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Abstract

The present study focuses on the successful development and characterization of a
novel electrochemical sensor using a modified carbon paste electrode (CPE) integrated with
titanium dioxide nanoparticles (TiO2-NPs) for the detection of toxic metal ions in water
samples. Titanium dioxide nanoparticles were meticulously characterized using Fourier-
transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD) and UV-Visible spectroscopy to elucidate their structural
and morphological properties. The TiO2/CPE sensor was fabricated through a methodical
process involving the homogeneous mixing of TiO> nanoparticles, graphite powder, and
paraffin oil. Subsequently, this mixture was compacted into a Teflon tube with a copper wire
serving as the electrical connector. Before utilization, the electrode surface underwent
meticulous polishing and rinsing with double-distilled water to ensure optimal performance.

Keywords: Titanium dioxide nanoparticles, electrochemical sensor, water samples, toxic
metal.

Introduction

Water contamination by heavy metals such as lead (Pb) and cadmium (Cd) poses a
significant threat to environmental safety and public health [1-5]. These toxic elements, even
at low concentrations, can have detrimental effects on human health, including kidney damage,
bone fractures, and neurotoxic effects, especially in children. The primary sources of Pb and
Cd in water systems [6-8] are industrial discharges, agricultural runoff, and improper disposal
of electronic waste. Consequently, the development of sensitive and reliable methods for
detecting these metals in water is of paramount importance.

Water pollution is a pressing issue in many parts of the world, including Panipat,
Haryana. Panipat, known for its industrial activities, particularly in textile manufacturing, has
been facing significant water pollution problems [9-13]. The discharge of untreated industrial
effluents into water bodies has led to the contamination of local water sources with heavy
metals, dyes, and other hazardous chemicals. This environmental degradation not only affects
aquatic ecosystems but also poses serious health risks to the local population relying on these
water sources for daily use. Though, there are various methods like, ion exchange, adsorption,
photocatalytic degradation, sorption, oxidation processes for the treatment of waste waters [ 14-
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20], but still there is a requirement of more specific and economically viable method.

Electrochemical sensing [21-25] has emerged as a promising approach for heavy metal
detection due to its high sensitivity, selectivity, and rapid response. Among the various
materials used in electrochemical sensors, metal oxides have garnered significant attention [26-
32]. Titanium dioxide (TiO2z), commonly known as titania, is a metal oxide that stands out due
to its excellent chemical stability, biocompatibility, and unique electronic properties [33-34].
Titania nanoparticles (TiO2 NPs) offer a high surface area-to-volume ratio, enhancing their
interaction with target analytes and improving sensor performance [35-38].

This research paper focuses on the development of titania nanoparticle-based
electrochemical sensors for the detection of Pb and Cd in real water samples. The synthesis
and characterization of TiO. NPs are critical steps in this process, ensuring that the
nanoparticles exhibit the desired properties for effective sensing. The paper will detail the
methods used for synthesizing TiO: NPs, their structural and morphological characterization,
and their integration into electrochemical sensor platforms.

Furthermore, the study will evaluate the performance of these sensors in detecting Pb
and Cd in various water samples, including tap water, river water, and wastewater. Key
performance metrics such as sensitivity, selectivity, detection limits, and response times will
be discussed. The potential interference from other common ions in water samples will also be
examined to assess the robustness of the sensors.

By developing a reliable and efficient sensor for Pb and Cd detection, this research aims
to contribute to environmental monitoring efforts and public health protection. The findings
could pave the way for the broader application of TiO. NP-based sensors in environmental
analysis and potentially in other fields such as food safety and biomedical diagnostics. This
innovative approach to monitoring water quality is crucial for addressing the growing concerns
of water pollution in industrial regions like Panipat and ensuring the safety and well-being of
affected communities.

Experimental
Materials used

Titanium (IV) Chloride (TiCls) with a purity of 99.9%, ammonium hydroxide (NH4OH,
30%), and glycerol (purity: 99.5%) were procured from Merck. All chemicals were of the
highest purity grade and were used as received without further purification. For all
experimental procedures,deionized water was utilized.

