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Dopamine detection using leaf-shaped ZnO
synthesized from zinc shells of recycled batteries

Md Yeasin Pabel,a Md Humayun Kabir, *a Md. Sanwar Hossain,a

Fahima Mojumder,a Sourav Datta,a Muhammad Shahriar Basharb and
Sabina Yasmin *a

This study presents a cost-effective and sustainable method for synthesizing ZnO from electronic waste

(e-waste) for the electrochemical detection of dopamine (DA) using a single metal oxide. The purity and

various properties of the ZnO were confirmed using advanced techniques. The growth of ZnO clusters

along the [0001] direction results in the formation of leaf-shaped ZnO with a direct band gap of 3.27 eV.

Cyclic voltammetry, differential pulse voltammetry, and amperometric studies demonstrated successful

DA detection at the ZnO–glassy carbon electrode in aqueous media, with an equal number of electron

and proton pathways for DA oxidation. The sensor exhibited a linear response over a wide concentration

range (0.01 to 100 mM), with a low limit of detection of 0.47 nM and a high sensitivity of 0.0389 A M�1.

Additionally, the sensor showed high selectivity, repeatability and reproducibility with relative standard

deviation of 4.80% in DA detection and proved effective in real sample analysis. These results suggest

that the developed sensor holds great potential as a sensitive, practical, and cost-efficient tool for DA

monitoring. Furthermore, the approach contributes to sustainable management of zinc–carbon battery

waste by producing valuable ZnO.

1. Introduction

3,4-Dihydroxyphenethylamine, also known as dopamine (DA)
and often referred to as the happiness molecule, functions as a
neurotransmitter in the brain and nervous system, playing a
vital role in regulating mood, motivation, reward, and motor
control, playing a crucial role in various biological processes
related to emotions and perception.1–3 Imbalances in DA levels
in the blood serum are associated with diseases such as
schizophrenia (excessive DA) and Parkinson’s disease (deficient
DA).4–6 While these diseases are incurable, early detection can
facilitate management.5 Therefore, there is a pressing need for
sensitive and selective detection of DA accurately for medical
diagnosis. Among the various methods for DA detection, the
electrochemical technique has gained popularity in sensing
applications due to its numerous advantages, including ease
of operation, real-time detection, and high sensitivity and
selectivity. However, realizing these benefits relies on selecting
suitable materials for modifying substrate electrodes.7–10 While
many proposed sensors rely on composite materials for their

synergistic properties,11–15 these often face challenges such as
complex synthesis procedures and inconsistent material homo-
geneity, which can compromise sensor reliability and
performance.16,17 In contrast, single metal oxides offer a sim-
pler composition, ensuring greater reproducibility and unifor-
mity in sensor performance—key factors for precise and
consistent DA detection. Additionally, single metal oxides are
typically more cost-effective and easier to fabricate, as they
eliminate the need for intricate blending or multi-step prepara-
tion processes.18–20 These attributes make single metal oxides
an attractive alternative for the development of efficient and
reliable electrochemical sensors.

In the digital era, electronic waste (e-waste) has become a
critical environmental issue,21,22 with zinc–carbon batteries
(ZCBs) being significant contributors due to their widespread
use and inadequate disposal.23 However, their improper dis-
posal exacerbates landfill congestion and environmental pollu-
tion, posing severe health and ecological risks.24,25 Addressing
these challenges, sustainable solutions for ZCB recycling have
gained attention, including extracting graphite, manganese
oxides, and zinc for reuse.22,23,26,27 ZCB consists of a graphite
positive electrode surrounded by manganese dioxide and car-
bon powder, encased within a zinc container acting as both
packaging and a negative electrode.23,26 Graphite from spent
ZCBs has been successfully repurposed for graphene-based
materials,28–32 while zinc recovery efforts have focused on
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producing low-cost ZnO. Therefore, extracting zinc from waste
ZCBs presents a sustainable and cost-effective alternative,
addressing resource limitations while enhancing waste man-
agement and reducing environmental impact.

Recycling methods for e-waste primarily include pyrometal-
lurgy, which uses high temperatures to extract metals but
involves high energy consumption and environmental risks,
and hydrometallurgy, which dissolves metals in chemical solu-
tions but generates substantial waste requiring careful
management.23,27 To address these limitations, simpler and
more sustainable approaches for ZnO synthesis from e-waste-
derived Zn are necessary. Here, we propose a straightforward
precipitation method for synthesizing highly pure ZnO using
zinc hulls recovered from discarded ZCBs. This approach offers
a simple, cost-effective, and environmentally friendly solution
for recycling e-waste while producing valuable ZnO.

