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Access to safe and clean water remains a major global concern, largely due to contamination by toxic
heavy metals. Among these contaminants, mercury exhibits extreme toxicity even at ultra-trace level
concentrations, posing serious and long-lasting threats to both human health and the environment. To
mitigate this issue, a highly selective and sensitive electrochemical sensor has been fabricated for Hg?*
ion detection at the trace level. The sensor is designed on a glassy carbon electrode (GCE), which has
been modified with a nanocomposite composed of manganese dioxide (MnO,) nanoparticles and reduced
graphene oxide (rGO). Incorporation of rGO and MnO, nanoparticles improves electrical conductivity, enlarges
the electroactive surface area, and provides abundant adsorption sites for ng+ ions. MnO, serves as a redox-
active component with strong affinity for mercury ions (Hg?*), whereas rGO ensures efficient electron transfer.
The combined effects of these materials result in a synergistic interface exhibiting excellent electrocatalytic
activity, enabling ultrahigh sensitivity, broad detection capability, and a remarkably low detection limit of

Received 28th October 2025, 0.097 nM — well below the World Health Organization's permissible concentration for Hg?* in drinking water.

Accepted 22nd April 2026 Furthermore, the developed sensor exhibits long-term operational stability, reproducibility, and repeatability,
along with strong selectivity against common interfering ions such as Na®, K¥, Fe**, Zn?*, and Cu®*Overall,

the rGO-MnO, nanocomposite modified sensor offers a reliable, cost-effective, and efficient approach for

DOI: 10.1039/d5ma01242b

rsc.li/materials-advances real-time detection and monitoring of Hg?* contamination in aqueous systems.

on the kidneys, brain, nervous system, immune system, and
endocrine functions in both humans and wildlife.* Therefore,
early and precise detection of Hg>" ions in water resources is
essential for ensuring environmental and public health safety.

1. Introduction

The persistence and extreme toxicity of heavy metals remain
a major challenge for environmental monitoring and

management." Among these pollutants, mercury ions (Hg>")
are regarded as particularly dangerous, even at ultra-trace
concentrations because of their strong bioaccumulation and
toxic interactions with living systems.”> Maximum allowable
concentrations of Hg>" in drinking water have been set at
5 nM by the United States Environmental Protection Agency
(US EPA) and 10 nM by the World Health Organization (WHO).?
Atmospheric deposition, rock weathering, agricultural runoff,
and industrial activities represent major natural and human-
driven sources of Hg>' contamination in aquatic systems.
Prolonged exposure to Hg>" has been linked to adverse effects
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Traditional analytical approaches for detecting metal ions -
including surface-enhanced Raman scattering, inductively
coupled plasma mass spectrometry, fluorescence-based assays,
and atomic absorption spectroscopy — provide high sensitivity
and accuracy for metal ion detection.>® However, their reliance
on sophisticated instrumentation, trained personnel, and con-
trolled laboratory settings makes them unsuitable for routine
or in-field analysis.” In comparison, electrochemical sensors
offer a more accessible and efficient alternative. They are cost-
effective, easy to use, portable, and capable of delivering real-
time results — making them highly suitable for environmental
field applications.®

Reduced graphene oxide (rGO) has attracted significant
interest as a sensing material owing to its exceptional electrical
conductivity, chemical stability, and large surface area, which
together facilitate efficient detection of trace metal ions such as
Hg”".” Its large surface area enhances analyte adsorption, while

© 2026 The Author(s). Published by the Royal Society of Chemistry
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its excellent conductivity facilitates rapid electron transfer,
making it a promising platform for electrochemical sensor
development.'® However, rGO alone exhibits limited intrinsic
redox activity and selectivity toward specific heavy metal ions.*
To mitigate these limitations, rGO is commonly coupled with
redox-active functional materials. Manganese dioxide (MnO,) is
one such effective material."* Previous research has shown that
Mn-based oxides can be successfully integrated with carbon
nanostructures for various composites."® Nevertheless, the
poor electrical conductivity of MnO, restricts its use as a
standalone electrode modifier in advanced sensor designs.'*
Therefore, the combination of MnO, with conductive rGO has
shown great potential. The combination of these two materials
in a composite combines the superior conductivity and
mechanical robustness of rGO with the adsorption and
redox properties of MnO,.'*> Pathak et al. developed Fe;O,-
MnO,@rGO nanocomposites and observed enhanced adsorp-
tion and catalytic performance for environmental cleanup and
sensing tasks."” For hydrazine sensing, a hydrothermally
synthesized a-MnO,/N-rGO composite showed improved elec-
trochemical activity and stability.'® The unique combination of
rGO-MnO, in nanocomposites offers excellent improvement in
electrochemical performance. Yet, their use in detecting Hg”"
has received little attention so far. For example, Mnyipika et al.
developed an MnO,@rGO nanocomposite-based electrochemical
sensor for detecting Cd>*, Zn>*, and Cu”* at the same time, high-
lighting its promise for multiplexed sensing applications.'” Several
nanostructures, such as silver nanowires, gold nanoparticles, and
graphene quantum dots, have also been employed to enhance
sensor performance for Hg”" detection. For instance, Rahman et al.
developed a graphene oxide-silver nanowire (GO-AgNW)
composite-based Hg?* sensor with high sensitivity and a low
detection limit of ~0.1 nM."® Similarly, quantum dot-based sen-
sors like GQDs-AuNPs/GCE have demonstrated excellent perfor-
mance toward Hg®" with a low detection limit of 0.02 nM."
However, these materials are often expensive, involve complex
fabrication steps, or may lack long-term environmental stability,
issues that limit their practical deployment.

