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Abstract

Titanium dioxide (TiO2) nanoparticles were synthesized via the solution combustion process and
explored for combined photocatalytic and electrochemical applications. The formation of
crystalline tetragonal anatase TiO> with aggregated nanostructured morphology was confirmed
by powder X-ray diffraction (PXRD), diffuse reflectance spectroscopy (DRS), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX), and transmission electron microscopy (TEM) analyzes.
The material displayed an indirect optical bandgap of 3.16 eV, and the calculated conduction-
and valence-band edge potentials were —0.27 and +2.89 V vs. NHE, respectively. The prepared
Ti0O; obtained 85.2% degradation of Congo Red (CR) and 57.18% degradation of Fast Orange
Red (FOR) during 120 min under UV irradiation. Scavenger experiments showed that hydroxyl
(- OH) and superoxide (O ) radicals were the dominant reactive species responsible for dye
degradation. To overcome the difficulties regarding the recovery of the nanoparticles, TiO2 was
immobilized on a lightweight floating substrate, thereby creating a floating photocatalytic
platform that maintained significant degrading activity and allowed for easy physical recovery of
the catalyst. The interfacial charge-transfer capabilities of TiO, were also proven by
electrochemical characterization via cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). A TiO> -modified electrode displayed concentration-dependent responses to
Mercury (Hg?*) and Lead (Pb**) ions. The results illustrate the possibilities of the combustion-

derived TiO; as a versatile platform for sustainable environmental applications, including



photocatalytic remediation, recoverable water purification, and electrochemical pollution

monitoring.

Keywords: TiO2; solution combustion synthesis; photocatalysis; buoyon; electrochemical

sensing.

1. Introduction:

Water is an essential resource for sustaining life and supporting ecological, agricultural and
industrial activities; however, increasing population, urbanization and industrialization have
placed growing pressure on freshwater resources [1,2]. The discharge of untreated domestic and
industrial effluents has further intensified water-quality deterioration. Among emerging aquatic
contaminants, synthetic dyes are of particular concern because of their extensive use in textile,
printing, leather, paper, and dye-processing industries. Their chemically stable aromatic
structures can impart persistent coloration and resistance to conventional treatment, while even
low dye concentrations can reduce light penetration, interfere with aquatic photosynthesis and
adversely affect aquatic ecosystems. These challenges have stimulated the development of
efficient and sustainable technologies for the remediation of dye-contaminated wastewater [3-5].
Advanced oxidation processes (AOPs), particularly heterogeneous semiconductor photocatalysis,
offer an attractive approach because photoexcited charge carriers generated within a
semiconductor can initiate surface redox reactions involving dissolved oxygen, water and surface
hydroxyl groups, producing reactive oxygen species (ROS) such as hydroxyl (- OH) and
superoxide (O3 ) radicals. The photocatalytic performance is governed by interconnected
structural and interfacial parameters, including crystal phase, crystallinity, particle size,
morphology, surface characteristics, defects, light absorption and charge-carrier recombination
[6-11].

Among semiconductor photocatalysts, TiO, has attracted considerable interest because of its
chemical stability, resistance to photocorrosion, relatively low cost, low toxicity and strong
oxidative capability [12-13]. TiO, occurs predominantly in anatase, rutile, and brookite
polymorphs, which exhibit distinct structural and electronic characteristics and consequently

different photocatalytic properties. Anatase 1is particularly attractive for environmental



photocatalysis owing to its favorable surface characteristics and photoinduced redox activity. At
the nanoscale, the increased surface-to-volume ratio can enhance the availability of active sites;
nevertheless, photocatalytic performance is not determined by particle size alone and depends
strongly on crystallinity, phase composition, morphology, surface defects, hydroxylation and
charge-carrier dynamics [14,15]. The synthesis route is therefore critical for controlling the
structural and surface properties of TiO,. Conventional approaches, including hydrothermal,
precipitation and solvothermal methods, can involve multiple processing steps and extended
reaction times [15-17]. In contrast, solution combustion synthesis (SCS) provides a rapid route
for producing nanostructured metal oxides through a highly exothermic redox reaction between
an oxidizing metal precursor and a suitable fuel. The rapid heat release and evolution of gaseous
products can restrict crystal growth and promote the formation of fine, porous and
nanocrystalline powders, with the resulting properties dependent on precursor composition, fuel
chemistry, fuel-to-oxidizer ratio and post-combustion treatment [18,19].