In this study, we present a simple and efficient precipitation
method to synthesize highly pure ZnO from zinc hulls recov-
ered from discarded ZCBs for use as a sensitive and selective
electrochemical sensor for DA. This approach minimizes
energy consumption and environmental impact compared to
conventional zinc extraction methods while enabling the devel-
opment of single metal oxide-based electrochemical detectors
for DA sensing. This method not only mitigates the environ-
mental burden of e-waste but also transforms waste materials
into valuable products such as ZnO, which hold economic
potential for sensor applications and beyond.

2. Experimental
2.1. Reagents and chemicals

Analytical grade DA, uric acid, 4-nitrophenol, glucose, HCl,
NaOH and other chemicals were purchased from Sigma-
Aldrich (Merck), Germany. All chemicals were used as received,
without further purification. Ultrapure deionized water (DI)
(18 MO�cm) was used to prepare all solutions.

2.2. Instruments

The morphology of the samples was analyzed using scanning
electron microscopy (SEM) (EVO18, Carl Zeiss AG, Germany) at
various magnifications with a 15 kV electron beam voltage.
Elemental composition was determined by energy-dispersive
X-ray spectroscopy (EDS) (TEAM EDS; EDAX, USA). The Fourier-
transform infrared (FTIR) spectrum was acquired in transmit-
tance mode using a PerkinElmer Frontier spectrophotometer
(USA). X-ray diffraction (XRD) patterns were recorded with a
Thermo Scientific ARL Equinox diffractometer (Cu Ka1, l =
1.5406 Å, 40 kV, 30 mA). Ultraviolet-visible (UV-Vis) diffuse
reflectance spectra were measured with a Shimadzu UV-1800
spectrophotometer (Japan) to determine the optical band gap
(Eg). Photoluminescence (PL) spectra were obtained using a
Hitachi F-7000 spectrophotometer with a 150 W xenon lamp at
room temperature. Electrochemical analyses were performed
using a CHI660 device (USA) with a glassy carbon (GC) working

electrode (F = 3 mm), Ag/AgCl/KCl (sat.) reference electrode,
and a spiral Pt wire counter electrode.

2.3. Recovery of Zn–metal and synthesis of ZnO

To preserve the integrity of the Zn shell, the waste batteries
were carefully dismantled. The Zn shell was then cleaned with
deionized water to remove the attached mixture of MnO2,
NH4Cl, carbon powder, and other substances. The Zn metal
was polished using sandpaper and cleaned with Triton X-100
surfactant to remove impurities, resulting in a shiny surface.
The Zn metal was dissolved in concentrated HCl, and 1 M
NaOH was gradually added until Zn(OH)2 precipitated
(Scheme 1). The product was separated via centrifugation,
rinsed multiple times with DI water until the pH reached 7,
and then washed with ethanol to remove any organic residue.
Finally, the ZnO product was dried in a vacuum oven for 24
hours at 80 1C.

2.4. Fabrication of the ZnO modified GC electrode

The GC electrode (CHI104, F = 3 mm) was meticulously
polished using a polishing microcloth and an aqueous slurry
of fine alumina particles. After polishing, the GC electrode was
subjected to 5 minutes of ultrasonication in deionized water
to remove any remaining alumina particles. The prepared ZnO
was fully suspended in deionized water at a concentration of
1 mg mL�1 using sonication. A homogeneous suspension was
then drop-cast onto the GC electrode, and the electrode was
allowed to dry at room temperature, forming a uniform film of
active components. This modified electrode was used for sub-
sequent electrochemical measurements.

3. Results and discussion
3.1. Characterization

3.1.1. Functional group and structural analysis. Fig. 1A
presents the FTIR spectrum of ZnO, showing distinct bands
corresponding to ZnO. The bands at 425 and 891 cm�1 are
specifically attributed to the stretching and bending vibrations
of the Zn–O bond in ZnO.33,34 It is well known that Zn–O
stretching vibration is in the range of 400 to 600 cm�1.33–36

Scheme 1 Synthesis of ZnO nanostructures and their application in DA
detection. (Upper panel) Schematic representation of the synthesis of ZnO
nanostructures from waste batteries. (Lower panel) Electrochemical
detection of DA using the ZnO-based electrode.
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Additionally, the presence of –OH groups on the ZnO surface
was observed (Fig. 1A). These –OH groups likely originated
from chemisorbed and/or physisorbed water molecules during
FTIR analysis, as the successful conversion of Zn(OH)2 to ZnO
was confirmed through XRD and EDS spectra (Fig. 1B and 2D).
Furthermore, the morphological analysis discussed in Section
3.1.3 suggested possible reactions involved in ZnO synthesis
(Scheme 2A).

