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Abstract

A non-enzymatic dopamine electrochemical sensing probe was developed. A hexagonal shape zinc-doped cobalt oxide (Zn-
Co,0,) nanostructure was prepared by a facile hydrothermal approach. The combination of Zn, which has an abundance
of electrons, and Co;0, exhibited a synergistically electron-rich nanocomposite. The crystallinity of the nanostructure was
investigated using X-ray diffraction. A scanning electron microscope (SEM) was used to examine the surface morphology,
revealing hexagonal nanoparticles with an average particle size of 400 nm. High-resolution transmission electron microscopy
(HR-TEM) was used to confirm the nanostructure of the doped material. The nanostructure’s bonding and functional groups
were verified using Fourier transform infrared spectroscopy (FTIR). The electrochemical characterization was conducted
by using electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and amperometry. The resistivity of
the electrode was confirmed through EIS and showed that the bare glassy carbon electrode (GCE) exhibited higher charge
transfer resistance as compared to modified Zn-Co,0,/GCE. The sensing probe was developed by modifying the surface
of GCE with Zn-Co,0, nanostructure and tested as an electrochemical sensor for dopamine oxidation; it operated best at a
working potential of 0.17 V (vs Ag/AgCl). The developed sensor exhibited a low limit of detection (0.002 uM), a high sensi-
tivity (126 pA. uM~!' cm™), and a wide linear range (0.2 to 185 uM). The sensor showed a short response time of < 1 s. The
sensor’s selectivity was investigated in the presence of coexisting species (uric acid, ascorbic acid, adrenaline, epinephrine,
norepinephrine, histamine, serotonin, tyramine, phenethylamine, and glucose) with no effects on dopamine determination
results. The developed sensor was also successfully used for determining dopamine concentrations in a real sample.
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Introduction

Dopamine (DA) is a vital neurotransmitter, which per-
forms an important role in the hormonal, cardiovascular,
and central nervous systems. Dopamine performs like a
chemical messenger that circulates messages to parts of
the brain [1, 2]. DA not only controls the release of various
hormones but also performs many functions in the kidneys
and bloodstream. Many diseases of the nervous system are
related to the deficiency or dysfunctions of the dopamin-
ergic system [3]. It is important to identify neurochemi-
cals in biological fluids for the treatment, diagnosis, and
prognosis of central nervous system diseases. As a result,
developing sensitive, selective, and reliable methods for
detecting dopamine is a fascinating subject [3, 4].

Over the years, different instrumental techniques have
been utilized for dopamine detection in pharmaceutical
and biological samples such as high-performance liquid
chromatography (HPLC) [5], fluorimetry [6], spectropho-
tometry [7], capillary electrophoresis (CE) [8], electro-
chemiluminescence (ECL) [9], and electrochemical [10].
Among these techniques, the electrochemical technique
is the preferable method owing to its high sensitivity, fast
response, ease in operation, cost-efficient, and no need for
sample pretreatment and skillful personnel for operation
[11-13]. It is well-known that changing the material com-
position and surface features of an electrode will change
its electrochemical efficiency. To improve the selectivity,
sensitivity, and accuracy of dopamine determination, a
well-designed working electrode is needed [14, 15].

Dopamine and its coexisting species ascorbic acid (AA)
and uric acid (UA) have overlapped in the measurement
process. The electrochemical analysis shows the response
of the coexisting species because of the same oxidation
potential [16]. To overcome this problem, different types
of nanocomposites are described for DA detection. The
selection and development of nanomaterial enhance the
performance for the detection of biomolecules. The mate-
rial which can be more efficient and have the best elec-
trocatalytic activity is a challenge. For dopamine elec-
troanalytical detection, metal oxides have been reported
[17]. The recent research in nanotechnology has provided
the direction towards new material for the sensing of DA.
In nanostructured-based composites, it is easy to control
the properties of the material even without changing its
chemical composition. The nanocomposites of metal oxide
possess several characteristics like large surface area, effi-
cient electron transport, high electronic conductivity, high
mechanical stability, low cost, and easy fabrication [18,
19]. For the fabrication of electrochemical devices, transi-
tion metal oxides (TMOs) are commonly used. Recently
reported nanomaterials for dopamine sensing are Ag Au,
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and Pd NPs [20], MnO, [21], Cu,O [22], and Co050, [23].
Among them, Co;0, has garnered a lot of attention owing
to its intriguing properties such as electrocatalytic activity,
low cost, and efficiency. Cobalt oxide has a cubic close
packing distribution of oxide ions, with Co(II) ions occu-
pying the tetrahedral 8a sites and Co(III) ions occupying
the octahedral 16d sites. Co,0, is a p-type semiconductor,
and the spinel structure shows attractive electrochemical
performance [24, 25].

