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1  Introduction

Sneprin, a commonly utilised non-steroidal anti-inflam-
matory medicine (NSAID), is important in relieving pain, 
inflammation and fever related to numerous medical ail-
ments [1]. Sneprin (75 mg), a low-dose formulation of 
acetylsalicylic acid is widely prescribed for its antiplate-
let activity to prevent cardiovascular events such as heart 
attacks and strokes. Sneprin has emerged as one of the 
most widely consumed pharmacological agents worldwide, 
owing to its prevalent prescription and over-the-counter 
accessibility [2]. Sneprin, a widely utilised over-the-counter 
(OTC) medication, is essential in the management of throm-
botic diseases, particularly in elderly and high-risk demo-
graphics. Nonetheless, owing to its extensive utilisation, 
inadequate disposal and incomplete metabolism, residues 
of Sneprin have been regularly identified in aquatic envi-
ronments, wastewater discharges and even potable water. 
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Abstract
The growing environmental and clinical concerns associated with sneprin residues necessitate the development of rapid, 
cost-effective, and ultrasensitive detection strategies. To address this, N, P doped carbon quantum dots (NPCQDs) are 
derived from orange peel via a green hydrothermal approach, were integrated with manganese hexacyanoferrate (MnHCF) 
to fabricate a hybrid nanocomposite. The rationale behind this design lies in the synergistic combination of the redox-
active centers of MnHCF with the high conductivity, abundant surface functional groups, and sustainable origin of NPC-
QDs, which overcomes the inherent drawbacks of pristine MnHCF such as low conductivity and limited stability. The 
resulting MnHCF/NPCQD hybrid was thoroughly characterized by XRD, FTIR, SEM, HRTEM with EDS and XPS 
analyses, confirming a crystalline MnHCF framework with uniformly distributed NPCQDs. Electrochemical investiga-
tions using CV, DPV, and EIS revealed enhanced redox activity, surface-controlled kinetics, and significantly reduced 
charge transfer resistance. The MnHCF/NPCQD-modified glassy carbon electrode exhibited a linear response range of 
10–200 µL, high sensitivity of 1.37 µA/µL, and a low detection limit of 3.63 µL. Moreover, the sensor retained 93.8% 
of its initial response after 30 days, demonstrating excellent stability and reproducibility. This sustainable hybridization 
strategy highlights the potential of MnHCF/NPCQD as a high-performance electrochemical platform for real-time sneprin 
monitoring in pharmaceutical and environmental applications. 
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Moreover, extended exposure to trace amounts of sneprin 
can significantly endanger aquatic ecosystems and may 
lead to detrimental health effects in humans, such as organ 
damage, allergic reactions and treatment resistance [3]. 
Therefore, developing sensitive, selective, and sustainable 
methods for the detection and monitoring of sneprin in both 
environmental and clinical samples is of vital importance.

Sneprin has been detected using a variety of analytical 
methods, including as capillary electrophoresis, mass spec-
trometry, spectrophotometry and high-performance liquid 
chromatography (HPLC) [4–7]. Despite the great precision 
and dependability of these methods, they are frequently 
correlated with a number of disadvantages, including high 
operating costs, difficult sample preparation, prolonged 
analysis times and the need for specialized equipment and 
qualified personnel. These restrictions limit their routine 
and on-site use, particularly in environments with limited 
resources. Electrochemical sensing has drawn a lot of inter-
est as a viable substitute in this regard because of its ease 
of use, quick reaction time, affordability, mobility, and high 
sensitivity [8].

The fabrication of effective electrochemical sensors 
mostly relies on the methodical design of the working 
electrode surface utilising appropriate electroactive materi-
als. In this context, Prussian blue analogues (PBAs) have 
garnered considerable interest owing to their distinct crys-
talline structure, redox-active centres and ion-exchange 
capabilities [9]. These coordination compounds, consisting 
of transition metal ions linked by cyanide ligands, exhibit 
adjustable electrochemical activity, rendering them viable 
candidates for sensor applications [10]. Many PBAs, such 
as cobalt hexacyanoferrate [11], nickel hexacyanoferrate 
[12] and copper hexacyanoferrate [13] have been success-
fully used in literature to detect various chemical species 
such as uric acid, glucose, dopamine, ascorbic acid due to 
their favourable redox characteristics and specific recog-
nition competencies. Among the different PBAs investi-
gated, manganese hexacyanoferrate (MnHCF) has recently 
become apparent as a viable option due to its distinct elec-
trochemical properties [14]. MnHCF has a broader redox 
potential window than other PBAs and is more stable in 
neutral and mildly alkaline conditions. Its well-defined 
redox behaviour, along with its high ion-exchange capac-
ity and structural tunability, make it ideal for electrochemi-
cal sensing applications [15]. Furthermore, the addition 
of Mn to the hexacyanoferrate framework introduces new 
redox-active centres, which could help in the selective and 
sensitive detection of target analytes. These characteristics 
establish MnHCF as an effective and adaptable material for 
the construction of next-generation electrochemical sensors. 
On the other hand, Mn based PBAs have limited use in high-
performance electrochemical sensing due to their inherent 

limitations, which includes weak mechanical stability and 
poor electrical conductivity. To address these restrictions, 
multiple efforts such as metal doping [16], making hybrids 
with conductive materials [17] have been made to produce 
various composites incorporating transition metal hexacya-
noferrates (TMHCFs). Recently, hybrids of carbon-based 
materials and PBAs have been developed to capitalise on 
their combined benefits, addressing the increasing demand 
for electrochemical sensor electrode design [18]. Because of 
the synergistic interactions between the components, these 
hybrid materials consistently outperform pure TMHCFs in 
terms of electrochemical performance and stability.

