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g r a p h i c a l a b s t r a c t
� A new type of bimetallic CoFeSe2
nanosphere were synthesized and
successfully entrapped on the surface
of functionalized carbon nanofiber
(CoFeSe2/f-CNF) using simple hydro-
thermal technique.

� CoFeSe2/f-CNF modified electrode
exhibits excellent electrocatalytic ac-
tivity towards the electrochemical
detection of caffeic acid (CA).

� The ultra-low detection limit
(0.002 mM) of CAwere achieved using
CoFeSe2/f-CNF modified electrode.

� The excellent electrocatalytic activity
of CoFeSe2/f-CNF facilitate the detec-
tion of CA in wine.
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The ever-increasing requirement of an electrochemical sensor in various paramedical and industrial
applications, the recent research is motivated to fabricate a new type of electrode material with unique
electrochemical properties for quantitative detection of various target analytes. Recently, the metal
diselenides have been interested in a broad range of electrochemical applications due to their interesting
electrocatalytic performances. Despite the metal diselenides have been widely focused on hydrogen
evolution reaction (HER) and oxygen reduction reaction (ORR), it is not much focused on electrochemical
sensor. For the first time, the bimetallic cobalt-iron diselenide nanosphere entrapped functionalized
carbon nanofiber (CoFeSe2/f-CNF) composite have been synthesized by using simple hydrothermal
synthesis and used as an electrode material for efficient electrochemical detection of caffeic acid (CA).
The functionalization of CNF and the formation of CoFeSe2/f-CNF nanocomposite have been successfully
scrutinized by using Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray powder
diffraction, transmission electron microscopy and scanning electron microscopy, energy dispersive X-ray
spectroscopy, and X-ray photoelectron spectroscopy. In addition, the electrochemical properties of
Chen).
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CoFeSe2/f-CNF modified glassy carbon electrode (GCE) towards CA sensing were investigated by using
cyclic voltammetry, differential pulse voltammetry and electrochemical impedance spectroscopy. As the
result of the electrochemical studies, the developed CoFeSe2/f-CNF/GCE sensor exhibits very low
detection limit (0.002 mM) and better sensitivity (2.04 mA mM�1 cm�2) of CA. And also, CoFeSe2/f-CNF/GCE
sensor shows the feasible detection of CA in red wine samples, it reveals the excellent practicability of
CoFeSe2/f-CNF/GCE.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

As a new metal chalcogenide, metal diselenides have been
received enormous interest in recent research owing to their
excellent physical and electrochemical properties [1e3]. In general,
the Se based metal chalcogenides exhibit enhanced electro-
chemical activities than S basedmetal chalcogenides because of the
higher metallic property of Se [4]. Herein, Se is the more adjacent
chemical element to O and S in the sixth main group of the periodic
table and exhibiting identical properties with one another.
Recently, many metal diselenides MSe2 (M¼ Fe, Co, Mo, Ni, Cu and
Mn etc.) have been synthesized and applied as an active electrode
material in numerous electrochemical applications including solar
cells, batteries, supercapacitors, fuel cells, hydrogen evolution re-
actions (HER), oxygen reduction reactions (ORR) and especially in
electrochemical sensors [5e10]. Among these MSe2, many research
articles have been published on FeSe2 and CoSe2 due to their
excellent electrical conductivity, enlarged surface area, shortened
diffusion length for both ion and electron, high specific capacitance,
cycling stability, low charge transfer resistance and substantial
electrocatalytic activity, etc., [11e15]. For instance, Huaqing Xiao
et al., reported the synthesis of lamellar structured CoSe2 nano-
sheets and used as an efficient catalyst for hydrogen evolution re-
action [16] and Feipeng Zhao et al., prepared ultra-small FeSe2
nanoparticle for enhancing sodium ion storage performance [17].
Interestingly, the low spin configuration of a 3d electron in co-
facilitate the high metallic property to CoSe2, which can increase
the charge transfer along the catalytic process [16]. At the same
time, the doping of Fe effectively improved the catalytic activity of
CoSe2, because of the small d% difference between Fe (39.5) and Co
(39.7) offers higher binding ability as well as enhance the high
surface area and efficient electron transfer [18]. Hence, the syner-
gistic effect between Fe and CoSe2 could beneficially enhance the
electrocatalytic activity of Fe/CoSe2 alloy. Although the electro-
catalytic behavior of FeSe2, CoSe2, and Fe/CoSe2 alloy have been
well studied for aforementioned applications, still the Fe/CoSe2
alloy has not been used as an electrodematerial for electrochemical
sensor. Encouraged by these above mentioned studies, CoFeSe2
anchored functionalized carbon nanofiber (f-CNF) was prepared
and applied as an active electrode material towards the sensing of
caffeic acid (CA). In general, the carbon-based nanomaterials such
as carbon nanotube (CNT), carbon nanofiber (CNF), graphene, car-
bon nanosphere and activated carbon have been considered as
promising supportive and active materials due to their high surface
area, outstanding electrical conductivity, high electrocatalytic ac-
tivity and more stability, etc. [19e21]. Recently, carbon nanofiber
(CNF) has been developed as a promising electrode material in
numerous applications owing to the larger surface to volume ratio
than CNT [22], interesting cylindrical nanostructure with stacking
arrangement of graphene sheets and more edge plane defects on
outer wall offer efficient electron transfer [23]. Mainly, the func-
tionalized CNF (f-CNF) exhibits high solubility and high electro-
catalytic activity than pristine CNF because of more anchoring sites
and surface reactive carboxylic acid, hydroxyl and carbonyl groups
on its open end/side walls [24]. Hence, the integration of f-CNF
could effectively enhance the electrochemical properties of CoFeSe2
towards the electrochemical detection of CA.

