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Nano TiOz and 5 wt.% M™ (M = Ag*, Bi** and Ni?*) doped nano TiOz2 photo catalysts were synthesised by sol-gel method. The resulting
catalysts have been characterised by XRD, UV-Vis DRS, PL, SEM-EDAX, TEM, BET-SA, XPS and Raman spectroscopy. The present
research work focused on enhanced photocatalytic degradation of aqueous solutions of acid alizarin violet N (AAVN) dye and 4-
chlorophenol (4-CP) were investigated with TiOz, 5 wt.% Ag/TiOz, 5 wt.% Bi/TiOz and 5 wt.% Ni/TiO2 nano photocatalysts under visible
and solar light. AAVN dye was degraded to an extent of more than 98%, 4-CP degraded 97% on Ag/TiO2 as compared to Bi/TiOz, Ni/TiO2
and Bare TiO2 nanoparticles. Recyclability of photocatalysts were studied, with the material being found to be stable up to five cycles.
Effect of scavengers on the photocatalytic activity of catalysts was studied using both superoxide ion radical and hydroxyl ion radical/hole

scavengers namely benzoquinone, isopropanol, ammonium oxalate and formic acid, respectively.
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INTRODUCTION

Dyes are extensively used in a wide range of techno-
logical and industrial applications, particularly in various sectors
of the textile industries [1,2] and the leather tanning industry
[3,4]. In addition, dyes find widespread use in paper manu-
facturing, agricultural research, food technology, hair dyeing,
and light-harvesting systems. Acid Alizarin is acommonly emp-
loyed dye and has also been used as an organic marker [5]; how-
ever, many dye-stuffs are classified as priority and hazardous
pollutants due to their persistence and toxicity in wastewater.
The uncontrolled discharge of dye-containing effluents poses
significant environmental and health concerns, necessitating the
development of effective remediation strategies [6,7].

Among the various approaches explored for pollutant
removal, photocatalytic degradation has emerged as a promi-
sing and environmentally benign technique. Titanium dioxide
(TiOy) is one of the most extensively studied photocatalysts
for the degradation of both inorganic and organic pollutants
owing to its low cost, high chemical stability, low toxicity,
and strong oxidative capability [4]. Despite these advantages,

the wide band gap of TiO- restricts its activity primarily to the
ultraviolet region, which limits its efficiency under visible
light. Consequently, considerable research efforts have been
directed toward developing modified TiO,-based photocatal-
ysts that exhibit enhanced activity and stability under visible
light irradiation.

Doping TiO with selective metal ions has been demons-
trated as an effective strategy to reduce its band gap and extend
its photoresponse into the visible region [8-11]. The incorpor-
ation of metallic elements can introduce additional energy
levels within the band structure of TiO,, thereby improving
light absorption and suppressing the recombination of photo-
generated electron-hole pairs. Transition metals such as Ni,
Cr, Zn and noble metals like Ag, as well as post-transition
metals including Bi, have shown considerable potential in
enhancing photocatalytic performance [12-15]. Doping with
these metals not only improves photon absorption but also
facilitates efficient charge separation, leading to improved
photocatalytic activity [16-18].

Among these dopants, Ag-doped TiO- has been widely
reported as an efficient photocatalyst for the degradation of
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various organic contaminants. The presence of an optimal
amount of Ag enhances visible light absorption and reduces the
effective band gap of TiO,, thereby promoting photocatalytic
efficiency [17]. Similarly, Bi-based nanomaterials have attra-
cted significant attention due to their low cost, high stability,
non-toxicity, and strong photoactivity. Bi- and Ag-doped
TiO; systems have been reported to exhibit superior visible-
light driven photocatalytic performance for the degradation
of organic pollutants, attributed to their excellent light absorp-
tion properties and effective charge carrier separation [13-15].
The introduction of Bi-related energy levels below the conduc-
tion band of TiO; further contributes to band gap narrowing
and enhanced visible light absorption, making such doped
systems highly promising for wastewater treatment applica-
tions. The present work is aimed at the synthesis of TiO2 NP,
Ag/TiOy, Bi/TiO2 and Ni/TiO; by sol-gel method and for its
application in AAVN dye decolourisation and 4-chlorophenol
(4-CP) degradation.

