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ABSTRACT: Carbon nanotube-encapsulated nickel selenide composite nanostructures were used as nonenzymatic electrochemical
sensors for dopamine detection. These composite nanostructures were synthesized through a simple, one-step, and environmentally
friendly chemical vapor deposition method, wherein the CNTs were formed in situ from pyrolysis of a carbon-rich metallo-organic
precursor. The composition and morphology of these hybrid NiSe2-filled carbon nanostructures were confirmed by powder X-ray
diffraction, Raman, X-ray photoelectron spectroscopy, and high-resolution transmission electron microscopy images. Electro-
chemical tests demonstrated that the as-synthesized hybrid nanostructures exhibited outstanding electrocatalytic performance
toward dopamine oxidation, with a high sensitivity of 19.62 μA μM−1 cm−2, low detection limit, broad linear range of 5 nM−640
μM, and high selectivity. The synergistic effects of enhanced electrochemical activity of nickel selenide along with the enhanced
conductivity of carbon nanotubes led to the high electrocatalytic efficiency for these nanostructured composites. The high sensitivity
and selectivity of this nanostructured composite could be exploited to develop simple, selective, and sensitive electrochemical sensors
to detect and quantify dopamine in human tear samples with high reliability. This nanotube-encapsulated sensor, hence, paves the
way for discoveries in the development of dopamine sensors with low cost and high stability, which can be used for noninvasive
dopamine detection in peripheral bodily fluids.
KEYWORDS: dopamine sensor, metal chalcogenide nanostructures, carbon nanotube composites, nonenzymatic biosensor,
dopamine oxidation

■ INTRODUCTION
Dopamine (DA) is one of the most important neuro-
transmitters in the human body, which has been linked to
critical functions of the central nervous system and regulates
hormonal activities. Imbalance in DA concentrations has been
linked to various neurodegenerative disorders including
schizophrenia, Parkinson’s, and psychosis, where low and
fluctuating levels of DA are indicative of the rapid progression
of these diseases.1 High levels of DA, on the other hand,
indicate cardiotoxicity and result in a faster heart rate,
hypertension, and eventually heart failure.2 It has been
known that DA is intimately connected to the brain’s reward
system.2 In addition to the fact that DA is a vital
neurotransmitter, the use of illegal drugs or substance abuse
such as heroin, cocaine, nicotine, and alcohol blocks the DA

transport, which inhibits the reuptake of DA and eventually
decreases the levels of DA, increasing the risk of depression.3

Based on its implication in physical and mental well-being,
detection of DA levels in the body has become extremely
important. Also, it has become important to understand the
interplay between various biomolecules and DA levels and the
condition under which the DA level fluctuations are triggered
in real time. Hence, development of continuous health
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monitoring systems that can detect the level of DA
continuously and its fluctuations in real time has become
critical. However, the critical component for such sensors is the
development of a high-sensitivity, reusable, point-of-care
sensing module with long-term operational stability. One of
the major challenges of detecting neurochemicals under
physiological conditions is due to their low levels in various
peripheral biological fluids, which makes it difficult to monitor
them under stationary conditions or during medical treat-
ments.
For the selective determination of different levels of

neurotransmitters, a broad range of instrumental techniques
have been used. Spectral photometry,4 liquid chromatogra-
phy,5 and chemiluminescence6 array are few examples among
them. However, most of these reported methods suffer from
many disadvantages, including but not limited to high prices
and sample pretreatment criteria. Among various detection
techniques, electrochemical methods are often used to detect
the levels of DA.7,8 Under physiological conditions, the 2e−/
2H+ redox reactions of DA forms the basis of electrochemical
detection (Scheme 1a), wherein, the amount of DA in the
analyte can be estimated from the oxidation current. However,
the close proximity of the DA oxidation potential (Eox) to that
of other biomolecules found in the central nervous system
presents a crucial challenge. Among these, ascorbic acid (AA),
which has an oxidation potential very close to that of DA, is the
main interferent species because of its abundance in serum
samples where it is present in a much higher concentration
compared to DA.9 Furthermore, DA exists in a cationic form,
whereas AA exists in an anionic form.
The novelty of nonenzymatic electrochemical sensors is

their direct detection method, which leads to higher sensitivity
and low limit of detection.10−13 However, to achieve such
high-performance metrics, the use of an electrode modified
with an electrocatalyst is critical. The electrocatalyst
composition optimizes the electron transfer kinetics between
the analyte−electrode interface, leading to selectivity in analyte
detection, while the electrode−electrocatalyst composite is
expected to facilitate charge transfer and increase sensitivity of

the sensor. Several nanomaterials, including metal oxides,
metal selenides, carbon nanoparticles and their hybrids, have
been used successively as electrocatalysts for nonenzymatic
electrochemical DA and other biomolecule sensing.7,14−17

