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Herein for the first time, intertwined nanocomposite (Co304@Se NPs/MWCNTSs) of cobalt oxide nanoparticles
(Co304 NPs) adsorbed on selenium nanoparticles (Se NPs) (designated as Co304@Se NPs) and thiol (-SH)
functionalized multiwalled carbon nanotubes (MWCNTSs) was synthesized by a simple hydrothermal method to
achieve excellent capacitive and microbicidal performance. The surface morphology, microstructure and func-
tional group studies ensures that the existence of Co304@Se NPs onto MWCNTSs. The electrochemical studies
(cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-discharge
(GCD)) were performed and demonstrated the Supercapacitive performance of Co304@Se NPs/MWCNTs
nanocomposite. Higher electrochemical capacitance (356 F/g) with better coulombic efficiency of 84% was
acquired. Also, it exhibited an admirable antimicrobial study and illustrated that the pathogens were more
susceptible to Co304@Se NPs/MWCNTs nanocomposite. The superior electrochemical and antimicrobial activity
was achieved owing to the specific inherent properties of thiol (—-SH) groups opt binding and stabilizing
Co304@Se NPs against its aggregation on the surface of MWCNTs. The thiol (-SH) group influences the
enrichment of Co304@Se NPs onto MWCNTs and facilitates in enhancement of energy storage and microbicidal
performance the nanocomposite. These attained outcomes put forward the applicability of the synthesized active
nanocomposite towards supercapacitor and antibacterial agents against pathogens.

1. Introduction

Thrust of emerging multifunctional materials have drawn huge in-
terest in the research community. In that nanotechnology has gained
tremendous interest in the active field of research owing to its remark-
able potential for a variety of applications includes sensor, super-
capacitor, fuel cell, antimicrobial activity, etc. which is acquired due to
combine electrical, thermal, mechanical, and biological characteristics
[1,2]. When the size of particles is reduced to nanoscale, the materials
with radically improved or new surprising physicochemical features
often emerge. Multi walled carbon nanotubes (MWCNTSs) as important
one-dimensional (1D) nanomaterials [3,4] have gained immense
attention for their applications [5] in diversify fields due to its unique
properties [6]. The excellent performance and spectacular applications
of MWCNTs are pertaining to its dispersability in aqueous/ organic
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phases [7,8]. However, the major obstacles of MWCNT to use as such are
high Van der Waals force, surface area and high aspect ratio which cause
self-aggregation and poor dispersability in aqueous/organic solvents [9,
10]. Hence, the strategies which could enhance de-agglomeration and
uniform dispersion of MWCNTs are crucial to bring significant and ex-
pected outcomes [11,12]. The attachment of functional groups on the
surface of MWCNTs through functionalization is an effective way to
improve reactivity, provide active sites for further process, prevent ag-
gregation and achieve better dispersion of MWCNTs [13,14]. The
properties of functionalized MWCNT are expected to make the way to-
ward nanotechnology applications [15,16]. The functionalization of
MWCNTs can be achieved through both covalent and non-covalent ap-
proaches to impart solubility and chemical modifications to MWCNTs
[17]. Surface functionalization of MWCNT through covalent bonding is
the most preferred technique [18,19]. The covalent method of
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functionalization of MWCNT causes covalent linkages between func-
tional groups and MWCNTs. It is one of the most promising methods of
altering carbon nanomaterials through reactions either on the ends or
sidewalls of nanotubes [20]. Covalent functionalization offers many
outstanding physicochemical properties to MWCNTs such as improved
interfacial adhesion, good adsorption efficiency, efficient sol-
ubility/dispersibility in aqueous/organic medium, minimization of ag-
gregation and chemical interactions with other molecules
(bio-molecule, polymer, inorganic., etc.) [21,22]. Various functional
groups such as thiol (-SH), silane (-SiH4), phenol (-OH), carboxyl
(-COOH), poly(styrene-co-acrylonitrile) and amine (-NH;) were
attached covalently onto MWCNT to improve its properties [23]. Among
these functional groups, the thiol (-SH) group has gained tremendous
interest in the field of materials science because of its inherent beneficial
properties such as influence on morphology /microstructure, uniform
distribution, stability/protection enrichment of nanoparticles on the
surface of MWCNTSs against agglomeration/leaching processes and
performance of the prepared materials. A derivative of aniline, amino-
thiophenol, as a functionalized modified material, has been widely used
in various fields [24,25]. Since thiol (-SH) group has an excellent
anchoring/binding ability to nanoparticles (metal/metal oxide) through
molecular interaction between thiol (-SH) group and nanoparticles [26,
271, the existence of such groups on the surface of MWCNTs have
received keen interest among scientific community [28,29].

