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ABSTRACT

In this present work, two-step methods were executed to prepare TiO,/NiO nanocomposite mate-
rial. The selected area electron diffraction and X-ray diffraction pattern were interpreted and their
fallouts demonstrate the occurrence of the tetragonal structure of TiO, beside the cubic structure of
NiO. The NiO nanoparticles were randomly distributed on the surface of TiO, which was seen by
transmission electron microscopy (TEM) and elemental mapping analyses. The high-resolution scan-
ning electron microscope (HR-SEM) images of the prepared materials represent the spherical-shaped
nanoparticles. The prepared TiO,/NiO material shows high purity because it contains Ni, Ti and O
elements without impurities which were represented by energy-dispersive X-ray spectroscopy. The
estimated band gap of the prepared TiO,@NiO nanocomposite is in the UV region. Under UV light
condition, the nanocomposite effectively exploits the colorful dyes like methylene blue and methyl
orange. In addition, their photocatalytic mechanism has been explained in detail.
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1. Introduction

The primary principle of the binary semiconductor sys-
tem is controlled by oxidation and reduction potentials or
energy levels of the two suitable systems. Hence, the favor-
able bandgap of two semiconductors is a prime factor to dis-
turb the charge recombination process by the way of electron
hopping mechanism. Furthermore, a suitable combination of
two systems finds a way to produce more electrons and holes
which powerfully demolish the organic pollutants under UV
or visible light illuminations [1-4]. In recent years, various

* Corresponding authors.

titania (TiO,) based binary nano-semiconductor schemes
like TiO,/CuO, TiO,/NiO, TiO,/CeO,, TiO,/SnO,, TiO,/Fe,O,,
TiO,/ZnO showed superior photocatalysis [1-4]. Under UV
light, Cheng et al. [5] defined that type II heterostructure
(TiO,/ZnO) material promotes a fine interface to boost the
photocatalytic activity and effectively degraded the methy-
lene blue solution. The coupling of TiO, with the CeO, system
generated more electrons-holes which results in enhanced
photocatalytic activity [6]. Also, the titania (TiO,) based com-
posite materials have exposed outstanding results in various
fields such as solar cells hydrogen generation, biosensors,
antibacterial activity and so on [1-9].
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Still, the researchers are facing a real challenge to find
the capable material for effective photocatalyst. Therefore,
the target of existing work is to develop an effective catalyst
for the photocatalytic reaction. Recently, nickel oxide (NiO)
is presented with outstanding results for various applica-
tions in which it is being a p-type large bandgap (~3.6 eV)
semiconducting and low-cost material. Moreover, when
NiO incorporated with TiO, produced p-n junctions which
extremely help to prevent the electrons-holes recombina-
tion resulting in enhanced photocatalytic activity [10]. For
the aforementioned reasons, this work is focused on synthe-
sis p-n semiconductor. In this scenario, the nanosized NiO/
TiO, binary system was synthesized by two-step methods.
Initially, the precipitation method was adopted to synthe-
size NiO. Additionally, the sol-gel method was employed to
prepare the final TiO,/NiO nanocomposite system. Several
physical and chemical techniques were used (photolumines-
cence (PL), Brunauer-Emmett-Teller (BET) surface area and
UV-Vis, X-ray diffraction (XRD), TEM and energy-disper-
sive X-ray spectroscopy (EDS))) to evaluate the properties of
TiO,, NiO, and TiO,/NiO composite materials. The present
work requires that the prepared catalyst has to be applied for
the degradation of textile dyes under UV illumination and
their consequences were discussed in detail.

2. Experimental
2.1. Preparation of TiO,, NiO and TiO,/NiO nanomaterials

Nickel nitrate, citric acid, isopropyl alcohol, titanium
tetraisopropoxide, sodium hydroxide, methylene blue,
and methyl orange were purchased from Sigma-Aldrich-
Santiago, Chile. Further, the required aqueous solutions were
prepared using double distilled water.