EXPERIMENTAL

Titanium tetraisopropoxide (TTIP, NR chem), silver nitrate
(AgNOs; 99%), bismuth nitrate pentahydrate (Bi (NOs)3-5H:0;
98%), nickel nitrate hexahydrate (Ni(NO3),-6H,0: 98% SD
Fine Chemicals), ethanol, isopropyl alcohol (Moly Chem),
glacial acetic acid (Merck) were used without further purify-
cation for the preparation of catalysts.

Synthesis of Ag/TiO2, Bi/TiOz, Ni/TiOz and bare TiO2
nano-photocatalysts: A 5 wt.% Ag doped nano-TiO, was
prepared by acid modified sol-gel method. Initially, 5 wt.%
of AgNO3 was dissolved in 120 mL of deionised water at
room temperature, followed by addition of 10 mL of glacial
acetic acid. In the next step, 28 mL of titanium tetraisopro-
poxide was dispersed in 80 mL of absolute ethanol with
continuous stirring. Then the above two solutions were added
dropwise together within 2 h under continuous stirring. After-
wards, the attained sol was stirred incessantly for 3 h and dried
for 3 days at room temperature. As synthesised TiO; gels were
dried at 80 °C for 12 h. The resultant solids were powdered
and calcined at 500 °C for 4 h. Undoped TiO2, Ni/TiO; [19]
and Bi/TiO; nanoparticles were prepared using same above
sol-gel method for comparative studies using bismuth nitrate
hexahydrate and nickel nitrate hexahydrate as precursors of
Bi and Ni. The prepared Ag doped TiO>, Bi doped TiO, and
Ni doped TiO, denoted as AgT, BiT and NiT nanocatalysts.

Characterisation: The Rigaku miniplex diffractometer
was used to observe powder X-ray diffraction (XRD) patterns
while using a CuKa (1.5406 A) radiation source at 40 V and
15 mA. The morphology and particle size were characterised
by transmission electron microscope (TEM, model JEOL
1010) instrument, operating at 100 kV with a field emission
gun. The surface properties of fresh catalysts were measured
by N> adsorption at -196 °C (Micrometric ASAP 2010 surface
analyzer). The BET method was employed to determine speci-
fic surface area. X-ray photoelectron spectroscopy (XPS) was
employed to investigate the oxidation states of the doped
metal ions and their interactions within the TiO; lattice. The
KRATOS-AXIS 165 with dual aluminum—magnesium anodes
was used to record MgKa radiation. The X-ray power supply

was run at 15 kV and 5 mA. Raman spectral data captured
using He-Ne laser emitted at 633 nm line scattered light was
examined by using HORIBA JOBIN YVON HR800, Japan.
The laser was focused at ~3 um and backscattered Raman
signal was collected using a 10X lens. UV-Vis diffuse reflec-
tance spectra (DRS) were recorded using JASCO V650 UV-
Vis spectrophotometer in region of 200-800 nm. JASCO FP-
8500 spectrofluorometer used in the present research work
recorded photoluminescence spectra (PL) at room temperature
with an excitation wavelength of 220 nm.

Photocatalytic degradation of acid alizarin violet N
(AAVN) dye and 4-chlorophenol (4-CP): The photocatalytic
degradation of pure TiO, NP, AgT, BiT and NiT was deter-
mined by the degradation AAVN and 4-CP under solar and
visible light irradiation. The photocatalytic studies were carried
out on a reactor supplied by Lelesil innovative system; India
equipped with 250 W visible lamp. In a typical process, 50-150
mg of catalysts was added to 50-200 ppm AAVN dye/4-CP
solution and dispersed before irradiation by visible and sun-
light with stirring. The mixture was agitated for a duration of
60 min in directive to establish adsorption-desorption equili-
brium. The catalyst was filtered and absorption spectra of the
attained aliquot were measured using Ultra Violet-Visible
spectrophotometer to monitor the degradation of AAVN dye
and 4-CP from time to time. The degradation rate was calcu-
lated using the following equation:

