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Abstract
Access to safe andclean water remains a major global concern, largely due to 

contamination by toxic heavy metals.Among thesecontaminants, mercury exhibits extreme 
toxicity even at ultra-trace level concentrations, posing serious and long-lasting threats to both 
human health and theenvironment. To mitigate this issue, ahighly selectiveandsensitive 
electrochemical sensor has been fabricated for Hg²⁺ ionsdetection 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 (MnO₂) nanoparticles and reduced graphene oxide (rGO). 
Incorporation of the rGO and MnO₂ nanoparticles improveselectrical conductivity, enlarges the 
electroactive surface area, and provides abundant adsorption sites for Hg²⁺ ions. MnO₂ serves as 
a redox-active component with strong affinity for mercury ions Hg²⁺, whereas rGO ensures 
efficientelectron transfer. The combined effects of these materials result in a synergistic interface 
exhibitingexcellent electrocatalytic activity, enabling ultrahigh sensitivity, broad detection 
capability, and a remarkably low detection limit of 0.097 nM—well below the World Health 
Organization’s permissible concentration for Hg²⁺ in drinking water. Furthermore, the developed 
sensor exhibitslong-term operational stability,reproducibility, and repeatability, along with strong 
selectivity against common interfering ions such as Na⁺, K⁺, Fe³⁺, Zn²⁺, and Cu²⁺.Overall, the 
rGO–MnO₂ nanocomposite modified sensor offers a reliable, cost-effective,and efficient approach 
for real-time detection and monitoring of Hg²⁺ contamination in aqueous systems.

Keywords— Mercury, Electrochemical Sensor, rGO–MnO₂ Nanocomposite, Water 
Quality Monitoring, Glassy Carbon Electrode (GCE).
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1. INTRODUCTION

The persistence and extreme toxicity of heavy metals remain a major challenge for 
environmental monitoring and management[1]. Among thesepollutants, mercury ions (Hg²⁺) are 
regarded as particularly dangerous, even at ultra-trace concentrationsbecause of their strong 
bioaccumulation and toxic interactions with living systems[2]. Maximum allowable 
concentrationsof Hg²⁺ 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)[3].Atmospheric deposition, rock weathering, agricultural runoff, and industrial activities 
represent major natural and human-driven sourcesof Hg²⁺ contamination in aquatic systems. 
Prolonged exposure to Hg²⁺ has been has been linked to adverse effectson the kidneys, brain, 
nervous system, immune system, and endocrine functions in both humans and wildlife[4]. 
Therefore,early and precise detection of Hg²⁺ ions in water resources is essential for ensuring 
environmental and public health safety.

Traditional analytical approaches for detecting metal ions—includingsurface-enhanced Raman 
scattering,inductively coupled plasma mass spectrometry,fluorescence-based assays,andatomic 
absorption spectroscopyprovide high sensitivity and accuracy for metal ion detection[5–6]. 
However, their reliance on sophisticated instrumentation, trained personnel, and controlled 
laboratory settings, making them unsuitable for routine or in-field analysis [7]. 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[8].

Reduced graphene oxide (rGO) has attracted significant interestas a sensing material owing to 
its exceptionalelectrical conductivity,chemical stability,and large surface area,which together 
facilitate efficientdetection of trace metal ions such as Hg²⁺ [9]. Its large surface area enhances 
analyte adsorption, while its excellent conductivity facilitates rapidelectron transfer, making it a 
promising platformforelectrochemical sensor development[10]. However,rGO alone exhibits 
limited intrinsic redox activityand selectivitytoward specific heavy metal ions[11].To mitigate 
these limitations, rGO is commonly coupled with redox-active functional materials. Manganese 
dioxide (MnO₂) is one sucheffectivematerial [12]. Previous research has shown that Mn-based 
oxides can be successfully integrated with carbonnanostructuresfor various [13].Nevertheless, the 
poor electrical conductivity of MnO₂ restricts its use as a standalone electrode modifier in 
advanced sensor designs [14]. Therefore, the combination of MnO₂ with conductive rGO has 
shown great potential. The combination of this two materials in a composite combines the superior 
conductivity and mechanical robustness of rGO with the adsorption and redox properties of MnO₂ 
[12].Pathak et al. developed Fe₃O₄–MnO₂@rGO nanocomposites and observed enhanced 
adsorption and catalytic performance forenvironmental cleanup and sensing tasks [15].For 
hydrazine sensing, Hydrothermally synthesized α‑MnO₂/N‑rGO composite shown improved 
electrochemical activity and stability [16].The unique combination of rGO–MnO₂ in 
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nanocomposites offers excellent improvements in electrochemical performance. Yet, their use in 
detecting Hg²⁺ has received little attention so far. For example, Mnyipika et al. developed an 
MnO₂@rGO nanocomposite-based electrochemical sensor for detecting Cd²⁺, Zn²⁺, and Cu²⁺ at 
the same time, highlighting its promise for multiplexed sensing applications[17].Several 
nanostructures, such as silver nanowires, gold nanoparticles, and graphene quantum dots, have 
also been employed to enhance sensor performance for Hg²⁺ detection.For instance, Rahman et al. 
developed a graphene oxide–silver nanowire (GO–AgNW) composite-based Hg²⁺ sensor with 
high sensitivity and a low detection limit of ~ 0.1 nM[18].Similarly, quantum dot-based sensors 
like GQDs–AuNPs/GCE have demonstrated excellent performance toward Hg²⁺ with low 
detection limits of  0.02 nM[19]. 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 developmentand optimizationof a cost-effective sensor capable 
of detecting ultra-trace levels of Hg²⁺ ions in aqueous solution. The rGO–MnO₂ nanocomposite-
modified GCE has been fabricated using the solution-mixing technique. The resulting rGO–MnO₂ 
sensor showed excellent sensing properties toward Hg²⁺ detection even at low concentrations. 
Furthermore, excellent selectivity was achieved toward Hg²⁺ compared to other metal ions 
including Na⁺, K⁺, Zn²⁺, Fe³⁺, and Cu²⁺. Additionally, the sensor showed a good reproducibility, 
repeatability, and stability for the detection of Hg²⁺.

