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ABSTRACT

Glucose detection is critical in clinical health and the food industry, particularly in the diagnosis of blood sugar levels. Carbon-
based fiber materials have recently featured prominently as non-enzymatic electrochemical glucose detectors. Herein, cobalt-
based ferrite (CoFe,0,) in the form of nanoparticles has been successfully fabricated over the carbon nanotubes (CNTs) fiber via a
simple hydrothermal process. Fabricated microelectrode (CoFe,0,@CNTs) was investigated as an electrocatalyst toward the non-
enzymatic electrochemical glucose sensors. The structure and morphology of the modified fiber were studied by scanning electron
microscopy including energy-dispersive X-ray spectroscopy. The electrochemical capability of the microelectrode was analyzed by
using different electrochemical techniques including cyclic voltammetry, chronoamperometry, and electrochemical impedance
spectroscopy (EIS). The proposed sensors exhibited a superb sensitivity of 0.21 pAcm=2 mM~, a good linear range from 1 to 9 mM,
and a lower detection limit of 1.7 mM. Further investigation via EIS indicated the low charge transfer resistance as compared to
the bare CNTs-based fiber. Outcomes revealed that the material can potentially prove promising for the disposable microelectrode
toward electrochemical glucose sensing.

1 | Introduction According to the World Health Organization, diabetes will be the

seventh most fatal disease by 2030 [1]. To this end, continuous
In recent years, the percentage of diabetic patients has been = monitoring of blood glucose levels is vital to overcome the
rising quickly all over the world. Diabetes can cause serious chronic stage. Multiple technologies have been used to detect
issues such as renal failure, cardiovascular disease, and blindness. glucose concentration including spectrophotometers [2], mass
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spectrometry [3], fluorescence [4], and electrochemical sensors
[5]. Electrochemical-based measurements including both enzy-
matic and non-enzymatic sensing are fascinating for the detection
of glucose due to their improved sensitivity, quick response time,
and better selectivity [6]. For blood glucose sensing, initial glucose
sensors were commonly based on the glucose oxidase enzyme
[7]. Owing to the intrinsic nature of enzymes, they lose their
catalytic activity at high temperature and pH [8]. Thus, enzyme-
free glucose sensors were presented as promising and facile
alternatives due to their significant benefits such as outstanding
stability, low cost, higher sensitivity, and simple fabrication
process [9].

For electrochemical detection of glucose, electrode material plays
a critical role in optimizing sensor domains like sensitivity and
detection limit. So far, different classes of materials have been
utilized including transition metals, their oxides, polymer, and
carbon-based materials [10]. Ternary metal oxides with two
distinct metal cations have gained much interest in current years
as compared to binary transition metal oxides because of their
potential applications in batteries [11], supercapacitors [10d, 12],
and sensors. No doubt, the metal and their derivatives have much
potential for catalytic applications in different directions but still,
there is a gap in terms of stability, activity and selectivity.

Cobalt-based ferrite (CoFe,0,) has attracted significant interest
for a variety of potential applications, including semiconductor
photocatalysts [13], sensors [14], cancer therapy [15], biomedical
[16], optical behavior [17], electrical [18], and antibiotic functions
[19]. In contrast to Fe,O; and Co;0, CoFe,O, sensor mate-
rial exhibits better electro-catalytic activity [20]. Additionally,
CoFe,0, has a number of exciting benefits as compared to other
materials including their low cost, better electrocatalytic activity,
good biocompatibility, high capacity, and facile preparation. As a
result, CoFe,0,-based non-enzymatic glucose sensing materials
with improved performance, including sensitivity, reliability, and
reaction time, will have a promising future.

