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ABSTRACT: Material-specific electrocatalytic activity and electrode
design are essential factors in evaluating the performance of electro-
chemical sensors. Herein, the technique described involves electrospinning
manganese-based metal−organic frameworks (Mn-MOFs) to develop
MnOx nanostructures embedded in carbon nanofibers. The resulting
structure features an electrocatalytic material for an enzyme-free glucose
sensor. The elemental composition, morphology, and microstructure of
the fabricated electrodes materials were characterized by using energy-
dispersive X-ray spectroscopy (EDX), field-emission scanning electron
microscopy (FESEM), and transmission electron microscopy (TEM).
Cyclic voltammetry (CV) and amperometric i−t (current−time)
techniques are characteristically employed to assess the electrochemical
performance of materials. The MOF MnOx-CNFs nanostructures
significantly improve detection performance for nonenzymatic amperometric glucose sensors, including a broad linear range (0
mM to 9.1 mM), high sensitivity (4080.6 μA mM−1 cm−2), a low detection limit (0.3 μM, S/N = 3), acceptable selectivity,
outstanding reproducibility, and stability. The strategy of metal and metal oxide-integrated CNF nanostructures based on MOFs
opens interesting possibilities for the development of high-performance electrochemical sensors.

1. INTRODUCTION
Diabetes mellitus is a chronic metabolic disorder that occurs
when the body is unable to properly process glucose (sugar)
from food, and blood glucose levels rise above the normal
range of 80−120 mg/dL (4.4−6.6 mM).1,2 Chronically in-
creased blood glucose levels can lead to a variety of health
problems, including damage to the heart, blood vessels, nerves,
kidneys, and eyes.3 According to the International Diabetes
Federation (IDF), more than 415 million people worldwide
were diagnosed with diabetes in 2015.4 Furthermore, the IDF
predicts that if no major steps are taken to address this global
health issue, diabetes will be the seventh leading cause of death
by 2030.5 In order to avoid the life-threatening diseases
mentioned above, continuous monitoring of blood glucose
levels is essential not only for diabetic patients but also for
various other applications in the food industry and
biotechnology.6 It is critical to continually check glucose levels
to monitor and control diabetes. However, collecting blood
samples for analysis can be a painful and uncomfortable
process for patients, and there is also the risk of cross-infection
if the right safety measures are not accomplished.7 Therefore,
the significance of noninvasive, simple, and sensitive glucose
examinations has been emphasized. Many noninvasive
technologies are currently in development in a variety of
industries.8,9 Reverse iontophoresis,10 absorbance spectrosco-

py,11 and near-infrared spectroscopy12 are a few examples.
However, none of them have yet attained the sensitivity and
precision required to completely replace finger-prick monitor-
ing.6,7 Minimally invasive glucose monitoring techniques can
provide precise glucose monitoring while reducing the burden
on a patient’s quality of life.13 These approaches have been
frequently criticized for their difficulties, periodic calibration
requirements, and sensitivity to biofouling, yet effective
biosensor development can overcome these drawbacks.6,13

Over the years, several advanced glucose test detection
technologies have been developed, including fluorescence
spectroscopy,14,15 chromatography,16,17 colorimetry,18−20 and
electrochemical methods,21−23 and they are all examples of
analytical techniques. Electrochemical methods have gained
significant attention in glucose determination due to their
many advantages, including simplicity, rapidity, cost-effective-
ness, high selectivity, and lower limit of detection.24 It is
important to note that enzyme-based glucose sensors have
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several limitations. Ongoing research and development efforts
are focused on resolving these limitations and enhancing the
overall performance and cost-effectiveness of these sensors.25

Furthermore, there is a lack of stability under adverse
environmental conditions such as temperature, pH, and
humidity.26,27 Enzyme-free glucose sensors are a promising
alternative to traditional enzyme-based sensors. They rely on
the direct electrocatalysis of glucose at the surface of the
electrode rather than using an enzyme to catalyze the
reaction.28 This has several advantages such as cost-
effectiveness, stability, and faster assay efficiency. The electrode
material plays a crucial role in determining the electrocatalytic
performance of a nonenzymatic sensor.29 Electrode materials
with enhanced conductivity and a large specific surface area
can promote electron transfer occurring at the electrolyte/
electrode interface, which is essential for the sensor’s sensitivity
and response time, and the electrode material should also have
good biocompatibility.30

