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Abstract

The one-step synthesis of heteroatom-doped porous carbons is reported with the in situ formation of cobalt oxide nanoparticles
for dual electrochemical applications (i.e., electrochemical sensor and supercapacitor). A single molecular template of zeolitic
imidazole framework-67 (ZIF-67) was utilized for the solid-state synthesis of cobalt oxide nanoparticle-decorated nitrogen-
doped porous carbon (Co304@NPC) nanocomposite through a facile calcination treatment. For the first time, Co;0,@NPC
nanocomposite derived from ZIF-67 has been applied as an electrode material for the efficient electrochemical detection of
anticancer drug flutamide (FLU). The cyclic voltammetry studies were performed in the operating potential from 0.15to —0.65V
(vs. Ag/AgCl). Interestingly, the fabricated drug sensor exhibited a very low reduction potential (— 0.42 V) compared to other
reported sensors. The fabricated sensor exhibited good analytical performance in terms of low detection limit (12 nM), wide
linear range (0.5 to 400 uM), and appreciable recovery results (~ 98%, RSD 1.7% (n = 3)) in a human urine sample. Hereafter, we
also examined the supercapacitor performance of the Co3;0,@NPC-modified Ni foam in a 1M KOH electrolyte, and noticeable a
specific capacitance of 525 F g_1 at1.5 A g_1 was attained, with long-term cycling stability. The Co;0,@NPC nanocomposite
supercapacitor experiments outperform the associated MOF-derived carbons and the Co3;04-based nanostructure-modified
electrodes.

Keywords Metal-organic framework - ZIF-67 - Electrochemical sensor - Supercapacitor - Co;0,4 - Flutamide - Anticancer drug

Introduction medicines [1]. FLU prevents the metabolism of testosterone
and thereby reduces the growth of prostate cancer cells [2].

Flutamide (FLU) is a specifically prescribed drug for prostate ~ Long-term exposure and excess concentration level of FLU in
cancer treatment, which belongs to antiandrogen non-steroidal ~ the human body caused adverse side effects, like rectal bleed-
ing, liver malfunction, blood in urine, and uneven growth of
male breasts [3]. After the oral consumption of FLU, it is
04 Shen-Ming Chen excreted from the body via urine, usually in the form of 2-
smchen78 @ms15 hinet.net hydroxy flutamide and without the modified form of about
4.2%. And its consequences, FLU is transferred to the envi-

! Department of Chemical Engineering and Biotechnology, College of ~ ronment and becomes a threatening pollutant. Particularly in
Engineering, National Taipei University of Technology, No. 1, China, 13 different water sources were identified from FLU’s
z‘}’ggzn 3, Chung-Hsiao East Road, Taipei 106, Taiwan, Republic of ¢ amination range of > 15 to 140 pg [4]. Thus, the detection

of FLU in biological and environmental samples is a severe

concern for effective cancer medication and environment
quality control. Hence, advanced analytical techniques includ-
ing positron emission tomography [5], high-performance
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liquid chromatography [6], higher electrospray ionization
mass spectrometry (ESI-MS) [7], and spectrophotometry [8]
have been employed for the FLU detection. However, these
techniques are suffered from high-cost instrumental setup,
long operating time, and required more samples. In contrast,
the electrochemical detection techniques are having advan-
tages in terms of simple instrumental setup, low cost, rapid
response, portability, high sensitivity, and selectivity [9, 10].

The selection of suitable electrode material plays a key role
in electrochemical applications, viz., sensors and
supercapacitors. Particularly, the electrode material with a po-
rous structure can offer more reactive sites for interaction with
the target analyte. Thereby, the sensitivity of the fabricated
sensor will be enhanced. In this concern, incorporating metal
oxide nanomaterials with conductive porous carbons can be
the most effective strategy for the effective material design
[11, 12]. Various protocols have been performed on the de-
velopment and structural and morphological control of vari-
ous metal oxide—decorated carbon nanomaterials for enhanc-
ing the electrochemical performances [13, 14]. Among them,
cobalt oxide (Co;0,)-based nanomaterials have been receiv-
ing extensive research interest [15], owing to their good elec-
trocatalytic nature, high theoretical capacitance, and environ-
mental friendliness. Thus, it is expected that the integration of
Co30,4 nanoparticles (Co;04 NPs) with porous carbons will
render outstanding performance. For that purpose, utilization
of a self-sacrificial template as a solid precursor and its ther-
mal conversion can be facile and effective strategy [16].
According to that, the choice of appropriate template is the
significant factor for the materials synthesis. To construct such
nanostructures, metal-organic frameworks (MOFs) are gifted
materials and can be used as single molecular templates [17].
MOFs are made from organic ligands and metal-based nodes,
exhibiting even and tunable pore sizes and distinct morphol-
ogies. The MOF derivatives can be a promising electrode
active material due to the following characteristics: (1) the
large surface area and high porosity facilitate the highly effi-
cient mass transfer of the analytes/ions, and (2) the precise size
and shape of the cavities provide good selectivity for specific
molecules by the principle of size exclusion [18]. The benefi-
cial features of high catalytic and ion storage capacity will
help to construct efficient electrochemical sensors and
supercapacitors.