On the other hand, transition metal oxide have drawn much atten-
tion as a promising type of multifunctional materials [30-33], in specific
such as cobalt oxide nanoparticles (Co304 NPs) due to their widespread
applications in various fields such as environment, gas sensing,
lithium-ion batteries, energy storage, magnetic semiconductors, pig-
ments, catalysis, electrochromic devices, cosmetics, water treatment,
antibacterial activity, etc. [34,35]. Recently, it has been demonstrated
that Co304 NPs display antimicrobial activity against micro-organisms
[36]. On the other hand, Co304 NPs exhibits high particle aggregation
[37,12], which limits their reactive centers/sites leading to rapid ca-
pacity fading, low stability and poor performance. To overcome these
demerits, it is necessary to incorporate Co304 NPs with high conduc-
tivity materials, such as conducting polymers, MWCNT and graphene
[38]. MWCNT can facilitate charge transfer mechanism and provide
stability to nanoparticles against aggregation process [39]. Nanosize Se
NPs has aroused global interest in research due to its meritorious
physico-chemical properties and excellent biological activities [40,41].

Based on the interdisciplinary research escalation and their signifi-
cance [42], the synergistic combination of materials was chosen to
enhance the energy storage and antimicrobial properties [43] in
developing biocompatible, wearable energy storage devices applications
[44]. Thus, in this present work a facile hydrothermal method was
employed to synthesize Co304@Se NPs/MWCNTs nanocomposite.
Electrochemical analysis was conducted in the developed nano-
composites and measured highest specific capacitance 356 F/g at 5
mV/sec. The antimicrobial activity of Co3O4@Se NPs/MWCNTs nano-
composite was studied against various microbes (Gram-negative (G-)
bacteria and fungus). To the best of our understanding, there are no
earlier reports on the synthesis of Co304@Se NPs/MWCNTs nano-
composite and its studies towards Supercapacitive performances as well
as antimicrobial property. In addition to this, despite enormous amounts
of individual reports available on the energy storage performances of
Co304/MWCNT and the antimicrobial activity of both Co304 NPs and Se
NPs, employment of nanocomposite comprising of both Co304 NPs and
Se NPs as antibody to resist the growth of various pathogens is not
addressed yet. The beneficial properties of thiol (-SH) groups have been
properly exploited in effective anchoring and distribution of Co304@Se
NPs onto MWCNTs. As a result, Co304@Se NPs/MWCNTs nano-
composite profound as a significantly active electrode material for
supercapacitors and microbicidal effect towards micro-organisms.
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2. Experimental
2.1. Materials and instruments

Multiwalled carbon nanotube (MWCNT, SRL), 2-amino thiophenol
(2-ATP, Avra), thionyl chloride (SOCly, Avra), nitric acid (HNOs, Ran-
kem), tetrahydrofuran (THF, Rankem), cobalt nitrate (Co(NO3),, (Nice
Chemicals) N, N’-dimethyl formamide (DMF, Avra), sodium hydroxide
(NaOH, Qualigens Fine chemicals), potassium hydroxide (KOH, Nice) p-
toluene sulfonic acid (p-TSA, Avra), ethanol (Rankem), selenium dioxide
(SeO2, Nice) were used as such. The Screen-printed carbon working
electrode (SPCE) (0.07cm?) received from Zensor R&D Co. Ltd, Taiwan.
The morphology and microstructure of Co304@Se NPs/MWCNTs
nanocomposite was analyzed using a scanning electron microscope
(SEM; Jeol JSM 6390, USA) and an X-ray diffractometer (PANalytical/
XPert3 Powder, UK), respectively. The Co304@Se NPs/MWCNTs
nanocomposite was also characterized using a Fourier transform
infrared (FTIR) spectrophotometer (Perkin Elmer Model: Spectrum Two,
USA) and UV-Visible spectrophotometer (INTECH 294, India). The
electrochemical performances were recorded at room temperature with
a programmed electrochemical work station (OrigaLys-OFG500,
France).

2.2. Synthesis of Co304@Se NPs/MWCNTs nanocomposite

MWCNT was thiol functionalized using 2-aminothiophenol as re-
ported earlier [27]. The synthesis of Co304@Se NPs/ MWCNTs nano-
composite was carried out using a simple hydrothermal method. The
schematic procedure for the preparation of MWCNTs and Co304@Se
NPs/MWCNTs nanocomposite are illustrated in the Scheme 1. The
Co304@Se NPs/MWCNTs nanocomposite was synthesized by mixing an
appropriate amount of MWCNTs (0.1 g), Co(NOs)s (0.25 g) and SeO,
(0.5 g) in 70 mL aqueous solution of p-TSA (0.5 M) under ultrasonication
for about 30 min. Then 0.1 N NaOH (2.0 mL) was added in drops and the
solution was stirred for 30 mins. After stirring, the solution was trans-
ferred to a 100 mL Teflon autoclave and heated to 220°C for 12 h The
resulting black precipitate of Co304@Se NPs/MWCNTs nanocomposite
was centrifuged, washed several times with distilled water and dried at
50 °C for 12 h in hot air oven.