Transition metal oxides, such as manganese oxide
(MnO2),

31−33 cobalt oxide (Co3O4),
34−36 and nickel oxide

(NiO),37−39 have shown promise as electrocatalysts in various
electrochemical applications, including sensing and biosensing.
Among them, MnO2 exhibits unique electronic and electro-
chemical properties that make it an attractive material for
glucose sensor fabrication.40 The material has a high surface
area and good conductivity, which enables it to efficiently
catalyze the oxidation of glucose molecules.41 Additionally, the
intrinsic redox behavior of MnO2 (Mn3+/Mn4+) allows for the
material to act as an electron mediator, facilitating the transfer
of electrons between the glucose molecules and the electrode
surface.42 Due to its physical and electrochemical character-
istics, MnO2 is widely acknowledged as the perfect substance
for biosensor applications.43 MnO2 exists in multiple forms,
including α-, β-, γ-, λ-, and δ-type, which are determined by the
different connections of MnO6 octahedron units. The research
on glucose sensing using MnO2 has predominantly centered
around the α-type due to its distinctive 2 × 2 and 1 × 1 tunnels
that facilitate electrode kinetics.44 Despite these advantages,
there are relatively few MnO2-based glucose sensors reported
in the literature.33 Xiao et al. developed a procedure involving
electrodeposition to promote an interconnected PtAu alloy
and MnO2 on self-supporting graphene paper, creating a
nonenzymatic glucose sensor.42 Weina et al. conducted a study
using β-MnO2 on carbon fibers as an electrode material to
investigate its importance in the electrochemical sensing of
glucose.31 They also tested β-MnO2 for dopamine sensing and
analyzed the probabilities of dopamine binding using docking
analysis.45 Additionally, the MnO2/GO composite, known for
its strong catalytic activity, has been utilized as a heterogeneous
catalyst in the aerobic oxidation of benzyl alcohol.46 Among
the various MnOx nanostructures investigated, a metal−
organic framework (MOF)-based MnOx nanostructure has
gained increasing attention in recent years due to its unique
design and advantages in various applications.47 The active
element (for example, MnOx) is enclosed within a hollow shell
in the yolk−shell structure, leaving a void in the center.
Additionally, the void space in the center can be used for
various purposes, such as accommodating more active material
to boost electrochemical activity.48 Despite the excellent
electrocatalytic activity, the low electronic conductivity of
metal oxides can limit the efficiency of electrocatalysis and its
application in electrochemistry. The most common approach
to overcome this limitation is to build hybrid electrodes that

combine nanostructured metal oxides and highly conductive
materials.49 In this scenario, an electrospun carbon nanofiber
(CNF) is considered a potentially promising candidate to
make hybrid nanostructures by an electrospinning method.31

Particularly, the well-aligned CNF structure can act as a
scaffold to support the metal oxide nanostructures, and the
alignment of the CNF structure is important because it can
reduce the distance electrons must travel through the material,
improving conductivity and lead to a composite material with
improved properties for electrochemical sensing applications.32

According to the aforementioned aspects, herein, we
propose a simple method for synthesizing nonenzymatic
glucose sensor electrocatalysts employing a manganese-based
metal−organic framework (Mn-BTC) electrospun into car-
bonized fibers (MOF MnOx-CNFs). The electrode architec-
ture has robust electrical conductivity, which enables efficient
electron transport to target molecules, such as glucose,
increasing sensing efficiency. For glucose detection, the MOF
MnOx-CNFs-modified electrode demonstrates remarkable
sensitivity, quick response time, outstanding selectivity, and a
wide linear detection range. These features are due to the
improved electroactive sites, excellent conductivity, extremely
high catalytic activity of MOF MnOx-CNFs, and stability of the
three-dimensional framework. The combination of the MOF
MnOx with CNFs exhibits a synergistic effect, resulting in a
hybrid material with improved glucose oxidation activity. This
hybrid material is anticipated to outperform the individual
MOF MnOx, CNF, and bare GCE systems. Furthermore,
MOF MnOx-CNFs have shown potential reliability for glucose
detection in human serum.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Mn(NO3)2·4H2O (98+%, Sigma-Aldrich),

C2H5OH (Sigma-Aldrich), trimesic acid (1,3,5-H3BTC) (98%,
Sigma-Aldrich), N,N-dimethylformamide (DMF) (≥99.5%),
and polyacrylonitrile (PAN) (Mw 200,000, Sigma-Aldrich)
were used as obtained. Sodium hydroxide (NaOH), potassium
ferricyanide (K3Fe(CN)6), glucose (C6H12O6), dopamine
(DA), L-ascorbic acid (AA), and uric acid (UA) were obtained
from Sigma-Aldrich. All compounds were of analytical reagent
quality and were utilized without additional purification.

