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Recent advancements in sensor technology have led to the development of an ITO@TiO2/RGO/Pt
nanocomposite-based electrocatalyst for the detection of catechol (1,2-dihydroxybenzene) in water. Catechol is a
harmful contaminant affecting human and aquatic life through polluted water and food. The nanocomposites
were characterized using UV-Vis, FT-IR, FESEM, EDX, XRD, BET, zeta potential, and particle size analysis to
evaluate their functionalities, morphology, composition, and surface properties. ITO glass was modified with
these nanocomposites via the drop-casting method. Electrochemical characterization, including cyclic voltam-
metry and impedance spectroscopy, indicated optimal sensor performance with a scanning rate of 100 mV/s and
PpH 7 PBS, displaying a strong catechol response. The sensor demonstrated a linear range of 5-105 uM with limits
of detection (LOD) and quantification (LOQ) of 0.013 and 0.046 uM, respectively, and recovery rates between
97.1 % and 101.3 % in water samples. It achieved over 7,580 turnovers with a TOF of 97.5 (mol Catalyst)

L.(min) !, though the TOF decreased to 34.45 after multiple uses.

1. Introduction

Pollutants in the environment are threatening the ecosystem. The
aquatic environment is the final destination of almost all forms of in-
dustrial, pharmaceutical, and other pollutants, which have enormous
adverse effects on living beings [1,2]. Catechol, also referred to as py-
rocatechol or 1,2-dihydroxybenzene, is one of the industrial pollutants
that is widely used in commercial items, including pesticides, flavors,
and fragrances [3]. Catechol is broadly used in the production of
photographic developers [4], as a developer for fur dyes, as an inter-
mediate for antioxidants in rubber, pharmaceuticals [5], cosmetics,
textiles, the petrochemical industry, and so on [6]. While human skin
contact with it leads to eczematous dermatitis. Absorption through the
skin in humans produces an illness similar to that caused by phenol,
albeit with more pronounced convulsions. In animals, substantial cate-
chol doses can induce central nervous system depression and a pro-
longed elevation in blood pressure, likely attributed to peripheral
vasoconstriction [7,8]. Although catechol can reach the human body

through various routes, including drinking water and aquatic foods, its
presence in natural water sources poses a serious health risk, and
developed countries have implemented strict regulations to prohibit its
use in certain products. It is now necessary to keep a close eye on the
amount of catechol present in the aqueous environment, particularly in
drinking water. Catechol is toxic to the liver, central nervous system,
and can disrupt DNA replication. Additionally, it poses a major risk to
human and environmental health globally [9].

Therefore, developing methods to detect catechol concentrations is
crucial for environmental safety. For catechol analysis [10], several
analytical methods are frequently employed, such as spectrophotometry
[11], chromatography [12], and biosensors [13,14]. These techniques,
while accurate and precise, are labor-intensive, time-consuming, and
require expensive equipment. For example, the analytical procedures
they employ can be costly, time-consuming, and ineffective for on-site
detection of specific contaminants. They also require the use of
trained professionals and rigorous sample preparation. A greater num-
ber of researchers are becoming interested in Catechol analysis by
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electrochemical techniques (EC) because of their high sensitivity, good
periodic controllability, and extensive dynamic range [15,16]. Due to
their on-site pollution detection at extremely low concentrations and
their ease of use, electro-analytical technologies have been extensively
used throughout recent decades. Over time, researchers have developed
several strategies to overcome the widespread challenge of maintaining
the selectivity and stability of electrochemical methods. The transfer of
charge between an electrode surface and a solid or liquid phase is known
as electrochemistry. Numerous types of electrochemical methods can be
categorized into four basic classes: conductometric, voltammetric,
amperometric, and potentiometric [17]. Electrochemical processes are
largely dependent on the working electrode, and the type of electrode
determines the selectivity, efficiency, and repeatability of the described
method. In recent years, various analyses have presented numerous
standard types of electrode materials—such as gold, platinum, graphite,
carbon paste, glassy carbon, and conductive polymers as relevant elec-
trochemical sensors. When choosing an electrode, the most important
factors to consider are cost, electrical conductivity, chemical stability,
activity toward the analyte, and wide potential range. Indium Tin Oxide
(ITO) is a commonly used electrode in various fields of research. Based
on low capacitive and electrochemical background current, wide
working potential range, stable physical and electrochemical properties,
commercial availability, and easy surface modification, ITO is a better
working electrode compared to traditional metal electrodes commonly
used for electroanalytical determinations. ITO materials also have
excellent electrical conductivity and remarkable optical transparency
[18].

1.1. ITO as an ideal electrode material

ITO electrodes have many advantages, such as biocompatibility, high
physical and electrochemical firmness, very low background currents
and low surface electrical resistance, also uncomplicated chemical
modification. In addition to these, compared to other generally utilized
traditional electrode materials such as carbonaceous materials, GCE,
carbon, carbon fiber electrodes, boron-doped diamond (BDD), gold,
screen printed electrode (SPE); ITO electrodes have a very low cost. For
that reason, these electrodes have been noted as ideal electrode mate-
rials in the electrochemical techniques [18-20].

In a study conducted by Soomro et al. on the electrochemical
determination of captopril, CuO-modified GCE and ITO electrodes were
used as electrodes and these electrodes were named GCE/CuO and ITO/
CuO, respectively. In the study, the charge transfer coefficient () value
for both electrodes was calculated from the Tafel slopes obtained from
the rising part of the measured cyclic voltammograms, and this value
was obtained as 0.83 for the ITO/CuO electrode, while it was calculated
as 0.73 for the GCE/CuO electrode. The o value obtained for ITO/CuO is
relatively higher than that for GCE/CuO. In this case, it shows that
various molecules have more oxidation susceptibility on the ITO elec-
trode surfaces [21].

Currently, specialists have focused on building a series of customized
electrodes that would provide enhanced electrocatalytic activity toward
analyte detection. A lot of research work has been done to create sensors
using different electrodes such as ITO, glassy carbon electrode (GCE),
carbon paste electrode (CPE), and Au electrodes. Modified ITO elec-
trodes can be used to create sensitive sensors with properties identical to
those obtained with modified GCE, CPE, or other functional electrodes
[19,22].

However, the research presented here provides specifics of the
modifications and applications associated with this ITO electrode as a
working electrode in the field of electrochemistry. Here we demonstrate
the electrochemical utility of modified ITO electrodes for the detection
of the organic contaminant catechol. The strategies involve modifying
materials that are used as the base electrode, such as graphene-based
materials, nanostructures of metals and metal oxides, carbon nano-
tubes, etc [23]. The exceptional properties of graphene-based materials,
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such as their high electrical conductivity, low weight, great chemical
and thermal durability, and low toxicity, have garnered a lot of attention
in recent decades. Graphene, along with its derivatives, is one of the
most intriguing substances of the twenty-first century because of its
properties [24,25]. Graphene oxide (GO), reduced graphene oxide
(rGO), Graphene quantum dots (GQD), graphene nanoplatelets (GnP),
and various other kinds are examples of graphene derivatives. Materials
based on Graphene have been widely employed for electrochemical
sensing applications owing to their exceptional physical and electro-
chemical properties. Many carbon-based materials are currently in use
to improve electrode sensitivity, especially chemically modified elec-
trochemical sensing probes based on graphene [26].