2. EXPERIMENTAL SECTION

2.1. Materials

All chemicalsand reagentsused in this work were of analytical grade, and were utilized exactly 
as received,without anyfurther purification steps.Potassium ferricyanide (K₃[Fe(CN)₆]) and 
potassium dihydrogen phosphate (KH₂PO₄) wereprocuredfrom Sigma-Aldrich(USA).  
Additionally, rGO was also acquired from Sigma-Aldrich (USA).MnO₂ was prepared and 
characerized in our laboratory. Ionic solutions for selectivity and interference studies were 
prepared using a variety of metal salt standards such as lead(II) chloride (PbCl₂), copper(II) 
chloride (CuCl₂), iron(III) chloride (FeCl₃), sodium chloride (NaCl), potassium chloride (KCl), 
and mercury(II) chloride (HgCl₂), all acquired from Thermo Fisher Scientific (USA). 
Abuffersolution of 0.1M KH₂PO₄ with a pH of approximately 7.3 was prepared andfunctioned as 
thesupporting electrolyte in all electrochemical measurements.Forcyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS),a standard redox solution containing 5.0 mM 
K₃[Fe(CN)₆] dissolvedin 0.1 M KCl was preparedto maintainconsistent ionic strength support 
conductivity.
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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 setupwasconsisted of a  3 
mm diameter of GCE as the working electrode, while a platinum (Pt) wirefunctioned as thecounter 
electrode,and an Ag/AgCl (saturated KCl) electrode was used as thereference electrode.The 
geometric active surface area of the GCE was about 0.227 cm².CV and EIS were used to 
characterize the electrochemical properties of the sensor, whereassquare wave anodic stripping 
voltammetry (SWASV)was applied to identify the Hg²⁺ ions in the samples. Structural features of 
the synthesized rGO–MnO₂ nanocomposite were analyzed by a benchtop X-ray diffraction (XRD) 
(Bruker D2 PHASER, Germany). The field emission scanning electron microscopy (FESEM) 
(JEOL JSM-7610F, Japan) was used to analyze the characteristics of rGO–MnO₂.  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 Hg²⁺ and the rGO–MnO₂ nanocomposite.

2.3. Sensor Fabrication 

Thestepwise fabrication procedure of the rGO–MnO₂modified GCE is schematically 
represented in Figure 1. At first, the bare GCE was polished using a 0.05 µm alumina slurry on a 
polishing padto achieve a mirror-like surface. The polished electrode was then rinsed thoroughly 
with deionized (DI) water to removeresidual alumina particles and subsequently sonicated in DI 
water for approximately 5 minutes to remove surface irregularities and enhance the electroactive 
surface area.After cleaning, the electrode was subsequentlydried under ambient air at room 
temperature for approximately 30 minutes, prior to modification.

The rGO and MnO₂ powders were co-dispersed in ethanol at a mass ratio of 1:3, with a total 
concentration of 1 mg/mLfor the synthesis of the rGO-MnO₂ nanocomposite. The dispersion was 
then ultrasonicated in a bath sonicator for 60 minutes to achieve homogeneous mixing and 
effective interfacial interaction between the rGO sheets and MnO₂ nanoparticles. The resulting 
dark brown-black suspension indicates uniform dispersion of the nanomaterials, suitable for 
electrode modification. A 5–10 µL of the prepared nanocomposite was drop-cast on the electrode 
surface and allowed to dry under ambient conditions, allowing complete evaporation of the ethanol 
solvent and the formation of a stable, uniform coating. The rGO–MnO₂ modified electrode was 
subsequently stored in a desiccator until use in electrochemical measurements.
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Figure 1. Schematic of the fabrication process of rGO-MnO₂ nanocomposite modified GCE 
electrode.