Then, dried ZnO particles were subjected to XRD analysis
using Cu-Ka radiation (l = 1.54060 Å), with relative intensity
data collected over a 2y range of 10–801 (Fig. 2B). The XRD
pattern of ZnO exhibits sharp and intense peaks, indicative of
the high purity and crystallinity of the synthesized ZnO
(Fig. 2B). The diffraction bands at 2y of 31.701, 34.321, 36.151,
47.331, 56.361, 62.711, 65.981, 67.771, 68.791, 72.571, and 76.851
correspond to the (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) planes of the hexagonal wurtzite
ZnO lattice.33–38 Importantly, no additional diffraction peaks
were observed, indicating the purity of ZnO. The absence of
characteristic peaks of Zn(OH)2, such as those at B19.01, 35.61,
and 53.11, further confirms the complete conversion of
Zn(OH)2 to ZnO.39,40 Faisal et al. also reported that thermal
treatment during the synthesis of ZnO facilitates the conversion
of Zn(OH)2 to high-purity ZnO.36 Therefore, this evidence
suggests the successful conversion of Zn(OH)2 to ZnO.

3.1.2. Optical properties. PL spectroscopy is a very effective
method for investigating the impact of morphology on
the optoelectrical characteristics of semiconductor materials
like ZnO.41–43 Fig. 1C displays the PL spectrum of the synthe-
sized ZnO, revealing three distinct emission bands. One of
these bands corresponds to UV edge emission, while the other
two bands correspond to visible light emission and are asso-
ciated with the defects present in the manufactured ZnO.42,43

The presence of a distinct and intense emission peak at a
wavelength of 373 nm can be attributed to the recombination of
electrons and holes, which is commonly referred to as UV band
edge emission.42,43 Typically, this band is located at a wave-
length of around 385 nm.43 The observed shift of the emission
band towards shorter wavelengths suggests an increase in the
optical band gap, a phenomenon known as the Moss–Burstein
effect.41,43 The Moss–Burstein effect states that the optical band
gap of a semiconductor system grows as the number of free
electrons in the system increases.41 The emissions at a wave-
length of 454 and 543 nm are mostly caused by defects in
the ZnO nanomaterial, such as oxygen vacancies or interstitial
zinc ions.42,43

The optical band gap value of the produced ZnO was
determined by calculating the absorption energy associated
with the electron excitation from the valence band to the
conduction band, as seen in Fig. 1D. The band gap energy
was calculated using eqn (1) based on the Tauc plot (Fig. 1D).44

(ahv)1/n = A(hv � Eg) (1)

where a, hv, and A are the absorption coefficient, the photon
energy, and the constant exponent related to the type of
transition that occurs in the material, respectively. The values
of n, which might be 1/2, 2, 3/2, and 3, correspond to allowed
indirect, direct, prohibited indirect, and forbidden direct tran-
sitions, respectively.44,45 The prepared ZnO has a direct band
gap energy value of 3.27 eV, which aligns with findings from
prior studies.45

3.1.3. Surface morphology and elemental analysis. The
shape and microstructure of the synthesized ZnO were assessed
by analyzing the SEM images (Fig. 2A and B). The ZnO exhibited

Fig. 1 Structural and optical characterization of ZnO. (A) FTIR spectrum
showing the functional groups present. (B) XRD pattern with labeled peaks
corresponding to specific crystalline planes. (C) PL spectrum indicating the
optical emission properties. (D) Tauc plot showing the optical bandgap
energy derived from UV-Vis absorption data. The dotted lines in the Tauc
plot indicate the base (horizontal) and fitted (vertical) lines. a.u. on the
Y-axes indicates arbitrary units.

Fig. 2 Morphological and compositional analysis of ZnO. (A) and (B) SEM
images at two different magnifications. (C) Particle size distribution histo-
gram derived from the SEM image (B), with a Gaussian fit shown as a black
curve. (D) EDS spectrum, with the inset showing the full area analyzed
(upper) and the elemental composition (lower).
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a leaf-shaped morphology that was evenly distributed (Fig. 2A
and B). However, another particle form, resembling a cauli-
flower, was also observed. This leaf-shaped morphology of ZnO
may enhance its surface area and ability to interact with
dopamine (see Section 3.2.1). Fig. 2C displays the particle size
distribution obtained from the SEM images using ImageJ soft-
ware (64-bit). The average particle length measured approxi-
mately 385 nm. The EDS spectrum of ZnO in Fig. 2D revealed its
elemental composition. The prepared ZnO consisted of 15.8%
oxygen and 84.2% zinc by weight, with atomic percentages of
43.4% and 56.6%, respectively (Fig. 2D). The absence of addi-
tional peaks in the EDS spectrum indicates the high purity of
the prepared ZnO.