The synthesis and fabrication of doped metal oxide-based
sensors have been the subject of many studies. The dopant
materials are metals and non-metals. The doped metal with
metal oxide has shown excellent performance in energy stor-
age devices, fuel cells, and sensors [26—30]. Especially in the
field of electrochemical biosensors, they have gained more
interest in the doping phenomenon. The doped metal oxide
shows the synergistic effect for DA detection. The doped
metal has an excess of the electron when this free electron
gains by the metal oxide atom; the oxidation states of the
metal oxide will be changed. The oxidation states can affect
the catalytic performance of the metal oxide. To tune the
bandgap of the material doping is the best choice [30, 31].

The present study used a simple hydrothermal method to
synthesize a highly crystalline zinc-doped cobalt oxide (Zn-
Co,0,) nanostructure. The size and morphology of the nano-
structure are controlled in a hydrothermal route. The synthe-
sized nanostructure was analyzed by various techniques such
as FTIR, TGA, XRD, SEM, EDX, and HR-TEM. The glassy
carbon (GC) electrode surface was modified with Zn-Co,0,
nanostructure and tested as an electrochemical sensor of
dopamine. For the first time, zinc-doped cobalt oxide nano-
structure-based electrochemical sensor for dopamine was
fabricated and gave a low limit of detection, dynamic linear
range, and high sensitivity. The electrochemical impedance
spectroscopy (EIS), chronoamperometry, and cyclic vol-
tammetry (CV) techniques were used for electrochemical
analysis. The developed sensor was tested for dopamine
detection in the presence of coexisting species such as uric
acid, ascorbic acid, adrenaline, epinephrine, norepineph-
rine, histamine, serotonin, tyramine, phenethylamine, and
glucose. Moreover, Zn-Co,0, nanostructure-based sensing
probe was effectively employed for dopamine determination
in a real sample.

Experimental

Reagents and chemicals

All reagents with high purity and analytical grade were used
as obtained from Sigma-Aldrich (https://www.sigmaaldrich.

com), including cobalt(Il) chloride hexahydrate (98%), zinc
chloride (98%), dopamine, ammonium hydroxide solution


https://www.sigmaaldrich.com
https://www.sigmaaldrich.com

Microchim Acta (2022) 189: 37

Page3of12 37

(28%), D-(+)-glucose, adrenaline, epinephrine, norepineph-
rine, histamine, serotonin, tyramine, phenethylamine, ascor-
bic acid, hydrogen peroxide solution (30% (w/w) in H,0),
and ethanol (nuclear, 99.9%). Uric acid (BDH, 98%) was
purchased from BDH (https://bdhme.com). Other used rea-
gents were the physiological solution and HCI (37%, Synth).
All chemicals were utilized as obtained without further puri-
fication. All solutions were prepared in deionized (DI) H,O.

Synthesis of zinc-doped cobalt oxide (Zn-Co,0,)

For the synthesis of zinc-doped cobalt oxide, a hydrothermal
method was used. Zinc chloride 25 mL solution of 0.01 M
was prepared in a beaker and kept under stirring for 30 min.
The cobalt chloride hexahydrate solution was prepared in
50 mL deionized water with a concentration of 0.1 M and
stirred for 30 min. Then both solutions were mixed and
stirred for 10 min. The pH of the solution was adjusted to
10 by the drop-wise addition of ammonium hydroxide. After
10 min of stirring, the solution was transferred to a 100 mL
Teflon tube, and the autoclave was tightly closed. Then it
was heated for 16 h at 150 °C. After that, the reaction mix-
ture was cooled down to 25 °C. Then the sample was washed
with ethanol and deionized water. Finally, a light greenish
powder was collected and dried in an oven at 80 °C for 10 h.

Choice of materials

Zinc-doped cobalt oxide nanostructure was chosen for dopa-
mine sensing due to the facile redox tunability of the dopant
nanostructure which makes it conformable and effective for
electrocatalytic activity. The dopant elements increase the
active sites with the synergistic effect of dopant and doped
components, ultimately increasing the adsorption of dopa-
mine molecules on the surface through facile electron enrich
Zn ions which improves the electrocatalytic activity [32].
The Zn-Co,0, has higher conductivity due to the doped ele-
ment which enhances the charge transferability for dopamine
sensing.