CA is a well-known phenolic acid found in various fruits and
vegetables including broccoli, citrus fruit, tea, coffee, and wines
[25]. The molecular structure of CA contains two hydroxyl groups
which are a significant contribution to unique antioxidant proper-
ties of CA. Interestingly, the CA exhibits numerous pharmaceutical
activities such as antiallergic, antibacterial, antitumor effect and
reduce inflammation [26]. The intake of CA contains foods are
recommended to be included in diet habits and new dietary sup-
plements. For instance, drinking of CA includes coffee and wines is
significantly prevent the neurodegeneration and brain injury.
Moreover, the HIV replication also can stop by CA due to its po-
tential pharmaceutical activities [27]. Thus, the quantitative
detection of CA is more beneficial for healthcare and qualitative
analysis. Nowadays, different techniques have been developed for
the determination of CA in wine such as electrophoresis [28],
electron-spray ionization mass spectroscopy [29] and High-
pressure liquid chromatography [30]. These aforementioned
methods have some difficulties including high cost, require
expensive instrumental set up and more time-consuming process.
In order to overcome such difficulties, the electrochemical method
has been recently preferred due to low-cost, easy sample prepa-
ration and sensitive detection even at low concentration of target
analyte [31].

The present study is the first attempt to prepare a CoFeSe2/f-CNF
nanocomposite by a hydrothermal method and applied as a useful
electrode material for sensitive electrochemical detection of CA.
Numerous analytical techniques were performed to scrutinize the
structural changes and crystalline properties of the CoFeSe2/f-CNF
nanocomposite. Remarkably, CoFeSe2/f-CNF/GCE is foundwith high
electrocatalytic activity towards the oxidation of CA than bare GCE,
f-CNF/GCE and CoFeSe2/GCE . The nanostructured CoFeSe2/f-CNF/
GCE shows an outstanding performance towards the detection of
CA in terms of wide linear range, excellent sensitivity
(2.04 mA mM�1 cm�2) and ultra-low detection limit of 2.0 nM. In
addition, the present sensor has the advantages of reliable stability,
and selectivity. The real sample analysis also stated that the feasible
practicability of CoFeSe2/f-CNF/GCE towards the sensing of CA in
wine sample.
2. Experiment section

2.1. Materials and reagents

The Co(NO3)2. 6H2O, N2H4. H2O purchased from ACROS chem-
icals. FeCl3. 6H2O, Na2SeO3, caffeic acid and carbon nanofiber (CNF,
D� L¼ 100 nm� 20e200 mM, average pore volume¼ 0.075 cm3/
g) were purchased from Sigma Aldrich. The supporting electrolyte
0.05M phosphate buffer solution (PBS) (pH 7) was prepared by
mixing of 0.05M Na2HPO4 and NaH2PO4, and the pH of the PBS was
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varied by adding NaOH/H2SO4. All chemicals reagents were of
analytical grade and were used without further purification.

2.2. Functionalized of carbon nanofiber (f-CNF)

In this functionalization process, 1 g of CNF was added to the
40mL of HNO3/H2SO4 (1:3) acid mixture at 50

̊

C for 8 h with
continuous magnetic stirring. Herein, the addition of H2SO4 was
used to make defect sites and HNO3 for generating the oxygen
functional groups (carboxylic acid, hydroxyl, and carbonyl groups).
After the continuous stirring, the resultant functionalized CNF so-
lution was centrifuged and washed with an obvious amount of DD
water until the pH value attains around 7. Finally, the resultant f-
CNF was dried in vacuum oven for overnight [24].