Among the various composite-based nanomaterials (Fe, Bi, Au,
Cu, Co, Ni), Ni-based hydrides were considered to be an
interesting material owing to their biocompatibility, redox
activity, and high electroactive surface area.14,16,18,19

Recently, there has been an increase in the application of
transition-metal chalcogenides as electrocatalysts owing to
their high electrical conductivity and enriched redox
chemistry.20,21 Examples of such transition-metal chalcoge-
nides include molybdenum selenide (MoSe2), iron selenide
(FeSe2), nickel selenide (NiS2), bismuth selenide (Bi2Se3), and
copper selenide (CuSe and Cu2Se), which have been used as
sensors.7,8,15,22−24 Over the past few years, nickel and other
transition-metal-based chalcogenides have been synthesized
and explored for various electrochemical and electrocatalytic
applications, including batteries,25 carbon dioxide reduc-
tion,26−28 oxygen evolution reaction,29−31 hydrogen evolution
reaction,29,32 as supercapacitors,33,34 and as solar cells.35,36

However, the use of nickel-selenide-based compositions in
electrochemical sensors is still rare.
Apart from catalyst composition, the enhanced conductivity

of the composite is also critical for high sensitivity. Hence,
various conductive additives, including carbon nanotubes and
other nanostructures, have been used to enhance electrical
conductivity and charge transport within the catalyst
composite. On account of their low cost, electrical con-
ductivity, and good corrosion resistance in a wide range of
electrolytes, carbon-based nanomaterials have been widely
used as electrochemical sensors.37,38 In particular, the growth
of electrocatalytic nanoparticles on the carbon-based substrates
has improved electrochemical performance. However, despite
having a high surface to volume ratio, CNTs are less sensitive
to electro-oxidizing specific biomolecules such as DA because
of the lack of catalytically active sites, requiring the use of metal
nanocatalysts.39 Hence, composite materials have been
investigated for electrode modification to evaluate potential

Scheme 1. (a) Oxidation scheme of DA through 1e− and 2e− pathways; (b) Synthesis scheme of the NiSe2@CNT composite
electrode
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synergistic effects in order to improve sensor performance such
as long-term stability and selectivity. Herein, the electro-
catalytic activity of carbon nanotubes filled with nickel selenide
(NiSe2@CNT) has been reported for the first time for effective
sensing of DA. NiSe2@CNT was synthesized by an innovative
CVD technique using a metallo-organic molecular precursor
that led to in-situ formation of multiwalled carbon nanotubes.
The electrocatalytic activity for DA oxidation was studied using
cyclic voltammetry (CV), chronoamperometry (CA), and
differential pulse voltammetry (DPV) methods. In addition,
due to their high electrical conductivity the CNTs can also
facilitate electron transfer in electrochemical redox reactions,
which has a synergistic effect on metal/metal chalcogenide
catalytic properties.40,41 Additionally, this electrocatalyst shows
remarkable long-term stability, reproducibility, reusability, as
well as a high degree of selectivity for DA oxidation in the
presence of interfering molecules.

■ EXPERIMENTAL SECTION
Materials. L-ascorbic acid (L-AA) (99%), uric acid (UA) (99%),

and serotonin hydrochloride (SA) (98%) were obtained from Alfa
Aesar and were used as received. Dextrose (98%), dopamine
hydrochloride, 99%, sodium chloride (99%), potassium chloride
(99%), and hydrogen peroxide 35 wt % were obtained from Fisher
Scientific. DA solutions were prepared by dissolving dopamine
hydrochloride in a 0.1 M phosphate buffer solution (PBS). Deionized
water was used to prepare all solutions. Nickel(II) bis-
(acetylacetonate) (C10H14NiO4) (96%), referred to as Ni(acac)2
henceforth, and selenium shots (1−3 mm, amorphous, 99.999%)
were obtained from Fisher Scientific.
NiSe2@CNT Synthesis. The NiSe2 nanostructure wrapped with