In this work, we emphasize the development and optimiza-
tion of a cost-effective sensor capable of detecting ultra-trace
levels of Hg?* ions in aqueous solution. The rGO-MnO,
nanocomposite-modified GCE has been fabricated using the
solution-mixing technique. The resulting rGO-MnO, sensor
showed excellent sensing properties toward Hg>* detection
even at low concentrations. Furthermore, excellent selectivity
was achieved toward Hg>" compared to other metal ions
including Na*, K*, Zn**, Fe*", and Cu®". Additionally, the sensor
showed good reproducibility, repeatability, and stability for the
detection of Hg*".

2. Experimental section
2.1. Materials

All chemicals and reagents used in this work were of analytical
grade and were utilized exactly as received, without any further
purification steps. Potassium ferricyanide (K;[Fe(CN)q]) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potassium dihydrogen phosphate (KH,PO,) were procured
from Sigma-Aldrich (USA). Additionally, rGO was also acquired
from Sigma-Aldrich (USA). MnO, was prepared and characer-
ized in our laboratory. Ionic solutions for selectivity and inter-
ference studies were prepared using a variety of metal salt
standards such as lead(u) chloride (PbCl,), copper(u) chloride
(CuCly), iron(m) chloride (FeCl;), sodium chloride (NaCl),
potassium chloride (KCl), and mercury(u) chloride (HgCl,), all
acquired from Thermo Fisher Scientific (USA). A buffer solution
of 0.1 M KH,PO, with a pH of approximately 7.3 was prepared
and functioned as the supporting electrolyte in all electroche-
mical measurements. For cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS), a standard redox
solution containing 5.0 mM Kj[Fe(CN)s] dissolved in 0.1 M
KCl was prepared to maintain consistent ionic conductivity.

2.2. Instrumentation and characterization techniques

A BioLogic SP-300 potentiostat/galvanostat (Japan) was used for
all electrochemical measurements, using a typical three-
electrode electrochemical cell. This setup consisted of a
3 mm diameter GCE as the working electrode, while a platinum
(Pt) wire functioned as the counter electrode, and an Ag/AgCl
(saturated KCl) electrode was used as the reference electrode.
The geometric active surface area of the GCE was about
0.227 em®. CV and EIS were used to characterize the electro-
chemical properties of the sensor, whereas square wave anodic
stripping voltammetry (SWASV) was applied to identify the Hg**
ions in the samples. Structural features of the synthesized rGO-
MnO, nanocomposite were analyzed by benchtop X-ray diffrac-
tion (XRD) (Bruker D2 PHASER, Germany). Field emission
scanning electron microscopy (FESEM) (JEOL JSM-7610F,
Japan) was used to analyze the characteristics of rGO-MnO,.
Energy-dispersive X-ray spectroscopy (EDS) coupled with the
FESEM system was used to further establish the distribution
and composition of the elements in the composite material.
Fourier transform infrared spectroscopy (FTIR) (Shimadzu
IRTracer-100, Japan) was carried out to further investigate the
interaction between Hg”>* and the rGO-MnO, nanocomposite.

2.3. Sensor fabrication

The stepwise fabrication procedure of the rtGO-MnO, modified
GCE is schematically presented in Fig. 1. At first, the bare GCE
was polished using a 0.05 pm alumina slurry on a polishing pad
to achieve a mirror-like surface. The polished electrode was
then rinsed thoroughly with deionized (DI) water to remove
residual alumina particles and subsequently sonicated in DI
water for approximately 5 minutes to remove surface irregula-
rities and enhance the electroactive surface area. After cleaning,
the electrode was subsequently dried under ambient air at
room temperature for approximately 30 minutes, prior to
modification.

rGO and MnO, powders were co-dispersed in ethanol at a
mass ratio of 1:3, with a total concentration of 1 mg mL™* for
the synthesis of the rtGO-MnO, nanocomposite. The dispersion
was then ultrasonicated in a bath sonicator for 60 minutes
to achieve homogeneous mixing and effective interfacial

Mater. Adv., 2026, 7, 5594-5607 | 5595
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Fig. 1 Schematic of the fabrication process of an rGO-MnO, nanocomposite modified GCE electrode.

interaction between the rGO sheets and MnO, nanoparticles.
The resulting dark brown-black suspension indicates uniform
dispersion of the nanomaterials, suitable for electrode modifi-
cation. A 5-10 pL of the prepared nanocomposite was drop-cast
on the electrode surface and allowed to dry under ambient
conditions, allowing complete evaporation of the ethanol sol-
vent and the formation of a stable, uniform coating. The rGO-
MnO, modified electrode was subsequently stored in a desic-
cator until use in electrochemical measurements.

3. Results and discussion

3.1. Structural and morphological characterization of rGO,
MnO,, and the rGO-MnO, nanocomposite

XRD patterns of MnO, nanoparticles, rGO, and rGO-MnO,
nanocomposite are shown in Fig. 2(a).The measurements were
made in order to examine the composite material’s successful
production, phase purity, and crystalline structure. A broad
diffraction peak for rGO is observed at about 26°, which
corresponds to the (002) crystal plane of rGO." This broad
peak reflects the partially disordered structure and turbostratic
stacking of graphene layers resulting from the chemical
reduction of rGO.”° The absence of sharp peaks confirms the
amorphous or semi-crystalline nature of the rGO and suggests
the presence of residual oxygen-containing functional groups.®
The XRD pattern of MnO, nanoparticles shows a series of sharp
and well-defined peaks at 26 values approximately at 12.7°,
18.0°, 28.7°, 37.4°, 49.8°, and 60.2°.>' These diffraction peaks
match well with the standard y-MnO, diffraction pattern,
confirming the successful synthesis of crystalline MnO, with
high structural order.>* The sharp and intense reflections of the
diffraction peaks confirm the good crystallinity and phase
purity of the MnO, nanoparticles. The XRD pattern of the
rGO-MnO, nanocomposite shows features of both rGO and
MnO,, though with weakened intensity and broader peaks.