Among the various MOFs, zeolitic imidazolate
framework-67 (ZIF-67) is a fascinating material, which owns
many active cobalt sites. ZIF-67 is isomorphous with zeolite
and having a 3D framework, which is made up of Co(Il) ions
through 2-methylimidzloe (2mMI) linkers [19]. Thus, it can
be transformed into Co;04 NPs and/or nitrogen-doped porous
carbon nanocomposite by the effect of direct one-step carbon-
ization. Kuang et al. (2014) have demonstrated the synthesis
of porous Co30, from ZIF-67 by optimizing the effect of
calcination parameters [20], whereas Torad et al. (2014) have
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prepared the highly graphitized nanoporous carbon from ZIF-
67, based on the calcination followed by acid etching treat-
ment, and studied its supercapacitor performance [21].
Recently (2020), the same research group has developed the
sensor for hazardous aromatic vapors by utilizing the ZIF-67-
derived porous carbon [22]. However, ZIF-67-derived Co304
@ nitrogen-doped porous carbon for electrochemical sensing
of flutamide (anticancer drug) is not yet reported to the best of
our knowledge.

From the shed of light, herein, we have synthesized a sim-
ple solid-state transformation of ZIF-67 into the Co304 NP—
loaded nitrogen-doped porous carbon (Co3;04@NPC) nano-
composite through calcination treatment, as shown in
Scheme 1. So far, most of the reports focused on either sensor
or supercapacitor applications. Here, we investigated the
Co030,4,@NPC nanocomposite—fabricated glassy carbon elec-
trode (GCE) and Ni foam for the detection of FLU and
supercapacitor performance, respectively. The unique struc-
tural features of the nanocomposite may influence the active
sites on the surface and are expected to impact the electro-
chemical performances.

Experimental section
Materials and reagents

Cobalt nitrate hexahydrate (Co(NOs),.6H,0), 2-methyl imid-
azole (C4H6N2, 2-mIM), flutamide (C11H11F3N203, FLU),
iso-propanol (C3HgO), ethanol (C,HsOH), N-methyl-2-
pyrrolidone (CsH9NO, NMP), carbon black, and
polyvinylidene difluoride (PVDF) were purchased from the
SRL chemicals, India. All the analytical grade reagents were
used as a received condition, and no further purification was
performed. A stock solution of FLU was prepared using eth-
anol and stored in cooling conditions. The 0.1M phosphate
buffer solution (PB) was prepared using sodium dihydrogen
phosphate (NaH,PO,) and disodium hydrogen phosphate
(Na,HPOQ,), and their pH values were adjusted by either
NaOH or HCI as per the requirement.

Characterization and electrochemical measurements

The crystallinity of the samples was identified using powder
X-ray diffraction (PXRD) studies. The materials’ surface mor-
phology was imaged from the field emission-scanning elec-
tron microscope (FE-SEM) and high-resolution transmission
electron microscope (TEM). An energy-dispersive X-ray
(EDX) spectroscopic analysis was performed to confirm the
elements present in the nanocomposite. Further, the structural
features were examined using X-ray photoelectron spectro-
scopic (XPS) measurements and Raman spectroscopic
techniques.
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Scheme 1 Schematic illustration for the synthesis of Co;0,@NPC nanocomposite and its dual electrochemical application

Electrochemical studies were carried out using the CH
Instrument (CHI-760C) electrochemical workstation. A con-
ventional three-electrode system consisting of the glassy car-
bon electrode (GCE), saturated Ag/AgCl, and platinum wire
served as a working electrode, reference electrode, and coun-
ter electrode, respectively. The modified electrodes’ electro-
chemical behavior was analyzed using electrochemical im-
pedance spectroscopy (EIS) and cyclic voltammetry (CV)
techniques. The analysis was performed in a three-electrode
electrochemical cell assembly, containing 5 mM of
[Fe(CN)q]? 4 redox probe in 0.1 M KCI solution. The CVs
were recorded in the potential from — 0.4 to 0.8 V at the scan
rate of 50mV s . The EIS data was documented in a frequen-
cy between 100 mHz and 100 kHz with a 10 mV amplitude.
The analyte’s electrochemical responses were examined using
CV and differential pulse voltammetry (DPV) techniques in a
phosphate buffer solution (PB; pH 7.0) at a scan rate of
50 mV s '. The FLU stock solution (10 mM) was prepared
in ethanol and stored in a fridge when it was not used.

The supercapacitor studies were performed in a 1M KOH
electrolyte solution containing a three-electrode system,
where Co3;04@NPC nanocomposite-modified Ni foam sub-
strate served as a working electrode and saturated Ag/AgCl
and the platinum wire served as a reference and counter elec-
trode, respectively. The specific capacitance value was calcu-
lated from the CV and the galvanostatic charge-discharge
(GCD) measurements. In CV, Cy,. = Q/(m x AV), where

Cype is specific capacitance (F g ", O is average charge during
CV scans, m is mass of the active material (g), and AV is
working potential range (V). In the GCD method,

Cype = (I A1)/ (m x AV), where I and At represent the current

density (A) and discharge time (s), respectively.
Synthesis of ZIF-67

Co(NO3),.6H,O (0.4 g, 0.0137 M) and 2-mIM (5.0 g,
0.609 M) were separately dissolved in 100 mL of distilled
water and stirred (500 rpm) well to get the homogenous solu-
tions A and B, respectively. To solution A, the solution B was
added dropwise. Upon addition, a purple color precipitate was
obtained, which was further stirred (500 rpm) for 12 h in room
temperature condition. The obtained purple-colored residue
was recovered by centrifugation (5000 rpm) and washed
thrice with deionized water and ethanol (100 mL each).
Then, the product was dried at 80 °C overnight to get the
ZIF-67 crystals.