carbon nanotubes (NiSe2@CNT) was synthesized via CVD reaction
carried out in a horizontal tube furnace at 800 °C under a flow of N2
as a carrier gas (140 sccm) using sublimable Ni-acetylacetonate and
Se shots as precursors. Graphite foils were used as the substrate for
growth, which was kept at the central zone of the horizontal furnace at
800 °C (Scheme 1b). The reaction unit was held in a continuous N2
flow of 140 sccm with the help of a mass flow controller. Both
nickel(II) acetylacetonate and Se sublime at moderately low
temperatures and were strategically located in the reaction tube so
that the temperature at the precursors reached above its sublimation
temperature when the central zone of the furnace was at 800 °C.
Ni(acac)2 and Se was originally placed outside of the heating area by
moving the ceramic liner toward the extreme left. When the central
zone of the furnace reached 800 °C, the ceramic liner was pulled to
the right such that Se shots were located at 400 °C while Ni(acac)2
was held at 230 °C. The reaction temperature was maintained at 800
°C for 30 min, and then the furnace was cooled down at 5 °C min−1.
After the reaction, a grayish deposition was observed on the graphite
foil, which was further investigated through microscopy and structural
characterization.
Characterization. The product without any further purification

was characterized by powder X-ray diffraction (PXRD) with a Philips
X-Pert using CuKα (1.5418 Å) radiation. As the product formed a
very thin layer on the graphite foil, pxrd was collected in thin-film
geometry at grazing angles (GI mode and Göbel mirrors). As-
synthesized NiSe2@CNT was characterized by Tecnai F20 in order to
obtain high-resolution TEM (HRTEM) images. The Raman spectra
of the prepared sample were acquired using a HORIBA Jobin-Yvon
LabRam ARAMIS Raman spectrometer, which was equipped with a
charge-coupled device detector. Each spectrum was generated by
exciting the sample using the Argon ion laser with a wavelength of 532
nm and a maximum continuous-wave power of 75 mW. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a KRATOS AXIS 165 X-ray photoelectron spectrometer with a
monochromatic Al X-ray source. The XPS examinations were carried
out on the pristine catalyst surface without any sputtering. The C 1s

signal at 284.5 eV served as the reference for the correction of all XPS
binding energies.42

Electrocatalytic DA Analysis. All electrochemical research was
conducted with an IviumStat potentiostat. The electrochemical
experiments were performed in a three-electrode cell system with a
graphite rod as the counter electrode, Ag|AgCl (KCl-saturated) as the
reference electrode, and the 0.015 mm thin NiSe2@CNT-loaded
graphite foil substrate as the working electrode. The analysis for DA
detection was conducted in an electrolyte solution of PBS with a pH
of 7.0. The electrolyte solution was prepared to contain a precisely
known concentration DA, ranging from 1 to 640 μM.

In this study, a 0.1 M PBS was prepared by dissolving 0.1 M
dipotassium phosphate (K2HPO4) and potassium phosphate mono-
basic (KH2PO4). Initially, the salts were individually dissolved in
distilled water with continuous stirring until complete dissolution was
achieved. Subsequently, the solutions were combined and thoroughly
stirred. The pH of the resulting buffer solution was measured by using
a pH meter. To attain a pH of 7, incremental adjustments were made
by adding small quantities of either K2HPO4 or KH2PO4, as required.

Electrochemical Method for Tear Analysis. Schirmer strips
have been effectively utilized to assess DA levels in humans by indirect
tear collection. Tear retrieval techniques involving Schirmer strips are
easy to use and secure and yield a sufficient quantity of tear fluid
suitable for a wide spectrum of bioanalytical applications. In our
research, we employed this method for tear collection to enable the
electrochemical detection of DA molecules. Tear samples from
healthy individuals were used to determine the DA levels. Collection
with Schirmer strips was accomplished by inserting the strips into the
lower conjunctival fornix until the strip became moist at the 25 mm
mark. The strips were bent, inserted at a center position, and utilized
with closed eyes for a few minutes. After the collection of tears, the
Schirmer strips were immersed in 0.1 M PBS and centrifuged to
remove any impurities from the tears. Following 15 min of
centrifugation, the supernatant from each sample vial was transferred
to a 0.2 μL spin filter and centrifuged for another 15 min at 10,000
rpm to remove any remaining contaminants. 50 μL of dissolved tears
in 0.1 M PBS was taken and used for electrochemical detection of DA
using the CA technique. To preserve them until further use, tear
samples and strips were stored at a temperature of −80 °C.