5596 | Mater. Adv, 2026, 7, 5594-5607

Specifically, the (002) peak of rGO is significantly reduced,
while the MnO, peaks also appear broadened and
suppressed.>® These observations suggest uniform dispersion
of MnO, nanoparticles on rGO sheets, which disrupts long-
range crystalline order. The broadening of diffraction peaks in
the composite indicates the formation of a nanostructured
hybrid material with smaller grain size and enhanced lattice
disorder due to interaction between the two phases.”* Impor-
tantly, no impurity or secondary-phase peaks are observed in
the composite spectrum, which confirms the successful for-
mation and high phase purity of the synthesized rGO-MnO,
nanocomposite. The diminished intensity and broadened
shape of the diffraction peaks support the strong interfacial
interaction between rGO and MnO,, which is critical for
enhancing the composite’s electrochemical properties.

The FESEM images in Fig. 2(b) show rGO sheets that
displayed a crumpled and wrinkled morphology, which is
typical of thermally or chemically synthesized rGO. This folded
structure offers a large surface area with a significant number
of defect sites, advantageous for metal ion adsorption. These
wrinkled layers result from the removal of oxygen-containing
groups during reduction, partially restoring the conjugated
graphene structure and causing the sheets to collapse and
fold.*® 1t also indicates the presence of thin, transparent layers
with a high degree of agglomeration, suggesting a large surface
area, which is advantageous for electrochemical sensor appli-
cations. Such morphology provides abundant active sites and
enhances electron transfer, both of which are critical for the
highly sensitive and selective identification of Hg”" ions in
water. Fig. 2(c) shows the highly aggregated structure of MnO,.
MnO, nanoparticles appeared as spherical and aggregated
clusters, consistent with y-MnO, morphology.>! These particles
offered numerous electroactive sites for redox interactions and
improved the overall electrochemical performance. The magni-
fied image of MnO, exhibits spherical shaped morphology,
facilitating enhanced electron transfer due to improved

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD plots of rGO, MnO, nanoparticles, and the rGO-MnO, nanocomposite. FESEM images of: (b) rGO, (c) MnO, nanoparticles, and the (d)

rGO-MnO, nanocomposite, and (e) EDS results of the rGO—-MnO, nanocomposite.
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conduction pathways and a greater electrochemically active
surface area. In the rGO-MnO, nanocomposite (Fig. 2d),
MnO, nanoparticles were uniformly dispersed and tightly
anchored onto the rGO sheets, forming a dense, interconnected
nanoscale network. This architecture enables fast electron
transport across the rGO framework allowing efficient diffusion
of Hg”" ions to reactive sites. As a result, the nanocomposite
exhibits enhanced electrochemical reactivity and charge trans-
fer kinetics. EDS analysis confirmed the elemental composition
of the nanocomposite, with significant amounts of C, O, and
Mn, further supporting the successful integration of both
components.

The elemental analysis of rGO-MnO, nanocomposites was
performed using EDS, as shown in Fig. 2(e). The EDS spectrum
reveals distinct peaks corresponding to carbon (C), oxygen (O),
and manganese (Mn), confirming the presence of rGO and
MnO, in the composite. The quantitative analysis indicates that
the composition consists of 47.09 wt% of C, 32.42 wt% of O,
and 20.49 wt% of Mn, suggesting effective incorporation of
MnO, into the rGO framework. These findings further support
the effective synthesis of the rGO-MnO, nanocomposite with a
homogenous distribution of elements.

3.2. Electrochemical characterization and optimization

CV was employed to determine the electroactive surface area of
the GCE using a reputable redox probe solution that contained
5.0 mM Kj;[Fe(CN)¢] in 0.1 M KCl. For a reversible redox system
at room temperature (25 °C), the Randles-Sevcik equation was
used to calculate the electroactive surface area: I, = 2.69 x
10°n*2ADY2Cu'?, where A is the electroactive surface area
(em?), D is the diffusion coefficient of the redox species
(7.6 x 107® cm?® s 1), C is the bulk concentration of the redox
probe (5.0 x 10”° mol cm ™), v is the scan rate (Vs '), and I, is
the peak current (A). A diffusion-controlled electrochemical
process was confirmed by the observation of linear dependence
of the anodic peak current (I,) on the square root of the scan
rate (v"/?). Based only on the anodic peak currents, the average
electroactive area was determined to be about 0.227 cm?, which
is in good agreement with literature reports.* I,, versus v is
provided in Fig. S1 and the calculation of the active surface area
of the GCE in Table S1.

