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ABSTRACT In the present work, we report on developing an electrochemical dopamine sensor using a
novel material of nitrogen-rich sulfur dual-doped reduced graphene oxide (N-rich SRGO). Nitrogen and
sulfur heteroatoms were incorporated into graphene sheets through a one-step, cost-effective hydrother-
mal approach to synthesize N-rich SRGO. Experimental investigations were carried out to compare the
electrochemical properties of N-rich SRGO with nitrogen sulfur-doped reduced graphene oxide (NSRGO),
nitrogen-doped reduced graphene oxide sheets (NRGO), and reduced graphene oxide (RGO) by modifying
the glassy carbon electrode. Electrochemical studies demonstrated that N-rich SRGO exhibited a notably
higher oxidation current (345 µA) compared to NSRGO (219 µA), NRGO (173 µA), and RGO (160 µA).
We developed a dopamine sensor by utilizing the superior chemical reactivity and enhanced charge carrier
density of the proposed N-rich SRGO-modified electrode. Experimental results reveal a high sensitivity
of 142 µA/mM, with a limit of detection of 9.3 µM and a wide dynamic range of 150-350 µM. This
N-rich SRGO-based sensor displayed excellent repeatability and selectivity, even in the presence of other
electroactive interferents, showcasing its potential for practical applications.

INDEX TERMS Dopamine, differential pulse voltammetry, electrochemical sensor, hydrothermal process,
nitrogen-rich sulfur dual-doped reduced graphene oxide.

I. INTRODUCTION
The effectiveness of electrochemical sensors hinges on criti-
cal factors such as rapid electron transfer rate, ample surface
area, prompt response, high electrical conductivity, and a
broad potential window of the working electrode [1]. Diverse
strategies have been explored to enhance electrochemical
sensor performance by modifying the working electrode
with various materials [2]. Notably, graphene has emerged
as a preferred material for electrochemical sensing due to
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its superior attributes, including enhanced electron transfer
kinetics [3], substantial surface area of 2630 m2/g [4], excel-
lent electrical conductivity [5], and an extensive potential
window [6]. Despite graphene’s excellent electrochemical
properties, its uniform charge distribution and restacking
property hinder the active sites and reduce the interac-
tion between the analytes and graphene material [7], [8],
[9]. Extensive research endeavors have focused on tailoring
graphene’s physical and chemical attributes through struc-
tural and chemical modifications to optimize electrocatalytic
properties [10], [11]. Significantly, a prevalent approach to
enhancing the chemical and electrical properties involves
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chemical modification with heteroatoms such as nitrogen,
boron, sulfur, and phosphorous. These dopant atoms play a
pivotal role in dislocating the sp2 structure and fine-tuning
the band structure, resulting in alterations to spin density,
Fermi level, and the localized electronic state of graphene
[12], [13], [14].

Moreover, introducing chemical moieties through het-
eroatom doping on the graphene structure improves the
electron transfer rate between the sensing material and
electrolyte and serves as anchoring sites for analytes. For
instance, nitrogen (N)-doped graphene has found widespread
use in sensing various analytes, including nitrite, nicotine,
acetaminophen, and simultaneous detection of ascorbic acid
(AA), dopamine (DA), uric acid (UA), [15], [16], [17], [18].
Similarly, sulfur (S)-doped graphene has been synthesized
and applied for the electrochemical detection of gallic acid,
DA, and hydrogen peroxide [19], [20], [21].
In addition, research has demonstrated that the electrocat-

