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Abstract: Titanium dioxide (TiO,) is the most effective
photocatalysts for low-cost degradation of organic pollutant;
however, the wide band gap and the high recombination
rate of the charge carriers are drawbacks that hinders it
practical application. In this study, TiO, and titanium mixed
metal oxides ternary (V/Ag/TiO,) nanocatalyst was synthe-
sized through a microwave-assisted sol-gel route using Ti
(C4Ho0),4, NH, VO3, and AgNO; as precursors. The XRD
analysis of the synthesized TiO, and V/Ag/TiO, depicts
lattice fringes for rutile and anatase crystalline phases.
Raman spectra indicate the formation of a mesoporous
multiphase sample mixture of rutile and anatase phases.
The spectrum shift to the visible light region was demon-
strated by the UV-visible spectroscopy analysis. Diffuse
reflectance spectroscopy (DRS) reveals a reduced band gap
of 29eV for TiO, and 2.65eV for V/Ag/TiO,. Brunauer—
Emmett-Teller (BET) indicates a large surface area of 92.8
and 84.8m?g™! for TiO, and V/Ag/TiO,, respectively.
Nitrogen adsorption—desorption isotherm exhibits type
IV isotherm, signifying the presence of the mesoporous
structure. SEM portrays a cluster of rod-like aggregate
particles, while the HRTEM analysis illustrates nano-
particles of rod-like cylindrical shape with a homogeneous
size diameter. The synthesized nanocatalyst demonstrated
a significant photocatalytic ability in the degradation of
methyl orange (MO) and methylene blue (MB). V/Ag/TiO,
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shows higher activity in the visible region. Thus, the present
report suggests efficient, suitable, and economical micro-
wave-assisted sol-gel techniques to yield V/Ag/TiO, nano-
catalysts with harnessed photocatalytic performance for
the degradation of toxic organic pollutants in the presence
of visible light irradiation.

Keywords: microwave, mixed metal oxide, nanocatalyst,
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1 Introduction

Up till now, a lot of researchers worked on nanostructures,
and the use of the nanostructures has been growing rapidly
[1]. Nanoscaled adsorbents such as nanofibers, carbon
nanotubes, graphene, and metal oxides are extensively
employed to improve wastewater and water treatment [2].
Szczepanik et al. [3] showed that the photodegradation of
aniline and its chloro derivatives shows the existence of
Hal-Fe,05. The performance of Hal-TiO, nanocomposite is
higher than the commercially available photocatalyst P25.
Shafey [4] showed that the manufactured biological nano-
structures and nanomaterials have a great application in
the pharmaceutical industry, such as drug delivery, novel
pharmaceuticals preparation, and production of functional
nanodevices. The reason for this is that these nanomater-
ials are assumed to possess better adsorptive performance
compared to common adsorbents. Nanosized metal oxides,
such as titanium oxide [5] and zinc oxide (ZnO) [6], have
shown high adsorption to inorganic and organic pollutant
materials. The discovery of photocatalysis has opened up
new fields in the world of wastewater treatment [7]. The
photocatalysis technology is used as an alternative to
environmental protection, detoxification of contaminants,
and photodegradation of organic contaminants [8]. The
utilization of TiO, as a photocatalyst has gained momentum
owing to its resistance to photocorrosion [9], chemical
stability [10], biological activity [11], and low cost [12].
Still, TiO, has three big disadvantages [13]: a high band
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gap value of 3.2 eV; UV-only photocatalytic response with
a fast recombination photo-generated pairs of electron-—
hole; and low photocatalytic reaction quantity in the aqu-
eous phase [14]. Ni et al. [15] by considering cold-rolling
deformation investigated microhardness and microstruc-
tural evolution of two types of electrodeposited gradient
nanostructured nickel samples with a symmetric structure.

