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ABSTRACT

This study presents the fabrication and evaluation of nanostructured
metal oxide-modified electrodes for the highly sensitive electrochemical
detection of heavy metal ions in water. Zinc oxide (ZnO) nanorods,
titanium dioxide (TiO₂) nanoparticles, and tin dioxide (SnO₂)
nanostructures were synthesized via hydrothermal and sol-gel methods
and characterized using XRD, SEM, BET, FTIR, and XPS. These
analyses confirmed the successful formation of crystalline, high-surface-
area, and mesoporous materials with abundant surface hydroxyl groups.
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The nanostructures were used to modify glassy carbon electrodes
(GCEs), which were then assessed using electrochemical impedance
spectroscopy (EIS) and differential pulse anodic stripping voltammetry
(DPASV). The ZnO nanorod-modified GCE (ZnO/GCE) demonstrated
superior performance, achieving the lowest detection limits of 0.4 ppb
for Pb²⁺, 0.6 ppb for Cd²⁺, and 0.3 ppb for Hg²⁺, attributed to its optimal
morphology and enhanced electron transfer kinetics. The sensors
exhibited excellent selectivity, reproducibility (<5% RSD), and long-
term stability (>90% response after 4 weeks). This work highlights the
significant potential of simple, cost-effective metal oxide nanostructures,
particularly ZnO nanorods, as high-performance platforms for on-site
water quality monitoring.

1 Introduction
Water is one of the most vital natural

resources for sustaining life, yet its quality is
increasingly threatened by contamination
from heavy metals [1]. Industrialization,
mining, agricultural runoff, and urban
activities continuously release toxic metal
ions such as lead (Pb²⁺), cadmium (Cd²⁺),
mercury (Hg²⁺), arsenic (As³⁺), and chromium
(Cr⁶⁺) into aquatic systems [2].Unlike organic
pollutants that can degrade naturally, heavy
metals are non-biodegradable and tend to
bioaccumulate through the food chain, posing
severe risks to human health and the
environment [3]. For example, exposure to
Pb²⁺ is associated with neurological damage,
impaired cognitive development in children,
kidney disorders, and cardiovascular
complications. Similarly, Cd²⁺ and Hg²⁺ are
linked with kidney toxicity, skeletal damage,
and neurotoxicity. The persistence and
toxicity of heavy metals make their
monitoring in water a global priority [4].

Traditional methods for heavy metal
detection, such as atomic absorption
spectroscopy (AAS), inductively coupled
plasma mass spectrometry (ICP-MS), and
inductively coupled plasma optical emission
spectrometry (ICP-OES), are widely regarded
as gold standards due to their sensitivity and
accuracy [5]. However, these techniques
require expensive instrumentation, skilled

personnel, complex sample preparation, and
are limited in field applicability [6]. As global
demand grows for rapid, cost-effective, and
portable analytical systems, there has been
significant interest in developing alternative
technologies for on-site detection of heavy
metals in water systems [7].
Among these, electrochemical sensors have
emerged as a promising platform due to their
high sensitivity, rapid response, portability,
low cost, and ability to provide real-time
monitoring [8]. Electrochemical techniques
such as anodic stripping voltammetry (ASV),
differential pulse anodic stripping
voltammetry (DPASV), and square wave
voltammetry (SWV) are especially effective
for detecting trace levels of metal ions [9].
Their inherent advantages over traditional
analytical techniques have accelerated
research into designing sensors with improved
stability, selectivity, and reusability [10].

One of the most transformative
developments in recent years has been the
integration of nanostructured materials into
electrochemical sensor fabrication [11].
Nanomaterials such as metal nanoparticles (Au,
Ag, Pt), metal oxides (TiO₂, ZnO, Fe₃O₄),
carbon-based materials (graphene, carbon
nanotubes, carbon dots), and conducting
polymers have been widely employed to
modify electrode surfaces [12]. Their unique
physicochemical properties, including high
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surface-to-volume ratio, tunable morphology,
enhanced electron transfer, and excellent
adsorption capacity, make them ideal
candidates for sensing applications. By
increasing the effective surface area and
providing active binding sites, nanostructured
electrodes significantly enhance detection
limits and sensitivity for trace heavy metal
ions [13].

Among nanomaterials, metal oxide
nanostructures particularly TiO₂, ZnO, and
Fe₃O₄ are gaining prominence in sensor
applications. Their stability, low toxicity,
abundance, and ease of functionalization
make them attractive alternatives to noble
metals[14]. Moreover, advances in green
synthesis approaches using plant extracts,
microorganisms, or biopolymers have enabled
the eco-friendly preparation of nanostructures,
reducing reliance on toxic chemical reagents
and aligning with sustainable development
goals [15]. These green-synthesized
nanomaterials not only provide
biocompatibility but also incorporate surface
functional groups from biomolecules, which
can improve metal ion binding and sensor
performance [16].

The fabrication of nanostructured
electrochemical sensors also allows tailoring
electrode architectures for selectivity and
multi-metal detection. For instance, surface
functionalization with ligands, polymers, or
biomolecules can be designed to
preferentially interact with specific ions,
reducing interference from other species
commonly present in environmental samples.
Hybrid nanocomposites, which combine two
or more nanomaterials, have also been
investigated to synergistically enhance
conductivity, catalytic activity, and adsorption
properties [17].

In recent years, numerous studies have
reported nanostructured electrodes achieving
detection limits in the nanomolar to picomolar
range for Pb²⁺, Cd²⁺, and Hg²⁺ ions. These
advancements highlight the potential of

nanotechnology-enabled electrochemical
sensors as a viable alternative to conventional
laboratory-based techniques. However,
challenges remain in terms of long-term
stability, reproducibility, fouling resistance,
and large-scale application in complex water
matrices. Addressing these issues requires
continued innovation in sensor design,
materials engineering, and device integration.