Recently, heteroatom-doped carbon dots (CDs), particu-
larly nitrogen and phosphorus co-doped CDs have drawn 
significant attention in the field of electrochemical sensing 
materials owing to its numerous advantages such as supe-
rior conductivity, rich surface functional groups and a high 
electron-donating ability [19]– [20]. The inclusion of N, 
P-doped CDs not only improves the electrical conductivity 
of MnHCF, but it also adds more active sites and improves 
surface interactions with analytes. This synergistic combi-
nation lays the path for the creation of a reliable and sensi-
tive electrochemical sensor platform.

Several synthesis methods have been devised to make 
CDs, including top-down approaches such as laser abla-
tion, arc discharge, and electrochemical oxidation, as well 
as bottom-up methods such as pyrolysis, hydrothermal, 
and microwave-assisted carbonisation of organic precur-
sors [21]– [22]. While these technologies provide control 
over particle size and functionalisation, they frequently 
involve harsh chemicals, a large energy input, and compli-
cated purification stages. To circumvent these restrictions, 
green synthesis techniques have received a lot of interest. 
These eco-friendly processes use renewable natural pre-
cursors including fruit extracts, plant leaves, and biomass 
waste in moderate circumstances, lowering environmen-
tal impact and production costs. For example, Wazir et al. 
(2013) described the synthesis of luminous CDs utilising 
orange juice in a one-step hydrothermal procedure, empha-
sising simplicity and biocompatibility [23]. Similarly, Sahu 
et al. (2022) created N doped CDs from banana peels, which 
showed strong fluorescence and good electrochemical char-
acteristics appropriate for sensing applications [24]. Green 
synthesis not only adheres to sustainability principles, but it 
also naturally imparts heteroatom doping (e.g., N, P, S) from 
the precursors, hence improving the electrical and catalytic 
properties of CDs without the need for extra dopants. These 
inherent benefits make green-synthesized CDs especially 
appealing for integration with electroactive materials such 
as MnHCF in the construction of high-performance, envi-
ronmentally friendly electrochemical sensors.
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In this context, the rationale of the present work lies in 
combining the advantages of MnHCF with heteroatom-
doped CQDs to overcome their respective shortcomings. 
While MnHCF contributes multiple reversible redox-active 
centers (Mn²⁺/Mn³⁺ and Fe²⁺/Fe³⁺), its poor electrical con-
ductivity and moderate mechanical stability limit its sens-
ing efficiency. Incorporation of nitrogen and phosphorus 
co-doped CQDs addresses these limitations by offering 
superior conductivity, abundant functional groups (–OH, 
–NH₂, –COOH), and strong electron-donating capability. 
N-doping enhances electron transfer and active site den-
sity, while P-doping promotes surface reactivity and elec-
tron delocalization, enabling stronger electrostatic and π–π 
interactions with aromatic drug molecules such as Sneprin. 
Moreover, the use of orange peel as a sustainable precursor 
for NPCQD synthesis through a green hydrothermal route 
ensures cost-effectiveness and biowaste valorization, while 
simultaneously introducing natural heteroatom doping. 
Thus, the MnHCF/NPCQD hybrid electrode is strategically 
designed to integrate structural stability, enhanced conduc-
tivity, and eco-friendly fabrication, providing a robust plat-
form for ultrasensitive and sustainable Sneprin detection.

2  Experimental Procedure

2.1  Materials

Fresh orange peels were collected from local sources and 
thoroughly cleaned with distilled water. Manganese (II) 
chloride tetrahydrate (MnCl₂·4  H₂O) (> 99%), potassium 
ferricyanide (K₃ [Fe (CN)₆]) (> 99%) were purchased from 
Sigma Aldrich chemicals and Co., Bangalore. Phosphoric 
acid (H₃PO₄) (> 95%), urea (> 98%) and glucose (> 98%) 
was supplied by Merck Chemical Company, Chennai. Etha-
nol, hydrochloric acid, potassium chloride was provided by 
Naresh Scientific Company, Pudhucherry, India. Sneprin 
75 mg tablet was purchased from local medical store, Chen-
nai. All reagents were of analytical grade and used without 
further purification.

2.2  Synthesis of N, P-Doped Carbon Quantum Dots 
from Orange Peels

A green hydrothermal technique was used to synthesise N, 
P-doped carbon quantum dots from orange peels. In this 
procedure, initially, orange peels were cleaned, sliced into 
small pieces, and dried at 60 °C before being ground into 
powder. 1.0 g of orange peel powder was mixed with 30 mL 
of DI water containing 1.0 g of urea and 0.5 mL of phos-
phoric acid. The solution was agitated for 30 min and trans-
ferred to a 50-mL Teflon-lined stainless-steel autoclave. The 

autoclave was heated to 180  °C for 6  h for hydrothermal 
process. After naturally cooling to ambient temperature, 
the dark brown solution was centrifuged at 10,000  rpm 
for 15  min. The supernatant containing well-dispersed N, 
P-CQDs was kept at 4 °C, labelled as NPCQD and used for 
fabricate composite.