As a result, this study involves the intercalation of titanium dioxide
into reduced graphene oxide (RGO) nanosheets through a modified
polyol technique. The purpose is to eliminate residual oxygen and
introduce significant defects on the RGO sheet surface. Moreover, the
titanium dioxide becomes attached to the RGO sheets in a +4 oxidation
state, facilitated by defects. This bonding enhances the charge transfer
kinetics of RGO, improves its electro-catalytic properties, and results in
the decoration with platinum metal that is ultimately attached to an
indium tin oxide glass sheet. The main objective of the modified polyol
method is to incorporate titanium dioxide-based reduced graphene
oxide decorated with platinum metal and accommodate the glass sheet
of indium tin oxide. Nonetheless, pure TiO, is not a particularly good
absorber, RGO and Pt metal are present in its layers, which promote
absorption.

The resultant reduced graphene oxide (RGO) exhibits superior con-
ductivity, increased surface area, and outstanding electrocatalytic
characteristics compared to pristine GO. The incorporation of titanium
dioxide on the RGO surface, adorned with platinum metal and attached
to an indium tin oxide glass sheet, plays a crucial role in facilitating the
electro-oxidation of catechol. This is attributed to the active participa-
tion of titanium dioxide in its +4 oxidation state in the electrochemical
reaction.

In addition, it is well known that indium tin oxide (ITO) electrodes
can be used as an electrochemical sensing platform due to their wide
potential window and stable electrochemical properties [27]. Further-
more, compared to glassy carbon electrodes (GCE), ITO is a cost-
effective material and more suitable for mass production and practical
application, which is accustomed to being used as the substrate for
fabricating disposable sensors, such as HyO2, glucose, and hydrazine
sensors. To the best of our knowledge, however, the preparation of
ITO@TiO2/RGO/Pt modified electrode by the modified polyol process
for electrochemical sensing has never been reported so far [28].

To our knowledge, this marks the inaugural application of titanium
dioxide as a functionalizing agent in the RGO sheets decorated with
platinum nanocomposites to accommodate the glass sheet of indium tin
oxide as (ITO@TiO2/RGO/Pt) achieved through a modified polyol
process. This dual role serves to enhance the electrochemical properties.
This leads to the creation of an electro-catalytic material with high
sensitivity, specifically engineered for precise catechol detection in real-
world samples.

2. Experimental design
2.1. Preparation of materials

Ultrapure Milli-Q water was utilized as the sole solvent in the entire
experiment. All glassware was soaked in an acidic solution for 24 h and
then washed with distilled water and rinsed with deionized water. Later,
the glassware was dried at 100 °C in the oven before use in the experi-
ment. An Indium tin oxide substrate (ITO) (size 1 x 1.5 cm) with a sheet
resistance of approximately 9-22 Q2 was used.
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2.2. Materials and Chemicals

Indium tin oxide substrate was purchased from Vinkarola, USA with
a purity of > 99 %. Graphite powder (purity > 99 %) and nitric acid
(HNO3) (purity > 69 %), sulfuric acid (H2SO4) (purity > 98 %), sodium
nitrate (NaNOs) (purity > 99 %), hydrochloric acid (HCl) (purity > 37
%), sodium chloride (NaCl) (purity > 99 %), potassium chloride (KCl)
(purity > 99 %), magnesium sulfate (MgSO4) (purity > 99 %), aceto-
phenone (C¢HsCOCH3) (purity > 99 %) and 5 wt% Nafion® per-
fluorinated resin solution were purchased from Merck (Germany).
Standards of ascorbic acid (C¢HgOg) (purity > 99 %), hydroquinone
(CeHgO2) (purity > 99 %), benzoquinone (CgH402) (purity > 99 %),
salicylic acid (CgH4(OH)CO2H) (purity > 99 %), uric acid (CsH4N403)
(purity > 99 %), and catechol (CgHgO2) (purity > 99 %) were purchased
from Sigma-Aldrich. Titanium salt tetraisopropoxide (Ti[OCH(CHz3)214)
(purity > 98 %), isopropanol (CH3CH2CHOH) (purity > 99 %), sodium
dodecyl sulfate (CH3(CH3)11S04 Na) (purity > 98 %), methanol
(CH30H) (purity > 99 %), and ethanol (CH3CH;0H) (purity > 99 %)
were obtained from Dae-Jung (China). Phosphate-buffered saline (PBS)
(purity > 98 %), potassium hydroxide (KOH) (purity > 98 %), borate-
buffered saline (BBS), and Briton-Robinson (BRB) buffers were pre-
pared as 0.1 M solutions in deionized water. For acidic and basic media,
0.1 M HCI and NaOH, respectively, were used to adjust the pH of the
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supporting electrolytes.

2.3. Synthesis of reduced graphene oxide and TiO2/RGO/Pt
nanocomposites

Reduced graphene oxide (RGO) was synthesized from graphite
powder using the modified Hummers’ method [29]. The noble metal
TiO2/RGO/Pt nanocomposites were synthesized via the modified polyol
process. For the synthesis of Pt-doped TiO/RGO nanocomposites (TiOy/
RGO/Pt), the TiO2/RGO composite was first suspended in ethylene
glycol (EG). A 0.005 M solution of the Pt precursor (KoPtClg) and TiOz/
RGO composite in a 1:2 ratio was dissolved in EG, and ultrapure Milli-Q
water was added slowly under magnetic stirring. The solution was
refluxed in a two-necked round-bottom flask equipped with a heating
mantle and subjected to magnetic stirring at 100 ‘C for 3 h. Subse-
quently, the resulting solid was thoroughly washed with ultrapure Milli-
Q water multiple times and retrieved by centrifugation (6000 rpm, 30
min). See Fig. 1 for the preparation of TiO,NPs, RGO, TiO3/RGO Com-
posites, and TiO2/RGO/Pt Nanocomposites which are described below.

2.4. Fabrication of ITO@TiO2/RGO/Pt nanocomposites sensor

The bare electrode was modified with ITO@TiO2/RGO/Pt

O=Cw
=5 e

> Centrifuge

DI Water
30 min
H,SOJ+ ’\aN03 ) i
= Z

+
KMnO,
0°C, 90 min

RGO

DI Water
X3

Sonicator

3000 &5000 GO suspensionc ;
rpm

35 &45 min

6000 rpm
10 min

DI Water

Fig. 1. Overview of Four Different Synthesis Processes. This figure illustrates the following synthesis processes: (a) Titanium Dioxide Nanoparticles (TiO,NPs), (b)
Reduced Graphene Oxide (RGO), (c) Fabrication of TiO»/RGO Composite, and (d) Formation of TiO,/RGO/Pt Nanocomposites. Each process is depicted with its

corresponding steps for clarity.
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nanocomposites using a slightly modified drop-casting technique [30].
To formulate the modified electrode, dissolve 5 mg of the prepared
TiO2/RGO/Pt nanocomposites in 2.5 mL of deionized water, followed by
the addition of 50 uL of Nafion solution as a binding agent. After a half-
hour of ultrasonication, a homogeneous suspension of the TiO/RGO/Pt
nanocomposites and Nafion was achieved. Following a deionized water
cleaning, the ITO glass sheet surface was sonicated for half an hour in a
30 mL ethanol solution. Finally, a 5 uL solution of the TiO,/RGO/Pt
nanocomposites was applied to the ITO glass sheet surface to form
ITO@TiO2/RGO/Pt, and the electrode was allowed to dry for 20 min at
room temperature.