HPLC-MS/MS Method. A Shimadzu (Columbia, MD, USA)
Prominence UFLC system coupled to a 4000Q TRAP tandem mass
spectrometer system (AB SCIEX, Concord, ON, CA) was used for
HPLC analysis. A HydroRP column (4 μm, 250 × 2 mm) purchased
from Phenomenex (Torrance, CA, USA) was employed. HPLC was
performed with the binary flow at a rate of 0.3 mL/min with mobile
phase A consisting of 0.01% formic acid in ultrapure water and mobile
phase B consisting of 0.01% formic acid in acetonitrile (ACN). The
column oven temperature was set at 40 °C. After injection of 20 μL of
the sample, the method began with 100% A for 1.0 min, followed by a
linear gradient of 0−100% B from 1.0 to 7.5 min. After holding at
100% B from 7.5 to 8.0 min, the mobile phase was changed back to
100% A from 8.0 to 9.0 min, followed by a 5 min re-equilibration with
100% A before the next injection. Positive electrospray ionization
mode and multiple reaction monitoring (MRM) were used for the
quantification analysis. Two mass transitions were monitored for DA
(Table S1). The ion source temperature was set to 550 °C. The ion
spray voltage was set to 4500 V. The curtain gas was set to 15 psi, and
the ion source gases (GS1 and GS2) were at 35 and 45 psi,
respectively.

■ RESULTS AND DISCUSSION
Structure and Morphologies of Nanocomposites.

Nickel selenide wrapped with CNTs on graphite foils were
made by catalytic chemical vapor deposition. The choice of the
nickel precursor Ni(acac)2, containing two acetylacetonate
ligands, played a pivotal role in facilitating CNT formation by
providing an in situ source for generating carbon-rich vapors.
Because Ni is also catalytic toward the growth of carbon
nanotubes through CVD of hydrocarbon, the unique
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characteristic of Ni(acac)2 and Se CVD created an ideal
environment for the growth of CNTs, encapsulating the
formed NiSe2. As the reaction progresses, the carbon species
generated through the decomposition of Ni(acac)2 diffuse into
the catalyst. The supersaturation of the catalyst then leads to
the precipitation of carbon in the form of CNTs. Ni(acac)2
hence serves as a single-source precursor, providing an ideal
source for the formation of CNTs. Figure 1a depicts the XRD

patterns of NiSe2@CNT, which shows weak diffraction peaks
from the sample that could be matched to the NiSe2 standard
diffraction pattern (PDF no. 00-041−1495). While the
diffraction peaks suggested random orientation of the
crystalline domains, some lattice planes such as (210) showed
strong intensity, which was also observed in transmission
electron microscopy (TEM) studies as explained below. The
graphite peaks were mostly from the substrate. The NiSe2@
CNT sample was further analyzed using Raman spectroscopy,
as shown in Figure 1b. NiSe2 exhibited Raman peaks at 217
and 243 cm−1, corresponding to the A1g and T1g modes,
respectively.30 Raman peaks at 1386 and 1580 cm−1 were
attributed to the CNT. The “D-band” at 1386 cm−1 is most
likely the result of disorder introduced into these nanostruc-
tures. The 1578 cm−1 peak was observed as a result of the
Raman-active E2g, which is comparable to graphite.43 TEM was
used to investigate the morphology of the NiSe2@CNT
composite. TEM analysis revealed the presence of CNTs
throughout the sample as shown in Figure 2a. It also revealed
that each CNT was filled with NiSe2 wherein the diameters of
the NiSe2 filling ranged from 10 to 30 nm, as observed in
different regions of the sample as well as between different
batches. By examining numerous NiSe2@CNT structures, it
was revealed that the typical filling length of NiSe2 is in the
300−500 nm range (Figure 2a). The high degree of
crystallinity of the encapsulated NiSe2 nanostructure was
revealed by HRTEM images in Figure 2b, which showed lattice

fringes in the NiSe2 filling with a layer spacing of 0.268 nm.
This specific layer spacing corresponds to the (210) lattice
planes of NiSe2, which had been previously identified through
XRD analysis. This suggests that the average orientation of the
NiSe2 filling is at an angle of approximately 30° from the (210)
lattice direction. In Figure 2c, the lattice fringes from the CNT
walls could be seen by changing the focus to the CNT region,
and a layer spacing of 0.34 nm was obtained from the CNT
walls, indicating some degree of graphitization. This structural
observation emphasizes the consistent presence of both the
CNT and NiSe2 components, indicating their stable coex-
istence. The lattice fringes from the CNT walls have been
included as an inset of Figure 2c.
The chemical composition of the NiSe2@CNT composite