Beyond photocatalytic remediation, the semiconducting and interfacial charge-transfer properties
of TiO, make it attractive for electrochemical applications. Techniques such as CV and EIS
provide complementary information on redox behaviour, charge transfer, ion transport and
electrode—electrolyte interactions [20,21]. These characteristics are particularly relevant to
environmental sensing, where toxic heavy-metal ions such as Hg?>* and Pb?* represent important
water contaminants because of their persistence, toxicity and potential for biological
accumulation. Nanostructured TiO, can provide an electrochemically accessible surface and
facilitate interactions between target ions and the electrode interface, making it a promising
material for investigating the electrochemical detection of hazardous metal ions [22,23].
However, the practical deployment of suspended TiO, nanoparticles for wastewater treatment
remains challenging because of particle aggregation and the difficulty of recovering nanoscale
photocatalysts after treatment [24,25]. Immobilization of TiO, on a suitable support can address
these limitations while retaining photocatalytic functionality. In particular, a buoyant support can
maintain the photocatalyst near the water surface, facilitate exposure to irradiation and simplify
catalyst retrieval, thereby offering a potentially more practical configuration for recoverable
photocatalytic treatment [26].

Here, we report anatase TiO, nanoparticles synthesized by solution combustion synthesis and

systematically investigate their structural, morphological, optical, photocatalytic and



electrochemical properties. The photocatalytic activity is evaluated using CR and FOR as model
dyes under UV irradiation, while scavenger experiments are employed to identify the principal
ROS involved in the degradation process. To address the catalyst-recovery limitations associated
with suspended nanoparticles, the synthesized TiO, is further immobilized on a lightweight
buoyant substrate to construct a floating photocatalytic system. The electrochemical behaviour of
the synthesized TiO, is subsequently evaluated by CV and EIS, followed by its application
toward the detection of Hg?" and Pb?" ions. By integrating photocatalytic degradation, catalyst

immobilization and electrochemical sensing within a single TiO,-based platform.

2. Experimental

2.1: Materials
In this work, all the chemicals were purchased from local suppliers as indicated in the following
Table 1.

Table 1. List of chemicals, specifications, and suppliers used.

Name Chemical Formula Density Suppliers

Titanium n-butoxide Ci16H4004T1 1.00 g/mL at 20 °C Sigma-Aldrich
(lit.)

Isopropyl alcohol CsHsO 0.785 g/mL at 25 °C Sigma-Aldrich

(IPA) (lit.)

zNitric acid HNO; 1.41 g/mL at 20 °C Sigma-Aldrich

Urea NH,CONH, 1.335 g/mL at Sigma-Aldrich

25 °C(lit.)

Epoxy Resin and -- 1.16 g/cm? Zenith Industries,

Hardener Karnataka, India

Polystyrene (CsHg)n 0.96-1.05 g/cm? Local Suppliers,

(Thermocol) Karnataka, India

2.2: Sol-gel combustion synthesis:
The synthesis of TiO, nanoparticles was carried out through a three-step sol-gel combustion

process. The first step involved the preparation of titanium oxyhydroxide, the second step




involved its conversion into titanium oxy-nitrate, and the third step involved the combustion of

titanium oxy-nitrate with urea as a fuel to obtain TiO, nanoparticles.

Step 1: Preparation of titanium oxyhydroxide. Titanium n-butoxide was added slowly to
isopropyl alcohol (IPA) under continuous stirring to obtain a homogeneous precursor solution,
designated as Solution A. Simultaneously, solution B was prepared by mixing IPA and
deionized water in a volume ratio of 12:1. Solution B was then added drop wise to Solution A
under vigorous and continuous stirring while maintaining the ice-cooled condition by using ice
pack. The resulting mixture was stirred continuously for 1 h. During hydrolysis, the solution

gradually became turbid, indicating the formation of titanium oxyhydroxide, TIO(OH)5.

Ti(C,Hy0), + 3H,0 — TiO(OH), + 4C,Hy0H — — — —(1)

Step 2: Preparation of titanium oxy-nitrate. The titanium oxyhydroxide obtained in the first step
was treated with nitric acid (HNO3). The reaction was carried out using a 1:2 molar ratio of
titanium oxyhydroxide to HNOs. The resulting product, titanium oxy-nitrate [TiO(NO3),],

served as the oxidizing precursor for the subsequent combustion reaction.

TiO (OH), + 2HNO3 — TiO(N0O3), + 2H,0 — — — (2)

Step 3: Solution combustion synthesis of TiO,. In the third step, the required amount of urea
(NH,CONH,;) as the fuel was added to the titanium oxy-nitrate in the ratio 5:1 solution. The
resulting precursor solution was heated at 100 °C to evaporate the solvent. As evaporation
proceeded, the liquid precursor gradually transformed into a viscous mass. The crucible
containing the viscous precursor was transferred in to the preheated muffle furnace maintained
temperature at 400 °C, where the precursor underwent rapid combustion. The combustion
reaction generated a large quantity of gaseous products of Nz, CO2 and water molecules,
resulting in the formation of a highly porous, foam-like TiO, powder (Fig.1). The obtained
product appeared as a pale-yellow, foam-like TiO, powder [27].

3Ti0O(NO3), + SNH,CONH, — 3Ti0, + 8N, + 5C0, + 10H,0 — — — (3)
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Fig. 1: Schematic diagram of the Sol-gel combustion synthesis process.

2.2: Preparation of TiO,-Coated buoyon.