3. RESULTS AND DISCUSSION

3.1.Structural and Morphological Characterization of rGO, MnO₂, and rGO–MnO₂ 
Nanocomposite

XRD patterns of MnO₂ nanoparticles, rGO, and rGO–MnO₂ nanocomposite are shown in Figure 
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 [19]. This broad peak reflects the 
partially disordered structure and turbostratic stacking of graphene layers resulting from the 
chemical reduction of rGO [20]. 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[10]. The XRD of MnO₂ nanoparticles exhibits a series of sharp and well-defined peaks at 
2θ values approximately at 12.7°, 18.0°, 28.7°, 37.4°, 49.8°, and 60.2° [21]. Thesediffraction peaks 
match well with the standard γ-MnO₂ diffraction pattern, confirming the successful synthesis of 
crystalline MnO₂ with high structural order [22]. The sharp and intense reflections of the diffraction 
peaks confirm the good crystallinity and phase purity of the MnO₂ nanoparticles. The XRD pattern 
of the rGO–MnO₂ nanocomposite exhibits features of both rGO and MnO₂, though with weakened 
intensity and broader peaks.Specifically, the (002) peak of rGO is significantly reduced, while the 
MnO₂ peaks also appear broadened and suppressed [23].These observations suggest uniform 
dispersion of MnO₂ 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 [24]. Importantly, no impurity or secondary-phase peaks are observed in the composite 
spectrum, which confirms the successful formation and high phase purity of the synthesized rGO–

Surface 
Polishing of the 

GCE

Drop Cast

Dispersion of 
rGO-MnO₂

Dried rGO-
MnO₂ 

Modified GCE

Page 5 of 25 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 9
:1

9:
52

 P
M

. 
 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
DOI: 10.1039/D5MA01242B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01242b


MnO₂ nanocomposite. The diminished intensity and broadened shape of the diffraction peaks 
support the strong interfacial interaction between rGO and MnO₂, which is critical for enhancing 
the composite’s electrochemical properties.

The FESEM images in Figure 2(b), are of rGO sheets that displayed a crumpled and wrinkled 
morphology, which is typical of thermally or chemically 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 causes the sheets to collapse and fold [25]. It 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 applications. Such 
morphology provides abundant active sites and enhances electron transfer, both of which are 
critical for thehighly sensitive and selective identification of Hg²⁺ ions in water. Figure 2(c) shows 
the highly aggregated structure of MnO₂. MnO₂ nanoparticles appeared as spherical and 
aggregated clusters, consistent with γ-MnO₂ morphology [21]. These particles offered numerous 
electroactive sites for redox interactions and improved the overall electrochemical performance. 
The magnified image of MnO₂ exhibits spherical shaped morphology, facilitating enhanced 
electron transfer due to improved conduction pathways and a greater electrochemically active 
surface area. In the rGO–MnO₂ nanocomposite (Figure 2d), MnO₂ nanoparticles were uniformly 
dispersed and tightly anchored onto the rGO sheets, forming a dense, interconnected nanoscale 
network. This architecture enablesfast electron transport across the rGO framework allowing 
efficient diffusion of Hg²⁺ ions to reactive sites. As a result, the nanocomposite exhibits enhanced 
electrochemical reactivity and charge transfer 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–MnO₂ nanocomposite was performed using EDS, as shown in 
figure 2(e). The EDS spectrum reveals distinct peaks corresponding to carbon (C), oxygen (O), and 
manganese (Mn), confirming the presence of rGO and MnO₂ in the composite. The quantitative 
analysis indicates the composition consists of 47.09 wt% of C, 32.42 wt% of O, and 20.49 wt% of 
Mn, suggesting effective incorporation of MnO₂ into the rGO framework. These findings further 
support the effective synthesis of the rGO–MnO₂ nanocomposite with a homogenous distribution 
of elements. 
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(b)

(c)

(d)

C: 47.09 wt% 
O: 32.42 wt% 
Mn: 20.49 wt% 

(e)

(a)
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Figure 2. a) XRD plots of rGO, MnO₂ nanoparticles, and rGO-MnO₂ nanocomposite.FESEM 
images of: b) rGO, c) MnO₂ nanoparticles, d) rGO-MnO₂ nanocomposite, and e) EDS results of 
the rGO-MnO₂ nanocomposite.

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 K₃[Fe(CN)₆] 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: Ip =2.69×105n3/2 AD1/2C ν1/2. Where A is the electroactive surface area (cm²), D is the 
diffusion coefficient of the redox species (7.6 × 10⁻⁶ cm²/s), C is the bulk concentration of the redox 
probe (5.0 × 10⁻⁶ mol/cm³), v  is the scan rate (V/s),  and Ip is the peak current (A).A diffusion-
controlled electrochemical process was confirmed by the observation oflinear dependenceof the 
anodic peak current (Ip) on the square root of the scan rate (v1/2). Based only on the anodic peak 
currents, the average electroactivearea was determined to be about 0.227 cm², which is in good 
agreement with literature reports [26]. The Ip versus v1/2has been provided in Figure S1 and the 
calculation of the active surface area of the GCEin the Table S1.

