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A facile synthetic strategy is demonstrated to generate nickel sulfide quantumdots
(Ni3S2). The thus formed Ni3S2 quantum dots are assembled onto exfoliated
graphene oxide sheets hydrothermally to form nickel sulfide-graphene oxide
nanocomposite material (GO-Ni3S2). The microscopic and spectroscopic
characterization of the GO-Ni3S2 nanocomposites revealed the shape, size,
crystalline phases, and oxidation states (of elements) of the hybrid material.
The GO-Ni3S2 nanocomposites are then coated onto the glassy carbon
electrode by drop casting to form GO-Ni3S2@GCE. The modified electrode is
then used to detect dopamine and tyrosine simultaneously. The effect of scan
rate, analyte concentrations, pH, and interfering agents on the peak current are
studied to establish a plausible mechanism for oxidizing dopamine and tyrosine at
GO-Ni3S2@GCE. The GO-Ni3S2@GCE is stable for 3 weeks and ten cycles of
washing with minimal loss in the peak current in each cycle. Dopamine with a
concentration as low as 12 nM can be detected using the GO-Ni3S2@GCE system.
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Highlights

• A green method for the synthesis of nickel sulphide quantum dots and their assembly
onto graphene oxide sheets is demonstrated.

• The nickel sulphide-graphene oxide nanocomposite material is coated on a glassy
carbon electrode and used for the simultaneous detection of dopamine and tyrosine.

• There was a 50% increase in the electroactive surface area of the modified glassy carbon
electrode compared to that of the bare glassy carbon electrode.

• The electrochemical studies indicate that the lowest detection limit of dopamine is
12 nM.

• The mechanism for electron transfer in the analyte at the modified electrode is
established by varying the reaction parameters.

• The stability and repeatability test indicated that the nickel sulphide-graphene oxide
nanocomposite coated on a glassy carbon electrode is stable for 3 weeks and
10 washing cycles with a minimal current drop in each cycle.
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1 Introduction

The technical advancement of medical diagnostic tools has
made significant strides throughout the years. In terms of early
identification of ailments like diabetes, cancer, and neurological
disorders commonly linked to metabolic issues, the existing
diagnostic procedures have several limitations (Kapalka, 2010).
The concentrations of specific biomarkers like dopamine, ascorbic
acid, and tyrosine in the blood are connected to metabolic
problems; accurately determining their concentrations is critical
to identifying such disorders. Tyrosine (Tyr) is a biological
precursor of dopamine and norepinephrine and is a non-
essential aromatic amino acid created when phenylalanine is
hydroxylated. It is involved in the production of melanin,
thyroxin, and adrenaline and is a cause of genetic, hormonal,
and neurological diseases. Tyrosine metabolism anomalies
generate several inborn diseases, including Tyrosinemia I, II,
and III, Hawkinsinuria, and Alkaptonuria (AKU) (Furukawa
et al., 2008; Kapalka, 2010; Khadjavi et al., 2015; Mohorko
et al., 2015; Turyan et al., 2018). As tyrosine is a
neurotransmitter and a member of the catecholamine family, its
levels in the body are one of the determining variables in mental
illnesses such as anxiety and mood swings. The level of tyrosine in
blood tissue may be used as a litmus test to anticipate and gauge the
severity of metabolic diseases such as type II diabetes, insulin
resistance, obesity, and liver cancer (Ferguson et al., 2013).
Dopamine (DA), a neurotransmitter from the catecholamine
family, is crucial for transmitting signals between neurons.
Excess dopamine can lead to illnesses including Huntington’s,
schizophrenia, and Parkinson’s disease, among others (Dalley and
Roiser, 2012; Owesson-White et al., 2012; How et al., 2014; Xia
et al., 2016; Cheng et al., 2017; Devi et al., 2018; Fazio et al., 2018;
Kim et al., 2018; Üğe et al., 2018).