The electrochemical behavior of the fabricated electrodes
was evaluated by CV and EIS. Fig. 3(a and b) presents the CV
and Nyquist plots acquired using a 5 mM K;Fe(CN), solution
with 0.1 M KCI serving as the redox probe and supporting
electrolyte, respectively. The measurements were performed on
four different electrode configurations: bare GCE, MnO,-
modified GCE, rGO-modified GCE, and the rGO-MnO,
nanocomposite-modified GCE. As shown in Fig. 3(a), the bare
GCE exhibited the lowest redox current response, indicating
limited electroactive surface area and sluggish electron-transfer
kinetics. Modification with MnO, (MnO,/GCE) resulted in a
moderate increase in current due to the pseudocapacitive
nature and surface activity of MnO,, although its relatively
low conductivity limited the enhancement. In contrast, rGO/
GCE displayed the highest current response, about 0.23 maA,

5598 | Mater. Adv, 2026, 7, 5594-5607

View Article Online

Paper

attributable to the excellent charge transport properties, large
surface area, and rapid electron-transfer capability of rGO. The
rGO-MnO, composite electrode demonstrated a current
response (0.11 mA) higher than that of MnO,/GCE (0.043 mA)
and bare GCE (0.021 mA) but slightly lower than that of pure
rGO, which can be attributed to the partial conductivity loss
from MnO, incorporation. EIS was employed to evaluate the
interfacial charge transfer characteristics of the electrode mate-
rials. The Nyquist plots in Fig. 3(b) of the bare GCE electrode
showed the largest semicircular arc in the high-frequency
region, reflecting a large charge transfer resistance (R.) in
ohm and sluggish electron transfer kinetics. In comparison,
the MnO,/GCE and rGO/GCE displayed reduced R values of
724 and 483 ohms, respectively. Whereas, the rGO-MnO,/GCE
electrode exhibited the lowest R.. of 238 ohms. The observed
reduction in resistance demonstrates the superior interfacial
electron transfer performance of the nanocomposite-modified
electrode. This enhancement arises from the complementary
functions of MnO, and rGO, where MnO, provides numerous
redox-active sites, while rGO contributes high electrical con-
ductivity and provides a larger electroactive surface area.'” The
circuit model used to fit the EIS spectra, as shown in the inset
of Fig. 3(b), consists of solution resistance (R;), two resistances
in parallel with constant phase element (CPE), where one is the
film resistance (R;) and the other is the charge transfer resis-
tance (R,), and a Warburg element (W) that accounts for ion
diffusion at low frequencies. The more vertical Warburg tail
observed for rGO-MnO,/GCE in the low-frequency domain
further indicates enhanced ion diffusion, facilitated by the
porous and conductive nanostructure of the composite. Collec-
tively, these results confirm that the rGO-MnO, nanocomposite
exhibits excellent electrochemical performance, making it a
promising material for high-sensitivity mercury detection.

To achieve optimal sensitivity for Hg** detection, the influ-
ence of both deposition potential and deposition time on
stripping peak current was evaluated using SWASV with the
rGO-MnO, modified GCE. Fig. 3(c) illustrates the influence of
deposition time on the sensor’s response. Deposition time is a
critical parameter because it determines the duration available
for Hg”" ions to accumulate on the modified electrode surface
before the stripping process. It was seen that the stripping peak
current increases steadily with prolonged deposition time,
indicating a greater accumulation of Hg”" ions and thus a
stronger electrochemical signal. The current reaches a plateau
around 240 s, beyond which further extension of the deposition
time does not yield significant improvements in peak current.
This behavior implies that the electrode surface becomes
saturated with Hg?" ions, and further adsorption or reduction
cannot occur beyond this point. Thus, 240 s was selected
as the optimal deposition time. It provides effective duration
for pre-concentration of Hg>" ions without unnecessarily
prolonging the analysis time, thus optimizing both sensitivity
and efficiency.

Fig. 3(d) illustrates the influence of the deposition potential
on stripping peak current during the electrochemical detection
of Hg?* ions. As the deposition potential shifts toward more

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) CV and (b) Nyquist plots for different electrodes in 5 mM KzFe(CN)g solution containing 0.1 M KCL. (i) bare GCE, (ii) MnO, modified GCE, (iii) rGO

modified GCE, and (iv) rGO-MnO, modified GCE. The effect of (c) deposition potential and (d) deposition time on the stripping peak current for 5 uM
Hg?* at the rGO—MnO, nanocomposite modified GCE electrode. (e) SWASV responses for Hg?* detection using bare, MnO,, rGO, and rGO-MnO,

modified GCE.

negative values, the current keeps increasing and reaches its
maximum values near —0.4 V. This indicates that at this
potential, Hg>* ions are most effectively reduced to elemental
mercury (Hg) on the electrode surface, allowing greater accu-
mulation of Hg and enhancing oxidation current during the
stripping step. When the potential exceeds —0.4 V in the
negative direction, the peak current drops sharply. This

© 2026 The Author(s). Published by the Royal Society of Chemistry

decrease is likely due to unwanted side reactions, such
as hydrogen evolution, which interfere with mercury
deposition.”” And also, too negative potentials may disrupt
the stability or damage the electrode surface. Therefore,
—0.4 V is taken as the most suitable deposition potential,
providing efficient Hg>" reduction while avoiding unwanted
side reactions.
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All electrochemical measurements were performed using
0.1 M KH,PO, buffer solution with a pH of approximately 7.3.
It represents the typical environmental water conditions and
ensures stable electrochemical behavior of both the analyte and
the electrode materials. This near-neutral pH provides several
advantages for Hg>" detection. At this pH, Hg>* ions remain
stable in solution and do not readily form insoluble hydroxide
species. In addition, the electrochemical activity of MnO, and
the oxygen-containing functional groups of rGO is preserved,
while proton-coupled side reactions are minimized.*® These
conditions contribute to improved signal stability and reprodu-
cibility during stripping measurements.