A spherical thermocol of 5 mm diameter was used as the buoyant substrate. Twelve individual
thermocol beads of the same diameter were interconnected to form a chain-like floating
structure. For preparation of the photocatalytic coating, 2 mg of synthesized TiO, nanoparticles
was dispersed in a total of 50 mL of epoxy resin—hardener mixture, prepared by mixing the
epoxy resin and hardener in a 1:1 ratio. The mixture was thoroughly stirred to obtain a
homogeneous TiO,—epoxy suspension and to ensure uniform dispersion of the nanoparticles.
The thermocol bead chain was then immersed (dip-coated) in the TiO,—epoxy suspension,

allowing the coating to uniformly adhere to the surface of the thermocol beads. The coated



buoyant chain was subsequently removed and allowed to cure under ambient conditions for 24 h
(Fig. 2). After complete curing, the resulting TiO,-coated floating buoyant system was used for

the photocatalytic degradation experiments

Thermocol
chain
formation

Preparation
of TiO,epoxy
solution

Allowed to dry
for 24 hour

Fig. 2: Schematic diagram of the preparation of TiO,-coated buoyon.
2.3: Preparation of carbon paste electrode

A carbon paste electrode (CPE) was prepared using graphite powder, synthesized TiO:
nanoparticles, and silicone oil as the conducting, electroactive, binding components were taken
in a (70:15:15) mass ratio and thoroughly mixed manually for 30 min to obtain a homogeneous
and uniformly distributed carbon paste was obtained. The resulting TiO>-modified carbon paste
was then carefully packed into a Teflon electrode tube. Prior to each electrochemical
measurement, the exposed surface of the electrode was gently polished on weighing paper until a

smooth and uniform surface was obtained.[28].



2.3. Characterization

The solution combustion synthesized TiO2 nanoparticles were investigated using the following

characterization techniques:

PXRD: Shimadzu powder X-ray diffractometer by using Cu Ka radiation (A = 1.541 A) and a
nickel filter at an operating voltage of 50 £V and a tube current of 20 mA. The diffraction

patterns were recorded at a scanning rate of 2° min!.

FTIR: Shimadzu IR Affinity-1S spectrophotometer equipped with the form of KBr pellets prior

to spectral measurements range of 400 to 4000 Cm™.

SEM-EDX : Tescan Vega 3 scanning electron microscope integrated with TESCAN
Essence™, EDS detector XFlash 7100 oval, with an active area of 100 mm?.using magnetic

immersion lenses, up to 30 £V.

DRS and Absorbance study in Photachatalysis: Shimadzu UV-Vis spectrophotometer
(Model 2600).

TEM: JEOL JEM-2100 instrument operated at approximately 200 kV and equipped with a

LaBg filament with spatial resolution of 2.5 A.

Electrochemical characteristics: CHI608E electrochemical workstation was conducted in 0.1

M KOH electrolyte.



3. Results and discussion

3.1. PXRD:
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Fig. 3: XRD pattern of TiO, nanoparticles.

The PXRD spectra of the synthesized TiO, nanoparticles exhibits well-defined peaks are
observed in 20 range shown in Fig.3. The peak position are located at 20 = 25.332°, 37.838°,
48.108°, 53.906°, 55.076°, 62.746°,68.960°, 70.364° and 75.096°, which can be indexed to the
(101), (004), (200),(105), (211), (204), (116), (220) and (215) crystallographic planes,
respectively. This peak sequence is characteristic of the tetragonal anatase polymorph of TiO,
and agrees closely with the reported anatase reference pattern, JCPDS/PDF No. 21-1272
[29].The most intense reflection occurs at 20 = 25.332°, corresponding to the anatase (101)
plane, which is widely recognized as the dominant reflection of crystalline anatase TiO,. The
absence of a discernible reflection near 20 =27.4°, characteristic of the rutile (110) plane,
together with the absence of identifiable additional reflections attributable to brookite or other
crystalline phases, indicates that the analyzed pattern is predominantly consistent with the
anatase phase [30]. The experimentally determined d-spacing of the (101) peak is 0.3513 nm,
which is consistent with the characteristic interplanar spacing of anatase TiO,. The relatively
broadened diffraction reflections indicate a finite coherent diffraction-domain size. The apparent

crystallite size was therefore estimated using the Debye—Scherrer relationship of Eq. 4. The



calculated crystallite sizes (8.83 to 21.06 nm) yielded an average of 13.47 nm (Table 2),
confirming the formation of highly crystalline, single-phase tetragonal anatase TiO, with no

detectable secondary phases.

Where D is the volume-weighted apparent crystallite size, K - shape factor, A - wavelength of
Cu Ka radiation (0.15406 nm) [5], B - full width at half maximum (FWHM) expressed in
radians, and 6 - Bragg angle. [31].