Degradation rate (%) = G -C

x100 1)

0

RESULTS AND DISCUSSION

Powder X-ray diffraction analysis: To study the crystal
structure of bare TiOz, NiT, BiT and AgT nanocatalysts calci-
ned at 500 °C, XRD investigation was carried out in the range
of 26 =10-80°. The doping of Ag, Ni or Bi in TiO- lattice did
not alter anatase phase diffraction patterns (Fig. 1). In case
sol-gel synthesised catalysts AgT, NiT, BiT and neat TiO-
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XRD patterns of (a) bare TiO, (b) AgT (c) NiT and (d) BiT nano

photocatalysts

Fig. 1.
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TABLE-1
STRUCTURAL AND MORPHOLOGICAL DATA OF TIO2 AND ITS DOPED NANOCATALYSTS

d-spacing Lattice parameters (A) 3 Surface area Average crystallite size Average particle size
e A a=b Volume (A) (m?/g) (nm) from XRD (nm) from TEM
TiO2 3.517 3.786 9.500 136.17 57 11.18 8.25
AgT 3.525 3.789 9.606 137.91 60 8.85 7.75
NiT 3.515 3.787 9.458 135.64 54 10.03 8.00
BiT 3.525 3.789 9.606 137.91 92 7.24 7.85

showed XRD pattern with, foremost diffraction peaks at 26 =
25.3°,37.7°,48.03°,53.97°, 55.13°, 62.52°, 68.82°, 70.14° and
75.22°. These diffraction peaks (20) correspond to Bragg’s
reflection planes (101), (004), (200), (105), (211), (204), (116),
(220) and (215), respectively. Parent TiOz and NiT, BiT and
AQT show pure anatase phase with tetragonal structure consis-
tent with JCPDS data (card no 21-1272) [20,21]. The parent
TiO, showed traces of brookite phase at 26 = 30.81° (JCPDS
card 29-1360) corresponding to (121) plane.

Using Scherrer’s formula (egn. 2), the average crystallite
size of pure TiO2, AgT, NiT and BiT from prominent peaks
in the XRD was calculated.

KL

- B COSO

O]

where D is the average crystallite size; A is the wavelength of
radiation and B is the FWHM (full width at half maximum);
0 is the Bragg angle; and K is the Scherer’s constant. The
crystallite size of bare TiO2, AgT, NiT and BiT were found
tobe 11.18, 8.85, 10.03 and 7.24 nm, respectively. The lattice
parameters ‘a =b’, ‘c’ and unit cell volume ‘V’ were calcu-
lated from the peaks of (101) and (200) of anatase using the
Bragg’s equation:

A
a= h? + hk + k2 3
J3sin6 ( ) ®)
A
c= 4
2sin0 @
V =a% (5)

for TiO, and doped TiO, nanoparticles. The slight expansion
of the unit cell upon Ag and Bi doping can be attributed to
the incorporation of larger dopant ions into the TiO; lattice
(Table-1).

SEM-EDAX: The SEM and EDAX micrographs of bare
TiO2, AgT, NiT and BiT nanophotocatalysts are displayed in
Fig. 2a-d, respectively. It can be clearly seen that the shapes of
synthesised nanoparticles are spherical with minimal agglo-
meration as compared with bare TiO, nanoparticles [22,23].
The surface morphology of Ag-, Bi- and Ni-doped TiO, appears
smooth and uniform. The atomic ratios of Ag in Ag-doped
TiO2, as well as those of Ni in Ni-doped TiO;, along with Ti
and O, are presented in Fig. 2. The presence of distinct signals
corresponding to Ag, Bi, and Ni, in addition to the main cons-
tituents Ti and O, confirms the successful incorporation of
these dopant elements into the TiO, host lattice rather than
their segregation as separate phases.

