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ABSTRACT
In this study, we present a novel composite electrode based on nitrogen and sul-
fur co-doped carbon quantum dots (NSCQDs), synthesized using Senna auricu-
lata biomass, a natural and renewable source. X-ray diffraction (XRD) analysis 
revealed high crystallinity of the synthesized material, with the NSCQD signa-
ture being indistinct due to irregular stacking and low concentration. Scanning 
electron microscopy (SEM) confirmed the formation of larger spherical hybrid 
clusters, attributed to the incorporation of NSCQDs. We analyzed the compos-
ite electrode using cyclic voltammetry (CV) and differential pulse voltammetry 
(DPV), which revealed efficient electron transfer, minimal background current, 
and a broad detection range. The DPV analysis exhibited excellent linearity 
and sensitivity, with a proportional decrease in peak currents over a dopamine 
concentration range of 20–7000 nM. The sensor achieved a high sensitivity of 
0.01521 µA/nM and a low detection limit of 0.1 nM. The modified electrode also 
demonstrated low noise and high reproducibility, underscoring its practical via-
bility. This sustainable technique not only adheres to green chemistry principles, 
but it also improves the electrochemical characteristics of NSCQDs, making them 
extremely useful for dopamine sensing. The combination of NSCQDs and cobalt 
hexacyanoferrate (CoHCF) produced a composite electrode with high selectiv-
ity and sensitivity. The NSCQD/CoHCF composite electrode outperforms many 
existing sensor technologies and holds significant promise for reliable and effi-
cient dopamine detection in real-world applications.
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1 Introduction

In recent years, neurotransmitters are of great inter-
est due to their vital roles within the central nervous 
system. Among these, dopamine ((3,4-dihydroxyphe-
nyl) ethylamine, DA) is particularly significant as a key 
neurotransmitter and an important diagnostic marker. 
Dopamine is crucial for the proper functioning of the 
central nervous system as well as the renal and hor-
monal systems [1, 2]. This catecholamine neurotrans-
mitter is especially noteworthy for its implications in 
treating disorders of the central nervous system, such 
as schizophrenia and Parkinson’s disease. Imbalances 
in dopamine levels within the central nervous system 
can indicate the presence of neurological disorders [3]. 
High levels of dopamine are linked to cardiotoxicity, 
potentially causing rapid heart rates, hypertension, 
heart failure, and substance addiction. On the other 
hand, low dopamine levels are associated with stress 
and Parkinson’s disease. Consequently, the precise 
and sensitive detection of dopamine is essential for 
the diagnosis of various mental health disorders [4, 5].

Electrochemical methods are a particularly good 
choice for DA concentration measurement because of 
their many advantages, including affordability, port-
ability, ease of use, and quick detection times. Carbon 
electrodes and glassy carbon electrodes are commonly 
used in conventional electrochemical biosensors for 
the detection of DA [6]. However, these traditional 
electrodes have limitations in terms of electron transfer 
ability, sensitivity, and selectivity [7]. Recent advance-
ments in electrochemical sensors aim to enhance these 
attributes by improving sensitivity, selectivity, and 
biocompatibility. Innovations in electrode materials 
and sensor design have led to more efficient and reli-
able electrochemical biosensors for dopamine detec-
tion. Transition metal hexacyanoferrates (TMHCFs) 
with the general composition Aa+[Fe (CN)6]b+·nH2O 
are significant multicore inorganic polymers that have 
garnered attention in the electroanalytical chemistry 
field due to their remarkable magnetic, electrochromic, 
and electrochemical characteristics [8, 9]. These mixed-
valence compounds exhibit numerous appealing 
properties, including electrocatalysis, electrochromic, 
ion-exchange selectivity, ion-sensing, and photomag-
netic properties. Among the different TMHCFs, Cobalt 
Hexacyanoferrate (CoHCF) an analogue of Prussian 
Blue, stands out as one of the more interesting inor-
ganic polymers [10]. In this compound, both iron and 
cobalt exhibit two oxidation states. The advantage of 

using CoHCF among the various TMHCFs lies in its 
excellent electrocatalytic properties and ion-exchange 
selectivity. Additionally, it shows well-defined electro-
chemical responses without undergoing dissolution 
due to redox phenomena or various diffusive pro-
cesses, thereby maintaining charge neutrality. GCE 
with CoHCF modification have been used as biologi-
cal sensors to measure glucose [11], ascorbic acid (AA) 
[12], and H2O2 [13]. Further, CoHCF has shown excel-
lent electrocatalytic activity for dopamine oxidation, 
whose electrochemical behavior is well reported in 
previous studies [14, 15].