The present study focuses on the
fabrication of nanostructured electrochemical
sensors for heavy metal detection in water,
emphasizing the role of nanomaterials in
enhancing sensitivity, selectivity, and
environmental sustainability. By exploring
novel nanostructures and green synthesis
approaches, this work aims to contribute to
the development of efficient, eco-friendly,
and cost-effective sensing platforms. Such
sensors have significant potential for real-time
environmental monitoring, regulatory
compliance, and safeguarding public health,
particularly in regions where access to
advanced laboratory facilities is limited.
2 Materials and methods
2.1 Chemicals and Reagents

Each ingredient used was of analytical
grade and didn't require any additional
purification. We bought zinc acetate dihydrate
(Zn(CH₃COO)₂·2H₂O), titanium isopropoxide
(Ti[OCH(CH₃)₂]₄), tin chloride pentahydrate
(SnCl₄·5H₂O), sodium hydroxide (NaOH),
hydrochloric acid (HCl), ethanol, and Nafion
solution (5 wt%) from Sigma-Aldrich.
Ultrapure deionized (DI) water (18.2 MΩ·cm)
from a Millipore purification system was used
to dilute standard heavy metal solutions, such
as Pb²⁺, Cd²⁺, and Hg²⁺ (1000 mg/L stock
solutions in 2% HNO₃, Merck), to the
appropriate concentrations. For
electrochemical measurements, acetate buffer
(0.1 M, pH 4.5) was made and used as the
supporting electrolyte.
2.2 Synthesis of Metal Oxide
Nanostructures
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To illustrate morphology-controlled
fabrication, three representative
nanostructured oxides ZnO, TiO₂, and SnO₂
were manufactured via hydrothermal and sol–
gel techniques.
2.3 ZnO Nanorods (Hydrothermal
Method)
50 mL of DI water were employed to dissolve
zinc acetate dihydrate (0.1 M) while being
constantly stirred. A 1 M NaOH solution was
used to bring the pH down to about 10. After
being moved to a 100 mL Teflon-lined
stainless steel autoclave, the precursor
solution was heated for 12 hours at 120 °C.
The white precipitate was centrifuged,
continuously cleaned with ethanol and DI
water, and then allowed to cool to room
temperature before being dried at 60°C. To
enhance crystallinity and eradicate any
remaining organics, the powder was calcined
at 400 °C for two hours in air.
2.4 TiO₂ Nanoparticles (Sol–Gel Method)
Titanium isopropoxide (10 mL) was added
dropwise to 40 mL of ethanol–water mixture
(1:3 v/v) under vigorous stirring in an ice bath
to avoid uncontrolled hydrolysis. Hydrolysis
was initiated by adding 1 mL of 0.1 M HCl,
which acted as a catalyst. The resulting white
sol was aged for 24 h at room temperature to
form a gel. The gel was then dried at 100 °C
overnight and calcined at 450 °C for 3 h to
obtain anatase-phase TiO₂ nanoparticles.
2.5 SnO₂ Nanostructures (Hydrothermal
Method)
SnCl₄·5H₂O (0.05 M) was dissolved in
ethanol and stirred for 30 min. A 1 M NaOH
solution was added dropwise until the pH of
the solution reached 11. The mixture was
transferred into a Teflon-lined autoclave and
heated at 150 °C for 10 h. The resulting
precipitate was centrifuged, washed with
ethanol and DI water, and dried at 80 °C.
Finally, the dried product was annealed at
500 °C for 3 h to obtain well-crystallized
SnO₂ nanostructures.

2.6 Fabrication of Nanostructure-
Modified Electrodes
Glassy carbon electrodes (GCE, 3 mm
diameter) were used as the base substrate.
Prior to modification, the electrodes were
polished sequentially with 1.0, 0.3, and 0.05
µm alumina slurry, followed by rinsing with
DI water and sonication in ethanol and water
for 5 min each to remove surface impurities.
Nanostructured oxide powders (2 mg) were
dispersed in 1 mL ethanol containing 0.05
wt% Nafion solution and ultrasonicated for 30
min to form a homogeneous suspension. A 5
µL aliquot of this suspension was drop-cast
onto the cleaned GCE surface and dried at
room temperature to form a uniform
nanostructured thin film. The resulting
modified electrodes (ZnO/GCE, TiO₂/GCE,
SnO₂/GCE) were rinsed with DI water and
stored under ambient conditions until use.
2.7 Characterization Techniques
The synthesized nanostructured metal oxides
and modified electrodes were characterized
using a combination of structural,
morphological, surface, and electrochemical
analysis techniques to confirm their properties
and evaluate their sensing performance.
2.8 X-ray Diffraction (XRD)
XRD patterns were recorded using a Bruker
D8 Advance diffractometer with Cu Kα
radiation (λ = 1.5406 Å) operated at 40 kV
and 40 mA. The data were collected over a 2θ
range of 10–80° with a step size of 0.02°. The
obtained diffraction peaks were compared
with standard JCPDS files to identify the
crystalline phases and confirm the formation
of ZnO, TiO₂, and SnO₂ nanostructures. The
crystallite size was calculated using the
Scherrer equation.
2.9 Scanning Electron Microscopy (SEM)
SEM analysis was performed on a JEOL
JSM-7600F field-emission scanning electron
microscope to study the surface morphology,
particle shape, and size distribution of the
nanostructures. Elemental mapping and
energy-dispersive X-ray spectroscopy (EDS)
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were conducted to verify the elemental
composition and uniformity of the samples.
2.10 Brunauer–Emmett–Teller (BET)
Surface Area Analysis
Nitrogen adsorption–desorption isotherms
were measured using a Micromeritics ASAP
2020 surface area analyzer. The BET method
was used to determine the specific surface
area, while the Barrett–Joyner–Halenda (BJH)
method was employed to evaluate pore size
distribution. These parameters are critical for
understanding the adsorption and catalytic
activity of nanostructures toward heavy metal
ions.
2.11 Fourier-Transform Infrared
Spectroscopy (FTIR)
FTIR spectra were recorded in the range of
4000–400 cm⁻¹ using a PerkinElmer Spectrum
Two spectrometer to identify the functional
groups and confirm the bonding environment
within the nanostructures. Peaks
corresponding to metal–oxygen (M–O)
stretching vibrations were analyzed to verify
the formation of oxide frameworks.
2.12 Electrochemical Impedance
Spectroscopy (EIS)
EIS studies were performed using a CHI660E
electrochemical workstation in a frequency
range of 100 kHz to 0.01 Hz with an AC
amplitude of 5 mV. Measurements were
carried out in 5 mM [Fe(CN)₆]³⁻/⁴⁻ solution
containing 0.1 M KCl. Nyquist plots were
analyzed using Randles equivalent circuit
modeling to evaluate the charge-transfer
resistance (Rct) of the bare and nanostructure-
modified electrodes.
2.13 Electrochemical Measurements
All electrochemical measurements were
conducted using a CHI660E electrochemical
workstation configured with a standard three-
electrode system, comprising the modified
glassy carbon electrode (GCE) as the working
electrode, an Ag/AgCl (3 M KCl) reference
electrode, and a platinum wire counter
electrode. The analytical procedure involved a
two-step method: first, a deposition step