Fig. 3(e) presents a comparative evaluation of the stripping
peak currents obtained from four different electrode configura-
tions, including the bare GCE, MnO,, rGO, and rGO-MnO,
modified GCE under optimized experimental conditions.
Among the tested electrodes, the rGO-MnO, modified GCE
exhibits the highest anodic stripping peak current, demonstrat-
ing its superior electrocatalytic activity and enhanced affinity
toward Hg”* ions. The synergistic effect of the rGO-MnO,
nanocomposite material is responsible for this remarkable
improvement in performance. The rGO component contributes
high electrical conductivity with the large electroactive surface
area, while MnO, plays multiple critical roles in the sensing
process by providing oxygen-rich adsorption sites, such as
Mn-0 and O*>” species, which exhibit a strong affinity toward
Hg>" ions and promote effective pre-concentration on the
electrode surface.? In addition, MnO, functions as a redox-
active mediator that facilitates Hg>" adsorption and its subse-
quent electrochemical reduction, while preferential Hg-O
coordination enhances the selectivity of the sensor toward Hg”*
over competing ions. When combined with rGO, MnO, forms a
synergistic heterostructure in which rGO ensures rapid electron
transfer and high electrical conductivity, whereas MnO, contri-
butes strong Hg?* binding capability.>® The combination leads to
improved electron transfer kinetics and more effective precon-
centration of Hg”" at the electrode interface. The rGO-only and
MnO,-only modified electrodes show intermediate peak currents,
each outperforming the bare GCE. This confirms that while both
materials individually contribute to enhanced sensing, their
integration into a single nanocomposite yields a significantly
amplified response due to mutual reinforcement of their elec-
trochemical properties. Thus, the rGO-MnO, nanocomposites
demonstrate the advantage of using single-component modifi-
cations and validate their suitability for high-sensitivity Hg>"
detection in aqueous systems.

3.3. Detection of Hg”" using the rGO-MnO, nanocomposite

The rGO-MnO, modified GCE has been applied for the detec-
tion of Hg>" ions in three different concentration ranges, such
as 1 mM to 10 mM, 1 uM to 10 uM, and 1 nM to 10 nM. Fig. 4(a-
c) presents the SWASV response of the rGO-MnO, modified
GCE in the presence of Hg>" ions. A clear oxidation peak is
observed at 0.2 V for Hg”", and a noticeable increase in the
oxidation peak current with increasing concentrations of Hg”"
is seen, indicating efficient binding of Hg*" and faster electron
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transport at the rGO-MnO, modified electrode surface. The
variation in peak width at different Hg** concentrations is a
characteristic of anodic stripping voltammetry. Higher concen-
trations (UM to mM) result in increased surface coverage and a
quasi-continuous mercury layer due to Hg° accumulation.
Diffusion- and film-controlled stripping enables Hg® oxidation
to occur more synchronously within a limited potential range.
The result is sharper, more intense stripping peaks. Hg°
deposits are minimal at ultra-low concentrations (nM range)
during the accumulation step. The rGO-MnO, surface unevenly
distributes reduced mercury across high-energy active sites,
causing adsorption and nucleation-controlled stripping. Under
these conditions, Hg” oxidation gradually occurs over a wider
potential window, resulting in less distinct stripping peaks. The
ASV literature notes this transition from adsorption-controlled
to diffusion-controlled stripping with increasing concentration,
which explains concentration-dependent peak broadening,*".*

The inset of Fig. 4(a—c) further illustrates the calibration
behavior of the rGO-MnO, sensor across a wide dynamic range,
demonstrating a strong linear correlation with the regression
equation of y = 6.81x + 2.23 (R*> = 0.99253) for the 0-10 nM
range, y = 146.27x + 10.01 (R* = 0.99294) for the 1-10 uM range,
and y = 299.35x + 17.47 (R> = 0.98984) for the 1-10 mM range.
Instead of exhibiting a single linear response over several
orders of magnitude, three distinct linear calibration regions
were obtained within the ranges of 1-10 nM, 1-10 puM, and
1-10 mM, with excellent linearity (R*> > 0.98). Consequently,
calibration slopes obtained in one concentration regime cannot
be directly extrapolated to other regimes. Such concentration-
dependent multilinear calibration behavior has been widely
reported in stripping voltammetric metal-ion sensors and is
considered intrinsic to the technique.*'**

The increasing slope of the calibration plots across the three
ranges - 6.81 pJAnNM ', 146.27 pA nM ', and 299.35 pAnM ' -
indicates enhanced current sensitivity at higher analyte con-
centrations. These results not only confirm the rGO-MnO,
nanocomposite’s capability for detecting ultra-trace levels of
Hg”" with excellent linearity and precision but also demon-
strate its effectiveness in moderately and heavily contaminated
water samples. The enhanced electrochemical signal results
from the synergistic integration of rGO sheets and MnO,
nanoparticles, where rGO contributes high conductivity and a
large surface area for electron transport, and MnO, provides
abundant redox-active sites for electrocatalytic Hg>* adsorption
and reduction. This synergistic effect results in a highly
active and stable sensing surface, capable of reliable mercury
detection in complex aqueous environments. The strong
correlation coefficients across all concentration ranges
further confirm the reproducibility and robustness of the
rGO-MnO,-modified GCE, indicating it as a promising plat-
form for sensitive, quantitative, and field-deployable electro-
chemical sensing of mercury ions in water. The high R* value
obtained demonstrates strong linearity and reproducibility
of the sensor within the studied concentration range.
These confirm that the rGO-MnO, nanocomposite serves as
a dependable and effective platform for sensitive and
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Fig. 4 SWASV responses of the rtGO—MnO, modified GCE in 0.1 M KH,PO, buffer (pH 7.3) containing different concentrations of Hg?* in the range of (a)
1.0-10 mM, (b) 1.0-10 pM and (c) 1.0-10 nM. All data are reported as mean =+ s.d. (n = 3).

quantitative detection of Hg”* ions, highlighting its potential
for electrochemical sensing applications.