Recent research has demonstrated that carbon-
based electrodes can achieve significant separation of 
the oxidation potentials for DA and AA. This capabil-
ity enhances the selective detection of DA, even in the 
presence of up to 200 μM AA, and results in improved 
sensitivity as indicated by higher voltammetric cur-
rent signals [16]. These benefits are attributed to the 
carbon-based electrodes’ highly electroactive surface 
area and their rapid electron-transfer characteristics 
[17]. By allowing the adjustment of electrical charac-
teristics and boosting structural stability, doping car-
bon materials with hetero atom is crucial for increas-
ing their electrical conductivity, catalytic activity, and 
surface reactivity. This improves performance and 
adaptability in applications such as sensors, batteries, 
and catalysis [18]. Shiri and colleagues investigated a 
high-efficiency electrochemical sensing system utiliz-
ing a carbon paste electrode modified with a C-dots@
CuFe2O4 nanocomposite for the precise measurement 
of rifampicin and isoniazid [19]. Hassine et al. con-
ducted a study to improve the detection of DA using 
a glassy carbon electrode enhanced with graphene 
oxide, nickel, and gold nanoparticles. The modified 
electrode exhibited a linear detection range for DA 
from 2 × 10−7 M to 10−4 M, with a sensitivity of 0.641 
A M−1 [20]. The detection limit was determined to 
be 10−7 M. Moreover, the modified electrode demon-
strated high selectivity for DA even in the presence 
of common interfering substances such as uric acid 
(UA), AA, and glucose. carbon quantum dots (CQDs) 
are versatile nanomaterials prized for their biocompat-
ibility, tunable fluorescence, and easy surface modi-
fication, finding applications in bioimaging, sensing, 
drug delivery, and catalysis [21, 22]. Their synthesis 
typically involves controlled carbonization or pyroly-
sis of carbon-rich sources like organic molecules, poly-
mers, or biomass, often with surface doping or pas-
sivation to tailor their optical and chemical properties 
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[22–24]. Senna Auriculata, known as Cassia Auriculata is 
esteemed for its medicinal benefits in treating blood 
glucose levels, urinary disorders, ulcers, and skin 
conditions, owing to its high cellulose and lignin con-
tent. This makes it an ideal biomass source for CQDs 
synthesis. In our study, we use the sustainable and 
eco-friendly features of Senna auriculata biomass, a 
natural and renewable source high in cellulose (60%) 
and lignin (18%), to synthesize carbon quantum dots. 
Senna auriculata, well-known for its medicinal appli-
cations, is an excellent precursor for the production 
of N and S co-doped CQDs (NSCQDs) with superior 
electrochemical characteristics. By combining these 
NSCQDs with CoHCF, we synthesized a composite 
electrode for very sensitive and selective dopamine 
detection. Our study intends to investigate the efficacy 
of this green, biomass-derived composite electrode, 
emphasizing the benefits of employing doped carbon 
quantum dots obtained from natural sources.

2 �Experimental methods

2.1 �Materials

Polyvinyl Alcohol (PVA), potassium Hexacyanofer-
rate (K4[Fe (CN)6), and cobalt chloride (CoCl2) were 
purchased from SRL Laboratories, Chennai, India. 
Pencil Graphite Electrodes were received from M/S 
Piramal Enterprises, Chennai. Additionally, essential 
acids, bases, and solvents used in this study were pur-
chased from Merck India Ltd. All chemicals were used 
as received without further purification.

2.2 �Synthesis of pristine and N, S co‑doped 
carbon quantum dot

The senna auriculata flowers were collected from a 
nearby village in Chennai, close to Kalpakkam. Dust 
was removed from the flowers by air drying them, and 
then they were ground in a home mixer. The powdered 
Senna Auriculata was combined with distilled water in 
part. This combination was put through a hydrothermal 
reaction at about 180 °C for 6 h in a stainless-steel auto-
clave lined with Teflon. After the reaction, the oven was 
turned off and the autoclave was allowed to gradually 
cool to room temperature. The mixture was separated 
into four 15 mL centrifuge tubes when it had cooled, 
and it was centrifuged for 30 min at 2000 rpm. The 
remaining sediments were then clearly filtered out of 

the supernatant using micro filter paper. The synthesis 
of nitrogen and sulfur co-doped carbon quantum was 
accomplished via a similar method.

2.3 �Synthesis of cobalt hexacyanoferrate 
and NSCQD/Cobalt hexacyanoferrate

Cobalt hexacyanoferrate was synthesized from cobalt 
chloride and potassium hexacyanoferrate by coprecipi-
tation method. In this synthesis process, PVA acts as a 
stabilizing and binding agent, helping to stabilize and 
disperse the cobalt and hexacyanoferrate ions in solu-
tion. PVA guarantees a consistent particle distribution 
and improves the structural cohesiveness of the com-
posite on the electrode surface by inhibiting early aggre-
gation. Enhancing stability and attaining dependable, 
repeatable electrochemical performance depend heavily 
on this function. First, a 5 mL of cobalt chloride was 
dissolved in a 10% PVA solution with continuous stir-
ring. Simultaneously, an aqueous solution of potassium 
hexacyanoferrate was prepared in a separate container. 
This prepared potassium hexacyanoferrate solution 
was gradually added to the cobalt chloride solution 
drop by drop with proper stirring occasionally. The 
formed brown precipitate was thoroughly washed with 
distilled water three times to remove excess potassium 
and chloride ions. The derived cobalt hexacyanoferrate 
was then dried at room temperature. To prepare the 
composite material, the composite was drop-cast onto 
a paraffin-impregnated graphite electrode (PIGE) for 
application studies. Within a glass tube was a mixture 
of carbon quantum dots (NSCQDs), ethanol, graphene, 
acetone, and a known amount of CoHCF. This mixture 
was thoroughly mixed and then treated with ultrasonic 
waves for approximately three hours. The NS CQD/
CoHCF combination was ultrasonically agitated, and 
the resulting composite was separated by centrifuga-
tion. The composite was then filtered and thoroughly 
cleaned with distilled water to get rid of any remaining 
contaminants. To create a powdered form appropriate 
for additional characterization applications in the elec-
trode field, the purified NS CQD/CoHCF were dried. 
The scheme of the synthesis is shown in Fig. 1.

2.4 �Fabrication of NSCQD/CoHCF composite 
electrode

For fabrication, Pencil Graphite Electrodes were 
employed. Paraffin wax was infused into the porous 
material of these electrodes to improve stability and 
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homogeneity during the coating procedures that fol-
lowed. Each electrode was created with a separate 
circular area for drop-casting composites on one 
end, which was sharpened to act as the clamping or 
working electrode to facilitate different experimen-
tal approaches. The NSCQD/CoHCF composite was 
applied to this transparent circular area four to five 
times to ensure a uniform coating. To confirm the 
complete evaporation of any leftover solvent and com-
plete adherence of the NSCQD/CoHCF composite, the 
electrodes were drop-cast and then allowed to cure 
overnight at room temperature. The electrodes were 
examined for integrity after drying.