Characterization techniques

The structural analysis was performed by a PANalytical
X’Pert Powder X-ray diffractometer with a monochromatic
Cu—Ka radiation (1.5418 A) source. The crystallite size of
Zn-Co,0, was calculated using the Scherer equation:

D=xA/Bcosb

where D is the mean size of crystalline domains, k is the
shape factor (0.9), \beta is the full-width half maxima, 0
is the Bragg angle, and A is the wavelength of X-rays in
nanometer (0.15418 nm). The scanning electron microscope

VEGA3 TESCAN was used at 20 kV to attain information
about the Zn-Co,0, surface morphology. The average parti-
cle size was determined by the ImagelJ software. Energy dis-
persive spectroscopy (EDX) was performed for the elemen-
tal analysis of the samples The Fourier transform infrared
spectroscopy was accomplished by Thermo-Nicolet 6700
P FTIR Spectrometer (USA), for the analysis of functional
group confirmation in the range of 4000 to 600 cm™".

High-resolution transmission electron microscopy (HR-
TEM) images were obtained using a Talos F200X scanning/
transmission electron microscope (STEM) with a lattice-
fringe resolution of 0.14 nm at an accelerating voltage of
200 kV equipped with a CETA 16 M camera. The high-
resolution images of periodic structures were analyzed using
TIA software. The bright field imaging was performed at
spot size 3, and the same areas were marked and scanned
using the STEM-HDAAF mode. The STEM model helps
in providing the elemental composition as it works on the
principle of mass determination. Such measurements can
be performed at a low electron dose by collecting the high-
angle dark-field signal using an annular detector. Elemental
analysis of the samples was performed at spot size 9 and
with a screen current of 60 pA. The data was analyzed using
Velox analytical software.

Electrochemical measurements were performed on the
Gamray Potentiostat (1010, Model No. 23045) instrument
at ambient lab conditions. For electrochemical analysis, an
electrochemical cell consisting of a three-electrode system
was employed; GCE modified with Zn-Co;0, nanostruc-
tures as a WE (working electrode), Ag/AgCl (3 M KCl) as
a RE (reference electrode), and platinum wire was used as
a counter electrode. For electrochemical activities, cyclic
voltammetry (CV), chronoamperometry, and electrochemi-
cal impedance spectroscopy (EIS) measurements were
performed.

Real sample preparation

A real sample solution of dopamine was used to confirm the
feasibility of the proposed sensor. A commercial physiologi-
cal solution (sodium chloride 0.9% w/v) Otsuka, Pakistan
Ltd., was purchased. A dopamine solution of 0.01 M was
prepared in a physiological solution. In an electrochemi-
cal cell, a known concentration of dopamine solution was
added, and an amperogram was registered for each addition.
In the concentration range of 2—120 pM, an amperogram was
obtained. The procedure for dopamine determination was the
same as described in the "Experimental” section.

Working electrode fabrication

For the working electrode fabrication, a wet soft polishing
cloth was used to polish the glassy carbon electrode surface
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with alumina powders (0.03 mm). Then, the adsorbed alu-
mina powder on the surface of GCE was removed by sonica-
tion in a mixture of ethanol and water for 2 min. Then it was
washed with deionized water and dried at 400 °C in an oven.
For further study, the polished GCE was ready to be modi-
fied with the 2 mg/mL of Zn-Co,0, nanostructure dispersed
in ethanol and then sonicated for 5 min for complete disper-
sion. Afterward, an aliquot of (SuL) of Zn-Co,0, was drop-
casted on the GCE surface and dried at room temperature.
After that, the fabricated electrode Zn-Co,0,/GCE was used
for electrochemical characterization and sensor applications.

Optimization of method
Influence of Zn-Co,0, amount on GCE

To explore the loading amount of catalyst (Zn-Co,0,) on
the GC electrode surface, a cyclic voltammetry technique
was used. A suspension of Zn-Co,0, (2 mg/mL) was pre-
pared and drop-casted on the precleaned GC electrode sur-
face. A different drop-casting quantity 1, 3,5, 7,9, and 11
pL was applied on the electrode surface and tested towards
the oxidation of dopamine (30 pM). Figure S1a shows the
graphs for the varied quantity of catalyst loading on the
GCE surface. Figure S1a observes that the current response
was increased up to 5 pL, when increasing the loading
amount (> 5 pL), and then decreased in the current response
occurred. This decrease in current response could be due to
the Zn-Co,0, heavy loading on the GCE surface; this may
create resistance to electron movement [32]. Therefore, the
optimum quantity of Zn-Co,0, (5 pL) was drop-casted on
the electrode surface, and this amount was used for further
electrochemical experimentations.