2.3. Fabrication of MWCNTs & Co304@Se NPs/MWCNTs modified
electrode and its electrochemical studies

The Co304@Se NPs/MWCNTs modified electrode was fabricated by
drop casting method by DMF on screen printed carbon electrode (SPCE).
For comparison, the modified MWCNTs nanocomposite electrode also
fabricated with the same procedure. Electrochemical analysis is
accomplished to examine the capacitive behavior of prepared samples.
All electrochemical measurements were carried out in a conventional
three-electrode electrochemical system using (OrigaLys-OFG500,
France). Modified Screen printed carbon electrode (SPCE) was used as a
working electrode while Platinum wire and Ag/AgCl electrode were
utilized as counter and reference electrode respectively, to establish
their electrochemical and capacitance parameters at room temperature.
1 M KOH was used as electrolyte solution for electrochemical analysis.
The specific capacitance values were calculated from CV by integrating
the electroactive area and also using charge-discharge curves.

2.4. Antimicrobial activity of Co304@Se NPs/MWCNTs nanocomposite

Kirby Bauer Agar well diffusion method was employed to study the
antimicrobial efficacy of Co304@Se NPs/MWCNTs nanocomposite
against gram-negative (G-) bacteria (Escherichia coli (E. coli, MTCC-
739) and Pseudomonas aeruginosa (P. Aeruginosa, MTCC-1688)) and
fungus (Candida albicans (C. Albicans, MTCC-227)). Clinical isolates of
cultures were obtained from Microbial Type Culture Collection and
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Scheme 1. (A) Functionalization of MWCNT and (B) Preparation of Co304@Se NPs/MWCNTs nanocomposite.

Gene Bank (MTCC), CSIR Institute of Microbial Technology, Chandi-
garh, India and the strains were preserved on Nutrient agar slants at 4 °C
. Gentamicin (10pg /disk) and DMF (100p1) were used as positive and
negative control, respectively. The three clinical isolates were grown in
nutrient broth at 37°C for 8 h The nutrient agar medium pre-sterilized by
autoclaving for 15 min at 121°C (15 Ibs pressure) was transferred into
sterilized petri plates and allowed to solidify. Subsequently, the agar
wells were prepared using well cutter. The Co304@Se NPs/MWCNTs
nanocomposite stock solution was prepared in DMF at the concentration
of 1 mg/1 mL. Then, the wells were loaded with different volumes (25,
50, 75 and 100pl) of DMF dissolved solution of Co3O4@Se NPs/
MWCNTs nanocomposite. The petri plates were incubated at 37°C for 24
h The antimicrobial activity of Co304@Se NPs/MWCNTs nanocomposite
was evaluated by zone of inhibition (expressed in millimeter). For
comparison, the microbicidal effect of MWCNTSs was also tested.

3. Results and discussion

3.1. Morphology and microstructure of Cos04@Se NPs/MWCNTs
nanocomposite

The surface morphology of the prepared samples was characterized
by scanning electron microscopy (SEM). SEM was recorded to investi-
gate the surface modification of pristine MWCNTs by thiol (-SH) func-
tionalization and presence of Co304@Se NPs onto MWCNTs. Fig. 1
displays the SEM images of MWCNTs (Fig. 1a) and Co304@Se NPs/
MWNTs nanocomposite (Fig. 1b). The SEM image of MWCNTs exhibited
uniformly distributed bright white spots with debundled tubes. It dem-
onstrates that the nanotubes become more active at the ends/sidewalls
due to functionalization of pristine MWCNTs [45]. From the image of
Co304@Se NPs/MWCNTs nanocomposite (Fig. 1b), it is presumed that
the nanospherical-shaped Se NPs of size ~ 50 nm are distributed on the
surface of MWCNTs. It is due to the exceptional anchoring ability of thiol
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Fig. 1. SEM image of (a) MWNTs and (b) Co304@Se NPs/MWNTs nanocomposite.

(-SH) groups present on MWCNTs to metal/metal oxide nanoparticles
[28]. The incorporation of thiol (-SH) group augments the surface ac-
tivity of the MWCNTs leading to high binding ability towards Se NPs
[46]. Besides, it has been witnessed that the surface of MWCNTSs is
covered completely with nanocube-shaped Co304 NPs of size ~ 300 nm.
Se NPs exhibits advantageous physicochemical properties like high
particle dispersion, good adsorption ability and more active surface area
[47]. We envisage that Se NPs with beneficial properties offer a good
coordination sites to CogO4 NPs which resulted in good distribution and
loading of Co304 NPs on the surface of Se NPs.Hence, more numbers of
nanocube-shaped Co304 NPs are anchored on the surface of Se NPs
through physical adsorption mechanism. It is clearly acknowledged
from the SEM image of Co304@Se NPs/MWCNTs nanocomposite
(Fig. 1b) that the nanospherical-shaped Se NPs are wrapped by
nanocube-shaped Co304 NPs. However, the shortcomings of Se NPs such
as enlargement and aggregation into large clusters in aqueous medium
are leading to a poor performance/activity and further affect its appli-
cations. Hence, a suitable substrate is essential to avoid such problems
associated with Se NPs [48]. In this present work, we have taken care in
avoiding aggregation of Se NPs by using MWCNTs as substrate. The
interaction of —SH groups in MWCNTs with Se NPs enhances uniform
distribution, surface enrichment and stability of Se NPs against aggre-
gation/leaching processes [49]. The unique features of thiol (-SH)
groups are exploited to adsorb and disperse Co304@Se NPs throughout
the entire surface of MWCNTs.

