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ABSTRACT: Laser-induced graphene (LIG) has received great interest as
a potential candidate for electronic and sensing applications. In the present
study, we report the enhanced performance of a manganese carbonate-
decorated LIG (MnCO3/LIG) composite electrode material employed for
electrochemical glucose detection. Initially, the porous LIG was fabricated
by directly lasing poly(ether sulfone) membrane substrate. Then, the
MnCO3/LIG composite was synthesized via a hydrothermal method. Later,
MnCO3/LIG was immobilized onto a glassy carbon electrode surface and
employed for glucose detection. The structure of the MnCO3/LIG
composite was carefully characterized. The influence of the MnCO3/LIG
composite on the performance of the electrode was investigated using cyclic
voltammetry curves. The MnCO3/LIG composite exhibited an excellent
sensitivity of 2731.2 μA mM−1 cm−2, and a limit of detection of 2.2 μM was
obtained for the detection of glucose. Overall, the performance of the MnCO3/LIG composite was found to be superior to that of
most of the MnCO3-based composites.

■ INTRODUCTION
Diabetes is a metabolic disorder and a dangerous disease that
affects millions of people worldwide.1 According to the World
Health Organization and the International Diabetes Federation
studies, ∼422 million people are diabetic, and this will increase
to 642 million by 2030. Diabetes causes long-term
complications in the human body, such as disturbing the
nerves, kidneys, blood vessels, eyes, and skin.2 Treatment for
diabetes has become a far more sophisticated science, and the
demand for self-testing of glucose levels in the blood has
increased; hence, more compact sensors with higher accuracy
are of significant commercial interest. The design and
development of reliable and precise sensors for the detection
of glucose at very low levels in the presence of interference are
highly required. Glucose oxidase (GOx)-based enzymatic
glucose biosensors have been widely used in the past decades
due to their high selectivity and reliability.3 For example,
platinum nanoparticles and GOx were in situ synthesized and
immobilized on the surface of the eggshell membrane and were
successfully demonstrated for glucose detection.4 Enzymatic
glucose sensors based on chitosan electrodes were also
reported recently.5 The major obstacle with GOx enzymes is
the fact that they suffer from the degradation of enzyme
activity, as well as the performance variation in the environ-
ment.6 Hence, enzyme-free glucose sensors have received more
attention for the upcoming generation of sensors.2,7 Various
materials have been exploited for enzyme-free glucose
biosensors, such as metal nanoparticles,8−10 carbon-supported
composites,11−13 alloys,14,15 and carbon nanotubes.16,17

Proposed sensors, however, also have some shortcomings,
such as low sensitivity, poor selectivity, cost, and chloride
poisoning, which limit the widespread application of such
sensors. Therefore, there is an imperative need to develop cost-
effective, highly sensitive, and selective electrodes for enzyme-
free glucose sensors.
For the fabrication of high-performance biosensors, the

usage of graphene is a rational choice due to its unique
properties such as tunable electronic properties, including
charge concentration, mobility and density, band gap, and
electron transfer rate, which have enabled its application in a
variety of electrochemical biosensors.18 Moreover, the high
surface area, large potential window, unique flexibility and
robustness, and lower charge transfer resistance properties of
graphene make it an ideal material for electrodes. Graphene
was first used in polyethylenimine-functionalized ionic liquid
nanocomposite-modified electrodes in glucose sensors.19 In
another study, a hybrid nanocomposite of graphene−chitosan
was used to modify the glassy carbon electrode (GCE). The
prepared glucose biosensors displayed excellent sensitivity
(37.93 μA mM−1 cm−2) and long-term durability.20 It is
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reported that the chemically reduced graphene oxide (GP)
showed improved amperometric signals for sensing glucose,
linear sensing in the range of 0.01−10 mM, limit of detection
(LOD) of 2 μM, and sensitivity of 20.21 μA mM−1 cm−2.21 It
is also reported that nitrogen-doped graphene improved the
electrochemical performance of enzymatic glucose sensors.22