2.2. Synthesis of MOF Mn Spheres. In brief, 0.188 g of
Mn(NO3)2·4H2O was added to 50 mL of ethanol and
dissolved completely to make solution A. After that, 30 mL
of ethanol was used to dissolve 0.088 g of 1,3,5-H3BTC to
make solution B. Then, solution B was mixed with solution A
to form a uniform solution. After stirring for 20 min, the
mixture was transferred to a 100 mL Teflon-lined stainless-
steel autoclave. The mixture was then heated to 160 °C for 12
h. Finally, the obtained powder was washed five times with
ethanol and dried at 60 °C for 12 h in an electric oven to
obtain the MOF Mn spheres.

2.3. Fabrication of MOF MnOx-CNFs. First, 0.5 g of PAN
was added to 5 g of DMF to form a homogeneous solution.
The solution was then stirred at 50 °C to obtain a pale-yellow
clear solution. Second, after cooling to room temperature, 0.25
g of MOF Mn spheres was dispersed in the above solution.
The mixture solution was transferred to a 5 mL plastic syringe
fitted with a plastic nozzle. The needle and collector, which
were separated by 15 cm, were then supplied with a high
output potential of 17 kV. The feeding rate, temperature, and
relative humidity (RH) were all set to 1 mL/h, 25 °C, and 45
± 3, respectively. The obtained film was then dried at 60 °C
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overnight, and the electrospun PAN mat was stabilized at 300
°C with a ramping rate of 2 °C min−1 for 2 h. Subsequently,
carbonization of the preoxidized fiber mat was continued by
heating the film at a ramping rate of 2.5 °C min−1 up to 600 °C
and keeping it for 2 h in a tubular furnace under an N2
environment. The obtained films were named MOF MnOx-
CNFs. MOF Mn spheres were also calcined under the same
conditions without the use of electrospinning.

2.4. Material Characterizations. The surface morphology
of materials was determined by a Hitachi S-7400 (Japan). The
Hitachi S-7400, FESEM model is designed to produce high-
quality images at a variety of magnifications. The crystal
structure and defects within the material were examined using
a high-resolution transmission electron microscope (JEOL
Ltd., Japan JEM-2100 200 kV). The JEOL Ltd. (Japan) JEM-
2100 200 kV is a specific model of HRTEM that can provide
high-quality images of nanofibers. The elemental composition
of a sample is detected and measured using an energy-
dispersive X-ray spectrometer. X-ray photoelectron spectros-

copy (XPS) is a technique for determining the chemical
composition of a material. A Thermo Scientific KA 1066
instrument with a monochromatic Al Kα X-ray source was
employed for this analysis. The crystal structure was identified
by X-ray diffraction (Rigaku Co., Japan). The Raman spectra of
carbonized nanofibers were obtained by using an RFS-100S
evolution spectrometer from Bruker (Germany).

2.5. Preparation of the MOF MnOx-CNFs-Modified
Electrode. Prior to modification, the GCE was polished with
0.05 mm alumina and thoroughly rinsed with DI water and
acetone. After that, 5 min of ultrasonic cleaning in DI water
and air drying were carried out. 5 mg of MOF MnOx-CNFs
material was dispersed in 1 mL of ethanol−water (v/v = 1:3)
and 10 μL of 5% Nafion solution, which was then constantly
sonicated to generate a uniform ink mixture. Afterward, 10 μL
of MOF MnOx-CNFs material ink dispersion was drop cast
onto the cleaned GCE surface and dried in a hot air oven. And
the prepared electrode is called MOF MnOx-CNFs/GCE.
When not in use, the modified electrodes were kept at room

Figure 1. Schematic representation of the fabrication method for MOF MnOx-CNFs.