alytic properties of graphene can be substantially improved
by incorporating dual heteroatoms, specifically N and S,
as opposed to mono-atom doping [22], [23]. In recent
years, a few studies have addressed the electrochemical
sensing of diverse analytes using nitrogen-sulfur co-doped
reduced graphene oxide (NSRGO). For example, Zhang et al.
developed a nitrogen-sulfur co-doped graphene nanoribbon
sensor for detecting 2, 4, 6-trinitrotoluene [24]. Addition-
ally, Tian et al. utilized NSRGO in both non-enzymatic [25]
and enzymatic [26] approaches to sense glucose. Guo et al.
successfully detected Pb2+ and Cd2+ simultaneously with
higher sensitivity and selectivity than mono-heteroatom-
doped RGO using NSRGO [27]. Another research group
synthesized nitrogen-sulfur-activated RGO to detect catechol
and hydroquinone simultaneously [28]. Recently, Han et al.
investigated the sensing capabilities of nitrogen-sulfur dual-
doped RGO for fenitrothion detection [29]. Despite the
superior electrocatalytic activity of NSRGO compared to
mono-heteroatom-doped RGO, the pyridinic N group has
been identified as a significant contributor to the enhanced
electrocatalytic property of graphene [30]. However, there
is a notable gap in the existing research literature regarding
the augmentation of nitrogen content to achieve nitrogen-rich
sulfur dual-doped reduced graphene oxide (N-rich SRGO)
for electrochemical sensing. Consequently, the present study
addresses this gap by synthesizing N-rich SRGO through
a cost-effective and non-toxic hydrothermal approach. The
synthesized material is then applied to quantify the concen-
tration of DA accurately.

Dopamine, chemically known as 3,4-dihydroxyphe
nylethylamine, serves as a monoamine neurotransmitter
released by neurons in anticipation of pleasure within the
human or animal brain. This neurotransmitter is pivotal in
various bodily functions, including memory, attention, heart
rate, and kidney function. In healthy human body fluids,
dopamine levels typically range from 0 to 0.25 nM in blood
and 0.3 to 3 µM in urine. Aberrations in dopamine lev-
els, either low or high, are correlated with a multitude of

maladies, including Alzheimer’s, Parkinson’s, cancer, and
HIV infection [31]. Precise and cost-effective sensors for
dopamine detection are essential due to their critical role
in health. Several analytical techniques are available for
quantifying dopamine levels, including optical fiber-based
sensors [32], spectrometry [33], chemiluminescence [34],
fluorescence [35], and plasmonic-based sensors [36]. Despite
the high sensitivity of these techniques, drawbacks such as
time-consuming processes, tedious sample preparation pro-
tocols, high costs, and the requirement for trained personnel
limit their utility in achieving rapid, sensitive, and effective
dopamine detection. In contrast, the electrochemical sensing
technique proves suitable for cost-effective, rapid, easy, com-
pact, and in-situ detection [37], [38], [39], [40], [41].

This research article introduces the synthesis and uti-
lization of N-rich SRGO in an electrochemical DA sensor.
The manuscript is structured as follows: In Section I,
essential characteristics that improve the performance of
electrochemical sensors are examined, including the char-
acteristics of graphene and the utilization of heteroatoms
doped graphene in electrochemical sensing. It also includes
a concise overview of dopamine and its electrochemical
sensing methods. Section II provides insights into the syn-
thesis and preparation of N-rich SRGO-modified electrodes.
Section III offers a comprehensive discussion on the mate-
rial and electrochemical characterization of N-rich SRGO,
exploring its application in electrochemical dopamine sens-
ing. Lastly, Section IV presents the concluding remarks on
the role of N-rich SRGO in advancing the electrochemical
sensing of dopamine.

II. EXPERIMENTAL DETAILS
A. REAGENTS
Graphite synthetic, potassium ferricyanide, potassium ferro-
cyanide, 99% thiourea, extra pure urea, potassium chloride,
potassium phosphate monobasic, acetone, sodium phosphate
dibasic dopamine, ascorbic acid, uric acid, sodium chloride,
and ethanol were received from Sisco Research Labora-
tories Pvt. Ltd. India. 88% ACS ortho phosphoric 98%
sulfuric acid, 30% hydrogen peroxide, potassium perman-
ganate, 35% hydrochloric acid, 80% hydrazine hydrate, N,
N-Dimethylformamide (DMF) were procured from Merck,
India. Without additional purification, all chemicals pur-
chased in the analytical grade were used. Millipore water
(18.2 M�) was used to prepare each stock solution.