Table 2. Structural parameters derived from the XRD pattern of TiO, nanoparticles.
hkl  26° 0° d(nm) FWHM,B° P (rad) D (nm)
(101) 25.332  12.666 0.3513 0.5536 0.00966  14.71
(004) 37.838 18.919 0.2376 0.6760 0.01180  12.42
(200) 48.108 24.054 0.1890 0.6196 0.01081  14.04
(105) 53906 26.953 0.1699 1.0090 0.01761 8.83
(211) 55.076  27.538 0.1666 0.4255 0.00743  21.06
(204) 62.746 31.373 0.1480 0.7618 0.01329  12.21
(116) 68.960 34.480 0.1361 0.8074 0.01409  11.94
(220) 70.364 35.182 0.1337 0.6435 0.01123  15.11
(215) 75.096 37.548 0.1264 0.9194 0.01605  10.90




3.2. Optical analysis:
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Fig. 4: Energy band gap and reflectance spectra of TiO, nanoparticles.

The synthesized nanoparticle is subjected to optical studies. The inset of Fig.4 revels the
reflectance spectra of TiO: nanoparticle, by using Schuster-Kubelka-Munk equation gives
absorption coefficient given in Eq. 5, the reflectance spectra validates that the wavelengths is
directly related reflectance[32].

(1—-R)? _k

FR) =—7— Pl O

Where F(R) is the Kubelka—Munk function R is the absolute reflectance of the sample K is the

absorption coefficient. S is the scattering coefficient

The band gap value is obtained from Tauc's relation given in Eq.6, by plotting the

1
[F(R)hv]z v/s hv, the extrapolation to the linear portion of the curve gives the band gap of

3.16 eV revels in Fig. 4, the value of n =2 this leads to indirect allowed transition [33-35].
1
(F(R)hv)n = A(hv — Eg) — — — (6)
Where ‘A’-absorption coefficient (A = 4mk/A; k is the absorbance), ‘hv’-photon energy and Eg -

energy band gap.



The conduction-band (CB) and valence-band (VB) edge positions of the synthesized anatase
TiO; nanoparticles were estimated using the Mulliken absolute-electronegativity approach, as
described by Egs. (7) and (8)[36]. The absolute electronegativity of TiO» was calculated using
Eq. (9) and was found to be 5.81 eV. Considering the experimentally determined indirect
optical band gap of 3.16 eV, the corresponding CB and VB edge potentials were estimated to be
—0.27 V and +2.89 V vs. NHE, respectively. These calculated band-edge positions provide
useful insight into the redox capabilities of the TiO> nanoparticles and their potential role in

photocatalytic reactions.

1
Ecp =X—Ee—§Eg———(7)
Eyp=Ecg +Eg————(8)
1
X =[x3 x xp x x&]@+tb+e) — — — —(9)

Where E g is conduction-band edge potential, E 5 valence-band edge potential, y is absolute
electronegativity of the semiconductor, E, energy of free electrons on the hydrogen scale and

E, is band gap.



3.3. FTIR studies:

0.95

0.90

0.85

0.80

% of Transmittance

0.75

0.70

0.65

1 1 ] ] 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (Cm")

Fig. S: FTIR analysis of TiO; nanoparticles.

The FTIR spectrum of the synthesized TiO, nanoparticles shown in Fig 5, was recorded in the
range of 4004000 cm™ to investigate the characteristic vibrational features and surface
functional groups. the chemical bonds absorption bands were observed at 808.5, 1096.4, 1245.6,
1297.0, 1372.1, 1461.1, 1602.5, 1736.8, and 2934.9 cm™'. The band around 2934.9 cm™! can be
attributed mainly to C—H stretching vibrations associated with combustion fuel used during
synthesis, whereas the 1736.8 cm™ may be related to C=0O stretching of residual carbon-
containing species. It is due to the incomplete burning of urea during the combustion process.
The band at 1602.5 cm™ is associated with the bending vibration of adsorbed hydroxyl species
(H-O-H) on the TiO, surface. The bands in the fingerprint region 1461.1, 1372.1, and 1297.0
cm™' arise from surface-associated functional groups and residual precursor species. The low-
wavenumber region 1245.6 cm™ is associated with metal-oxygen lattice vibrations, supporting
the formation of a Ti—O based oxide. The low-wavenumber region 808.5 cm™, is particularly
important for TiO, because Ti—O and Ti—O-Ti lattice vibrations associated with the metal—
oxygen framework. The FTIR observations, together with the XRD results, support the
formation of crystalline TiO, nanoparticles [37-39].



3.4. Morphological studies

SEM HV: 10.0kV | MIRA3 TESCAN SEM HV: 10.0kV | MIRA3 TESCAN

SEM MAG: 25.0 kx
 View field: 5.54 pm | | 512 CeNS Bengaluru View field: 27.7 pm | 512 CeNS Bengaluru
cps/eV
15 (d) Element Unnormalized wt.% Normalized wt% Atomic % Error (3a)
Ti 59.17 6254 3581 608
0 34 3746 6419 1956
2.04 Total 9460 10000 10000 -
1.57
]o
Ti Ti
1.0+
R s o
t\ - ; e &
WD: 6.82 mm MIRA3 TESCAN
Det: SE 10 um 0.0~ L e o e e R
 View fielc um | 1112525 CeNS Bengaluru 1 2 3 4 5 6 7 8 9 10

Fig. 6: (a, b and ¢) SEM micrographs of different magnifications and (d) SEM-EDX of TiO,

nanoparticles.