was further studied through XPS. Figure 3 depicts high-
resolution Ni 2p, Se 3d, and C 1s spectra of the NiSe2@CNT
composite. Gaussian distributions were used to fit the high-
resolution XPS spectra of these elements. The high-resolution
Ni 2p spectrum (Figure 3a) can be deconvoluted into Ni2+
peaks at 857.2 eV (Ni 2p3/2) and 875.2 eV (Ni 2p1/2),
multielectron excitation satellite peak at 863.4 eV, and shake
peak at 877.5 eV (Ni 2p1/2). It should be noted here that the
authors have previously reported this NiSe2@CNT composite
as electrocatalyst for oxygen evolution, and the XPS spectra for
the current batch of samples matches with that reported
previously.30 The prominent peaks at 54.2 and 53.5 eV in the
high-resolution Se 3d XPS spectrum shown in Figure 3b can be
assigned to Se 3d3/2 and 3d5/2, respectively.

44 Furthermore, as
a result of minor surface oxidation, there is a shoulder peak at
59.1 eV that can be assigned to the Se−O.45 The high-
resolution XPS spectra of C 1s (Figure 3c) reveals two peaks at
284.4 and 286.1 eV corresponding to the C−C and C−O
bands, respectively.46,47

Electrochemical Biosensor Performance. In order to
evaluate the electrochemical reactivity of the target DA
molecule, CV and DPV measurements were carried out in a
0.1 M PBS solution. The method employs square wave
potential pulses of constant height superimposed on a linearly
increasing potential from the initial value to the final value.
DPV, which has limited time resolution, is more sensitive than
other electrochemical techniques as a full scan can take longer
than seconds. Redox properties of DA make it more sensitive
to detection by DPV because that method can eliminate non-
Faradaic current. To investigate the oxidation and reduction
behavior of DA at the modified NiSe2@CNT electrode, DPV
was performed in 0.1 M PBS for varied concentrations of DA
ranging from 1 to 100 μM as shown in Figure 4a. It should be
noted that at varied concentrations of DA ranging from 1 to
100 μM, the changes in currents are proportional, as shown in

Figure 1. (a) PXRD and (b) Raman spectra of as-synthesized NiSe2@
CNT composite on graphite foil.

Figure 2. (a−c) TEM images of NiSe2@CNTs. (b) Lattice fringes in the filling region corresponding to the presence of NiSe2 crystalline domains.
Inset shows magnified version of the lattice fringes. The inset in (c) shows a close-up of the CNT wall revealing graphitization.
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the inset of Figure 4a. The sensitivity of 4.95 μA μM−1 was
estimated from the linear function

= +I C( A) 4.95 ( M) 45.08pa DA (1)

with a correlation coefficient of R2 = 0.9979, indicating that the
NiSe2@CNT electrode is highly sensitive toward detection of
the DA molecule.
A CV experiment was used to study the reaction kinetics at

the surface of the NiSe2@CNT in the presence of 10 μM DA
at scan speeds of 10 mV/s. As illustrated in Figure 4b, there is
no apparent oxidation current across a wide range of potentials
when the NiSe2@CNT-modified electrode is tested in a PBS
solution without DA. In contrast, after the addition of 10 μM
DA, there was a considerable rise in the oxidation peak at 0.2
V, depicting the oxidation of dopamine to o-dopamine
quinone (mechanism shown in Scheme 1a). The oxidation
of DA at such a low potential validated the higher
electrocatalytic activity of NiSe2@CNT for DA oxidation.
To gain deeper insights into the electro-oxidation mecha-

nism of DA on the surface of NiSe2@CNT, an investigation
was conducted to measure the oxidation peak current as a
function of scan rate. Cyclic voltammograms were recorded in
10 μM DA solution at various scan rates, namely, 5, 10, 25, 50,
and 75 mV s−1 (Figure S1). The oxidation peak potential (Epa)
showed a linear correlation with the log of the scan rate (ν)

and could be expressed by the equation Epa = 0.057 log ν +
2.45, with a high correlation coefficient (R2 = 0.9968). In
accordance with Laviron’s theory,48 the slope of this linear
correlation is given by 2.303RT/αnαF, where α represents the
electron transfer coefficient, nα is the number of transferred
electrons, F is the Faraday constant, R is the universal gas
constant, and T is the temperature in Kelvin. The calculated
value of αnα was determined to be 1.04. Because the value of
the transfer coefficient (α) is 0.5 for an irreversible
process,49−52 it could be concluded that the rate-limiting
step closely resembles a two-electron transfer process, (nα ∼
2).
We have also conducted control experiments for DA sensing