TEM and SAED: TEM analysis also reveals the spher-
ical morphology of bare TiO, and AgT nanoparticles. The
TEM observations are consistent with the average crystallite

size estimated from the XRD patterns. The particle size distri-
bution histograms shown in Fig. 3e-f further confirm the
relatively uniform size distribution of the synthesized particles.
The selected area electron diffraction (SAED) patterns pres-
ented in Fig. 3c-d exhibit well-defined concentric rings with
distinct diffraction spots, indicating the crystalline nature of
the catalysts. The presence of such ring patterns is character-
istic of polycrystalline TiO,, confirming that the catalysts
consist of multiple crystalline domains.

UV-Vis DRS and photoluminescence analysis: The
absorption edge of TiO; below 370 nm is generally attributed
to charge transfer from the valence band to the conduction
band. A red shift in the absorption edge toward longer wave-
lengths indicates a reduction in band gap energy, which
enhances visible light absorption, suppresses electron-hole
recombination and consequently improves photocatalytic acti-
vity. Using absorption edge wavelengths from inset graph Fig.
4a band gap energy values of bare TiO2, AgT, NiT and BiT
were calculated and shown in Table-2. The band gap energy
(Eg) was determined by using eqgn. 6:

1239.8

E, =" (6)
where A is the wavelength (nm) of the absorption edge in the
spectrum. Using above equation and Kubelka-Munk plot calcu-
lated band gap energies of photocatalysts. Metal ion doping
resulted in lowering of band gap than parent TiO», shift in
absorption wavelength to visible region and hence enhanced
photocatalytic degradation of dye/organic pollutant.

TABLE-2
OPTICAL CHARACTERISTIC DATA OF
THE NANOPHOTOCATALYSTS

Absorption Band gap Emission
Catalyst wavelength energy (eV) wavelength
edge (nm) (nm)
TiO2 397 3.12 401
AgT 478 2.59 420
NiT 464 2.67 412
BiT 437 2.83 407

Photoluminescence spectra Fig. 4b of bare TiO,, Ag, Ni
and Bi doped TiO2 nanoparticles at an excitation wavelength
of 360 nm for exciting all these catalysts displayed one peak
around UV region and other three peaks at near visible region
due to metal ion doping indicated by the broadening in optical
emission band, which is related to the columbic interaction
effect. Due to the charge transfer from Ti®* to oxygen the
blue-green emission bands appeared at 401, 420 and 412 nm
[24]. This indicates the origin of bands from the intrinsic state
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C)

Element Weight (%) Atomic (%)

oK 41.42 67.92
TiK 58.58 32.08
Total 100.00

Element Weight (%) Atomic (%)

oK 37.65 65.41
TiK 57.40 33.31
AgL 4.96 1.28
Total 100.00

Element Weight (%) Atomic (%)

OK 53.82 79.46
TiK 40.32 19.88
BilL 5.86 0.66
Total 100.00

C))

Element Weight (%) Atomic (%)

(O 42.23 68.78
Ti K 55.77 30.34
Ni L 2.00 0.89
Total 100.00

Fig. 2. SEM images and EDAX patterns of (a) TiO2 (b) AgT (c) BiT and (d) NiT NPs
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Fig. 4. (a) Ultra violet-visible DRS and (b) photoluminescence spectra of cation doped TiO2 nanocatalysts

rather than the surface state. These luminescence peaks are
attributed to the bulk defects in the modified TiO, nanoparti-
cles. AgT, BiT and NiT nanocatalysts showed a red shift due
to vacancy of Ti and O, Ni and Bi ions well dispersed in TiO»,
hence emission intensity decreases. The oxygen vacancies and
defects are responsible for the photoluminescence emissions
of semiconductor oxides like TiO,. However, in case of doped
TiO,, the surface oxygen vacancies capture the electrons and
the metal ions capture the holes and reduce the recombination
rate of electron-hole pairs. Also, the new defect levels created
by the dopant ions near the conduction band minimum are

occupied by the excited electrons from valence band further
are responsible for the lowering of the PL intensity [25].