2.5 �Characterization

The crystal structure of the synthesized samples was 
determined using X-ray diffraction (XRD) analysis 
performed with a Rigaku Smartlab X-ray diffractom-
eter equipped with a copper source (Cu Kα radiation, 
λ = 1.54056 Å) operating at 0.04 MV and 0.03 µA. The 
morphological characteristics were studied using a 
JEOL JEM-2100 Plus High-Resolution Transmission 
Electron Microscope (HRTEM), which includes imag-
ing capabilities for both TEM and HRTEM. Addi-
tionally, Selected Area Electron Diffraction (SAED), 
Energy Dispersive X-ray Analysis (EDXA), and Scan-
ning and Transmission Electron Microscopy (TEM) 
with mapping were employed during the analysis. 
Fourier Transform Infrared Spectroscopy (FTIR) 
using Spectrum Two FT-IR with Sp10 software from 
PERKIN ELMER, USA, was employed to verify the 

composition of CQDs and N, S CQDs. X-ray Photo-
electron Spectroscopy (XPS) was utilized to obtain 
elemental chemical information and determine the 
concentration from the surface by using a Thermo 
Scientific ESCALAB 250xi.

3 �Results and discussion

3.1 �Crystalline phase analysis

X-ray diffraction analysis was used to ascertain 
the phase structure of the manufactured compos-
ite samples. The XRD patterns for NSCQD, virgin 
CQD, and the NSCQD/CoHCF composite are shown 
in Fig. 2. Regarding CQD, a wide peak detected at 
23.2° is associated with the crystal plane index (002), 
signifying the aromatic and carbonized structures’ 
parallel and azimuthal orientation [25]. Further-
more, a distinct peak is observed at 14.5°, which is 
ascribed to the (101) plane orientation, offering an 
additional perspective on the crystalline configura-
tion of the CQDs. As opposed to CQD, NSCQD has 
a lower intensity of the 14.5° peak, which may indi-
cate changes in crystal orientation or crystallinity. 
Additionally, a small peak at 27.5° that is not seen in 
CQD is shown in NSCQD, indicating the possibility 
of additional crystalline phases or structural changes 
brought about by the non-stoichiometric alteration. 
[26]. These findings illustrate the impact of non-sto-
ichiometric modifications on the XRD properties of 

Fig. 1   Schematic illustration of synthesis of NSCQD/CoHCF hybrid composite
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NSCQD. Although NSCQD shares some structural 
features with CQD, such as the broad (002) peak, 
there are notable differences in crystallinity and 
phase structure. Different diffraction peaks are vis-
ible at 2θ values of 21.5°, 29.12°, 41.2°, 40°, 46°, 49.1°, 
57.6°, 59.1°, and 62.4° in the XRD investigation of 
NSCQD/CoHCF. The (200), (220), (400), (420), (422), 
(440), (600), and (620) crystal planes of the face-cen-
tered cubic (FCC) phase of CoHCF are represented 
by these peaks. As indicated by PDF 01–073-9927, 
the diffraction pattern is in perfect alignment with 
the cubic crystal structure of the FCC structure of 
CoHCF, which belongs to the space group Fm-3 m 
and has a lattice parameter of a = 10.12 Å. [27]. These 
observations are consistent with previously reported 
literature [28]. The XRD peaks are sharp and well-
defined, indicating a high degree of crystallinity in 
the synthesized material. The characteristic peak of 
NSCQD is not visible in the NSCQD/CoHCF com-
posite pattern, likely due to the low concentration 
and irregular stacking of the carbon dots. Addition-
ally, the absence of extra diffraction peaks suggests 
that the products are of high purity. The crystallite 

sizes of the synthesized materials were determined 
using the Scherrer formula [29]:

In this equation, D indicates crystallite size, K is the 
form factor (0.9), λ is the X-ray source wavelength, 
β is the full width at half maximum (FWHM) of the 
most intense diffraction peak, and θ is the Bragg angle. 
Using this method, the calculated crystallite sizes for 
the CQD, NSCQD, and NSCQD/CoHCF samples were 
7 nm, 8 nm, and 12 nm, respectively. These findings 
suggest that introducing NSCQD into the CoHCF 
matrix causes an increase in crystallite size. In com-
parison to the NSCQD/CoHCF composite, the CQD 
and NSCQD samples have lower crystallite diameters, 
indicating a more finely divided or less crystalline 
structure. The bigger crystallite size in the NSCQD/
CoHCF composite could be attributed to CoHCF’s 
more stable crystal structure, which provides a solid 
framework for integrating NSCQD and resulting in 
a higher total crystallite size. When comparing the 
NSCQD/CoHCF composite to the individual CQD 
and NSCQD samples, the increased crystallite size 
indicates a better degree of crystallinity and perhaps 
superior structural integrity.