using separate electrodes coated with just NiSe2 or CNT. The
DPV and CV experiments revealed compelling results. While
both CNT and NiSe-modified electrodes showed some activity
for DA oxidation, a significant difference in the oxidation
potential of DA was observed for CNT (0.24 V vs Ag|AgCl)
compared with NiSe2-based (0.2 V) electrodes. This suggests
that NiSe2 is a more efficient electrocatalyst for DA oxidation
and also confirms that in the NiSe2@CNT composite, Ni is the
actual catalytic site. Ni-chalcogenides are known for their
electrocatalytic activity owing to the facile electrochemical
activation of the Ni site.53−55 Moreover, as shown in Figure
S2a,b, the current density of the NiSe2@CNT composite

Figure 3. High-resolution XPS spectra of (a) Ni, (b) Se, and (c) C.30

Figure 4. (a) DPV plots of NiSe2@CNT in 0.1 M PBS buffer in the presence of increasing concentrations of DA. The inset shows corresponding
calibration curves showing linear fit in the concentration range of 1−100 μM. (b) CV of the NiSe2@CNT catalyst with 10 μMDA and without DA.
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demonstrated an approximately 2-fold increase compared to
NiSe2 alone and an impressive 6-fold increase compared to
CNT. The control experiments, hence, suggest that while Ni
(in NiSe2) is the catalytic site for DA oxidation, encapsulating
in within the CNT structure imparts favorable electrocatalytic
performance for DA oxidation, making NiSe2@CNT a superior
electrocatalyst for selective DA sensing.
Furthermore, the CA measurement was used for DA

detection, which is capable of obtaining lower detection limits
because of its enhanced current sensitivity as well as its
capacity to attenuate nonfaradic current. Consequently, the
amperometric responses of the NiSe2@CNT modified
electrode in varied concentrations of DA were obtained at a
0.2 V applied potential. As shown in Figure 5a,b, with
increasing DA concentrations, there was a linear increase in the
faradic current. However, as shown by the linear fit of the
amperometry data in Figure 5c, the increase in the oxidation
current is proportional to the increase in the DA concen-
tration. The anodic peak current as a function of DA
concentration was plotted to create a calibration plot, as
shown in Figure 5c, which shows a linear region in both low
and high concentration ranges. The electrode’s sensitivity was
calculated to be 19.62 μA μM−1 cm−2 based on the slope of the
linear region in the low concentration range of 5 nM to 80 μM
(inset of Figure 5c). Because carbon electrodes have been
shown to be active for biomolecule oxidation, we have also

performed chronoamperometric measurements of the bare
graphite foil electrode (heated at 800 °C) at 0.2 V vs Ag/AgCl
with addition of low to high concentrations of DA as shown in
Figure S2c. The graphite foil showed very low oxidation
current compared with the amperometric responses of the
NiSe2@CNT modified electrode. Furthermore, DPV studies
were also performed on the bare graphite foil in 0.1 M PBS
buffer in the presence and absence of concentrations of 100
μM DA to check the effect of the as-chosen graphite foil
substrate (Figure S2d). As expected, the graphite foils did not
show any oxidation peak in DPV studies and showed a very
small anodic current in CA studies for the DA oxidation, which
can be attributed to carbonization of the graphite foil at such a
high temperature. This also confirmed that the observed
activity for the composite electrode was because of the NiSe2@
CNT hybrid nanostructure. The combination of NiSe2 and
CNTs creates a synergistic effect where the unique properties
of both materials complement each other. The NiSe2 structure
can facilitate catalytic electron transfer at the electrode−analyte
interface, while CNTs provide a conductive platform for facile
charge transfer within the electrode composite. When these
two materials are integrated, they enhance the overall
electrochemical reactivity, leading to an improved sensitivity
and selectivity for DA sensing.
Selectivity is the most important attribute to consider when

evaluating the actual applicability of the electrochemical

Figure 5. (a) Chronoamperometric measurements of the NiSe2@CNT catalyst at 0.2 V potential vs Ag/AgCl with addition of a low to high
concentration of DA. (b) Chronoamperometric measurements for a lower concentration range of DA addition. (c) Peak current vs concentration
of DA at low and high DA concentrations. The inset shows the linear range from 5 nM to 10 μM.