The morphology of ZnO is influenced by a combination of
kinetic factors, such as the growth rates of different crystal
surfaces, and thermodynamic factors, which relate to the
energetic stability of the overall structure.46–52 ZnO can form
a wide range of morphologies, including nanorods, needles,
leaf, flower, tubes, belts, wires, combs, etc., depending on the
nature of the solvent, precursor materials, reaction tempera-
ture, reaction duration, and solution pH.36,46,50–52 In this study,
Zn metal collected from a Zn–C battery was dissolved in
concentrated HCl, and 1.0 M NaOH was gradually added until
Zn(OH)2 precipitated. The precipitate was then dried in a
vacuum oven for 24 hours at 80 1C (Scheme 1). The possible
reactions involved in ZnO formation and a plausible mecha-
nism for the formation of leaf-like ZnO are shown in Scheme 2.

Generally, the excessive addition of NaOH to Zn2+ leads to the
formation of zincate ions (Zn(OH)4

2�), which undergo dehydra-
tion upon heating to produce ZnO36 (Scheme 2A). As the
solution is heated, the ions rearrange to form clusters and
generate stable nuclei (Scheme 2B). The direction of growth of
these nanostructures depends on the selective adsorption effect
on certain facets. The presence of excess OH� generally pro-
motes the growth of ZnO clusters along the [0001] direction,
resulting in rod-shaped ZnO36 (Scheme 2B). The leaf-like struc-
tures are formed as multiple nanorods come together in an
ordered array. This aggregation is driven by thermodynamic
stability, where larger leaf-shaped structures are energetically
more favorable than smaller nanorods.

3.2. Electrochemical dopamine sensing

3.2.1. Electrochemical activity of ZnO/GC for DA oxidation.
The electrochemical sensor activity of the ZnO/GC electrode for
DA oxidation was evaluated by cyclic voltammetry and differ-
ential pulse voltammetry using a standard three electrode
system in 0.1 M PBS (pH 6.9) containing 50 mM DA. Fig. 3A
shows the cyclic voltammograms (CVs) recorded at bare GC and
ZnO/GC electrodes in the absence and presence of DA. Without
DA, neither electrode exhibited discernible faradaic currents,
confirming the absence of non-specific redox activity (Fig. 3A).
Conversely, upon DA introduction, well-defined anodic and
cathodic peaks emerged at both electrodes, signifying the
characteristic redox behavior of DA. Notably, the anodic peak

Scheme 2 Reactions and mechanisms in ZnO formation. (A) Possible reactions involved in the synthesis of ZnO. (B) Proposed mechanism for the
formation of ZnO leaf structures.

Fig. 3 Electrochemical characterization of the ZnO/GC electrode for DA detection in 0.1 M PBS. (A) CVs recorded at bare GC and ZnO/GC electrodes in
the absence and presence of DA at a scan rate of 100 mV s�1. (B) CVs at the ZnO/GC electrode in the presence of DA at various scan rates. DA and DAQ
denote dopamine and dopaminequinone, respectively. Inset: Logarithmic plot of anodic peak current versus logarithm of scan rate with the fitted
equation. (C) DPVs at GC and ZnO/GC electrodes in the absence and presence of DA. The horizontal array indicates the initial scan direction. The
experimental parameters for DPV: potential increment = 4 mV, pulse amplitude = 50 mV, pulse width = 60 ms, and pulse period = 0.5 s.
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current at the ZnO/GC electrode exhibited a nearly threefold
enhancement relative to that of the bare GC electrode, indicat-
ing the superior electrocatalytic efficacy of the leaf-shaped ZnO
in facilitating DA oxidation. Fig. 3B displays the CVs at the ZnO/
GC electrode in the presence of DA at various scan rates. As the
scan rate increases, the peak current of the oxidation and
reduction also increases, as expected. The logarithm of oxida-
tion peak current against the logarithm of scan rate showed a
strong relationship with a slope of 0.49 (inset of Fig. 3B). This
value is very close to the theoretical slope of 0.5, characteristic
of a diffusion-controlled faradaic process. On the other hand,
the reduction peak current showed a linear relationship with
the scan rate, suggesting that the reduction of oxidized DA at
the ZnO/GC electrode is predominantly governed by adsorption
processes.