Titanium dioxide (TiO,) has been proven to be the
most commonly used by different oxide semiconductor
photocatalysts [16] because of its good oxidizing strength,
long-term photostability, and nontoxicity [17]. Guo et al.
[18] deposited ultrathin SiO, layers by using atomic layer
deposition (ALD) on nanoparticles to fabricate core/shell
nanostructures. However, the photocatalytic efficiency of
TiO, to degrade dyes decreases substantially due to the
high recombination ratio of photo-induced electrons (e")
[19] and holes (h™) produced when irradiated under the
ultraviolet (UV) light (A < 380 nm) [20]. With nanoscaled
external dimensions, TiO,, a semiconductor photocatalyst,
has extensive applications in different industries [21] such
as decontamination or mineralization of pollutants in water
to harmless inorganic anions [3] and cosmetic materials
[22]. Therefore, TiO, nanoparticles (T-NPs) have attracted
the attention of many researchers because of their extra-
ordinary properties [23]. It is well known that TiO, powder
in the anatase phase has strong catalytic activity because of
its redox properties, surface chemistry, and high surface
area. Typek et al. [24] studied the magnetic characteristics
of several TiO,/graphitic carbon nanocomposites fabricated
at various temperatures (300-850°C) in the presence of
benzene vapor. In another study, the effect of hexylamine
on the morphology of nano-TiO, was investigated by Sun
et al. [25]. Li et al. [26] reviewed theoretical calculations of
TiO,-based commercial photocatalysts in water splitting.
Wang et al. [27] developed an experimental test method
to determine the photocatalytic degradation effect of
nano-TiO, on oil pollution of road surfaces. Guo et al. [28]
explored the physicochemical properties of the mixed
crystal nano-TiO, using the X-ray diffraction (XRD) tech-
nique. MgO-modified TiO, thin films were characterized
using different techniques of instrumental analysis such
as SEM-EDS, AFM, XRD, and UV-visible absorption spec-
trometry. The photoactivity of these structures was also
studied using photo-voltammetry followed by splitting
water in a twin-cell reactor, where oxygen and hydrogen
gases were generated separately [29]. Mahshid et al. [30]
studied the preparation of titanium oxide with two dif-
ferent polymorphs and reported that the water/titanium
molar ratio (r) has been employed to control the hydro-
lysis and condensation of titanium isopropoxide in
solution.
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Nanostructures can make a lot of impact on material,
and hence, researchers carried out many studies on
composites [31] and their photocatalytic activity [32].
In another study, bulk nanocrystalline graphite has been
studied for piezoresistive sensors by Simionescu et al. [33].
Naghdi et al. [34] reviewed different conductive metal
nanomaterials and the challenges facing methods of appli-
cations and deposition of thin films. Liu et al. [35] studied
a “cross-relaxation effect” model to investigate the water-
induced shape memory effect, relaxation, and strain recovery
of amorphous shape memory polymer. Sharma et al. [36]
shown that the porous Co—Mo—-ON alloy nanodendrites
supported on nitrogen-doped graphene combines the
advantages of oxygen reduction active pyridinic-N or
graphitic-N contents and the high kinetic resistance of
the graphitic carbon of nitrogen-doped graphene in the
acidic medium. To optimize its photocatalytic performance,
modification of TiO, nanoparticles by noble metals is
increasing enormously [37]. The results exerted depend
on the noble metal and material chosen, the form of TiO,
used, the quality of organic dyes, and the medium of
photoreaction [38]. Doping modifications, therefore, are
perhaps the most popular methods introduced to improve
the photocatalytic efficiency of TiO, [17]. Therefore, the
TiO, hybridization with V,05 can expand the absorption
spectrum to the area of visible light [39]. It may expand
the volume of excitable radiations in the region of visible
light, which could as well change the surface and grain
morphologies [40], leading to higher absorption of visible
light together with an increase in the number of reactive
sites that are surface active [41]. But alternatively, deposition
of noble metals such as Ag could achieve high absorption
within the region of visible light and efficiently isolate the
electron-hole pairs attributed to plasmon resonance at the
surface [42].