Figure 2. Different magnifications of (A, B, C) FESEM images, (D, E) TEM images, (F) high-magnification TEM (inset is the corresponding
SAED image), and (G−L) TEM-EDX mapping of Mn, C, O, and N of MOF MnOx-CNFs.
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temperature. Cyclic voltammetry (CV), chronoamperometry
(CA), and electrochemical impedance spectroscopy (EIS)
experiments were performed using VersaSTAT 4 electro-
chemical analyzers and a typical three-electrode electro-
chemical workstation. The three-electrode electrochemical
system comprised of a MOF MnOx-CNFs/GCE electrode as
the working electrode and a platinum wire and saturated KCl
and Ag/AgCl as the counter electrode and reference electrode,
respectively, and all tests were conducted at room temperature.
Typically, the electrolyte solution is the 0.1 M NaOH solution
used in glucose sensors. We also employed our newly
developed sensor to evaluate glucose levels in human serum
samples (Jeonbuk University Institute of Medicine).

3. RESULTS AND DISCUSSION
The fabrication route of MOF MnOx-CNFs is schematically
shown in Figure 1. The Experimental Section describes the
experiment in detail. Briefly, the MOF Mn spheres are a
crystalline structure prepared via a hydrothermal reaction in an
aqueous solution containing Mn(II)-based compounds and
trimesic acid. The MOF Mn spheres have an average size of
roughly 300 nm and are uniform in structure (Figure S1). After
that, an electrospun solution of PAN and MOF Mn spheres in
N,N-dimethylformamide (DMF) was used to produce a
fibrous membrane. The synthesis membrane consists of
randomly aligned microfibers that are linked together to
form a network. Each hybrid fiber comprises MOF Mn spheres
that are evenly distributed throughout the fiber. As illustrated
in Figure S2, the hybrid fiber’s surface structure is porous and
rough. After that, the resultant fiber membrane is then
preoxidized in air at 300 °C for 2 h and carbonized in N2
gas at 600 °C. The fiber shape is highly retained after heat

treatment, and the MOF MnOx is uniformly dispersed in the
carbon fiber. The FESEM images in Figure 2 demonstrate that
the MOF MnOx-CNFs have nitrogen-doped carbon. FESEM
elemental mapping and EDX spectra are shown in Figure S3.
The MOF MnOx-CNFs show average diameters of 350 nm.
The magnified FESEM image (Figure 2B,C) and transmission
electron microscopy (TEM) image (Figure 2D) demonstrate
that the microfibers are composed of MOF MnOx-CNFs that
are linked together by a carbon matrix generated from PAN.
MOF MnOx particles are dispersed with mild aggregation in
both cavities and within a portion of the solid PAN-derived
carbon fibers. These findings are depicted in magnified TEM
images in Figure 2E. MOF MnOx is found inside the yolk and
appears darker than the surrounding carbon matrix. High-
magnification TEM images of MnOx nanoparticles on the shell
of MOF MnOx-CNFs (Figure 2F) show 0.257 and 0.267 nm
lattice fringe planes compatible with the (120) and (023)
planes of orthorhombic Mn3O4, respectively (JCPDS No. 65-
1123).50 The inset of Figure 2F shows the polycrystalline
character of the shell in the selected area electron diffraction
pattern (SAED). MOF MnOx-CNFs were analyzed by bright-
field STEM and subsequent EDX elemental mapping (Figure
2G−L). The findings of the study revealed a homogeneous
distribution of four elements within the membrane: manganese
(Mn), carbon (C), nitrogen (N), and oxygen (O). The
existence of Mn, C, N, and O in the MOF MnOx-CNFs is also
revealed by the EDX spectrum (Figure S4).
The X-ray diffraction pattern in Figure 3A reveals broad

peaks with no significant diffraction peaks, demonstrating the
presence of carbon layer enclosing the MnOx nanoparticles in
the MOF MnOx-CNFs composites. The X-ray diffraction
(XRD) patterns of a MnOx sample are illustrated in Figure S5.