2.3  Synthesis of MnHCF and NPCQD/MnHCF 
Composite

The nanocomposite was produced by mixing 10 mL of 
the as-prepared N, P-CQD solution with 20 mL of 0.01 M 
MnCl₂·4 H₂O solution while stirring constantly. Next, the 
mixture was mixed with 20 mL of 0.01 M K₃[Fe(CN)₆] 
solution added dropwise. The development of the compos-
ite was shown by the slow production of a blue manganese 
hexacyanoferrate (MnHCF) precipitate. At room tempera-
ture, the reaction was stirred for 4 h. Centrifugation was 
used to gather the finished product, which was then peri-
odically cleaned with ethanol and DI water to get rid of any 
unreacted species. It was then dried for 12 h at 60 °C in a 
vacuum oven. N, P-CQD/MnHCF nanocomposite was the 
label applied to the dried powder. A similar co-precipitation 
technique was used to synthesise pristine manganese hexa-
cyanoferrate without adding N, P-CQDs [25]. In particular, 
20 mL of 0.01 M MnCl₂·4 H₂O and 20 mL of 0.01 M K₃[Fe 
(CN)₆] were combined for 4 h with constantly stirred. The 
blue precipitate that resulted was then collected, washed and 
dried at 60 °C. The formed composite and pristine sample 
were labelled as MnHCF/NPCQD and MnHCF respectively. 
The schematic representation of the synthesis of MnHCF/
NPCQD nanocomposite is depicted in Fig. 1.

2.4  MnHCF/NPCQD Electrode Fabrication Procedure

The electrode fabrication using MnHCF/NPCQD structures 
was achieved by adapting a protocol reported in our previ-
ous work with slight modifications [26]. In this procedure, a 
glassy carbon electrode (GCE, diameter 3 mm) was chosen 
as the base working electrode for the electrochemical sen-
sor fabrication. To attain a mirror-like finish, its surface was 
mechanically polished using alumina slurry (0.05 μm) on a 
polishing cloth in eight number writing motion. The elec-
trode was then completely cleaned with ethanol and deion-
ized water to get eliminate of any remaining fragments of 
alumina and surface contaminants. Subsequently, a mild N2 
gas stream was used to dry the cleaned GCE. A conduct-
ing binder consisting of ethanol and 5 wt% Nafion (480 
µL ethanol + 20 µL Nafion) was used to produce a slurry 
of MnHCF/NPCQD nanocomposite in order to modify the 
GCE. The slurry was prepared by mixing an appropriate 
amount (5 mg) of the synthesised powder with the solution. 
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3  Results and Discussion

3.1  Powder XRD Analysis

Powder XRD pattern of MnHCF/NPCQD is presented in 
Fig. 2. The appeared diffraction peaks at 2θ = 17.4°, 24.7°, 
35.1°, 39.4° and 43.2° correspond to the (200), (220), (400), 
(420) and (422) planes of face-centered cubic MnHCF. 
These peaks closely resemble the standard pattern of JCPDS 
Card No. 89–0686 and are consistent with earlier literature 
[27]. The presence of nitrogen and phosphorus co-doped 
carbon quantum dots (NPCQDs) in the nanocomposite is 
confirmed by the broad feature observed around 24°, which 
is indicative of the (002) plane of graphitic carbon [28]. This 
broadening indicates a partially disordered carbon structure 
that is typical of carbon quantum dots that are synthesised 
from biomass precursors of orange peels. The XRD spec-
trum shows no additional impurity peaks, confirming the 
phase purity of the synthesised composite. Beyond phase 
identification, the XRD data were used to extract quanti-
tative structural parameters for the MnHCF/NPCQD com-
posite. The crystallite size (D) was estimated using the 
Debye–Scherrer formula [29]:

D = 0.9λ

β cosθ

with Cu Kα radiation (λ = 1.5406 Å), giving D ≈ 36.0  nm 
(consistent with our earlier estimate from the (220) reflec-
tion). The microstrain (ε) was obtained from peak broaden-
ing by using following equation:

ϵ = β

4tanθ

To form a homogeneous and stable slurry, the resulting 
mixture was ultrasonicated for 30 min. The slurry was sub-
sequently drop-casted onto the surface of a GCE. The modi-
fied electrode was dried in an electric oven at 60 ± 5 °C for 5 
h subsequent the coating process to ensure proper adhesion 
and film formation. The modified electrode is referred to as 
MnHCF/NPCQD/GCE and it was used for electrochemical 
detection of sneprin.

2.5  Characterization

Using a Bruker D8 Advance diffractometer with Cu Kα 
radiation (λ = 1.5406 Å) running at 40 kV and 40 mA over 
a 2θ range of 10°–80°, the crystalline nature of the samples 
was investigated by X-ray diffraction (XRD). To determine 
the functional groups included in the samples, FTIR spectra 
were captured using a Shimadzu IRTracer-100 spectrometer 
in the 4000–400 cm⁻¹ range. Field emission scanning elec-
tron microscopy (FESEM, ZEISS Sigma 300) combined 
with an energy-dispersive X-ray spectroscopy (EDS) equip-
ment was used to examine the surface morphology and ele-
mental distribution. A JEOL JEM-2100 microscope running 
at an accelerating voltage of 200 kV was used to acquire 
transmission electron microscopy (TEM) and high-resolu-
tion TEM (HRTEM) images in order to examine the inter-
nal morphology and particle distribution at the nanoscale. 
To ascertain the elemental composition and chemical states 
of the elements in the nanocomposite, X-ray photoelectron 
spectroscopy (XPS) investigation was performed using a 
Thermo Scientific K-Alpha + spectrometer with Al Kα radi-
ation (hv = 1486.6 eV).