Microwave-assisted sol-gel synthesis is a relatively
novel method to produce materials since microwave heating
is an in situ mode of energy conversion and is radically
different from traditional heating processes [43]. The micro-
wave-assisted sol-gel method has sparked tremendous
interest due to its numerous advantages, including the
ability to generate small, uniform particles, high crystal-
linity, regulated morphology, and high purity due to the
short reaction time. Microwave treatment has a number of
advantages, including ease of use, energy savings, and high
yield [44]. Since microwave heating is an in situ mode of
energy conversion that is radically different from traditional
heating processes, microwave-assisted sol-gel synthesis is
a relatively new method of producing materials.

Metal oxide hybridization refers to a technique, where-
by for a synergistic effect, two separate semiconductors are
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hybridized. In addition to photocatalytic improvement, the
noble metal modification allows TiO, nanoparticles to be
involved in the visible light energy spectrum [45]. The
photo-generated electron-hole pairs undertake rotational
transport of the two semiconductors, thus lengthening the
carrier’s lifespan, broadening the absorption spectrum,
and using the solar energy. For instance, V,0s is an oxide
semiconductor possessing a small band gap of 2.80 eV.
Hence, the excellent stability and reproducibility were
present in the noble metal-modified TiO,. Ag*-modified
TiO, prepared by Gupta et al. [46] was noted to be used in
mixed dye (CV and MR) degradation for the second time
with 90% effectiveness. Tripathi et al. [47] prepared a
mixed metal oxides of silver and vanadium-sensitized
titanium, using titanium isopropoxide (C;,H,50,Ti) as a
TiO, precursor, vanadium pentoxide (V,0s) as a vanadium
precursor, and silver chloride (AgCl) as a silver precursor
and reported that the metal oxide hybrid catalyst exhibited
a superior photocatalytic performance and attributed it to
the narrow band gap and reduced electron-hole recombi-
nation of the compound. In another study, Zhu et al. [39]
used tetrabutyl orthotitanate (C,cH,00,Ti), as a precursor
for titanium, silver nitrate (AgNOs) as silver sources, triiso-
propoxyvandium (V) oxide (CoH,O,V) as a precursor for
vanadium in synthesizing Ag/V,0s5/TiO, ternary nanostruc-
tured compound. They systematically studied the relation-
ship between the composition and the morphology of the
compound and reported a superior photocatalytic perfor-
mance of the overneat TiO,. In one of our recent works,
a sol-gel/hydrothermal route was used to prepare a V and
Ag mixed-TiO, nanocatalyst. We reported enhanced photo-
catalytic performance and selective degradation of organic
pollutants from the river surface water [48]. Improvement
of TiO, photocatalytic performance with silver and vana-
dium doping was reported by all previous studies [49].
For this investigation, we aim to synthesized a ternary
nanocatalyst and obtain small particles with a narrow size
distribution in a short period of reaction time and high
purity. Thus, a ternary nanocatalyst using titanium(iv) but-
oxide [Ti(C,Ho0),] as the titanium precursor and, ammo-
nium metavanadate (NH,VOs) as the precursor of vanadium,
and silver nitrate (Ag,NOs) as the silver precursor was
synthesized using the microwave-assisted sol-gel method.
The microstructural, chemical, photocatalytic, and optical
features of the doped photocatalyst were investigated. For
evaluation of the photocatalytic performance in degradation
of organic pollutant, degradation of methyl orange (MO)
and methylene blue (MB) as model pollutant with the use
of visible light was examined. This innovation for micro-
wave-assisted sol-gel synthesis of mixed metal hybrid
nanocatalyst is for the development of a co-doped TiO,,
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with high purity, a short period of reaction time, and small
particles with a narrow size distribution. This method will
contribute to a faster, simplistic, environmentally friendly,
and highly efficient method for the fabrication of high-
performance next-generation nanocatalyst.