The crystallinity and phase characteristics of as-synthesized samples
were surveyed by X-ray diffraction (XRD) analysis. As can be seen in
Fig. 2a that the diffraction peaks located at 20 = 26.0°, 43.1° and 53.7°
correspond to the (002), (100) and (004) reflection planes of MWCNTs
[50]. Fig. 2b depicts the XRD pattern of Co304@Se NPs/MWCNTSs

Intensity (a. u)

20 30 40 50 60 70 80 90
20 (degree)

Fig. 2. XRD of (a) MWCNTs and (b) Co304,@Se NPs/MWCNTs nanocomposite.

nanocomposite. It exhibited the signature diffraction peaks of Co304
nanoparticles at 20 = 18.86°, 32.69°, 36.94°, 38.55°, 44.89°, 55.89°,
59.43°, and 65.27° which are assigned to the (111), (220), (311), (222),
(400), (422), (511), and (440) lattice planes, respectively. All these
peaks are well indexed with the cubic phase of Co304 nanoparticles
[51-53]. Besides, Co304@Se NPs/MWCNTs nanocomposite possessed
diffraction peaks at 20 = 24.1°, 29.90°, 41.37°, 43.75°, 45.41°, 47.23°,
51.42°, 55.90°, 61.40°, 65.22° and 71.12° which are attributed to the
(100), (101), (110), (102), (111), (200), (201), (112), (202), (210) and
(113) lattice planes, respectively, of a hexagonal phase of Se NPs [49].
The following observations are arrived from the XRD peak intensities of
Co304@Se NPs/MWCNTs nanocomposite: (i) The average particle size
was calculated using Debye Scherrer formula for Se NPs 29.90° (101)
plane) and Co3O4NPs (32.69° (220) plane). It was estimated that ~ 40
nm and ~ 300 nm for Se NPs and Co3O4 NPs, respectively, which cor-
roborates with the average particle size observed through SEM analysis
(Fig. 1b), (ii) Since, Se NPs exhibited exceptional properties as
mentioned in SEM analysis, more amounts of larger Co304 NPs are
anchored on the entire available surface area of smaller Se NPs. Hence,
Se NPs shows less intense peaks compared to Co304 NPs, (iii) The sharp
and well defined diffraction peaks for Se NPs as well as Co304 NPs re-
veals their crystalline nature, (iv) The presence of less intense signature
peaks of MWCNTs are ascribed to the complete surface coverage of
MWCNTs by Co304@Se NPs [54] (v) The appearance of characteristic
peaks of MWCNTs in nanocomposites ensures that the surface of
MWCNTs is not affected even after the adsorption of Co304@Se NPs
onto MWCNTSs and (vi) The characteristic peak intensities of MWCNTs in
Co304@Se NPs/MWCNTSs nanocomposite (Fig. 2b) are subdued which is
due to the introduction of Co304@Se NPs onto MWCNTs. The afore-
mentioned observations confirmed that the material is a nanocomposite
of MWCNTSs and Co304@Se NPs.

3.2. Spectral behaviour of Co304@Se NPs/MWCNTs nanocomposite

FTIR analysis has been carried out to obtain further insight into the
nanocomposite formation and successful preparation of MWCNTs. Fig. 3
represents the FTIR spectrum of MWCNTs (Fig. 3a) and Co304@Se NPs/
MWCNTs nanocomposite (Fig. 3b). In Fig. 3a, the presence of peak at
3426 cm~Lis assigned to stretching vibration of N-H in 2ATP [37]. The
band observed around 1637 cm™! which corresponds to the stretching
vibration of carbonyl bond (C = O) of amide group [22].The peak
located at 1406 cm ™~ is due to the stretching vibration of G—N-C bond
which could confirm the occurrence of amidation reaction between the
amine (-NHj;) group of 2ATP and the COCI groups onto MWCNTs [42].
The FTIR spectrum of MWCNTSs exhibits a peak at 1558 cm ™! is assigned
to C = C stretching vibrations of benzenoid rings in 2ATP [43,55-57].
The absorption peaks at 2351 cm™! and 620 cm ™! which are due to the
stretching vibration of S-H [23] and C-S [34] bond, respectively. Hence,
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Fig. 3. FTIR spectrum of (a) MWCNTs and (b) Co304@Se NPs/MWCNTSs
nanocomposite.