Instruments used

Fourier-transform Infrared Spectroscopy (FTIR), performed with a spectrometer
equipped with a wide-range infrared source and detector for identifying chemical bonds and
functional groups whereas Field Emission Scanning Electron Microscopy (FESEM),
employing a high-resolution electron microscope to visualize nanoparticle morphology and
structure at low voltages; and UV-Visible Spectroscopy, conducted with a spectrophotometer
covering the UV and visible light spectra to analyze electronic transitions and optical
properties. Electrochemical characterizations were performed using a Potentiostat/Galvanostat
(AUTOLAB-PGSTAT 302 N, Metrohm). The electrochemical cell was configured with three
electrodes: a modified carbon paste electrode as the working electrode, a platinum wire (Pt) as
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the counter electrode, and a reference electrode.

Synthesis of the nanoparticles

TiO: nanoparticles (NPs) were synthesized [33] using chemical precipitation method.
First step includes the hydrolyzing TiCls in a reaction medium with and without glycerol. For
the same, 0.1Moles 0f 9.1117 M TiCls was added drop-wise to a solution containing water and
glycerol in a 1:1 ratio, maintained in an ice bath under vigorous stirring. On completion of the
reaction, 300 mL of 2.5 M NH4OH (serving as the precipitating agent) was added drop-wise to
the solution until the pH reached 10. At this pH, white precipitates of TiO: appeared in the
solution.Subsequently, the liquid phase was decanted from the solid phase, and the resulting
precipitates were centrifuged at 4000 rpm for 10 minutes. The precipitate was washed several
times to ensure the complete removal of CI~ ions. All prepared samples were dried overnight
in an oven at 80°C. The dried samples were then manually ground into a fine powder using a
pestle and mortar. In some cases, the TiO. powder was calcined at 400°C for 1 hour at a heating
rate of 10°C/min, resulting in a black powder.This heat treatment allowed the particles to
achieve a more ordered and stable crystal structure, which is essential for their effective use in
electrochemical sensors.

Characterization of nanoparticles

Titanium dioxide (TiO2) nanoparticles have been characterized using a variety of
analytical techniques. Fourier-transform infrared spectroscopy (FT-IR) was used to detect
specific functional groups and analyze the chemical composition of the nanoparticles. Field
emission scanning electron microscopy (FESEM) offered high-resolution images of the
nanoparticle surfaces, allowing for detailed observation of their morphology and size.
Additionally, UV-Visible spectroscopy was utilized to study the optical properties and
electronic structure, helping to determine the absorption and bandgap characteristics of the
nanoparticles.

Fabrication of electrochemical sensors from TiO2 NPs

The process of creating the TiO2-based electrode involved thoroughly mixing titanium
dioxide nanoparticles (TiO2NPs) with graphite powder and 250 pL of paraffin oil (Figure 1).
This mixture was blended uniformly for 30 minutes using a mortar and pestle. After achieving
a consistent paste, it was carefully packed and compressed into a Teflon tube with a diameter
of 5 mm, which served as the electrode holder. A copper wire was used as the electrical
connector to ensure proper conductivity.

Before the electrode could be used, its surface needed to be polished. This was done by
gently rubbing the surface on smooth paper to achieve a refined finish. The electrode was then
rinsed with double-distilled water to remove any residual particles and ensure a clean surface.
This preparation step was crucial for ensuring the electrode's performance and accuracy during
subsequent use.
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Figure 1: Schematic illustration of fabrication of TiO2-based electrode

Electrochemical study

Differential Pulse Voltammetry (DPV) measurements were carried out in 0.1 M HNO3,
chosen as the optimal electrolyte, with a potential range of -0.1 to 0.4 V. All electrochemical
responses were recorded at room temperature (25+2 °C).