2.5. Data collection and analysis

Data collection involved measuring the electrochemical performance
of the ITO@TiO2/RGO/Pt nanocomposite sensor under controlled
environmental and experimental conditions. To comprehensively eval-
uate the TiO2/RGO/Pt nanocomposites, a series of analytical techniques
were employed, each providing a detailed understanding of their
structural and functional properties. UV-Vis spectroscopy provided in-
sights into the optical characteristics and band gap, while FTIR spec-
troscopy elucidated the presence of functional groups and chemical
bonds. The crystalline structure was analyzed using X-ray diffraction
(XRD), and the Brunauer-Emmett-Teller (BET) method quantified sur-
face area and porosity, both essential for catalytic efficiency. Energy
Dispersive X-ray Spectroscopy (EDX) further detailed the elemental
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composition and distribution within the nanocomposites. Stability and
dispersion were assessed through zeta potential and particle size anal-
ysis, ensuring the nanocomposites were suitable for electrochemical
applications. The electrochemical performance of the fabricated
ITO@TiO2/RGO/Pt nanocomposite electrodes was meticulously evalu-
ated using a CHI electrochemical workstation configured in a three-
electrode setup. Here, cyclic voltammetry (CV) was employed at a
scan rate of 100 mV/s in a 0.1 M KCl solution with 5 mM redox probes,
revealing critical information about conductivity, charge transfer
resistance, and overall electrochemical kinetics. The resulting data,
including peak current densities and electrochemical impedance, were
analyzed to establish correlations between the material properties and
their electrochemical performance, highlighting the potential of the
TiO2/RGO/Pt nanocomposites for advanced applications.

3. Results and discussion
3.1. The U.V visible analysis

After preparing the TiO2/RGO/Pt nanocomposites, their properties
were analyzed using a UV-visible spectrophotometer (Biochrom Libra
$22). Initially, Initially, the UV-vis spectrum of the as-prepared TiOs
nanoparticle solution, synthesized via the hydrolysis method using iso-
propyl alcohol and deionized (DI) water, was recorded. The maximum
absorption peak for the formulated TiO, NPs was achieved at 257 nm, as
shown in Fig. 2a. The intensity and position of the peaks are similar to
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Fig. 2. UV-Visible spectrum of (a) TiO, NPs (b) RGO (c)TiO, /RGO Composite (d) TiO, /RGO/Pt Nanocomposites.
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those reported in earlier studies [31], and the nanoparticles were found
to be highly stable. This is consistent with the findings of other TiO2-
based systems, where similar absorption peaks in the UV range have
been reported [1,2].

The RGO nanosheets were synthesized using a modified Hummers
method. The maximum absorption peak for the formulated RGO was
achieved at 239 nm. This is quite similar to the work reported by [32],
where the absorption peak was observed at 238 nm. The strong ab-
sorption peak at 239 nm was attributed to the n-n* transitions of
graphitic C-C bond interactions [31,32]. The prepared RGO was found
to be highly stable, as shown in Fig. 2b.

Next, the TiO2/RGO composite material was synthesized using a
modified single-step colloidal blending technique. The maximum ab-
sorption peak for the formulated TiO2/RGO composite was observed at
298 nm. The position of the peaks is similar to the previously published
work [33], where the absorption peak was observed at 310 nm. This
phenomenon might be the result of increased clumping of RGO sheets
and surface aggregation of TiO;NPs. The effective absorption of visible
light promises greater efficiency in utilizing sunlight for photocatalytic
activity. The formation of Ti-O-C chemical bonds in the composites can
be attributed to prolonged visible light absorption, which is further
supported by FT-IR and XRD analyses, as illustrated in Fig. 2c.

Finally, the UV-vis spectrum of the prepared TiO2/RGO/Pt nano-
composites, synthesized via a modified polyol process, was recorded.
The maximum absorption peak for the TiO2/RGO/Pt nanocomposites
was observed at 324 nm, placing it in the near-UV region (200-400 nm).
The addition of precious metals further improves the optical charac-
teristics of the TiO2/RGO composite. We believe that the precious metal
nanoparticle insulation of TiO; from light limits the amount of photo-
electrons that are produced and raises band gap energy, as illustrated
in Fig. 2d.
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3.2. Band gap energy

A plot of (ahv)? versus photon energy (hv = 1239/)) is shown in
Fig. 3. This indicates that the band gap of pure TiO; is 3.20 eV [34],
while that of pure RGO is 2.7 eV. The band gap of TiO2/RGO composites
has decreased to 2.5 eV, and the band gap of TiO»/RGO/Pt nano-
composites has decreased further to 2.2 eV. The band gap energy is
calculated from the UV-visible absorption spectrum of the materials
using the Tauc plot method. The UV-visible spectrum provides infor-
mation about how much light the material absorbs at different wave-
lengths, and the corresponding photon energy (hv) is given by the
equation hv = 1239/ , where ) is the wavelength in nanometers and hv
is the photon energy. The Tauc plot involves plotting (ahv)? versus
photon energy (hv), where a is the absorption coefficient. The band gap
energy (Eg) is determined from the linear portion of the plot, where the
x-intercept of the extrapolated line corresponds to the optical band gap.
This method allows the extraction of the band gap from the absorption
characteristics in the UV-visible range, where electronic transitions
typically occur in semiconductors and nanocomposites. The absorption
in the UV-visible range reflects how the material interacts with light and
reveals the energy required to excite electrons from the valence band to
the conduction band, which corresponds to the optical band gap. In the
case of materials like RGO (Reduced Graphene Oxide), TiO2/RGO
composites, and TiO2/RGO/Pt nanocomposites, each material has a
distinct absorption spectrum, reflecting its unique electronic structure;
the band gap energy is then derived from these spectra using the Tauc
plot. Investigations into the impact of oxidation time variation on the
electrical, physical, and chemical properties of reduced graphene oxide
(RGO) revealed that the bandgap of RGO grew as the amount of oxygen
in the RGO material increased [35]. RGO is adjustable in the visible
spectrum between 1.9 and 2.6 eV, which is necessary for effective
photocatalysis. Its bandgap ranges from 1.7 to 4.3 eV depending on the
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Fig. 3. Band gap energy of (a) RGO (b) TiO, /RGO Composite (c) TiO; /RGO/Pt Nanocomposites.
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preparation technique. The non-stoichiometric substance graphene
oxide maintains the graphite lamellar structure. Numerous oxygen-
containing groups, including carboxyl (C — OOH), hydroxyl (C — OH),
and epoxide (C — O — C), become covalently bonded to the surfaces of its
layers after treatment in the presence of strong acids and oxidizing
agents. In our experiment, in the presence of the Ti-peroxo-complex,
RGO reacted, and some functional groups on the RGO surface, such as
(—OH, —COOH), were eliminated. The formation of a Ti-O—-C structure
raises the valence band edge and narrows the band gap. This can be
explained by the bonding of unpaired electrons with free electrons on
the surface of TiOy [36]. However, after photoactivation of titanium
dioxide photoactivation, electrons may readily migrate to graphene
nanosheets, and photoinduced holes can migrate into titania; this results
in a considerable reduction in e and h* recombination, which raises the
process yield.