Fig. 3C shows the differential pulse voltammograms (DPVs)
obtained at bare GC and ZnO/GC electrodes in the absence and
presence of DA. Like CVs, no oxidation peak was detected in the
absence of DA at either electrode (Fig. 3C). However, in the
presence of DA, both electrodes displayed oxidation peaks
corresponding to DA oxidation. The peak potential (Ep) at the
ZnO/GC electrode was slightly shifted towards a more positive
potential, and the peak current (ip) at the ZnO/GC electrode was
ca. 4.5 times greater than that at the GC electrode. This
significant increase in oxidation current at the ZnO/GC elec-
trode compared to the GC electrode highlights again the super-
ior electrocatalytic activity of the ZnO/GCE for DA sensing. The
electrochemically active surface area (ECSA) of the ZnO/GC
electrode was evaluated using the Randles–Sevcik equation in
a standard ferri/ferrocyanide redox couple solution. The ECSA
of the ZnO/GC electrode was determined to be ca. 2.1 times
greater than the geometric surface area of the bare GC electrode
(0.0707 cm2). Therefore, the substantial enhancement in the ip

at the ZnO/GC electrode can be attributed to the increased
ECSA of the modified electrode and the improved interaction
between the ZnO and DA molecules, leading to greater DA
accumulation on the electrode.

Fig. 4A presents DPVs for electrochemical DA sensing in PBS
solution at various pHs using a ZnO/GC electrode. Shifts in
peak potential and changes in peak current intensity for DA
oxidation were observed with the pH medium (Fig. 4A and B).
At lower pH, peak currents are observed at more positive
potentials, whereas at higher pH, the peaks shift to more
negative potentials (Fig. 4A and B). This indicates that the
oxidation potential and rate of oxidation of DA at the ZnO/GC
electrode are pH dependent. In acidic conditions (pH = 3 to 6),
DA is relatively stable, primarily existing in its protonated
form.53–57 As the pH increases to neutral and slightly basic
levels (pH = 7 to 8), DA undergoes oxidation more easily,
forming dopaminoquinone.53,54,57 In basic conditions (pH = 9
to 11), oxidation is further favored, leading to the formation of
various oxidized products, such as quinones, and potentially
polymerization into melanin-like substances.53,54,56 Conse-
quently, DA is more susceptible to oxidation at higher pH
levels, resulting in diverse chemical transformations. The Ep

showed a linear relationship with the pH of the medium,

following the equation Ep = 0.594–0.050 pH (Fig. 4B). For a
Nernstian reaction involving an equal number of protons and
electrons, the expected slope of Ep versus pH is 59 mV pH�1.
The observed slope in this study (50 mV pH�1), which is close to
the theoretical value, suggests that an equal number of protons
and electrons are involved in the oxidation of DA at the ZnO/GC
electrode.

The highest peak current was observed at pH 6.9, indicating
the optimal pH for DA oxidation at the ZnO/GC electrode. ZnO
exhibits different surface dynamics in aqueous solutions across
a broad pH range (3 to 11).33–35,37,38 ZnO maintains surface
stability and exhibits a positive surface charge in acidic condi-
tions (pH = 3 to 6), where DA exists in its protonated form. This
results in a low oxidation rate (low peak current) due to
coulombic repulsion between the like charges. At neutral to
slightly basic pH (7 to 8), ZnO starts developing surface –OH
groups,35,37,38 resulting in higher current due to possible H-
bonding between these hydroxyl groups and DA. Under basic
conditions (pH 9 to 11), zincate ions (Zn(OH)4

2�) are formed,
which reduces the response to DA sensing.

A possible mechanism for the electrochemical oxidation of
DA in PBS solution at the ZnO/GC electrode is illustrated in
Fig. 4C. The cyclic voltammetric study indicated that the redox
behavior of DA follows a quasi-reversible process, with electro-
oxidation being more favorable than reduction (Fig. 3A and B),
which aligns with findings in the literature.1,3,10,12 The oxida-
tion process was diffusion-controlled (Fig. 3B) and involved an
equal number of protons and electrons as discussed above.
Typically, the electro-oxidation mechanism includes a two-step
process where the two hydroxyl groups in DA are converted into
dopaminequinone (Fig. 4C). This dopaminequinone is then
transformed into 5,6-dihydroxyindole, which is further oxidized

Fig. 4 pH-dependent DA oxidation at the ZnO/GC electrode in 0.1 M PBS. (A)
DPVs in the presence of 50 mM DA at different pH values. (B) Plot of peak
potential (Ep) versus pH and peak current (ip) versus pH derived from (A).
(C) Plausible mechanism for the electrochemical oxidation of DA at the ZnO/
GC electrode. The experimental parameters for DPV: potential increment =
4 mV, pulse amplitude = 50 mV, pulse width = 60 ms, and pulse period = 0.5 s.
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to 5,6-dihydroxy indolyl quinone.58 Repeated oxidation of DA
ultimately leads to the formation of polydopamine, as shown in
Fig. 4C.58