Real water sample analysis

Water sampleswere collected from Dadlana and Nohra area situated at Haryana in the
pre-cleaned water bottles. This sample was tested for lead and cadmium using the reported
electrochemical sensor. Simultaneously, a portion of the same sample was sent to an outsourced
agency for lead and cadmium testing. The results are presented in Table 1 and discussed in the
results and discussion section.

Results and Discussion.

TiO2 nanoparticles were synthesized using chemical precipitation method as explained
in experimental section which has been characterized using Fourier Transform Infrared
Spectroscopy (FTIR), as shown in Figure 2. The FTIR spectrum of TiO2 nanoparticles reveals
several characteristic peaks [39-40] that provide insights into the chemical bonds and
functional groups present in the material. The peak at 656.23 cm-1 is typically attributed to the
stretching vibrations of Ti-O bonds in the TiO> lattice. This strong indication confirms the
presence of titanium dioxide nanoparticles.
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The peak observed at 1165.45 cm-1 may correspond to the Ti-O-C or Ti-O-Ti stretching
vibrations. These peaks can arise due to the presence of surface functional groups or organic
residues from the synthesis process. Additionally, the peak at 1415.25 cm-1 is often associated
with the bending vibrations of O-H groups, indicating the presence of hydroxyl groups on the
surface of the TiO2 nanoparticles.The peak at 1688.14 cm-1 suggests the presence of stretching
vibrations of C=0 bonds, which could be due to carbonyl groups from organic contaminants
or residual solvents used during synthesis. Meanwhile, the peak at 2322.10 cm-1 could be
associated with the stretching vibrations of adsorbed CO: or carbon-containing groups,
sometimes observed due to atmospheric CO2 being adsorbed onto the surface of the
nanoparticles.

Finally, the broad peak at 3479.55 cm-1 is characteristic of O-H stretching vibrations,
indicating the presence of hydroxyl groups or adsorbed water molecules on the surface of the
TiO2 nanoparticles. This is a common feature in FTIR spectra of nanoparticles exposed to the
atmosphere.Thus, the FTIR spectrum confirms the presence of titanium dioxide and suggests
that the nanoparticles have surface hydroxyl groups, possible organic residues, and adsorbed
water or atmospheric gases. This information is crucial for understanding the surface chemistry
and potential reactivity of the nanoparticles in various applications.

Figure 2: FTIR spectra of TiO2 Nanoparticles
Scanning Electron Microscopy (SEM) analysis of TiO> nanoparticles conducted at an
accelerating voltage of 25 kV reveals crucial information about the morphology and size of the
nanoparticles. The high-energy electron beam provides detailed surface images, allowing for a
thorough examination of the nanoparticle characteristics.The SEM image (Figure 3) typically
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shows well-dispersed TiO> nanoparticles with a fairly uniform size distribution around 10 nm.
This small particle size suggests a high surface area, which is advantageous for various
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applications such as catalysis, sensing, and photodegradation. The spherical or nearly spherical
shape of the nanoparticles, as often observed in SEM images, indicates a well-controlled
synthesis process that prevents agglomeration and ensures uniformity.The high resolution of
SEM at 25 kV allows for the visualization of surface texture and porosity of the nanoparticles.
Any agglomerates observed can indicate interactions between nanoparticles, but ideally, the
images should show discrete, non-agglomerated particles. The detailed surface morphology
provided by SEM can also reveal the presence of any surface defects or irregularities, which
are crucial for understanding the reactivity and functional properties of the TiO2 nanoparticles.

SEM HV: 25.0 kV WD: 5.40 mm I |

SEM MAG: 5.00 kx Det: SE

Figure 3: SEM image of TiO, Nanoparticles

The UV-Visible (UV-Vis) spectrum of TiO; nanoparticles (Figure 4) showing a single
peak at 335 nm wavelength indicates a distinct absorption band, which is characteristic of the
electronic transitions within the material. This peak corresponds to the bandgap energy of the
TiO2 nanoparticles, signifying the transition of electrons from the valence band to the
conduction band. The specific wavelength at 335 nm suggests that the TiO» nanoparticles
possess a relatively high energy bandgap, typical of nanoscale titanium dioxide. This sharp
absorption peak reflects the purity and uniformity of the nanoparticles, as well as their potential
efficacy in applications such as photocatalysis and UV filtration, where strong absorption in
the UV range is crucial.