3.3. The FT-IR analysis

FT-IR spectroscopy was used to study the functionalities in the syn-
thesized TiO»/RGO/Pt nanocomposites in the range of 4000-400 cm ..
Various functional groups and surface interactions were identified using
the FT-IR instrument (PerkinElmer Spectrum Two). Fig. 4 presents the
FT-IR spectra of TiO2NPs, RGO, TiO2/RGO composite, and TiO2/RGO/
Pt nanocomposites. The strong peak at 3440 cm™* corresponds to the
hydroxyl (OH) functional group, which is due to the surface absorption
of water on the material [33]. Meanwhile, the medium band at 2943
em™ ! is attributed to the asymmetric stretching of the C-H bond,
resulting from the inclusion of isopropanol in the TiO3 NPs, TiO2/RGO,
and TiO2/RGO/Pt nanocomposites [37,38]. In the case of composite
formation, a new adsorption band was observed. The absorption band of
bare TiO, and RGO at 2943 cm ! (black and red line) shifts to 2860
cm ! (blue line), confirming the changes attributed to symmetrical C-H
stretching. The bands at 1728 ecm™}, 1705 cm ™ * and 1624 cm™*
correspond to the stretching vibration of carboxyl C=0, C-O, and C=C in
the synthesized TiO2/GO composites, respectively [36]. Meanwhile, the
minor peak at 1497 cm ! is due to C-O carboxy stretching [39]. The
peak at 1436 cm™! corresponds to the Ti-O-C bond [33]. The peaks
spanning from 1389 em ™! correspond to C-OH stretching vibrations
[40]. While the medium peak obtained at 1386 cm~! shows the
stretching and bending of the C-H bond due to the presence of isopropyl
alcohol. The Ti-O-C linkage is present, as indicated by the tiny signal at
1081 cm™' [33]. The broad peaks at 1064 cm'and1053 c¢cm™! are
attributed to the C-O stretching vibration of the alkoxy group [41]. The
peak at 640 cm ™! is related to a combined signal due to Ti-O-Ti and Ti-O-
Clinkage. The Ti-O stretching in TiO suggests the structure of TiO, after
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Fig. 4. FTIR spectra of TiO, NPs, RGO, TiO, /RGO Composite, and TiO5 /RGO/
Pt Nanocomposites.
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it has been treated with temperature and indicates the highly active
anatase phase of TiOy [33,42,43]. In the case of TiO2/RGO/Pt nano-
composites formation, a new absorption band was observed. The ab-
sorption band of bare RGO and TiO2/RGO composite at 1705 cm ™! and
1728 cm ! (red and blue line) is shifted to 1800 ¢cm ™! (green line),
which confirms the changes that are attributed to the C-H bend [36].
The absorption band of bare RGO and TiO2/RGO composite at 1389
cm ! and 1386 cm ™! (red and blue line) is due to Alcoholic C-O-H and
epoxide C-O-C or C-O-H is shifted to 1221 em ! (green line), which
confirms the changes that are attributed to the C-OH or C-O-C stretching
[44]. In addition, nanocomposites presented high peaks at 917 cm™!
that were attributed to the stretching vibrations of Ti-O-Ti and Ti-O-C
bonds. Therefore, the above results confirmed the successful Prepara-
tion of TiO2/RGO composites and TiO2/RGO/Pt nanocomposites via a
modified polyol process.FTIR spectra of TiO/RGO/Pt nanocomposites
do not show any bands corresponding to those noble metals due to the
low loading of deposited metal. The most straightforward and prevalent
approach used to verify the successful production of nanoparticles is
UV-visible spectroscopy. Under standard lab conditions, the freshly
synthesized material was operated by choosing a wavelength between
200 and 400 nm. As apparent from the mentioned figure, the TiOy/
RGO/Pt exhibits a prominent absorption band around 324 nm.

3.4. Surface analysis

The advanced FESEM analysis provides a stunning visual insight into
the surface morphology of our synthesized material—TiO2, RGO, RGO-
TiO9, and RGO-TiOs@Pt—detailed in Fig. 4a—f, using the Field Emission
Scanning Electron Microscope (FESEM EOL JSM 7000F) technique.

The pristine TiO, nanoparticles exhibit a strikingly uniform, cube-
like tablet structure, showcasing their well-defined crystalline nature,
as shown in Fig. 5a According to Wang et al., the growth of TiO2 thin
film is anatase form[45]. This three-dimensional arrangement un-
derlines the exceptional structural integrity of TiOx.

The FESEM images of the as-prepared reduced graphene oxide (RGO)
are shown in Fig. 4b to illustrate its surface morphology. The FESEM
images offer a high-resolution perspective of the structural properties of
RGO. One characteristic that sets graphene-based materials apart is the
pronounced sheet-like shape observed in pristine RGO. These sheets,
typical of reduced graphene oxide, are large, flat, and irregularly sha-
ped. The shrinkage of these sheets is a distinctive observation made in
the images. The reduction process, which usually comprises the removal
of oxygen-containing groups from the oxide graphene and results in a
more condensed structure, maybe the cause of this shrinkage. The sur-
face area and overall properties of RGO are influenced by its sheet-like
structure and the observed shrinking. The surface morphology of syn-
thesized material TiO, decorated with RGO nanosheets TiO5/RGO
Composite, FESEM imaging vividly captures the uniform distribution of
TiO4 cube-like tablets across the RGO sheets, forming seamlessly inte-
grated composites with a well-aligned nanoscale interaction Fig. 5c-d,
this clear depiction affirms the successful formation of the GO-TiO;
composites, highlighting the homogeneity and effective synergy be-
tween TiO5 and GO.

Turning to the GO-TiO,@Pt nanocomposites, the FESEM analysis
reveals an intriguing surface morphology: TiO; tablets are elegantly
enveloped by multilayer reduced graphene oxide sheets. The platinum
nanoparticles (Pt NPs) exhibit a spherical, textured appearance and are
evenly distributed across both the reduced graphene oxide surfaces and
between the layers of RGO. This comprehensive coverage and uniform
decoration of platinum NPs are demonstrated in Fig. 5e—f, confirming
the successful integration of TiO2 with reduced graphene oxide and the
effective decoration with platinum nanoparticles. Overall, the FESEM
images provide compelling evidence of the successful synthesis and
structural evolution of these nanocomposites, underscoring their po-
tential for advanced applications.
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Fig. 5. FESEM images showcasing the morphology of different materials: (a) Titanium Dioxide Nano Tablets (TiO5), (b) Reduced Graphene Oxide (RGO), (c-d) TiO2/
RGO Composite at low and high resolution, and (e-f) TiO2/RGO/Pt Nanocomposites at low and high resolution.
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3.5. Elemental analysis or chemical characterization

The energy dispersive X-ray (EDX) examination was carried out to
evaluate the elemental composition of the materials. EDX spectra anal-
ysis further confirms the presence of carbon, oxygen, titanium, and
platinum elements in the fabricated nanocomposites. The EDX spectra
were found to be impurity-free, which confirms the exceptional purity of
the prepared material. The EDX spectra of RGO are displayed in Fig. 6a.
Moreover, the carbon-oxygen percentages in RGO were noted as 62.84
% and 37.16 % without any other impurities. The EDX spectrum of the
fabricated TiO2/RGO Composite is shown in Fig. 6b. The EDX spectrum
confirms the presence of carbon, oxygen, and titanium in the synthe-
sized TiO2/RGO Composite. The carbon-oxygen and titanium were
17.09 %, 26.39 %, and 46.34 %, respectively, in the prepared TiO2/RGO
Composite, which confirmed the successful preparation of the TiOy/
RGO composite. The EDX spectrum of the fabricated TiO2/RGO/Pt
Nanocomposites is shown in Fig. 6¢. By the proposed modified polyol
method, TiOs is incorporated into the RGO sheet decorated with plat-
inum metal nanocomposites very well. The percentage of carbon-
—oxygen in titanium and platinum was 11.64 %. Oxygen significantly
decreased to 22.18 %, and platinum was 22.11 %, which is a clear ev-
idence of the successful fabrication of TiO2/RGO/Pt Nanocomposites.