The analytical methods for identifying tyrosine (Alonso et al.,
2003; Huang et al., 2006; Ishii et al., 2006; Lee and Yang, 2006) and
dopamine (Carrera et al., 2007; Chen et al., 2011; Khattar and
Mathur, 2013; Ghodsi et al., 2015; Leng et al., 2015; Nurzulaikha
et al., 2015; Schumacher et al., 2015; Gao et al., 2017; Shen et al.,
2017) in biological fluids, including chromatography, fluorescence,
mass spectrometry, and other approaches, are only partially efficient
because of their intrinsic limitations. Due to rapid response,
accuracy, and mobility, electrochemical techniques using
electrochemical sensors (Danielle et al., 2012) are very promising
in accurately detecting these biomolecules that coexist in biological
fluids (Manjunatha et al., 2009; Jackowska and Krysinski, 2013;
Bhakta et al., 2015; Zahra et al., 2019). One of the challenges is
usually interference brought on by a high concentration of uric acid
and ascorbic acid (AA, 100–1,000 times more abundant than DA),
which is mostly found in the central nervous system and has an
oxidation potential that is near to that of DA. In sensing
biomolecules, the bare electrodes cannot distinguish or
differentiate the potentials, but the electroactive species undergo
oxidation and give out an oxidation current as an analyte signal.
Chemically modifying the bare electrode surfaces is one approach to
solving this issue. It is well-known that materials like carbon,
conducting polymers, and metal oxide nanoparticles are desirable
for modifying bare electrode surfaces because they can separate the
oxidation potentials of electroactive molecules and measure their
concentration as a function of oxidation current. The materials
employed for modification should also strengthen or magnify the
current produced by the oxidation of the electroactive molecules.
Utilizing various materials, including metal nanoparticles,
conducting polymers, and carbon, customized electrodes have
been used to measure dopamine, tyrosine, and ascorbic acid
(Wan and Zhiqiang, 2015; Tooley et al., 2018). One such
material is graphene oxide which contains a variety of defect
shapes, also there are oxygen-containing groups like epoxides
and hydroxyls are present. These oxygen and defects assist in
lowering the overpotential connected with biosensing by
increasing the density of electronic states at the Fermi level. The
enormous surface area of 2D graphene sheets, which enables the
loading of additional biomolecules onto the surface, is another
important characteristic. They can also function as effective
electron mediators, promoting electron transport between the
electrode surface and the metal active sites of the biomolecules.
Hence in the present study graphene oxide is chosen to enhance
sensing capability along with metal sulphide. Numerous
electrochemical sensors that measure amino acids,
neurotransmitters, carbohydrates, and other biomolecules have
also been developed using NiO nanoparticles (Dong et al., 2011;
Yang J. et al., 2013; Yang L. et al., 2013; Liu et al., 2014; Zhao et al.,
2018; Khan et al., 2022). Metal sulphides and more precisely various
phases of nickel sulphides are mainly used in battery and
supercapacitor applications and reports on sensors is very rare
(Zhao et al., 2018; Khan et al., 2022).

The development of electrochemical sensors using graphene,
MWCNT, reduced graphene, etc. (Cheng et al., 2020) is still
piquing researcher’s interest even though much research is being
done on carbon-based materials. Lee et al. has reported cetyl
pyridinium bromide (CPB) modified carbon paste electrode
(CPBMCPE) employed for detection of dopamine (DA) and
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uric acid (UA) with good selectivity and sensitivity. Their
theoretical studies reveal that the charged cationic head of
CPBs can offer an additional electron transfer site at the
CPBMCPE interface might enhanced the sensing ability.
(Jayaprakash et al., 2020).

These graphene oxide materials have unique properties like high
surface area, excellent electrical conductivity, high charge carriermobility,
and quantum hall effect. It is reported in literature that GO is used as
support for detecting chemotherapeutic drugs (Tseng et al., 2020),
determination of DNA detecting biomarkers (Govindasamy et al.,
2019), detecting sulphasalazine (Rajaji et al., 2022) detection of
hexestrol (Govindasamy et al., 2023) detection of anti-rheumatic
drugs (Rajaji et al., 2021) also used for detection of organoarsenic
roxarsone (Tamilalagan et al., 2023) In the current study, graphene
oxide-nickel sulphide (GO-Ni3S2) nanocomposites are generated using
ultrasonication and hydrothermal processes. The simultaneous detection
of DA and Tyr is then performed using the graphene oxide-nickel
sulfide-modified glassy carbon electrode (GO-Ni3S2@GCE). We
anticipate that the facile synthetic strategy can be explored for the
design of hybrid materials for applications in energy to biomedicine.