2 Materials and methods

2.1 Synthesis of materials

To prepare the ternary nanocatalyst, 2mL titanium(iv)
butoxide (97% Sigma-Aldrich) was added dropwise to
50 mL deionized water in a beaker. After 15 min, 5mL
H,0, (35% Sigma-Aldrich), 5mL AgNOs; (10 mg/L; 99%
Sigma-Aldrich), and 5 mL NH,VO; (0.4 mg/L; 99% Sigma-
Aldrich) were included in the mixture. Continuous stirring
of the yellowish sol mixture was carried out for 15min.
Then, the solution was microwaved with a microwave
oven (LG Electronics Model No. MS25960B) for 2min at a
frequency of 2,450 MHz and 1,000 W. This equipment was
programmed at a temperature of 80°C with on-off cycle
(20 s on - 40 s off). Unlike conventional heating, the micro-
wave energy directly interacts with the material via mole-
cular interaction with the electromagnetic field, and the
material itself generates the heat, which subsequently gene-
rates fast homogeneous nucleation and easy gel dissolution.
The sample was allowed to cool at room temperature and
washed using deionized water and ethanol. The resulting
precipitate was dried in oven at 80°C for 2 hours and cal-
cined at 350°C for 1h [47]. The weight ratio of Ag, V, and
TiO, was 1:2:6. For the comparative purpose, TiO, was also
prepared without the addition of vanadium (V) and silver
(Ag). This microwave-assisted sol-gel technique is inexpen-
sive, clean, and eco-friendly; reduces energy consumption;
fast compared to the conventional sol-gel hydrothermal
method. The schematic illustrations of the fabrication proce-
dure are shown in Figure 1.

3 Result and discussion

3.1 Nanocatalyst characterization

The crystal structure was analyzed with XRD using X-Pert
Philips at 40 kV acceleration voltage as well as a 40 mA
current from 20 4° to 75° using powdered samples. The
chemical structure was examined by Raman spectroscopy
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Prepared (V/Ag/TiO,) gel

using a Reinshaw Raman microscope. SEM was carried out
using a TESCAN VEGA3. The samples were first place on a
carbon substrate in the sample holder, and then sputter
coated with car. TEM was performed using a JEM-2100 JEOL
electron microscope. The samples for the TEM analysis
were first sonicated in ethanol for 5min, and few drops
of the solution were placed on a carbon-coated cropper
grid (Sample holder) and used for the analysis. The surface
area was studied by Brunauer-Emmett-Teller (BET) using
a micrometrics ASAP 2460. UV-Vis analysis was carried
out using a UV-Vis-NIR spectra-photometer with a DRA
inserter. VG ESCALAB MKII XPS system was employed for
the XPS analysis.

3.2 Photocatalytic activity test

In the experiment, MO and MB solutions were prepared
and then put to use as a pollutant for the model. A total
of 0.2 g of the prepared nanocatalyst was made soluble
in 500 mL of 5 x 10~ MO solution. The MO solution of
10 mg/L of was prepared and used as a model pollutant.
A total of 0.2g of the prepared nanocatalyst was dis-
solved in 50 mL of the MB solution and then irradiated
using a lamp as a visible illumination source (A = 254 nm,
compact fluorescent integrated lamp 9 W, 50-60 Hz,
220-240V, Philips, Holland). The solution was stirred
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Add Ti(CsHsO) drop wise to

deionized water

After 15 mins add H202, NHsVO3

and AgaNO3

Stir Sol-gel for 15 mins

Place in Microwave (2450 M Hz

and 1000 W) for 2 mins

‘Washed using deionized water

“and ethanol

Oven dried 80 °C for 2 hrs and

calcined at 350 °C for 1 hr

Figure 1: The schematic illustrations and sample preparation for the fabrication procedure.

mechanically, with exposure to the illumination of visible
light. Aliquots of 2 mL were retrieved from the solution and
passed through filtration of a PTFE syringe at 30 min time
intervals for 3 h. The resultant solution was analyzed by
the UV-visible spectrophotometer.