the characteristic FTIR spectral peaks of MWCNTs authenticates the
successful covalent functionalization of MWCNTs surface with 2ATP.
In order to probe the genuine preparation of Co304@Se NPs/
MWCNTs nanocomposite, FTIR was recorded and the result is presented
(Fig. 3b). The effective formation of Co304@Se NPs/MWCNTs nano-
composite is established by monitoring the following changes in the
peak/band intensity/position of nanocomposite: (i) The slight shifts in
the position of the characteristic peaks/bands of MWCNTs after incor-
poration of CozO4@Se NPs onto MWCNTs suggests that there can be a
molecular level interaction between Co304@Se NPs and MWCNTs [58]
(ii) The appearance of new vibration absorption peak at 1451 cm™! with
concomitant disappearance of peak for benzenoid ring is related to C = C
stretching vibrations of the quinoid ring in 2ATP [59]. This may be
presumably due to the fact that the incorporation of Co304@Se NPs on
to MWCNTs induces the electron movement through aromatic ring of
2ATP. Hence, it results in generation of more conductive quinoid units
[44], (iii) On close analysis, the vibration peak corresponds to S-H group
is vanished in the FTIR spectrum of Co304@Se NPs/MWCNTs nano-
composite (Fig. 3b). Binding of Co304@Se NPs onto MWCNTs surface
could restrict the vibration of thiol (-SH) groups. It makes certain the
loading of Co304@Se NPs onto MWCNTs [50] (iv) A new less intense
peak emerged at 2250 cm ! indicates the formation of Se NPs [46], (v)
The absorption peak located at 686 cm ! is related to the Co-O
stretching vibration [47], (vi) The presence of intense absorption peak
at 814 cm™! corresponds to Se—O stretching vibration [48]. It supports
the physisorption of Co3O4 NPs on the surface of Se NPs through its
oxygen atoms. The advantageous properties of Se NPs promote effectual
adsorption of more amounts of Co304 NPs onto Se NPs, (vii) Low intense
peak observed at 492 cm ! is ascribed to the vibration of Se—S [49]. The
adsorbed Co304 NPs onto Se NPs suppresses the stretching vibration of
Se-S bond and (viii) The appearance of less intense peak for Se NPs

Chemical Physics Impact 7 (2023) 100253

(2250 cm™ 1) and intense peaks for Co-O stretching vibration (686
cm_l)/Se—O stretching vibration (814 cm_l) suggests that anchoring of
large numbers of Co304 NPs onto Se NPs through physical adsorption
process could restrict the vibration of Se NPs. The above-mentioned
spectral characteristics validate the formation of a nanocomposite
comprising of MWCNTs and Co304@Se NPs.

In order to establish further the synthesis of Co304@Se NPs/
MWCNTs nanocomposite, UV-Visible spectroscopy is used to probe the
interactions between MWCNTSs and Co304@Se NPs. For this, UV-Visible
spectrum of MWCNTs and Co304@Se NPs/MWCNTs nanocomposite
were recorded and displayed (Fig. 4A). The UV-Visible spectrum of the
MWCNTs exhibits a strong absorption peak at 270 nm which is assigned
to n-n* of aromatic C = C bonds of MWCNTs [50,60-62]. The formation
of Co304@Se NPs/MWCNTs nanocomposite is authenticated from the
following observations: (i) Spherical shaped Se NPs in the nano-
composite display its typical plasmonic resonance band as a small hump
around 550 nm [54], (ii) A small shoulder observed around 273 nm is
attributed to the presence of Co304 nanoparticles in the nanocomposite
[58], (iii) The appearance of less intense hump for Se NPs is presumed
that the entire surface of Se NPs because of its beneficial inherent
properties is completely covered with Co3O4 NPs, and (iv) After the
incorporation of Co304@Se NPs onto MWCNTs, the signature peak of
MWCNTs is subdued with blue shift to 268 nm. It indicates the existence
of a strong molecular level interaction between MWCNTSs and Co304@Se
NPs.

Besides, the band gap value was calculated by Tauc method using the
absorbance values (From UV-Visible spectral data). It suggests that the
optical absorption strength depends on the difference between the
photon energy and the bandgap. The optical band gap (Eg) can be esti-
mated by the Tauc’s relation i.e., (ahv)/™ = A(ho - Eg), where « is the
absorption coefficient, hv is the photon energy, A is a constant that de-
pends on the transition probability and the factor n represents nature of
the transition which theoretically equal to 2 and 1/2 for allowed indirect
and direct electronic transition, respectively. The plot (¢hv)!/" vs hv ata
given n value shows the transition type and the interception point with
the x axis (energy axis) provides the direct energy band-gap value.
Fig. 4B depicts the Tauc plot of MWCNTSs and Co304@Se NPs/MWCNTs
nanocomposite at n = 2. The direct band gap value of Co304@Se NPs/
MWCNTs nanocomposite (4.17 eV) is higher than that of MWCNTs
(3.86 V). The band gap of MWCNTs was increased after the incorpo-
ration of Co304@Se NPs into the MWCNTSs matrix. It is presumed that
there is an electronic transition between MWCNTs matrix and
Co304@Se NPs.