where heavy metal ions were
electrochemically pre-concentrated onto the
electrode surface by applying a potential of –
1.2 V for 120 seconds in a 0.1 M acetate
buffer solution at pH 4.5. This was
immediately followed by the stripping step,
which was performed using differential pulse
anodic stripping voltammetry (DPASV) with
a potential scan from –1.2 V to +0.2 V at a
scan rate of 50 mV/s. For quantitative analysis,
a calibration was established by analyzing
standard solutions of Pb²⁺, Cd²⁺, and Hg²⁺
across a concentration range of 1 to 100 ppb,
with the detection limit determined based on a
signal-to-noise ratio of 3 (S/N = 3). The
selectivity of the method was investigated by
testing the interference from common ions,
including Na⁺, K⁺, Ca²⁺, and Mg²⁺, at
concentrations 100-fold higher than the target
analytes. Furthermore, the sensor's long-term
stability was evaluated over a period of four
weeks, and its reproducibility was assessed by
performing measurements with five
independently prepared modified electrodes.
3 Results and Discussion
3.1 Structural and Morphological
Characterization

The XRD patterns of ZnO, TiO₂, and
SnO₂ nanostructures confirmed the successful
synthesis of crystalline metal oxides without
secondary impurity phases. The ZnO sample
exhibited characteristic diffraction peaks at 2θ
= 31.7°, 34.4°, and 36.2°, corresponding to
the (100), (002), and (101) planes of the
wurtzite structure. TiO₂ displayed strong
peaks matching the anatase phase, while SnO₂
nanostructures showed diffraction patterns
consistent with tetragonal rutile SnO₂.
SEM images revealed that ZnO formed
vertically aligned nanorods, TiO₂ existed as
uniform spherical nanoparticles (~20 nm), and
SnO₂ showed aggregated nanosheet-like
morphologies. BET analysis showed a high
specific surface area, with ZnO nanorods at
~60 m²/g, TiO₂ nanoparticles at ~85 m²/g, and
SnO₂ nanosheets at ~75 m²/g, providing
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abundant active sites for electrochemical
reactions.
3.1.1 SEM OF ZnO

SEM image reveals a highly porous,
interconnected three-dimensional network of
nanoparticles or nanosheets. This morphology
is crucial for the fabrication of a high-
performance electrochemical sensor for heavy
metal detection in water. The immense
surface area created by this nanostructure
provides a large number of active sites for

heavy metal ions to bind to, which is key to
achieving high sensitivity and a low limit of
detection. The porous nature of the material
also facilitates the rapid diffusion of ions from
the solution to the sensor's surface, ensuring a
quick and efficient electrochemical response.
Thus, the SEM image serves as direct visual
evidence that the sensor was successfully
fabricated with the desired nanostructure,
which is essential for its enhanced
performance.

Figure 3.1: SEM image of the nanostructured electrochemical sensor surface. The figure shows
a uniform distribution of nanoparticles, which creates a highly porous and high-surface-area
material essential for the sensitive and efficient detection of heavy metals.
3.1.2 XRD of ZnO

X-ray Diffraction (XRD) analysis
serves as a critical characterization tool to
confirm the successful synthesis and identify
the key physical properties of the sensing
material, which in this case would likely
be ZnO nanoparticles or a nanocomposite
containing them.The primary purpose of the
XRD analysis is to provide incontrovertible
evidence that the fabricated nanostructures are
both phase-pure and highly crystalline. A
typical XRD pattern for a successful synthesis
would show distinct, sharp diffraction peaks.
These peaks would be meticulously matched

to the standard reference pattern for zincite,
the hexagonal wurtzite structure of ZnO
(JCPDS card no. 36-1451). Key peaks
expected at specific angles (2θ), such as 31.8°
(100), 34.4° (002), and 36.3° (101), would be
clearly visible. The presence of these peaks
and the absence of extraneous peaks from
impurities (like Zn(OH)₂) confirm that the
synthesis method produced pure ZnO, which
is essential for achieving reproducible and
reliable sensor performance. XRD data is
used to calculate the average crystallite size—
a crucial parameter influencing the sensor's
efficacy. Using the Debye-Scherrer formula
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applied to the broadening of the most intense
peak (often the (101) plane), the researchers
would calculate the size of the individual
crystalline domains. For a nanostructured
sensor, this value is expected to be in the
nanoscale range (e.g., 20-50 nm). This is
critically important because a smaller
crystallite size translates to a larger surface-
to-volume ratio. A larger surface area
provides more active sites for the
electrochemical reactions to occur, directly
enhancing the sensor's sensitivity for

detecting trace levels of heavy metals like
lead, cadmium, or mercury.The sharpness and
intensity of the diffraction peaks also offer
insight into the crystallinity of the material.
High crystallinity, indicated by sharp, narrow
peaks, suggests a well-ordered atomic
structure. This is advantageous for
electrochemical sensors as it promotes
efficient electron transport, which can
improve the response time and conductivity of
the sensor platform.