3.3 Photocatalytic evaluation

The supernatant absorbance was determined at 464 nm
for MO and 473nm for MB using applicable blanks.
To compare the photocatalytic behavior of the prepared
TiO, and V/Ag/TiO, nanocatalyst, the C/Co was plotted as
shown in Figure 2. As observed, the synthesized TiO,
degradation of MO and MB exhibits poor photocatalytic
effects with an average removal rate of 72.6% for MO and
73.86% for MB after 60 min compare to V/Ag/TiO, removal
of 98.55% for MO and 99.24% for MB under visible light
irradiation. Similar results for TiO, degradation of MO
and MB have been previously reported [27,38,46]. The
improved photocatalytic performance of the V/Ag/TiO,
nanocatalyst can be attributed to an efficient photo-induced
structure [46-50]. This structure can be seen as the elec-
tron-hole pair separation in the reaction system. The shift
of light absorption to the visible region helps in utilizing
visible light for the activity of photocatalyst. In addition,
the larger surface area contributes to the higher light
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Figure 2: Degradation of (a) methyl orange (b) methylene blue under visible light.

harvesting, which effectively increases the photocatalytic
activity of the nanocatalyst.

Figure 3 demonstrates the diffraction phase peaks of
TiO, and V/Ag/TiO,. The diffraction peaks reveal the com-
bined crystal phases of both anatase and rutile. The
intense peak was observed at a 26 value of 25.4°. This
corresponds to (101) anatase crystal plane for TiO, and
had consistency with the JCPDS database # 89-4921.
Peaks at 37.4°, 42.4°, and 48.2° of (004), (002), and
(200) plane are also attributed to the anatase phase of
TiO, [47]. Peaks at 27.3°, 35.9°, 44.3°, and 55.2° may be
attributed to the rutile phase [49]. The addition of the V
and Ag dopants resulted in an increase in the anatase

——TiO,
—— V/AgTiO,

v Anatase
+ Rutile

€ (101

L M1

Intensity (a. u.)

Figure 3: XRD patterns of synthesized TiO, and V/Ag/TiO, nano-
structure photocatalysts.

phase in the ternary nanocatalyst, and this was in agree-
ment with the previous studies that the addition of
dopant increases the anatase phase of TiO, [51,52].

As shown in Figure 4(a), Raman spectra were mea-
sured for further investigation toward the phase struc-
tures of distinct samples. Raman bands at 150, 515, and
637cm™! could be attributed to the crystal phase of
anatase, and that of 243, 449, and 615 cm ™ were allocated
the rutile phase, which indicated the formation of a
multiphase mesoporous combined samples of both ana-
tase and rutile crystal phases, indicating consistency with
the XRD study [49]. As illustrated in Figure 4(b), in com-
parison to the prepared TiO, sample, the major band at
150 cm™ for V/Ag/TiO, was widened and then slightly
shifted, which can be attributed to the disorganization of
the TiO, crystals, which resulted from the effects of the
phonon confinement or the crystal size [53-55].

Sger results for TiO, and V-Ag/TiO,, were 104.8 and
122.8 m? g, respectively. Also, V/Ag/TiO, nanocatalyst
possesses the higher surface area due to the miniature
crystallite sizes of the sample. It has been reported from
the previous research that with higher specific surface
areas, there is an increase in photocatalyst activities
since it provides additional sites for the absorption of
light. As such, the high surface area of the synthesized
nanocrystal contributed to the effective degradation of
MO and MB [48,50,56]. Figure 5 displays the nitrogen
adsorption—desorption isotherm, which exhibits a type
IV isotherm, indicating the existence of the mesoporous
structure in association with the absorbent capillary con-
densation [57]. Figure 6 shows the pore size distribution
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Figure 4: Raman spectral of synthesized TiO, and V/Ag/TiO,
nanostructure photocatalysts.
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Figure 5: The nitrogen adsorption—desorption isotherms of the
synthesized TiO, and V/Ag/TiO,.

of the synthesized (a) TiO, and (b) V/Ag/TiO,. There was a
minimal distribution of the mesoporous pores of uniform
sizes ranging from 2 to 28 nm.