Synthesis of cobalt oxide nanoparticles @ N-doped
nanoporous carbon from ZIF-67

About 0.5 g of ZIF-67 was taken in a ceramic boat subjected
to the heat treatment at 750 °C (heating rate 5 °C/min) for 2 h,
with N, gas atmosphere, in a tubular furnace. After being
heated, the sample was allowed to cool naturally. Then, the
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resulted black color powder was known as Co3;04 NPs @ N—
doped porous carbon (Co;0,@NPC) nanocomposite.

Fabrication of modified electrode
(i) Sensor

About 5 mg of Co3;0,@NPC nanocomposite was dis-
persed in 1 mL of isopropanol and treated with ultrasonic
waves in a bath sonicator to get the uniform dispersion.
From the obtained black color suspension, a certain amount
(1,3,5,7,and 9 uL) was loaded on the polished GCE (3 mm)
surface and dried at room temperature to get the Co3;0,@NPC
nanocomposite—modified GCE (Co;0,@NPC /GCE). Before
the sensing studies, the Co;04,@NPC GCE was rinsed with
DI water to eliminate the loosely attached particles.

(i) Supercapacitor

For supercapacitor studies, Ni foam with an area of ~ 1x
1 em?® was utilized as a current collector. The slurry was pre-
pared in N-methyl pyrrolidone solvent by mixing the
Co3;0,@NPC nanocomposite, carbon black, and PVDF in
the ratio of 85:10:5. The slurry was then coated on the Ni
foam by the doctor blade method and dried at 60 °C overnight.
Prior to the experiment, the electrode was immersed in a 1M
KOH electrolyte for few hours and utilized as a working
electrode.

Results and discussion
Choice of materials

One-step in situ formation of metal oxide nanoparticles with
hetero-atom-doped porous carbon nanocomposite possesses a
tremendous advantage in material synthesis, in terms of sim-
ple preparation method, porous structure, high surface area,
and high distribution of metal oxide nanoparticles in the car-
bon matrix. ZIF-67 is isomorphic with zeolite and has a 3D
structure composed of Co(Il) ions by 2-methylimidazole
linkers. It can then be converted into Co3;04 NPs—loaded
nitrogen-doped porous carbon (Co;0,@NPC) nanocompos-
ite by direct one-step carbonization. Nanostructures of cobalt
oxides are promising electrode material due to the fact of their
electrochemical stability, high theoretical capacitance value,
and high surface to volume ratio, which is more valuable for
electrochemical sensors. Further, the nitrogen-doped carbon
matrix offers high electrical conductivity, mechanical
strength, and the supporting matrix for the metal oxide NPs.
Considering these beneficial features, we have designed the
Co304,@NPC nanocomposite. And it is expected that the as-
prepared nanocomposite can significantly enhance the
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electrocatalytic performance in the FLU detection, in terms
of very low detection limit, with high sensitivity, selectivity,
and reproducibility.

Structural and morphology analysis

Purple-colored ZIF-67 MOF was obtained from the precipita-
tion reaction between Co(NOj3),.6H,O and 2-mIM using wa-
ter at room temperature for 12 h. Afterward, a simple calcina-
tion treatment on ZIF-67 MOF produced the Co;04@NPC
nanocomposite, as displayed in Scheme 1. ZIF-67 owns a
high porosity due to the zeolitic structure [23]. Interestingly,
the Co”" ions in ZIF-67 can be converted into a Co;0,4 NPs;
subsequently, it can catalyze the resulted carbons’ graphitiza-
tion during the carbonization of ZIF-67. The PXRD patterns
of ZIF-67 and Co30,@NPC nanocomposite are shown in
Fig. la. The characteristic diffraction peaks of ZIF-67 are
observed at 7.4°, 10.4°, 12.7°, 15.2°, 16.5°, 18.04°, 24.48°,
and 26.7°, which corresponds to the (011), (002), (112), (022),
(013), (222), (223), and (134) planes, respectively. The ob-
served diffraction pattern confirms its arrangement as a zeo-
litic imidazole framework comprising of two mIM linkers per
cobalt ([Co(mIM),]) in the unit cell [20]. After the calcination
of ZIF-67 crystals, five new diffraction peaks at 31.2°, 36.88°,
44.7°, 59.4°, and 65.4° were observed and attributed to the
(200), (311), (400), (511), and (440) planes, respectively. The
observed pattern is well consistent with the standard data of
Co30,4 (JCPDS #43-1003). No other peaks than Co;04 were
observed, suggesting the phase purity of the material. From
the diffraction peaks of the Co30,4 NPs, the average crystallite
size was calculated using the Debye-Scherrer equation [24],
and it was found to be 26.33 nm.