3.6. Phase structure and crystallinity confirmation

X-ray Diffraction (XRD) frequently provides details on the crystalline
structure, phase composition, lattice parameters, and crystalline grain
size. The crystalline nature was confirmed through the application of the
X-ray diffractometry MMA (GBC Scientific Equipment, Australia) model.
By comparing the peak locations and intensities to reference patterns
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from the JCPDS database, the ICDD was able to estimate the particle
composition. The XRD peaks are too broad for tiny particles. Hence, it is
not appropriate for amorphous materials. TiO2/RGO/Pt nanocomposites
(a), platinum metal (b), TiO2/RGO composites (c), TiO, nanoparticles
(d), and RGO (e) had their X-ray diffraction patterns examined by XRD
spectroscopy (Fig. 7a), XRD diagram of the naked nanocomposites dis-
played the spinel titania pattern.

These strong peaks, observed at (101), (004), (200), (105), (211),
(204), (220), (002), (111), (311), and (222), correspond to the face-
centered cubic structure of the highly crystalline TiO2/RGO/Pt nano-
composites. Anatase TiO; results were confirmed by the (JCPDS NO.
21-1272), which states that the prepared material is crystalline in na-
ture, smaller in size, and has a tetragonal crystal structure. The intense
pattern at (002) confirms the successful Preparation of RGO, and results
were also confirmed by the (JCPDS NO. 75-2078). Whereas, the broad
XRD pattern at (111), (200), (220), (311), and (222) suggest the
excellent crystallinity of Pt metal, and results were also confirmed by the
(JCPDS NO. 04-0802) that describes prepared material with face-
centered cubic structure. The stability of the crystalline phase of TiO;
nanoparticles during reduced graphene oxide coating was shown by the
same sets of characteristic peaks for TiO3/RGO composites (c) confirmed
by previous research. Furthermore, no impurities were visible in any of
the diffraction patterns, indicating that the prepared TiO2/RGO/Pt
nanocomposites were highly pure. This observation confirms the strong
chemical interaction between the TiO2/RGO composites and platinum
(Pt) metal to form the TiO2/RGO/Pt nanocomposites. Additionally, the
Debye-Scherrer formula was used to determine the size of the TiOy/
RGO/Pt nanostructure; the average crystal size was 27.6 nm.
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Fig. 6. EDX Spectra of (a) RGO (b) TiO, /RGO Composite (c) TiO, /RGO/Pt Nanocomposites.
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Fig. 7. XRD patterns illustrating the phase composition of various materials:
(a) TiO/RGO/Pt Nanocomposites, (b) Platinum (Pt) Metal, (c) TiO2/RGO
Composite, (d) Titanium Dioxide Nanoparticles (TiO NPs), and (e) Reduced
Graphene Oxide (RGO).

3.7. Zeta potential analysis

The Melvern Instrument enables Zeta potential, which analyses the
surface charge of nanoparticles in a colloidal solution using (Zetasizer
Ver. 7.11 MALVAREN) technology. Fig. 8a presents the zeta potential

5x10°
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analysis of RGO through the application of zeta sizer technology; the
surface potential of the produced material was assessed. The surface
potential and stability of the produced materials were verified using the
potential mode. One of the most challenging tasks to address to present
novel chemical and physical properties is the precise control of particle
size and particle size distribution. The RGO surface has a high charge,
which enhances dispersion stability. Large zeta values for the synthe-
sized RGO (-33.4 mV) indicate that they are more stable in aqueous
solutions. This and the work mentioned by [46,47] are very similar.

Additionally, this shows that the RGO nanosheets resisted one
another and did not flocculate [48,49]. A key parameter that shows if
nanosheets are stable, is the zeta potential is in the limit of +£30 mV [50].
The negatively charged surfaces of RGO distributed in water are seen at
neutral pH.

Fig. 8b presents the zeta potential analysis of the TiO2/RGO Com-
posite. Due to their distinctive characteristics, transition metal com-
posites have attracted a lot of interest as potentially advanced catalysts.
The composite surface has a high charge, which enhances dispersion
stability. The TiO2/RGO Composite that had been produced exhibited
significant zeta values (—25.4 mV), which indicated that it was more
stable in aqueous solutions. This and the research that [51] reported are
fairly comparable.

Additionally, this shows that the composite repels each other and
does not flocculate [48,49]. The key parameter that shows if a composite
is stable, is the zeta potential is in the limit of 30 mV. The negatively
charged surface of the TiO2/RGO Composite in water is seen at neutral
pH.

Fig. 8c presents the zeta potential analysis of TiO2/RGO/Pt Nano-
composites. Transition metals, due to their distinctive characteristics,
nanocomposites have been actively researched as potentially enhanced
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catalysts. One of the most challenging tasks to resolve to provide unique
chemical and physical properties is the precise control of particle size
and particle size distribution. The nanocomposite surface is highly
charged, which enhances dispersion stability. The TiO2/RGO/Pt nano-
composites that had been produced exhibited significant zeta values
(—29.9 mV), which indicated that it was more stable in aqueous
solutions.

Additionally, this shows that the composite repels each other and
does not flocculate [48,49]. The key parameter that shows if a nano-
composite is stable, is the zeta potential is in the limit of £30 mV. The
negatively charged surface of the TiO2/RGO/Pt nanocomposites in
water is seen at neutral pH.

3.8. Zeta sizer analysis

The dispersed powdered sample of synthesized Reduced graphene
oxide nanosheets was examined to reveal the size distribution. The
Malvern Instrument enables the size of nanoparticles using (Zetasizer
Ver. 7.11 MALVAREN) technology. The TiO2NPs suspension size dis-
tribution was measured by dynamic light scattering (DLS) measurement
at 458 nm with a scattering angle was 90 degrees. Due to their
distinctive properties, transition metal nanoparticles have received
considerable interest as potentially advanced catalysts. One of the most
challenging tasks in providing unique chemical and physical properties
is the precise control of particle size and particle size distribution. The
details of the zeta sizer of Fig. 9 are given in supplementary information
$3.8. The size distribution of the prepared RGO nanosheet suspension
was measured in a complete medium as determined by DLS

Materials Science & Engineering B 313 (2025) 117966

measurement at the scattering angle of 90 degrees. DLS employed
standard spherical particle models. A size of 531 nm for the prepared
RGO was recorded. The results we obtained correlate with those of [52],
who found that the size of RGO had a size distribution observable at 525
nm. Most graphene-based materials are not spherical particles; DLS re-
sults only show the size of the material.