Effect of pH

The pH of electrolytes has a substantial function in the
oxidation peak current and peak potential of the analyte.
Figure S1b exhibits that the anodic peak potential of DA is
shifted negatively with the pH increase from 3 to 11. The
slope of the plot between pH values and peak potentials
shows good linearity as shown in Fig. Slc. The value of
the slope for dopamine is —56.7 mV/pH, which indicates
that an equal number of electrons and protons are involved
in the oxidation process. The anodic peak current of DA in
the pH range of 3—7 (acidic pH) increases with the increase
of pH and then a negative decrease in current occurred in
the pH range of 7-9 (basic pH). The electrode at pH 7.0
gave a maximum current response. From this result, it is
evident that the pH has a significant influence on the oxida-
tion potential and anodic peak current of DA. To develop a
sensor for biological samples, we have selected the optimum
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pH 7, and potential 0.17 V was chosen for further electro-
chemical experiments [10, 33].

Influence of Zn doping concentration in Co,0,

To check the influence and electrochemical response of Zn
doping quantity in Co,0,, different concentrations (1.6, 2.6,
3.6, and 4.6) of Zn w/w % were doped in Co,0, material.
The materials obtained were designated as 1.6 w/w% Zn-
Co,0,, 2.6 w/w% Zn-Co,0,, 3.6 w/w% Zn-Co,0,, and 4.6
w/w% Zn-Co,0,. The electrochemical response of these dif-
ferent composites was evaluated through cyclic voltammetry
in the presence of 30 uM dopamine, at pH 7 in 0.1 M PB as
shown in Fig. 1. Curve (a) was recorded with the GCE modi-
fied with the 1.6 w/w % Zn-Co,0,; it gave a peak current
of 14.68 pA at a potential of 0.212 V vs Ag/AgCl. Curve
(b) was recorded with the GCE modified with 2.6 w/w %
Zn-Co,0,; the current obtained was 18.98 nA at a potential
of 0.19 V vs Ag/AgCl, and curve (c) was obtained with the
GCE modified with the 3.6 w/w % Zn-Co,0,; the current
obtained was 21.74 at a potential of 0.17 V against Ag/AgCl.
Similarly, curve (d) was obtained with GC modified with
4.6 w/w % Zn-Co,0,; the current obtained was 20.73 at
a potential of 0.23 V. From these results, it is evident that
the materials containing 3.6 w/w% Zn-Co,0, gave a well-
defined anodic peak with high current value and at a lower
potential value as compared to the other composites. The
better electrochemical response obtained may be due to the
uniform incorporation of Zn>* ions into the crystal lattice
of the host cobalt oxide. Therefore, the 3.6 w/w% Zn-Co,0,
was selected as the best material for further electrochemi-
cal analysis as evident from the obtained CV results due to
higher current and lower potential.

25+ ©
—(a) 1.6% Zn-Co204 4
20 J|— (b) 2.6% Zn-Co204 (@
(¢) 3.6% Zn-Cop04
e 15414y 4.6% zn-coz04 b)
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~
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Fig.1 Cyclic voltammogram obtained in 0.1 M PB (pH 7.0), in
30 uM of dopamine: curve (a) 1.6 w/w % Zn-Co,0, GCE, curve (b)
2.6 wiw % Zn-Co,0, GCE, curve (c) 3.6 w/w % Zn-Co,0, GCE, and
curve (d) 4.6 w/w % Zn-Co,0, GCE
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Results and discussion
X-ray diffraction