Functional group analysis

The FT-IR spectra of ZIF-67 and Co;04,@NPC nanocompos-
ite are given in Fig. S1, and they confirm the presence of
various oxygen- and nitrogen-containing functional groups.
The discussion about the FT-IR analysis on the materials is
given in the supporting information. The Raman spectrum of
Co0504,@NPC nanocomposite (Fig. S2) shows the five Raman
active modes such as 1 E,, 3 Fp,, and 1 A;, at 472.8, (198.8,
516.3, 605.1), and 677.1 cm! respectively, which can be
attributed to the values of pure Co30y, spinel structure, further
confirming the phase purity [25]. The Co;04 with Co** and
Co’" states are positioned at tetrahedral (Td) and octahedral
(Oh) sites, respectively. It is noted that the A, mode is more
intense than other modes. It can be attributed to the character-
istics of the Oh sites. The other modes, E, and F»,, are asso-
ciated with the Td site’s collective vibrations and Oh oxygen
motions. Further, the Raman spectrum shows two major peaks
of D (1348.7) and G (1594.5) bands due to the presence of
carbon. The D band’s intensity indicates the carbon lattice’s
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Fig. 1 a PXRD pattern of ZIF-67 and Co;0,@NPC nanocomposite. b XPS survey spectrum of the Co3;04@NPC nanocomposite, the deconvoluted
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structural disorder due to the microstructure rearrangement
and integration of N atoms into the lattice during the carbon-
ization process. The G band is caused by the in-plane
stretching vibration of graphitic sp>hybridized carbons [26],
and they originated from the porous carbon present in the
Co0304@NPC nanocomposite. The intensity ratio between
these bands (Ip/Ig) represents the degree of graphitization
[27]. The Ip/Ig ratio of Co;04@NPC nanocomposite is found

to be 1.06, confirming the presence of disordered graphitic
carbon with a high surface area [28]. Also, the presence of
Co304 NPs has acted as a catalyst to increase the degree of
graphitization [15].

The oxidation states of the CO;04 NPs and the composi-
tion of the nanocomposite were analyzed using XPS data as
displayed in Fig. 1. The XPS survey spectrum (Fig. 1b) pre-
sents the prominent peaks of Co, C, N, and O. The core level
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scan of Co (2p) reveals the two peaks positioned at 780.3 and
795.8 eV, attributed to the Co (2ps/») and Co (2p;») spin states
of Co304 NPs, respectively, which can be deconvoluted into
various peaks of Co®* and Co>* as displayed in Fig. Ic,
confirming the spinel structure of Co30,4. Moreover, the ob-
served shakeup satellite peaks are due to the photoelectron
emission between the Co atom’s ground and excited states.
The high-resolution spectrum of C 1s shows the major peak
centered at 284.5 eV (Fig. 1d). The deconvolution yields four
peaks at 284.6, 285.3, 286.2, and 288.1 eV, which corre-
sponds to binding energies (BE) of carbon in a functional
group such as sp3 carbon, C-N, N-C=0, and O=C-O, respec-
tively. Furthermore, N (1 s) peak at 398.8, 400.06, and
401.12 eV reveal the presence of pyridinic, pyrrolic, and gra-
phitic nitrogen species, respectively (Fig. 1e). As a result, the
nitrogen doping in the carbon matrix was confirmed. Besides,
the deconvoluted peaks of O (1s) at the BEs of 530.03 (O1),
531.26 (02), 532.26 (03), and 533.17 (04) eV can be C-OH
(hydroxyl), C-O-C (epoxy), O=C-O (carbonyl), and carbonate
structures, respectively (Fig. 1f). Overall, from the XPS anal-
ysis, a shift in binding energies of Co (2p) and O (1s), with
reference to the reported values, reveals that the possibility of
formation of Co3;04@NPC nanocomposite [29].

Surface morphology analysis

The surface morphology of the Co3;04,@NPC nanocom-
posite was imaged from the FE-SEM analysis (Fig. 2a—
c). It was observed that the nanosized particles of
Co3;04@NPC nanocomposite were agglomerated and cre-
ated microparticles with pores. However, these NPs were
found to be in well homogeneousness throughout the
mass. To get further insight into the morphology, HR-
TEM analysis was performed (Fig. 2d—f). The results re-
vealed that the Co3;04 NPs with diameters of 7 to 20 nm
in size are evenly dispersed in the carbon matrix. The d-
spacing value of the Co3;04 NPs is found to be 0.218 nm,
which matches the (311) facet of Co304 NPs and in ac-
cordance with the XRD result. Further, the carbon
surrounded the Co3;04 NPs, exhibiting the nanoporosity
in its structure due to the effect of carbonization and the
in situ catalysis of Co3;04 NPs [21]. The EDX analysis
((Fig. 21) confirmed the presence of elements C
(57.10%), N (10.01%), Co (6.77%), and O (26.22%) in
the nanocomposite. Further, the atomic weight percentage
(insight figure in Fig. 21) of Co (6.77%) and O (26.22%)
indicates the stoichiometric ratio of the Co3;04 NPs, which
also confirms the successful formation of metal oxide and
in good agreement with the XRD and Raman results.
Further, the elemental mapping (Fig. 2g-k) of the
Co30,@NPC nanocomposite shows the homogenous dis-
tribution of the elements in the material.
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Electrochemical characterization of modified
electrodes

Electrochemical surface properties of the bare and modi-
fied electrodes were analyzed using the EIS and CV tech-
niques in the redox probe of 0.1-M KCI solution contain-
ing 5 mM [Fe(CN)s]*"* system. Electrochemical charge
transfer resistance (R.) of bare GCE and Co;04,@NPC
/GCE was measured by EIS analysis, and its results are
shown in Fig. 3a, in the form of a Nyquist plot. The
observed semicircles replicate the R, of the bare and
modified electrodes. The inset figure in Fig. 3a shows
the equivalent electrical circuit for the observed EIS data.
From the results, the R, values are found to be 275 and
20 © for bare GCE and Co304@NPC/GCE, respectively.
The low R, value of Co3;0,@NPC/GCE indicates the fast
electron transport is possible between the electrode/
electrolyte interface. Due to the synergistic effect between
the Co304 NPs and well-graphitized NPC enhances the
electrical conductivity. Thus, it revealed that the modified
GCE could provide an easy electron transport pathway to
the electroactive species.