Carbon-based materials including CNTs [21], carbon cloth, and
graphene [22] have been extensively probed to improve the detec-
tion performance of sensors with high surface area and excellent
conductivity. However, carbon-based materials do have not suffi-
cient active sites which hinders these materials from performing
better. In order to overcome the drawbacks, researchers focused
their interest on flexible materials with porous channels and high
electrical conductivity [23]. Shuang Dong et al. synthesized a
flexible carbon fiber-based microelectrode wrapped with reduced
graphene oxide loaded Ni-MOF array. This electrode showed a
sensitivity of 852 uA mM™ cm™2, a detection limit of 0.6 uM, and
a wide linear range of 6 uM-2.09 mM [24]. Mari Elancheziyan
et al. fabricated a graphitic porous carbon nanohybrid composite,
which showed lower charge transfer resistance and high ionic
diffusion. A prepared composite displayed a lower detection limit
of 7.8 uM and a wide linear range from 0.03 to 1.07 mM [25].
In contrast to carbon-based fiber, high alignment and twisting
arrangements in flexible CNT fiber exhibit high tensile strength
and provide a long path for charge transport. Hence flexible CNT
fiber, currently accepted as an excellent material with multi-
porous channels, displays a better flow of charges to increase the
overall performance of the electrode [26].

Flexibility of the electrode materials is another advancement for
wearable sensors. For this purpose, numerous efforts have been
made on various textile-based materials including carbon clothes
[27] and other modified flexible substrates [28]. To this end, we
have synthesized cobalt-based ferrites (CoFe,0,) nanoparticles
by hydrothermal process and used these nanoparticles as electro-
catalysts for the electrochemical detection of glucose. The shape
and structure of CoFe,0, nanoparticles were examined using
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDX) analysis. Densely populated CNT fibers,
with each entity, provide a higher mechanical strength, whereas
CoFe,0, nanoparticles deposited over CNT fiber initiate the
catalytic oxidation for glucose. The electrocatalytic activity of
fabricated electrode CoFe,O0,@CNTs fiber was examined, using
various electrochemical techniques such as cyclic voltammetry,
chronoamperometry, and impedance spectroscopy. The fabri-
cated electrode exhibited a remarkable sensitivity of 21 yA mM™!
cm~2, a lower detection limit of 1.7 mM, and a linear range of up
to 9 mM. This fabricated microelectrode (CNTs@CoFe,0,) could
prove an attractive material for applications in wearable and flex-
ible electrochemical biosensing. (Figure 1 shows the schematic
illustration for the electrochemical oxidation of glucose at the
surface of modified CNTs fiber, i.e., CoFe,0,@CNTSs).

2 | Experimental Section

2.1 | Materials

The chemical reagents including glucose, potassium hydrox-
ide (KOH), Ferrous sulfate (FeSO,-7H,0), Cobalt chloride
(CoCl,-6H,0), and urea (CH,N,O) were purchased from Sigma
Aldrich. CNT fibers were prepared via the wet chemical process
and were used as received. All the solvents utilized in the
experiments were of analytical grade and were used without any
further purification.

2.2 | Preparation of CoFe,0, Nanoparticles and
Electrode Fabrication

The CoFe,0, nanoparticles have been synthesized via the
hydrothermal method by using ferrous sulfate and cobalt chlo-
ride as precursors. Initially, 0.5 mM CoCl,-6H,0 and 1 mM
FeSO,-7H,0 were dispersed in 20 mL deionized water (DI). Sub-
sequently, the mixture was sonicated for 30 min after combining
with 5 mM urea. The mixture was then transferred into a Teflon-
lined corrosion-resistive 25 mL autoclave, which was kept in
an electric oven at 160°C for 6 h. After cooling down at room
temperature, the product was washed various times with ethanol
and water to get rid of any undissolved contaminations and dried
at 50°C. For electrode fabrication, a simple drop-casting method
has been adopted via slurry formation [29]. Nafion used as binder
in the mixture of water and ethanol as a dispersion medium in
which as-synthesized material has been dispersing under ultra-
sonication. With the help of a micropipette, a dope of the slurry
has been added over the pre-cleaned CNTs fiber and heated in an
oven at 80°C for 1 h prior to use this electrode for electrocatalytic
performance.
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FIGURE 1 |

2.3 | Electrochemical Measurements and
Electrode Fabrication

Electrochemical tests, including cyclic voltammetry, linear sweep
voltammetry, chronoamperometry, and EIS were carried out with
a Gamry Reference 3000 Potentiostat/Galvanostat/ZRA using the
conventional three-electrodes system, where a platinum wire
served as the counter electrode, an Ag/AgCl electrode served
as a reference electrode and the modified CNTs fiber served
as a working electrode in 0.1 M KOH at room temperature.
The working electrode was prepared by making a slurry of
CoFe,0, in DI water and ethanol mixture (at the proportion of
1:1) under sonication for 30 min. Amperometric measurement
was performed under continuous magnetic stirring for convective
mass transport. Electrochemical impedance spectroscopy was
carried out with AC frequency from 0.1 Hz to 1 MHz at 0.6 V DC
potential. All electrochemical measurements were performed at
room temperature.