2.3. Hydrothermal synthesis of CoFeSe2/f-CNF nanocomposite

The CoFeSe2/f-CNF nanocomposite was prepared in hydrother-
mal technique by the following procedure. In this experiment, the
as-prepared f-CNF (5mg/mL) was dispersed in 20 mL of water by
ultrasonication for 15min. Then, the f-CNF solutionwas transferred
to stirring with the further additions of 0.02M FeCl3. 6H2O, 0.02M
Co(NO3)2. 6H2O and 0.04M Na2SeO3 powder were mixed into the
above solution under vigorous magnetic stirring. After 10min
stirring, 2mL hydrazine hydrate was added to the above mixture
and observed the formation of black color precipitation by
continuous stirring for 30min. The resultant solution was trans-
ferred into 50mL Teflon equipped autoclave and subjected to 180 C
for 12 hrs in the hot air oven. After heating, the autoclave was
allowed to cool at room temperature. The resulting black color
precipitationwas washed with ethanol and water, then dried in hot
air oven at 45 C for awhole night. The followed synthesis process is
clearly illustrated in Scheme 1.

2.4. Characterizations

The crystalline properties of CoFeSe2/f-CNF nanocomposite
were analyzed by using XRD (XPERT-3 diffract meter with Cu Ka
radiation (K¼ 1.54 Å)). Fourier transform infrared spectroscopy (FT-
IR) measurement was recorded using JASCO FT/IR-6600. Raman
̊

̊

Scheme: 1. Schematic illustration for the syn
spectroscopy was a recorded by using WITech CRM200 confocal
microscopy Raman system with a 488 NM laser. The surface
morphology of CoFeSe2 and CoFeSe2/f-CNF nanocomposite were
recorded by using TEM (JEOL 2100F). Scanning ElectronMicroscopy
(SEM) was performed by using Hitachi S-3000H electron micro-
scope. Energy dispersive X-ray (EDX) spectrumwas recorded using
HORIBA EMAX X-ACT that was attached with Hitachi S-3000 H
scanning electron microscope. X-ray photoelectron spectroscopy
(XPS) also has been registered by using Thermo scientific multi-lab
2000. Electrochemical impedance spectroscopy (EIS) has been
recorded by using IM6ex ZAHNER impedance measurement unit.
The electrochemical behavior of CoFeSe2/f-CNF nanocomposite has
been registered by using CV (CHI611A electrochemical analyzer)
and, DPV (CHI900 electrochemical analyzer). In this all electro-
chemical studies, the conventional three-electrode system where
glassy carbon electrode (GCE) was used as a working electrode, a
saturated Ag/AgCl electrode as a reference electrode and a platinum
wire as the auxiliary electrode. All measurements were carried out
at room temperature.

2.5. Fabrication of CoFeSe2/f-CNF nanocomposite modified GCE

The CoFeSe2/f-CNF dispersion was prepared by dispersing of
1mg CoFeSe2/f-CNF in 1mL ethanol and sonicated for 15min.
Subsequently, the 6 mL of the CoFeSe2/f-CNF suspension was coated
on GCE surface and dried in an oven at 45 C. After that, the dried
GCE was gently rinsed with DD water to remove the loosely
aggregated materials on the GCE surface. Finally, the obtained
CoFeSe2/f-CNF modified GCE was used for further electrochemical
studies.

3. Results and discussion

3.1. Characterizations of CoFeSe2/f-CNF nanocomposite

The morphological characteristic of CoFeSe2/f-CNF has been
clearly investigated by using TEM and displayed in Fig. 1. The
sphere-like the structure of CoFeSe2 with uniform size of about
~7 nm can be observed in Fig. 1 (A, B). The HRTEM image of CoFeSe2
nanospheres (Fig. 1C) shows the lattice fringes with a d spacing of
̊

thesis of CoFeSe2/f-CNF nanocomposite.



Fig. 1. Different magnified TEM images of (A-C) CoFeSe2, (D-F) f-CNF and (G-I) CoFeSe2/f-CNF nanocomposite.
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0.37 nm for corresponding lattice plane (110). And also, the selected
area electron diffraction (SAED) pattern of CoFeSe2 is shown in
Fig. 1C (inset). The more bright spots on each fringe of SAED pattern
reveals the polycrystalline nature of CoFeSe2. The first five fringes in
SAED pattern are intensely assigned to the (110), (210), (011), (111)
and (121) planes, which is good agreement with XRD pattern of
CoFeSe2. In addition, the stacking arrangement of graphene-like
nanosheets is observed which may due to the unzipping of f-CNF,
and the images are shown in Fig. 1D-F. Especially, Fig. 1E shows the
f-CNF with a shortened length and an open end, which reveals the
functionalization of CNF. Afterward, the integration of CoFeSe2 on f-
CNFwas successfully examined by observing the TEM images (Fig. 1
(GeH)). CoFeSe2 nanospheres with an average diameter of < 5 nm
are uniformly distributed on the surface of f-CNF, whereas the
diameter of the particle in composite (Fig. 1I) is almost identical to
CoFeSe2 nanospheres (Fig. 1B (inset)).