3.2 �Vibrational and functional characteristic 
analysis

The characterization of NSCQD/CoHCF composites 
was further confirmed through the use of FTIR spec-
troscopy. The resulting spectra for CQD, NSCQD, 
and NSCQD/CoHCF are shown in Fig. 3a–c, respec-
tively. The CQD spectrum in Fig. 3a exhibits a peak 
at around 3340 cm−1, which is indicative of the –OH 
stretching vibration mode. Additionally, the C=O 
stretching vibration is correlated with a vibrational 
absorption band around 1640 cm−1 [30]. The absence of 
symmetric and asymmetric peaks of CH2 at 2921 cm−1 
and 2851  cm−1, respectively, indicates that the car-
bon source was fully carbonized, transforming the 
hydrocarbon into a graphitic structure [31]. Moreo-
ver, a small peak at 2240 cm−1, likely representing the 
–C≡N stretching vibration, suggests the presence of 
amino-containing functional groups [32]. The simi-
lar peaks between NSCQD and CQD, as shown in 
Fig. 3b, indicate that the primary carbon structure 
is largely retained in the doped material. The weak 

D =
k�

�Cos�

Fig. 2   Powder XRD patterns of a CQD b NSCQD c NSCQD/
CoHCF
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peak at 2064 cm−1 suggests the introduction of nitro-
gen and sulfur atoms, leading to new chemical bonds 
or slight structural modifications. In the spectrum of 
NSCQD/CoHCF, the band at 2157 cm−1 corresponds 
to the typical characteristic absorption band of metal 
hexacyanoferrate, indicating the stretching vibration 
of the C≡N group in pure CoHCF [33, 34]. The sym-
metrical and asymmetrical –OH stretching vibration is 
also responsible for a large band in the 3300–3400 cm−1 
area, which suggests the existence of water mol-
ecules in the composite. The stretching vibration of 
the Fe–CN–Co bonds is responsible for a prominent 
absorption band at 2115 cm−1 that is indicative of the 
Prussian Blue structure and indicates the successful 
development of the Fe–CN–Co linkage inside the com-
posite. Moreover, the integration of CoHCF inside the 
NSCQD matrix is confirmed by the existence of dis-
tinctive peaks at 426 and 534 cm−1. All of these results 
point to the NSCQD/Co-HCF composite’s effective 
synthesis and integration with the intended structural 
elements.

3.3 �Morphological analysis

SEM and TEM techniques were used to examine the 
morphological and structural properties of CoHCF 
and NSCQD/CoHCF composites, as illustrated in 
Figs. 4 and 5, respectively. A well-conducted synthe-
sis process is indicated by the homogenous, monodis-
perse, and evenly distributed spherical particles with 

an average diameter of about 50 nm that are visible in 
the SEM image of CoHCF Fig. 4a. In contrast, the SEM 
image of the NSCQD/CoHCF composite Fig. 4b reveals 
larger spherical particles, with a noticeable increase in 
size compared to pristine CoHCF. This increase in par-
ticle size can be attributed to the successful integration 
of NSCQDs, which promotes the formation of larger 
hybrid clusters. The uniform dispersion and spherical 
morphology of NSCQD/CoHCF emphasize that the 
incorporation of NSCQDs was carefully controlled, 
leading to a homogeneous and stable composite. This 
comparison illustrates the tunability of the composite’s 
morphology, which can be tailored by adjusting the 
NSCQD loading for specific applications. The hybrid 
material’s elemental composition is further validated by 
the NSCQD/CoHCF composite’s EDX analysis Fig. 4c. 
The presence of Co, Fe, C, N, and S in the EDX spectrum 
confirms that NSCQDs were successfully integrated into 
the CoHCF matrix. A consistent dispersion of NSCQDs 
within the CoHCF framework is indicated by the homo-
geneous distribution of these elements throughout the 
composite. Further morphological characteristics were 
obtained from TEM and HRTEM images (Fig. 5). The 
TEM image of NSCQD (Fig. 5a) shows well-defined, 
small, and uniform nanoparticles, demonstrating a 
high degree of size control and uniformity. The surface 
texture appears rougher, likely due to N and S dop-
ing, which modifies the surface characteristics of the 
NSCQDs. The TEM image of CoHCF (Fig. 5b) reveals 
spherical particles with a relatively smooth and homo-
geneous surface. When NSCQDs are integrated into the 
CoHCF matrix, as depicted in Fig. 5c, the resulting com-
posite structure features larger, more intricate spheri-
cal clusters. The crystallinity and structural integration 
of NSCQDs inside the CoHCF matrix are examined in 
greater detail in the HRTEM picture of the NSCQD/
CoHCF composite (Fig. 5d). The image shows distinct 
lattice fringes, which are a sign of the composite’s high 
crystallinity. The CoHCF structure’s (400) plane is repre-
sented by the measured lattice spacing, which is roughly 
0.231 nm. The improved structural integrity and stabil-
ity of the composite are a result of this spacing, which 
validates the NSCQDs’ strong alignment and integra-
tion inside the CoHCF framework.

3.4 �Chemical composition and surface state 
analysis

The X-ray photoelectron spectroscopy (XPS) analysis 
of NSCQD/CoHCF provides detailed insights into its 

Fig. 3   FTIR spectra of of a CQD b NSCQD c NSCQD/CoHCF
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surface chemical composition and electronic structure. 
The survey scan spectrum (Fig. 6a) confirms the pres-
ence of Co, Fe, C, N, and S elements, indicating the 
comprehensive elemental composition of the sample. 
The high-resolution Co 2p spectrum (Fig. 6b) reveals 
peaks at 780.74 eV (Co 2p3/2) and 789.34 eV (Co 2p1/2), 
characteristic of Co2+ ions, suggesting the oxidation 
state and coordination environment of cobalt within the 
composite [35]. Similarly, the Fe 2p spectrum (Fig. 6c) 
shows peaks at 709.4 eV and 720.9 eV, corresponding 
to Fe2+ ions, indicating the presence of iron in a specific 
chemical environment within the composite material 
[36]. In the C 1 s spectrum, peaks at 284.3 eV (adven-
titious carbon, C–H, or C≡N), 285.1 eV (C–O), and 
286.4 eV (C═O) reveal various carbon bonding states, 
providing insights into the surface functionalities and 
chemical groups present [37]. The N1s XPS spectrum 
of nitrogen-doped cobalt hexacyanoferrate reveals a 
main peak at 399.6 eV attributed to cyanide nitrogen 
(C≡N), along with additional peaks at 401.2 eV indicat-
ing doped nitrogen species like pyridinic nitrogen or 