The dispersed powdered sample of the composite made from reduced
graphene oxide-based titanium dioxide was examined to reveal the size
distribution in DI water at neutral pH, which was attributed to the
development of TiO2/RGO aggregates. RGO nanosheets and TiO;NPs
were combined using ultrasonic mixing to create TiO2/RGO composites
with high particle sizes. The size distribution of the prepared TiO2/RGO
suspension was measured in a complete medium as determined DLS
measurement was found at 164 nm. The position of the peaks is in
proximity to the earlier published work [53], where the size distribution
was observed at 220 nm.

The dispersed powdered sample of Titanium dioxide-based reduced
graphene oxide nanosheet decorated with platinum nanocomposites
was analyzed to disclose the size distribution in DI water at neutral pH,
which was ascribed to the formation of TiO2/RGO/Pt aggregates. The
size distribution of the prepared TiO2/RGO/Pt suspension was measured
in a complete medium as determined by DLS measurement. The size of
the prepared nanocomposites was found to be 122.4 nm. Most reduced
graphene-based materials are not spherical particles. Due to their
distinctive properties, transition metal nanoparticles have received
considerable interest as potentially advanced catalysts. One of the most
challenging tasks to resolve to provide unique chemical and physical
properties is the precise control of particle size and particle size
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Fig. 9. Zeta Size analysis of (a) RGO, (b) TiO»/RGO composite, (c) TiO»/RGO/Pt Nanocomposite.
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distribution. DLS results only show the size of the material.

3.9. Surface area and porosity measurements

The specific surface area and pore volume of synthesized materials
were determined using BET analysis with Autosorb-1 Quanta chrome
and ASiQwin, as shown in Fig. 10. The nitrogen adsorption—-desorption
isotherms for RGO, TiO5/RGO composites, and TiO,/RGO/Pt nano-
composites were classified as type III according to IUPAC, indicating
weak adsorbent-adsorbate interactions with H3 hysteresis loops,
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associated with plate-like particle aggregates forming slit-like pores
[54]. The IUPAC classifies pores as microporous (<2 nm), mesoporous
(2-50 nm), and macroporous (>50 nm). RGO was found to be micro-
porous, while TiO2/RGO and TiO2/RGO/Pt nanocomposites were mes-
oporous, indicating unrestricted multilayer formation [55]. The
measured specific surface areas were 2.987 m?/g for RGO, 35.679 m%/g
for TiO,/RGO, and 40.977 m?/g for TiOy/RGO/Pt. The pore size dis-
tribution curves, obtained using the BJH method, showed narrow dis-
tributions with sizes under 3 nm, confirming the mesoporous nature of
the TiO2/RGO/Pt catalyst. Table 1 details the BET surface area, average
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Table 1
BET surface area of RGO, TiO, /RGO composites, and TiO» /RGO/Pt nanocomposites.
Sample Multi-point Adsorption Desorption
BET surface
Area Surface Pore Pore Surface Pore Pore
m%/g) Area Vol Diameter Area Vol Diameter
(m*/g) (cc/g) (nm) (m*/g) (cc/g) (nm)
RGO 2.987 9.874 0.039 1.6571 16.571 0.037 1.9646
TiO»/RGO 35.679 59.957 0.233 2.5224 86.860 0.243 1.8513
TiO2/RGO/Pt 40.977 116.722 0.395 29153 156.435 0.411 2.2115

pore size, and total pore volume for these materials.

3.10. Turnover number (TON) and turnover frequency (TOF) of the
catalyst

The catalyst’s efficiency was assessed through the total turnover
number (TON) and turnover frequency (TOF) for catechol oxidation in
an aqueous medium. TON indicates the number of reactant molecules
converted to products per 5 pL of catalyst from a 5 mg TiO2/RGO/Pt
nanocomposite solution. TOF is calculated as TON divided by time. For
the ITO@TiO2/RGO/Pt catalyst with a 40 pM catechol solution, it ach-
ieved over 7,580 turnovers in 60 s, as shown in Fig. 11a. Initially, the
TOF was 97.5 (mol Catalyst)'l-(min)'l. However, with repeated use, the
TOF decreased to 34.45 after multiple cycles, as shown in Fig. 11b. The
catalyst was reused effectively after washing and drying, demonstrating
its recyclability despite a gradual decline in performance over successive
uses.

4. Electrochemical behavior of bare and modified electrodes

Cyclic voltammetry (CV) was used to assess the electrochemical
characteristics and conductivity of the fabricated electrodes, using a CHI
electrochemical workstation (Tennison Hill Drive, Austin, USA) with a
three-electrode setup: An Indium tin oxide (ITO) glass sheet as the
working electrode, platinum wire as the counter electrode, and an Ag/
AgCl as the reference electrode. Electrochemical analyses were con-
ducted at a scan rate of 100 mV/s in a solution of 0.1 M KCI with 5 mM
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redox probes [K3Fe(CN)¢ and K4Fe(CN)g]. The bare/ITO electrode
showed a consistent redox response. In contrast, the TiO5 nanoparticles
(TiO2NPs) and reduced graphene oxide (RGO) each exhibited a very
minute redox response so subtle that it was barely discernible in the
graphical representation. Whereas, the ITO@TiO2/RGO/Pt nano-
composites exhibited an enhanced redox response, indicating superior
conductivity. This is illustrated in Fig. 12a, which compares the CV re-
sponses. Another, electrochemical measurement for bare and modified
electrodes was investigated via electrochemical impedance spectros-
copy (EIS) through a circuit-fitted Nyquist plot. The Nyquist plot
revealed that the ITO@TiO2/RGO/Pt electrode had a more favorable
redox response compared to the bare electrode, demonstrating its
excellent electro-catalytic performance. TiO; thin films, known for their
chemical stability and photocatalytic activity in the UV region, were
combined with reduced graphene oxide (RGO) to enhance electro-
chemical performance. The TiO,/RGO/Pt nanocomposites created a
large electroactive surface area, improving adsorption capacity and
catalytic sites for analyte oxidation. In Nyquist plots, the charge transfer
resistance is a key parameter as shown in Fig. 12b with experimental
conditions set at an initial potential of 1.3 mV, high frequency of up to
100,000 Hz, low frequency of 1 Hz, and a quiet time of 2 s, confirmed the
enhanced charge transfer kinetics of ITO@TiO2/RGO/Pt. The Rct from
EIS mainly relies upon the redox probe electron transfer kinetics at the
surface of modified and bare/ITO electrodes, which is estimated through
the diameter of the semicircle curve of the EIS response in Nyquist-plot.
EIS study explains the conductive nature of charge transfer resistance of
electrodes with a semicircle harmonic curve. The EIS response in the
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organic pollutant phenol.
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Fig. 12. (a)Cyclic voltammetry (CV) profiles of bare and modified electrodes were recorded at a scan rate of 100 mV/s in a solution containing 0.1 M KCl and 5 mM
[(K3 Fe(CN)g and K4 Fe(CN)g 1, (b) Electrochemical impedance spectroscopy (EIS) Nyquist plots for both bare and modified electrodes were generated at the initial
potential of 1.3 mV, covering a low-frequency range of 1 and a high-frequency range of 100,000.