2 Experimental

2.1 Materials

Nickle chloride (NiCl2.6H2O), sodium sulfide flakes, potassium
chloride, ascorbic acid, uric acid, and sodium phosphate (mono and
di sodium) were procured from SD Fine Chemicals, INDIA.
Dopamine and graphene oxide were purchased from Sigma-
Aldrich. Tyrosine was bought from Fischer Scientific Ltd., and all
the chemicals used in this work were used as received.

2.2 Instruments

The produced GO-Ni3S2 quantum dots were examined using a
variety of characterization techniques. The X’pert Pro X-ray
diffractometer was used to investigate the size of GO-Ni3S2
quantum dot phases and crystallinity using Ni-filtered Cu Kα
radiation (λ= 1.5406, 2θ = 0–60P analytical B.V., Netherlands). The
surface morphology of the GO-Ni3S2 quantum dots was captured using
scanning electron microscopy (ZEISS EVO 18 model) at a voltage of
40 kV and a current of 30 mA @ 0.388 scans per minute. Using a
Quanta Chrome NOVA 1000 surface analyzer at 196 °C, the textural
characteristics of GO-Ni3S2 quantum dots were examined for nitrogen
adsorption testing. To remove pre-absorbed gas and moisture, samples
were degassed at 300 °C for 4 h before testing. The BET method was
used to compute the cumulative diameter and volume of pores, and the
BJH method was used to quantify the amount of nitrogen absorbed
from the desorption isotherms.

GO-Ni3S2 quantum dots were seen using an FEI TECHNAI
G2 transmission electron microscope, and their selected area
electron diffraction (SAED) patterns were obtained (TEM). Before
TEM imaging, a tiny drop of the sample solution was applied to a
particular 3-mm carbon-coated copper grid and allowed to dry at
ambient temperature. Colloidal dispersions of GO-Ni3S2 quantum dots
at a lower concentration (0.001M) were measured in the 200–1,100 nm

wavelength range using a UV-1800 PC Shimadzu spectrophotometer.
X-ray photoemission spectra were captured on a KRATOS AXIS
165 using Mg Kα radiation (1,253.6 eV) at 75W and a
hemispherical analyzer coupled to a five-channel detector. The
background pressure was kept at or below 10–10 bar while data was
being collected. The C 1s line at 284.6 eV was used as an internal
standard to correct binding energies. In each case, symmetric gaussian
shapes were used. Binding energies were generally consistent
within ±0.1 eV for identical samples.

2.3 Synthesis of mixture of nickel sulfide
(NiS/Ni3S2) quantum dots

Nickel Sulfide quantum dots were synthesized using a modified
two-step method, as described in our reported work (Qi et al., 2016).
The fresh Syzigium cumini (S. cumini) leaves (100g) were cleaned using
distilled water multiple times to eliminate foreign particles andwas then
pulverized using a mortar and pestle. The S. cumini extract was diluted
with distilled water and agitated for 30 min, followed by filtration using
Whatman filter paper. The filtrate was stored in sealed bottles in the
refrigerator and diluted with distilled water before use.

A 0.1 M Nickel Chloride solution (final concentration) was
added to 250 mL of hot S. cumini leaf extract and stirred. After
5 min, Na2S (0.1M) was added portion wise with continuous stirring
for 30 min. The solid formed was centrifuged and rinsed with water
and ethanol before being dried in an oven at 65 °C for 8 h.

2.4 Synthesis of graphene oxide-nickel
sulphide (GO-Ni3S2) nanocomposites

The synthesis of graphene oxide-nickel sulphide nanocomposite
materials was performed by ultrasonication followed by the
hydrothermal technique. An ultrasonic bath was used to
homogenize 500 mg of graphene oxide (GO) in 100 mL of distilled
water in a beaker. The homogeneous GO solution was added to
preformed nickel sulfide, followed by hydrothermal treatment for
24 h at 100 °C. The resulting colloidal solution was washed with
water and ethanol before being aged in a beaker for around 12 h.
The solid thus obtained was dried in an oven at 65 °C for 24 h.