3.2.2. Interference, repeatability, and reproducibility. We
employed the chronoamperometric technique at a potential of
0.15 V, the optimal potential for the oxidation of DA (Fig. 3), to
assess the interference effects of various possible interfering
substances (glucose, uric acid and 4-nitrophenol) towards the
electrochemical selectivity of DA sensing.8,59–61 Each interfering
reagent was introduced at 50–60 s intervals for consistent

conditions and accurate response measurement. Initially, a distinct
current spike followed DA addition, confirming successful oxidation
of DA (Fig. 5A). Subsequently, introducing glucose resulted in no
noticeable change in the current–time curve (Fig. 5A). This observa-
tion aligns with the higher potential required for the oxidation of
glucose (around 0.4–0.6 V vs. SHE).62–66 The re-introduction of DA
again showed a clear signal, proving that the modified electrode
responds specifically to DA (Fig. 5A). Neither 4-nitrophenol nor uric
acid showed any chronoamperometric response at the ZnO/GC
electrode (Fig. 5A). This lack of interference can be attributed to their
higher oxidation potentials compared to DA. 4-Nitrophenol typically
requires 0.1 to 0.3 V vs. SHE,67,68 while uric acid needs 0.2 to 0.4 V vs.
SHE69,70 for oxidation. The final re-addition of DA resulted in a
significant current response, confirming the reliability of the elec-
trode (Fig. 5A). Notably, the ZnO/GC electrode showed no interfer-
ence from uric acid, a common contaminant in biological samples.
This indicates the potential use of the ZnO/GC electrode for selective
DA detection in complex matrices.

For the repeatability study, fifteen consecutive DPVs were
recorded at a ZnO/GC electrode in 50 mM DA in 0.1 M PBS (inset
of Fig. 5B). Fig. 5B shows minimal variation in peak current
with increasing analysis count, with only ca. 13% of the peak
current dropped after the 15th experiment. The reproducibility
of the ZnO/GC electrode was assessed through electroanalysis
of 50 mM DA at three distinct ZnO/GC electrodes. The relative
standard deviation (RSD) of the current responses recorded at
the modified electrodes was 4.80%. Therefore, the repeatability
and reproducibility studies demonstrated that the ZnO/GC
electrode produced a consistent DA oxidation peak current.

3.2.3. Quantitative determination of DA. Fig. 5C presents
the DPVs at the ZnO/GC electrode for DA concentrations from
0.01 to 100 mM in 0.1 M PBS at pH 6.9. The ip increases linearly
with DA concentration, following the calibration curve in
Fig. 5D, again confirming the DA oxidation at the ZnO/GC
electrode. The limit of detection (LOD) was calculated using the
equation LOD = 3S/m, where S represents the standard

Fig. 5 Interference, repeatability, and quantitative analysis of DA at the
ZnO/GC electrode in 0.1 M PBS. (A) amperometric response of 50 mM DA
at 0.15 V in the presence of potential interfering species. (B) Plot of peak
current versus analysis count from fifteen consecutive DPVs in a 50 mM DA
solution, shown in the inset. (C) DPVs for varying DA concentrations (inset
displays magnified DPVs for lower DA concentrations). (D) Calibration
curve correlating peak current with dopamine concentration with the
fitted equation derived from (C). The experimental parameters for DPV:
potential increment = 4 mV, pulse amplitude = 50 mV, pulse width = 60 ms,
and pulse period = 0.5 s.

Table 1 Comparative electrochemical performance of ZnO-based electrodes for DA detection in aqueous systems

Electrode Method Linear range (mM) LOD (nM) Ref.

GO–ZnO/GCE DPV 1–70 330 9
ZnO/CF DPV 6–20 402 14
Au–ZnO NCAs/GF DPV 0–80 40 2
SPEEK/ZnO SWV 5.4 � 10�7–1.9 � 10�3 0.89 71
ZnO/ErGO/GCE SDLSV 0.01–80 3.6 10
Ti3C2/GMWCNTs/ZnO/GCE DPV 0.01–30 3.2 11
N-ZnO/N-rGO DPV 0.05–800 200 59
Ag–Cu@ZnO Amperometry 0.1–10 210 60
3D-rGO–ZnO/GCE DPV 0.01–70 0.06 8
ZnO–ZnFe2O4/Fe3O4/CN DPV 0.01–61.34 1.57 61
ZnO@Au DPV 0.1–500 86 72
ZnO/PC DPV 0.10–100.0 22 73
b-Zn(OH)2/ZnO DPV 1.75–263 nM 0.17 74
In2O3ZnO@MC Amperometry 0.5–2056 24 75
ZnO/GCE DPV 0.01–100 0.47 This study