The XRD patterns of the synthesized nanoparticles provide insights into their
semicrystalline nature. This is evidenced by the presence of several distinct peaks in the
spectra, which suggest partial crystallinity within the material. These peaks, as depicted in
Figure 5, reflect the ordered regions within the nanoparticles, while the absence of sharper
peaks indicates the presence of amorphous or disordered phases. This combination of
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crystalline and amorphous regions is characteristic of semicrystalline materials.
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Figure 5: XRD spectra of TiO, Nanoparticles

The fabrication of the sensor has been successfully completed, and it is currently being
tested for the detection of toxic metal ions in real-time water samples from Panipat, Haryana.
This testing is particularly important due to the high industrial activity in Panipat, which is
known for its textile and chemical industries. These industries can potentially lead to the
contamination of local water sources with hazardous metal ions, posing significant health risks
to the population. The development and testing of this sensor aim to address these
environmental and public health concerns by providing a reliable method for monitoring water
quality and ensuring the safety of the community.
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Figure 4: Uv-vis spectra of TiO2 Nanoparticles

504 Bulletin of Pure and Applied Sciences-Zoology / Vol.43B No.2s/ July-December 2024



From the DPV measurements (Figure 6A), anodic peaks for Pb*" and Cd**ions appeared
at designated potentials of -0.4 V and -0.61 V respectively. Regarding the anodic peak heights,
two distinct responses to the heavy metals were observed from the unmodified and TiO»-
modified electrodes. The modified surfaces exhibited an increase in peak height by several
orders of magnitude, as shown in Figure 6B. This synergistic enhancement is attributed to the
high electro-catalytic activity of TiO2 nanoparticles (NPs) and the expanded electrode surface
due to the addition of nanomaterial into its matrix.

As a proposed sensing mechanism, at the beginning of the electrochemical reaction
[41], heavy metal ions in their cationic forms are adsorbed onto the electrode surface through
electrostatic interaction with the negatively charged surface of the titania NPs. Subsequently,
the adsorbed cationic metal ions are electrochemically reduced to their metallic form (M°)
under the applied voltammetric potential, which is then oxidized to generate the anodic peak
currents.
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Figure 6 (A): DPV responses of the TiO:-based electrode, recorded in the plain supporting
electrolyte (0.1 M HNO;, represented by the blue line) and after injecting a mixture of the
target metal ions (Pb* and Cd*') at a concentration of 0.001 M (represented by the red
line), (B): The DPYV signals of the TiO:/CPE electrode, compared with the bare electrode
in 0.1 M HNOs containing 0.001 M of Pb*, Cd*, and Hg** ions.

The practical evaluation of the modified electrodes was conducted using a real water
samples from Panipat, Haryana. Before measurement, the samples were filtered to remove
large particulates. The results obtained with the modified electrodes were compared to those
from ICP-MS. As shown in Table 1, the concentration of Pb(II) in the samples was
approximately 65 uM and 74uM for both samples with a relative error of 5.61% and 3.72%,
respectively compared to the [CP-MS results whereas the Cd (II) was 44 uM and 45 pMwith
a relative error of 3.98% and 11.22%, respectively as per ICP-MS results. Thus, the modified
electrode demonstrated practical application potential.