To determine the detection and quantification limits, the
limit of detection (LOD) and limit of quantification (LOQ) were
evaluated using the blank signal standard deviation (¢) and the
slope (S) of the calibration plot, following the well-established
relations LOD = 3.3¢/S and LOQ = 10¢/S. Here, ¢ reflects the
baseline current fluctuations in the absence of Hg”" ions,
corresponding to the noise of the system. Based on the calibra-
tion slope for nM detection (S = 6.81 pA nM ™" and ¢ = 0.2 pA),
the determined LOD and LOQ were 0.097 nM and 0.294 nM,
respectively. These results indicate that the developed sensor is
capable of providing high sensitivity with precision and capable
of detecting ultra-trace concentrations of Hg>" ions in aqueous
solutions. Details of o, LOD, and LOQ calculations for the rGO-
MnO,/GCE sensor are provided in Table S2.

3.4. Selectivity, repeatability, reproducibility, and stability

The selectivity of the rGO-MnO, modified GCE toward Hg>"
detection was systematically investigated by evaluating its
electrochemical response in the presence of various potentially

© 2026 The Author(s). Published by the Royal Society of Chemistry

interfering metal ions, including Cu**, Fe**, zn>*, K, and Na",
at a concentration of 10 uM. The results revealed that none of
the tested interfering ions produced any significant current
response or discernible stripping peaks. However, a sharp and
well-defined stripping peak was observed for Hg>", approxi-
mately at 0.2 V, which is well separated from common organic
oxidation.®” This strong Hg-O coordination reduces suscepti-
bility to chelators compared with weakly bound metal ions,
thereby confirming the high degree of selectivity of rGO-MnO,
towards Hg?*. Chemically, the rGO-MnO, nanocomposite
offers numerous oxygen-containing groups that serve as active
binding sites for Hg?" adsorption. These include hydroxyl
(-OH), carbonyl (C—0), carboxyl (-COOH), and surface lattice
oxygen (O”7) groups from MnO,. The affinity of Hg** ions and
oxygen-rich functional groups facilitates the formation of stable
Hg-O coordination bonds, thereby improving selective adsorp-
tion and efficient electron transfer.*® FTIR spectra also confirm
the chemical interactions between Hg*" and the nanocompo-
site. The FTIR spectra of the rGO-MnO, nanocomposite before
and after Hg™" exposure displayed noticeable shifts and inten-
sity changes in peak position and intensity.** The broad -OH
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stretching vibration near ~3430 cm™ ' showed a reduction in
intensity and a slight red-shift, indicating hydrogen bonding or
complex formation with Hg?" ions.*® Furthermore, the char-
acteristic peaks of C=0 and -COOH groups near ~1650 cm "
were either weakened or shifted, supporting direct coordina-
tion with Hg”" ions.*® Additionally, the Mn-O stretching vibra-
tions (~510-530 cm™ ') showed minor shifts, further
supporting the interaction between Hg®* ions and MnO,
sites.”” These spectral changes collectively confirm the
chemical binding of Hg>" to oxygenated functional groups on
the rGO-MnO, surface, validating the proposed adsorption-
reduction mechanism. Thus, the synergistic integration of
redox-active MnO, and highly conductive rGO not only
enhances sensitivity but also enables selective detection of
Hg>" ions in complex aqueous environments.

The sensor repeatability was evaluated by performing five
consecutive measurements of the rGO-MnO, modified GCE in
the presence of 10 uM Hg”>* concentration under the same
conditions. The stripping peak currents obtained from these
trials showed little variation, exhibiting a relative standard
deviation (RSD) of just 1.03%. This low deviation confirms
the high level of repeatability and signal consistency during
successive applications of the same electrode. The RSD calcula-
tions for the repeatability test are provided in Table S3.

To examine the reproducibility of the fabrication process,
three independently prepared rGO-MnO, modified GCEs were
employed to detect 10 uM Hg>* under identical conditions.
Both electrodes yielded highly comparable stripping responses,
with an RSD of 1.02%. These results affirm the reliability and
uniformity of the electrode modification protocol, indicating
that the method can consistently produce functionally equiva-
lent sensors. Details of the reproducibility test including RSD
calculations are provided in Table S4.

The long-term operational stability of the developed elec-
trode was assessed over a 30 day period. Stripping voltammetry
measurements were taken at three-day intervals while the
electrodes were stored under ambient laboratory conditions.
The sensor retained 96.23% of its initial response after 12 days
and 92.34% even after 30 days, confirming outstanding long-
term stability. The rGO-MnO, nanocomposite is chemically
robust across neutral pH conditions and repeated redox
cycling.”® These results suggest that the rGO-MnO, nanocom-
posite layer remained physically and chemically intact, without
noticeable degradation or detachment from the GCE surface.
The durability is mainly due to the effective drop-casting and
drying process, which preserved the mechanical robustness of
the nanocomposite film. The percentage stability calculation is
summarized in Table S5 (Fig. 5).