Figure 6. (a) Chronoamperometric response of DA oxidation on the NiSe2@CNT electrode in 0.1 M PBS electrolyte with successive additions of
0.1 mM DA and other common interferents. (b) Chronoamperometric response at an applied potential of 0.20 V in 0.1 M PBS for long-term
stability and reproducibility of the DA sensor.
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sensor. The interference investigation was carried out by
assessing the efficacy of DA detection in the presence of several
interferents such as AA, glucose, UA, KCl, H2O2, SA, and
NaCl. As shown in Figure 6a, a chronoamperometric
experiment was conducted in which the NiSe2@CNT modified
electrode was kept at an applied potential of 0.2 V versus Ag|
AgCl in a 0.1 M PBS electrolyte, while known concentrations
(0.1 mM) of DA and other interfering compounds were added
sequentially to the same electrolyte. The addition of 0.1 mM
DA elicited strong current responses, whereas no significant
current responses were observed when additional interferents
were added. Additionally, the same concentration of DA was
added at the end of the CA experiment to check the electrode’s
reproducibility after exposure to other chemical compounds,
which demonstrated the same current response as the initial
DA addition, indicating the electrode’s high reproducibility. As
a result, it was found that the NiSe2@CNT catalyst was highly
selective for DA oxidation at 0.2 V versus Ag|AgCl and had
minimal interference from other analytes commonly present in
physiological fluids.
The reproducibility of the NiSe2@CNT electrode toward

DA oxidation was further tested by introducing 0.1 mM DA in

0.1 M PBS and performing subsequent measurements. In
Figure 6b, as 0.1 mM DA was added to the electrolyte at a
constant applied potential of 0.2 V versus Ag|AgCl, there was a
sharp increase in oxidation current, which gradually decreased
over time as the added DA in the electrolyte was oxidized.
After 1000 s, the same amount of DA solution was added to
the solution, resulting in an almost similar increase in oxidation
current. This study proved the electrode’s repeatability and
reusability toward DA oxidation. In Figure S3a, we conducted
100 cycles of DPV to evaluate sensitivity across multiple cycles
of DA detection, and the outcomes were in alignment with our
initial observations. Along with reproducibility, reusability of
the sensor is another critical factor for practical applications.
Hence, the CA technique was used to assess the functional
stability of the as-prepared electrochemical DA sensor. A
standard DA oxidation current was measured using the same
electrode for 15 days under ambient conditions to assess the
sensor’s long-term stability, reproducibility, and reusability. As
shown in Figure 7a, even after 15 days, the NiSe2@CNT
electrode maintained a 93% current response for DA sensing,
demonstrating the outstanding durability of this electrode. Also
5 different batches of electrodes were prepared and tested to

Figure 7. (a) DA sensors for 15 days show a reproducible current signal upon daily addition of 10 μM DA. (b) Reproducibility of the NiSe2@CNT
modified electrode for five different electrodes upon addition of 10 μM DA.

Figure 8. (a) Scheme illustrating detection of dopamine in human tears through catalytic conversion of dopamine-to-dopamine quinone. (b) Mean
calibration curve of chronoamperometric measurements for DA detection from a human tear sample. (c) LCMS analysis of DA in human tear.
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test the reproducibility of the as-prepared electrode for the DA
sensor (Figure 7b). The NiSe2@CNT-based sensor had a
relative standard deviation percentage (RSD percent) of less
than 5% between different batches of the electrodes,
demonstrating a high degree of repeatability in all measure-
ments. Further, the CA technique was also used to assess the
functional stability of the as-prepared electrochemical DA
sensor. A standard DA oxidation current was measured using
the same electrode for 7 days under ambient conditions to
assess the sensor’s long-term stability, reproducibility, and
reusability. As shown in Figure S3b, the NiSe2@CNT
electrode sustained a current response of approximately 99%
for DA sensing even after 7 days. This was confirmed through
CV and the calibration curve of the CA test, highlighting the
remarkable durability of the electrode. The electrode
demonstrated a sensitivity of ∼19.57 μA μM−1 after 7 days,
further emphasizing its reliability and reproducibility for DA
detection. In Figure S4, additional evidence of the composi-
tional stability of the NiSe2@CNT composite is presented,
wherein, Raman spectroscopy and XPS analysis conducted
before and after the electrochemical activity revealed no
alterations in the surface composition of the composite.
Because DA is a critical neurochemical related to several