B. SYNTHESIS OF NITROGEN-RICH SULFUR DUAL-DOPED
REDUCED GRAPHENE OXIDE
The improved Hummers method was employed to exfoliate
graphite to obtain graphene oxide (GO) [42]. GO, thiourea,
and urea were taken in the ratio of 1:2:4 and dispersed
(1mg/ml) in distilled water to synthesize N-rich SRGO,
as illustrated in Fig.1. The mixture was transferred from a
sonicator to a Teflon beaker and autoclaved at 120 ◦C for
12 h. The obtained product was subsequently washed with
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FIGURE 1. A pictorial representation of the hydrothermal synthesis of N-rich SRGO.

acetone and distilled water before being dried overnight at
60 ◦C in a vacuum oven. We also synthesized RGO, NRGO,
and NSRGO materials and compared their electrocatalytic
activity with N-rich SRGO. In brief, the RGO was prepared
hydrothermally using GO dispersion at 120◦C for 12 h.
NSRGO and NRGO were synthesized through a similar pro-
cess using thiourea or urea alone, respectively.

C. MATERIAL CHARACTERIZATION TECHNIQUES
The crystalline structure of the heteroatom-doped RGO
was examined using X-ray diffraction (XRD) (Rigaku with
CuKα radiations λ =1.5406 Å). The chemical compo-
sition of heteroatom-doped RGO was investigated from
the Raman spectra acquired between 500 and 3000 cm−1

using a Renishaw spectrometer and a 532 nm laser.
Using a Field Emission Scanning Electron Microscope (FE-
SEM) and energy-dispersive X-ray spectroscopy (EDS) (FEI
QUANTA 250 FEG), the chemical structure and the surface
morphology of the obtained materials were analyzed.

D. ELECTROCHEMICAL MEASUREMENTS
All electrochemical measurements, including electrochemi-
cal impedance spectroscopy (EIS), cyclic voltammetry (CV),
amperometric measurements, and differential pulse voltam-
metry (DPV), were carried out at ambient temperature using
the SquidstatTM plus potentiostat (Admiral, France). The
electrochemical studies were performed on a 3 mm diameter
glassy carbon electrode (GCE) as the working electrode,
a silver/silver chloride (Ag/AgCl) electrode as the reference
electrode, and a platinum (Pt) wire as the counter electrode.
DA sensing experiments were conducted in a phosphate
buffer solution (PBS).

E. PREPARATION OF MODIFIED ELECTRODE
Using 0.05 mm alumina particles, the GCE was polished,
rinsed in millipore water and ethanol for 2-3 min, and dried

under an inert atmosphere. Following modification with 7 µl
of N-rich SRGO suspension via drop casting, the polished
GCE was desiccated under vacuum at room temperature for
8 h. For better dispersion, the synthesized heteroatom-doped
RGO materials were dispersed in DMF (1 mg/1 ml) via
ultrasonication for 30 minutes.

III. RESULTS AND DISCUSSION
A. CRYSTALLINITY AND PURITY OF THE MATERIALS
The increase in interlayer spacing with a slight blue shift in
the graphitic peak observed in Fig.2 (a) of NRGO (24.5◦,
3.61 Å), NSRGO (24.1◦, 3.66 Å), and N-rich SRGO (23.8◦,
3.75 Å), confirms the incorporation of heteroatoms into the
carbon skeleton. Using Raman spectroscopy, the defect den-
sity and purity of reduced graphene oxide (RGO) doped
with heteroatoms were determined; the results are depicted in
Figure 2 (b). The ‘G’ band at 1580 cm−1 corresponds to the
E2g bond stretching of ordered graphitic carbon, whereas the
‘D’ band at 1350 cm−1 corresponds to the structural defects
in the carbon skeleton. The D-band and G-band intensity
ratio reveals graphitic and defect levels of carbon materials.
Hence, the increase in Dintensity/Gintensity ratios of NRGO
(1.03), NSRGO (1.18), and N-rich SRGO (1.23) confirms the
incorporation of nitrogen and sulfur-heteroatoms in carbon
lattice [43].