The SEM micrographs of different magnifications are presented in Fig. 6 (a—). The
micrographs reveal a highly heterogeneous and agglomerated morphology consisting of
irregularly shaped particles with rough and textured surfaces. At higher magnification of figure
5(a), smaller particulate features surround relatively large irregular particles, with secondary
multi-particle structures. The lower magnification images of Fig. 6 (b,c) further demonstrate
wide aggregation and the coexistence of larger aggregates with finer particulate domains. Such
aggregation is observed in TiO, nanomaterials because of the high surface energy of nanoscale
crystallites and the associated particle—particle interactions. [40,41] The rough and highly

heterogeneous surface may provide a large number of interfacial sites. Similar irregular and



strongly aggregated morphologies have been reported for anatase TiO, particles, indicating that
the sample was generated by solution combustion method [42,43]. The corresponding EDX
spectrum of Fig. 6 (d) exhibits prominent signals from titanium and oxygen, with no detectable
peaks attributable to other major elemental impurities within the detection limits of the
measurement. The quantitative analysis weight and atomic percentage are as shown in inset of

Fig. 6 (d).
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Fig. 7: (aand b) TEM (c) HRTEM (d) SAED of TiO; nanoparticles.

The morphology and crystalline structure of the synthesized TiO: nanoparticles were
investigated by TEM. The TEM images of different magnification is shown in Fig. 7(a - b),
reveal irregularly shaped and strongly aggregated particles with non-uniform dimensions,
consistent with the agglomerated morphology observed by SEM. The aggregation is attributed
to the high surface energy of nanoscale crystallites and their tendency to form secondary
aggregates during synthesis processing. [44]

The HRTEM Fig. 7 (c¢) exhibits ordered lattice features, confirming the presence of crystalline
domains within the aggregated structure. The dominant XRD peak at 20 = 25.332°, assigned to
the anatase (101) plane, gives an interplanar spacing of 0.3513 nm is shown in inset of image

7(c) [45]. The SAED pattern of Fig. 7(d) displays concentric diffraction rings with



superimposed diffraction spots, characteristic of a polycrystalline structure with multiple

crystallographic orientations [46].

4. Photocatalytic studies

The photocatalytic degradation of CR and FOR azo dyes was investigated using the synthesized
TiO, nanoparticles as the photocatalyst. Separate aqueous solutions of CR and FOR with an
initial concentration of 20 ppm were prepared using deionized water. For each experiment, 250
mL of dye solution was taken in a circular glass reactor, and 20 mg of TiO, nanoparticles was
added as the photocatalyst. The suspension was continuously stirred using a magnetic stirrer to
ensure uniform dispersion of the TiO, nanoparticles throughout the dye solution. Before UV
irradiation, the suspension was stirred in the dark for 15 min to establish adsorption—desorption
equilibrium between the dye molecules and the TiO, surface [47].After the dark-equilibration
period, the suspension was irradiated directly with a 125 W medium-pressure mercury-vapor
UV lamp having a maximum emission wavelength of 370 nm. The distance between the UV
lamp and the dye solution was maintained at 25 cm. The experiments were conducted at room
temperature under normal atmospheric conditions. The photocatalytic reaction was continued
for 120 min under continuous magnetic stirring. At 15 min intervals, approximately 5 mL of the
reaction suspension was withdrawn. The collected samples were subjected to centrifugation to
separate the TiO, nanoparticles from the dye solution and were subsequently analyzed using a
UV-Visible spectrophotometer. The absorbance spectra were recorded in the wavelength range

of 200-800 nm[48].
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The photocatalytic activity of the synthesized TiO, nanoparticles was examined using CR and
FOR as model anionic azo dyes under UV irradiation. Fig. 8(a - b) show the time-dependent
UV-Visible absorption spectra of CR and FOR, respectively. A progressive decrease in the
characteristic absorption intensity was observed with increasing irradiation time, confirming the
photocatalytic degradation of both dyes. As shown in Fig. 8 (c), CR exhibited degradation
efficiencies of 44.0, 60.2, 66.8, 79.2, 80.5, 82.0, 84.8, and 85.2% after 15, 30, 45, 60, 75, 90,
105, and 120 min, respectively. In comparison, FOR showed degradation efficiencies of 38.0,
43.0, 45.0, 48.0, 50.0, 50.0, 57.0, and 57.18% at the corresponding irradiation times. After 120
min, the dye concentration is proportional to its absorbance under the experimental conditions
the degradation efficiency was calculated using Eq.10, the maximum degradation efficiencies
were 85.2% for CR and 57.18% for FOR. The higher degradation of CR indicates that the
synthesized TiO, exhibits comparatively better photocatalytic activity toward CR under the

employed experimental conditions. The percentage degradation of azo dye by different method



of synthesized TiO> is tabulated in Table 3. The degradation kinetics was analyzed using the
pseudo-first-order model represent in Eq. 11, and the corresponding kinetic plots are presented

in Fig. 8 (d).