The CVs of the bare GCE and Co3;0,@NPC/GCE in the

redox probe are displayed in Fig. 3b. Both electrodes exhibit-
ed the well-defined redox peak with the peak-to-peak separa-
tion (AE, =E,, - E,.) value of 130 and 90 mV, respectively.
Comparatively, the bare GCE shows a high AE), value, sug-
gesting the low electrical conductivity. In contrast, the low
AE, value of Co;0,@NPC/GCE indicates better electron
transport than bare GCE owing to the higher active surface
area (A.p. The observed CV results are well consistent with
the EIS results. Further, to measure the A4 of the
Co50,4,@NPC/GCE, a different scan rate study was performed
in the redox prob. solution, and its CVs are shown in Fig. 3c.
The increase in scan rate from 10 to 100 mV s ' causes the
redox peak current to increase linearly. And its linear relation-
ship has been established between the square root of the scan
rate and redox peak current, as shown in Fig. 3d. From the
linear plot’s slope value, the A4 was calculated using the
Randles-Sevcik Eq. (1).
I, = (2.69 x 10°)n*2D"/?12AC” (1)
where I,, n, D, v, A, and C are the redox peak current,
transferred number of electrons (n=1), diffusion coeffi-
cient, scan rate, effective surface area, and concentration.
The calculated A, of the Co30,@NPC/GCE is
0.112 cm?, whereas the bare GCE shows 0.078 c¢m?>.
From the above results, it can be concluded that the
Co304,@NPC/GCE possesses an excellent electron trans-
port pathway and high surface area than bare GCE. Thus,
it is expected that the Co;0,@NPC/GCE can be an effi-
cient electrode material sensor application.
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Fig.2 FE-SEM images a | pm x 5000, b 1 um x 9500, ¢ 1 pm x 19,500
magnifications of Co30,@NPC nanocomposite. HR-TEM images of
C030,@NPC nanocomposite at d, e 200 nm, f 10 nm magnifications.

Electrochemical performance of FLU on the electrode
surface

The electrochemical response of FLU at bare GCE and
Co3;0,@NPC/GCE was studied using the CV technique.
The experiment was performed between the potential window
of+0.15and — 0.65 Vin 0.5 M PB (pH 7.0) at the scan rate of

Atomic weight percentage (%)
8 8 8

-
o

)

Elements

Element mapping results of g mixed elements, h Co, i O, j C, kN, and 1
the corresponding EDX spectrum of the nanocomposite (insight: atomic
weight percentage of the elements)

50 mV s . Figure 4a shows the typical CV profiles of bare
and Co30,@NPC/GCE in the absence of FLU. It can be seen
that the Co3;04@NPC/GCE has exhibited a tremendous en-
hancement of capacitive current when compared to the bare
GCE. It might be due to the porous nature of the material and
its high surface area. Besides, the CV profiles of the bare and
Co3;04,@NPC/GCE in the presence of 200 uM of FLU are
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displayed in Fig. 4b. At bare GCE, a reduction peak (R1) of
FLU was observed at — 0.55 V (E,) with the minimum ca-
thodic peak current (I,.) of — 0.26 mA cm 2, and weak redox
peak (O1&R2) were also detected. The results suggest the
sluggish electron movement between the electrode surface
and electrolyte. As a consequence, a high cathodic potential
has been required for the reduction (R1) process.

By comparison, when the GCE was modified with
Co0504,@NPC nanocomposite, an enormous increase in redox
peak current was observed. However, to optimize the volume
of nanocomposite loading, it varied between 1, 3, 5, 7, and
9 uL, and the respective CV results are shown in Fig. S3. It
was noted that the redox peak current intensity was steadily
increased from 1 to 3 pL and reached a maximum at 5 puL.
Beyond that, the redox peak strength was significantly re-
duced, suggesting that the higher concentration of catalyst
may hinder the electron transfer process to the active sites
and interface between the electrode and analyte. At an opti-
mized loading volume of 5 pL, the highest reduction peak
current (Ip.) of —0.57 mA cm 2 was achieved with a reduction
potential of (E,.) -0.42 V. Compared to the bare GCE, the
nanocomposite-modified GCE reduces the FLU to a lower
potential, indicating its good electrocatalytic efficiency.

Additionally, a well-marked redox peak, such as the oxi-
dation peak (O1) at — 0.02 V and reduction peak (R2) at —
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0.05 V, was also observed. The enhanced performance of
Co0504,@NPC/GCE is due to the porous structure of the nano-
composite. A more significant number of electrolyte ions and
FLU were accumulated at the pore sites and formed an electric
double layer on its surface. As a result, the capacitive current
increased and resulted in excellent electrocatalytic efficiency.
In addition, the Co3;04,@NPC/GCE displays nearly 25 times
the lower peak (R1) current of the bare GCE. Therefore, the
findings underscored the enhanced electrochemical efficiency
of the Co;04,@NPC/GCE, which could be due to its superior
electron conductivity, wide surface area, and short electron
transfer pathway.