nitrogen bonded to cobalt, and at 401.8 eV signifying 
graphitic or oxidized nitrogen introduced by doping 
(Fig. 6e). Moreover, the S 2p peaks at 158.9, 161.6, and 
163.8 eV in the NSCQD/CoHCF composite show sulfur 
in several states: 158.9 eV indicates less sulfur interac-
tion with metal centers, 161.6 eV indicates metal-sulfur 
bonding with cobalt or iron, and 163.8 eV depicts sulfur 
in organic or mildly oxidized forms, which improves 
electron transport and stability (Fig. 6f) [38, 39]. From 
the results, the elemental composition, oxidation states 
of metal ions (Co2+ and Fe2+), surface functional groups 
of carbon, and chemical states of nitrogen and sulfur in 
the NSCQD/CoHCF composite, providing comprehen-
sive understanding of its surface chemistry and elec-
tronic structure.

3.5 �Dopamine detection performance analysis 
by cyclic voltammetric analysis

The electrochemical sensing capabilities of the 
NSCQD and CoHCF composite for dopamine 

Fig. 4   SEM images of a CoHCF b NSCQD/CoHCF c EDAX spectrum of NSCQD/CoHCF
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Fig. 5   TEM images of a 
CQD b NSCQD c NSCQD/
CoHCF d HRTEM image of 
NSCQD/CoHCF

Fig. 6   XPS spectra a Survey scan spectra of NSCQD/CoHCF; High-resolution spectra of b Co 2p c Fe 2p d C 1 s e N 1 s f S 2p
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detection were investigated using cyclic voltam-
metry (CV) with freshly prepared electrolytes 
and modified pencil graphite electrodes (PGEs) as 
working electrodes. The outcomes showed impor-
tant characteristics such a broad potential window, 
low background currents, repeatability, and quick 
electron transfer kinetics. We monitored the dopa-
mine oxidation peak current in order to examine the 
impact of scanning rate (from 10 to 100 mV s−1). The 
peak current showed a linear increase with scan rates 
ranging from 10 to 100 mV/s. The best responses 
were obtained at a scan rate of 50 mV  s−1, which 
was chosen for further studies. Figure 7 presents 
CV results for dopamine solutions at concentrations 
ranging from 10 µL to 100 mL in a 0.01 M phosphate 
buffer (pH 7), with a scan rate of 50 mV s−1. The CV 
examination of the NSCQD/CoHCF-modified PG 
electrode revealed distinct redox peaks, indicating 
effective electron transfer and molecular mobility. 
The CV of the fabricated hybrids on the PGE exhib-
ited two distinct sets of redox peaks, which can 
be attributed to the redox processes of cation-free 
CoHCF and cation-rich CoHCF, indicating that the 
electrode’s electrochemical behavior is modulated by 
the differing cation content within the CoHCF struc-
tures; additionally, the CV responses confirm that 
there is no electrochemical activity observed in the 
fabricated electrodes when dopamine is not added 
to the PBS buffer, highlighting the specificity of the 
electrodes toward dopamine detection. Moreover, a 
strong cathodic peak observed at − 0.4 V, indicating 

that dopamine was reduced to dopamine-o-quinone, 
while higher currents around + 1.0 V were associ-
ated with dopamine oxidation to dopamine-o-qui-
none [40, 41]. At higher dopamine concentrations, 
a unique irreversible oxidation peak was observed 
at 1.3  V, most likely due to the oxidation of the 
hydroxyl group on the aromatic ring of dopamine. 
The electrode produced a peak current of 1.3 mA at 
a lower potential of 0.65 V, demonstrating its robust 
electrocatalytic properties and increased conductiv-
ity. This performance indicates that the NSCQD/
CoHCF-modified PG electrode has higher catalytic 
activity than standard electrodes, which frequently 
exhibit lower peak currents and less pronounced 
redox characteristics under identical conditions 
[42]. The findings illustrate the modified electrode’s 
potential for successful dopamine detection, empha-
sizing the benefits of utilizing NSCQD and CoHCF 
in the modification procedure. In addition, specific 
oxidation and reduction peaks were also visible in 
the CV results. Additionally, a steady increase in cur-
rent was observed with the increasing concentration 
of DA. The inset of Fig. 7 shows the linear calibration 
plot of DA concentration versus the redox peak cur-
rent, described by the equations Ipa = 1.0091x − 14.423 
(R2 = 0.9995) and Ipc = 0.839x + 9.897(R2 = 0.9976), 
demonstrates the exceptional electrocatalytic behav-
ior of the NSCQD/CoHCF-modified electrode for 
DA detection, as indicated by the strong linearity 
and sensitivity [43]. The linear relationship between 
anodic peak current and cathodic peak current and 

Fig. 7   Cyclic voltammo-
grams of 10 µL to 100 mL of 
dopamine and 0.01 M PBS 
(pH 7.0) at NSCQD/CoHCF-
modified PGE at a scan rate 
of 50 mV/s; Fig 7 (inset) 
Linear relationship of Ipa and 
Ipc vs dopamine concentra-
tion
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increasing peak-to-peak separation at higher scan 
rates suggests that the electrochemical process is 
surface-controlled. The Randles–Sevcík equation 
was used to calculate the surface area of the NSCQD/
CoHCF-modified PG electrode, and the result was 
0.42 cm2 [44]. With more active sites available for 
electrochemical reactions, this increase in surface 
area suggests that the change greatly expands the PG 
electrode’s effective area. Because of this enhance-
ment, electron transport is more effectively accom-
plished, improving sensor sensitivity. The sensor’s 
capacity to precisely monitor dopamine levels within 
the specified range is confirmed by the linear rela-
tionship between peak currents and dopamine con-
centration, which is essential for real-world appli-
cations. The electrode’s sensitivity and effective 
electron transfer kinetics are highlighted by the 
periodic shifts in peak currents, and its dependabil-
ity is demonstrated by the low background current. 
Additionally, the steady potential window at various 
dopamine concentrations confirms the wide poten-
tial range of the sensor, which is essential for con-
sistent measurements [45]. The NSCQD and CoHCF 
composite-modified electrodes are effective at detect-
ing dopamine, as demonstrated by these CV data, 
which qualify them for use in biochemical analysis 
and clinical diagnostics.