Nyquist plot with a narrower semicircle curve faces low possible resis-
tance, while the broadness of the curve explains the greater resistance
faced by the electrode employed under the EIS study. Herein, the
broadness of the semicircle curve is monitored for the bare electrode
which means the Bare/ITO electrode faces greater resistance with the
Rct value calculated as (989 Q), while the modified ITO@TiO»/RGO/Pt
one with a narrower diameter exhibits excellent conductive nature with
low resistance and the Ret value was measured as (198 Q), respectively,
in the test solution. These EIS outcomes align well with the CV analysis,
collectively indicating that ITO@TiO2/RGO/Pt stands out as an effective
sensing probe. From EIS results, the low possible resistance and high
conductivity of the modified electrode, compared to the Bare/ITO
electrode is another evidence that the ITO@TiO2/RGO/Pt underscores
the excellent performance and makes it a promising candidate for the
electrochemical determination of catechol.

4.1. Electrochemical determination of catechol

The study aimed to develop a highly sensitive and reliable electro-
chemical sensor for precise catechol detection. Cyclic voltammetry (CV)
was employed to analyze both bare and ITO@TiO2/RGO/Pt electrodes
in a 40 uM catechol solution with PBS as the supporting electrolyte,
scanning at 100 mV/s within the range of 0.0 to 0.9 V versus Ag/AgCl.
The supporting electrolyte is an important component of a voltammetric
cell. The supporting electrolytes are soluble substances and theoreti-
cally, their ions have a very high ionic mobility, letting them take up the
charge transport by migration on account of the electric field composed
by the potential difference. Thus, migration transport is maximized to
install a diffusive control in the electrochemical cell. All this is a
conclusion of the truth that the current that is related to concentration in
voltammetric techniques is the diffusion current, for that reason, charge
and mass transport by migration and convection introduce deflections
from the theoretical equations governing the redox process, which in
practice results in loss of precision and accuracy of the voltammetric
quantification method. For this reason, in this electrochemical study, the
effects of different types of support electrolytes were investigated and
the supporting electrolyte with the best desired electrochemical prop-
erties (such as showing defined plateaus, high limiting current, and
lower variability) was selected. The CV results revealed that both elec-
trodes responded to catechol, as shown in Fig. 13. The ITO@TiO2/RGO/
Pt electrode exhibited a significantly stronger redox peak, indicating
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Fig. 13. CV redox peak response of bare and ITO@TiO, /RGO/Ptin 40 pM
catechol at the scan rate of 100 mV/s in PBS electrolyte pH 7.

superior sensitivity and conductivity. Thus, the ITO@TiO2/RGO/Pt
sensor demonstrated excellent specificity and performance for catechol
detection.

a. Effect of Supporting Electrolyte

The choice of supporting electrolyte is crucial in electrochemical
techniques for analyte determination, as it ensures effective communi-
cation between the analyte and the electrode surface. Supporting elec-
trolytes, which are highly soluble and possess high ionic mobility,
facilitate charge transport by migration, which is essential for accurate
measurements. However, deviations from theoretical redox equations
due to migration and convection can affect precision and accuracy. In
this study, various supporting electrolytes were tested to find the
optimal one for catechol detection. The electrolytes included borate
buffer (pH 8.0), BRB buffer (pH 3.0), HSO4 buffer (pH 2.0), KOH (pH
10), and PBS buffer (pH 7.0) [3], adjusted with 0.1 M HCI or 0.1 M
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NaOH to cover a range from acidic to basic conditions. Using an
ITO@TiO2/RGO/Pt electrode, the redox responses were measured at a
scan rate of 100 mV/s. As shown in Fig. 14, PBS buffer at pH 7.0 pro-
vided the most effective redox response for 40 uM catechol. Therefore,
PBS was selected as the supporting electrolyte for further measurements.
The ITO glass sheet modified electrode was cleaned with deionized
water and ultrasonicated in 30 mL of ethanol for 30 min before and after
each measurement. This process ensured that the electrode’s surface
remained clean for accurate analytical detection of catechol in water
samples.

b. 5 pH study and scan rate optimization

The pH of the supporting electrolyte significantly impacts the elec-
trochemical response of analytes. Acidic pH shifts the peak potential to
more positive values, while basic pH shifts it to more negative values.
Optimal sensitivity occurs when the analyte exhibits maximum current
response at the appropriate pH. In this study, the pH range of PBS
electrolyte was varied from 5.8 (basic) to 7.4 (neutral). As shown in
Fig. 15a, and Fig. 15b the pH range of PBS electrolyte was varied from
5.8 (basic) to 7.4 (neutral) the catechol anodic peak current (ipa) and
cathodic peak current (ipc) called redox current increased with pH from
5.8 to 7 peaking at pH 7.4. Beyond pH 7, the current response declined,
indicating that basic pH does not favor ion transformation. Therefore,
PBS at pH 7 was selected for catechol detection due to its optimal proton
transfer, enhancing redox response. A scan rate analysis was performed
to assess the adsorption-controlled process of the ITO@TiO2/RGO/Pt
electrode. The study revealed that increasing the scan rate from 20 to
100 mV/s led to linear current responses, suggesting a diffusion-
controlled mechanism. The regression equations for anodic and
cathodic peak currents were R%=0.9799 and R? = 0.9632, respectively,
demonstrating linear behavior (Fig. 15¢ and Fig. 15d). The Randle-
Sevcik equation confirms that the current response grows linearly
with the scan rate, indicating a diffusion-controlled process. Randle-
Sevcik states that there is a greater flow of ions from the electrolytic
solutions toward the surface of the electrode as the total number of scan
sweeps increases. As a result, a good electro-catalyst opposes this
behavior and causes the current to grow linearly with an increase in scan
rate. Additionally, Scheme 1 illustrates the catechol oxidation mecha-
nism on the ITO@TiO5/RGO/Pt surface, where catechol is oxidized to its
quinone form [56]. The exceptional conductivity of ITO@TiO2/RGO/Pt
nanocomposites enables the oxidation reaction of the analyte.

80
- = Borate-buffered saline (BBS)
= Briton Robinson buffer (BRB)
e Sulfuric acid (H,SO,)

== Potassium hydroxide (KOH)
e Phosphate-bufferd saline (PBS)

y (uA)
5

Current densit

'60 T T T T T T T 1 1 ]
0.0 0.2 0.4 0.6
Potential/V

Fig. 14. CV redox peak response of ITO@TiO2/RGO/Pt in 40 uM catechol at a
scan rate of 100 mV/s in PBS in different supporting electrolytes.

14

Materials Science & Engineering B 313 (2025) 117966

In the presence of the ITO@TiO2/RGO/Pt catalyst, the oxidation of
catechol to quinone unfolds as a fascinating and efficient process. The
reaction begins with the carefully synthesized TiO2/RGO/Pt nano-
composite, which acts as a powerful facilitator. When catechol
(CgH4(OH) 3) is introduced into the reaction mixture, the catalyst en-
hances electron transfer, promoting the transformation to benzoquinone
(CeH405). Under controlled conditions, the catalyst generates reactive
oxygen species (ROS) that further accelerate this oxidation, leading to
the loss of two electrons and protons from the catechol molecule. The
resulting quinone, characterized by its distinct absorption peaks in
UV-Vis spectroscopy, signifies a successful reaction. This elegant
interplay of materials and reactions highlights the potential of ITO@-
TiO2/RGO/Pt as a catalyst in organic transformations, paving the way
for advanced applications in various fields, including environmental
remediation and sensor development.

nFVD

ip = 0.4463nFAC+/( RT

) (€]

In the given context: ip denotes the peak current response in amperes
(A), n signifies the electron transfer involved in the redox reaction,
typically equal to 1, F represents the Faraday constant in C mol™}, A
denotes the electrode surface area in cmz, C stands for concentration in
mol/cm?, D is the diffusion coefficient in cm?/s, v is the scan rate in V/s,
R is the gas constant in JK 'mol !, and T represents the temperature in
K.