XRD technique was performed to identify the crystallo-
graphic structure of the Co,0, and Zn-Co,0, samples. Fig-
ure 1 (black) portrays the XRD pattern of pure Co,0O, and
depicts that the cobalt oxide has a cubic shape. It was con-
firmed that the undoped cobalt oxide has a pure crystalline
structure. The typical diffraction peaks of undoped cobalt
oxide are observed at 20 of 19.0°, 31.27°, 36.85°, 38.54°,
44.81°,59.65°, 65.23°,74.11°,77.34°, and 78.40° which are
assigned to the crystal plane of (111), (220), (311), (222),
(400), (511), (440), (620), (533), and (622). Figure 2 (red)
shows the XRD pattern of Zn-doped Co,0, with the diffrac-
tion peak of 19.0°, 31.27°, 34.44°, 36.85°, 38.54°, 44.81°,
47.85°, 55.60°, 59.65°, 65.23°, 74.11°, 77.34°, and 78.40°
with crystal plane of (111), (220), (300), (311), (222), (400),
(340), (422), (511), (440), (620), (533), and (622). The peak
positions are exactly matched with the JCPDS No. 23.1390
[34]. The diffraction peaks at 34.44°, 47.85°, and 55.60°
corresponding to the crystal plane of (300), (340), and
(422) confirmed the existence of Zn dopant. After doping,
the Zn-doped Co,0, shows a higher intensity with crystal-
line behavior. In both spectra, any other impurity diffraction
peaks were not observed. The ionic radii of Zn** (0.60 A)
and Co?* (0.56 A) are approximately similar, the Zn* ions
can be successfully incorporated into the crystal lattice of
the host cobalt oxide [34-36]. This phenomenon can be
interpreted in terms of the larger covalent radius of zinc ion
than cobalt ion; due to this, the unit cell volume of zinc-
doped cobalt oxide is increased. The crystallite size of pure
Co,0, and Zn-Co,0, was calculated by Scherer’s equation

JCPDS No. 23-1390
Z0-Co,0, (4.6%)

—_
=
& | Zn-Co,0,(3.6%) o
23 U SN NI, W WSO PP e WS | SO
=
g Zn-Co,0, (2.6%)
S A JL A ah A
=
J

Zn-Co,0, (1.6%)

A A.._.-A.__..A

N, s
€00, | 11 L1 L1l
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Fig.2 XRD pattern of Zn-Co,0, and (JCPDS Card No. 23-1390)

which is 18.50 nm and 40.60 nm, correspondingly. Figure 2,
shows the materials obtained with different compositions
1.6, 2.6, 3.6, and 4.6 of Zn w/w % doped in Co,0,. It is
evident from the figure that there is no change occurring in
the peak position, but only the intensity changes with the
increase of Zn doping concentration in Co,0,.

Fourier transform infrared spectroscopy (FTIR)

FTIR was performed for the synthesized sample of Zn-
Co,0, within the range of 4000-600 cm™". The absorption
peaks were observed at 3730, 3446, 1615, 1500, 1377, 1030,
912, and 736 cm™'. Figure 3 shows the peak at 736, 912,
and 1030 cm™! which depicts the stretching vibration of
metal-oxygen bond (Co-O), confirming the formation of
Co,0, nanoparticles [32]. The peaks at 3446 and 1615 cm™!
could be assigned to the O—H stretching and bending vibra-
tion of water molecules and H, bonded hydroxyl group in
Co,0,. The absorption peaks at 1500 and 1377 cm™" are
assigned to the vibration of Zn-Co,0, and Co—O-H, respec-
tively [37]. These results are in close agreement with previ-
ous results. The XRD and FTIR results were used to confirm
the successful formation of Zn-Co,0,.

Scanning electron microscope (SEM)

The scanning electron microscopic study provides informa-
tion about the surface morphology. Figure 4a and b shows
that the Zn-Co,0, nanostructure has hexagonal shape nan-
oparticles. The hydrothermal process was used to prepare
the nanostructure material. Because of the hydrothermal
method, the material has a distinct hexagonal morphology.
The SEM result was analyzed through ImageJ software and
found that the average particle size was ~400 nm as shown
in Fig. 4c.

736

Absorbance (a.u)

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber ( cm’l)

Fig.3 FTIR spectrum of Zn-Co,0, nanostructure
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Fig.4 SEM of Zn-Co,0, at a 10kx magnification with 5 pm scale. b 20 kx magnification with 2 um scale. ¢ Particle size of the Zn-Co,0, com-
posite calculated by ImageJ. d Energy dispersive spectrum of Zn-Co,0O, with weight and atomic percentage

Energy dispersive X-ray spectroscopy (EDX)

For quantitative and elemental composition analysis, energy
dispersive X-ray spectrometry was used. The elemental com-
position of the synthesized nanostructure Zn-Co,0, is rep-
resented in Fig. 4d. It shows that the Zn-Co,0, nanostruc-
ture was composed of zinc, cobalt, and oxygen elements.
The weight percent of Zn, Co, O, and Cl was 26.05, 45.05,
25.59, and 3.32%, respectively, observed. Similarly, the
atomic percentage of Zn, Co, O, and Cl was 13.95, 26.77,
56.0, and 3.28%, respectively, as shown in the inset table.
From the result of EDX, the Zn doping in Co,0, material
is confirmed.