At first, the sol-gel method has been implemented to syn-
thesize TiO, nanoparticles which were briefly discussed in
our previous studies [7,8]. Further, NiO nanoparticles were
synthesized by precipitation method. In this method, nickel
nitrate (0.1 M) powder was dissolved in 100 ml of double-dis-
tilled water. Then, the pH of the dissolved nickel nitrate
solution was increased by alkali solution (0.1 M of sodium
hydroxide) under 600 rpm stirring conditions. As a result,
precipitation occurred at the bottom of the beaker. Then the
powder was washed and extracted from the solution by cen-
trifugation. At last, the obtained greenish powder was dried
and calcined at 550°C for 2 h.

For the TiO,/NiO nanocomposite preparation; 5:0.2:1 of
isopropanol, NiO (obtained from the precipitation method
described above), and titanium tetraisopropoxide, were
mixed and stirred for 2 h. Further, dropwise 0.1 M aqueous
citrate was added into the above-mixed solution. Slowly the
mixed solution was transformed to greenish-white gel which
was dried and the collected greenish-white powder was
calcined at 550°C for 2 h. In this manuscript, TiO,, NiO and
TiO,/NiO were synthesized and symbolized as PT, PN, and
TN respectively.

2.2. Photocatalytic experiment

In this present study, an 8W mercury vapor lamp was
used for the UV source. The prepared materials were used

as a catalyst for the degradation process. The explanation
of photocatalytic experimental studies was described in our
previous literature [7,8]. The concentration of dye and cata-
lyst is 5 x 10° mol/L and 100 mg/L respectively. The photo
irradiated dye solutions were kept in a 5 ml bottle at uniform
time (every 10 min) intervals. After that, the solution was cen-
trifuged and filtered for the extraction of catalyst from the
irradiated solution. Furthermore, the absorbance behavior of
the Methyl orange (MO) and Methylene Blue (MB) solutions
was monitored by UV-Vis spectrometer.

2.3. Characterization details

The structure and purity of the synthesized catalysts
were examined by an X-ray diffractometer (D5000 diffrac-
tometer, Siemens, USA) with CuK (A =1.5406 A). The inter-
face and size of the NiO and TiO, materials were investigated
via TEM, FEI TITAN-Santiago, Chile G2 80-300 operated at
300 KeV. The bandgap and degradation of MO and MB were
scrutinized by UV-Vis Spectrophotometry (Perkin Elmer
Lambda 35). The emission property of the catalysts was
explored via PL spectra which were recorded using a spectro-
photometer (PerkinElmer Spectrofluorometer LS-55-USA).
The specific surface area value of the catalyst was determined
by Micromeritics ASAP 2020 (USA) at 77 K.

3. Result and discussion

The structural information of the synthesized catalysts
was scrutinized by powder XRD measurement. Fig. 1la
shows the XRD pattern of PT and their consistent JCPDS
number is 21-1272. The indexed PT diffraction pattern des-
cribes the tetragonal structure and their corresponding lat-
tice parameters; a = 3.810 A and b =9.410 A. For PN material
(Fig. 1b), the 20 values were at 37.6°, 43.7° and 63.3° and their
finely projected JCPDS number is 47-1049. The hkl planes of
PN material are (111), (200) and (220) with a cubic-face cen-
tered structure and space group Fm3m (225); the determined
lattice constant was a=b = c =4.180 A.

The XRD pattern of binary composite oxide TN (shown
in Fig. 1c) consists of TiO, diffraction peaks along with NiO
peak (emphasized in the circle) at 43.7°. The addition of NiO
material did not interrupt the anatase-tetragonal structure
of TiO,. But, the diffraction peaks are moved to a higher
angle which is symbolized that the mismatch of ionic radii
between both materials and formation of hybrid structure,
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Fig. 1. X-ray diffraction pattern of (a) PT, (b) PN, and (c) TN.
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that is, a tetragonal structure in addition to a cubic structure.
The Scherrer formula was used to calculate the crystallite
sizes of the catalysts [7] (which are represented in Table 1).
The XRD outcomes revealed that the synthesized TN
material has dual structure and the particle is in nanosize.
Compared with pure phases, the nanocomposite showed a
small crystallite size. The outcome was further identified via
TEM and BET analyses. The BET specific surface area values
of the prepared PT, PN, and TN are described in Table 1 in
which it was proved that the TN value is higher while com-
pared with PT and PN. Because the NiO nanostructure pre-
vents the growth of TiO, which led to the synergistic effect
or interface between two different oxides ([1-4,9,10]. The
HR-SEM images of the prepared PT, PN, and TN are shown
in Fig. 2. All the prepared catalysts were spherical. Associated
with PT and PN size, the TN material has exposed fine tiny
particles. From the HR-SEM images, the particle size distri-
bution curves mirrored the size of prepared materials and
their respective values are depicted in Table 1. The TN mate-
rial has expressed a small size that leads to promote higher