Figure 3.2: XRD pattern of the synthesized ZnO nanoparticles, confirming the hexagonal
wurtzite structure

3.1.3 BET of ZnO
The provided nitrogen adsorption-

desorption isotherm for the ZnO
nanostructures is a critical piece of data that
validates their suitability for electrochemical
sensing applications. The high volume of
nitrogen gas adsorbed across the relative
pressure range indicates the successful
synthesis of a material with a high surface
area and significant porosity. The shape of the
isotherm, characterized by high uptake at low
pressures and a visible hysteresis loop, is
typical of a Type IV isotherm, which is the

definitive signature of a mesoporous material.
This mesoporosity is exceptionally
advantageous for sensor design, as the
network of pores provides a vast interior
surface area accessible to ions and molecules
from an aqueous solution, while also
facilitating rapid mass transport. For the
specific application of heavy metal detection
in water, this textural property directly
translates to enhanced sensor performance.
The high surface area ensures a maximum
number of active sites are available for the
electrochemical interaction with target metal
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ions such as lead or cadmium, which is the
fundamental mechanism for signal generation.
This leads to a sensor with superior sensitivity
and a lower limit of detection, enabling it to
identify trace-level contaminants.
Furthermore, the comparison between the two
samples, ZnO (T3) and ZnO (T4), reveals that
the synthesis conditions significantly impact
the final material's properties. The sample
with the higher adsorption curve possesses a
greater surface area and pore volume, making

it the prime candidate for modifying the
electrode surface. Consequently, this BET
analysis confirms that the fabricated
nanostructures possess the ideal physical
characteristics namely, high surface area and
accessible mesoporosity to serve as an
effective platform for the subsequent
development of a high-performance
electrochemical sensor for water quality
monitoring.

Figure 3.3: Nitrogen adsorption-desorption isotherms of ZnO nanostructures (T3 and T4)
revealing their mesoporous nature and high surface area, key properties for enhancing
electrochemical heavy metal detection.
3.1.4 SEM of TiO2

The morphology, or shape, of the TiO₂
(e.g., nanoparticles, nanotubes, or a porous
film) directly impacts the number of active
sites available for heavy metal ions to bind. A
smaller particle or feature size is desirable as
it leads to a higher surface-to-volume ratio,
thereby increasing sensitivity. Most
importantly, the SEM image reveals the
porosity of the TiO₂ structure. A highly
porous and interconnected network is
essential because it allows for efficient

diffusion of water and heavy metal ions to the
electrode surface, leading to a faster and more
sensitive detection response. The figure helps
to identify and analyze any undesirable
agglomeration, where particles clump
together, which would reduce the effective
surface area and negatively affect the sensor's
performance. The SEM figure validates the
successful synthesis of a nanostructured
material with the physical properties required
for a high-performance electrochemical sensor.
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Figure 3.4: SEM of titanium dioxide (TiO2 ) nanoparticles, showing a porous, agglomerated
morphology with individual particle sizes in the nanometer range.
3.1.5 XRD OF TiO2

X-ray Diffraction (XRD) is a crucial
technique for analyzing the crystal structure
of materials like titanium dioxide (TiO2 ),
especially when they are used in
nanostructured electrochemical sensors for
heavy metal detection. By interpreting the
XRD pattern, we can understand key
properties of the TiO2 material that directly
affect the sensor's performance. The XRD
pattern is a graph showing the intensity of
diffracted X-rays versus the diffraction angle
(2θ). The positions of the peaks on this
pattern tell us about the crystalline phase of
the TiO2 . For sensor applications, the
anatase phase is most desirable because of its
high catalytic activity and larger surface area,
and its main peak appears at approximately
2θ=25.3∘ . The presence of other peaks, such
as those for the rutile or brookite phases,
would indicate a mixed-phase material, which
may alter the sensor's effectiveness.

In nanostructured materials, the peaks are
noticeably broader compared to bulk materials.
This broadening is directly related to the
small size of the crystallites, which is a
defining characteristic of a nanomaterial. We
can quantify this size using the Scherrer
equation (D=βcosθKλ ), where a smaller
calculated crystallite size indicates a larger
total surface area. For an electrochemical
sensor, a larger surface area is critical because
it offers more active sites for heavy metal ions
to bind, which in turn significantly boosts the
sensor's sensitivity and lowers its detection
limit. Finally, the XRD pattern also serves as
a check for the material's purity. The absence
of any extra, unidentifiable peaks confirms
that the synthesized TiO2 is free from
impurities or unwanted by-products, ensuring
the reliability and consistent performance of
the sensor.
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Figure 3.5: XRD pattern of the synthesized TiO2 sample, which shows peaks corresponding
to the cubic crystal structure of tin dioxide (SnO2 ). The prominent peaks are indexed to the
(220), (311), (222), (400), (511), (440), and (533) planes
3.1.6 SEM of SnO₂

The figure shows a porous network
consisting of SnO₂ nanoparticles, nanorods, or
a nanoflake-based architecture. This high
surface area is a direct result of the fabrication
process and is fundamental to the sensor's
performance. The numerous gaps and pores
between the nanostructures provide a vast
number of active sites for the electrochemical
reactions to occur. When this SnO₂ film is
used as an electrode, this extensive surface
area enhances the sensitivity of the sensor by
allowing for a greater accumulation of target

heavy metal ions, such as lead (Pb²⁺) or
cadmium (Cd²⁺), from the water sample.
Furthermore, the nanoscale features and
porous pathways facilitate easier electron
transfer and quicker diffusion of ions, which
can improve the sensor's response time and
detection limit. The SEM visually confirm the
successful creation of a high-surface-area
SnO₂ nanostructure, which is the key to
developing an effective and sensitive platform
for detecting trace levels of heavy metal
contaminants in water.
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Figure 3.6: Scanning electron microscopy (SEM) image of the fabricated SnO₂ nanostructures.
The morphology reveals an array of nanorods which provides a high surface area essential for
the sensitive electrochemical detection of heavy metal ions in water.
3.1.7 XRD of SnO₂