3.5. Sensing mechanism and morphological characteristics

The superior sensing ability of the rGO-MnO,/GCE towards the
Hg>" detection attributed to the combined physical, chemical,
and electrochemical properties of the nanocomposite. These
properties enable a highly effective sensing mechanism that
involves ion adsorption, redox reactions, and stripping analy-
sis. Fig. 6 illustrates the redox reactions involved in the
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electrochemical detection of Hg>" ions on the rGO-MnO, sur-
face. The detection was based on SWASV, which involves a two-
step electrochemical process. During the deposition (reduction)
step, Hg>" ions are electrochemically reduced to metallic Hg® at
an optimized deposition potential of —0.40 V (vs. Ag/AgCl) for
240 s, enabling effective pre-concentration on the rGO-MnO,-
modified electrode surface. Subsequently, in the stripping
(oxidation) step, the deposited Hg” is re-oxidized to Hg*" during
the anodic scan, producing a stripping current that is propor-
tional to the Hg>* concentration. All measurements were car-
ried out under ambient conditions, and dissolved oxygen does
not significantly influence the sensor response because the
reduction of Hg”" occurs at potentials more positive than
oxygen reduction, while the stripping peak appears at approxi-
mately 0.2 V.** In addition, the negligible interference from
other electroactive species during the oxidation step and the
high selectivity of the sensor are attributed to the strong affinity
of Hg®" toward oxygen-containing functional groups on rGO
and MnO,, which effectively suppress competing redox
processes.’® The overall redox reactions occurring on the
electrode surface can be described as follows:

Reduction during accumulation: Hg** + 2e~ — Hg°
Oxidation during stripping: Hg® — Hg>" + 2e~

This redox cycle is made possible by the combined structural
and chemical properties of the rtGO-MnO, nanocomposite. The
MnO, nanoparticles supply oxygen-rich functional groups (e.g.,
0*~ and Mn-0), which have strong affinity for Hg>" ions.*®
Concurrently, rGO contributes a highly conductive matrix with
a large electroactive surface area, accelerating charge transfer
during redox reactions. Hg”>* ions interact strongly with the
oxygenated functional groups present on rGO, including hydro-
xyl (-OH), carboxyl (-COOH), and carbonyl (C—=O0) groups,
through coordination and electrostatic interactions, facilitating
strong chemical binding and pre-concentration of Hg”* at the
electrode surface,*®.*° In addition, Hg>" ions form Hg-O bonds
with the lattice oxygen of MnO,, reflecting the strong affinity of
mercury toward oxygen-rich metal oxide surfaces. These inter-
actions facilitate the formation of stable Hg-O-Mn bridging
structures at the rGO-MnO, interface, which effectively anchor
Hg”" ions onto the electrode surface. The combined presence of
multiple binding sites and strong interfacial interactions
enhances Hg>" adsorption, improves selectivity against compet-
ing ions, and promotes efficient electron transfer during the
stripping process. Consequently, these synergistic interactions
significantly contribute to the enhanced electrochemical
response and overall sensing performance of the rGO-MnO,-
based Hg*" sensor.

The interaction between Hg?* and the rtGO-MnO, nanocom-
posite was further confirmed by FTIR spectroscopy, as shown in
Fig. 7. The FTIR spectra before and after Hg>* exposure revealed
characteristic changes in several functional group vibrations.
The broad -OH stretching band around ~3430 cm ™" showed
decreased intensity and a red-shift, indicating hydrogen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bonding and complexation with Hg*" ions.** The C=O0 stretch-
ing peak near ~1650 cm ' was significantly weakened and
slightly shifted, suggesting that carbonyl (C—=O0) and/or car-
boxyl (—COOH) groups coordinated directly with Hg>" ions. In
the Mn-O region (510-550 cm '), band shifts and the appear-
ance of additional low-frequency components (~451 cm ™" and
~548 cm™ ') were consistent with the formation of Hg-O-Mn
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Fig. 6 Schematic of the rGO—MnO, nanocomposite modified electro-
chemical sensor for Hg?* detection.
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Table 1 Performance comparison of various electrochemical Hg>* sensors

Sensor material/type LOD LDR Method Ref.
rGO-MnO, nanocomposite 0.097 nM 1 nM-10 mM SWASV This work
TBa modified GCE 2.5 x10~"*M 5 pM-100 nM SWASV 43
ePdNPs@rGO/GCE 0.33 yM 1.0 nM-40 nM LSV 44
MoS,@MWCNT/GCE 2 nM 5 nM-500 nM (9\% 45
N-doped rGO/MnO, nanocomposite 0.0414 nM — SWASV 46
Cu-MOFs@MnO,-based ratiometric sensor 0.030 uM — DPSV 47

groups, validating a dual-mode adsorption mechanism invol-
ving surface complexation and redox-active coordination. The
formation of stable Hg-O and Hg-O-Mn linkages contributes
to the observed high selectivity and sensitivity of the
sensor.*>** The rGO-MnO, nanocomposite functions through
the combined roles of its constituents. MnO, provides high-
affinity adsorption sites and actively participates in redox
reactions, while rGO serves as a highly conductive platform
for electron transfer and enables rapid signal response. The
oxygen-containing groups in both materials form stable com-
plexes with Hg*" ions. The nanocomposite’s structural features
such as high surface area and porosity enhance ion access and
reaction rates. These combined results demonstrate that the
rGO-MnO, modified GCE operates through a redox-driven
adsorption-desorption process with superior analytical perfor-
mance in real-world water monitoring applications.