In a FLU detection process at the surface of Co;0O4,@NPC/
GCE, the observed cathodic peak (R1) is due to the irreversible
reduction reaction of the nitro group (-NO,) into a hydroxyl-
amine (-NH,OH) group, which involves the four-electron trans-
fer mechanism (Fig. 5¢). Further, the peaks O1 and R2 showed a
quasi-reversible process during the first CV scan. Upon the sec-
ond scan, distinct reversible peaks have resulted. The redox pair,
O1 (Ep,=—0.02V,,,=0.22mA cm %) and R2 (Epe=—0.05V,
I,,=—0.31 mA cm %) were due to the oxidation of hydroxyl-
amine (-NH,OH) into nitroso (-NO) group and the vice-versa
(Fig. 5¢c). The resulting CV peaks and its consisting electro-
chemical reaction of FLU agree with the literature’s reported
mechanism [30, 31].
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Effect of scan rate and pH

The scan rate effect for the detection of FLU at Co;0,@NPC/
GCE was examined by varying the scan rates from 20 to
180 mV s~ in the presence of 200 uM FLU in PB (pH 7.0).
The observed CVs are displayed in Fig. 4c. Upon increasing
the scan rate, the I, was linearly increased with the slight shift
of the E, towards the negative potential side. A plot between
the scan rate and L, yield a good linear plot (Fig. 4d), and the
corresponding linear regression equation is L, (mA cm %)=
—0.0046 (mV s ")~ 0.3037 (R* = 0.9904). The result indicates
that the electrocatalytic reaction of FLU at Co30,@NPC/
GCE is governed by an adsorption-controlled process [32].
The electrolyte’s pH is a key parameter for the sensors, which
influences the sensors’ sensitivity. So, the effect of pH to-
wards the FLU (150 uM) detection at Co;0,@NPC/GCE
was investigated with different pH conditions (pH 3.0 to
11.0) of PB at the scan rate of 50 mV s '. The corresponding
CV responses (Fig. 5a) depict that the increase in pH from 3.0
to 7.0 resulted in the increment of cathodic peak current. After
that, it decreased at pH 9.0 and 11.0, and the reduction poten-
tial also shifted to the more negative potential side. Figure 5b
shows the changes in reduction peak current intensity at dif-
ferent pH. Depending upon the electrolyte pH, the reduction
potential was shifted to either a positive or negative direction.

0 20 40 60 80 100 120 140 160 180 200
Scan rate (mV s™)

04 06

It reveals that the electrochemical reaction of FLU at
Co0304,@NPC/GCE is pH dependent. The observed trend re-
vealed that a weak acidic or neutral condition is sufficient for
the reduction reaction, implying that the FLU is a strong base.
As a result, a weak acidic or neutral pH condition may offer
the proper orientation for the effective electrocatalytic reduc-
tion of FLU. From the literature, it has been identified that
around pH 6.0-8.0 is an optimum pH range for detecting
flutamide [3, 30]. Moreover, the pH level of biological fluids
and nitro compound polluted wastewater belongs to this pH
range. Thus, we have chosen a pH of 7.0 as an optimum pH
condition for further electrochemical investigations. The cali-
bration plot between pH and E,, is shown in Fig. 5b, and its
linear regression equation is E, (V) =—0.0451 [pH] - 0.1149
(R>=0.9902). The derived slope value (— 45 mV/pH) of the
calibration plot is near to the theoretical Nernstian slope value
(= 59 mV/pH), suggesting the contribution of an equivalent
number of protons and electrons during the electrochemical
reaction of the FLU at Co;0,@NPC/GCE.

Determination of FLU
The trace level determination of drugs, hazardous

chemicals, and heavy metals is usually performed using
the DPV technique because of its high sensitivity. Thus,

@ Springer



196 Page 10 of 15

Microchim Acta (2021) 188: 196

-0.5+4
-0.4 4
-0.34
-0.24
-0.1+4
0.0+

0.1+

Current density (mA cm'z)

0.2+

02 04

CFs3

CF;
+2H', +2¢" (R2)
—_— CHs

Flutamide (-NO)

-0.65 =
-0.60 -( ) 10445
g
= .055} o
Q 9 Epc 042 ¢
D 050} | £
g =@ Ipc s
<
< Mr 040 2
N (/]
7 040} @
4 )
> 035} 0.38 5
E=
2 €
o -030F o
y =-0.0451 (pH) - 0.1149 0.36 £
- 3 2 -
0.25 R?=0.9902 3
B ] e o S B S E . s . B
2 3 4 5 6 7 8 9 10 11 12
pH
NO, Ho\NH

2-0.21
2 01-
[
T 0.0+ N D\N
‘E CF:ze-, 2H' (01) CFs
o 0.1+ it
S " CH3
S 0.2 L Hsc)ﬁ(l/ Hac)\lo(
0-3 - Flutamide (-NHOH) Flutamide (-NO)
0.2 0.0 -0.2 -0.4 -0.6 -0.8
E/V vs. (Ag/AgCl)

Fig. 5 a CVs of Co;0,@NPC/GCE at different pH from 3 to 11 (phosphate buffer) in the existence of 150 uM FLU b plot for pH vs.I,,, (for R1), and
calibration plot for pH vs. E, (for R1), and ¢ Possible electrochemical redox mechanism of FLU at Co;04@NPC/GCE

the sensitive electrocatalytic determination of FLU at
Co3;04,@NPC/GCE was carried out using DPV protocol
in PB at the scan rate of 50 mV s '. The experiment
was performed between the potential of — 0.2 and —
0.6 V with the increasing concentration of FLU from 0.1
to 590 uM, and the obtained DPV signals are displayed in
Fig. 6a. A sharp cathodic peak was observed at — 0.34 V
and increased steadily as FLU concentration increased. A
calibration plot (Fig. 6b) between the cathodic peak cur-
rent and the concentration of FLU resulted in a linear plot
with the linear regression equation of L,. (mA cm %)=
—0.1930 C(uM) — 41.9538 (R?*=0.9976). The limit of
detection (LOD) and sensitivity is determined from the
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calibration plot’s slope value using the equation of
LOD =30/S, where o is the standard deviation of the
blank response and S is the calibration plot’s slope value.