2.5 Electrode preparation

The glassy carbon electrode (GCE) was washed with distilled
water and polished using an alumina polishing pad. The 5 mg of
GO-Ni3S2 was dispersed in 1 mL DML by sonication for 15 min. A
thin layer of GO-Ni3S2 was formed onto the electrode by drop
casting, followed by drying at room temperature for 24 h.

3 Results and discussion

3.1 Synthesis

A green synthesis method was utilized for the synthesis of Nickel
sulphide quantum dots containing mixture of NiS/Ni3S2 phases,
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which were then assembled onto the GO sheets. The stacked GO
sheets were exfoliated by ultrasonication, and the mixture of NiS/
Ni3S2 quantum dots were then built on it hydrothermally to generate
GO-Ni3S2 nanocomposite predominately (Scheme 1).

3.2 Characterization

The scanning electron microscopic (SEM) image revealed the
sheet-like structure of GO (Figure 1A). The transmission electron
microscopic (TEM) image showed the highly dispersed Ni3S2
quantum dots of 2–3 nm size (as indicated by red arrows)
decorated on sheet-like GO (Figure 1B). The selected area
electron diffraction (SAED) pattern reflected the crystalline
nature of Ni3S2 quantum dots with a hexagonal phase (Figure 1C).

The X-ray diffraction pattern of the GO-Ni3S2 quantum dots
exhibited diffraction patterns corresponding to the hexagonal phase
of Ni3S2 (JCPDS card No. 44–1,418) at 2θ = 26.08 (101), 34.09 (110),
43.40 (202), 51.72 (211), and 77.7 (131) (Figure 1D) (Zhou et al., 2018;
Zou et al., 2018). The sp2 graphene oxide carbon at 2θ = 26.0 and
45 coexisted with reflections fromNi3S2. Raman spectroscopy was used
to analyze the interaction betweenGO andNi3S2. The Raman spectra of
GO-Ni3S2 quantum dots exhibit two prominent peaks, corresponding
to the G band (at 1,573 cm-1) and the D band (at 1,347 cm-1)
(Figure 1E). The G-band represents the stretching vibration mode in
the sp2-hybridized C–C bonds, while the D band corresponds to the
disorder of the sp2 carbonyl domain (Wu et al., 2018; Tian et al., 2019).
Generally, the ratios of intensity between theD andGbands indicate the
disorder degree of the graphitic layers. Here, the ID/IG ratio is higher
than that of GO (1.04), suggesting a higher degree of defects in GO-
Ni3S2 quantum dots due to the reduction process and incorporation of
theNi3S2 ontoGO layers (Huang et al., 2008). The elemental analysis by
energy-dispersive X-ray spectroscopy (EDS) indicated the presence of
nickel, carbon, oxygen, and sulfur (Figures 1F,G). Additionally, the Ni:S
atomic ratio is 8:5, which is about 3:2 and, in turn, validates the
formation of Ni3S2

The oxidation states and surface chemical functionalities, and
valence states of GO-Ni3S2 were examined by X-ray photoelectron
spectroscopy (XPS). The wide survey spectrum revealed four
elements C, O, S, and Ni (Figure 2A). The XPS patterns of C1s
showed a prominent peak at a binding energy of 284.78eV which

refers to C-C/C-O, a peak at a binding energy of 285.4 eV is
attributed to C-O and 287.4 eV peak is assigned to C=O bonds
(Figure 2B). The cliffs at 163.7 eV and 165.14 eV correspond to S2-

and S2
2- states of S 2p, respectively. As acknowledged in the

literature peak at 168.8 corresponds to partially oxidized sulfur
species (Figure 2C) (Yang et al., 2017). The Ni 2p spectrum can be
divided into two spin-orbit doublets and two shake-up satellites.