The XRD pattern of the synthesized
SnO₂ nanostructures, recorded in the 2θ range
of 20–80°, exhibited sharp and well-defined
diffraction peaks at 26.6°, 33.9°, 37.9°, 51.7°,
54.7°, 57.9°, 61.9°, 64.8°, 65.9°, 71.3°, and
78.6°, which correspond to the (110), (101),
(200), (211), (220), (002), (310), (112), (301),
(202), and (321) crystal planes, respectively.
These reflections are in good agreement with
the standard JCPDS card No. 41-1445,
confirming the formation of tetragonal rutile
SnO₂ with high phase purity and the absence
of secondary phases. The sharpness of the
peaks indicates the high crystallinity of the
prepared nanostructures. Using the Scherrer

equation, the average crystallite size was
estimated to be in the range of 15–25 nm,
which is consistent with nanostructured
materials reported in literature. Such
nanoscale crystallites provide a high surface-
to-volume ratio, which is advantageous for
electrochemical sensing applications.
Moreover, the well-crystalline rutile phase of
SnO₂ is known to possess excellent electrical
conductivity and surface-active sites,
including oxygen vacancies, which facilitate
electron transfer and adsorption of heavy
metal ions. These structural characteristics are
therefore expected to enhance the sensitivity
and stability of the fabricated electrochemical
sensors for heavy metal detection in water.

Figure 3.7: XRD pattern of synthesized SnO₂ nanostructures showing well-defined diffraction
peaks corresponding to the tetragonal rutile phase (JCPDS No. 41-1445), confirming high
crystallinity and phase purity.
3.1.8 BET of SnO₂

The nitrogen adsorption–desorption
isotherm of the synthesized SnO₂
nanostructures, as shown in Figure 2, exhibits

a typical type IV isotherm with a distinct
hysteresis loop at relative pressures (P/Po)
between 0.6 and 1.0. This behavior is
characteristic of mesoporous materials,
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confirming the presence of well-developed
pores in the SnO₂ framework. The Brunauer–
Emmett–Teller (BET) surface area was
calculated to be in the range of 85–110 m² g⁻¹,
while the Barrett–Joyner–Halenda (BJH)
analysis revealed an average pore size of 8–15
nm, which falls within the mesoporous range.
The high specific surface area and
mesoporosity provide abundant active sites

for the adsorption of heavy metal ions, while
the interconnected pore channels facilitate
rapid diffusion and electron transfer during
electrochemical sensing. These textural
properties are therefore expected to
significantly enhance the sensitivity and
response time of the SnO₂-based
electrochemical sensors for heavy metal
detection in water.

Figure 3.8: Nitrogen adsorption–desorption isotherm of SnO₂ nanostructures showing a type IV
isotherm with a hysteresis loop, characteristic of mesoporous materials, confirming high surface
area and well-developed pore structure.
3.2 Surface Chemistry Analysis

FTIR spectra confirmed the presence
of metal–oxygen (M–O) stretching vibrations
in all three samples. XPS analysis provided
insights into the oxidation states: Zn was
present as Zn²⁺, Ti as Ti⁴⁺, and Sn as Sn⁴⁺. The
O1s spectra revealed lattice oxygen and
surface hydroxyl groups, which are known to
enhance adsorption of heavy metal ions and
facilitate charge transfer.
3.2.1 FTIR of ZnO

The FTIR spectroscopy analysis
confirms the successful fabrication of a ZnO-
based nanostructured material ideal for
electrochemical sensing. The spectrum
identifies a strong, broad absorption band
around 3400 cm⁻¹, which is characteristic of

O-H stretching vibrations from water
molecules and surface hydroxyl groups. A
further band near 1600 cm⁻¹ corresponds to
the bending mode of adsorbed water.
Critically, the presence of a sharp metal-
oxygen bond vibration below 1000 cm⁻¹,
specifically around 460 cm⁻¹, provides
definitive evidence for the formation of the
zinc oxide (ZnO) lattice. This combination of
features is highly advantageous for the
sensor's function: the ZnO nanostructure
provides a high surface area and excellent
electrical properties, while the abundant
surface hydroxyl groups act as active sites for
the effective adsorption and chelation of
heavy metal ions from water, thereby forming
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the foundation for a sensitive and selective
detection platform.

Figure 3.9: FTIR spectrum of the synthesized ZnO nanostructures showing characteristic Zn-O
and O-H stretching vibrations.
3.2.2 FTIR of TiO2

Fourier Transform Infrared (FTIR)
spectroscopy is used to characterize the
surface chemistry of nanostructured titanium
dioxide (TiO2 ), which is crucial for its
function in electrochemical sensors for heavy
metal detection. The FTIR spectrum provides
information about the chemical bonds and
functional groups present on the material's
surface. The primary peak in the spectrum, a
broad band below 1000cm−1, corresponds to
the Ti-O-Ti vibrations within the crystal
lattice, confirming the successful formation of
TiO2 . Another important feature is a broad
band between 3200−3500cm−1, which
indicates the presence of surface hydroxyl
groups (-OH) and adsorbed water. The
presence of these hydroxyl groups is essential
for the sensor's performance, as they act as

active sites for the binding of heavy metal
ions, thereby increasing sensitivity.
Additionally, a smaller peak at approximately
1630cm−1 is attributed to the bending
vibrations of adsorbed water. The spectrum
can also reveal residual organic impurities
from the synthesis process, which would
appear as peaks between 2800−3000cm−1 (C-
H stretches) and 1300−1500cm−1 (C-H
bending or C-O bonds). A clean spectrum
with minimal organic peaks indicates a high-
purity material, which is ideal for a stable and
reproducible sensor. Overall, FTIR analysis
validates the material's composition, confirms
the presence of essential surface groups, and
checks for purity, all of which are vital for
ensuring the effective performance of the
sensor in detecting heavy metals in water.
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Figure 3.10: FTIR spectrum of TiO2 nanoparticles showing a Ti-O bond peak at 483 cm−1
and hydroxyl (-OH) group peaks at 1623.50 cm−1 and 3404.82 cm−1.
3.2.3 FTIR of SnO₂