3.3. Electrochemical performance evaluation

3.3.1. Cyclic voltammetry (CV) behavior of the modified SPCE/MWCNTs
& SPCE/Co304@Se NPs/MWCNTs nanocomposite

The cyclic voltammetric (CV) curves of the modified MWCNTs &
Co304@Se NPs/MWCNTSs nanocomposite on SPCE in 1 M KOH aqueous
electrolyte are shown in Fig. 5(A). Fig. 5(A) illustrates the cyclic
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Fig. 4. (A) UV-Visible spectrum and (B) Tauc plot of (a) MWCNTs and (b) Co304,@Se NPs/MWCNTSs nanocomposite.
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voltammetric performance of (a) Bare SPCE (b) SPCE/MWCNTs & (c)
SPCE/Co304@Se NPs/MWCNTSs nanocomposite electrode with the po-
tential window between —1.2 and 1.6 V at a scan rate of 5 mV/s. The
electrochemical potential windows are adjusted according to the loca-
tions of the redox couples. A pair of redox patterns are observed around
0.13, 0.8 V with its counter parts nearby 0.03, 0.6 V (Vs Ag/AgCl)
respectively. These electrochemical signatures with increased current
density pattern were observed from Fig. 5A (c) indicates the electro-
active interactions amid SPCE/Co304@Se NPs/MWCNTs nano-
composites and reversible transitions of Co304 and CoOOH (II/III) and
between CoOOH and CoO; (III/1V). The reactions are represented below
@ &ii): [59,63],

Co304 + OH — + H,0 < 3Co0O0H + e— )]

CoOOH + OH — < Co0, + H,0 + e— (i)

There are no significant peaks are shown in the CV pattern for bare
SPCE in (Fig. 5A (a)). Fig. 5A (b) detailed CV pattern, there is a slight
pair of redox peaks were witnessed for SPCE/MWCNTSs. In comparison,
the presence of SPCE/Co304@Se NPs/MWCNTs nanocomposite esca-
lated the higher current density than the other modified electrodes. The
properties of thiol (-SH) groups have been properly exploited in effec-
tive anchoring and distribution of Co304@Se NPs grafted onto
MWCNTs. This effective interaction augments superior electron transfer
kinetics pathways between the constituents. Thus, due to the improved
current density with superior electron transfer characteristics of the
SPCE/Co304@Se NPs/MWCNTs nanocomposite electrode was chosen
for further electrochemical investigations.

The SPCE/Co304@Se NPs/MWCNTSs nanocomposite electrocatalytic
material have an excellent significance over the stability factor. The
recorded CV pattern till 100th cycle ensures the stability of the syn-
thesized modified nanocomposite electrode (SPCE/Co304@Se NPs/
MWCNTs) (Fig. 5B). The stability cycling pattern illustrates comparison
of the 1st cycle, 50th and the 100th cycle, a slight variation in the cur-
rent density was noticed but there is no obvious declination occurs in the
reaction. Thus SPCE/Co304@Se NPs/MWCNTs demonstrates the
steadiness of composited materials.

CV peaks at different scan rates from 5 to 100 mV/s (i.e.
5,20,40,60,80,100 mV/s) in the potential series of —1.2 to 1.6 V is
revealed in Fig. 5C. The CV peaks retain their original shape even at high
scan rate (100 mV/s) with raising current density signifying good
electrochemical reversibility desirable for high power supercapacitor.
The current under CV curve gradually increased with scan rate. This
reveals that the voltammetric current is directly proportional to the scan
rates of CV, representing an ideally capacitive behavior. The specific
capacitance of the SPCE/Co304@Se NPs/MWCNTs measured graphi-
cally by integrating the electroactive surface area in the CV peak using
the following Eq. (1) [4,6,59,63,64].

Csp:/ldv/m*s*dv (@D)]

where m is the mass of the electroactive material (g) of the electrode
sample and s is the scan rate (mV/s) and dv is change in voltage (V).

The maximum specific capacitance was estimated at 5 mV/s was 356
F/g. The specific capacitance values start to fall from 356 to 31.5 F/g by
increasing the scan rate as depicted in Fig. 5D (specific capacitance Vs
Scan rate). This was generally due to the transfer rate of ions becomes
slower with increasing scan rate which tend to either depletion or
saturation of protons in the electrolytes inside the electrode during the
re-dox process. This outcome in an increase in ionic resistivity which
leads to a drop in the capacitance of the electrode. Thus, the excellent
electrocatalytic, better stability and supercapacitive performances of
SPCE/Co304@Se NPs/MWCNTs originated from the synergistic effect of
them [64,65]. So, this type of composites can be reflected as promising
materials for supercapacitor applications.

3.3.2. Electrochemical impedance spectroscopy (EIS) study

Fig. 6A (inset displays the magnified EIS plot) shows the electro-
chemical impedance spectrum (Nyquist plot) of (a) Bare SPCE (b) SPCE/
MWCNTs and (c) SPCE/Co304@Se NPs/MWCNTs nanocomposite elec-
trode. In the high frequency region, a semi-circle with low charge
transfer resistance (Rct) confirms the SPCE/Co304@Se NPs/MWCNTs
(~ 0.16 KQ) modified electrode owns high electrical conductivity than
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Fig. 6. (A). EIS spectra of (a) Bare SPCE (b) SPCE/MWCNTs and (c) SPCE/Co304@Se NPs/MWCNT nanocomposite (B) GCD curve of SPCE/Co304@Se NPs/MWCNT
nanocomposite and (C) Capacity retention of SPCE/Co304,@Se NPs/MWCNT nanocomposite electrode.