Table 1 provides a comprehensive performance comparison
of various reported electrochemical sensors for the detection of
Hg”" ions. The rGO-MnO, nanocomposite demonstrates an
impressive LOD of 0.097 nM and a wide linear detection range
of 1 nM to 10 mM, which is superior to reported works.>*® In
comparison, tetrabenzylammonium (TBa) modified GCE and
TBa/AgNPs/GCE sensors, as reported in ref. 43, exhibit even
lower detection limits of 2.5 x 107> M and 1.7 x 10" M,
respectively. Both sensors utilize the SWASV technique and
cover a linear range of 5 pM to 100 nM, making them highly
effective for ultra-trace level detection of Hg>* ions. However,
the fabrication and stability of such ultra-sensitive platforms
can be challenging in field applications.

The ePdNPs@rGO/GCE showed a detection limit of 0.33 uM
and an LDR of 1.0 uM to 40 pM.** Although the LOD is higher,
this system benefits from the catalytic activity of palladium
nanoparticles, offering selective detection capabilities.
MoS,@MWCNT/GCE, reported in ref. 45, achieved an LOD of
2 nM and a linear range of 5 nM to 500 nM, making it
moderately sensitive using general electrochemical techniques.
This system leverages the synergistic effect of molybdenum
disulfide and multi-walled carbon nanotubes. Among closely
related systems, the N-doped rGO/MnO, nanocomposite
sensor** achieved an ultralow detection limit of approximately
0.0414 nM due to enhanced electronic conductivity and strong
Hg”" affinity introduced by nitrogen dopants. While this sensor
demonstrates a slightly lower LOD than the present work, it
requires additional doping and synthesis complexity. In con-
trast, the rtGO-MnO, nanocomposite developed in this study
achieves comparable ultrasensitive detection performance

5604 | Mater. Adv., 2026, 7, 5594-5607

using a simpler fabrication approach while maintaining excel-
lent linearity, stability, and reproducibility. This highlights that
effective Hg** sensing can be achieved through the intrinsic
synergistic interaction between rGO and MnO,, without the
need for heteroatom doping or advanced surface engineering.
Similarly, MnO,-based MOF hybrid sensors utilizing rGO-like
platforms have been reported for ratiometric detection of Hg>",
achieving detection limits around 0.03 pM.*” Although this
system offers dual-analyte detection and strong selectivity
through MOF-specific adsorption sites, their detection limits
remain significantly higher than that obtained in the present
work. Moreover, MOF-based platforms typically involve multi-
step synthesis, stability concerns in aqueous media, and
potential pore-blocking effects during prolonged use. In contrast,
the rGO-MnO, nanocomposite sensor represented here offers a
simpler architecture with superior sensitivity (0.097 nM), robust
electrochemical stability, and reliable performance in aqueous
matrices, making it more suitable for practical mercury monitor-
ing applications.

Overall, the results demonstrate that the proposed rGO/
MnO, sensor offers a highly competitive detection limit and
an exceptionally wide linear detection range when compared
with existing methods, reinforcing its potential applicability for
practical environmental monitoring of Hg**contamination.

4. Conclusions

In summary, the rtGO-MnO, nanocomposite has been success-
fully synthesized using a solution mixing process. The nanos-
tructured rGO-MnO, has been utilized for fabricating the Hg>*
sensor, leveraging the synergistic effect of rGO and MnO,. The
structural and morphological properties of the rGO-MnO,
nanocomposite have been confirmed by XRD, FESEM, and
EDS. The CV and EIS revealed a significant reduction in R
and improved ion diffusion kinetics, indicating superior
electrocatalytic activity. Optimal sensing conditions were estab-
lished at a deposition potential of -0.4 V and an accumulation
time of 240 s. Under optimized conditions, the sensor showed
excellent sensitivity toward Hg?" ions over a wide range of
concentrations (nM, pM, and nM) with a low detection limit
of 0.097 nM, surpassing WHO and EPA standards for Hg>" in
drinking water. The selectivity studies showed minimal inter-
ference from interfering metal ions such as Na*, K*, Cu**, Zn*",
and Fe’'. It exhibited high reproducibility and long-term sta-
bility, retaining over 92% of its initial response after 30 days of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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storage. Overall, the rtGO-MnO, nanocomposite modified sen-
sor offers a stable platform with high sensitivity and selectivity
for the trace level of Hg>" detection. Its affordability, ease of
use, and suitability for on-site analysis make it a promising tool
for water quality monitoring, particularly in resource-limited
settings. Furthermore, the proposed sensor requires minimal
sample preparation, as water samples can be analyzed directly
after buffering with 0.1 M KH,PO, (pH 7.3) without complex
pretreatment, enhancing feasibility for on-site applications.
The Hg>" stripping peak at approximately 0.2 V is well sepa-
rated from the oxidation potentials of most common organic
species, minimizing matrix interference. Furthermore, strong
Hg-O coordination with oxygen-containing functional groups
on the rGO-MnO, surface reduces susceptibility to complexing
agents and competing ions, ensuring robust and reliable sensor
performance in real water matrices. Although the present works
demonstrates high sensitivity and a wide dynamic range for
Hg”" detection, further performance enhancement may be
achieved through strategies such as heteroatom doping of
rGO, surface functionalization, or hybridization with noble-
metal nanoparticles. Such approaches are expected to further
improve Hg”" preconcentration efficiency and electron-transfer
kinetics, thereby enabling even lower detection limits in
future works.
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