3.6 �Dopamine detection performance analysis 
by DPV analysis

The differential pulse voltammetry (DPV) method has 
various advantages, including operational simplicity, 
excellent sensitivity and accuracy, and a broad linear 
range for dopamine detection. As a result, DPV was 
used to evaluate the dopamine sensing capabilities of 
the NSCQD/CoHCF-modified PG electrode in ideal 
conditions. Figure 8 depicts the DPV responses of the 
NSCQD/CoHCF-modified PG electrode at dopamine 
concentrations ranging from 20 to 70,000 nM. The addi-
tion of 0.02 µM dopamine (DA) resulted in a unique oxi-
dation response, with peak currents gradually increas-
ing with greater DA concentrations. The peak current 
for DA oxidation increased linearly between 0.02 and 
52 µM, with a correlation value (R2) of 0.9889, showing 
acceptable linearity. This linearity is critical for accurate 
dopamine detection in real samples because it allows for 
proportional variations in oxidation peak currents with 
increasing dopamine content. The sensor’s sensitivity 
was determined from the slope of the calibration curve 
(current response vs. DA concentration) using the fol-
lowing equation [46]:

Sensitivity =
ΔI

ΔC

Fig. 8   DPV responses at the 
NSCQD/CoHCF-modified 
PG electrode for dopamine 
concentrations ranging from 
20 to 7000 nM. Fig 8 (inset) 
Linear relationship of peak 
current vs dopamine concen-
tration
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where ΔI is the change in peak current (µA), ΔC is 
the change in dopamine concentration (nM). The inset 
of Fig. 8 further illustrates that the electrical signal 
change is linear with the logarithm (log) of the DA 
concentration, spanning a linear range from 20 to 
70,000 nM. The regression equation obtained for this 
relationship is, y(μA) = 1.7689 × log(C DA) + 11.522 
with R2 = 0.9899, with a correlation coefficient 
R2 = 0.9899. This regression equation validates the 
strong linear relationship between DA concentration 
and the current response, facilitating accurate trace-
level dopamine quantification. The detection limit 
(LOD) was calculated according to IUPAC standards, 
defined as: LOD =

3�

s

 where, σ is the standard devia-
tion of the blank measurements (noise level), S is the 
slope of the calibration curve (sensitivity) [47]. Using 
this formula, the sensor demonstrated a sensitivity of 
0.01521 µA/nM and a detection limit of 0.1 nM, under-
scoring its capability to detect even minute quantities 
of dopamine. The consistent rise in peak currents dur-
ing DPV measurements also indicates the NSCQD/
CoHCF-modified PG electrode’s excellent repeatabil-
ity, providing reliable readings with minimal noise. 
This low-noise characteristic enhances measurement 
accuracy, particularly for trace dopamine detection. 
Additionally, the stable potential window observed 
across varying concentrations demonstrates the elec-
trode’s robustness and reliability in electrochemical 
sensing [48]. The DPV analysis of the NSCQD/CoHCF 
composite electrode demonstrated highly favorable 
electrochemical responses, which are crucial for dopa-
mine sensing applications. The DPV results showed a 

clear, proportional decrease in peak currents across a 
dopamine concentration range of 20 to 7000 nM, indi-
cating excellent linearity and consistent performance. 
The composite electrode exhibited a high sensitivity of 
0.01521 µA/nM, with a low detection limit of 0.1 nM, 
underscoring its potential for ultra-trace detection of 
dopamine. Additionally, the minimal background cur-
rent and high peak current stability observed in DPV 
further confirm the efficient electron transfer within 
the NSCQD/CoHCF composite. These responses sug-
gest that the composite electrode design provides a 
significant advantage in terms of sensitivity and speci-
ficity, making it a competitive choice for real-world 
dopamine detection applications. A comparative anal-
ysis of the NSCQD/CoHCF composite electrode with 
other reported electrode materials for dopamine detec-
tion is presented in Table 1 [12, 49–56]. This table sum-
marizes the detection limits, linear ranges, and detec-
tion methods of various electrode materials, including 
porphyrin-functionalized graphene, boron-doped dia-
mond, and several transition metal hexacyanoferrate 
(TMHCF) hybrids. As shown in Table 1, our NSCQD/
CoHCF composite demonstrates a notably low detec-
tion limit of 0.1 nM and an extended linear range of 20 
to 7000 nM, which are superior to most reported val-
ues. In comparison, other materials, such as graphene-
modified GCE and boron-doped diamond electrodes, 
exhibit higher detection limits of 2.64 µM and 0.05 µM, 
respectively, while other TMHCF-based electrodes, 
such as the nickel hexacyanoferrate/poly(1-naphthol) 
hybrid, reach a detection limit of 2.1 × 10⁻⁸ M, which 
is still higher than our composite. Furthermore, the 

Table 1   Comparison results of present work with previously published work toward dopamine detection applications

Electrode materials Detection method Detection limit Linear range Reference

Porphyrin-functionalized graphene DPV 0.01 µM 0.01–200 µM [49]
Polyethyleneimine Fluorescence 0.3 µM 1–200 µM [50]
Graphene-modified GCE Electrochemical 2.64 µM 4 µM–100 [51]
Boron-doped diamond Electrochemical 0.05 µM 5–250 µM [52]
Nickel hexacyanoferrate /poly(1-naphthol) hybrid Electrochemical three 

electrode system
2.1 × 10–8 M 0.1–4.3 µM [53]