Further characterization techniques were followed to confirm
the formation of CoFeSe2. Fig. S1(A) shows the EDX spectra of
CoFeSe2 with resultant sharp peaks of Co, Fe and Se elements and
the considerable quantitative weight percentage were recorded for
Co, Fe and Se elements of about 1.15%, 0.71% and 0.12% respectively
and its corresponding bar diagram is shown in Fig. S1(B). Fig. S1(C)
shows the SEM images of CoFeSe2, which shows the aggregated
nanosphere of CoFeSe2, the corresponding elemental mapping for
Co, Fe and Se elements are shown in Fig. S1(D-F), which evidently
confirms the uniform distribution of Co, Fe, and Se2, where these all
major elements were represented in different colors.

The functionalization of CNF and the formation of CoFeSe2/f-CNF
nanocomposite are confirmed by using FT-IR analysis. The charac-
teristic peaks in the FT-IR spectra of f-CNF (Fig. 2A (a)) at 1720, 1047
and 1227 cm�1 correspond to the oxygen functional groups C¼O, C-
OH and C-O-C respectively [24]. For the comparison, Fig. S2 shows
the FT-IR spectrum of unfunctionalized CNF with weak observed
peaks. Thus, the functionalization of CNF was successfully scruti-
nized. Fig. 2A (b) shows the FTIR spectrum of the CoFeSe2 with
corresponding peaks at 910.39, 1042.97, 1088.17, 1648.02 and
3304.19 cm�1 corresponds to Fe and Co complex bonding with Se
[16,32]. The formation of the nanocomposite was apparently
confirmed by observing the FT-IR spectra (Fig. 2A (c)), which con-
sists the FT-IR peaks of both f-CNF and CoFeSe2.

The Raman spectra also evidently confirm the functionalization
of CNF through the variation in the relative intensity of D band and
G band. Fig. S3 shows the Raman spectra of both CNF and F-CNF
with two well-defined D and G band at 1368 cm�1 and 1617 cm�1

respectively. In general, the D band attributed due to disordered
(sp2 bonded sites) nature of the graphitic structure and G band is



Fig. 2. FTIR spectra and XRD pattern of (a) f-CNF, (b) CoFeSe2 and (c) CoFeSe2/f-CNF nanocomposite.

M. Sakthivel et al. / Analytica Chimica Acta 1006 (2018) 22e3226
due to the C-C stretching in the graphitic material. The increasing
intensitive of D band in F-CNF due to the formation of defect on the
surface of CNF as the result of functionalization process. The in-
tensity ratio of the D band to the G band (ID/IG) is often used to
estimate the defect concentration in carbon materials. The ID/IG
ratio of CNF is 0.95 lower than that value 1.01 of F-CNF are con-
firming the functionalization process.

The XRD patternwas recorded for f-CNF, CoFeSe2 and CoFeSe2/f-
CNF as shown in Fig. 2B. Fig. 2B (a) shows the most intense
diffraction peaks of f-CNF at 23.74

̊

and 42.96

̊

with corresponding
lattice planes (002) and (110) respectively. The observed carbon
peaks are greatly assigned to the hexagonal carbon crystal facewith
standard data of CNF (JCPDS 75-1621). Fig. 2B (b) shows the major
diffraction peaks of CoFeSe2 at 23.4

̊

, 29.67

̊

, 35.77

̊

, 41.28

̊

, 43.72

̊

,
45.25

̊

and 52.3

̊

with corresponding lattice planes are (110), (011),
(111), (210), (102), (221) and (311) respectively, which are similar to
the XRD pattern of orthorhombic phase FeSe2 (JCPDS card no. 21
-0432) and orthorhombic phase CoSe2 (JCPDS No. 09-234) [33,34].
In addition, the sharp diffraction peaks are representing the high
crystalline purity of CoFeSe2. Hence, the followed hydrothermal
technique can be considered as a promising way to prepare the
CoFeSe2 with uniform size and shape. Fig. 2B (c) shows the
diffraction peaks of both CoFeSe2 and f-CNF, which confirms the
formation of CoFeSe2/f-CNF nanocomposite.