B. SURFACE MORPHOLOGY AND
ELEMENTAL COMPOSITION
The micrographs of heteroatom-doped RGO observed in
FESEM images (Fig. 3(a-c)) infer no significant struc-
tural change in the crumpled sheet morphology. Further-
more, the considerable difference in the carbon, nitrogen,
and sulfur concentrations of NRGO, NSRGO, and N-rich
SRGO observed in EDS spectra (Fig.3(d-e)) confirms the
effective doping of heteroatom in the graphitic skeleton. The
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FIGURE 2. (a) X-ray diffraction and (b) Raman spectrum of NRGO, NSRGO, and N-rich SRGO.

FIGURE 3. FESEM images of (a) NRGO, (b) NSRGO (c) N-rich SRGO and EDS of (d) NRGO, (e) NSRGO and (f) N-rich SRGO.

increase in the N content (Fig.3(e)) indicates the incorpora-
tion of more nitrogen atoms into the graphene structure.

C. ELECTROCHEMICAL BEHAVIOUR OF N-RICH SRGO
TOWARDS POTASSIUM FERRO/FERRICYANIDE
The electrocatalytic properties of the modified electrodes
were assessed through CV using the standard redox probe
ferro/ferricyanide. The obtained CV results, as depicted in
Fig. 4(a), showcase a higher peak current for the N-rich
SRGO-modified electrode (345 µA) compared to NSRGO
(219 µA), NRGO (173 µA), RGO (160 µA), and the
bare glassy carbon electrode (GCE) (72 µA). This observa-
tion indicates that N-rich SRGO exhibits superior electrical

conductivity and more active sites than RGO, NRGO, and
NSRGO. Thus, N-rich SRGO with abundant electroactive
sites accelerates the charge transfer between the analyte and
electrode due to enhanced charge carrier density and high
chemical activity offered by N and S heteroatoms.

We have conducted CV at various scan rates
(10-100 mV/s) in 4 mM ferricyanide/0.1 M KCl (Fig.4b)
to determine the electrochemical surface area (AECSA) of
N-rich SRGO-modified electrode using the Randles–Sevcik
equation (1) [44],

Ipa = 2.69 ∗ 105AECSAD1/2n3/2v1/2C (1)

where n is the number of electrons transferred, C indi-
cates the bulk concentration of the analyte in mol/cm3, and
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FIGURE 4. (a) Electrocatalytic activity of GCE and modified GCE was carried out in 5 mM Fe (CN)3−/4−

6 in 0.1 M KCl (b) Electrochemical surface
area (ECSA) of N-rich SRGO was determined by recording CVs at different scan rate (10-100mV/s) in 4mM ferricyanide in 0.1M KCl, (c) Ipa vs
(v)1/2.

FIGURE 5. (a) The electrical conductivity of all modified electrodes was
investigated in 5mM Fe(CN)3/4

6 in 0.1 M KCl, (b) equivalent randles circuit.

D represents the diffusion constant of the analyte in
cm2/s. Using the slope value obtained from the plot
Ipa vs. v1/2 (Fig. 4c) in equation (1), the AECSA was esti-
mated as 0.012 cm2. The charge transfer resistance of the

modified electrodes was determined through EIS in 5 mM
Fe(CN)3−/4−

6 /0.1 M KCl, employing a constant AC potential
of 10 mV/s within the frequency range of 10mHz to 100 kHz.
A semicircle in the higher frequency region of the Nyquist
diagram (Fig. 5a) represents the charge transfer resistance
(Rct) of the modified electrodes. In contrast, an inclined line
at lower frequencies indicates a diffusion-controlled process.
By fitting the Nyquist plot using the Randle equivalent circuit
(Fig. 5b), the calculated Rct values were as follows: N-rich
SRGO (4.89m�), NSRGO (402m�), NRGO (1.03�), RGO
(66.1�), and GCE (1.22 k�). Consistent with the CV results,
the reducedRct value of theN-rich SRGO-modified electrode
can be attributed to its excellent electrical conductivity, high-
lighting its commendable electrocatalytic activity.