SPCE/MWCNTs (~ 0.4 KQ and Bare SPCE ~ 0.5 KQ). This elucidation
point outs a low charge transfer resistance in the electrochemical system
and a prominent capacitive performance [66]. The electrical conduc-
tivity of the nanocomposite electrode elevated due to the fusion and the
synergistic interaction between the materials. The attained EIS plot
ensured the ease of electron transfer pathway for SPCE/Co304@-
SeNPs/MWCNTs nanocomposite electrode which coincides with the CV
outcomes.

3.3.3. Electrochemical properties of fabricated SPCE/Co304@Se NPs/
MWCNTs modified electrode towards supercapacitance performances by
GCD technique

In Fig. 6B GCD curves represents the charge-discharge behavior of
the SPCE/Co304@Se NPs/MWCNTSs modified electrode within the fixed
potential width of —1.2 V to 1.6 V with various current densities (0.1 to
0.5 A/g) in presence of 1 M KOH. It is inferred that the achieved charge
curves are moreover same to the discharging curve, but there is an
insignificant difference in the charging as well as discharging time. Also,
during the discharge-charge cycle a low voltage drop was observed and
it specifies the improved conductivity of the materials. The average
specific capacitance of the synthesized nanocomposite electrode (~212
F/g) was estimated from the Eq. (2) using charge—discharge curves [4,
6].

Cm = Id. Atd/m.AV 2)

Here, 1d -discharging current (A), Atd —discharging time (sec), AV-
change in voltage (V), and m-the electro-active mass (g) on the modified
SPCE electrode substrate.

Also, the coulombic efficiency of the SPCE/Co304@Se NPs/MWCNTs
modified electrode is about 84% was assessed using Eq. (3).

Coulombicefficiency% = (Atd | Atc) x 100% 3

Here, Atc (sec) and Atd (sec) are change in charging and discharging
time.

The capacitor discloses the superior cycling retention of 89% after
1000 cycles (Fig. 6C). There is a slight early irregular deviation in Csp at

95% is owing to the slightly dispersion of SPCE/Co304@Se NPs/
MWCNTs into the electrolyte while it is immersed for an instant, later it
was found stabilized and an estimable reversibility with an 89% was
attained. The occurred results designate that superior electrode cycling
stability due to the synergistic interaction amid the constituents as well
as the functionalized thiol (-SH) group influences in the enrichment of
Co304@Se NPs onto MWCNTs.

3.4. Antimicrobial activity

The antimicrobial activity of MWCMTs and Co304@Se NPs/
MWCNTSs nanocomposite was tested against gram-negative (G-) bacteria
(E. coli and P. aeruginosa) and fungus (C. albicans) as model micro-or-
ganisms[50]. The antimicrobial activity has been measured by standard
zone of Inhibition (ZOI) microbiology assay. Fig. 7 demonstrates the
antimicrobial activity result of MWCMTs (Fig. 7a) and Co3O4@Se
NPs/MWCNTs nanocomposite (Fig. 7b) on various pathogens. The in-
hibition zone (mm) values against pathogens for both MWCMTs and
Co304@Se NPs/MWCNTs nanocomposite are listed in Table 1. Genta-
micin was used as a standard to evaluate the efficacy of antimicrobial
activity with MWCMTs and Co30O4@Se NPs/MWCNTs nanocomposite.
From the zone of inhibition values, it is observed that the Co304@Se
NPs/MWCNTs nanocomposite exhibited potent microbicidal effect on
pathogens than MWCNTs (Table 1).

Generally, the physical properties such size, surface area, polar sur-
face, morphology, adsorption etc. enhances the antimicrobial efficacy of
nanoparticles [67-70]. The antibacterial activity of Co304@Se
NPs/MWCNTs nanocomposite is due to the existence of electrostatic,
hydrophobic, van der Waals or receptor-ligand interactions between
negatively charged bacterial cells and positively charged Co304 NPs [58,
71,72]. Since G- bacterial cell surface carrying more negative charges
from lipopolysaccharides, the positively charged Co®" can attach with
negatively charged cell membrane through these interactions [54].
Hence, it is revealed vivid that the binding of Co?* with negatively
charged surface of G- bacteria through electrostatic interaction facili-
tated the induction of reactive oxygen species (ROS) and hydroxyl free
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Fig. 7. Antimicrobial activity of (a) MWCNTs and (b) Co304@Se NPs/MWCNTSs nanocomposite against various pathogens.

Table 1
Antimicrobial effect of synthesized samples against various pathogens.

