the invention of the properties
of synthesized MOs nanomaterial was essential due to categorizing an
efficient catalyst. The lattice parameter, crystallite size and structure of
the synthesized MOs nanomaterials were recognized through powder X-
ray diffraction pattern. The X-ray diffraction pattern of all synthesized
MOs was exposed in Fig. 1. The obtained X-ray diffraction data were
entirely indexed via scientific softwares like Origin 8 and XRDA 3.1.
The individual indexed data of each MOs were briefly described below;
the diffraction peaks of CeO, nanomaterial were seemed at 28.5°, 33.1°,
47.5° and 56.4° and their resultant hkl planes were predictable such as
(111), (200), (220) and (311) respectively. The consequences plainly
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recognized that the CeO, material displays cubic structure and their
dependable parameters are presented in Table 1.

The major intention of the present work is to synthesize single digit
MOs which were identified through crystallite size using Scherrer
formula and the values are displayed in Table 1. The CuO nanomaterial
indicates monoclinic structure and their corresponding diffraction
peaks were obtained at (20 values) 35.5°, 38.6°, 48.8°, 53.3°, 58.2°
parallel to (111, (111), (202), (020), (202) planes. The 20 value of
synthesized NiO nanomaterials appeared at 37.3° and 43.1° and their
comparable planes are (111) and (200) which represented cubic crystal
structure of NiO nanomaterials. On the other hand, the Mns;O,4
nanomaterials reveal tetragonal structure and the scrutinized 26 values
are 28.9°, 32.3°, 36.1°, 44.4° and 59.8° that matches with (112), (103),
(211), (220) and (224) planes. For SnO, nanomaterials, tetragonal
structure is obtained and the 26 values 26.6°, 33.9°, 37.9° and 51.8°
with their equivalent planes (110), (101), (200) and (211). At the end,
the diffraction pattern of ZnO parades hexagonal structure and their 26
values 31.6°, 34.4°, 36.3°, 47.5° and 56.5° coincide with, (100), (002),
(101), (102) and (110) planes. The lattice parameter and crystallite size
of the entire MOs were displayed in Table 1. Hence, the X-ray
diffraction results of all synthesized MOs were evidently listed pure
structure without impurities and their crystallite values are seemed in
single digits.

3.2. Morphological Analysis

The morphology of the prepared materials plays a dynamic part to
increase the photocatalytic degradation rate. The confirmation of
dimension for the prepared MOs was clarified with use of FE-SEM
and TEM measurements. The FE-SEM images of the synthesized MOs
were presented in Fig. 2. The outcome of MOs images apparently
described that the actual morphology of each metal oxide expresses
different dimension due to growth and nucleation process [20-22].

When associated with other metal oxides images, the FE-SEM image
of ZnO (Fig. 2f) illustrates that the particles are identical and tiny
spherical in shape. At the meantime, the FE-SEM images of CuO, NiO
and Mn30, show striking morphology such as nanoleaves, nanoflowers
and nanoplates which were evidently displayed in Fig. 2b, ¢ and d
respectively. On the contrary, the CeO, (Fig. 2a) and SnO, (Fig. 2e)
materials exposed cluster of tiny particles due to its small size. The
above statement is convenient with the XRD results. Hence, the FE-SEM
results were unmistakably labelled that the synthesized MOs materials
indicated dissimilar shape and dimension. Furthermore, the perfect size
of the ZnO material was explored with TEM observation.
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Fig. 6. Photocatalytic degradation of (a) methyl orange and (b) methylene blue under illumination of UV light using all prepared MOs nanoparticles. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

47



L. Gnanasekaran et al.

(a)

Conduction band 02

cYoYor

Metal oxides

UV Light

excitation
uoleUIqUIOdDY

(*3) des pueg

0H®®®

Oxidation

process Valence band

OH"

Reduction
process

Journal of Photochemistry & Photobiology, B: Biology 173 (2017) 4349

(b)

-

(=4

o
!

» 2] ]
o o o
L I I

Degradation of MO (%)

o
!

1 2 3 4 5
Recycle Process

Fig. 7. (a) Schematic illustration of general photocatalytic mechanism of metal oxides materials and (b) Recycling process of MO using ZnO nanoparticles.

The TEM image of synthesized ZnO nanocatalyst was revealed in
Fig. 3a. The present TEM image was undoubtedly exposed FE-SEM
reflection. The prepared ZnO nanomaterials were appeared in spherical
shape with an average diameter of ~ 8.5 nm. Based on the selected area
electron diffraction rings (Fig. 3b), the d-spacing values were deter-
mined as 0.281 nm, 0.260 nm, 0.247 nm, 0.191 nm, 0.147 nm and their
exactly matched hkl planes (100), (002), (101), (102) and (103) were
recognized. The results were absolutely identified that the prepared
material has exposed pure ZnO hexagonal structure. Moreover, the
obtainable elements in the prepared MOs were identified with EDS
spectra.