: Co — C¢
Degradation (%) = o X 100 — — — (10)
0
l (C") = kt 11
n(¢) = (11)

where () is the initial dye concentration and C; is the dye concentration after irradiation time t.

k is first-order rate constant[49-51].

Table 3. Comparison of TiO,-based photocatalysts for dye degradation.

Parameter Present work: TiO, TiO, TiO,-based TiO,-based
TiO, nanoparticles  nanostructure  (P25/comm  composite modified
s ercial) photocatalyst
TiO, Nanoparticle Hydrotherma  Commercia Hydrothermal  Ultrasonicati
synthesis synthesis; anatase 1 synthesis 1 Degussa /heterostructur  on-assisted
method phase; P25 e synthesis TiO,
subsequently synthesis

immobilized on

floating buoyant

support
Light used UV irradiation uv uv UV/visible uv

irradiation irradiation irradiation irradiation

Dye Congo Red (CR) CR CR CR CR
molecules and Fast Orange

Red (FOR)
% CR: 85.2% (120 CR: 100% Used as CR: 97% CR: 98.28%
degradation = min); FOR: (30 min) reference (120 min) (120 min)

57.18% (120 min); catalyst

floating TiO,: CR




84.9% (120 min)
[52] [53] [54] [55, 56]

References Present work

4.1: Scavenger’s studies:

% DegradatiOn

Fig. 9: scavengers for CR Degradation

To explore the contribution of different reactive species to the photocatalytic degradation of CR,
a scavenger study was carried out using ascorbic acid, isopropanol (IPA), potassium dichromate
(K2Cr,05), and EDTA. The corresponding degradation results are presented in Fig. 9. Ascorbic
acid was employed as a scavenger for superoxide radicals (0, ), while isopropanol (IPA) was
used to quench hydroxyl radicals (‘OH). K,Cr,O, was used to investigate the involvement of
photogenerated electrons, whereas EDTA was used as a hole (h*) scavenger [57]. The addition
of ascorbic acid and IPA significantly reduced the degradation efficiency of CR compared with



the scavenger experiment it shows 32.4%. The strong suppression of degradation in the
presence of ascorbic acid indicates an important contribution from superoxide radicals (03 ),
while the decrease observed with IPA of 58.5% confirms the involvement of hydroxyl radicals
(‘OH) in the degradation process [58]. The addition of K,Cr,O; produced comparatively
reduction in the degradation efficiency (64.3%) and EDTA no changes (85.2%). This suggests
that the direct participation of photogenerated electrons and holes is less dominant than the
reactions involving the generated reactive oxygen species under the present experimental
conditions. Therefore, the scavenger study indicates that O,  and ‘OH are the major reactive

species responsible for the photocatalytic degradation of CR over the synthesized TiO,

nanoparticles [59].

4.2. Photocatalytic mechanism
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Fig. 10: Mechanism of dye degradation

The proposed photocatalytic degradation mechanism for CR and FOR dyes over the synthesized
anatase TiO, nanoparticles under UV irradiation is illustrated in Fig.10. Subsequently both dyes
are treated using the same TiO, photocatalyst and UV source, the fundamental photocatalytic

mechanism is similar for both dyes. When TiO; is irradiated with UV light having photon



energy equal to or higher than its band gap of 3.16 eV, electrons in the valence band (VB) are
excited to the conduction band (CB), The conduction- and valence-band edge potentials of the
synthesized TiO, nanoparticles were estimated to be —0.27 and +2.89 V vs. NHE, respectively.
These band-edge positions provide the redox ability of the photogenerated charge carriers [60].
The generating electron—hole pairs presented in Eq.12. The photogenerated electrons in the
conduction band react with dissolved oxygen molecules to generate superoxide radical
presented in Eq. 13 [61]. The photogenerated holes in the valence band can react with adsorbed
water molecules at the TiO, surface to produce highly reactive hydroxyl radicals presented in
Eq. 14 [62]. The generated superoxide O, and hydroxyl ‘OH radicals act the adsorbed CR and
FOR dye molecules presented in Eq. 15. The azo bonds and other chromophoric structures of

the dyes are progressively broken, producing smaller organic intermediates [63].

TiO, + hv — ecg + hiyy — — — (12)
ecg + 0, > 0, ———(13)
hip + Hy0 > OH — — — (14)

CR+ (-OH/0; ) = degradation products — — — (15)



4.2. Photocatalytic activity on buoyon:
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Fig. 11: a) Absorbance spectra by TiO2-Coated buoyon of CR dye. b) Percentage of degradation.