Figure 7 demonstrates the spectrum absorbance of
the synthesized nanocatalyst. The absorption edges of
TiO, were observed at 404nm and was similar to the
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Figure 7: Absorbance spectrum of the synthesized TiO, and
V/Ag/TiO,.

previous studies by Khutso et al. [49] and Liu et al
[58]. Doping of TiO, with silver and vanadium shows a
remarkable increase in photocatalytic activities at the
irradiation of visible light [47]. Emphasizing the syner-
gistic impact of vanadium and silver, their influence has
brought about an increased kinetic reaction as a result of
moving the light absorption toward the region of visible
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light, hence gathering increased energy quantity. V/Ag/
TiO, absorption edge moved to the increased wavelength
with an added peak around the shoulder close to 580 nm.
This suggested that the V/Ag/TiO, nanocatalyst can be
successfully utilized in the visible light spectrum [47,49].
The doping effects of V and Ag significantly improve the
light absorption at extended wavelengths (>400 nm)
which is in the existence of the visible light regions [49].
The calculation of the energy band gap (eV) was employed
for the evaluation of the energy needed for activating the
nanocatalyst. Each nanocatalyst’s energy band gap (eV)
was determined using the Tauc equation [59]. As illustrated
in Figure 8, the band gap energies of TiO, and V/Ag/TiO,
were interpolated to be 2.9, and 2.65 eV, respectively.
The nanocatalyst V/Ag/TiO, has achieved the desired
minimal band energy value. The reduced band gap allows
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Figure 9: XPS spectra of (a) O 1s, (b) V 2p, () Ti 2p, and (d) Ag 3d of the synthesized V/Ag/TiO.,.
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activation of the nanocatalyst with lower energy within the
visible light region.

The XPS examination (Figure 9) reveals binding states
of oxygen in the synthesized V/Ag/TiO, nanocatalyst
sample. O 1s spectral was observed at a 527.8 eV binding
energy, which could be allotted to oxygen lattice in TiO,
[55]. V 2ps3/, binding energy was observed at a peak value
of 514.1eV, demonstrating the existence of V3 at the
surface of the catalyst in the IV state [48,58]. Binding
energy peaks of Ti 2p;/; and Ti 2ps/, occur at 462.3 and
456.75 eV, respectively, indicating the formation of Ti*
and Ti** in TiO,, and these results were similar to that
obtained by other researchers [55,57]. Low binding ener-
gies of Ag 3d;/, and Ag 3ds,, were observed at 371. 90 and
365.85 eV, respectively [60].

As shown in Figure 10(a), the SEM image for V/Ag/
TiO, describes the creation of a closely stacked cluster

ok

WD: 15.06 mm

SEM HV: 20.0 kV

VEGA3 TESCAN

W Spectrum 4
Wt% o

9

Figure 10: Morphology of V/Ag/TiO, nanocatalyst: (a) SEM image
(b) EDX mapping.
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Figure 11: HRTEM images of V/Ag/TiO,.

comprising rod-like aggregated particles of diameters of
nonuniform sizes, while Figure 10(b) displays the EDX
mapping showing the composition of the nanocatalyst.
HRTEM images for the prepared nanocatalyst are shown
in Figure 11. The synthesized V/Ag/TiO, nanocatalyst
was rod-like cylinder with a homogeneous size diameter
ranging between 15 and 45 nm. This rod-like shape can be
attributed to the type of synthesis method and precursor
employed as this differs from the rectangular shape reported
by Zhu et al. [39]. The photocatalyst with a rod-like shape
has been reported to be very effective in organic dye
degradation [49].

4 Conclusion

Vanadium and silver co-doped titanium oxide ternary
nanocatalyst was successfully synthesized using a micro-
wave-assisted sol-gel method. The co-doped photocatalyst
shows the reduced band gap of 2.65 eV, the large surface
area of 84.8m”g ", and the particle size between 15 and
45 nm. The synthesized V/Ag/TiO, demonstrated the ability
of these photocatalysts in successfull degradation of MO
and MB, indicating the prevention of recombination of
the electron hole. The synthesis of a microwave-assisted
sol-gel ternary nanocatalyst is easier and faster, and
nanoparticles with a larger surface area are produced.
Generally, this article presents a framework for the devel-
opment of microwave-assisted sol-gel synthesis of a
co-doped TiO,, with high purity, a short period of reac-
tion time, and small particles with a narrow size distri-
bution. This method is facile, environmentally friendly,
and highly efficient for the fabrication of high-perfor-
mance next-generation nanocatalyst.
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