Table 1: Comparison of TiO2-modified electrodes and ICP-MS methods for determining
Pb(II) and Cd(II) ions in a real water samples

Ions, to be detected | Detected by present | [CP-MS (in uM by | Relative error (%)
report (LM) outsource method)
Sample 1 | Sample 2 | Sample 1 | Sample 2 | Sample 1 | Sample 2
Lead (II) 61.35 71.25 65 74 5.61 3.72
Cadmium (1) 42.25 39.95 44 45 3.98 11.22
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Conclusion

The successful fabrication and characterization of the TiO2/CPE sensor for detecting
toxic metal ions in water samples from Panipat, Haryana represent a significant advancement.
The integration of titanium dioxide nanoparticles (TiO2-NPs) into the carbon paste electrode
(CPE) was confirmed through rigorous characterization using FTIR, FESEM, and UV-Visible
spectroscopy, which elucidated the structural, morphological, and optical properties of the
nanoparticles. The sensor's preparation involved precise mixing of TiO2-NPs, graphite powder,
and paraffin oil, followed by electrode packing and surface preparation.This study underscores
the importance of such sensors in regions like Panipat, known for extensive industrial activity
potentially impacting water quality. Further, the modified electrodes were effectively evaluated
using a real water sample from Panipat, Haryana, demonstrating their practical application
potential. The reported findings indicate their practical reliability and accuracy for heavy metal
detection in environmental samples.

Acknowledgement

The completion of this research paper would not have been possible without the support and
guidance of Dr Neeraj Tomar , Geeta University, Panipat (Haryana). Her dedication and
overwhelming attitude towards helping her students is solely responsible for completing my
research paper. The encouragement and insightful feedback were instrumental in
accomplishing this task.

References

[1] Somya, A. (2020). Hybrid Ion Exchangers. In Hybrid Nanomaterials - Flexible Electronics
Materials. IntechOpen. https://doi.org/10.5772/intechopen.92116

[2] Somya, A. (2024). An investigation study on water quality of few lakes of Bengaluru. In
Industry 4.0 with Modern  Technology  (pp. 200-204). CRC  Press.
https://doi.org/10.1201/9781003450924-37

[3] Somya, A., & Singh, M. (2022). Studies on Sodium Lauryl Sulphate-supported Thorium
(IV) Phosphate: A New Surfactant-supported Cation Exchange Resin, Useful in Water
Purification. In Current Analytical Chemistry (Vol. 18, Issue 3, pp. 383-390). Bentham
Science Publishers Ltd. https://doi.org/10.2174/1573411017666210804102748

[4] Somya, A. (2019). Surfactant based hybrid ion exchangers. Research Journal of Chemistry
and Environment, 23(3), 96.

[5] Somya, A., &Maheria, K. (2020). Studies on polyoxyethylene octyl phenyl ether supported
thorium(I'V) phosphates: a new cation exchange material. In Bulletin of Materials Science (Vol.
43, Issue 1). Springer Science and Business Media LLC. https://doi.org/10.1007/s12034-020-
02153-z

[6] Anastopoulos, 1., Bhatnagar, A., & Lima, E. C. (2016). Adsorption of rare earth metals: A
review of recent literature. In Journal of Molecular Liquids (Vol. 221, pp. 954-962). Elsevier
BV. https://doi.org/10.1016/j.molliq.2016.06.076

[7] Johri, N., Jacquillet, G., & Unwin, R. (2010). Heavy metal poisoning: the effects of
cadmium on the kidney. In BioMetals (Vol. 23, Issue 5, pp. 783—792). Springer Science and
Business Media LLC. https://doi.org/10.1007/s10534-010-9328-y

[8] Qasem, N. A. A., Mohammed, R. H., & Lawal, D. U. (2021). Removal of heavy metal ions

507 Bulletin of Pure and Applied Sciences-Zoology / Vol.43B No.2s/ July-December 2024



from wastewater: a comprehensive and critical review. In npj Clean Water (Vol. 4, Issue 1).
Springer Science and Business Media LLC. https://doi.org/10.1038/s41545-021-00127-0

[9] Bharti, Pawan & Kumar, Pawan & Singh, Vijender. (2013). Impact of industrial effluents
on ground water and soil quality in the vicinity of industrial area of Panipat city, India.
[10]Kaur, L., Rishi, M. S., & Siddiqui, A. U. (2020). Deterministic and probabilistic health risk
assessment techniques to evaluate non-carcinogenic human health risk (NHHR) due to fluoride

and nitrate in groundwater of Panipat, Haryana, India. In Environmental Pollution (Vol. 259,
p. 113711). Elsevier BV. https://doi.org/10.1016/j.envpol.2019.113711

[11]Bishnoi, M.P., & Malik, R.P. (2008). Ground water quality in environmentally degraded
localities of Panipat city, India. Journal of environmental biology (Vol. 29, Issue 6, p. 881-6).