3 | Results and Discussion

3.1 | Surface Morphology

SEM was used to obtain information about the structure and
morphology of the prepared sample [30]. SEM images of bare
CNT fiber at magnifications of 20 and 1 um are shown in Figure 2.
Each individual entity of CNT fiber provides high mechanical
strength along with a charge carrier pathway. A unique inter-
connected aligned structure, as displayed in Figure 2b, has the
beneficial impact of providing quite a smooth flow of charges.
Apparently, rough surfaces appear in Figure 2c,d at different
magnifications (20 and 1 ym), which indicates that a large number
of CoFe,0, nanoparticles have successfully been deposited and
evenly dispersed over the fiber surface. Highly aligned CNT

CoFe,0,@CNTs fiber

Schematic illustration for the electro-oxidation of glucose over the surface of modified (CoFe,0,@CNTs) fiber.

fiber could effectively prevent the agglomeration of CoFe,O,
and hence extraordinarily increase the exposed active sites of
CoFe,0,.

Elemental composition was examined through EDX as shown
in Figure 3. EDX spectrum confirmed the presence of Fe, and
Co and clearly elaborated the uniform distribution over the fiber
surface. Red mapping shows the dispersion of cobalt in Figure 3e,
yellow mapping shows carbon in Figure 3b while the green and
light blue mappings show the oxygen and iron in Figures 3c
and 3d, respectively. Figure 4 shows the relative abundance of
each element deposited over the modified surface of CNT fiber
and it was observed that carbon, as a substrate, showed the
maximum value in comparison to the deposited iron, cobalt, and

oxygen.

3.2 | Electrochemical Studies of CoFe,0, for
Glucose Sensing

The electrochemical behavior of CoFe,0,@CNT fiber was
examined under 0.1 M KOH solution in the presence and absence
of glucose (see Figure 5a). With the addition of 15 mM glucose,
modified CoFe,O,@CNT fiber displayed an oxidation peak
in alkaline media at 0.56 V versus Ag/AgCl, confirming that
CoFe,0,@CNTs fiber exhibits excellent electrocatalytic activity.
A higher current in cyclic voltammogram (CV) measurement at
0.6 V indicates that CoFe, O, overall improved the electrocatalytic
activity and boosted the faradic process at the electrode surface.
In Figure 5a, the faradic current initiated at 0.5V and reached the
maximum value at 0.6 V versus Ag/AgCl with a reasonable cur-
rent density of 4 mA/cm? value. In the reverse scan, no cathodic
peak appeared which represents an irreversible phenomenon at
the electrode surface. Additionally, a comparison of the current
densities at 1 mM and 15 mM glucose concentrations has been
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FIGURE 2 | Scanning electron microscopy (SEM) images for bare carbon nanotube (CNT) fiber at (a) 20 um and (b) 1 um magnification, and

CoFe,O,@CNT fiber at (c) 20 ym and (d) 1 um.

Oxygen

Cobalt

FIGURE 3 | (a)Scanning electron microscopy (SEM) image of CoFe,O,@CNT and its corresponding energy-dispersive spectra for the elemental

X-ray mapping for (b) carbon, (c) oxygen, (d) iron, and (e) cobalt.