From the calculation, the LOD of the developed sensor was
found to be 12 nM. The analytical parameters like reduction
potential, linear range, LOD, and sensitivity of the established
sensor are compared to the previously reported sensing proto-
cols, and it is presented in Table S1. The comparison table
revealed that the Co3;04@NPC nanocomposite could reduce
the FLU to the lowest reduction potential than other reported
sensors. Thus, the developed sensor Co;04,@NPC/GCE may
therefore be a promising candidate for the effective electrocat-
alytic detection of FLU.
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Interference, storage stability, repeatability, and
reproducibility studies

The Co3;0,@NPC/GCE’s practical applicability was investi-
gated based on repeatability, reproducibility, and selectivity
studies using the DPV technique. First, the sensor’s selectivity
was performed in PB (pH 7.0) consisting of 200 uM FLU
with the co-existence of a 50-fold excess concentration of
possible interfering molecules such as 2-nitro aniline (2-
NA), 2-nitro phenol (2-NP), chloramphenicol (CLP), 4-nitro
aniline (4-NA), 4-nitro phenol (4-NP), 4-nitro benzene (4-
NB), nitrofurantoin (NFT), and nitrofurazone (NFZ).

The corresponding DPV responses are displayed in Fig. 6c,
which depicts that even at the higher concentration of
interferents, the FLU’s reduction peak current intensity is
not much varied, and also, there is no shift in reduction peak
potential. However, the nitro group containing interferents
(50-fold excess) could produce a minor interference (< 18%)
in the peak current response of FLU (200 uM), which is pre-
sented as a bar diagram in Fig. 6d. The experimental results
indicate that the Co;04,@NPC/GCE has a reasonable selectiv-
ity to detect FLU in the aqueous solution. The sensor’s repro-
ducibility was then tested with parallel DPV measurements by
five individual Co;0,@NPC/GCE electrodes (Fig. S4a). Out
of the findings, only 2.4% of the relative standard deviation

-0'.6 -0.8 -1.0
EIV vs. (Ag/AgCl)

FLU 2-NA 2-NP CLP 4-NA 4-NP 4-NB NFT NFZ
Interfering molecules

was observed for the experiment. In addition, the developed
sensor was stable for detection of FLU for up to 4 weeks, and
95.8% of the reduction peak (R1) current was observed after
4 weeks, indicating good stability of the sensor. The sensor’s
repeatability was performed by 10 continuous DPV experi-
ments for the detection of 100 uM FLU in PB (pH 7.0). The
corresponding results are shown in Fig. S4b, confirming the
excellent repeatability of the established sensor. The observed
results of Co;0,@NPC/GCE indicate that the Co;0,@NPC
nanocomposite can be an effective electrode material for the
sensitive detection of FLU.

Real sample analysis

The real-time use of the fabricated sensor was tested in the
actual samples. The human urine sample was collected (from
a healthy volunteer), which was centrifuged (6000 rpm), and
the supernatant solution was kept in cooling condition (4 °C)
not longer than 24 h. Then, a known concentration of FLU
was spiked and then subjected to the analysis. The spiked
human urine sample was diluted with PB (pH 7.0) at a 1:100
ratio. The analysis was then performed under similar experi-
mental conditions as in sections 2.4 and 3.5, using
Co3;04,@NPC/GCE, and the results are shown in Fig. S4c.
The FLU concentration was measured using the standard

@ Springer



196 Page 12 of 15

Microchim Acta (2021) 188: 196

addition procedure, and the analytical results are tabulated in
Table S2. From the analytical result, it can be seen that the
developed sensor exhibit ~ 98% recovery in the spiked human
urine sample, and from the triplicate (n = 3) repeating exper-
iments, the relative standard deviation (RSD) was found to be
1.7%. The observed results indicate that the sensor can exhibit
good recovery efficiency in spiked urine samples, thus vali-
dating real-time application aptness.

Supercapacitor studies

To study supercapacitor performance, CVs of bare Ni foam
and C0304@NPC nanocomposite-modified Ni foam
(Co304@NPC/Ni foam) electrodes were recorded (Fig. 7a)
within the voltage range of 0 to 0.6 V at the scan rate of
25 mV s ' in IM KOH electrolyte. The Co3;04@NPC/Ni
foam electrode exhibited a prominent redox peak current area
than bare Ni foam. During the forward scan in CV, the
cobalt(IIl) oxide is initially oxidized into cobalt oxy-hydrox-
ide, and it is further oxidized to cobalt(IV) oxide. Upon the
reverse scan, the cobalt(IV) oxide is reduced into cobalt(III)
oxide. The observed redox peak indicates the changes in the
different oxidation states of Co30,4. The phenomenon is that
the charge storage mechanism in Co3;0,@NPC/Ni foam is
mainly due to faradic redox reactions, which can be shown
by the following equations as stated in the literature [16, 33].