Fig. 1  Schematic illustration of synthesis of MnHCF/NPCQD
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crystalline fraction (~ 72%), which together rationalize the 
stable redox features and efficient charge transfer observed 
in the electrochemical studies.

3.2  FTIR Analysis

FTIR spectra of MnHCF/NPCQD is presented in Fig. 3. 
A strong and distinct absorption peak appeared near 2075 
cm⁻³. This is due to the cyanide group’s stretching vibra-
tion, which is an important part of manganese hexacyano-
ferrate (MnHCF)’s structure [31]. The presence of this peak 
confirms the formation and structural integrity of the Mn–
CN–Fe framework. Moreover, the intense peak at appeared 
at approximately 1625 cm⁻¹ corresponds to the bending 
vibration of adsorbed H–O–H from surface-bound water or 
hydroxyl groups, whereas the peak at 1395 cm⁻¹ is likely 
attributed to C–N stretching vibrations from doped nitrogen 
groups within the NPCQDs [32]. The presence of -OH and 
-NH2 functional groups introduced during the synthesis of 
carbon dots from the orange peel precursor is indicated by 

yielding ε ≈ 2.8 × 10−3 and the corresponding dislocation 
density (δ) is δ ≈ 0.77 × 1015m−2. These values signify 
excellent crystallinity accompanied with a minimal density 
of lattice flaws. The lattice constant (a) for MnHCF was 
determined from multiple indexed peaks, assuming a cubic 
lattice structure. Utilising the reflections at 2θ = 17.4° (200), 
24.7° (220), 35.1° (400), 39.4° (420), and 43.2° (422), the 
individual values converge to an average of a = 10.20 ± 0.03 
Å, consistent with the documented cubic PBA framework 
[30]. To evaluate the degree of crystallinity (Xc), we inte-
grated the areas of the crystalline peaks and normalized to 
the total diffracted area (peaks + background), explicitly 
accounting for the broad amorphous contribution centered 
near ~ 24° associated with the CQD component. This gives 
Xc ≈ 72% for MnHCF/NPCQD. As XRD is not a direct 
porosimetry method, we report a qualitative XRD-derived 
porosity index as the complementary amorphous fraction: 
PXRD​=1 − Xc​≈28%. Based on this, the composite exhib-
its a moderate crystallite size (~ 36 nm), low microstrain, 
and a well-defined cubic lattice (a ≈ 10.20 Å) with a high 

Fig. 2  XRD pattern of MnHCF/
NPCQD
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The MnHCF framework and NPCQDs are believed to form 
a significant interaction, as these structures are uniformly 
distributed throughout the carbonaceous matrix. The par-
ticles exhibit well-defined edges and slightly rough surfaces 
at a higher magnification in Fig. 4 (c). The irregularity may 
be attributed to the deposition of NPCQDs on the MnHCF 
surfaces, which produces a hybrid nanostructure. The 
dense arrangement and the absence of large voids further 
support effective surface coverage, which is advantageous 
for improved charge transport during sensing. Figure 4 (d) 
illustrates that the main elements are uniformly distributed 
across the MnHCF/NPCQD composite. The detection of 
Fe, Mn, K, N, P, and O validates the synthesis of MnHCF 
and the effective incorporation of N and P into the carbon 
quantum dots derived from orange peel biomass. The homo-
geneous distribution of nitrogen and phosphorus signifies 
efficient doping of N and P in biomass derived carbon dot, 
which enhances electrochemical conductivity and surface 
activity. The elemental composition is further confirmed by 
the EDX spectrum, which is displayed in Fig.  4 (e). The 
presence of distinctive peaks for Fe, Mn, K, O, N and P 

the broad band centred around 3410 cm⁻¹, which is char-
acteristic of O–H/N–H stretching vibrations. In the lower 
wavenumber range, bands at around 580 cm⁻¹ and 480 
cm⁻¹ correspond to Mn–N and Fe–C stretching modes, 
thereby affirming the coordination environment within the 
Prussian blue analogue structure [33]. The combination 
of cyanide stretching, metal-ligand vibrations, and surface 
functional group bands confirms the effective fabricating of 
the MnHCF/NPCQD composite, as well as the inclusion of 
surface-active groups from carbon dots, which are critical 
for improving electrochemical sensing characteristics.

3.3  FESEM Analysis

The FESEM micrographs at different magnifications 
are presented in Fig. 4 (a–c). As shown in Fig. 4 (a) (at a 
2  μm scale), the nanocomposite exhibits a porous texture 
and a densely aggregated morphology with interconnected 
particles. Figure 4 (b) (at a 1 μm scale) illustrates a more 
pronounced distribution of nearly cubic particles, which is 
indicative of the crystalline character of the MnHCF phase. 