The high-resolution Ni 2p spectra indicated two peaks at Ni 2p3/
2 (855.6 eV) and Ni 2p1/2 (873.7 eV) (Figure 2D). Furthermore, the
two main peaks are deconvoluted into two spin orbit doublets and
satellite peaks in which the Ni 2p1/2 orbit is composed of two peaks
with 873.3 eV and 875.9 eV assignable to the Ni(II) and Ni(III)
oxidation states. Additionally, the Ni 2p3/2 orbit is comprised of two
peaks belonging to Ni(II) (855.3 eV) and Ni(III) (856.5 eV). These
results indicate the existence of Nickel (II) and (III) in GO-Ni3S2
quantum dots (Hou et al., 2017; Gao et al., 2018).

The N2 adsorption and desorption isotherms of GO-Ni3S2 quantum
dots are shown in Figure 3. The adsorption isotherms are comparable to
type (IV) isotherms, with a hysteresis loop in the P/P0 range of 0.5-1,
indicating the existence of mesopores (Zhao et al., 2017). The surface area
of the Ni3S2-GO quantum dots is 1.586 m2 g-1, with a pore
diameter of 3.742 nm and a measured pore volume of
0.00989 ccg-1. The findings are in line with those previously
published (Cheng et al., 2015).

3.3 Electrochemical performance of
dopamine and tyrosine on the GO-Ni3S2
nanocomposite modified electrode (GO-
Ni3S2@GCE)

All the electrochemical experiments were performed in a three-
electrode cell assembly comprising a GCE with a 3 mm diameter as the
working electrode, platinum wire as the counter electrode, and an Ag/
AgCl in 3M KCl as the reference electrode. It has been a great challenge
in electrochemical analytical research to simultaneously detect dopamine
and tyrosine as they coexist in the blood and the interference among them
and with the other biological fluids hampers the efficacy of the detection
system. Moreover, the high concentration of dopamine and low
concentration of tyrosine is another major limitation in the
simultaneous detection of dopamine and tyrosine.

SCHEME 1
Illustration of synthetic strategy to prepare GO-Ni3S2 nanocomposites.
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3.4 Electrochemical impedance studies (EIS)

The electrical properties of the produced electrodes were
investigated using electrochemical impedance tests in 0.1 M KCl

at its formal potential in the frequency range 100 kHz to 100 mHz
with a 10 mV amplitude. Figure 4 shows a typical EIS response of
bare GCE and GO-Ni3S2 coated on GCE (GO-Ni3S2@GCE). A
partial semicircle with a nearly straight tail at the bare GCE

FIGURE 1
Characterization of GO-Ni3S2 nanocomposites. (A) SEM and (B) TEM images (red arrows indicate the Ni3S2 quantum dots) (C) SAED pattern (D) XRD
pattern (E) Raman spectrum (F) EDS spectrum with Atomic% and (G) (i-iv) Elemental mapping.
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suggests electron transport resistance to the redox probe. The
semicircle does not exist on the GO-Ni3S2@GCE, indicating a
reduced barrier to electron transmission This could be due to the
high conductivity of GO-Ni3S2 coated on the GCE (Zanello, 2003).
The impedance charts are in accordance with that of CV behavior.

3.5 Simultaneous detection of dopamine
and tyrosine on GO-Ni3S2@GCE

Figure 5 shows simultaneous detection tests of dopamine and
tyrosine electrochemically. In the case of GO-Ni3S2@GCE with only

dopamine shows Ipa (current) 0.0238275 mA at Epa (voltage) of
0.188155V (Figure 5D), and in the case of Ni3S2-GO/GCE with
tyrosine shows Ipa (current) 0.0211739 mA at Epa (voltage)
0.73622 V (Figure 5D). Furthermore, when the simultaneous
detection of tyrosine and dopamine was carried out using 100 µM
dopamine and 500 µM tyrosine in a PBS buffer solution at pH 7
(Figure 5F), two distinct oxidation peaks, with dopamine appearing at
0.245 V with a current 0.0116994 mA and tyrosine appearing at
0.7952 V with current 0.0161773 mA, respectively was observed.
The experimental data clearly revealed that the GO-Ni3S2@GCE is
capable of separating and differentiating the analytes dopamine and
tyrosine.