Transmission electron microscopy (TEM)

The microstructure and crystallinity of the Zn-Co,0, have
been analyzed by HR-TEM and selected area electron

@ Springer

diffraction (SAED). Through SAED, we observed the crys-
tallinity of the materials. Figure 5a shows that the Zn-Co,0,
nanostructure possesses hexagonal morphology. Figure 5b
shows the synthesized composite possesses a polycrystalline
structure. When the electron beam was focused on individual
particles, then SAED patterns were obtained. The ring pat-
tern shows that the Zn-Co,0, particles are randomly ori-
ented, and strong intensities indicate the high crystallinity
of the sample. Furthermore, the labeled diffraction rings can
be associated with the five major crystal planes (111), (220),
(400), (422), and (440) of cubic. This result agrees with the
X-ray diffraction pattern.

Electrochemical study on the surface of zinc-doped
cobalt oxide electrode

The sensing properties were investigated using electroana-
lytical techniques. A three-electrode setup was employed for
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Fig.5 a High-resolution trans-
mission electron microscopy
(HR-TEM) micrographs of Zn-
Co,0,. b Selected area electron
diffraction (SAED) pattern of
the corresponding micrograph

electrochemical study, consisting of a GC electrode modi-
fied with Zn-Co,0, nanostructure as the working electrode,
platinum wire as the counter electrode, and Ag/AgCIl (3 M
KCl) as the reference electrode. For electrochemical meas-
urements, the supporting electrolyte 0.1 M phosphate buffer
(PB) was used. The dopamine was determined through CV
and chronoamperometry. Electrochemical impedance spec-
troscopy (EIS) was used to determine the working elec-
trode’s resistivity.

Cyclic voltammetric study

The cyclic voltammetric experiments were conducted on
a three-electrode system in 0.1 M phosphate buffer in the
electrochemical cell. The GC electrode modified with the
synthesized Co,0, and Zn-Co,0, nanostructure materials
was tested for electrocatalytic oxidation of dopamine. The
electrochemical measurements were conducted with Ag/
AgCl as a reference electrode in the potential range of —0.05
to 0.4 V vs Ag/AgCl. Figure 6a illustrates the cyclic vol-
tammograms of bare GCE in the blank solution (absence
of analyte) as curve (a), Co,0, /GC electrode in the blank
solution as curve (b), and Zn-Co,0,/GC electrode in the
blank solution as curve (c). All three electrodes did not show
any redox peak in the blank solution, but the Zn-Co,0,/GC
electrode shows higher current values with a maximum area
under the curve as compared to the Co,0, /GC electrode
and bare GCE. It confirms that the GCE modified with Zn-
Co,0, nanostructure gave higher current values and maxi-
mum area under the curve due to the electron-rich Zn-Co,0,
nanostructure.

Figure 6b shows the CV recorded in the presence of dopa-
mine (30 pM); curve (a) was obtained through bare GCE in
the presence of dopamine (30 pM), curve (b) with Co,0,/
GC electrode, and curve (c) with Zn-Co,0, /GC electrode
with the same concentration of dopamine. The Co,0,,GC
electrode showed an undefined dopamine oxidation peak

at a higher potential (0.25 V vs Ag/AgCl). On the other
hand, the Zn-Co,0,,GC electrode exhibits a prominent and
well-defined oxidation peak of dopamine at a lower poten-
tial (0.17 V vs Ag/AgCl) as compared to the Co,0,GCE.
Furthermore, Zn-Co,0,,GC electrode gave a higher anodic
peak current as compared to the bare GCE and Co,0,,GC
electrode in the same concentration of dopamine. The con-
ductivity of Zn-Co,0, nanostructure increased because of
the synergistic effect, and the anodic peak current value of
the Zn-Co,0,/GC electrode is twofold higher than that of the
bare GCE and onefold higher than the Co,0,,GC electrode.

To further check the response of the fabricated sensing
probe, different dopamine concentrations (10-70 pM) were
added to the electrochemical cell. The oxidation peak cur-
rent increases linearly as the dopamine concentration rise,
as shown in Fig. 6¢. It is confirmed that the proposed sensor
Zn-Co,0,/GC electrode possesses an optimistic electrocata-
lytic activity towards dopamine detection in the same oxida-
tion potential.