Fig. 11a presents the photocatalytic performance of the fabricated TiO,-coated floating buoyant
system for CR dye under the same experimental conditions used for the buoyant TiO,
photocatalyst. In this experiment, the TiO, nanoparticles were immobilized on the surface of the
buoyant substrate using an epoxy matrix, allowing the photocatalyst to remain floating at the
water surface during UV irradiation. The TiO, coated buoy was exposed to UV light while the
dye solution was maintained under the same irradiation conditions as mentioned above. A
gradual decrease in the characteristic absorbance of CR with irradiation time indicates the
progressive degradation of the dyes. The photocatalytic activity of the coated buoy can be
attributed to the generation of electron—hole pairs in TiO, under UV irradiation, followed by the
formation of reactive oxygen species such as ‘OH and O, , which participate in the oxidative
degradation of the dye molecules[64]. The percentage of degradation of CR dye is 84.9 % is
shown in Fig. 11b. This indicated that the TiO, coated buoyant is also a very good tool for
photodegradation. The major advantage of the TiO,-coated buoy is that it immobilizes the
photocatalyst on a floating support, thereby avoiding the direct dispersion of TiO, nanoparticles

throughout the treated water [65]. Conventional slurry photocatalys is requires the separation of



nanosized TiO, after treatment, which can be difficult and may result in secondary nanoparticle
contamination if the catalyst is not completely recovered [66]. After completion of the
treatment, the buoy can be physically removed from the water without requiring an additional
filtration or centrifugation step for catalyst recovery. The floating configuration also allows the
TiO,-coated surface to remain exposed to incident UV or solar radiation, making the system

potentially useful for surface-water treatment.

5. Electrochemical studies:
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Fig.12: (a) Cyclic voltammogram at various scan rate (b) Plot of peak current (Ip) vs the square

root of the scan rate (v'2) and (c) Nyquist plot of TiO> NPS in 0.1 M KOH electrolyte.

Fig. 12(a) presents the CV plots of the synthesized TiO, electrode recorded in 0.1 M KOH
electrolyte at scan rates ranging from 10 to 50 mV/s over a potential window of +1.0 to —1.0 V.
The CV curves exhibit a scan-rate-dependent current response, with the current increasing as the

scan rate increases. The curves show a broad and relatively smooth current response over the



investigated potential range. This behavior suggests that the charge-storage response is
predominantly associated with interface processes and electric-double-layer-type charging, rather
than a highly pronounced reversible faradaic redox reaction indicates electrochemical activity at

the TiOy/electrolyte interface [67].

Furthermore, the peak current for a reversible process is described by the Randles-Sevcik Eq. 16.

ip = 2.69 x 10° X n%x A X D% X Co X v%————(16)
The letters n, A, D, v, and Co. represent the number of electrons transported in the reaction,
electrode area, diffusion coefficient, scanning rate, and chemical starting concentration,
respectively [68]. In this case, Eq. 17 can be used to get the initial concentration of the TiO:

electrode.

Co=1———(17)-
Where, M -molar mass of TiO and p - theoretical density. The scan rate (v!’?) and cathodic peak
current (ip) is revel in Fig. 12 b. Its linear behavior suggests that hydrogen diffusion limits the
electrode response of TiO; [69]. The hydrogen diffusion coefficient (D) of the TiO» electrode
was calculated using Eq. (16) and (17) and, accounting for the slope of the fitted line in Fig. 12

(b), was found to bel.872x 107 cm?s™!.

Fig.12(c) shows the Nyquist plot obtained from EIS. The spectrum consists of a semicircular
region followed by a low-frequency tail, indicating the contributions of interfacial charge-
transfer and ion-diffusion processes, respectively. The semicircular feature is associated mainly
with the charge-transfer resistance (Rct), while the low-frequency tail is related to
diffusion/transport processes in the electrode—electrolyte interface [70]. To obtain a more
quantitative understanding of the impedance response, the experimental data were fitted using
the equivalent electrical circuit shown in inset of Fig. 12(c). The circuit contains the series
resistance Rs, constant phase elements Qi and Q, charge-transfer resistance Rct Warburg
impedance W, and the R1-C combination. Here, Rs represents the uncompensated solution and
contact resistance, whereas Rct represents the resistance associated with charge transfer across
the TiO,/electrolyte interface. The constant phase elements Q1 and Q2 account for the non-ideal
capacitive behavior of the TiO, electrode surface. The Warburg element W represents the

diffusion-controlled contribution at lower frequencies [71]. The R1-C component accounts for an



additional resistive—capacitive relaxation process observed in the impedance response. The fitted
charge-transfer resistance was determined to be 5. The relatively low Rct indicates
comparatively facile charge transfer at the TiOj/electrolyte interface, which is favorable for

electrochemical charge-storage and related applications [72].
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Fig.13: a) Specific capacitance v/s scan rate. b) Relation between the phase angle and frequency.