Fig. 3  FTIR spectra of MnHCF/
NPCQD
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NPCQD composite, transmission electron microscopy was 
used. Figure  5(a) illustrates the low-magnification TEM 
image (200  nm scale), which clearly demonstrates aggre-
gated polyhedral particles. These particles exhibit moder-
ate aggregation and are indicative of the MnHCF crystalline 
structure, which may be attributed to the interaction between 
the particles and the carbon matrix. Figure  5(b) (50  nm 

validates the integration of the doped CQDs with the hexa-
cyanoferrate framework.

3.4  TEM Analysis

In order to acquire a more comprehensive understand-
ing of the morphology and nanostructure of the MnHCF/

Fig. 5  TEM images of MnHCF/
NPCQD at various magnification 
(a) at 200 nm (b) at 50 nm

 

Fig. 4  FESEM images of MnHCF/NPCQD at various magnifications (a) at 2 μm (b) at 1 μm (c) at 400 nm (d) Elemental mapping (e) EDS spectra 
of MnHCF/NPCQD
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addition, the existence of Mn²⁺ in the composite is confirmed 
by Fig. 6 (c), which displays Mn 2p peaks at approximately 
641.8 eV and 653.4 eV, which correspond to Mn 2p₃⁄₂ and 
Mn 2p₁⁄₂ [35]. Furthermore, the core level C 1 s spectrum 
has a primary peak about 284.8 eV, which is attributed to 
C-C/C = C bonds, as well as smaller features near 286.2 
eV and 288.5 eV, which correspond to C-O and O-C = O 
functional groups, respectively (Fig. 6(d)) [36]. Figure 6(e) 
illustrates the N 1 s peak centred at approximately 398.3 eV, 
indicative of pyridinic nitrogen, accompanied by a shoul-
der near 400.5 eV, which corresponds to graphitic or doped 
nitrogen within the NPCQD matrix [37]. Moreover, P 2p 
spectrum with a peak at about 133.8 demonstrating that P in 
its oxidised state has been successfully incorporated into the 
carbon matrix (Fig. 6 (f)). The strong O 1 s peak centered 
at ~ 532.1 eV, which can be attributed to oxygen in metal–
oxygen bonds and surface-adsorbed hydroxyl or carbonyl 
groups (Fig. 6(g)) [38]. The XPS investigation indicates 
that the MnHCF/NPCQD composite has all of the required 
elements, including Mn, Fe, C, N, P, and O, indicating that 
the material was successfully synthesised with the desired 
composition.

3.6  CV Analysis for Detection of Sneprin by MnHCF/
NPCQD/GCE

The electrochemical sensing capacity of the MnHCF/
NPCQD-modified GCE towards sneprin was systematically 
examined using CV in a 0.1 M KCl electrolyte within the 
potential window from − 1.0 V to 1.0 V at a scan rate of 50 

scale) illustrates the way the surface morphology of indi-
vidual particles becomes increasingly visible at higher mag-
nifications. A slightly even coating or shell-like contrast is 
detected surrounding the MnHCF particles, indicating the 
presence of NPCQDs anchored to or partially encircling the 
surface of the MnHCF crystallites. Furthermore, the clear 
lattice fringes with interplanar distances of approximately 
0.25–0.32  nm were measured in HRTEM image depicted 
in 5 (c), which correspond well to the characteristic planes 
of MnHCF.

Moreover, Fig. 5(d) shows a selected area electron dif-
fraction (SAED) pattern with clear concentric diffraction 
rings. The mix of narrow and wide rings supports the exis-
tence of both crystalline MnHCF domains and the amor-
phous or partially crystalline carbon structure formed by the 
NPCQDs.

3.5  XPS Analysis

Figure 6(a) shows the XPS survey spectrum of the MnHCF/
NPCQD nanocomposite. The presence of Fe, Mn, O, C, N, 
P and K elements is clearly indicated by sharp peaks which 
validates the successful formation of the composite struc-
ture comprising MnHCF and N, P-doped carbon quantum 
dots. The high-resolution Fe 2p spectrum is displayed in 
Fig. 6(b), with two distinct peaks at around 708.5 eV and 
722.3 eV, which correspond to Fe 2p₃⁄₂ and Fe 2p₁⁄₂, respec-
tively [34]. The presence of Fe²⁺ species in the MnHCF 
framework is confirmed by these peaks, which is in accor-
dance with literature reports on Prussian blue analogues. In 

Fig. 6  XPS spectra of MnHCF/NPCQD (a) XPS survey spectrum; High resolution spectra (b) Fe 2p (c) Mn 2p (d) C 1 s (e) N 1 s (f) P 2p (g) O 1s
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the MnHCF framework. The addition of sneprin resulted 
in a progressive increase in both anodic and cathodic peak 
currents, with no significant changes in peak potential. 
This signifies a strong and stable electrochemical contact 
between sneprin molecules and the electrode surface.

To assess electrode sensitivity, calibration plots have 
been made by plotting anodic peak current (Ipa) against sne-
prin concentration (C) (Fig. 8 (a-c)). The relationship was 
determined to be linear across each examined range, and the 
sensitivity (S) of the electrode was computed utilizing the 
conventional linear regression formula [40]:

S = ∆ I

∆ C

where, I is the peak current (mA), C is the analyte concen-
tration (µL) and m is the slope of the line, representing the 
sensitivity. The calculated sensitivities are 0.00085  mA/
µL, 0.00642 mA/µL and 0.00145 mA/µL for each range of 
concentrations.