FIGURE 2
XPS analysis of GO-Ni3S2 nanocomposites. (A) Survey (B) C1s (C) S2s, and (D) Ni2p spectra.

FIGURE 3
Nitrogen adsorption/desorption isotherm at −196 °C (A) and the corresponding BJH pore size distribution plot (B) of GO-Ni3S2 nanocomposites.
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The GO-Ni3S2@GCE shows a three-fold increase in the anodic
peak current compared to bare GCE using dopamine as an analyte
(Figure 5D) which in turn can be attributed to the improved
electrochemical current responsiveness with increased
conductivity and surface area after electrode surface modification.
The electroactive area of bare GCE and GO-Ni3S2@GCE were
calculated and compared using the Randles-Sevik equation to
establish that the surface area of GCE increases when modified
with GO-Ni3S2 (Laviron, 1979).

ip � 2.69 x 105( ) n3/2D1/2v1/2Ac

The electrochemical areas calculated by using the equation are
0.112 cm2 and 0.238 cm2 for bare GCE and GO-Ni3S2@GCE
respectively. There was a 50% increase in the electroactive surface
area of modified GCE compared to that of bare GCE, in turn
supporting the hypothesis.

3.6 Effect of scan rate on peak current of
dopamine and tyrosine

The influence of scan rate on current and potential was studied,
as indicated in Figure 6. The scan rate was varied from 50 to
400 mVs-1 in a system consisting of dopamine in 0.1 M PBS at
pH 7 using GO-Ni3S2@GCE. The peak current increased with a
minor positive shift in peak potential in the 50–400 mV/s region.
The regression equation expressed as Ipa = 0.00497 x + 0.01271
(R2 = 0.99719) (for Ipa vs square root of scan rate) indicating that
diffusion control process is governing the kinetic of the reaction and
dopamine oxidation is a two-electron transfer process (Scheme 2).

Similarly, the cyclic voltammetry profiles were recorded to investigate
the influence of scan rate on the electroactive surface of GO-Ni3S2@GCE
taking tyrosine (500 µM) (Figure 6B). Using Randles—Sevcik equation, a
plot of Ipa vs square root of scan rate (50–400mV/s) shows excellent
linearity with linear regression expression as Ipa =
0.00359 x—0.00537 with R2 = 0.99812 suggesting the diffusion-
controlled process for the oxidation of tyrosine. The charge transfer
coefficient for GO-Ni3S2@GCE was found to be 0.496, and the
theoretical value is 0.5, indicating that the adsorption of reactants
and intermediates onto the modified sensor is diffusion-controlled and
irreversible with both dopamine and tyrosine analytes.

3.7 Effect of increasing concentration of
dopamine and tyrosine at GO-Ni3S2@GCE

The cyclic voltagrams were recorded at different concentrations
of dopamine (Figure 7A). The anodic peak current increased linearly
with the increase in dopamine concentration. The modified
GO-Ni3S2@GCE was found to be sensitive to both low and high
concentrations of dopamine. At higher dopamine concentrations,
another reduction peak was observed at—0.445 mV potential. Apart
from dopamine’s oxidation and reduction peaks, the third peak
at—0.445 mV is due to the ring closure product
(leucodopaminechrome) of dopamine-o-quinone (Jin et al.,
2005). The effect of varying concentrations of tyrosine at
modified GO-Ni3S2@GCE followed a similar trend as was seen
with dopamine (Figure 7B). The oxidation peak at a tyrosine
concentration of 500 µM was most prominent among the
concentrations studied, and this concentration was therefore
chosen for all further comparative studies.

3.8 Effect of pH on redox behavior of
dopamine and tyrosine

The influence of pH on the oxidation of dopamine was studied at
GO-Ni3S2@GCE in PBS buffer with varying pH ranging from 4 to
12 at a scan rate of 50 mV/s (Figure 8). It can be seen that the peak
current and potential were strongly affected by pH, in turn
indicating the involvement of protons in the electrode reactions.
A good linear relationship between Epa and pH was observed with
the regression expression of Epa = 0.049x + 0.49214 with R2 =
0.99258, the charge transfer coefficient “K” value of 0.049V/pH is
close to the theoretical value of 0.059V/pH indicating that the

FIGURE 4
Nyquist impedance plots of (▪) bare GCE and (*) GO-Ni3S2@GCE
in the frequency range 100 kHz to 100 mHz and the supporting
electrolyte is 0.1 M KCl in 0.1 M PBS.