Nanostructure Ruthenium Oxide Hexacyanoferrate/
Ruthenium Hexacyanoferrate hybrid

Electrochemical 0.195 × 10−7µMDA 0.5–550 µM [54]

Cobalt–Nickel hexacyanoferrate Electrochemical 1.5 × 10–8 M 0.2–500 µM [12]
Cerium Hexacyanoferrate (III) Nanoparticle-modi-

fied Carbon Paste Electrode
DPV 1.9 × 10 − 7 9.0 × 10−7 to 

8.0 × 10−6 mol/L
[55]

Nickel Hexacyanoferrate and Bentonite Clay Electrochemical 1.5 μM 25–1000 μM [56]
NSCQD/CoHCF Electrochemical 0.1 nM 20 to 7000 nM This work
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NSCQD/CoHCF composite’s broader linear range 
surpasses that of many alternatives, such as cerium 
hexacyanoferrate-modified carbon paste electrodes, 
which have a range of 9.0 × 10⁻⁷ to 8.0 × 10⁻⁶ mol/L. 
This comparison emphasizes that the NSCQD/CoHCF 
composite electrode is highly effective for ultra-trace 
detection of dopamine, combining low detection limits 
with an extensive linear range, and demonstrating the 
robustness and practical viability of our approach for 
real-world dopamine sensing applications.

3.7 �Selectivity and sensitivity analysis

Dopamine and uric acid were used as interferant 
molecules to test the developed biosensor’s selectiv-
ity. The rationale behind selecting these compounds is 
that they coexist in fluid environments, such as blood 
and cerebrospinal fluid, making their simultaneous 
detection essential for comprehensive monitoring and 
diagnosis. Clinical uses hinge on the sensor’s capac-
ity to accurately identify and quantify these chemi-
cals. Stepwise increasing quantities of uric acid were 
combined with 1 mL of dopamine in an experiment 
to assess the sensor’s selectivity and sensitivity. This 
method ensured the sensor’s usability in actual clinical 
diagnostics by allowing for the evaluation of its ability 
to detect and distinguish between the two analytes. 
In this DPV investigation, the NSCQD/CoHCF-modi-
fied PG electrode was evaluated for the simultaneous 
detection of DA and UA. The investigation involved 
changing the concentrations of these two analytes. In 

Fig. 9a, the DPV profiles were generated by changing 
the concentration of DA from 0.1 to 70 µM while main-
taining the UA concentration constant at 0.1 µM. A 
linear correlation coefficient (R2) of 0.9946 was found 
between the oxidation peak current (Ipa) and DA con-
centrations. The detection limit for DA was 0.016 µM, 
and the sensor’s sensitivity was calculated to be 
3.347 µA µM−1 cm−2. Figure 9b shows a linear con-
nection between UA concentrations ranging from 0.1 
to 70 µM and DA concentrations at 1.0 µM. The pres-
ence of DA had no effect on the DPV profiles obtained 
under these conditions. A linear regression equation 
with a correlation coefficient (R2) of 0.9957 was estab-
lished (inset of Fig. 9b). The NSCQD/CoHCF-modified 
PGE sensor has a sensitivity of 0.632 µA µM−1 cm−2 
and a detection limit of 0.016 µM for UA. The NSCQD/
CoHCF-modified PG electrode demonstrated high 
sensitivity and linearity for the simultaneous detec-
tion of dopamine and uric acid, achieving detection 
limits of 0.012 µM for DA and 0.016 µM for UA. The 
obtained results further confirmed by CV results In 
the CV experiment, the NSCQD/CoHCF-modified PG 
electrode was investigated for its ability to detect UA 
and DA. The study was divided into two parts: first, 
incrementally raising the concentration of uric acid 
while maintaining a constant dopamine concentra-
tion, and second, progressively increasing dopamine 
levels with a fixed uric acid concentration. The results, 
shown in Fig. 10a, b, indicate distinct and separate 
oxidation peaks for uric acid and dopamine, demon-
strating the electrode’s ability to distinguish between 

Fig. 9   DPV results of NSCQD/CoHCF/PGE a for varied concentration of DA with fixed concentration of UA. b for varied concentra-
tion of UA with fixed concentration of DA
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these analytes [57, 58]. The sensor’s great sensitivity 
was demonstrated by peak shifts and increases in peak 
currents as analyte concentrations increased. The elec-
trode’s selectivity and reliability make it a promising 
tool for detecting these analytes in complex samples.

3.8 �Stability and recyclability analysis

For the NSCQD/CoHCF composite to be used practi-
cally in dopamine sensing, stability and recyclability 
are essential. By analyzing the electrochemical per-
formance of the NSCQD/CoHCF-modified electrode 
throughout several cycles of use, the stability of the 
CQDs within the composite was evaluated. After 
several cycles, the composite’s performance barely 
degraded, suggesting that the NSCQDs are firmly 
incorporated into the CoHCF matrix. The strong con-
nection between NSCQDs and CoHCF, which inhib-
its leaching and preserves the structural integrity of 
the composite under electrochemical conditions, is 
responsible for this stability. By using the same elec-
trode for several dopamine detection cycles, recyclable 
materials were further assessed. As shown in Fig. 11a, 
with a retention of almost 95% of its initial sensitivity 
after 10 successive cycles, the NSCQD/CoHCF com-
bination showed good recyclability. Because of its 
recyclability, the composite is suited for real-world 
applications where long-term operational stability 
is crucial because it demonstrates its resilience and 
capacity for recurrent usage. Thus, the CQDs’ stability 

and recyclable nature in the composite support the 
material’s applicability as a trustworthy electrochemi-
cal sensor. Moreover, the lifetime of NSCQD/CoHCF-
modified electrodes was assessed by tracking its elec-
trochemical performance over long stretches of time 
and numerous cycles. After extended use in dopa-
mine detection over a period of 30 days, the electrode 
maintained roughly 92% of its initial sensitivity. This 
consistent performance implies that the NSCQDs are 
firmly incorporated into the CoHCF matrix, halting 
the active material’s quick deterioration or leaching. 
Additionally, the electrode’s endurance is attributed 
to the strong contact between NSCQDs and CoHCF, 
which sustains its electrochemical response over time 
with no signal drift. This durability demonstrates the 
NSCQD/CoHCF composite electrode’s suitability for 
long-term dopamine sensing applications.