The chemical and surface electronic state of the element in
CoFeSe2 were successfully scrutinized by using XPS analysis and
presented in Fig. 3. Fig. 3A shows the survey spectrum of CoFeSe2
with significant characteristic peaks at 792.9, 721.08, 534.6, 287.4
and 56.9 eV for Co 2p, Fe 2p, O 1s, C 1s and Se 3d respectively. The C
(as the reference) and O elements were recorded from the surface
adsorption due to the exposure of air. As a result, the reported
CoFeSe2 nanosphere contains only the Fe, Co and Se elements in
near-surface range. Fig. 3B-D show the high-resolution XPS spectra
of Fe 2p, Co 2p, and Se 3d respectively. The XPS spectra of Fe 2p
illustrates the peak at 710.4 and 712.6 eV for Fe2þ 2p3/2 and Fe3þ

2p3/2 states respectively. The transition peaks on higher energy
state at 724.29 and 726.26 eV are strongly assigned to Fe 2p1/2 state.
The two satellite peaks at 719.15 and 733.34 eV are strongly indicate
the divalent state of Fe in CoFeSe2. In addition, the XPS spectra of Co
2p contains the sharp peaks at 780.53 eV is due to the Co 2p3/2,
which is containing the corresponding Co3þ 2p3/2 and Co2þ 2p3/2
states at 779.93 and 781.38 eV respectively. Herein, the Co2þ orig-
inate with a strong shake-up satellite peaks at 786.06 eV, while
Co3þ did not show any satellite peaks. The peaks at 796.37 eV are
represented the Co 2p1/2 state with the satellite peaks at 803.5 eV
also strongly confirm the existence of Co (II). The metal selenide
bond is evidently identified through the observed peaks at 59.43
and 54.85 eV for Se 3d3/2 and Se 3d5/2. Thus, XPS analysis confirms
that the formation of CoFeSe2 nanosphere and the distribution of
Co, Fe, and Se with corresponding electronic states, which is good
agreement with other previously reported literature [35].

EIS is a promising technique to analyze the interfacial properties
between the electrode and electrolyte [36]. Hence, EIS was per-
formed to the fabricated CoFeSe2/f-CNF/GCE subjected and
compared the obtained result to other modified electrodes
including bare GCE, CoFeSe2/GCE and f-CNF/GCE. Fig. 4A shows the
EIS curve of bare GCE, CoFeSe2/GCE, f-CNF/GCE and CoFeSe2/f-CNF/
GCE in 5mM of [Fe(CN)6]3-/4- contain 0.1M of KCl in the frequency
range from 0.1 Hz to 100 kHz at AC applied the potential of 10mV.
The obtained results were reported in the form of Nyquist plots. The
impedance data were fitted to the Randles circuit shown in the
inset of Fig. 4A, where Rct is charge transfer resistance, Rs is elec-
trolyte resistance, Zw is Warburg impedance and Cdl is double layer
capacitance. In EIS curve, the diameter of the semicircle is equal to
the Rct value which is related to the electron transfer kinetics of the
redox probe at the electrode/electrolyte interface. The Rct values of
bare GCE, CoFeSe2/GCE, f-CNF/GCE and f-CNF/CoFeSe2/GCE were
calculated about 449.13, 406.13, 3.97 and 3.73U respectively. As a
result, the integration of f-CNF is actually reduced the Rct of CoF-
eSe2. These results demonstrate that CoFeSe2/f-CNFs ensures good
electrical contact between the electrode and electrolyte and pres-
ence of f-CNFs made the charge transfer easier.

In order to analyze the electron transfer behavior of the modi-
fied electrodes, CV experiment was performed for bare GCE, CoF-
eSe2, f-CNF and CoFeSe2/f-CNF/GCE in 5mM of [Fe(CN)6]3-/4-

contain 0.1M of KCl at 50mV s�1 as shown in Fig. 4B. In result,
CoFeSe2/f-CNF/GCE exhibit higher oxidation and reduction
response with a smaller peak to peak separation value of about
0.08 V, while the peak to peak separation value was recorded for
GCE, CoFeSe2, f-CNF of about 0.142, 0.104 and 0.09 V respectively.
The obtained results coincide with the EIS results. The lowest Peak
to peak separation and highest peak current observed is due to the
fast electron transfer kinetics at CoFeSe2/f-CNF modified electrode.