The electrochemical behavior of the fabricated electrodes was evaluated by CV and EIS.Figure 
3(a &b) presents the CV and Nyquist plots acquired using a 5 mM K₃Fe(CN)₆ solution with 0.1 M 
KCl, serving as the redox probe and supporting electrolyte, respectively. The measurements were 
performed on four different electrode configurations: bare GCE, MnO₂-modified GCE, rGO-
modified GCE, and the rGO–MnO₂ nanocomposite-modified GCE. As shown in Figure 3(a), the 
bare GCE exhibited the lowest redox current response, indicating limited electroactive surface area 
and sluggish electron-transfer kinetics. Modification with MnO₂ (MnO₂/GCE) resulted in a 
moderate increase in current due to the pseudocapacitive nature and surface activity of MnO₂, 
although its relatively low conductivity limited the enhancement. In contrast, rGO/GCE displayed 
the highest current response, about 0.23 mA, attributable to the excellent charge transport 
properties, large surface area, and rapid electron-transfer capability of rGO. The rGO–MnO₂ 
composite electrode demonstrated a current response (0.11 mA) higher than that of MnO₂/GCE 
(0.043 mA) and bare GCE (0.021 mA) but slightly lower than pure rGO, which can be attributed to 
the partial conductivity loss from MnO₂ incorporation.EIS was employed to evaluate the interfacial 
charge transfer characteristics of the electrode materials. TheNyquist plots in Figure 3(b) the bare 
GCE electrode exhibited the largest semicircular arc in the high-frequency region, reflecting a large 
charge transfer resistance (Rct) in ohm and sluggish electron transfer kinetics. In comparison, the 
MnO₂/GCE and rGO/GCE displayed reduced Rct of 724 and 483 ohms, respectively.  Where the 
rGO–MnO₂/GCE electrode exhibited the lowest Rct of 238 ohms. The observed reductionin 
resistance demonstrates thesuperior interfacial electron transfer performance of the nanocomposite-
modified electrode. This enhancement arises from the complementary functionsof MnO₂ and rGO, 
where MnO₂ provides numerous redox-active sites, while rGO contributes high electrical 
conductivity and provides a larger electroactive surface area [17]. The circuit model used to fit the 
EIS spectra, as shown in the inset of Figure 3(b), consists of solution resistance (Rs),two resistances 
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in parallel with constant phase element (CPE), where one is film resistance (R1) and the other is 
charge transfer resistance (R2),and a Warburg element (W) that accounts for ion diffusion at low 
frequencies. The more vertical Warburg tail observed for rGO–MnO₂/GCE in the low-frequency 
domain further indicates enhanced ion diffusion, facilitated by the porous and conductive 
nanostructure of the composite. Collectively, these results confirm that the rGO–MnO₂ 
nanocomposite exhibits excellent electrochemical performance, making it a promising material for 
high-sensitivity mercury detection.

To achieve optimal sensitivity for Hg²⁺ detection, the influence of both deposition potential and 
deposition time on stripping peak current was evaluated using SWASV with the rGO–MnO₂ 
modified GCE. Figure 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 Hg²⁺ 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 Hg²⁺ 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 Hg²⁺ 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 Hg²⁺ 
ions without unnecessarily prolonging the analysis time, thus optimizing both sensitivity and 
efficiency.

Figure 3(d) illustrates the influence of the deposition potential on stripping peak current during 
the electrochemical detection of Hg²⁺ ions. As the deposition potential shifts toward more negative 
values, the current keeps increasing and reaches its maximum values near −0.4 V. This indicates 
that at this potential, Hg²⁺ ions are most effectively reduced to elemental mercury (Hg) on the 
electrode surface, allowing greater accumulation 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 decrease is likely due to unwanted side reactions, such as hydrogen evolution, which 
interfere with mercury deposition [27].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 Hg²⁺ reduction while avoiding unwanted side reactions. 