FIGURE 5
Simultaneous detection studies of dopamine and tyrosine on
bare GCE and GO-Ni3S2@GCE: (A) bare GCE without any analyte, (B)
bare GCE with dopamine, (C) GO-Ni3S2@GCE without analyte, (D)
GO-Ni3S2@GCE with dopamine, (E) GO-Ni3S2@GCE with
500 µM tyrosine (F) GO-Ni3S2@GCE with dopamine100 µM and
tyrosine 500 μM at a scan rate of 50mv/s.
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FIGURE 6
Cyclic voltagrams recorded at different scan rates using (A) 100 µM dopamine and (B) 500 µM tyrosine at GO-Ni3S2@GCE in 0.1 M PBS solution of
pH 7: (A) 50, (B) 100, (C)150, (D) 200 e) 300, (F) 400 mV and (I) Ipa vs square root of scan rate.

SCHEME 2
Plausible schematic representation of electrochemical reaction of L-tyrosine and dopamine on GO-Ni3S2@GCE
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electron transfer process is accompanied by equal no of protons as
given in Scheme 2.

The peak potential shifts to the negative side when pH is
increased from 4 to 11, owing to enhanced reversibility of the
oxidation, which involves deprotonation at elevated
pH (Figure 8A). A similar trend was observed when using
tyrosine as the analyte (figure not shown). Furthermore, the
electrochemical response was found to be superior at pH =
7 PBS as desirable sensor applications in a wide range of areas.

The mechanism of detection of dopamine and tyrosine is shown
in Scheme 2. In the PBS buffer solution at pH 7, the positively
charged dopamine/tyrosine molecules can easily interact at the
electrode surface through π-π stacking or electrostatic attraction
between the GO-Ni3S2 and electrode to give the electrochemical
response. The catalysts enhance the oxidation of dopamine to form
dopaminophthalic acid and release two electrons and two protons.
The faradic current generated by the flow of electrons at the surface
of the electrode, in turn, depends upon the concentration of analyte.
On the other hand, in the case of tyrosine, it is a single electron
transfer as depicted in Scheme 2.

3.9 Chronoamperometric studies

The chronoamperometry investigations were carried out to
understand the response nature of GO-Ni3S2@GCE to dopamine
by adding 50 µM dopamine at intervals of 25 s in PBS solution
containing 0.1M KCl (Figure 9). The response current was
measured at a fixed potential of +0.25 V during stirring, and
almost equivalent current steps were obtained for each addition of
dopamine, indicating the catalytic efficacy of GO-Ni3S2@GCE. A
linear relationship between peak current and dopamine concentration
was obtained in the concentration range of 2.5 × 10−6 to 270 × 10−6 M,
with the lowest detection limit being 12 nM. The determined limit of
detection and sensitivity were compared with previously reported
values, and the data is given in Table 1.

3.10 Interference studies

The interference studies on GO-Ni3S2@GCE were carried out by
taking the common interfering biomolecules like uric acid and

FIGURE 7
Cyclic voltagrams recorded at varying concentrations at GO-Ni3S2@GCE in PBS buffer of pH 7 (A) dopamine (A–H): (A) 25, (B) 50, (C)75, (D) 100, (E)
125, (F) 150, (G) 200, (H) 250 µM and (B) Tyrosine: (A) 25, (B) 50, (C) 100, (D) 200, (E) 300, (F) 400, (G) 500 μM at 50 mV/s.