These results validate that the sensor operates perfectly 
in both low and moderate concentration ranges, exhibiting 
a constant electrochemical response. Among the evaluated 
ranges, Fig. 6(b) exhibited the greatest sensitivity, which is 

mV s⁻¹. The bare GCE’s performance was initially assessed 
and the obtained results demonstrated that bare GCE exhib-
ited very weak redox activity with negligible peak currents 
in the presence of sneprin due to its limited surface area and 
lack of electrocatalytic properties. However, the electro-
chemical response was significantly improved after modifi-
cation with the MnHCF/NPCQD nanocomposite. This was 
attributed to the synergistic combination of redox-active 
MnHCF and highly conductive N and P co-doped car-
bon quantum dots. The MnHCF provides reversible redox 
couplings (Mn²⁺/Mn³⁺ and Fe²⁺/Fe³⁺), whereas NPCQDs 
enhance surface area, conductivity, and electrostatic and π-π 
interactions with sneprin molecules [39]. To investigate the 
sensing behaviour under different concentration regimes, 
CV measurements were carried out with gradually increas-
ing amounts of sneprin from 10 µL to 2000 µL. We evalu-
ated sneprin concentrations ranging from 100 to 1900 µL 
in Fig. 7 (a), 10 to 100 µL in Fig. 7(b) and 100 to 1000 µL 
in Fig. 7 (c). In all cases, increasing sneprin concentration 
resulted in a gradual increase in both anodic and cathodic 
peak currents indicating the improved electrochemical oxi-
dation/reduction behaviour. The modified electrode exhib-
ited a pair of well-defined redox peaks, corresponding to 
the Mn (II)/Mn (III) and Fe (II)/Fe (III) transitions inside 

Fig. 7  CV curves of MnHCF/NPCQD electrode with varying sneprin concentrations (a) 100 to 1900 µL (b) 10–100 µL (c) 100–1000 µL
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regression of the Ipa vs. ν plot, based on the following equa-
tion [42]:

Ipa = kv + b

where p.a. ​is the anodic peak current (mA),  is the scan rate 
(mV/s),  is the slope of the linear fit and  is the intercept. 
The sensitivity of the electrode in response to scan rate 
variation is represented by the slope of this plot, which was 
determined to be 13.49 mA V⁻¹ s⁻¹. The MnHCF/NPCQD 
composite’s superior electron transfer capability and high 
electroactive surface area are evidenced by this high value. 
The synergistic interaction between the conductive, func-
tionalised surface of NPCQDs and the redox-active MnHCF 
framework is responsible for the improved response. During 
redox transitions, the efficient transportation of electrons is 
facilitated by the abundant nitrogen and phosphorus surface 
functionalities and the porous morphology, which provides 
sneprin molecules with ample anchoring sites [43]. These 
results not only substantiate the sensor’s rapid charge trans-
fer kinetics but also confirm its suitability for real-time elec-
trochemical sensing applications.

especially beneficial for detecting sneprin at trace concen-
trations. The elevated slope in this range signifies a robust 
interaction between sneprin and the plentiful surface-active 
sites at low coverage, where adsorption occurs. Moreover, 
CV measurements were conducted at scan rates from 2 mV 
s⁻¹ to 100 mV s⁻¹ in 0.1 M KCl with 1 mM sneprin to eluci-
date the electrochemical kinetics and charge transfer mech-
anism of the MnHCF/NPCQD-modified electrode. Figure 
9 (a) shows the recorded CV spectra at different scan rate 
which illustrates that both anodic and cathodic peak cur-
rents exhibited a progressive increase with the elevation of 
the scan rate. The peak potentials displayed negligible shift, 
signifying a steady and quasi-reversible redox process at the 
electrode surface. To further understand the reaction pro-
cess, a plot of anodic peak current (Ipa) versus scan rate (v) 
was generated. The resulting linear connection (Fig. 9(b)) 
demonstrates that the electrochemical response is predomi-
nantly determined by a surface-controlled process in which 
the current is directly proportional to the scan rate [41].

This shows that sneprin’s redox behaviour at the MnHCF/
NPCQD interface is determined by adsorption rather than 
diffusion-limited transport across the electrolyte. The sen-
sor’s sensitivity to scan rate was evaluated using linear 

Fig. 9  (a) CV curves at different scan rates showing increasing redox current (b) Linear plot of Ipa versus scan rate

 

Fig. 8  Calibration plots of anodic peak current (Ipa) versus sneprin concentration (a) 100 to 1900 µL (b) 10–100 µL (c) 100–1000 µL
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of detection (LOD) of the MnHCF/NPCQD sensor was fur-
ther estimated using the standard formula [45]:

LOD = 3.3 × σ

S

where the standard deviation of the blank () is assumed to be 
1.5 µA, and the sensitivity () is derived from the calibration 
curve (1.37 µA/µL). The developed electrode had an excep-
tional low-level detection capability, as evidenced by the 
calculated LOD of approximately 3.63 µL. The MnHCF/
NPCQD nanocomposite is a highly sensitive platform that 
is suitable for trace-level quantification of sneprin in envi-
ronmental or clinical contexts, as evidenced by the low 
LOD value.