All electrochemical measurements were performed using 0.1 M KH₂PO₄ 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 Hg²⁺ detection. At this pH, Hg²⁺ ions remain stable in solution and 
do not readily form insoluble hydroxide species. In addition, the electrochemical activity of MnO₂ 
and the oxygen-containing functional groups of rGO is preserved, while proton-coupled side 
reactions are minimized [28]. These conditions contribute to improved signal stability and 
reproducibility during stripping measurements. 
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Figure 3(e) presents a comparative evaluation of the stripping peak currents obtained from four 
differentelectrode configurations, including bare GCE, MnO₂, rGO, and rGO–MnO₂ modified 
GCE under optimized experimental conditions. Among the tested electrodes, the rGO–MnO₂ 
modified GCE exhibits the highest anodic stripping peak current, demonstrating its superior 
electrocatalytic activity and enhanced affinity towardHg²⁺ ions. The synergistic effect of the rGO–
MnO₂ nanocomposite material is responsible for this remarkable improvement in performance. The 
rGO component contributes high electrical conductivity with the large electroactive surface area, 
while MnO₂ plays multiple critical roles in the sensing process by providing oxygen-rich adsorption 
sites, such as Mn–O and O²⁻ species, which exhibit a strong affinity toward Hg²⁺ ions and promote 
effective pre-concentration on the electrode surface [29]. In addition, MnO₂ functions as a redox-
active mediator that facilitates Hg²⁺ adsorption and its subsequent electrochemical reduction, while 
preferential Hg–O coordination enhances the selectivity of the sensor toward Hg²⁺ over competing 
ions. When combined with rGO, MnO₂ forms a synergistic heterostructure in which rGO ensures 
rapid electron transfer and high electrical conductivity, whereas MnO₂ contributes strong Hg²⁺ 
binding capability [29]. The combination leads to improved electron transfer kinetics and more 
effective preconcentration of Hg²⁺ at the electrode interface. The rGO-only and MnO₂-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 electrochemical properties. Thus, the rGO–MnO₂ nanocomposites demonstrates the 
advantage of using single-component modifications and validate their suitability for high-
sensitivity Hg²⁺ detection in aqueous systems.
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Figure 3.(a) CV and (b) Nyquist plots for different electrodes in 5 mM K3Fe(CN)6 solution 
containing 0.1 M KCl (i) Bare GCE, (ii) MnO₂ modified GCE, (iii) rGO modified GCE, and (iv) 
rGO-MnO₂ modified GCE.The effect of (c) deposition potential and (d) deposition time on the 
stripping peak current for 5 μM Hg²⁺  at the rGO−MnO₂ nanocomposites modified GCE electrode. 
(e) SWASV responses for Hg²⁺  detection using - Bare ,  MnO₂, rGO, and rGO-MnO₂ modified 
GCE.

(e)

(b)

(d)(c)

(a)
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3.3.Detection of Hg²⁺ using rGO-MnO₂ Nanocomposite 

The rGO–MnO₂ modified GCE has been applied for the detection ofHg²⁺ ions in three 
different concentration ranges, such as 1 mM to 10 mM, 1 µM to 10 µM, and 1 nM to 10 nM.  
Figure 4(a-c),represents the SWASV response of the rGO–MnO₂ modified GCE in the 
presenceHg²⁺ ions. A clear oxidation peak is observed at 0.2 V for Hg²⁺, and a noticeable increase 
in the oxidation peak current with increasing the concentrations of Hg²⁺ is seen, indicating efficient 
binding of Hg²⁺ and faster electron transport at rGO–MnO₂ modified electrode surface. The 
variation in peak width at different Hg²⁺ concentrations is a characteristic of anodic stripping 
voltammetry. Higher concentrations (µM to mM) result in increased surface coverage and a quasi-
continuous mercury layer due to Hg⁰ accumulation. Diffusion- and film-controlled stripping 
enables Hg⁰ oxidation to occur more synchronously within a limited potential range. The result is 
sharper, more intense stripping peaks. Where, Hg⁰ deposits are minimal at ultra-low concentrations 
(nM range) during the accumulation step. The rGO–MnO₂ surface unevenly distributes reduced 
mercury across high-energy active sites, causing adsorption and nucleation-controlled stripping. 
Under these conditions, Hg⁰ oxidation gradually occurs over a wider potential window, resulting in 
less distinct stripping peaks.ASV literature notes this transition from adsorption-controlled to 
diffusion-controlled stripping with increasing concentration, which explains concentration-
dependent peak broadening [31], [32].

The inset of figure 4(a-c) further illustrates the calibration behavior of the rGO–MnO₂ sensor 
across a wide dynamic range, demonstrating a strong linear correlation with the regression equation 
of y = 6.81x + 2.23 (R² = 0.99253) for the 0–10 nM range, y = 146.27x + 10.01 (R² = 0.99294) for 
the 1–10 µM range, and y = 299.35x + 17.47 (R² = 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 µM, and 1–10 mM, with excellent 
linearity (R² > 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 [31], [32].