Figure 3. (A) XRD patterns, (B) Raman spectra, and high-resolution XPS spectra of MOF MnOx-CNFs: (C) C 1s, (D) N 1s, (E) O 1s, and (F)
Mn 2p.
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The peaks observed at 34.8, 40.5, 58.6, and 70.1° correspond
to the crystal planes (111), (200), (220), and (311) of the
cubic phase of MnO (JCPDS = 78-0424). Raman spectroscopy
is an effective tool to investigate material molecular vibrations
and structural characteristics. The Raman spectra of carbon-
ized PAN fibers display two notable peaks known as the D and
G bands. The D band appears at approximately 1354 cm−1,
whereas the G band appears at around 1590 cm−1. These
bands are typical of graphitic carbon structures. Additionally,
the incorporation of Mn-BTC resulted in an intensity of 676
cm−1 at the Mn−O stretching frequency, and the broad peak in
the 2500−3000 cm−1 range is associated with the C−H
stretching vibrations in organic molecules (CNF), showing
that the carbonized fibers were successfully packed with MnOx
species (Figure 3B). X-ray photoelectron spectroscopy (XPS)
is a technique for determining the elemental composition and
chemical states of a material’s surface. XPS survey spectra from
the MOF MnOx-CNFs composite revealed the presence of C,
N, O and Mn (Figure S6). The high-resolution C 1s spectrum
of the MOF MnOx-CNFs composite was deconvoluted into
three peaks. Each peak corresponds to a different carbon
species. The binding energies associated with these subpeaks
are 284.1, 285.6, and 288.6 eV, corresponding to the carbon
species C�C, C−N/C−O, and C�O (Figure 3C).26 The
high-resolution N 1s spectrum (Figure 3D) contains three
deconvoluted peaks with different binding energies: 397.7,
399.4, and 403.2 eV.51 Each peak represents a different
nitrogen species, such as pyridinic, graphitic, and oxidized
nitrogen. Figure 3E exhibits a high-resolution O 1s spectrum
with a strong peak found at 530.8 eV. This peak indicates the
presence of a Mn−O bond, confirming the presence of
MnOx.

32 The binding energy peaks of Mn 2p1/2 and 2p3/2 in

the high-resolution Mn 2p spectra are 652.6 and 641.2 eV,
respectively (Figure 3F). These findings suggest that the
oxidation state of manganese (Mn) in the samples fluctuates
between Mn2+ (MnO) and Mn3+ (Mn2O3).

33,50

The prepared MOF MnOx-CNFs electrode was scanned by
using cyclic voltammetry (CV) in a 0.1 M NaOH electrolyte at
a scan rate of 50 mV s−1 until the CV curves entirely
overlapped. This technique is likely to activate and stabilize the
electrochemical performance of the electrode. Following that,
CV was used to study the electrochemical properties of a MOF
MnOx-CNFs electrode in a 0.1 M NaOH electrolyte with and
without the addition of glucose, and the electrode was scanned
within a potential window of 0.0 and 0.8 V vs Ag/AgCl. Figure
4A demonstrates the CV curves of three separate samples,
MOF MnOx-CNFs, MOF MnOx, and bare GCE materials are
recorded in the presence of 0 and 0.1 mM glucose. There is no
redox peak in the CV curve of the bare CC. This implies that
at the investigated potential range, the bare GCE exhibits no
electrochemical activity. Furthermore, the CV curve of the bare
GCE does not alter significantly when glucose is added. This
suggests that the presence of glucose has no noticeable impact
on the electrochemical behavior of the bare GCE. On the other
hand, in the absence of glucose, the MOF MnOx-CNFs/GCE
electrode exhibits a broad shoulder oxidation peak extending
from 0.15 to 0.55 V. This implies that a redox reaction is taking
place in this potential range, most likely related to the
oxidation or reduction of Mn3O4/MnOOH and MnOOH/
MnO2 species.31,33 When glucose (0.1 mM glucose) is
introduced, the anodic (oxidation) peak current of the MOF
MnOx-CNFs/GCE electrode considerably increases. This
suggests that the electrode has outstanding catalytic ability
for glucose oxidation. In comparison to MOF MnOx-CNFs/