3.3. Chemical Composition and Surface Area Analysis

From Fig. 4, the EDS spectra were unmistakably showed that the
prepared single digit MOs represent well purity. Furthermore, no other
elements present in the spectra which indicated that the synthesized
materials have their own existing elements. Finally, the chemical
(weight and atomic percentage) composition of synthesized MOs was
displayed on their respective EDS spectrum. The BET surface area value
of each MOs was listed in Table 2. The surface area value proposed that
the synthesized CeO, material induced superior photocatalytic degra-
dation rate due to its large surface area while compared with other
MOs. It is an already known fact that the large surface area motivates
high redox reaction. This process created more electrons and holes,
which energetically participate during the photocatalytic reaction and
it supports to attain superior degradation rate [20,23-24].

3.4. Absorption Wavelength and Band gap Analysis

The absorption wavelength of the prepared single digit MOs were
primarily influenced to isolate a suitable light for photocatalytic
irradiation [25]. Therefore, the absorption wavelengths of all MOs
were notorious with the help of UV-vis absorption spectra which were
shown in Fig. 5. From Fig. 5, the strong absorption wavelength and
band gap (Eg) values of each MOs were sharply identified and are
tabulated in Table 2. The strong absorption of synthesized CeO,, NiO,
SnO, and ZnO nanomaterials wavelength appeared in UV region. On
the other hand, the wavelength of prepared CuO and Mn,Oj3 is in visible
region. Hence in the current work, maximum number of prepared
materials trust on UV irradiation, so that these characteristics help to
employ UV light for irradiation during degradation time.
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3.5. Photocatalytic Testing

In the current work, the primarily task is to emphasis on the
preparation of single digit MOs and photocatalytic degradation of
methyl orange and methylene blue under illumination of UV light.
Fig. 6 demonstrates the time dependent degradation attainment curve
for all prepared MOs. The ultimate degradation percentages (within 2 h
irradiation of UV light) of all MOs were listed in Table 2.

The result was unexpected while related with other oxides (CeOo,
CuO, NiO, Mn304 and SnO,) result, ZnO illustrates high effective
catalyst for the degradation of methyl orange and methylene blue.
The outcomes visibly listed that the CuO and Mn3;0,4 materials precise
slow degradation ability, due to small bandgap which is powerless to
prompt more electrons and holes during the irradiation of UV light
[26-28].

Fig. 7 (a) shows the graphical representation of the general
photocatalytic mechanism of metal oxide materials. The photons (UV
light, 365 nm) irradiate on the metal oxide surface, the valence
electrons are disturbed and transfer to the conduction band of the
metal oxides. On the other hand, the holes would be left in the valence
band. These holes in the valence band react with water molecules to
generate hydroxyl radicals [16]. Simultaneously, the conduction band
electrons react with dissolved oxygen species to form superoxide ions.
These holes and electrons were effectively initiated oxidation and
reduction reactions to effectively produce OH radicals. The radicals
play a dynamic role in decomposition of MO and MB dyes [16].

The enriched photocatalytic activity of ZnO nanomaterial depends
on the following reasons: It is earlier stated that the amorphous or semi
crystalline material expresses a reduced amount of degradation rate
while compared with crystalline materials [29-30]. In our case, the
XRD results clearly exhibited that the ZnO material has well crystalline
nature. On the other hand, the shape of the prepared material performs
a key role for achieving high degradation rate [16,29-32]. The
morphology promotes the degradation rate, because the shape inspires
on the surface property of the prepared materials [16,18-19,29-32].
The FE-SEM images endorse that the prepared CeO, and SnO, materials
display aggregated bunch of particles. So, during the UV light irradia-
tion, some of the particles were incapable to participate actively in the
photocatalytic reaction that leads to reduce the activity. Meanwhile, the
ZnO material was presented with spherical shape that is one of the main
reasons to enrich the activity. Several literatures had described that the
spherical shaped particles indicate higher degradation rate when
compared to materials having other shapes [16,18-19,31,33]. So,
finally we have concluded that the synthesized ZnO material have well
crystalline nature with uniform spherical shape. These parameters
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essentially helped to achieve a higher degradation rate. The stable and
reusable properties of enhanced ZnO catalyst were clearly identified by
recycling process of MO. From the Fig. 7b, the result of the 5 times
recycling process of ZnO shows no significant variations in the MO
degradation rate which means that the materials having good stability
[34-48]. Further, the catalyst will be utilized in the industrial waste
water treatments.

4. Conclusion

In this report, simple n method has facilitated the preparation of
single digit metal oxides (CeO,, CuO, NiO, Mn304, SnO, and ZnO)
nanoparticles. The entire characterization results were assisted to
identify the size, shape, chemical composition and band gap of the
synthesized materials. Compared with other metal oxides (CeO,, CuO,
NiO, Mn30,4 and SnO,), the photocatalytic activity of ZnO has showed
superior degradation rate because of its spherical shape and crystal-
linity.
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