Amperometric sensing of dopamine by proposed
sensor

The amperometric detection technique is the best choice
for the electrochemical determination of low concentra-
tions of analytes. The chronoamperometric techniques
were used to check the electrochemical response of the
fabricated electrode by applying a fixed potential. The
amperometric response of Zn-Co,0,/GC electrode to suc-
cessive addition of dopamine in 0.1 M PB at a fixed inter-
val of 50 s is depicted in Fig. 7a. At a fixed applied voltage
of +0.170 V vs Ag/AgCl, the modified electrode exhibits
a fast response by increasing the current after each addi-
tion of dopamine. This indicates that the sensing probe
detects dopamine effectively at the applied voltage. The
calibration plot obtained from the amperogram acquired
at various dopamine concentrations is shown in Fig. 7b.
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Fig.7 a Chronoamperometric response of Zn-Co,0,/GC electrode towards successive addition of (0.2—-185 uM). DA at 50-s interval, 0.1 M PB
at an applied voltage of +0.170 V vs Ag/AgCl. b Calibration plot obtained in the linear ranges from 0.2 to 185 uM

The sensor responded linearly to dopamine in the concen-
tration range of 0.2 to 185 uM, with a linear correlation
coefficient (R?) as shown in the following equation:
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L,(uA) = 126 X C(uM) + 10.52 dopamine, R* = 0.999

The limit of detection (3 standard deviations of the blank/
slope) was estimated for dopamine [38]. For DA, the LOD
value was found to be 0.002 pM, using Zn-Co,0,/GC elec-
trode. The sensitivity of the sensor was obtained (126 pA.
puM~! ¢cm™2) from the slope of the calibration plot. The
amperometric response time of the Zn-Co,0,/GC electrode
after the addition of 50 uM dopamine is less than 1 s, which
confirms that the proposed sensor is very fast for dopamine
sensing. Table 1 compares the proposed sensor’s output to
that of a previously recorded dopamine sensor in the litera-
ture. [20, 23, 39-45].

Selectivity, reproducibility, and stability of Zn-Co,0,
sensing probe

The interference study was conducted to confirm the selec-
tivity of various interfering species that co-exist with dopa-
mine in the blood, such as uric acid, ascorbic acid, adrena-
line, epinephrine, norepinephrine, histamine, serotonin,
tyramine, phenethylamine, and glucose. Human blood con-
tains 30 times more ascorbic acid and uric acid than dopa-
mine. Figure S2 depicts the recorded amperometric response
of consecutive addition of dopamine (10 uM) and uric acid,
adrenaline, epinephrine, norepinephrine, histamine, seroto-
nin, tyramine, phenethylamine, glucose (20 uM), and ascor-
bic acid (300 uM) solution after every 50 s. It is evident from
Fig. S2 that each injection of DA shows a prominent increase
in the current, while the interfering species did not show
any change in current after their addition. Furthermore,
they doubled the concentrations of analytes, but they did not
show any change in current. The amperogram shows that the
interfering species did not respond to the proposed sensor,

also it does not affect the result of dopamine oxidation even
in much higher concentrations. These findings demonstrate
that the sensing probe has high selectivity and sensitivity for
quantifying dopamine, even in the presence of other elec-
troactive organisms. Amperometry was used to assess the
stability and repeatability of the proposed sensor Zn-Co,0O,/
GC electrode. The stability of the sensor was checked with 5
consecutive measurements in the presence of 60 uM dopa-
mine and gave the 1.95% RSD of limiting current, indicating
that the proposed sensor is extremely stable. Besides, the
sensor was used to measure the solution after 1 month under
the same experimental conditions, and the current response
did not change (1.92% RSD). Additionally, to check the
repeatability of the fabrication of the sensor, five different
Zn-Co,0,/GC electrodes were prepared and assessed their
current in 0.1 M PB in the presence of dopamine (70 uM).
It provided a current RSD value of 2%, indicating that the
sensor fabrication process was highly repeatable. It proved
that the sensor fabrication process is extremely repeatable.

Electrochemical impedance spectroscopy (EIS) study

The electron transferability between the electrolyte and the
electrode surface was investigated using electrochemical
impedance spectroscopy. The electrochemical impedance
spectra of bare GCE and fabricated Zn-Co,0,/GC elec-
trode were obtained in 0.1 M KCI and 5 mM potassium
ferro-ferricyanide, in PB as supporting electrolyte. At high
frequencies, EIS has a semicircular component, and at low
frequencies, it has an inclined line. The diffusion limit step
is related to the inclined line, also known as the Warburg
(W) section, and the diameter of the semicircular portion is
directly related to the electrode surface where electron trans-
fer resistance (Rct) occurs. The Nyquist plots of the bare