[12] Dubey, S. K., Yadav, R., Chaturvedi, R. K., Yadav, R. K., Sharma, V. K., & Minhas, P.
S. (2010). Contamination of Ground Water as a Consequence of Land Disposal of Dye Waste
Mixed Sewage Effluents: A Case Study of Panipat District of Haryana, India. In Bulletin of
Environmental Contamination and Toxicology (Vol. 85, Issue 3, pp. 295-300). Springer
Science and Business Media LLC. https://doi.org/10.1007/s00128-010-0073-2

[13] Malik, A., Katyal, D., Narwal, N., Kataria, N., Ayyamperumal, R., & Khoo, K. S. (2023).
Sources, distribution, associated health risks and remedial technologies for inorganic
contamination in groundwater: A review in specific context of the state of Haryana, India. In
Environmental Research (Vol. 236, p. 116696). Elsevier BV.
https://doi.org/10.1016/j.envres.2023.116696

[14] Somya, A., Rafiquee, M. Z. A., Varshney, K. G., & Al-Lohedan, H. A. (2014). Synthesis,
characterization and analytical applications of N-dodecyl pyridinium chloride-cerium (IV)
phosphate fibrous ion exchanger: selective for Hg(Il) and its binary separations. Desalination
and Water Treatment, 56(3), 638—645. https://doi.org/10.1080/19443994.2014.940388

[15] Al-Zahrani, S. A., Patil, M. B., Mathad, S. N., Patil, A. Y., Al Otaibi, A., Masood, N.,
Mansour, D., Khan, A., Gupta, V., Topare, N. S., Somya, A., & Ayyar, M. (2023).
Photocatalytic Azo Dye Degradation Using Graphite Carbon Nitride Photocatalyst and UV-A
Irradiation. In  Crystals (Vol. 13, Issue 4, p. 577). MDPI AG.
https://doi.org/10.3390/cryst13040577

[16]Somya, A. (2023). Metal Phosphates: Their Role as Ion Exchangers in Water Purification.
In: Gupta, R.K. (eds) Metal Phosphates and Phosphonates. Engineering Materials. Springer,
Cham. https://doi.org/10.1007/978-3-031-27062-8 19

[17] Somya, A., Khan, A., Hussein, M. A., Al-Romaizan, A. N., Malash, A. M., Topare, N. S.,
& Asiri, A. M. (2023). Biological and environmental studies on pectin-zirconium (IV)
phosphate, a biopolymer doped hybrid cation exchanger. In International Journal of Biological
Macromolecules (Vol. 250, p. 125803). Elsevier BV.
https://doi.org/10.1016/].ijbiomac.2023.125803

[18] Somya, A. (2024). Hybrid cation exchangers: A boon for analytical chemistry. Journal of
Applied Optics, 263-270. Retrieved from
https://appliedopticsjournal.net/index.php/JAO/article/view/111

[19] Rosaline, D. R., Daphne, V., Srividya, G., Nivetha, P., Jarvin, M., Ashok Kumar, S.,
Manikandan, A., Inbanathan, S. S. R., Dinesh, A., Thanrasu, K., Raja, K. K., Almessiere, M.
A., Slimani, Y., Baykal, A., Khan, A., Asiri, A. M., Topare, N. S., & Somya, A. (2024).
Magnetic nanocomposites for biomedical and environmental applications. In Magnetic