3.9 �Practical and real‑world setting analysis

To validate the sensor’s performance in practical, real-
world settings, we analyzed a dopamine sample col-
lected from a clinical laboratory, with the CV results 
presented in Fig. 11b. The CV results for the incremen-
tal addition of the clinical dopamine sample exhibit 
trends similar to those observed with the chemically 
prepared sample. The distinct oxidation and reduction 
peaks, along with the increasing anodic and cathodic 
peak currents as dopamine concentration rises, con-
firm that the prepared electrode effectively responds 

Fig. 10   Cyclic voltammograms of; a stepwise increase of uric acid with 1 ml of dopamine b stepwise increase of dopamine with 1 ml 
of uric acid
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to varying dopamine levels in clinical samples. The 
consistent peak current shifts and stable potential 
window across different dopamine concentrations in 
the clinical sample demonstrate the electrode’s sen-
sitivity, efficient electron transfer kinetics, and broad 
potential window. These features demonstrate the 
sensor’s dependability and applicability for precise 
measurements in actual biological samples. The elec-
trode’s durability and potential for useful applications 
in clinical diagnostics are highlighted by this stability 
test. Furthermore, genuine dopamine and artificial 
dopamine have comparable CV forms. The quantity of 
active sites is measured using the electrochemical dou-
ble-layer capacitance (Cdl) [59, 60]. According to the 
computed data, NSCQD displays a Cdl value of 17.5 
mF cm−2 for genuine dopamine, which is greater than 
16.2 mF cm−2 for chemical dopamine. Real dopamine 
greatly expands the area of CV at the same sweeping 
speed as pharmaceutical dopamine. This suggests that 
actual dopamine increases the electrode’s active sur-
face area and electrochemical reactivity, supporting 
the effectiveness of as synthesized NSCQD/CoHCF 
as sensor electrode for ultrasensitive detection of 
dopamine.

3.10 �Mechanism of enhancement in dopamine 
detection

The enhanced electrochemical performance of 
the NSCQD/CoHCF composite arises from a 
combination of interfacial and defect effects that 

synergistically improve electron transfer, increase 
active sites, and boost material reactivity. As N and S 
co-doped carbon quantum dots (NSCQDs) are incor-
porated into the CoHCF matrix, strong interfacial 
contacts are produced, resulting in effective electron 
transport channels that lower resistance and limit 
electron–hole recombination [61]. For the purpose 
of improving conductivity and general electrochemi-
cal behavior, this tight connection guarantees quick 
and steady electron movement. In addition to add-
ing more active sites for electrochemical reactions, 
the introduction of N and S dopants into the car-
bon quantum dots introduces a variety of structural 
defects and heteroatom functional groups. These 
defects act as additional active sites for electrochemi-
cal reactions, significantly increasing the reactivity 
of the composite material. N and S doping modifies 
the electronic structure of the carbon dots, creating 
localized electronic states and altering the charge 
distribution around the defect sites [62]. These modi-
fications enhance the composite’s catalytic activity 
by providing more favorable sites for the adsorption 
and oxidation of dopamine molecules. The defects 
also facilitate the binding of dopamine, improving 
the selectivity and sensitivity of the sensor. Addi-
tionally, the heteroatoms stabilize the composite, 
increasing its dependability for repeated sensing 
applications [63]. With a wide potential window, 
low background currents, and quick response kinet-
ics, the NSCQD/CoHCF composite is a promising 
material for advanced electrochemical sensing. The 

Fig. 11   a Reusability test of NSCQD/CoHCF/PGE b Cyclic voltammograms of 10 µL to 100 mL of clinical dopamine and 0.01 M PBS 
(pH 7.0) at NSCQD/CoHCF-modified PGE at a scan rate of 50 mV/s
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interfacial and defect effects combine to maximize 
the composite’s performance.

4 �Conclusion

In this study, we synthesized a high-performance 
composite electrode using CoHCF integrated with 
NSCQDs derived from Senna auriculata biomass for 
dopamine sensing. Structural investigations with 
XRD and SEM verified the high crystallinity and 
production of larger hybrid clusters, showing that 
NSCQDs were successfully integrated, considerably 
improving the electrode’s electrochemical character-
istics. Electrochemical characterization using CV and 
DPV demonstrated the electrode’s broad potential 
window, low background current, and rapid electron 
transfer kinetics, all critical for efficient dopamine 
detection. The sensor exhibited excellent linearity 
and high sensitivity across a dopamine concentra-
tion range of 20 to 7000 nM, achieving an ultra-low 
detection limit of 0.1 nM with a sensitivity of 0.01521 
µA/nM. The NSCQD/CoHCF composite electrode 
outperformed several existing electrode materials, 
showcasing its promise as a reliable and effective 
electrochemical sensor for dopamine detection in 
pharmaceutical and clinical applications. The com-
bination of high sensitivity, low detection limit, and 
simple fabrication process underscores its potential 
for real-world diagnostic use, advancing dopamine 
monitoring in biomedical fields.
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