3.2. Electrocatalytic activity of CoFeSe2/f-CNF/GCE towards the
sensing of CA

Fig. 5A shows cyclic voltammograms (CVs) of GCE (a), f-CNFs/
GCE (b), CoFeSe2/GCE and CoFeSe2/f-CNFs/GCE (d) in PBS (pH 7) at a
scan rate of 50mV s�1. The CV of bare GCE shows an anodic peak at
0.45 V with a less prominent cathodic peak at about -0.01 V cor-
responding to the oxidation and reduction of a phenolic group of
caffeic acid. The very low current magnitudes of 1.2 mA for Ipa and
0.2 mA for Ipc arise due to its large Rct value. The CV of CoFeSe2/f-CNF



Fig. 3. (A) The full XPS scan and high resolution of CoFeSe2, XPS spectra of (B) Fe 2p, (C) Co 2p and (D) Se 3d.

Fig. 4. (A) EIS curve of bare (a) GCE, (b) CoFeSe2/GCE, (c) f-CNF/GCE and (d) CoFeSe2/f-CNF/GCE in 5mM of [Fe(CN)6]3-/4- contain 0.1M of KCl in the frequency range from 0.1 Hz to
100 kHz. Inset: Randles circuit model. (B) CV response of (a) bare GCE (b) CoFeSe2/GCE (c) f-CNF/GCE and (d) CoFeSe2/f-CNF/GCE in 5mM of [Fe(CN)6]3-/4- contain 0.1M of KCl at
scan rate of 50mV s�1.
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modified electrode showswell-defined redox peaks (Epa at 0.22 and
Epc at 0.2 V) for the quinone/hydroquinone redox couple of caffeic
acid with a peak to peak separation value of (DEp) 20mV corre-
sponding to a two-electron reversible process. The peak current
magnitudes are also found to be substantially improved compared
to those of bare GCE, and their ratio is close to unity as expected for
a reversible process. In order to bring out the role of f-CNFs and
CoFeSe2 in the oxidation of caffeic acid, the CVs have been obtained
with CoFeSe2/GCE and f-CNFs/GCE as well. The CV of CoFeSe2/GCE
does not show well defined characteristic electrochemical redox
process corresponding to the quinone/hydroquinone group of caf-
feic acid suggesting that the electron transfer is not facile. This is
perhaps due to the poor conductivity of the electrode. On the other
hand, the CV of f-CNF/GCE shows a pair of redox peaks at Epa and
Epc at 0.23 V and 0.19mV respectively with a DEp of 40mV indi-
cating that the redox process can also be observed at this modified
electrode. However, a comparison of DEp and the ratio of peak
currents between f-CNF/GCE and CoFeSe2/f-CNFs/GCE clearly sug-
gest that the electron transfer rather faster at the latter electrode.
The oxidation of CA to orthoquinone derivative, while the conse-
quent reduction peak is due to the decrease of the ortho-quinone
derivative to CA via two electron transfer process, which is clearly
demonstrated in Scheme 2.

Fig. 5B shows the CV response of CoFeSe2/f-CNF/GCE for varying



Fig. 5. (A) CV profile of (a) CoFeSe2/f-CNF/GCE and (b) f-CNF/GCE (c) CoFeSe2/GCE and (d) bare GCE for presence of CA (0.196mM) (e) CoFeSe2/f-CNF/GCE without presence of CA in
N2 saturated PBS (pH 7) at scan rate of 50mVs�1. (B) CV curve of CoFeSe2/f-CNF/GCE by varying the concentration of CA (0.196e0.909mM). (C) CV profile of f-CNF/FeCoSe2 modified
GCE with the presence of CA in N2 saturated PBS (pH 7) by varying scan rate from (10e100mV s�1) respectively. (D) CV profile of CoFeSe2/f-CNF/GCE with the presence of CA in N2

saturated PBS (pH 1 to pH 11) at a scan rate of 50mVs�1.