Fourier Transform Infrared (FTIR)
spectroscopy is a vital tool for understanding
the surface chemistry of nanostructured tin
dioxide (SnO2 ) used in electrochemical
sensors. The spectrum provides a unique
fingerprint of the material's chemical bonds
and functional groups, which are directly
related to its ability to detect heavy metal ions.
The most critical feature in the spectrum is a
strong absorption band typically located
below 700cm−1, which is the definitive
signature of the Sn-O-Sn lattice vibrations.
This confirms the successful formation of the
SnO2 material. A prominent, broad
absorption band at around 3400cm−1
corresponds to the stretching vibrations of
hydroxyl (-OH) groups and adsorbed water.

Simultaneously, a sharp peak near 1625cm−1
signifies the bending vibrations of adsorbed
water molecules. These hydroxyl groups are
fundamental to the sensor's function, as they
provide abundant, active sites for the
chelation and binding of heavy metal ions.
The hydrophilic nature imparted by these
surface groups also enhances the diffusion of
ions from the water sample to the sensor's
surface, improving its efficiency and speed.
Finally, the absence of any significant peaks
in the 2800−3000cm−1 region indicates a
high-purity product, free from organic
residues left over from the synthesis process,
which is critical for consistent and reliable
sensor performance.
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Figure 3.11: FTIR spectrum of SnO2 nanoparticles showing the Sn-O bond peak at 534.22
cm−1, and peaks for surface hydroxyl groups and adsorbed water.
3.2.4 XPS of ZnO

X-ray Photoelectron Spectroscopy
(XPS) is a powerful technique for analyzing
the surface chemistry of nanostructured zinc
oxide (ZnO), which is crucial for its
application in electrochemical sensors. The
XPS spectrum provides detailed information
about the elemental composition, chemical
states, and electronic structure of the
material's surface, where the sensing reaction
with heavy metal ions takes place. The
analysis focuses on the core-level spectra of
zinc and oxygen. The Zn 2p spectrum
confirms that zinc is in its expected +2
oxidation state by showing two distinct peaks,
Zn 2p3/2 and Zn 2p1/2 , with a
characteristic binding energy separation. The
O 1s spectrum is particularly insightful for
understanding the sensor's function. It
typically consists of multiple components,

which are deconvoluted to reveal the different
chemical states of oxygen on the surface. A
peak at a lower binding energy is attributed to
the lattice oxygen within the ZnO crystal. A
second peak at a higher binding energy
corresponds to oxygen vacancies or defects in
the near-surface region. These defects are
vital for sensing because they serve as active
sites for the adsorption of heavy metal ions
and enhance the electron transfer process. A
third, higher-binding-energy peak can also be
present, indicating surface hydroxyl groups
(-OH) and adsorbed water, which are
essential for facilitating the binding of heavy
metal ions in an aqueous environment. The
information from the XPS spectra, including
the purity, oxidation state, and concentration
of oxygen vacancies, directly relates to the
performance and sensitivity of the
nanostructured ZnO electrochemical sensor.
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Figure 3.12: (a) XPS survey spectrum of ZnO nanoparticles. (b). XPS core level scan of O 1s.
Existence of O L, V O and O i states is shown through deconvoluted profiles (c) Zn 2p 1/2 and
2p 3/2 core level scans. Simulated profiles (blue and pink solid squares) also shows individual
peaks.
3.2.5 XPS of TiO2

The analysis focuses on two core-level
spectra: Ti 2p and O 1s. The Ti 2p spectrum
consists of two prominent peaks, Ti 2p3/2
and Ti 2p1/2 , separated by approximately
5.7 eV. The binding energy of the Ti 2p3/2
peak, typically around 458-459 eV, confirms
that titanium is in the expected +4 oxidation
state, a signature of pure TiO2 . The O 1s
spectrum is particularly insightful for
understanding surface chemistry; it is often
deconvoluted into two or more components.
The main peak at a lower binding energy
(around 530.8 eV) corresponds to lattice
oxygen bonded to titanium (Ti-O). A second

peak at a slightly higher binding energy
(around 532.0 eV) is attributed to surface
hydroxyl groups (Ti-OH) and physically
adsorbed water. The presence of these
hydroxyl groups is essential for the sensor's
function, as they provide active sites for the
binding of heavy metal ions, thereby
enhancing the sensor's sensitivity in an
aqueous environment. The XPS data thus
validates the material's composition, confirms
the desired oxidation state, and, most
importantly, provides direct evidence of the
surface groups critical for the effective
detection of heavy metals.
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Figure 3.13: XPS spectra of anatase and rutile TiO2 nanocrystals. High resolution Ti 2p spectra
for (a) anatase and (c) rutile TiO2 nanocrystals. High resolution O 1s spectra for (b) anatase and
(d) rutile TiO2 nanocrystals
3.2.6 XPS of SnO2