3.8  Electrochemical Impedance Spectroscopy (EIS) 
Analysis

The interfacial charge transfer characteristics of the MnHCF/
NPCQD-modified electrode were examined before and 
after the addition of sneprin using electrochemical imped-
ance spectroscopy (EIS). The Bode diagrams in Fig. 11(a) 
and Fig. 11 (b) illustrate the logarithmic scale variation of 
impedance magnitude (|Z|) and phase angle in relation to 
frequency. The system exhibited a total impedance value of 
approximately 138.3 Ω at 1 Hz and a phase angle of 8.3° 
in the absence of sneprin (Fig. 11(a)). The phase angle was 
slightly reduced to 7.5°, and the impedance was marginally 
reduced to 135.1 Ω after 1 mL of sneprin was added to the 
electrolyte (Fig. 11(b)). The minimal decrease in both |Z| 
and phase angle suggests a modest enhancement in charge 
transfer dynamics at the electrode–electrolyte interface 

3.7  DPV Analysis for Detection of Sneprin by 
MnHCF/NPCQD/GCE

To determine the electrode’s limit of detection and suitabil-
ity for low-concentration sensing, differential pulse voltam-
metry (DPV) analysis is more important study, which was 
performed in 0.1 M KCl electrolyte with a progressive 
injection of sneprin from 10 µL to 200 µL. As shown in 
Fig. 10(a), DPV curves show a distinct oxidation peak with 
a steady and progressive rise in peak current as the concen-
tration of sneprin increases. The MnHCF/NPCQD-modified 
electrode showed a markedly improved response under 
the same conditions as the bare MnHCF electrode, which 
showed a peak current of 105.4 µA at 10 µL of sneprin. 
The increased electroactive surface area and better electron 
transfer kinetics brought forth by the NPCQDs are respon-
sible for this improvement. These doped locations provide 
advantageous functional groups that improve interaction 
with sneprin molecules in addition to increasing conductiv-
ity [44]. The linear calibration plot (Fig. 10(b)) shows the 
quantitative evaluation of the sensor’s sensitivity by graph-
ing the peak current (Ipa) against the sneprin concentration 
(C). According to the regression equation, there was a linear 
relationship:

I = 1.37 × C = 127.64

where I is the peak current in µA and C is the sneprin con-
centration in µL. The slope of this line correlates to the sen-
sitivity, which is computed to be 1.37 µA/µL. This shows a 
strong and linear current response in the tested range. This 
linearity verifies the MnHCF/NPCQD-modified electrode’s 
outstanding performance in quantitative analysis. The limit 

Fig. 10  (a) DPV curves of MnHCF/NPCQD electrode with increasing sneprin concentrations (b) Corresponding calibration plot used to determine 
sensitivity and LOD
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storage conditions in order to assess its long-term opera-
tional stability. Multiple electrochemical cycles were used 
for stability experiments in order to evaluate the MnHCF/
NPCQD-based sensor’s practical reliability. Excellent 
repeatability was demonstrated by the electrode’s current 
response, which stayed constant with very little change in 
peak intensity. After 30 days, the sensor maintained roughly 
93.8% of its initial current response, as illustrated in Fig. 
12(a), demonstrating exceptional stability and resilience. On 
Day 1, the electrode first showed a 100% peak current. The 
percentage of responses that were kept after 5, 10, 15, 20, 
and 25 days were 98.7%, 97.5%, 96.8%, 95.9%, and 94.6%, 
respectively. The comparatively moderate rate at which the 
current decreases indicates that there is no appreciable loss 
of structural or redox integrity over time, and the electrode 
surface continues to be electrochemically active. The robust 

as a result of sneprin binding [46]. The increased electro-
chemical activity observed in the CV and DPV results is 
consistent with the decrease in impedance that occurs upon 
analyte introduction. It implies that the presence of sneprin 
facilitates the electrostatic and chemical interaction between 
sneprin molecules and the functional sites of the MnHCF/
NPCQD surface, thereby promoting quicker electron trans-
fer. In order to facilitate efficient redox exchange, the N and 
P dopants in the CQDs may contribute additional conductiv-
ity and anchoring sites.

3.9  Stability Analysis and Comparison with Earlier 
Reports

The electrochemical response of the MnHCF/NPCQD-mod-
ified electrode was monitored for 30 days under ambient 

Fig. 11  (a) Bode plot of impedance magnitude and phase before sneprin addition (b) Bode plot after sneprin addition

 

1 3



Chemistry Africa

electron transfer efficiency over time. These results vali-
date the durability and reproducibility of the sensor, which 
makes it appropriate for long-term sneprin electrochemical 
monitoring [47].

Moreover, the MnHCF/NPCQD sensor was evaluated 
in comparison to sensors that had been previously reported 
for the detection of pharmaceuticals and NSAIDs. The pres-
ent sensor provides a broader linear range, a lower limit 
of detection (LOD ≈ 3.63 µL) and comparable or superior 
sensitivity, as summarised in Table 1 [48–52]. The green 
synthesis route, which employs orange peel and low-cost 
precursors, is highly sustainable and cost-effective, in con-
trast to the fact that many sensors require complex synthesis 
procedures or pricey noble metals. To further confirm the 
structural stability of the MnHCF/NPCQD nanocomposite 
after extended electrochemical testing, post-characteriza-
tion using SEM was performed on the electrode surface 
after 30 days of repeated measurements. As shown in Fig. 
12 (b), the post-SEM image reveals that the nanocomposite 
maintained its interconnected polyhedral morphology, with 
MnHCF crystallites still embedded within the carbonaceous 
matrix of NPCQDs. No significant agglomeration, phase 
collapse, or film detachment was detected, indicating that 
the hybrid interface between MnHCF and NPCQDs is struc-
turally robust. The retention of morphology strongly sup-
ports the electrochemical stability results, where ~ 93.8% 
of the initial current response was preserved even after 30 
days. The combined electrochemical and post-morpholog-
ical analyses confirm that the MnHCF/NPCQD nanocom-
posite is both durable and reliable for practical sneprin 
detection applications.