D. ELECTROCHEMICAL SENSING OF N-RICH SRGO
TOWARDS DOPAMINE
1) OPTIMIZATION OF pH
The sensor’s performance relies on the electrochemical prop-
erties of the working electrode and the electrolyte’s pH.
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FIGURE 6. (a) pH studies from 3 to 9 in 0.1 M PBS, (b) plot of redox peak
current vs pH.

Accordingly, we investigated the impact of electrolyte pH
ranging from 3 to 9. As evident in Fig. 6 (a and b), an increase
in pH corresponds to a decrease in the oxidation peak current.
Notably, at pH 3, a higher DA oxidation current, marked
by a distinct peak potential, was observed, indicating the
necessity of proton involvement for optimal performance of
the N-rich SRGO-modified electrode. Therefore, pH 3 was
selected for further dopamine sensing. Also, the ratio of
redox peak currents (Ipa/Ipc) was 1.97, which is characteris-
tic of a quasi-reversible process for N-rich SRGO-modified
electrodes.

2) ELECTRODE KINETICS
The kinetics of the N-rich SRGO-modified electrode towards
1 mM DA detection in 0.1 M PBS (pH 3.0) was examined
by recording CVs at different scan rates. The relationship
between the redox peak current and the scan rate (from 10 to
100 mV/s) is illustrated in Fig.7a. With a correlation coef-
ficient of 0.998, the relationship between the square root of
the scan rate and the redox peak current is linear, indicating
that the electrochemical sensing reaction of N-rich SRGO
towards DA is governed by a diffusion process. The surface
coverage area of the N-rich SRGO was calculated using the
equation (2),

Ipa =
n2F2vAECSA0

4RT
(2)

where 0 represents the surface coverage, n is the number of
transferred electrons, AECSA denotes the electrode’s surface
area in cm2, F implies Faraday’s constant, v represents scan
rate in mV/s, R is the gas constant in J/K/Mol, T represents

temperature in K. By substituting the slope value obtained
from the plot Ipa vs v (Fig 7b) in equation (2), the surface cov-
erage value of DA on the N-rich SRGO-modified electrode
was calculated as 2.232∗10−5mol/cm2 [45]. The diffusion
coefficient (D) at the N-rich SRGO-modified electrode was
calculated using equation (3) [46],

Ipa = 0.4463nFCAECSAv1/2D1/2(nF/RT )1/2 (3)

Using the slope value from the plot Ipavs v1/2 in Fig 7(c),
the D value was calculated as 2.3∗ 10−11cm2/s. The slope
value (0.69) obtained from the plot (log Ip) vs. (log v) in
Fig.7(d) confirmed that the electrode process is diffusion-
controlled. The positive and negative shifts observed in
oxidation and reduction potential in Fig.7(e) also confirm
that the electrochemical oxidation of DA towards N-rich
SRGO-modified electrode is a diffusion-controlled reac-
tion. By using the slope value obtained from Fig.7(e), the
electron-transfer coefficient (α) was determined using the
equations (4) and (5) [47],

Epc = E◦
′

−

(
RT
αnF

)
lnv (4)

Epa = E◦
′

−

(
RT

(1 − α) nF

)
lnv (5)

where α represents the electron-transfer coefficient, E◦
′

denotes the formal potential in V, Epc indicates the cathodic
peak potential in V, and Epa is the anodic peak potential in V.
The calculated electron-transfer coefficient of 0.4 matches
the theoretical value between 0.3 and 0.7 for diffusion-
controlled processes [48].