508 Bulletin of Pure and Applied Sciences-Zoology / Vol.43B No.2s/ July-December 2024



Nanoparticles and Polymer Nanocomposites (pp- 225-287). Elsevier.
https://doi.org/10.1016/b978-0-323-85748-2.00011-6

[20] Somya, A. (2023). Superabsorbent Polymers for Heat Resistance and Treatment of
Industrial Effluents. In Properties and Applications of Superabsorbent Polymers (pp. 67—82).
Springer Nature Singapore. https://doi.org/10.1007/978-981-99-1102-8 4

[21] Anchidin-Norocel, L., Gutt, G., Tataranu, E., & Amariei, S. (2024). Electrochemical
sensors and biosensors: effective tools for detecting heavy metals in water and food with
possible implications for children’s health. In International Journal of Electrochemical Science
(Vol. 19, Issue 8, p. 100643). Elsevier BV. https://doi.org/10.1016/.ij0es.2024.100643

[22] Cho, I.-H., Kim, D. H., & Park, S. (2020). Electrochemical biosensors: perspective on
functional nanomaterials for on-site analysis. In Biomaterials Research (Vol. 24, Issue 1).
American Association for the Advancement of Science (AAAS).
https://doi.org/10.1186/s40824-019-0181-y

[23] Turdean, G. L. (2011). Design and Development of Biosensors for the Detection of Heavy
Metal Toxicity. In International Journal of Electrochemistry (Vol. 2011, pp. 1-15). Hindawi
Limited. https://doi.org/10.4061/2011/343125

[24] Shirsat, M. D., &Hianik, T. (2023). Electrochemical Detection of Heavy Metal Ions Based
on Nanocomposite Materials. In Journal of Composites Science (Vol. 7, Issue 11, p. 473).
MDPI AG. https://doi.org/10.3390/jcs7110473

[25] Munonde, T. S., &Nomngongo, P. N. (2020). Nanocomposites for Electrochemical
Sensors and Their Applications on the Detection of Trace Metals in Environmental Water
Samples. In Sensors (Vol. 21, Issue 1, p. 131). MDPI AG. https://doi.org/10.3390/s21010131
[26] Agnihotri, A. S., Varghese, A., & M, N. (2021). Transition metal oxides in electrochemical
and bio sensing: A state-of-art review. In Applied Surface Science Advances (Vol. 4, p.
100072). Elsevier BV. https://doi.org/10.1016/j.apsadv.2021.100072

[27] Sawan, S., Maalouf, R., Errachid, A., &Jaffrezic-Renault, N. (2020). Metal and metal
oxide nanoparticles in the voltammetric detection of heavy metals: A review. In TrAC Trends
in Analytical Chemistry (Vol. 131, p. 116014). Elsevier BV.
https://doi.org/10.1016/j.trac.2020.116014

[28] Maheshwaran, S., Chen, W.-H., Lin, S.-L., Ghorbani, M., & Hoang, A. T. (2024). Metal
oxide-based electrochemical sensors for pesticide detection in water and food samples: a
review. In Environmental Science: Advances (Vol. 3, Issue 2, pp. 154-176). Royal Society of
Chemistry (RSC). https://doi.org/10.1039/d3va00313b

[29] Mohamad Nor, N., Abdul Razak, K., & Lockman, Z. (2017). Physical and Electrochemical
Properties of Iron Oxide Nanoparticles-modified Electrode for Amperometric Glucose
Detection. In Electrochimica Acta (Vol. 248, pp. 160-168). Elsevier BV.
https://doi.org/10.1016/j.electacta.2017.07.097

[30] Tajik, S., Beitollahi, H., Dourandish, Z., Mohammadzadeh Jahani, P., Sheikhshoaie, 1.,
Askari, M. B., Salarizadeh, P., Nejad, F. G., Kim, D., Kim, S. Y., Varma, R. S,
&Shokouhimehr, M. (2022). Applications of Non-precious Transition Metal Oxide
Nanoparticles in Electrochemistry. In Electroanalysis (Vol. 34, Issue 7, pp. 1065-1091). Wiley.
https://doi.org/10.1002/elan.202100393