ailments, its real-time detection in peripheral physiological
fluids is of prime interest. Among these, designing noninvasive
methods of detection will have significant impact. The NiSe2@
CNT-based electrode was used to measure DA levels in human
tear samples without any pretreatment. Noninvasive tear
sampling is a great alternative to blood or cerebrospinal fluid
sampling for screening of peripheral biomarkers. Figure 8a
shows a graphical representation to demonstrate the method of
tears collection using Schirmer strips, extraction into analytes,
and further analysis. Tear samples were collected from three
individuals of varied age. The procedure typically involves
placing the Schirmer strip at a specific location in the eye, often
near the lower eyelid, allowing it to come into contact with the
eye’s surface. As tears are naturally produced, they get
absorbed by the strip. The collected tears on the Schirmer
strip can then be further analyzed for electrochemical DA
detection. In accordance with the established protocol, the CA
experiment was replicated, maintaining a constant applied
potential of 0.2 V vs the Ag|AgCl electrode. A series of CA
tests were conducted by using three tear samples collected
from different individuals (Figure S5). The current response
for DA addition was calibrated with a standard solution of 5
nM DA in PBS solution. This standard DA solution was
injected into the electrolyte at fixed intervals twice before
injecting the tear solution and twice after. The calibration line
was constructed by plotting the current response of the
standard DA solution. Figure 8b represents the relationship
between the recorded current response and the concentration
of DA in the standard solutions, which shows a linear plot as
expected. The concentration of DA in the tear samples was
estimated from this calibration plot by mapping the observed
current response to the specific concentration. The DA levels
in the collected tear samples varied between 4 and 7 nM,
which is in good agreement with typical DA levels found in
healthy individuals.56

An additional step was taken to confirm and validate the DA
concentration in the tear samples. This verification was
achieved by measuring the DA level in the collected tear
samples using liquid chromatography-tandem mass spectrom-
etry (LC−MS/MS) with MRM, a highly precise analytical

technique commonly employed for the identification and
quantification of various compounds. Figures S6 and 8c show
the cumulative results of the LC−MS/MS analysis. Briefly, two
ion-pairs (the optimized MS/MS parameters shown in Table
S1) were used for DA quantitation and confirmation, shown as
blue and red peaks in the chromatogram. The method was
validated, and the spike recovery fell within the range of 95−
105%, affirming the accuracy and reliability of the detection
process. Further application of the LC−MS method to tear
samples confirmed the presence of DA in the collected tears.
Moreover, quantification of the LC−MS data showed that the
level of DA in the collected tear samples was ∼7 nM, similar to
the amount detected through electrochemical measurements.
The LC−MS data hence further confirmed the high level of
accuracy of the electrochemical sensor.
Table S2 provides a summary of the performance of various

Ni-based electrochemical DA sensors, as reported in the
literature, including a comparison of the linear range, detection
limit, and sensitivity. Among them, NiSe2@CNT reported in
this study has a wide linear range, a low determination limit,
and a high sensitivity for DA sensing. CNT-metal chalcogenide
nanostructures offer a plethora of advantages over other
composites when used as an electrochemical sensor. The
exceptional electrochemical sensing performance can be
explained as follows: (i) the significant advantage benefits
from the hybridization of CNT and metal chalcogenides,
where the high electrical conductivity and surface area of the
CNT counterpart may contribute to high current; (ii) redox
centers imparted by the transition metal and chalcogenide sites
are extremely advantageous for electrocatalytic sensing of DA;
(iii) the existence of a redox center within this nanostructure
leads to a wide linear range, higher selectivity, and sensitivity
toward analyte detection; (iv) lower electronegativity of the
chalcogenide anion enhances electron density around the
catalytically active transition-metal center, which optimizes the
electrochemical activation steps.

■ CONCLUSIONS
Freestanding CNT-encapsulated nickel selenide nanocompo-
sites were produced on a graphite foil and used to detect DA
by using various electrochemical methods. The fabricated
electrochemical sensor demonstrated superior sensitivity,
stability, and repeatability for DA detection. More importantly,
the as-prepared sensor could be used to detect DA levels in
collected tear samples with a high level of accuracy. The
synergetic electrochemical performance of NiSe2 and CNTs, as
well as the quick charge transferability between the electro-
chemical sites and the electrode, can be attributed to such
enhanced selectivity and superior performance as a non-
enzymatic biosensor.
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