CF: nanofiber; CN: carbon nanocomposites; DA-CS: dopamine-imprinted chitosan film; ErGO: electro-reduced graphene oxide; GMWCNTs:
graphitized multi-walled carbon nanotubes; MC: mesoporous carbon; MWCNTs: multi-walled carbon nanotubes; NCAs: nanocone arrays; P-rGO:
porous reduced graphene oxide; PC: porous carbon; SDLSV: second derivative linear sweep voltammetry; SPEEK: sulphonated polyether
etherketone; SWV: square wave votammetry; 3D-KSC: three-dimensional kenaf stem-derived macroporous carbon.
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deviation of the blank solution and m is the slope of the
calibration curve,60 resulting in an LOD of 0.47 nM. The
sensitivity of the electrode was determined to be 0.0389 A M�1.
Table 1 compares the electrochemical DA sensing performance
of various ZnO-based electrodes in aqueous solutions. While
many ZnO-based composites offer enhanced sensing perform-
ance,8,59–61 they often require complex synthesis methods and
exhibit inconsistent material quality, affecting reliability
and performance. In contrast, our single-metal oxide ZnO is
simpler, more cost-effective, and easier to produce, ensuring
better uniformity and consistent performance, with the results
comparable to composite materials.2,9,14,59,60 The enhanced
electrochemical performance of the ZnO/GC electrode for DA
oxidation may be attributed to the unique morphology of ZnO.

Different concentrations of DA solution were prepared using
DA hydrochloride injection in 0.1 M PBS to represent real
sample analysis. Recovery experiments were performed by
differential pulse voltammetry using a standard three electrode
system. The background current was corrected to precisely
determine the recovery (%) of DA, and three sequential experi-
ments were performed. The recovery amounts for DA ranged
from 92 to 107% (Table 2), demonstrating the practical relia-
bility of the proposed sensor.

4. Conclusions

We demonstrate a low-cost method for synthesizing uniquely
leaf-shaped ZnO using metallic Zn shells obtained from waste
batteries via precipitation. The ZnO/GC electrode detects dopa-
mine (DA) in the range of 0.01 to 100 mM, with a low limit of
detection of 0.47 nM, which is below the physiological concen-
tration. The developed sensor shows promising DA selectivity
even in the presence of interfering species and exhibits good
reproducibility. Moreover, the proposed ZnO/GC electrode can
detect DA in real samples. The affordability of the precursors
for synthesizing leaf-shaped ZnO offers an economical electro-
chemical sensor for detecting DA and other potential bio-
molecules, while also promoting environmentally sustainable
e-waste management.
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F. A. Zucca, Protective and Toxic Roles of Dopamine in
Parkinson’s Disease, J. Neurochem., 2014, 129(6), 898–915.

7 Mounesh, K. V. Reddy and O. Nagaraja, Novel n-octadecylcarb-
oxamide CoPc: amperometric detections for bioanalytes using
modified GCE, Chem. Papers, 2021, 75, 2945–2956.

8 C. Nong, B. Yang, X. Li, S. Feng and H. Cui, Electrochemical
Sensor Based on Three-Dimensional rGO/ZnO Composite
for Dopamine Detection, Int. J. Electrochem. Sci., 2022,
17(3), 220331.

9 X. Zhang, Y.-C. Zhang and L.-X. Ma, One-Pot Facile Fabrica-
tion of Graphene-Zinc Oxide Composite and Its Enhanced
Sensitivity for Simultaneous Electrochemical Detection of
Ascorbic Acid, Dopamine and Uric Acid, Sens. Actuators, B,
2016, 227, 488–496.

10 F. Li, B. Ni, Y. Zheng, Y. Huang and G. Li, A Simple and
Efficient Voltammetric Sensor for Dopamine Determination
Based on ZnO Nanorods/Electro-Reduced Graphene Oxide
Composite, Surf. Interfaces, 2021, 26, 101375.

11 M. Ni, J. Chen, C. Wang, Y. Wang, L. Huang, W. Xiong,
P. Zhao, Y. Xie and J. Fei, A High-Sensitive Dopamine

Table 2 Recovery of dopamine from real samples using the ZnO/GC-
based electrochemical sensor

Sample no.

Concentration of DA (mM)

Recovery (%)Added Found

1 1.0 1.03 � 0.05 103
2 2.0 2.14 � 0.02 107
3 5.0 4.60 � 0.02 92
4 10.0 9.60 � 0.03 96
5 15.0 14.70 � 0.02 98

�: Standard deviation (n = 3)

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/2

7/
20

26
 1

0:
58

:2
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00001g


2250 |  Mater. Adv., 2025, 6, 2243–2252 © 2025 The Author(s). Published by the Royal Society of Chemistry

Electrochemical Sensor Based on Multilayer Ti3C2 MXene,
Graphitized Multi-Walled Carbon Nanotubes and ZnO
Nanospheres, Microchem. J., 2022, 178, 107410.