The increasing slope of the calibration plots across the three ranges—6.81 µA/nM, 146.27 
µA/µM, and 299.35 µA/mM, indicates enhanced current sensitivity at higher analyte 
concentrations. These results not only confirm the rGO–MnO₂ nanocomposite's capability for 
detecting ultra-trace levels of Hg²⁺ with excellent linearity and precision but also demonstrate its 
effectiveness in moderately and heavily contaminated water samples. The enhanced 
electrochemical signal results from the synergistic integration of rGO sheets and MnO₂ 
nanoparticles, where rGO contributes high conductivity and a large surface area for electron 
transport, and MnO₂ provides abundant redox-active sites for electrocatalytic Hg²⁺ 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–
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MnO₂-modified GCE, indicating it as a promising platform for sensitive, quantitative, and field-
deployable electrochemical sensing of mercury ions in water. The high R² value obtained 
demonstrates strong linearity and reproducibility of the sensor within the studied concentration 
range. These confirms that the rGO-MnO₂ nanocomposite serves as a dependable and effective 
platform for sensitive and quantitative detection of Hg²⁺ 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 (σ) and the slope (S) 
of the calibration plot, following the well-established relations LOD = 3.3σ/S and LOQ = 10σ/S. 
Here, σ reflects the baseline current fluctuations in the absence of Hg²⁺ ions, corresponding to the 
noise of the system. Based on the calibration slopefor nMdetection (S = 6.81 µA/nM and σ = 0.2 
µA), 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 Hg²⁺ ions in aqueous solutions. Details of σ, LOD, 
and LOQ calculations for the rGO–MnO₂/GCE sensor have been provided in the Table S2.

y = 6.81x + 2.23
R² = 0.99253

Concentration (nM)

Current (µA)(c)

(a)

y = 299.35x + 17.47
R² = 0.98984

Concentration (mM)

Current 
(µA)

Concentration (µM)

Current 
(µA)

(b)

y = 146.27x + 10.01
R² = 0.99294
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Figure 4. SWASV responses of the rGO-MnO₂ modified GCE in 0.1 M KH₂PO₄ buffer(pH 7.3) 
containing different concentrations of Hg²⁺ in the range of a) 1.0–10 mM, b) 1.0–10 μM and c) 1.0–
10 nM.  All data are reported as mean ± s.d. (n = 3).

3.4.Selectivity, Repeatability, Reproducibility, andStability

The selectivity of the rGO–MnO₂ modified GCE toward Hg²⁺  detection was systematically 
investigated by evaluating its electrochemical response in the presence of various potentially 
interfering metal ions, including Cu²⁺, Fe³⁺, Zn²⁺, K⁺, and Na⁺, at a concentration of 10 μM. 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 
Hg²⁺,approximately at 0.2 V which is well separated from common organic oxidations [32]. This 
strong Hg–O coordination reduces susceptibility to chelators compared with weakly bound metal 
ions, thereby confirming the high degree of selectivity of the rGO–MnO₂ towards Hg²⁺. 
Chemically, the rGO–MnO₂ nanocomposite offers numerous oxygen-containing groups that serve 
as active binding sites for Hg²⁺  adsorption. These include hydroxyl (–OH), carbonyl (C=O), 
carboxyl (–COOH), and surface lattice oxygen (O2–) groups from MnO₂. The affinity ofHg²⁺ ions 
and oxygen-rich functional groups facilitates the formation of stable Hg–O coordination bonds, 
thereby improving selective adsorption and efficient electron transfer [33]. FTIR spectra also 
confirm the chemical interactions between Hg²⁺ and the nanocomposite. The FTIR spectra of the 
rGO–MnO₂ nanocomposite before and after Hg²⁺exposure displayed noticeable shifts and intensity 
changes in peak position and intensity. The broad –OH stretching vibration near ~3430 cm⁻¹ 
showed a reduction in intensity and a slight red-shift, indicating hydrogen bonding or complex 
formation with Hg²⁺ ions [35]. Furthermore, the characteristic peaks of C=O and –COOH groups 
near ~1650 cm⁻¹ were either weakened or shifted, supporting direct coordination with Hg²⁺ions[36]. 
Additionally, the Mn–O stretching vibrations (~510–530 cm⁻¹) showed minor shifts, further 
supporting the interaction between Hg²⁺ions and MnO₂ sites[37]. These spectral changes 
collectively confirm the chemical binding of Hg²⁺to oxygenated functional groups on the rGO–
MnO₂ surface, validating the proposed adsorption–reduction mechanism. Thus, the synergistic 
integration of redox-active MnO₂ and highly conductive rGO not only enhances sensitivity but also 
enables selective detection of Hg²⁺ ions in complex aqueous environments.

The sensor repeatability was evaluated by performing five consecutive measurements of rGO–
MnO₂ modified GCE in presence of 10 μM Hg²⁺ concentration under same condition. 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 calculations 
for the repeatability test have been provided in Table S3.

To examine the reproducibility of the fabrication process, three independently prepared rGO–
MnO₂ modified GCEs were employed to detect 10 μM Hg²⁺ under identical conditions. Both 
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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 equivalent sensors. Details of the reproducibility test 
including RSD calculations have been provided in Table S4.

The long-term operational stability of the developed electrode 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 12days and 92.34% even after30 days, confirming outstanding long-termstability. The rGO–
MnO₂ nanocomposite is chemically robust across neutral pH conditions and repeated redox cycling 
[29]. These results suggest that the rGO–MnO₂ nanocomposite 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 has been 
summarized in Table S5.