FIGURE 8
Cyclic voltagrams of (A) 100 µM dopamine with varying pH using 0.1 M PBS, scan rate 50 mV (A–J); (A) 4, (B) 5, (C) 6, (D) 7, (E) 8, (F) 9, (G) 10, (H) 11, (I)
12, (J) 13 at GO-Ni3S2@GCE
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ascorbic acid in phosphate buffer at pH 7.0 using the
chronoamperometry (Figure 9B). The synthesized sensor system
exhibited insignificant current intensity changes with respect to uric
acid and ascorbic acid, highlighting the selectivity of GO-
Ni3S2@GCE.

3.11 Stability and repeatability of GO-
Ni3S2@GCE

The stability of GO-Ni3S2@GCE was assessed by immersing it in
a PBS buffer solution with a pH of 7.0 for 3 weeks. The cyclic

FIGURE 9
Amperometry response of GO-Ni3S2@GCE for each addition of (A) 50 µM of dopamine (B) Interfering agents (I) 50 µM uric acid, (ii) 50 µM ascorbic
acid at constant applied potential of +0.25 V in PBS containing 0.1 M KCl (pH 7.0).

TABLE 1 Comparison of analytical performance at GO-Ni3S2@GCE with previously reported dopamine sensors.

S. No. Modified electrode LOD (µM) Linear range (μM) Ref

1 GN/GCE 1.5 3.3–249.1 Bu et al. (2013)

2 SGN/NiPc (Qi et al., 2016) 0.26 40–1,080 Barros et al. (2013)

3 N-G/NiTsPc/GCE 0.1 0.1–200 Xu et al. (2016)

4 PtCNC/MWCNT@GO/GCE 0.27 0.8–300 Zhang and Zheng (2020)

5 WS2 NiS2-CNF/ITO 0.01 0.5–60 Yue et al. (2019)

6 Ni-CNT/GCE 0.044 0.05–100.05 Manivel et al. (2019)

7 CPE/Ni3-xTe2 0.15 4.0–31 Ulbrich et al. (2020)

8 GO-Ni3S2@GCE 0.012 2.5–270 Current work

FIGURE 10
(A) Stability and (B) Repeatability studies of GO-Ni3S2@GCE in PBS buffer at pH 7 containing 50 µM dopamine concentration at 50 mV/s scan rate.
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voltagrams were recorded weekly and compared with that obtained
on day one. After 3 weeks, the current drop was only 10%,
illustrating the modified electrode’s stability (Figure 10A).

The repeatability of the GO-Ni3S2@GCE was tested ten times
with 100 µM dopamine. The modified electrode was washed with
buffer solution after each measurement and analyzed for the same
concentration (Figure 10B). The electrode’s RSD (relative standard
deviation) is 2.5%, indicating it is non-susceptible to surface fouling.

4 Conclusion

A facile and green synthesis of nickel-sulfide quantum dots
using leaf extracts is demonstrated. The thus formed Ni3S2
quantum dots are decorated on the exfoliated GO sheets via
hydrothermal treatment to generate GO-Ni3S2 nanocomposites.
The GO-Ni3S2 are then integrated on GCE by drop casting to
form GO-Ni3S2@GCE. The modified electrode is further utilized
to simultaneously detect dopamine and tyrosine
electrochemically. The effect of dopamine and tyrosine
concentration, scan rate and pH on peak current is well
studied to deduce a plausible mechanism of oxidation of
dopamine and tyrosine. It is found that dopamine oxidation is
a two-electron transfer, whereas tyrosine oxidation is
accompanied by a one-electron transfer. The GO-Ni3S2@GCE
is stable for 3 weeks with a current drop of only 10%. The lowest
detection limit of dopamine is obtained by taking ten blank
experiments without analyte and from a calibration plot we
get the standard deviation (SD) and slope. LOD is calculated
using the formula LOD = 3 x SD/slope and found to be 12 nM
indicating the efficacy of GO-Ni3S2@GCE. This work solves the
effect of AA on the EC detection of DA, which is promising in
practical applications, such as precisely monitoring DA levels in
biological systems and quantifying DA in complex samples.
Future research may use in situ spectral characterization to

gain deeper understanding of the real function of nickel
sulphides in the electrochemical analysis. Another issue is how
to efficiently increase the nickel sulphide charge transfer rate in
electrochemical sensing.
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