 

interface between MnHCF and the co-doped carbon quan-
tum dots, which successfully inhibit surface deterioration 
and improve durability, is responsible for the structural and 
electrochemical stability. Additionally, the CQDs’ dopants 
of phosphorus and nitrogen help to sustain conductivity and 

Table 1  Comparison results of present work with previously published 
work towards electrochemical detection for pharmaceutical or NSAID 
detection
Sensor Material Analyte Detec-

tion 
limit

Sensitivity Linear 
Range

Refer-
ence

Graphene modi-
fied SPE

Aspirin 8.7 
µM

7.129 µA 
µM−1

10–
150 
µM

 [48]

Polythiophene Aspirin 0.5–10 
mM

20.62 
µAmM−1

100–
1000 
µM

 [3]

Chitosan 
capped gold 
nanoparticle

Aspirin 0.03 
pg/
mL

- 1 pg/
mL- 1 
µg/
mL

 [49]

Polypyrrole/
SiO2@Au

Acetyl 
salicylic 
acid

0.2 
nM

0.5214 µA/
nM

10 nM 
−1000 
nM

 [50]

CNTs-ferrocene/
nickel chro-
mium oxide 
nanocomposite

Acetyl 
salicylic 
acid

1.26 
nM

3.5 × 10−7 
mol/L

0.01 
µM- 
50 
µM

 [47]

MWCNTs-poly-
4-vinylpyridine 
composite

Aspirin 4.42 
nM

2.1 × 10−6 
mol/L

0.04–
350 
µM

 [51]

PMR/Zn-Al 
LDH/GCE

Acetyl 
salicylic 
acid

1.27 
µM

43.3 µA 
µM–1

0.1 
µM to 
4.25 
µM

 [52]

NPCQD/
MnHCF

Sneprin 3.63 
µL

0.00642 mA/
µL

1 µM 
to 
3000 
µM

This 
work

Fig. 12  (a) Stability analysis of MnHCF/NPCQD-modified electrode monitored over 30 days (b) Post SEM analysis image of MnHCF/NPCQD
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mechanism. MnHCF/NPCQD nanohybrid functions as a 
dual-active material, where MnHCF provides robust and 
reversible redox behaviour, while NPCQDs enhance elec-
tron transport and analyte binding. Therefore, the enhanced 
electrochemical sensing behaviour of the MnHCF/NPCQD-
modified electrode towards sneprin arises from a synergistic 
interplay between the structural, electronic and surface-
active characteristics of the hybrid nanocomposite. This 
cooperative mechanism enables rapid, selective, and sensi-
tive detection of sneprin.

4  Conclusions

This study effectively synthesised and used a green bio-
waste-derived MnHCF/NPCQD nanocomposite as an elec-
trochemical sensor for ultrasensitive sneprin detection. The 
formation of a crystalline MnHCF framework integrated 
with uniformly distributed, heteroatom-rich NPCQDs was 
confirmed by structural and morphological characterisa-
tions. The synergistic integration of MnHCF and NPCQDs 
provided the electrode with enhanced conductivity, multiple 
active sites, and consistent redox behaviour. Electrochemi-
cal analyses (CV, DPV, EIS) revealed remarkable sensitivity 
(1.37 µA/µL), a minimal detection limit (3.63 µL), and sub-
stantial stability (93.8% retention after 30 days). The design 

3.10  Mechanism

The mechanism of enhanced sneprin detection of MnHCF/
NPCQD is schematically illustrated in Fig. 13. As illus-
trated, MnHCFs offers several redox-active centers such as 
Mn²⁺/Mn³⁺ and Fe²⁺/Fe³⁺ pairs which are enable effective 
electron transfer processes. The composite, when combined 
with NPCQDs exhibits increased surface area, enriched 
functional groups such as –OH, –NH₂, –COOH and 
higher electrical conductivity. Upon exposure to sneprin, 
which comprises aromatic and acidic functional groups, 
robust electrostatic interactions and π–π stacking transpire 
between the analyte and the surface of the NPCQDs [53]. 
These interactions facilitate the adsorption of sneprin onto 
the electrode surface, resulting in enhanced redox kinetics 
at the interface. The NPCQDs function as conductive con-
duits that transfer electrons between the sneprin molecules 
and the redox centres of MnHCF, leading to a significant 
enhancement in oxidation current detected in both CV and 
DPV results [54]. This mechanism is further supported by 
the electrochemical impedance spectroscopy results, which 
revealed a decrease in charge transfer resistance (Rct) upon 
the introduction of sneprin, confirming faster interfacial 
electron transfer. The surface-controlled behaviour observed 
in the scan rate study and the high sensitivity reported from 
DPV further validate this adsorption-driven electrocatalytic 

Fig. 13  Mechanism of enhanced sneprin detection of MnHCF/NPCQD
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