3) DOPAMINE CONCENTRATION STUDIES
Under optimized conditions, we conducted DPV studies to
assess the sensitivity, limit of detection (LOD), and limit of
quantification (LOQ) of the developed sensor, as illustrated in
Fig. 8. In Fig. 8a, an increase in peak current corresponding
to the concentration of DA from 0 to 350 µM is evident
within the potential window of 0.3 to 0.7 V, utilizing 0.1 M
PBS at pH 3. The sensitivity of the N-rich SRGO-modified
electrode was determined as 142 µA/mM from the slope of
the calibration plot (Fig. 8b). The LOD and the LOQ were
calculated using the equation [49] (6) and (7),

LOD =
3σ

Sensitivity
(6)

LOQ =
10σ

Sensitivity
(7)

where σ denotes the standard deviation of the blank voltam-
mogram in µA, and sensitivity is the slope value obtained
from the calibration plot in µA mM−1. The LOD and LOQ
were found to be 9.3 and 31 µM. A comparative analysis
of the electrochemical sensing performance, encompassing
LOD and sensitivity, of dopamine sensors using N-rich
SRGO-modified electrodes is presented in Table 1 alongside
findings from prior studies. Notably, the N-rich SRGO-
modified electrode exhibited superior sensitivity, potentially
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FIGURE 7. (a) The effect of scan rate of N-richSRGO modified electrode was studied in PBS pH = 3 with 1 mM DA at different scan rates
(10–100 mV/s), (b) Ip vs. (v ), (c)Ip vs v1/2, (d) Log Ip vs Logv and (e) Ep vs. ln v.

TABLE 1. Comparison of the current work with the other published work on different modified electrodes for DA sensing.

attributed to enhanced electrical conductivity, stable dis-
persion, and favorable biocompatibility associated with the
N-rich SRGO modification.

4) REPRODUCIBILITY AND SELECTIVITY
The reproducibility of the developed DA sensor was investi-
gated using five electrodes that were prepared using similar
protocols. Fig.9a demonstrates the DA sensing using 0.1 M
PBS at pH 3. The negligible difference in the current
value within the five modified electrodes concludes that

the developed dopamine sensor is highly reproducible. It is
widely acknowledged that AA and UA with higher concen-
trations coexist with DA in human body fluids. Therefore,
we have studied the DA sensing of N-rich SRGO in the
presence of other interfering species, such as NaCl, KCl, glu-
cose, sucrose, AA, and UA (Fig. 9b), using an amperometric
technique at 0.5 V. The negligible increase in the current
values indicates that the N-rich SRGO-modified electrode is
highly selective towards DA, even at higher concentrations of
other interferents.
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FIGURE 8. (a) Differential pulse voltammetry studies of the N-rich SRGO-modified electrode towards a successive increase in DA concentration, (b) the
calibration plot between peak current vs. DA concentration.

FIGURE 9. (a) Reproducibility studies of five different N-rich SRGO-modified electrodes for the detection of 1 mM DA, (b) Interference
analysis,(c) Repeatability and (d) Reusability of N-rich SRGO modified electrode in the presence of 1 mM DA (PBS pH 3).

5) REPEATABILITY AND REUSABILITY
The relative standard deviation (RSD) of about 1.82 % for
five repeated voltammetric measurements (Fig. 9c) on the

same electrode demonstrated the DA sensor has excellent
repeatability. In addition, the reusability of the DA sensor was
investigated over different periods. The retention of 84.5%
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initial current at the same oxidation potential (Fig.9d) after
24 h confirmed the reusability of the N-rich SRGO-modified
electrode for DA sensing.

IV. CONCLUSION
This study employed a straightforward, cost-effective
hydrothermal method to synthesize a novel N-rich SRGO
material. The incorporation of nitrogen and sulfur, possess-
ing higher electronegativity, onto the graphene structure not
only provided abundant electroactive sites but also yielded
a superior oxidation current of 345 µA compared to RGO,
NRGO, and NSRGO in the presence of standard ferro/ferric
redox. The developed N-rich SRGO-modified electrode, fea-
turing an enhanced electron transfer rate, was successfully
applied to detect DA. The proposed N-rich SRGO-modified
electrode demonstrated a sensitivity of 142 µA/mM and
a detection limit of 9.3 µM over a broad linear range of
150-350 µM, surpassing the performance of metal/metal
oxide and polymer-based modified electrodes. The N-
rich SRGO-modified electrode also demonstrated excellent
repeatability, stability, and high selectivity in detecting DA
amidst interfering substances such as AA, UA, glucose, and
sucrose.
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