Co304+ OH + H,O «—— 3CoO0OH + ¢~
CoOOH + OH—- CoO; + H,O+ ¢

—

From the region of CVs, it can be shown that the specific
capacitance was improved by the pseudocapacitance efficien-
cy of the nanocomposite relative to bare Ni foam. This may be
associated with the pseudo-capacitive involvement of the ox-
ygen surface functional groups [34], which may improve wet-
tability and increase the electroactive surface area [37].
Further, the different scan rate (5 to 50 mV s ') studies on
Ni foam and Co3;04@NPC/Ni foam were also performed.
When compared to the bare Ni foam (Fig. S5), the
Co0504,@NPC/Ni foam exhibited a high redox peak response.
As the scan rate is increased, the redox peak current increases,
and the potential difference between the peaks is also in-
creased (Fig. 7b) by the polarization of the electrode [2].
The observed result implies good electrochemical reversibili-
ty, and the redox peak currents are aligned with the scanning
rate, which suggests that the overall process is surface con-
trolled. To get further insight, Co3;04,@NPC/Ni foam was ex-
amined by the GCD technique (Fig. 7c). The charge-discharge
curve’s appearance at current densities of 5.0, 4.0, 3.0, 2.0,
and 1.5 A g ' reflects the good coulombic efficiency of the
electrode, and the calculated specific capacitances are 225,
250, 255, 350, and 525 F gf1 (Fig. 7d), respectively. A
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decrease in specific capacitance at higher current densities
is due to the phenomenon of Faradaic reaction resistance
and ion diffusion resistance [3]. Further, the Co;04@NPC/
Ni foam electrode’s cycle durability at a current density of
3.0 A g was achieved up to 8000 cycles (Fig. 7f) with
81% of capacitance retention. Notably, the electrode’s specific
capacitance decreased only up to 19% of its original capaci-
tance value even after the 8000 cycles of charge-discharge,
suggesting the material’s excellent performance. It might be
due to the combined performance rendered by the Co304 NPs
and nitrogen-doped carbon matrix. Thus, the results indicate
that the Co3;04@NPC electrode can have a good specific ca-
pacitance with strong cycle stability.

Electrochemical kinetics on the electrode/electrolyte inter-
face was studied using the EIS experiment. The result is
displayed in the form of a Nyquist plot, as shown in Fig. 7e.
A well-marked semicircle was obtained for the higher fre-
quency region and a vertical line for the lower frequency re-
gion, which is more consistent with the previous reports
[34-36]. The semicircle diameter denotes the charge transfer
resistance (R,,) at the electrode/electrolyte interface.

Compared to bare Ni foam, the Co30,@NPC/Ni foam
electrode displayed a lower R, value and replicated the good
electron transport at the electrode/electrolyte interface.
Therefore, the analytical parameters indicated that
Co304,@NPC nanocomposite could be a hopeful electrode
substrate for the application of a supercapacitor. Finally, the
supercapacitor efficiency of Co;04,@NPC nanocomposite is
comparable to certain state-of-the-art MOF materials derived
from Co30,4 and summarized in Table S3. The distinction
clearly indicates the significance of MOF-derived
nanomaterials for the use of supercapacitors. The obtained
capacitance of the Co;0,@NPC nanocomposite derived from
ZIF-67 is comparable to most of the CosO4 related materials
published. The high performance may be due to the synergis-
tic effect between the in situ—formed Cos0O4 nanoparticles and
the supporting carbon matrix, which significantly improves
the electron transfer capability during electrochemical reac-
tions. Moreover, the porous structure of the nanocomposite
also enlarges the surface area with a greater number of active
sites. Accordingly, the electrode surface wettability and the
charge transfer at the electrode/electrolyte interface have been
increased and caused stable electrochemical performances in
both the detection of FLU and supercapacitor studies.
Therefore, in this study, no major limitations have been ob-
served, which makes the Co3;0,@NPC nanocomposite a suit-
able electrode material for electrochemical applications.

Conclusion

In conclusion, the ZIF-67 was shown as an effective template
for synthesizing cobalt oxide nanoparticles loaded with
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nitrogen-doped porous carbon (Co;0,@NPC) nanocompos-
ite. The systematic characterization using various analytical
techniques confirms nanocomposite’s successful formation
with nitrogen doping in the carbon matrix. Additionally, the
in situ—formed cobalt oxide during the calcination process has
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also catalyzed the carbon graphitization. The electrochemical
sensor results strongly reveal that the catalytic behavior of
Co050,4 and N-doped carbon matrix with a significant number
of the active site and the porous structure of the nanocompos-
ite are responsible for shortening the diffusion pathway to
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detect the FLU with very low reduction potential (— 0.42 V)
than reported sensors. Moreover, the decent recovery
performance of the sensor in the urine sample, suggesting its
practical applicability. In addition to the sensor, the
Co304@NPC-fabricated electrode outperforms much of the
related state of the art by achieving significant specific capac-
itance (525 F g~') with reasonable cycling stability. Finally,
the present study also paves the way for MOFs to be consid-
ered a suitable template for the one-step material synthesis
with unique structure and their role in high-performance elec-
trode material for electrochemical sensors and energy storage
devices. However, in our opinion, the time variations in cal-
cination of ZIF-67 may bring the different nanostructures to
the nanocomposite and it may influence their electrochemical
performances.
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