[31] Lee, S., Oh, J., Kim, D., & Piao, Y. (2016). A sensitive electrochemical sensor using an
iron oxide/graphene composite for the simultaneous detection of heavy metal ions. In Talanta

509 Bulletin of Pure and Applied Sciences-Zoology / Vol.43B No.2s/ July-December 2024



(Vol. 160, pp. 528-536). Elsevier BV. https://doi.org/10.1016/j.talanta.2016.07.034

[32] Biatas, K., Moschou, D., Marken, F., & Estrela, P. (2022). Electrochemical sensors based
on metal nanoparticles with biocatalytic activity. In Microchimica Acta (Vol. 189, Issue 4).
Springer Science and Business Media LLC. https://doi.org/10.1007/s00604-022-05252-2

[33] Gupta, S., & Tripathi, M. (2012). A review on the synthesis of TiO2 nanoparticles by
solution route. Open Chemistry, 10(2), 279-294.

[34] Su, P.-G., & Huang, L.-N. (2007). Humidity sensors based on TiO2
nanoparticles/polypyrrole composite thin films. In Sensors and Actuators B: Chemical (Vol.
123, Issue 1, pp. 501-507). Elsevier BV. https://doi.org/10.1016/1.snb.2006.09.052

[35] Haidry, A. A., Yucheng, W., Fatima, Q., Raza, A., Zhong, L., Chen, H., Mandebvu, C. R.,
& Ghani, F. (2024). Synthesis and characterization of TiO2 nanomaterials for sensing
environmental volatile compounds (VOCs): A review. In TrAC Trends in Analytical
Chemistry (Vol. 170, p. 117454). Elsevier BV. https://doi.org/10.1016/j.trac.2023.117454
[36] Giampiccolo, A., Tobaldi, D. M., Leonardi, S. G., Murdoch, B. J., Seabra, M. P., Ansell,
M. P., Neri, G., & Ball, R. J. (2019). Sol gel graphene/TiO2 nanoparticles for the
photocatalytic-assisted sensing and abatement of NO2. In Applied Catalysis B: Environmental
(Vol. 243, pp. 183—-194). Elsevier BV. https://doi.org/10.1016/j.apcatb.2018.10.032

[37] Liao, J., Yang, F., Wang, C.-Z., & Lin, S. (2018). The crystal facet-dependent
electrochemical performance of TiO2 nanocrystals for heavy metal detection: Theoretical
prediction and experimental proof. In Sensors and Actuators B: Chemical (Vol. 271, pp. 195—
202). Elsevier BV. https://doi.org/10.1016/].snb.2018.05.067

[38] Peng, J.-D., Shih, P.-C., Lin, H.-H., Tseng, C.-M., Vittal, R., Suryanarayanan, V., & Ho,
K.-C. (2014). TiO 2 nanosheets with highly exposed (001)-facets for enhanced photovoltaic
performance of dye-sensitized solar cells. In Nano Energy (Vol. 10, pp. 212-221). Elsevier
BV. https://doi.org/10.1016/j.nanoen.2014.09.014

[39] Skoog, D.A., Holler, F.J., & Crouch, S.R. (2007). Principles of Instrumental Analysis (6th
ed.). Thomson Brooks/Cole.

[40] P.S. Kalsi, Spectroscopy of Organic Compounds 5™ Edition, 2002.

[41] El-Fatah, G. A., Magar, H. S., Hassan, R. Y. A., Mahmoud, R., Farghali, A. A.,
&Hassouna, M. E. M. (2022). A novel gallium oxide nanoparticles-based sensor for the
simultaneous electrochemical detection of Pb2+, Cd2+ and Hg2+ ions in real water samples.
In Scientific Reports (Vol. 12, Issue 1). Springer Science and Business Media LLC.
https://doi.org/10.1038/s41598-022-24558-vy

510 Bulletin of Pure and Applied Sciences-Zoology / Vol.43B No.2s/ July-December 2024