Figure 4. (A) CV curves of the (a, b) bare GCE, (c, d) MOF MnOx, and (e, f) MOF MnOx-CNFs-modified GCE without and with the presence of
glucose recorded at a scan rate of 50 mV s−1, (B) CV curves of MOF MnOx-CNFs-modified GCE recorded at the scan rate of 50 mV s−1 in the
presence of various glucose concentrations, (C) CV curves of MOF MnOx-CNFs-modified GCE electrode at different scan rates from 10 to 100
mV s−1 in 0.1 M NaOH with 0.1 mM glucose, (D) corresponding calibration plot of peak current (Ip) vs square root of scan rate (√v), (E)
amperometric response of the MOF MnOx-CNFs-modified GCE electrode under successive addition of various concentrations of glucose, and (F)
calibration curve of current density vs concentration of glucose.
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GCE, the current response of MOF MnOx after glucose
addition is significantly lower. Previous research suggests that
the catalytic glucose oxidation pathway might involve the
following33,48,49

MnO 2OH MnO2 4
2+ (1)

MnO glucose gluconolactone MnO 2OH4
2

2+ + +
(2)

gluconolactone gluconicacid (3)

The CV curve of the MOF MnOx-CNFs/GCE in the
glucose concentration range of 0−5.0 mM is shown in Figure
4B. The data reveal that the peak anodic current of the MOF
MnOx-CNFs/GCE increases as the glucose concentration
increases. All of these results indicate that the MOF MnOx-
CNFs/GCE exhibits potential glucose oxidation activity. To
investigate the effect of the scan rates, CV curves for the MOF
MnOx-CNFs/GCE was obtained at various scan rates ranging
from 10 to 100 mV s−1 (Figure 4C). The square root of the
scan rate and peak current had a nearly parallel linear
relationship. The oxidation reaction appears to be a
diffusion-controlled process based on the linear relationship
between the square root of the scan rate and peak current
(Figure 4D). The two linear regression equations are
formulated as follows: Epa = 0.2478 + 0.075gv (R2 = 0.992)
and Epc = 0.1292−0.060 lg v (R2 = 0.991), which match the
black and red dotted lines (Figure 5c). According to Laviron’s

equation, the transfer coefficient (α) and the number of
electrons transported (n) were computed. Their values were
1.512 and 0.469, showing that electron-transfer kinetics during
electrocatalytic processes are relatively fast.23,47

E E RT nF2.3( /(1 ) ) lgpa
0= + (4)

E E RT nF g2.3( / ) lpc
0= (5)

where n is the number of electrons transferred, α is the
electron-transfer coefficient, ν is the scan rate, and E0 is the
formal potential. F, R, and T have traditional connotations.

The applied potential can have an effect on the response
current and enhance the sensor performance of the modified
electrode. Figure S7 shows how the amperometry response
curves of glucose obtained at the MOF MnOx-CNFs/GCE
electrode with successive injections of 1.0 mM glucose
changed as the applied potential varied from 0.4 to 0.55 V.
The response current increases as the potential increases from
0.4 to 0.55 V, suggesting a positive relationship between the
applied potential and the response current. However, above
0.55 V, the response current drops as the applied potential
increases, indicating a negative correlation. Therefore, the
response current of the system is maximum at 0.55 V,
indicating the most efficient glucose detection and measure-
ment. The detection performance of a MOF MnOx-CNFs/
GCE electrode for glucose detection may be affected by the
concentrations of OH− anions (COH

−) in the alkali electrolyte.
This is because the electrochemical activity is closely related to
the COH

− levels under alkaline conditions.52 To achieve
maximum glucose oxidation current, we examined the impact
of COH

− on the amperometric reaction toward glucose
oxidation in the MOF MnOx-CNFs/GCE, using NaOH
solution with varying concentrations and an applied potential
near the anodic peak. In a continuous stirred solution of
NaOH, glucose was added at incremental concentrations.
Regardless of the different NaOH concentrations, the
amperometry curves all demonstrated a rapid increase in
current upon the addition of glucose, as depicted in Figure S8.
The performance of the MOF MnOx-CNFs/GCE for glucose
detection in a 0.1 M NaOH solution showed significant
improvements in sensitivity, detection limit, and linear range
compared to the performance in 0.1, 0.25, 0.5, 0.75, and 1 M
NaOH solutions. In our investigations, we determined that an
OH− anion concentration of 0.1 M is the most suitable
working electrolyte for glucose detection.
Amperometry is a technique that measures the current