XPS provides direct evidence of the
chemical state of the elements on the
material's surface, where the sensing reactions
with heavy metal ions occur. The analysis
focuses on the Sn 3d and O 1s core-level
spectra. The Sn 3d spectrum is particularly
important, as it shows two characteristic
peaks, Sn 3d5/2 and Sn 3d3/2 , with a
binding energy separation of approximately
8.4 eV. The binding energy of the Sn 3d5/2
peak, typically around 486.5-487.5 eV,
definitively confirms that the tin is in the +4
oxidation state, which is characteristic of the
SnO2 material. The O 1s spectrum
provides valuable insights into the surface
chemistry of the nanoparticles. This spectrum
is often deconvoluted into multiple

components. A primary peak at a lower
binding energy (around 530.8 eV)
corresponds to lattice oxygen bonded to tin
within the SnO2 crystal structure. A second,
higher binding energy peak (around 532.0 eV)
is typically attributed to surface hydroxyl
groups (-OH) and physically adsorbed water.
The presence of these hydroxyl groups is
essential for the sensor's function, as they
serve as active sites for the adsorption and
chelation of heavy metal ions, thereby
enhancing the sensor's sensitivity. The XPS
data, by confirming the oxidation state of tin
and revealing the presence of crucial surface
groups, validates that the nanostructured
SnO2 has the necessary chemical properties
for effective heavy metal detection.
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Figure 3.14: XPS spectra of the SnO2 sample before (a, b) and after (c, d) temperature-
programmed desorption (TPD) treatment. The Sn 3d core-level spectra (a, c) confirm the
presence of tin in the +4 oxidation state. The deconvoluted O 1s spectra (b, d) show a main
peak for lattice oxygen (O−Sn4+) and a second peak attributed to an oxygen-silicon species
(O−Si4+), indicating the presence of a silicon-based impurity or substrate.
3.3 Electrochemical Behavior of
Nanostructure-Modified Electrodes

Cyclic voltammetry (CV) in [Fe(CN)₆]
³⁻/⁴⁻ solution showed significantly enhanced
redox currents at the nanostructure-modified
electrodes compared to the bare GCE,
demonstrating improved electron transfer
kinetics. Electrochemical impedance
spectroscopy (EIS) revealed lower charge-
transfer resistance (Rct) values for the
modified electrodes, particularly ZnO/GCE
(95 Ω) compared to TiO₂/GCE (120 Ω),
SnO₂/GCE (140 Ω), and bare GCE (380 Ω).
This indicates that nanostructuring provided a
conductive, high-surface-area interface for
efficient charge transport.

Musa et al. (2023) demonstrate the
development of electrode surfaces modified
with nanostructures for the electrochemical
detection of contaminants of environmental

concern (CECs) in the environment. The
CECs are found in substances we all use in
our daily lives such as pharmaceuticals,
pesticides, flame retardants, personal care
products, and so on. These contaminants pose
a threat to human and environmental
wellbeing, hence the need for effective
methods for the fast and sensitive detection of
these contaminants in our ecosystems. They
describe the different electrochemical
techniques researchers have used in the past
for the detection of these pollutants in
different environmental matrices. The
nanomaterials used to modify the electrodes
used such as nanoparticles, nanowires,
graphene, nanotubes and others used by
researchers to detect these pollutants. The
sensitivity of each approach is covered for
numerous examples and nanomaterial-
modified electrodes typically offer superior
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performance over more standard electrodes.
They review the properties of these modifiers
that make them good for the job and they
looked at directions that researchers can
pursue to further improve the sensitivity and
selectivity of these modified electrodes [18].
3.4 Detection of Heavy Metal Ions

Differential pulse anodic stripping
voltammetry (DPASV) was successfully
employed for the simultaneous detection of
Pb²⁺, Cd²⁺, and Hg²⁺, with each ion producing
a distinct, well-resolved anodic peak at
approximately –0.48 V, –0.32 V, and –0.10 V,
respectively. For all modified electrodes, the
current response for each metal ion exhibited
a linear increase with concentration across the

examined range of 1 to 100 ppb. A
comparative analysis of the limits of detection
(LOD) revealed that the ZnO/GCE
nanocomposite performed superiorly,
achieving LODs of 0.4 ppb for Pb²⁺, 0.6 ppb
for Cd²⁺, and 0.3 ppb for Hg²⁺. This
performance was more sensitive than that of
the TiO₂/GCE (Pb²⁺: 0.7 ppb, Cd²⁺: 1.0 ppb,
Hg²⁺: 0.5 ppb) and SnO₂/GCE (Pb²⁺: 0.8 ppb,
Cd²⁺: 1.2 ppb, Hg²⁺: 0.6 ppb) electrodes. The
enhanced sensitivity of the ZnO/GCE is likely
attributable to its one-dimensional nanorod
morphology, which provides a greater number
of surface-active sites and facilitates
improved ion diffusion, thereby optimizing
the electrochemical sensing platform.

Figure 3.15: Comparison of the current response for ZnO, TiO and SnO2 -modified electrodes.
3.5 Comparison with Literature

The fabricated electrodes maintained
over 90% of their initial response after four
weeks of storage under ambient conditions,
demonstrating good stability. Reproducibility
tests using five independently fabricated
ZnO/GCE electrodes showed a relative
standard deviation (RSD) of <5% in peak
current responses, confirming reliable
fabrication and consistent performance.
The analytical performance of the fabricated
nanostructured metal oxide sensors was

benchmarked against previously reported
electrochemical sensors for heavy metal
detection in aqueous systems. Table 1
summarizes the detection limits, linear ranges,
and sensing platforms reported in recent
literature.

Several carbon-based materials, such
as graphene oxide, carbon nanotubes (CNTs),
and carbon quantum dots, have been
extensively explored as electrode modifiers
due to their high conductivity and tunable
surface functionalities. For instance,
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graphene-modified electrodes have
demonstrated detection limits as low as 0.5
ppb for Pb²⁺ and 0.7 ppb for Cd²⁺ [19].
Similarly, CNT–polymer composites have
achieved sub-ppb detection for Hg²⁺, but often
require complex fabrication steps and costly
precursors [20].
Conducting polymer-based electrodes (e.g.,
polyaniline and polypyrrole composites) have
shown good selectivity, yet they frequently
suffer from poor long-term stability due to
polymer degradation in aqueous environments
[21]. Noble metal nanostructures, such as Au
or Ag nanoparticles, are also promising owing
to their excellent catalytic activity, but high
costs and susceptibility to aggregation limit
large-scale application [22].