Scheme: 2. Possible electrochemical redox mechanisms of caffeic acid.
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the concentration of CA from 0.196mM to 0.909mM in N2 satu-
rated 0.05M PBS (pH 7) at a scan rate of about 50mV s�1. The
enhanced electrocatalytic activity of CoFeSe2/f-CNF/GCE can be
understood by observing the linear increment in redox current for
the linear addition of CA. The linear calibration plot for both
oxidation and reduction peak current vs concentration of CA is
shown in Fig. 3B (inset) with resultant linear regression equation of
Ipa (mA) ¼ 40.21 mM þ 21.90 (R2¼ 0.9799) and Ipc (mA)¼ -
16.094mMe8.008 (R2¼ 0.9925) respectively. It clearly confirms
that the reported CoFeSe2/f-CNF/GCE is a promising electrode
material for effective electrochemical detection of CA without any
fouling effect. The redox response of CA at CoFeSe2/f-CNF/GCE is
studied by varying the scan rate. Fig. 5C shows the CV response of
CoFeSe2/f-CNF/GCE for CA (0.196mM) in N2 saturated 0.05M PBS
(pH 7) by changing the scan rate from 10 to 100mV s�1. By changing
scan rate, the relative anodic peak potential is slightly shifted to the
positive side. Fig. 5C (inset) shows the corresponding linear cali-
bration plot for oxidation and reduction peak current vs. scan rate
with ipa (mA)¼ 0.349 mA/mV s�1 þ 7.96 (R2¼ 0.9965) and ipc
(mA)¼ - 0.1929 mA/mV s�1e1.27 (R2¼ 0.9965) respectively, which
reveals that the overall redox process of CA at CoFeSe2/f-CNF/GCE is
a typical surface controlled process. In order to study the influence
of pH for the oxidation of CA (0.196mM) at CoFeSe2/f-CNF/GCE, pH
of the PBS was varied from 1 to 11 at a scan rate of 50mV s�1, and
the obtained result is shown in Fig. 5D. The results show that the
formal potential of the redox couple responsible for the quinone/
hydroquinone group of oxidized CAwhich shifts negatively with an
increase in pH. A plot of formal potential against pH is linear as
exemplified in the inset to Fig. 5B, which indicates that the electron
transfer between the CoFeSe2/f-CNF/GCE and the analyte is
accompanied by proton transfer. The obtained slope value of
54mV/pH is closer to that of the Nernstian theoretical value of
59mV/pH for a reversible equal electron transfer coupled with a
proton.

The DPV technique is known as a promising method to scruti-
nize the electrochemical activity of modified electrodes and
calculate the necessary electrochemical parameters such as a limit
of detection (LOD), linear range and sensitivity of target analyte.
Hence, the DPV was performed for CoFeSe2/f-CNF/GCE with the
direct addition of CA concentration from 0.01 to 263.96 mM in N2
saturated 0.05M PBS (pH 7), where the resultant linear oxidation
peak current response is shown in Fig. 6A. The relationship



Fig. 6. DPV response of CoFeSe2/f-CNF/GCE for linear addition of CA (0.29e263.96 mM) in N2 saturated PBS (pH 7). DPV response for interference study for the addition of (c) CA
(250 mM) and 50-fold higher concentration of (a) AA, (b) UA, (d) DA, (e) EP, (f) HQ and (g) CC. (C) The corresponding bar diagram of interference study.
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between the concentration of CA and obtained oxidation peak
current is clearly identified using the linear equation plot as shown
in the inset of Fig. 6A. Herein, the linear regression equation was
calculated as Ipa (mA) ¼ 0.1496 mM þ 3.1625 (R2¼ 0.9835). Thus,
The limit of detection (LOD) has been calculated using the standard
equation, LOD¼ 3s/S, where s is the standard deviation of the
blank signal and S is the slope. As a result, the detection limit is
calculated to be 0.002 mM, and the sensitivity of the proposed
sensor has been calculated to be 2.04 mA mM�1 cm�2. The obtained
analytical parameters such as linear range, sensitivity, and detec-
tion limit of CA at CoFeSe2/f-CNF/GCE has been compared with
previously reported CA sensors as shown in Table 1. From this
comparison table, we identified that CoFeSe2/f-CNF/GCE electrode
Table 1
Comparison of the different modified electrode for electrochemical sensing of CA.

Electrode Technique

eG-quadruplex/hemin Fluorometry
AuNPsechitosan DPV
Activated GCE DPV
Nafion/Tyre/Sonogel-Carbon Amperometric
Laccase-MWCNT-CS/Au Amperometric
GCE DPV
MIS DPV
Glassypolymeric carbon DPV
AuNPs/GRNS DPV
ERGO/Nafion SWV
GO DPV
ERGO/SPCE DPV
Au/PdNPs-GRF DPV
NDC/GCE DPV
CoFeSe2/f-CNF/GCE DPV
exhibits comparatively very low detection limit of CA than other
modified electrodes. Thus, CoFeSe2/f-CNF/GCE is a suitable elec-
trode material for sensitive detection of CA.