response of an electrode as a function of the analyte
concentration. Each addition of glucose is performed at 60 s
intervals with an applied potential of 0.55 V. Figure 4E clearly
depicts a series of stepwise i−t curves in response to
continuous glucose additions. This indicates that the oxidation
current appears to increase with each addition of glucose,
implying a possible relationship between the observed current
and the concentration of glucose. It is worth noting that upon
the addition of glucose, a response signal is immediately
observed and stabilizes within 3 s. This indicates that the
detection performance is quick and sensitive. The reason for
this performance is considered to be the good electrocatalytic
properties mentioned above. As illustrated in Figure 4F, a
calibration curve is developed to measure the concentration of
glucose by detecting changes in current density. The
calibration curve shows that the current density increases
linearly with an increase in glucose concentration. The glucose
oxidation of MOF MnOx-CNFs/GCE can be categorized into
two ranges of linear functions for concentrations of 0 to 4.1
mM and 4.1 to 9.1 mM with R2 of 0.998. Furthermore, based
on the slope of the calibration curve, the sensitivity of 0−4.1
mM is calculated to be 4080.6 μA mM−1 cm−2. The limit of
detection (LOD) is a measurement of the lowest concen-
tration of an analyte estimated to be 0.3 μM by using the
calibration curve’s sensitivity and a signal-to-noise ratio (SNR)
of 3. The calibration curves show two different linear curves
that could be caused by distinct reasons. The first linear fit
implies that the electro-oxidation of the glucose reaction is

Figure 5. Mechanism of the electro-oxidation of glucose at the MOF
MnOx-CNFs@GCE electrode.
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limited by glucose absorption onto electrochemically active
sites, which is followed by redox reaction and charge transfer.
In the second linear range of 4.1−9.1 mM, MOF MnOx-CNFs
provide an optimal environment to allow efficient adsorption
of glucose molecules and desorption of reaction byproducts.53

In particular, the sensing characteristics of the MOF MnOx-
CNFs/GCE electrode are among the best-reported values for
nonenzymatic sensors based on nanostructured materials
(Table 1).54−60 The outstanding catalytic activity of MOF
MnOx-CNFs in glucose oxidation can be attributed to the
following factors. First, the combination of manganese oxide
nanoparticles with carbon nanofibers in MOF MnOx-CNFs
has a synergistic effect. MOF MnOx particles serve as active
catalytic sites, while CNFs provide structural stability and
electron conductivity.42 This synergy increases the effective
electron transfer throughout the oxidation reaction, resulting in
improved catalytic performance. Second, manganese oxide is
well-known for its outstanding oxidation and reduction
properties.50 It is capable of redox reactions during the glucose
oxidation process, enhancing electron transport and increasing
the conversion of glucose to a desirable product.
The mechanism for detecting glucose using the MOF

MnOx-CNFs electrode is explained in Figure 5. Mn(III)
undergoes electro-oxidation to Mn(IV), a highly reactive
compound that reacts with glucose adsorbed on the surface of
MOF MnOx-CNFs. This reaction oxidizes glucose into
gluconic acid, after which Mn(IV) is reduced to Mn(III). As
this cycle repeats, the generated electrons from the electro-
oxidation of Mn(III) travel through the nanostructure to the
conductive substrate below, resulting in the detection of an
anodic signal.46,47,57

The stability, repeatability, and selectivity of biosensors are
critical parameters in their practical application. Monitoring
the sensitivity of the MOF MnOx-CNFs electrode to 0.1 mM
glucose was performed on a regular basis to determine its
stability over time. Figure S9A shows that after 30 days, the
fabricated sensor retains approximately 94.2% of its initial
amperometric current response. This indicates that the sensor
exhibits a relatively stable performance over a period of time,
with a slight decrease in the amperometric current response. In
terms of reproducibility, 10 MOF MnOx-CNFs electrodes
were made under identical conditions and then individually
tested for their current responses to a glucose concentration of
0.1 mM, as shown in Figure S9B. These findings show that the
MOF MnOx-CNFs electrode has excellent stability and

reproducibility. In addition, the selectivity of the MOF
MnOx-CNFs electrode refers to its ability to detect and
quantify a specific analyte in the presence of simultaneous
interferences in human blood, such as dopamine (DA),
ascorbic acid (AA), uric acid (UA), and chloride ions. As
shown in Figure 6, the interference of specific species in the