BET-Surface area measurements: The specific surface
area and pore structure of synthesised nanoparticles were
examined by performing N, adsorption-desorption measure-
ments. All the adsorption isotherms were type-1V class as per
the IUPAC nomenclature. BET surface areas of AgT and BiT
nanoparticles showed higher specific surface areas than bare
TiO and these values are shown in Table-1.

XPS results: X-ray photoelectron spectra (XPS) of the
catalysts were analysed for surface elemental composition and
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valence states of elements in bare TiOy, BiT, AgT and NiT (a
wide scan shown in Fig. 5). The characteristic peaks of Ti 2p,
O 1s, Ni 2p, Ag 3d and Bi 4f of the photocatalysts are dis-
played in Fig. 6. The observed peaks at 458.5 and 464.5 eV
for Ti represent the spin-orbital splitting of Ti 2ps2 and Ti 2p1s2,
respectively indicating a state of Ti** in sample. It can be
confirmed that Ti at the surface exist in the form of Ti**, which
can transform to Ti®* by trapping photogenerated electrons
[26]. O 1s peak at 530 eV can be linked to oxygen bound to
Ti* in TiO, and is found to be shifted to lower energies with
the addition of the doped cation in the order of Bi** > Ag* >
Ni2* attributed by Yu et al. [26]. as to the differences in their
electronegativity with Ti. This peak is accompanied by a
shoulder at 532 eV that can be observed upon deconvolution
(not shown in the figure), which was attributed to the adsorp-
tion of OH group on the surface that can produce surface bound
OH radicals on reaction with photo induced holes responsible
for high oxidation reactivity [27].

o Ni2py,_
> 1 N ;
lepy |2p /2’ o i2p,,
(d) NifTiO, =
c) Ag/TiO.
,;: (c)Ag 2 l AﬂsfwAgJ
o
= e
g (b) BI/TiO,
2 [sist,,
= \ Bty
(@ Tio, | JWM

100 200 300 400 500 600 700 800 900
Binding energy (eV)
Fig. 5. Wide scan XPS spectra of TiO, based nanocatalysts

Fig. 6¢ illustrate the split of the 3d peak into two distinct
peaks at 373 eV and 367.6 eV, corresponding to Ag 3ds, and
Ag 3ds2, respectively. The XPS line for Bi 4f shown in Fig.
6e display two distinct peaks at 164.6 and 159 eV, signifying
the binding energies of Bi 4f7;, and Bi 4fsp, respectively. This
observation suggests the presence of Bi in the sample is in its
+3 oxidation state. The binding energies at 856 and 873.1 eV
for Ni 2pa1> and Ni 2psp, are attributed to the splitting of Ni
2p. Shoulder peaks just besides these main peaks of Ni 2p are
indicative of presence of satellite peaks corresponding to the
Ni2* [28].

Raman spectroscopy: Raman spectra of the as-prepared
TiOz, AgT, NiT and BiT nanocatalysts are shown in Fig. 7.
The four peaks shown by each catalyst are due to the anatase
phase identified at values of 144, 396, 514 and 639 cm™ of
TiO,, 144.6, 395.6, 514.7 and 638.4 cm™ of Ag/TiO,, 145,
394.2,515.4 and 637.6 cm* of Bi/TiO, and 144.1, 399, 516.3
and 637 cm™ of Ni/TiO,. The peaks located at 144 and 639
cm (Eg) correspond to Ti-O stretching mode, the peak at 515
cmt (Aig + Byg) refers to the stretching mode of Ti-O peak,

at 397 cm? (Eg) allocated to the O-Ti-O bending mode [26].
A shift in the Eq mode at 144 cm™ of TiO; to higher values
with doping and a broadening of this peak is suggestive of
decreased particle size that correlate well with TEM and XRD
data.