provided in Figure 5b. The electrochemical behavior was further
explored at the electrode surface by recording voltammograms at
various concentrations of glucose in a solution containing 0.1 M
KOH, where a fixed scan rate of 50 mV/s was employed to obtain
the voltammogram Figure 6a. With the addition of an increasing
amount of glucose, oxidation peaks appeared at 0.6 Vvs Ag/AgCl
while indicating a significant increase in the current densities.
Figure 6b illustrates a linear relationship between the current
density and the glucose concentration with an R? value of 0.991.
It was observed in Figure 6a, that the current response increased
linearly with an increase in the glucose concentration from 1 mM
to 9 mM with the sensitivity of 0.21 uA mM™ cm~2 and further
addition led to a linear current response but with lower slope
(0.077) and consequently with lower sensitivity (0.077 yA mM™
cm™2) at higher concentration. In order to explore the mass

transfer phenomena at the electrode surface, voltammograms
were recorded at different scan rates ranging from 5 to 100 mV/s
under the same analyte conditions, that is, the fixed 15 mM
glucose concentration and a 0.1 M KOH solution. As the value
of the scan rate increased, the peak potential shifted to a more
positive zone which explains the diffusion limiting process at
the electrode surface as has been shown in Figure 6¢c. With
an increasing scan rate at a fixed concentration of analyte, the
higher current values were obtained because of a fast electrolyte
flux toward the electrode. Figure 6d shows a linear relationship
between the square root of the scan rate and the current density
up to a value of 60 mV/s scan rate and at higher values the current
increment declined by the higher scan rate which showed the
lower diffusion coefficient of the biomolecule. The value of slope
further confirms that the process occurring at the electrode
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Cyclic voltammograms (CVs) of CoFe,0,@CNTs fiber electrodes in 0.1 M potassium hydroxide (KOH) solution (a) with and without

glucose at a fixed scan rate of 50 mV/s. (b) Cyclic voltammograms (CVs) of CoFe,04@CNTs fiber electrode at 1st and 15th mM concentration.

surface is diffusion-controlled within the specific scan rate
values.

The electrochemical behavior of the prepared catalyst, that is,
CoFe,0, toward glucose can be divided into three steps, which
have been provided below in Equations (1)—(3).

CoFe,0, + OH™ + H,0 - CoOOH + 2FeOOH +e~ (1)

CoOOH + OH™ — C00, + H,0 +e" )

FeOOH + Co0, + C4H,,05 — Fe(OH), + CoOOOH + C¢H,,0

©))

In the first step, CoF,0, reacts with OH~ ion and produces
FeOOH and CoOOH. In the second step, CoOOH reacts with
OH" ions to produce CoO,. Finally, after the addition of glucose
to an electrolyte solution containing 0.1 M KOH, FeOOH and

CoO, catalyze glucose to glucolactone. These processes result in
an irreversible glucose oxidation at the electrode surface.

3.3 | Amperometric Response

In order to explore the sensitivity of the modified electrode
(CoFe,0,@CNTs fiber), its amperometric response was exam-
ined in 0.1 M KOH solution (pH = 13) with the addition of various
glucose concentrations (1-15 mM) at a fixed potential of 0.6 V
versus Ag/AgCl. To investigate the sensing parameters such as
sensitivity and the limit of detection, chronoamperometry was
carried out at constant potential with the addition of glucose for
30 sec. The electrochemical activity is highly dependent upon the
concentration of OH™ ion in a solution. To examine the influence
of electrolyte concentration on the activity of the prepared
electrode, an amperometric measurement was performed at 0.1 M
KOH solution. As shown in Figure 7a, the electrode current
density increased with an increase in the concentration of glucose
until the glucose concentration increased beyond 15 mM. All the
measurements were performed with constant stirring to ensure
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(a) Amperometric response of CoFe,04@CNTs fiber after the addition of various concentrations of glucose (1-15 mM) at 0.6 V and (b)

its corresponding calibration curve, for current density versus concentration.

proper mixing of the analyte with electrolyte and ease of the flow
of the analyte toward the electrode surface. A calibration straight
line derived from current-time response exhibits a sensitivity
of 0.17 pA mM™! cm™ with a linear range of 1-8 mM (see
Figure 7b). The limit of detection (LOD) for the sensor was also
calculated using the same calibration straight line with the help
of standard deviation (o) and slope (m), and it was found to
be 1.9 mM. The electrochemical parameters for the fabricated
sensors are almost compatible with both cyclic voltammetry and
chronoamperometric studies.(Table 1)