Table 1

surface area [11-13]. This higher surface area was confirmed
by the BET technique (Table 1). Although associated with the
pure system (PT and PN), the composite (TN) material has
shown a smaller size due to the synergetic effect and interac-
tion between NiO and TiO,.

The TEM image of TN material suggests that a lot of
small fine NiO spherical particles were mixed or spread on
the TiO, nanoparticles (Fig. 3a). Reliable selected area elec-
tron diffraction (SAED) diffraction (Fig. 3b) pattern displays
(101), (004) and (105) planes which express tetragonal TiO,
(ICDD No: 21-1272) along with (111) and (200) planes for
cubic NiO (ICDD No: 47-1049) structure. Further, the ele-
mental mapping results (Fig. 3c) indicate that NiO and TiO,
materials were mixed consistently with the highly devel-
oped interfaces [14,15]. The energy-dispersive X-ray spec-
troscopy (EDXS) result in Fig. 3c confirmed the presence
of Ni, Ti and O elements in the TN system. The inserted
images in Fig. 3c represents the elemental mapping of TN
material that exposed the regular distribution of Ti, Ni and
O elements.

Particle size, band gap, surface area and degradation results of the prepared materials

Samples Crystallite size =~ HR-SEM particle size ~ BET-surface area  Optical band gap Removal of MO Removal of MB
(nm) (nm) (m*/g) (%) (%)
TiO, NiO TiO, NiO eV 60 min 60 min

PT 284 - 25 - 65.2 3.20 58 62.4

PN - 33 - 30 25.2 3.60 35.2 39.4

™ 175 118 14 10 100.3 3.44 92.4 98.3

Fig. 2. HR-SEM images of (a) PT, (b) PN, and (c) TN nanomaterials.
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Fig. 3. TN nanomaterials (a) TEM, (b) SAED, and (c) EDXS
results.
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The UV-Vis absorption spectra of the synthesized TN
material show the dual dissimilar absorption edges. In Fig.
4, the core edge of the TN seems to be present at 385 nm
(which refers to TiO, material) and the minor edge (deco-
rated in the circle) at 345 nm is due to NiO content in the TN
material [7,8,16-18]. In this prepared nanocomposite, band
edges appeared in the UV region. However, compared with
the PT system, the absorption edge has extended due to the
transition of electrons in-between two different energy lev-
els (NiO and TiO,). Thus, the excitation of the valence band
(VB) electrons of PT and TN materials primarily trust the

Absorbance (a.u.)

e —
T T T T T T T T
300 400 500 600 700 800

Wavelength (nm)

Fig. 4. UV-Vis absorbance results of PT and TN nanomaterials.

source of UV light [14,19]. Also, the dual-energy gap system
has the capability to postpone the electrons-holes recombi-
nations [14,19].

The result of PL spectroscopy helps to estimate the
charge recombination process and migration of electrons
behavior using a 330 nm excitation wavelength. The PL
(Fig. 5) spectra of PT showed the emission band at 425 nm
which indicates the surface recombination of TiO, [16,20].
The band at 470, 490 and 540 nm show the surface oxygen
vacancies [16,20]. The emission intensity has greatly dimin-
ished after the incorporation of NiO into the TiO, struc-
ture. The substantially reduced intensity suggested that
the recombination process has been delayed by an inter-
mediate band. The hindering is preferred for the superior
photocatalytic activity [5,16,18,20].