Photocatalytic activity of AAVN dye: The optical density
of AAVN solution was measured at 546 nm with a UV-
Visible spectrophotometer. The efficiency of photocatalytic
decomposition of dye was calculated; the % degradation of
dye as against time of irradiation from this study implied an
increase in % degradation with time. The degradation of 100
ppm AAVN dye degradation achieved nearly was 95%, 98%,
96.7% and 96% using 75 mg of bare TiO2, 5 wt.% AgT, 5 wt.%
BiT and 5 wt.% NiT NP under visible light irradiation, resp-
ectively. Also, the doped catalysts and parent TiO2 showed
60-90% degradation of 150 ppm of AAVN dye. Even at high
concentration i.e., 200 ppm AAVN dye decomposition achieved
nearly was 72%, 87.8%, 74.4% and 73% using 75 mg of bare
TiO2, 5wt.% AgT, 5wt.% BiT and 5 wt.% NiT, respectively.
The steady-state degradation of dye solution was observed
nearly at 180 min of time. The order of degradation efficiency
of doped and undoped catalyst is:

AgT > BiT > NiT > TiO>

A maximum degradation efficiency of 98% was achieved
for the 100 ppm AAVN dye solution using 75 mg of AgT
photocatalyst, which was significantly higher than that obtained
with NiT, BiT and undoped TiO; (Fig. 8).

In sunlight AAVN dye photocatalytic activity was eval-
uated by using 100 mL of 50 ppm (0.05 g L) dye solution
with 75 mg of bare TiO,, Ag doped TiO2, Bi doped TiO and
Ni doped TiO,. The degradation efficiency was found to be
higher that is 63% using 5 wt.% BiT nanoparticles with 50 ppm
AAVN dye solution than over AgT, NiT and bare TiO- (Fig. 8).

The photocatalytic degradation of AAVN dye follows
pseudo-first-order kinetics, consistent with the Langmuir-
Hinshelwood model. Accordingly, the rate of degradation of
AAVN dye can be expressed by the following equation:

In (Cﬁj =—kt (7

o)

In this context r, rate is proportional to the C; concentra-
tion at time t, reactant adsorption constant is K and k is the
reaction rate constant. The first order kinetics of AAVN dye
degradation is verified by the graph of In C/C, vs. t in Fig. 9
which is a straight line. The pseudo-first-order rate constants
were calculated using eqn. 7 and the results are summarized
in Table-3. A relatively good correlation to the first-order
reaction kinetics was found as indicated by the regression co-
rrelation coefficient (R%) and the rate of degradation increased
with metal ion doping in TiO.. The AgT exhibited higher photo-
catalytic activity of AAVN degradation over the rest of the
catalysts studied.

Photocatalytic activity of 4-chlorophenol: The % degra-
dation was examined using UV-Vis spectrophotometer at 225
nm. The 75 mg of photocatalyst viz., TiOz, AgT and BiT was
suspended in 50 mL of 4-CP (50 ppm) irradiated under visible
light showed 68.2%, 97.1%, 93.4% of degradation, respect-
ively as indicated in Fig. 10. Degradation efficiency of TiO»,
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TABLE-3
RATE CONSTANTS OF AAVN DYE AND 4-CP DEGRADATION OVER T102 AND DOPED TIO2 NANOCATALYSTS

Catalvst Rate constant (min!) of Rate constant (min-!) of AAVN  Rate constant (min) of Rate constant (min?) of
Y 4-CP in visible light x 10° dye in visible light x 102 4-CP in sunlight x 103 AAVN dye in sunlight x 102
TiO2 0.66 0.83 0.24 0.44
AgT 0.23 1.28 1.30 1.20
BiT 0.16 1.15 1.20 1.01
NIiT — 0.93 — 0.84
R 50 ppm 4-chlorophenol with e 50 ppm 4-chlorophenol with 35 50 ppm 4-chlorophenol with
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Fig. 10. UV-Vis absorption spectra of (a) TiOz (b) AgT and (c) BiT NP in visible and (d) TiO2 (e) AgT and (f) BiT nanocatalyst in sunlight

AgT and BiT was 35%, 90% and 87% of 4-chlorophenol (20
ppm) under sunlight irradiation, respectively. Doped TiO;
showed higher degradation compared to bare TiO, under
visible light and sunlight irradiation.
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The graph of In C/Cy vs. time (Fig. 11) is a straight line,

confirming that degradation 4-CP organic pollutant follows a
pseudo-first-order Kinetics. The activity showed a good fit in
the first-order rate equation and the doped TiO catalysts showed
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Fig. 11. Plots of In C/C, vs. time for TiO,, AgT and BiT nanocatalysts
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higher rates of degradation of 4-CP clearly established the
promoting effect of the dopant in enhancing the degradation
rate of 4-CP. The outstanding photocatalytic activity of the
4-CP organic pollutant could be ascribed to the BiT.