RSD = 1.02 %

Current 
(µA)

Sensor number

(c)

(a) (b)

(d)
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Figure 5. a) SWASV responses of the rGO-MnO₂ modified GCE for Hg²⁺ and other metal ions. 
The concentration of Hg²⁺ ions and the other interfering metal ions was10μM. b) Repeatability 
analysis of the developed sensor for five replicated measurements. c) Reproducibility of the 
developed sensor. Inset shows histogram ofpeak current versus sensor number. d) Stability of the 
rGO-MnO₂ modified GCE in response to 10μMHg²⁺ over30 days using 0.1 MKH₂PO₄ buffer 
solution (pH 7.3).

3.5.Sensing Mechanism and Morphological Characteristics

The superior sensing ability of the rGO–MnO₂/GCE towards the Hg²⁺ 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 analysis. Figure 6 illustrates the redox reactions involved in the 
electrochemical detection of Hg²⁺ ions on the rGO–MnO₂ surface. The detection was based on 
SWASV, which involves a two-step electrochemical process. During the deposition (reduction) 
step, Hg²⁺ ions are electrochemically reduced to metallic Hg⁰ at an optimized deposition potential 
of −0.40 V (vs. Ag/AgCl) for 240 s, enabling effective pre-concentration on the rGO–MnO₂-
modified electrode surface. Subsequently, in the stripping (oxidation) step, the deposited Hg⁰ is re-
oxidized to Hg²⁺ during the anodic scan, producing a stripping current that is proportional to the 
Hg²⁺ concentration.All measurements were carried out under ambient conditions, and dissolved 
oxygen does not significantly influence the sensor response because the reduction of Hg²⁺ occurs 
at potentials more positive than oxygen reduction, while the stripping peak appears at 
approximately 0.2 V [33]. In addition, the negligible interference from other electroactive species 
during the oxidation step, and the high selectivity of the sensor is attributed to the strong affinity 
of Hg²⁺ toward oxygen-containing functional groups on rGO and MnO₂, which effectively 
suppress competing redox processes [30].The overall redox reactions occurring on the electrode 
surface can be described as follows:

Reduction during accumulation:Hg²⁺ + 2e⁻ → Hg⁰

Oxidation during stripping:Hg⁰ → Hg²⁺ + 2e⁻

This redox cycle is made possibleby the combined structural and chemical properties of the 
rGO–MnO₂ nanocomposite. The MnO₂ nanoparticlessupply oxygen-rich functional groups (e.g., 
O²⁻ and Mn–O),which has strong affinity for Hg²⁺ ions [38]. Concurrently, rGO contributes a highly 
conductive matrix with a large electroactive surface area, accelerating charge transfer during redox 
reactions. Hg²⁺ ions interact strongly with the oxygenated functional groups present on rGO, 
including hydroxyl (–OH), carboxyl (–COOH), and carbonyl (C=O) groups, through coordination 
and electrostatic interactions, facilitating strong chemical binding and pre-concentration of Hg²⁺ at 
the electrode surface [39], [40].In addition, Hg²⁺ ions form Hg–O bonds with the lattice oxygen of 
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MnO₂, reflecting the strong affinity of mercury toward oxygen-rich metal oxide surfaces. These 
interactions facilitate the formation of stable Hg–O–Mn bridging structures at the rGO–MnO₂ 
interface, which effectively anchor Hg²⁺ ions onto the electrode surface. The combined presence of 
multiple binding sites and strong interfacial interactions enhances Hg²⁺ adsorption, improves 
selectivity against competing 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–MnO₂-based Hg²⁺ sensor.

Figure 6. Schematic of the rGO−MnO₂ nanocomposites modified electrochemical sensor for Hg²⁺ 
detection.

The interaction between Hg²⁺ and the rGO–MnO₂ nanocomposite was further confirmed by 
FTIR spectroscopy, as shown in Figure 7. The FTIR spectra before and after Hg²⁺ exposure revealed 
characteristic changes in several functional group vibrations:The broad –OH stretching band around 
~3430 cm⁻¹ showed decreased intensity and a red-shift, indicating hydrogen bonding and 
complexation with Hg²⁺ ions [35].The C=O stretching peak near ~1650 cm⁻¹ was significantly 
weakened and slightly shifted, suggesting that carbonyl (C=O) and/or carboxyl (−COOH) groups 
coordinated directly with Hg²⁺  ions.In the Mn–O region (510–550 cm⁻¹), band shifts and the 
appearance of additional low-frequency components (~451 cm⁻¹ and ~548 cm⁻¹) were consistent 
with the formation of Hg–O–Mn bridging structures[36].These spectral shifts confirm the chemical 
bonding of Hg²⁺ to both rGO and MnO₂ functional groups, validating a dual-mode adsorption 
mechanism involving 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[41].The rGO–MnO₂ nanocomposite functions through the combined roles of its 
constituents. MnO₂ 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 complexes with Hg²⁺ 

Page 17 of 25 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 9
:1

9:
52

 P
M

. 
 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
DOI: 10.1039/D5MA01242B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01242b


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–MnO₂ modified GCE 
operates through a redox-driven adsorption–desorption process with superior analytical 
performance in real-world water monitoring applications.