12 D. Balram, K.-Y. Lian and N. Sebastian, A Novel Electro-
chemical Sensor Based on Flower Shaped Zinc Oxide Nano-
particles for the Efficient Detection of Dopamine, Int.
J. Electrochem. Sci., 2018, 13(2), 1542–1555.

13 K. V. Reddy, Novel garnished cobalt (II) phthalocyanine with
MWCNTs on modified GCE: sensitive and reliable electro-
chemical investigation of paracetamol and dopamine, New
J. Chem., 2020, 44(39), 16831–16844.

14 C. Yang, C. Zhang, T. Huang, X. Dong and L. Hua, Ultra-
Long ZnO/Carbon Nanofiber as Free-Standing Electroche-
mical Sensor for Dopamine in the Presence of Uric Acid,
J. Mater. Sci., 2019, 54(24), 14897–14904.

15 B. S. Jilani, M. Pari, K. V. Reddy and K. S. Lokesh, Simulta-
neous and sensitive detection of ascorbic acid in presence
of dopamine using MWCNTs-decorated cobalt (II) phthalo-
cyanine modified GCE, Microchem. J., 2019, 147, 755–763.

16 R. F. Gibson, A Review of Recent Research on Mechanics of
Multifunctional Composite Materials and Structures, Com-
pos. Struct., 2010, 92(12), 2793–2810.

17 V. B. Mohan, K. Lau, D. Hui and D. Bhattacharyya,
Graphene-Based Materials and Their Composites: A Review
on Production, Applications and Product Limitations, Com-
posites, Part B, 2018, 142, 200–220.

18 Z. S. Campbell, S. Baro, Y. Gao, F. Li and M. Abolhasani,
Flow Synthesis of Single and Mixed Metal Oxides, Chem.:-
Methods, 2022, 2(8), e202200007.

19 T. P. Mabate, N. P. Maqunga, S. Ntshibongo, M. Maumela
and N. Bingwa, Metal Oxides and Their Roles in Hetero-
geneous Catalysis: Special Emphasis on Synthesis Protocols,
Intrinsic Properties, and Their Influence in Transfer Hydro-
genation Reactions, SN Appl. Sci., 2023, 5(7), 196.

20 Y. Yoon, P. L. Truong, D. Lee and S. H. Ko, Metal-Oxide
Nanomaterials Synthesis and Applications in Flexible and
Wearable Sensors, ACS Nanosci. Au, 2022, 2(2), 64–92.

21 K. Zhang, J. L. Schnoor and E. Y. Zeng, E-Waste Recycling:
Where Does It Go from Here?, Environ. Sci. Technol., 2012,
46(20), 10861–10867.

22 E. Sanchez Moran, D. Prodius, I. C. Nlebedim and M. Mba
Wright, Rare-Earth Elements Recovery from Electronic
Waste: Techno-Economic and Life Cycle Analysis, ACS Sus-
tainable Chem. Eng., 2024, 12(38), 14164–14172.

23 M. H. Kabir, M. Y. Pabel, N. T. Bristy, M. A. Salam,
M. S. Bashar and S. Yasmin, From e-waste to eco-sensors:
synthesis of reduced graphene oxide/ZnO from discarded
batteries for a rapid electrochemical bisphenol A sensor,
RSC Adv., 2024, 14(48), 36073–36083.

24 T. Zhang, B. Zhang, X. Bai, Y. Yao, L. Wang, Y. Shu, K. Kannan,
X. Huang and H. Sun, Health Status of Elderly People Living
Near E-Waste Recycling Sites: Association of E-Waste Disman-
tling Activities with Legacy Perfluoroalkyl Substances (PFASs),
Environ. Sci. Technol. Lett., 2019, 6(3), 133–140.

25 M. Yan, Z. Cheng, Q. Zou, H. Zhao, L. Yang, H. Zhu, T. Zhang
and H. Sun, Human Exposure Levels of Volatile Organic

Compounds in E-Waste Recycling Area: Get Insight into
Impacts of Manipulation Mode and Associations with Oxidative
Stress Markers, Environ. Health, 2023, 1(6), 405–415.

26 M. H. Kabir, M. J. Miah, A. K. Mohiuddin, M. S. Hossain,
B. P. Upoma, M. A. A. Shaikh, M. Y. Pabel, F. Mojumder,
R. Mahmud, N. I. Tanvir and S. Yasmin, Highly Effective
Removal of Moxifloxacin from Aqueous Solutions Using
Graphene Oxide Functionalized with Sodium Dodecyl Sul-
fate, ACS Sustainable Resour. Manage., 2025, 2(2), 256–266.

27 I. De Michelis, F. Ferella, E. Karakaya, F. Beolchini and F. Vegliò,
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