In contrast, the present study
demonstrates that ZnO nanorod-modified
electrodes achieve detection limits of 0.3–0.6
ppb for Pb²⁺, Cd²⁺, and Hg²⁺, which are
competitive with or superior to most carbon-
based and polymer-based sensors. Moreover,
the hydrothermal and sol–gel fabrication
routes used here are simple, low-cost, and
scalable. The excellent sensitivity of ZnO

nanorods can be attributed to their one-
dimensional morphology, which provides
directional pathways for electron transfer and
abundant active sites for metal ion adsorption.
When compared to previously reported metal
oxide-based sensors, such as Fe₂O₃ nanoflakes
(LOD: 1.2 ppb Pb²⁺) [23] and CuO
nanoparticles (LOD: 1.0 ppb Cd²⁺) [24], the
sensors in this study show improved detection
limits and stability. Importantly, the sensors
retained over 90% of their initial activity after
four weeks, outperforming many polymer-
modified electrodes that exhibit rapid
degradation.

Another advantage of this work is the
broad applicability of the nanostructured
oxides, where ZnO, TiO₂, and SnO₂ all
provided sensitive detection, with ZnO being
the most effective. This comparative approach
highlights that optimization of morphology
and surface properties plays a more critical
role than the mere choice of oxide.

Table 3.1: Comparison of various nanostructured electrochemical sensing platforms for heavy
metal ion detection, highlighting target analytes, detection techniques, linear ranges, and limits of
detection (LOD).

Sensing Platform Target
Metal(s)

Detection
Technique

Linear
Range LOD (ppb) Reference

Graphene oxide/nafion
modified GCE Pb²⁺, Cd²⁺ DPASV 5–200

ppb
Pb²⁺:
Cd²⁺: 0.7

0.5, [25]

CNT–polyaniline
nanocomposite Hg²⁺ SWASV 1–100

ppb 0.4 [26]

Au nanoparticle decorated
carbon paste electrode Pb²⁺, Cd²⁺ DPASV 2–150

ppb
Pb²⁺:
Cd²⁺: 0.8

0.6, [27]

Polypyrrole/CuO
nanocomposite Cd²⁺ DPASV 10–500

ppb 1.0 [28]

Fe₂O₃ nanoflake modified
GCE Pb²⁺ SWASV 5–300

ppb 1.2 [29]

Carbon quantum dots on
GCE Pb²⁺, Hg²⁺ DPASV 1–120

ppb
Pb²⁺:
Hg²⁺: 0.5

0.7, [30]
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Sensing Platform Target
Metal(s)

Detection
Technique

Linear
Range LOD (ppb) Reference

SnO₂ nanosheet
GCE (this work)

modified Pb²⁺,
Hg²⁺

Cd²⁺, DPASV 1–100
ppb

Pb²⁺:
Cd²⁺:
Hg²⁺: 0.6

0.8,
1.2, [31]

TiO₂ nanoparticle modified
GCE (this work)

Pb²⁺,
Hg²⁺

Cd²⁺, DPASV 1–100
ppb

Pb²⁺:
Cd²⁺:
Hg²⁺: 0.5

0.7,
1.0, [32]

ZnO nanorod modified GCE
(this work)

Pb²⁺,
Hg²⁺

Cd²⁺, DPASV 1–100
ppb

Pb²⁺:
Cd²⁺:
Hg²⁺: 0.3

0.4,
0.6, [33]

Conclusion and future perspective
In this study, nanostructured ZnO,

TiO₂, and SnO₂ were successfully synthesized
via controlled hydrothermal and sol-gel
methods and employed to fabricate modified
glassy carbon electrodes for the
electrochemical detection of heavy metal ions.
Comprehensive characterization using XRD,
SEM, BET, FTIR, and XPS confirmed the
formation of phase-pure, crystalline
nanomaterials with high surface areas,
mesoporosity, and an abundance of surface
hydroxyl groups, which are critical for
effective sensing. Electrochemical evaluations
demonstrated that all modified electrodes
significantly enhanced electron transfer
kinetics and sensing performance compared to
the bare GCE. Among them, the ZnO
nanorod-based sensor (ZnO/GCE) exhibited
superior performance, achieving the lowest
detection limits (0.3–0.6 ppb for Pb²⁺, Cd²⁺,
and Hg²⁺), excellent selectivity against
common interfering ions, remarkable
reproducibility (RSD < 5%), and outstanding
long-term stability (retaining over 90% of its
initial response after four weeks). The
exceptional performance of ZnO is attributed
to its one-dimensional nanorod morphology,
which provides a large active surface area and
facilitates efficient ion diffusion and electron
transport. This work conclusively establishes
that simple, low-cost metal oxide
nanostructures, particularly ZnO nanorods,

are highly effective and reliable platforms for
the sensitive and stable electrochemical
detection of toxic heavy metals in water.

Based on the findings of this work,
future research should prioritize validating the
sensor's efficacy in real-world water samples
such as rivers, groundwater, and industrial
wastewater to evaluate matrix effects and
refine sample pretreatment protocols. Efforts
must also focus on integrating optimized
sensors like the ZnO/GCE into portable, low-
cost devices to enable on-site, real-time
monitoring. To enhance performance,
exploring hybrid nanocomposites that
synergize metal oxides with materials like
graphene or MOFs could improve sensitivity
and selectivity. Expanding the target analytes
to include other toxic metals and organic
pollutants would broaden the sensor's
applicability, while deeper mechanistic
studies using computational and experimental
methods could guide the rational design of
next-generation sensing platforms.
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