Samples Pathogen DMF Extract 100ul added and Zone of
inhibition (mm/ml)
25 50 75 100 Reference
ul ul ul ul Antibiotic”
MWCNTs E. coli 12 15 18 22 32
Pseudomonas 14 17 20 22 34
aeruginosa
Candida 14 12 24 25 34
albicans
Co304@Se E. coli 18 20 20 25 32
NPs/ Pseudomonas 16 19 22 27 34
MWCNTs aeruginosa
Candida 18 20 22 28 34
albicans

# Gentamicin (10 ug/disc) antibiotic as standard antibiotics for all the
pathogens.

radicals, which could cause cell death [27,73]. Besides, it is pertinent to
note that Co304@Se NPs/MWCNTs nanocomposite exhibited a signifi-
cant antifungal activity with the zone of inhibition of 28 mm against
fungi (C. albicans) as compared to positive control, Gentamicin (22
mm).

Since, Se NPs possesses very vital and mandatory properties such as
high particle dispersion, high adsorption, morphology and large surface
area, it has been considered as a promising antimicrobial agent [13]. As
a negative, usually Se NPs are highly unstable in aqueous media and are
apt to aggregate into bulk. These tendencies result in loss of activities of
Se NPs [24,74]. Hence, it is essential to choose a suitable sub-
strate/stabilizing agent to enhance good stability and dispersion of Se
NPs in aqueous medium. For this purpose, in this present investigation,
MWCNTs has been preferred as a disperser and stabilizer to Se NPs. The
most advantageous features of thiol (-SH) group in MWCNTs were
exploited to anchor more numbers of Se NPs onto MWCNTs. As a result,
Se NPs with inbuilt meritorious properties could augment physisorption
of more amounts of Co304 NPs on its surface. The intertwined

performance of both Co304 NPs and Se NPs was used to study the
microbicidal efficiency of Co304@Se NPs/MWCNTSs nanocomposite to-
wards various pathogens.

The probable reasons for antimicrobial activity of MWCNTs are
given here: (i) Debundled nature of MWCNTs is due to effective func-
tionalization of MWCNTs with 2ATP. It may enhance the antimicrobial
action of MWCNTs [67],(ii) The higher dispersibility of MWCNTs due to
thiol (-SH) functionalization may promote its antimicrobial activity
[26] (iii) MWCNTs provide concomitant capture and deactivation of
micro-organism through microbial sorption [67] (iv) The
electron-donating nature of thiol (-SH) group present in 2ATP triggers
the jumping of electrons through the benzene ring of 2ATP. It results in
the formation of positively charged thiol (-SH) sites in 2ATP. Thus, there
may be a chance for adsorption of positively charged thiol (-SH) group
onto the negatively-charged cell membrane [63], (v) Covalent func-
tionalization of surface of MWCNT with higher stability and lesser
toxicity can promote /augment the antimicrobial activity of MWCNTs
[75,471, (vi) The hydrogen bond formation between the thiol (-SH)
groups of MWCNTs and hydroxyl (-OH) groups of cell membrane of
microbes which can inhibit the growth of the cells and (vii) Attachment
of MWCNTs on the cell membrane surface [76]. The advantageous
properties of thiol (-SH) groups could facilitate significantly superior
antimicrobial activity of Co304@Se NPs/MWCNTs nanocomposite
against micro-organisms.

4. Conclusions

The present work demonstrates a facile hydrothermal strategy to
synthesize a nanocomposite (Co304@Se NPs/MWCNTSs) comprising of
thiol (-SH) functionalized multiwalled carbon nanotube (MWCNTSs) and
cobalt oxide adsorbed onto selenium nanoparticles (Co304@Se NPs).
The marginal shift in position with change in intensity of signature
peak/band of MWCNTs observed in microstructural and optical studies
after the incorporation of Co304@Se NPs clearly envisaged that there
must be a molecular level interaction between MWCNTSs and Co304@Se
NPs. Besides, the XRD, FTIR and UV-Visible analysis of Co304@Se NPs/



J. Thangarathinam et al.

MWCNTs nanocomposite revealed the existence of Co304 NPs and Se
NPs on the surface of MWCNTSs. All these features acknowledged the
genuine formation of nanocomposite consisting of Co304@Se NPs and
MWCNTs. Co304@Se NPs/MWCNTs nanocomposite exhibits super-
capacitive performances and microbicidal activity against Gram-
negative (G-) bacteria (E. coli and Pseudomonas aeruginosa) and fun-
gus (Candida albicans). It showed excellent specific capacitance 356 F/g
with good cyclic stability and superior inhibitory effect towards the
growth of pathogens. The presence of thiol (-SH) group onto MWCNTSs
plays a very crucial role in enhancing the electrochemical performance
as well as antimicrobial activity of Co304@Se NPs/MWCNTs nano-
composite. The influence of beneficial properties of thiol (-SH) func-
tionalized group was used in stabilizing and distributing (without
aggregation) Co304@Se NPs onto MWCNTs. From our results, this
functionalized Co304@Se NPs/MWCNTs nanocomposite may be
considered as a promising candidate for futuristic energy storage and
biomedical applications as wearable device.
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