3.4 | Electrochemical Impedance Spectroscopy

In order to examine the charge transfer resistance, EIS was
conducted at a DC potential of 0.6 V in 0.1 M KOH solution
containing 15 mM glucose. Charge transfer resistance of bare
CNTs fiber and modified fiber could be quantified by semicircle
in the Nyquist plot. The term charge transfer resistance (R,,) is
equal to the diameter of the semicircle which exhibits the electro-
chemical behavior of the electrode toward glucose oxidation. In
the Nyquist plot (as shown in Figure 8), the Fe,O;@CNTs fiber
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TABLE 1 | Comparison of Electrochemical performance of CoFe,0,@CNTSs fiber with some other reported sensors in the literature.
Linear range Sensitivity LOD Operation potential
Electrode material (mM) (MAmMM1cm™2) (uM) W) Medium Refs
CoFe,0,@N-CNFs 0.01-3.52 318 0.325 0.55 0.1 M NaOH [31]
CoFe,0, @MnO, — 1362.83 1.32 0.25 — [32]
3-D/Ni-Fe@CFP 0.05-0.2 7.90 0.031 0.65 0.1 M NaOH [33]
CoNi,S,@NCF 0.5-12.5 6.675 — 0.4 0.1 M NaOH [34]
Ni(PDA)MOF@CNF 0.01-3 9457.5 0.053 0.55 0.1 M NaOH [35]
CNF@ NiCo@GCE 0.001-2 1470 0.03 0.35 0.1 M NaOH [26]
CuCo,0,@NiO 0.0005-6 4140 — 0.55 0.1 M NaOH [27]
Cu-Sn@CP 2.0-10.0 — — 0.55 — [36]
GF@AUuNS fiber — 1045 1.15 0.2 0.1 M NaOH [31]
CNT fibers 0.0015-0.098 0.308 0.38 0.23 3MKCI [36]
5mMFe(CN)6
LSCNO oxide nanofibers 0.1-1.0 924 + 28 83 0.55 0.1 M NaOH [36]
Ni(OH), @CNT fiber 0.02-10 12200 0.645 0.46 0.1 M NaOH [34]
CuCo,0,@CNF 0.5-1.5 2932 0.15 0.25 0.1 M NaOH [34]
NiFe@PANi 0.01-1 1050 0.5 0.50 0.1 M NaOH [36]
CuO@CFF 0.96 6476.0 0.27 0.45 0.1 M NaOH [37]
CoFe,0,@CNTs fiber 1-9 0.21 1.7 mM 0.56 01MKOH  Thiswork
ments including cyclic voltammetry, chronoamperometry, and
. = COFeéO°@(t:“NTS fiber . . EIS were carried out in 0.1 M KOH for the detection of glucose.
7 |2 Bare CNTs fiber o © The prepared cobalt-iron oxide nanoparticles @CNTs fiber pro-
~ vide a good linear range of up to 9 mM glucose concentration
° with a sensitivity of 0.21 pA mM™ cm™ and a low detection
= 44 ® T mcn limit of 1.7 mM for the determination of glucose. The CoFe,0,
= . 1001 et 1 nanoparticles also provided pretty good selectivity and stability.
o ° o0 oy s Modified fiber (CNTs@CoFe,0,) showed the synergistic effect
. ° g 5 of the catalytic activity (provided by the CoFe,0O, nanoparticles)
e 404 = : and the inner pathway (provided by the CNTs fiber) for glucose
° 204 ] i oxidation and charge transfer purposes. The fabricated electrode
1 o I material appeared to have a promising potential to fabricate a
01 sl flexible and wearable electrode for biosensing applications.
0 2 4 6 8
Z' (kQ)
FIGURE 8 | Nyquist plots of bare and modified CoFe,0,@CNTs Acknowledgements

fiber in 0.1 M potassium hydroxide (KOH) solution containing 15 mM
glucose with AC frequency at the range of 0.1 Hz-1 MHz at DC potential

0.6 V.

shows comparatively a smaller semicircle diameter in contrast to
the bare CNTs fiber. Hence, the impedance result proved that the
fabricated CNT fiber exhibits higher electrocatalytic activity and
facilitates the charge transfer flow as compared to the bare CNT
fiber [35].

4 | Conclusions

The CoFe,0, nanoparticles have been prepared successfully via
the facile hydrothermal method. The electrochemical measure-
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