presence of glucose in human blood is 30 times greater than
that of the interfering species. To begin, 1 mM glucose was
added to a 0.1 M NaOH solution. Then, 0.1 mM interfering
species was added to the same solution. When a 1 mM glucose
solution was injected, the oxidation current increased
immediately. However, subsequent injections of DA, AA, and
UA had no significant effect on the current response when
compared to the glucose injection. Even though these three
specific interferents can oxidize at low potentials, the ensuing
signals are feeble. These findings indicate that these
interferences have a minor effect on the electrocatalysis
current response at the conditions investigated. This means
that the MOF MnOx-CNFs electrode has good selectivity for
detecting glucose because the presence of these interfering
chemicals does not affect them.
It is vital to emphasize the practical necessity of using

sensors in serum samples. The MOF MnOx-CNFs electrode is
used as an electrode material for amperometric glucose
concentration determination in human serum samples.

Table 1. Comparison of the Analytical Performance of Manganese Oxide-Based Glucose Sensors

electrode optimal potential (V) linear range sensitivity/μA cm−2 mM−1 detection limit (μM) refs

MnO2/Co3O4@ECNFs 0.55 5 μM−1.93 mM 1159 0.3 48
GOx/MnO2/MWCNTs/GCE 0.55 5−200 μM 2 33
α-MnO2 0.45 5−855 μM 3730 32
MnO2/MWNT 0.55 0−1 mM 3406 0.5 49
Cu/MnO2/MWCNTs 0.6 0.64−2200 μM 1302 1.7 54
CoFe2O4 @MnO2 0.25 0.53−1300 μM 318 0.325 55
Ni/MnO2 0.45 0.25−3500 μM 104.0 0.1 56
Cu/MnO2/GCE 0.7 0.25−1.02 μM 26.96 0.1 57
PVA/MnO2@GO/CuO MIP 0.55−4.4 mM 53 58
MnO2/Co3O4 0.55 0−7 mM 127 0.3 59
MnO2/gra-H 0.45 0−5.0 mM 45 0.08 41
Pd/MnO2 0.45 65−455 μM 6.0 40
MnO2 NS/NF 0.45 0.001−1.13 mM 6.45 0.5 60
MOF MnOx-CNFs 0.55 0−9.10 4080.6 0.3 this work

Figure 6. Amperometry responses of MOF MnOx-CNFs-modified
GCE recorded in 1.0 mM glucose and under the sequential influence
of electroactive interferences, namely, 0.5 mM AA, 0.1 mM DA, 0.1
mM UA, and 0.5 mM KCl.
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Human serum samples of different concentrations were added
to a stirred solution of 0.1 M NaOH, and the amperometric
response was measured by using an electrode at an applied
voltage of 0.55 V. Table 2 shows that the addition of serum

causes a noticeable change in the electrical current. The
electrical current increases in proportion to the serum
concentration, showing a relationship between the two
parameters. MOF MnOx-CNFs/GCE electrode test findings
with commercial blood glucose devices indicate that the MOF
MnOx-CNFs/GCE electrode is a potential tool for detecting
glucose levels in real samples. This study shows that the
composite electrode could be employed in practical
applications, such as glucose monitoring for medical purposes
or the development of glucose sensing devices.

4. CONCLUSIONS
In summary, using MOF Mn spheres as the structural
template, our study successfully used electrospinning to
generate MnOx nanoparticles confined in nitrogen-doped
carbon fibers. Incorporating MOF MnOx structures into
carbonized nanofibers improved nanostructures. Benefits
include improved structural integrity, increased electrical
conductivity, and an increased electrochemically active surface
area. The MOF MnOx-CNFs electrode used as an active
material in an enzymeless glucose sensor has been found to
have improved sensitivity and a low detection limit. The MOF
MnOx-CNFs composite has an excellent electrocatalytic
oxidation performance for glucose. This improved perform-
ance can be attributed to two key factors: the compact
structure and the synergistic effect of MOF MnOx and CNFs.
Moreover, the MOF MnOx-CNFs electrode addressed above is
well-known for fulfilling the selectivity, stability, and
reproducibility criteria. Our method for fabricating MOF
metal oxide with CNFs offers new avenues for developing
nanohybrid electrodes with tailored compositions and
functionality. This nanohybrid electrode could be a potential
candidate for nonenzymatic glucose sensors.
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