5.1. Effect of interferants and stability study

The selectivity of chemically modified sensors is crucial for accurate
analyte detection, ensuring they respond only to the targeted substance
without significant fluctuations in peak potential or current. In this
study, the selectivity of the ITO@TiO,/RGO/Pt-based sensor was eval-
uated by adding interferants such as acetophenone (ACP), ascorbic acid
(AA), hydroquinone (HQ), benzoquinone, salicylic acid (SA), uric acid
(UA), catechol, SO%_, and NOs3 ions at concentrations twice that of
catechol. The analyte solution also included Na™ and Mg2" ions which
are potential interferants in real matrices. Catechol was tested at 40 uM
and the interferants at 100 uM, using a scan rate of 100 mV/s in a pH 7
PBS electrolyte. Results, shown in Fig. 16a, indicate that the sensor
exclusively responds to catechol, demonstrating excellent selectivity.
Stability tests involved over 15 repeated daily cycles, with the sensor
showing a relative standard deviation (RSD) of 1.52 %, indicating high
stability. Fig. 16b shows that over 30 days, the sensor’s inter-day sta-
bility was assessed using five cycles per day. The sensor maintained good
stability for 25 days with an RSD of 4.73 %. However, after 25-30 days,
the redox response decreased, with RSDs exceeding 7 %. Overall, the
ITO@TiO2/RGO/Pt sensor demonstrates outstanding stability for up to
25 days, making it highly suitable for long-term catechol analysis.

5.2. Calibration study of catechol

Differential pulse voltammetry (DPV) was employed to calibrate the
ITO@TiO2/RGO/Pt sensor for catechol detection, establishing its linear
dynamic range (LDR) from 5 to 105 uM in a pH 7 PBS electrolyte at a
pulse time of 100 mV/s. The sensor demonstrated an excellent linear
response across these concentrations, as shown in Fig. 17a. To ensure
repeatability, each DPV cycle was performed five times, with Fig. 17b
illustrating the consistent redox response and peak potential. The cali-
bration curve yielded a high regression value (R2 = 0.9974), indicating
strong linearity. The limit of detection (LOD) was calculated as 0.013
uM, and the limit of quantification (LOQ) as 0.046 uM, using standard
formulas. These values highlight the sensor’s excellent sensitivity
compared to existing methods. The ITO@TiO2/RGO/Pt sensor proved to
be more selective, economical, stable, and sensitive than previously
reported sensors, as detailed in Table 2. This method offers a cost-
effective and efficient approach to catechol sensing.
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Table 2

Comparison of prepared ITO@TiO, /RGO/Pt with reported sensors.
Electrodes Techniques LDR (uM) LOD (uM) References
PEDOT-CNT-Ty cv 100-500 2.4 [57]
Co-ITO NCs Ccv 1-200 01 [58]
SNGO composite cv 10-320 0.28 [59]
Meso-Co304 CV, DPV 1-500 0.1 [60]
GO@PDA-AuNPs DPV 0.3-67.55 0.015 [61]
ITO@TiO2/RGO/Pt DPV 05-105 0.013 This work

5.3. Analytical application

The effectiveness of the ITO@TiO5/RGO/Pt sensor was evaluated
using various water samples, including tap water sourced from the Na-
tional Centre of Excellence in Analytical Chemistry and mineral water
from a local market. Each sample was tested in a 10 mL electrochemical
cell with a 1:10 vol ratio of PBS electrolyte to water, using the standard
addition method to determine unknown concentrations. Catechol con-
centrations of 5, 10, and 15 uM were added to the samples, and each
concentration was tested four times. The recovery values for mineral
water ranged from 98.0 % to 101.3 %, while those for tap water ranged
from 97.1 % to 99.2 %, as detailed in Table 3. These results, all within
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Table 3
Analytical applicability of ITO@TiO, /RGO/Pt in real water samples.
Sample Added (uM) Found (uM) % Recovery
Mineral water 0 0 —
5 4.90 98.0
10 9.95 99.5
15 15.2 101.3
Tap water 0 0 -
5 4.96 99.2
10 9.82 98.2
15 14.56 97.1

acceptable limits, confirm the sensor’s high analytical performance and
reliability in detecting catechol in real water samples.

6. Limitations and future research

In summary, while the TiO2/RGO/Pt nanocomposites show promise
for various applications, addressing these limitations through rigorous
research and testing is essential for confirming their practical viability
and optimizing their performance. The exploration of TiO2/RGO/Pt
nanocomposites unveils significant limitations that must be addressed to
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affirm their efficacy and applicability in real-world scenarios. These
challenges encompass a range of factors, including complex material
interactions influenced by synthesis methods and environmental con-
ditions, which complicate the interpretation of their optical, structural,
and electrochemical properties. Empirical validation is urgently needed,
as many theoretical claims regarding photocatalytic performance and
electron dynamics lack sufficient experimental support. Additionally,
issues such as nanoparticle aggregation can adversely affect surface area
and reactivity, while the stability of these materials under varying real-
world conditions remains largely untested. Analytical techniques like
FT-IR, EDX, XRD, and DLS provide useful insights, however, they are
often insufficient in isolation, necessitating a comprehensive approach
that employs multiple methods. Furthermore, results derived from
controlled laboratory settings may not accurately reflect broader ap-
plications, and the long-term performance and recyclability of the cat-
alysts require further investigation. Lastly, a deeper mechanistic
understanding of the interactions among TiO,, RGO, and Pt is crucial to
unlocking their full potential. While the promise of TiO2/RGO/Pt
nanocomposites is evident, rigorous research and testing are essential to
confirm their practical viability and optimize their performance for
future applications.

7. Conclusion

In conclusion, the successful fabrication of an ITO@TiO,/RGO/Pt
electro-catalyst significantly advances electrochemical sensor technol-
ogy for catechol detection. By employing the modified polyol process to
prepare TiO2/RGO/Pt nanocomposites and depositing them on ITO glass
via drop-casting, we have created a highly sensitive sensor with excep-
tional electrocatalytic properties. The engineered TiO2/RGO/Pt nano-
composites were subjected to characterization through several advanced
analytical tools, which revealed their effective functionalities,
morphology, elemental composition, and nanostructure, with an
average size of 27.6 nm. The sensor demonstrated superior performance
for catechol detection, with a wide linear range (5-105 uM), low
detection limits (0.013 uM LOD, 0.046 uM LOQ), and excellent selec-
tivity and stability in the presence of interfering agents. Real water
sample analysis showed recovery rates of 97.1 % to 101.3 %, demon-
strating its practical applicability for environmental monitoring. The
sensor achieved over 7580 turnovers with a high TOF of 97.5
moleCatalyst ‘emin~! further supports its potential for commercial-
scale use. This work provides a robust and reliable method for the on-
site detection of catechol, offering significant contributions to environ-
mental safety and water quality monitoring.
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