Fig. 13(a) illustrates the variation of specific capacitance with scan rate for the TiO, electrode.
The specific  capacitance  decreased from 0.038 F gl at 10 mV st to 0.0078 F
g ' at 50 mV s™'. The decrease in capacitance with increasing scan rate can be attributed to the
limited time available for electrolyte ions to access the electrochemically active regions of the
Ti0; electrode. At lower scan rates, enhanced ion diffusion allows a larger fraction of the active
surface to participate in charge storage, whereas at higher scan rates the electrochemical response
is increasingly restricted to readily accessible surface sites [73]. Fig. 13(b) shows the frequency-
dependent phase-angle response obtained from EIS. The phase angle varies from —45° to -25°,
with an intermediate minimum of about -58°, demonstrating non-ideal capacitive behavior and
the contribution of resistive, charge-transfer, and diffusion-related processes [74]. The deviation
from ideal capacitive behavior can be associated with the TiO, electrode/electrolyte interface.
The decrease in specific capacitance with scan rate, together with the frequency-dependent phase
response, indicates that ion transport and interfacial processes play an important role in the

charge-storage behavior of the synthesized TiO, electrode.
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The electrochemical sensing performance of the synthesized TiO, electrode toward Hg** and
Pb?* ions was investigated by CV. The Fig. 14(a) illustrates the CV responses obtained for Hg?*
concentrations ranging from 1 to 5 pM. A progressive variation in the current response was
observed with increasing Hg?" concentration, indicating concentration-dependent
electrochemical interaction between Hg?" ions and the TiO, electrode surface, resulting in
measurable changes in the current response is given Eq. (18 & 19). Similarly, Fig. 14(b) presents
the CV responses toward Pb?* at different micro molar concentrations, where systematic changes
in the current response were observed upon increasing Pb?* concentration mentioned in Eq. (20
& 21). Fig. 14(c) compares the CV response of the TiO, electrode with Hg?" and Pb?* ions. The
introduction of the metal ions produced noticeable changes in the anodic and cathodic current
responses, confirming their interaction with the TiO,/electrolyte interface. The observed
concentration-dependent changes can be attributed to the adsorption/interfacial interaction of the

metal ions with active sites on TiO, and the associated charge-transfer processes [75]. The



reversible electrochemical reaction is given in Eq. 22, these results indicate that the synthesized

TiO; electrode has potential for the electrochemical detection of Hg?* and Pb** ions.

Reduction: Hg*t +2e~ - Hg® ———(18)
Oxidation: Hg® —» Hg?* + 2e~ — — —(19)
Reduction: Pb** + 2e~ — Pb® — — —(20)
Oxidation: Pb° - Pb** + 2¢~ — — —(21)
TiO, + H,0 + e~ = TiOOH + OH™ — — — (22)

Role of TiO, electrode is mainly acts as a sensing/adsorption and electron-transfer surface.
Surface hydroxyl groups can interact with metal ions, which can be represented schematically as
(Eq. 20 and 21). These interactions facilitate the accumulation of Hg?* and Pb** at the TiO,-
modified electrode surface. During stripping voltammetry, the accumulated metals are oxidized,

producing analytical peaks proportional to their concentrations [76].

=Ti—OH + Pb** 2=Ti—0—-Pb* + Ht* —— — (23)

=Ti—OH + Hg?* 2=Ti—0—-Hg* + H" — — — (24)
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The calibration characteristics of the synthesized TiO, electrode toward Hg?" were investigated
by correlating the anodic and cathodic peak currents with Hg?* concentration in the range of 1-5
uM, as shown in Fig. 15(a) and (b). The anodic peak current increased progressively with
increasing Hg?* concentration and exhibited a linear relationship described by Ipa=2.7635x 107>
C + 1.50464x 10, with an R? value of 0.96127. The corresponding apparent sensitivity was
27.64 pA puM'. In contrast, the cathodic peak current decreased with increasing Hg?*
concentration and followed the relationship Ipc = -2.1280% 10 C — 2.89x10* with R*=0.9507,
corresponding to an absolute sensitivity of 21.28 pA puM™. The concentration-dependent
variation in both anodic and cathodic responses confirms the electrochemical responsiveness of
the TiO, electrode toward Hg?*. Among the two responses, the anodic peak current exhibited the

higher sensitivity within the investigated concentration range [77-79].

6. Conclusions

The present work successfully demonstrated the synthesis of nanocrystalline anatase TiO:
nanoparticles through a solution combustion route. The synthesized TiO» exhibited an indirect
band gap of 3.16 eV, with calculated CB and VB potentials of —0.27 and +2.89 V vs. NHE,
respectively. The nanoparticles showed effective photocatalytic activity toward CR and FOR ,
achieving 85.2% and 57.18% degradation, respectively, after 120 min of UV irradiation. The

scavenger study confirmed the important and involvement of O, and "OH reactive species in the



degradation process. A TiO»-coated floating buoyant system was successfully fabricated,

providing a recoverable platform for photocatalytic water treatment. The electrochemical studies

further demonstrated the charge-transfer and capacitive characteristics of TiO2, while its

concentration-dependent response toward Hg?* and Pb** demonstrated potential for heavy-metal

sensing. Overall, the results highlight the multifunctional potential of anatase TiO» for

photocatalytic water purification, floating environmental remediation, and electrochemical

sensing applications.
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