Selectivity is considered as an essential criteria of electrode
material for electrochemical sensor application. In order to observe
the selectivity of CoFeSe2/f-CNF/GCE, which was subjected to DPV
technique in N2 saturated 0.05M PBS (pH 7) with presence of CA
(250 mM) and further addition of 50 fold higher concentration of
electroactive interferences including catechol (CC), hydroquinone
(HQ), epinephrine (EP), dopamine (DA), uric acid (UA) and ascorbic
acid (AA) as shown in Fig. 6B. As a result, the addition of interfer-
ence species is slightly changes the oxidation peak current response
of CA. Fig. 6C shows the relative error bar diagram for interference
LOD (mm) Linear range (mM) Ref

200 2e350 [37]
25 0.05e2000 [38]
68 0.1e1 [39]
60 0.08e2 [40]
150 0.7e10 [41]
100 10e120 [42]
150 0.500e60 [43]
290 96.5e0.1 [44]
50 0.5e50 [45]
90 0.1e10 [46]
11 0.5e100 [47]
0.064 0.2e2100 [25]
0.006 0.03e938.97 [48]
0.0024 0.01e350 [49]
0.002 0.01e263.96 This work



Fig. 7. DPV response for real sample analysis with the addition of wine samples
(50e250 mL) in in N2 saturated PBS (pH 7).

Table 2
Determination of CA in Red wine samples by CoFeSe2/f-CNF/GCE (n¼ 3).

sample Found (mM) RSD (%)
(n¼ 3)

a 99.3 2.1
b 97.1 2.3
c 89.3 2.8

Fig. 8. (A) CV curve for stability with the addition of CA (0.196mM) in N2 saturated PBS (pH 7) at a scan rate of 50mV s�1. Cycle number: 100 consecutive cycles. (B) Bar diagram for
reproducibility test.
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studies, which shows the percentage value for the variation in
oxidation peak current of CA due to the addition of interference
species. Hence, the reported CoFeSe2/f-CNF/GCE is a suitable elec-
troactive material for selective determination of CA.

The real-time application of CoFeSe2/f-CNF/GCE was also
analyzed by using DPV techniques. For this experiment, three
different wine samples were used as the real samples without any
pretreatment. Each sample was tested for three times (n¼ 5). In
this experiment, wine samples (50e250 mL) were added directly in
N2 saturated 0.05M PBS (pH 7). The obtained DPV response is
shown in Fig. 7, and the calculated RSD values were presented in
Table 2. From this considerable DPV response, CoFeSe2/f-CNF/GCE
was found as an efficient electrode material for real-time
application.

The stability and reproducibility of fabricated CoFeSe2/f-CNF/
GCE are considered as primary criteria for its efficient electro-
chemical performance towards CA sensing. To understand the
stability of CoFeSe2/f-CNF/GCE, which is subjected to continuous CV
measurement for 100 cycles with the presence of CA (0.196mM) in
N2 saturated 0.05M PBS (pH 7) by varying the scan rate of
50mV s�1. As a result, the fabricated CoFeSe2/f-CNF/GCE exhibits
76.2 % of its initial oxidation peak current of CA even after 100
consequent cycles as shown in Fig. 8A. It implies the unique sta-
bility of the reported CoFeSe2/f-CNF/GCE towards the sensing of CA.
The five individual CoFeSe2/f-CNF/GCE electrodes were prepared
and consequently recorded the CV measurement to investigate the
reproducibility as shown in Fig. 8B. As a result, the excellent
reproducibility of CoFeSe2/f-CNF/GCE was scrutinized from the
resultant RSD value about 2.2 %. Thus, the reported CoFeSe2/f-CNF/
GCE exhibits excellent stability and reproducibility during the
electrochemical detection of CA.

4. Conclusion

For the first time, CoFeSe2 nanospheres anchored f-CNFs were
prepared by facile in-situ hydrothermal synthesis. The developed
nanocomposite has been used as an electrode modifier for the
electrochemical oxidation of CA. The prepared nanocomposite was
systematically characterized by using various analytical techniques
which are clearly confirming the formation of CoFeSe2 nanospheres
and its anchored on the f-CNFs. In addition, the electrochemical
performance of the CoFeSe2/f-CNF/GCE towards redox reaction of
CA has been assessed by comparison to bare GCE, CoFeSe2/GCE and
f-CNF/GCE. As a result, the CoFeSe2/f-CNF/GCE has been found to
show a 10-fold increase in peak current and 0.21 V decrease in
overpotential by comparison to bare GCE. Moreover, the well-
defined redox behavior of CA is observed at CoFeSe2/f-CNF/GCE
with a DEp value of 20mV which is very lower than that of other
modified electrodes. The DPV sensor has shown a linear response in
the concentration range from 0.01 to 263.96 mM with a detection
limit of 0.002 mM and sensitivity of 2.04 mA mM�1 cm�2. Herein, the
comparison Table 1 is clearly demonstrating the exclusive
improvement and enhanced electrocatalytic activity of the re-
ported CoFeSe2/f-CNF/GCE sensor toward the determination of CA.
And also, the excellent anti-interference capability, higher stability
and reproducibility of the CoFeSe2/f-CNF/GCE were recorded.
Finally, the reported sensor was successfully testified for the
detection of CA in real wine sample.
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