The higher degradation rate of AAVN dye/4-CP in visible/
sunlight can be ascribed to the role played by the metal ions
whose the redox potentials E°(Ag*/Ag), E°(Bi**/Bi) and
E°(Ni?*/Ni) are 0.79 V, 0.226 V and -0.25 V, respectively that
are in between the conduction band potential Ecg (-0.5 V vs.
NHE) and valence band potential Evg (2.7 V vs. NHE) of TiO;
as described by Yu et al. [26]. They attributed it to the photo-
sensitisation process where the electrons from LUMO levels
of the dye molecules that move on to the conduction band of
TiO; being trapped up by the metal ion species and thus con-
tributing to the separation of electron-hole pairs.

Regeneration and scavenger studies: The reusability
and stability of the catalysts were established for the decolori-
sation of AAVN under indistinguishable reaction at ambient
conditions. The used photocatalyst was washed with water and
dried in a hot air oven before use in the next cycle of photo-
catalytic reaction. Fig. 12 displays the outcome of AAVN
degradation for five cycle runs. AgT, BiT, NiT and bare TiO;
shows remarkable photo stability as the AAVN degradation
activity after fifth cycle were observed as 97%, 90.3%, 69%
and 67%, respectively. The degradation efficiency was slow
with a slight decrease in each cycle. There was no noteworthy
change in the degradation of AgT after completing the 3rd
cycle. Only 1% loss in Ag doped TiO2, 5% loss in Bi-doped
TiO, and Ni-doped TiO2, 20% loss in bare TiO; activity was
observed. The aforementioned results recommend good stability
of the photocatalyst, which remains unaffected even after five
sequential runs.

I TiO, [CJAg/TiO, CJNi/TiO, I BI/TiO,

100 4

804

60

Degradation (%)

201

1 2 3 4 5
Number of cycles

Fig. 12. Reusability data of TiO,, AgT, BiT and NiT nanocatalysts

Fig. 13 reveals XRD of used and unused AgT nanoparti-
cles. AgT showed higher % degradation compared to BiT,
NiT and bare TiO2 NP. The stability of AgT nanoparticles after
fifth cycle of reaction was examined by XRD. The XRD of
used catalyst showed no changes when compared to that of
unused catalyst indicating an intact structure of the catalyst
even after 5 runs of the reaction.

—
=
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Fig. 13. X-ray diffraction patterns of Ag doped TiO, (AgT) (a) before and
(b) after the reaction

To study the foremost active species in photocatalytic
degradation of AAVN dye using AgT, BiT, NiT and bare
TiOy, by the addition of free radical scavengers’ experiments
were examined. Effect of free radical scavengers such as iso-
propyl alcohol (IPA) for hydroxy radicals (*OH), ammonium
oxalate (AQO) and formic acid (FA) as hole scavengers (h*)
and p-benzoquinone (p-BQ) for superoxide radicals (*O2).
The photocatalytic activity decreased with p-BQ > AO >
IPA > no scavenger was observed in Fig. 14. Only 54%, 51%,
53% and 55% of the AAVN was degraded after 180 min when
AgT, BIiT, NiT and bare TiO, were added to dye solution,
respectively with p-benzoquinone when compared to 98%,
97%, 77% and 95% of the AAVN with Ag-doped TiO- in the
absence of scavengers. Degradation of AAVN dye was slightly
suppressed with the addition of ammonium oxalate i.e., 93%
dye was removed in 180 min of when Ag-doped TiO, was
added to dye solution. The results indicate that a large number
of hydroxyl radicals were generated when AAVN dye was
irradiated under visible light. Also, the suppression of activity
is greater in presence of BQ indicating the dominant role
played by superoxide radicals in the mechanism. This suggests
that though as XPS studies Bi®* seem to have higher electro-
negativity difference with Ti** that can result in high oxida-
tion reactivity on account of generation of greater number of
OH™ radicals, the simultaneous reduction process by photo-
generated electrons leading to the formation of superoxide
radicals which further are responsible for the degradation of
the dye/organic pollutant seems to dominate. Hence, Ag- doped
catalyst seems to be superior in degrading the pollutants both
in presence of visible as well as sunlight.