Table 1 Comparison of

- S. No Sensors Linear range (uM) Detection Sensitivity pA.  References
modified Zn-C0,0,/GC limit (@M)  pM~'cm™2
electrode with earlier reported
different composite-based 1 Si0,/C/Co,0, 10-240 0.018 80 [39]
dopamine sensors 2 Au/CoS,/IL*-GNP 0.1-400 0.04 0.6129 [40]
3 MosS,/tGo 5-545 0.05 4.11 [41]
4 pCu,O NS°-rGO 0.05-109 0.015 - [42]
5 Pd-NC%rGo 20-220 7.02 0.943 [20]
6 MWCNT-Co,;0, 0-20 0.176 0.151 [23]
7 rGO-Co;0, 0-30 0.277 0.389 [43]
8 GO-BAMB®-Co(OH), 3-100 0.4 - [44]
9 CuSe 0.050-20 0.098 8.80 [45]
40-640
10 Cu doped ZnO 0.1-20 0.055 2.630 [46]
11 NiCoZn-MMO! 0.001-500 0.00001 2.31 [47]
12 Zn-Co,0, 0.2-185 0.002 126 This work

*Ionic liquid, bgraphene nanosheet, “nanospheres, Ypalladium nanocubes, °1,4-bis(aminomethyl)benzene,

"metal-metal oxide
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GCE and Zn-Co,0,/GC electrode, respectively, were per-
formed in the frequency range of 0.1 to 100 kHz, as shown
in Fig. 8a and b. This has a low Rct value, indicating that
the electrode surface is transferring the maximum electrons.
The proposed equivalent circuit from the electrochemical
impedance spectrum is shown in the inset Fig. 8a. The CV
measurements were also carried out in a potassium ferro-
ferricyanide solution. Figure 8c shows the bare GCE and
modified Zn-Co,0, electrode response in 5 mM ferro-ferri-
cyanide solution. Because of the electron-rich nanostructure
material and faster electron transfer kinetics, the modified
electrode Zn-Co,0,/GC electrode displays a higher redox
current value than the bare GCE.

Real samples analysis

To check the practical applicability of the proposed sensing
probe Zn-Co,0,/GC electrode for dopamine determination
in physiological solution, DA concentration was measured
by adopting an already established protocol as reported
earlier [39]. For practical analysis, a known concentration
of dopamine 20 uM was prepared in a physiological solu-
tion. The amperometric technique was applied for dopamine
analysis in a real sample. The applied potential of +0.170 V
vs Ag/AgCl was applied for the amperometric determination
of dopamine. Figure 9 represents the response of dopamine
in the physiological solution, with the addition of 2 uM, and

@ Springer

00 01 02 03 04 05

E/V vs. (Ag/AgCl)

T v T v T v T T T T
100 200 300 400 500 600
Time (sec)

Fig.9 Amperometric response of Zn-Co,0,/GC electrode with 2 uM
dopamine successive addition in physiological solution, at an applied
voltage of 0.17 V vs Ag/AgCl)

afterwards after every 50 s, and then 10 uM physiological
solution was added into 0.1 M PB. The amperometric curve
was obtained in the linear range from 2 to 120 pM. The
fabricated electrode had a good response, indicating that
the DA was electrochemically oxidized by the Zn-Co,0,/
GC electrode sensing probe in physiological solution. The
developed sensing probe exhibited an excellent response
towards dopamine sensing. Because of its ease of synthesis,
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scalability, and reproducibility, this non-enzymatic electro-
chemical sensor may be useful in practical applications. This
research shows that the fabricated sensor has high selectivity
and sensitivity for detecting DA.

Conclusion

In this work, a hexagonal zinc-doped cobalt oxide (Zn-
Co,0,) nanostructure was used to modify the glassy carbon
electrode and was investigated as a non-enzymatic electro-
chemical sensor for dopamine determination. The Zn-Co,0,
nanostructure was synthesized using a simple hydrothermal
process. Because of the synergistic effect of electron-rich
zinc with Co,0,4, which in turn increases the active sites of
the materials, the doped nanostructure material exhibited
high conductivity and fast transfer kinetics. The Zn-Co,0,/
GCE sensing probe shows a good response to the oxida-
tion of dopamine in the wide linear range. The sensor has
good repeatability and a fast response time of about 1 s, with
stability of up to 6 months. The sensor is extremely accu-
rate and selective for dopamine. There is no evidence of
interference from other electroactive species in the blood.
Therefore, the probe was efficiently employed for the deter-
mination of DA in a physiological solution as a real sample.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-021-05142-z.
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