3.1. Photocatalytic degradation of MO and MB

The target of the present study is to prepare an effective
catalyst for the photocatalytic reaction. In this connection,
the prepared catalyst has been effectively used for the deg-
radation of MO and MB dyes because these organic dyes
(anionic and cationic) are mostly used for textile industries.
The TN nanocomposites have displayed (Table 1) a higher
degradation rate of MO and MB dyes. The degradation fall-
outs were analogous with prior reports and the consequence
was displayed in (Table 2). On associating with described
degradation values [10,21-26], this study shows better deg-
radation within short duration due to the size and hindering
of electron-hole recombinations which were achieved by the
formation of p-n junction [3,10].

The bandgap of all the prepared materials exist in the
UV region. However, the TN nanocomposite consists of NiO
and TiO, materials with two different band edges at 345 and
385 nm respectively (from UV-Vis absorbance result). In this
study, UV light (365 nm) is used which is near to NiO and
TiO, wavelengths and their schematic illustration (Fig. 6)
explained the perfect electrons and holes movement.

The excitation of the VB electrons of TiO, has transferred
to the adjoining VB of NiO. Concurrently, the excitation

—PT
—TN
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Fig. 5. PL results of PT and TN nanomaterials.
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Table 2
Comparison of degradation results with previous reports

Material Method Shape Degradation dyes  Efficiency References

NiO/TiO, Incipient wetness impregnation - MB 85% for 5 h (UV light)  [10]

NiO/TiO, Incipient wet impregnation Nanotubes MB 83% for 450 min (UV [21]
method light)

NiO/TiO, Templates Mesoporous MB 90% for 100 min (visi-  [22]

shells ble light)

NiO/TiO, Thin Film Nano spherical MB 45% for 120 (UV light)  [23]

NiO/TiO, Modified ammonia-evapora- Nano spherical MB 50% for 30 min (UV [24]
tion-induced synthetic method light)

NiO addition  Sol-gel - MB 92.85% for 360 min [25]

in TiO, (visible light)

NiO/TiO, Chemical-solution-deposi- Nano cluster MO 98% for 180 min (visi-  [26]
tion-decomposition process ble light)

TiO,/NiO Precipitation-sol gel Nano spherical MO and MB 92.4% for 60 min (MO)  In this study

98.3% for 60 min (MB)
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Fig. 6. Pictorial representation of photocatalytic activity of
TN material.

has happened from VB of NiO, because the NiO wave-
length (345 nm) is near to the irradiation light (365 nm).
Consequently, the excited electrons were interchanged to
Conduction Band (CB) of TiO, and vice versa CB of NiO.
In this process, the stimulated electrons and holes vigorously
started the oxidation and reduction, which lead to produc-
ing more hydrogen peroxides which can easily destroy the
structure of MO and MB dyes [27-30]. Additionally, the sur-
vival of dual-energy states supported the superior photocata-
lytic activity via delaying the electrons-holes recombination.
(proved by PL spectrometer). Furthermore, the synergistic
effect between TiO, and NiO tends to reduce the size of the
material and boosts the surface properties which leads to an
increase the photocatalytic activity [21-37].

4. Conclusion

The TiO,/NiO nanocomposite material was prepared by
innovative two-step methods. The characteristics of nano-
composite TiO,/NiO revealed that the prepared catalysts
exhibited a cubic structure of NiO nanoparticles randomly

incorporated on the surface of TiO,. The absorption edges
marked that the synthesized TiO,/NiO catalyst is very
strong in the UV region and ensured the dual-energy states.
The TEM and HR-SEM images showed spherical shaped
nanoparticles. When compared with TiO, and NiO materi-
als, the TiO,/NiO catalyst displayed a higher degradation
rate under UV light illumination and vigorously damaged
the structure of colorful contaminants. The superior photo-
catalytic outcomes were achieved via the formation of the
p-n junction and strong interfaces between the two systems
which are the prime factors in retarding the electron-hole
recombination.
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