The degradation of AAVN dye was examined by total
organic carbon (TOC) determination. A solution of 100 ppm
AAVN dye was prepared with 75 mg bare TiO, and AgT nano-
catalysts used for determining TOC and the result showed
92% and 96% of TOC is removed by mineralisation.

The photo-degradation mechanism (Scheme-1) involves
generation of electron-hole pairs on irradiation of doped TiO;
photocatalyst as the first step. Doping TiO, with Ag leads to
a reduction in band gap energy, thereby enhancing light
absorption in the visible region and facilitating more efficient
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Scheme-1: Probable scheme of the photocatalytic degradation mechanism

charge transfer processes. The presence of Ag also promotes
electron trapping, which suppresses the recombination of photo-
generated electron-hole pairs and enhances the generation of
reactive oxygen species. In this process, photogenerated
electrons in the conduction band of TiO; are transferred to
adsorbed oxygen molecules or dissolved oxygen, resulting in
the formation of superoxide radicals (O;*). Simultaneously,
photogenerated holes in the valence band interact with the
surface-adsorbed water molecules or hydroxyl ions to gene-
rate hydroxyl radicals (OH*"). These highly reactive radical
species subsequently participate in the oxidative degradation
of AAVN dye and 4-chlorophenol, ultimately breaking them
down into smaller, less harmful molecules.

Conclusion

Metal-ion doped nano-TiO, catalysts were synthesised
by simple sol-gel method and explored for the photocatalytic
degradation of acid alizarin violet N (AAVN) dye and 4-chloro-
phenol (4-CP) in presence of visible and sunlight. The
characterisation of the parent TiO, and doped-TiO; nano-
particles revealed only the anatase phase from XRD patterns
indicating the successful doping of metal ions into the TiO;
crystal structure. The nanosize of these catalysts was confirmed
from XRD, SEM and TEM analyses. Further, the spherical
morphology with minimum agglomeration of particles could
be established from SEM and TEM results. The doping of
metal ions resulted in the decrease in particle size which is
also confirmed from the enhanced BET-specific surface areas

of the doped catalysts in comparison to the bare TiO,. Metal
ion doping reduced the band gap of the catalysts as measured
from the UV-DRS plots. Also, the doping has resulted in the
shift of the emission peak of TiO and reduction of electron-
hole recombination rate as evidenced from the PL studies.
XRD and EDAX reveal the presence of Ti, Ag, Ni, Bi, C and
O in the doped catalysts while XPS analyses discloses the
surface chemical states of elements (Ti**, Ag*, Ni?*, Bi¥*, 0%
/OH~ and C) in doped-TiO, and bare TiO,. The metal ion
doped-nano TiO; exhibited higher degradation performance
of AAVN dye and 4-CP in presence of both visible as well as
sunlight over the parent TiO. catalyst. AgT showed higher
photocatalytic degradation rate among all other metal-doped
and undoped TiO; catalysts. AgT nanocatalyst was stable and
reusable without any appreciable loss of catalytic activity up
to the five runs. The degradation was found to higher i.e., 98%
at 100 ppm of AAVN dye solution with 75 mg AgT catalyst
and 97% of 50 ppm of 4-chlorophenol under visible light irrad-
iation. The lowering of particle size, reduced band gap of TiO-
and decreased electron-hole recombination rate from the chara-
cterisation results correlate well with the enhanced photo-
catalytic degradation rate of AAVN dye and 4-CP over metal
ion doped-TiO; especially AgT catalyst.
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