Figure 7.  FTIR spectra of a) rGO, b) MnO₂ nanoparticles, c) rGO-MnO₂ nanocomposite and d) 
rGO-MnO₂-HgCl2 solution.

Table 1 provides a comprehensive performance comparisonof various reported 
electrochemical sensors for the detection of Hg²⁺ ions. The rGO-MnO₂ 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 [35–38].  In comparison, Tetrabenzylammonium (TBa) 
modified GCE and TBa/AgNPs/GCE sensors, as reported in [43], exhibit even lower detection 
limits of 2.5 × 10⁻¹⁵ M and 1.7 × 10⁻¹⁵ 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 Hg²⁺ 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 µM and an LDR of 1.0 µM to 40 
µM [44]. Although the LOD is higher, this system benefits from the catalytic activity of palladium 
nanoparticles, offering selective detection capabilities. MoS₂@MWCNT/GCE, reported in [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-
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doped rGO/MnO₂ nanocomposite sensor [44], achieved an ultralow detection limit of 
approximately 0.0414 nM due to enhanced electronic conductivity and strong Hg²⁺ 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 contrast, the rGO–MnO₂ 
nanocomposite developed in this study achieves comparable ultrasensitive detection performance 
using a simpler fabrication approach while maintaining excellent linearity, stability, and 
reproducibility. This highlights that effective Hg²⁺ sensing can be achieved through the intrinsic 
synergistic interaction between rGO and MnO₂, without the need for heteroatom doping or 
advanced surface engineering. Similarly, MnO₂-based MOF hybrid sensors utilizing rGO-like 
platforms have been reported for ratiometric detection of Hg²⁺, achieving detection limits around 
0.03µM [47]. 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 multistep synthesis, 
stability concerns in aqueous media, and potential pore-blocking effects during prolonged use. In 
contrast, the rGO–MnO₂ 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 monitoring applications.

Overall, the results demonstrate that the proposed rGO/MnO₂ 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 
Hg²⁺contamination. 

Table 1. Performance comparison of various electrochemical Hg²⁺ sensors

Sensor Material / Type LOD LDR Method Ref.
rGO-MnO₂ 

nanocomposite
0.097nM

1 nM – 10 mM
SWASV This work

TBa modified GCE 2.5 x 10-15M 5 pM – 100 nM SWASV [43]
ePdNPs@rGO/GCE 0.33 µM 1.0 nM–40 nM LSV [44]

MoS₂@MWCNT/GCE 2 nM 5 nM – 500 nM CV [45]
N‑doped rGO/MnO₂ 

nanocomposite
0.0414 nM ------- SWASV [46]

Cu‑MOFs@MnO₂‑based 
ratiometric sensor

0.030 μM ------- DPSV [47]

4. CONCLUSIONS 

In summary, rGO–MnO₂ nanocomposite has been successfully synthesized using solution 
mixing process. The nanostructured rGO–MnO₂ has been utilized for fabricating the Hg²⁺ sensor, 
leveraging the synergistic effect of the rGO and MnO₂.The structural and morphological properties 
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of the rGO–MnO₂ nanocomposite have been confirmed by the XRD, FESEM, and EDS.The CV 
and EIS revealed a significant reduction in Rct and improved ion diffusion kinetics, indicating 
superior electrocatalytic activity. Optimal sensing conditions were established at a deposition 
potential of –0.4 V and an accumulation time of 240 s. Under optimized conditions, the sensor 
showed excellent sensitivity toward Hg²⁺ ions in wide range of concentrations (nM, M, and nM) 
with a low detection limit of 0.097 nM, surpassing WHO and EPA standards for Hg²⁺ in drinking 
water. The selectivity studies showed minimal interference from interfering metal ions such as 
Na⁺, K⁺, Cu²⁺, Zn²⁺, Fe³⁺. It exhibited high reproducibility and long-term stability, retaining over 
92% of its initial response after 30 days of storage. Overall, the rGO–MnO₂ nanocomposite 
modified sensor offers a stable platform with high sensitivity, selectivity for trace level of Hg²⁺ 
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 KH₂PO₄ (pH 7.3) without complex pretreatment, enhancing feasibility for 
on-site applications. The Hg²⁺ stripping peak at approximately 0.2 V is well separated 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–
MnO₂ surface reduces susceptibility to complexing agents and competing ions, considered to 
robust and reliable sensor performance in real water matrices. Although the present works 
demonstrates high sensitivity and wide dynamic range for Hg²⁺ 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 Hg²⁺ preconcentration efficiency and electron-transfer kinetics, thereby 
enabling even lower detection limits in future works.
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