Gold nanoparticles (AuNPs)-decorated thionine function-
alized GO, in which AuNPs were densely anchored over GO
sheets with the aid of thionine, displayed improved glucose
sensing (LOD of 0.05 μM). This enhanced glucose sensing
was attributed to the synergies in the performance of the three
components.23 Au−GO was reported as an enzyme-free
glucose sensor for a wide range of concentration (i.e., 0.05−
40 mM) with linearity outputs in the range of 1−10 mM.24 Pt
nanoclusters/graphene nanocomposite showed a sensitivity of
1.21 μA mM−1 cm−2 with a fast response (i.e., 3 s) for glucose
sensing in neutral media.25 Pt−Au/MnO2 deposited on
graphene sheet was demonstrated for significantly improved
glucose sensing performance with a concentration range of
0.1−30.0 mM, sensitivity of 58.54 μA mM−1 cm−2, low LOD
of 0.02 mM, satisfactory selectivity, outstanding reproducibility
and stability, and mechanical stress tolerability.26 In another
report, Mn3O4 NPs were decorated on N-doped graphene
(Mn3O4NPs/N-GR). Then, Mn3O4NPs/N-GR was filled into
a glassy tube to prepare the carbon paste electrode, which
displayed a sensitivity of 0.1011 μA μM−1.27 Mn3O4 NPs
decorated on N-doped rGO were also reported to be an
excellent enzyme-free glucose sensor with reasonable sensi-
tivity (i.e., 0.026 μA μM−1) and good selectivity.28 Graphene
aerogel@AuNPs/AuNPs were designed for enzyme-free
glucose sensor and exhibited excellent LOD of 3 μM, with a
linear range of 0.01−16 mM. The improved performance of
the sensor was attributed to the largely enhanced electron
transfer, mass transport, and catalytic activity of graphene and
the AuNPs.29

Tour and co-workers reported that polymeric substrates
such as polyimide (PI) could be photothermally converted into
3D porous graphene, also known as laser-induced graphene
(LIG).30 Later, many studies focused on the formation of LIG
on various carbonaceous substrates, including poly(ether
sulfone) (PES), polysulfone (PSF), polyphenylsulfone
(PPSU), and naturally available materials.31−33 Since its
discovery, LIG has emerged as an important material for
diverse applications because of its reagent-free preparation and
potentially straightforward route for scale-up.34 Its high
electrical conductivity, porosity, flexibility, and hydrophilic-
ity/hydrophobicity have been extensively exploited in many
applications, such as sensors,35,36 electronics,32 flexible
heaters,37 water treatment,38 and adsorption.39,40

To date, there are very few reports on LIG-based glucose
sensors. Zhu et al. prepared glucose sensors by electroless
plating of the gold and nickel on LIG electrodes and evaluated
their performance for nonenzymatic glucose sensing.41 In their
study, they used PI-derived LIG, different precursors of Pd and
Au, and Nafion resin to fabricate the working electrode. These
materials are known to be expensive and rare, and the synthesis
route requires extra processing steps and resources.41 Settu et
al. reported a chitosan-GOx-modified LIG electrode for
glucose detection, which showed poor sensitivity (43.15 μA
mM−1 cm−2)42; hence, it was not found to be suitable for real-
time glucose sensing. In a different study, a composite of Co/
CuNPs in LIG electrode was evaluated for nonenzymatic
glucose sensors.43,44 Despite a few recent studies on LIG-based

glucose sensors, there is still a need to further improve the
sensitivity of LIG composites that can provide better
performance.
Numerous studies on manganese oxide-based sensors have

been reported for nonenzymatic glucose detection. Flexible
and freestanding glucose biosensor based on Mn3O4 grown on
three-dimensional graphene foam (Mn3O4/3DGF) composite
was reported.45 Mn3O4 nanoparticles grown on nitrogen-
doped graphene (NPs/N-GR) electrode provided a broader
detection range of 2.5−529.5 μM for glucose sensor.46 GC
electrodes modified with bimetallic CoMn-based nanoparticles
with hierarchical carbon (CoMnO@HC) displayed reasonable
electrocatalytic activity for glucose in the range of 50−900 μM
and 1.9−6.9 mM, with a sensitivity of 233.8 μA mM−1 cm−2.47

MnO2 on multiwalled carbon nanotubes (MnO2/MWNTs and
Cu/MnO2/MWCNTs) electrodes also displayed good sensi-
tivity with resistance toward poisoning by chloride ions.48,49

Multicomponent Nafion/Mn−Ni-oxide nanocomposite and
nanosheets of NiMn2O4 on reduced graphene oxide
(NiMn2O4NSs@rGO) were also demonstrated for non-
enzymatic glucose sensors.50,51 A glucose sensor based on α-
MnO2/Co3O4 composite electrode was also studied and
demonstrated by Sinha et al.52 Above-mentioned manganese
oxide-based sensors have withstanding issues with respect to
sensitivity and practical applications. In order to develop
innovative nonenzymatic glucose sensors, manganese carbo-
nate (MnCO3) is being considered emerging candidate
materials. The major obstacle to developing MnCO3-based
electrodes for electrochemical applications is its poor
electronic conductivity.53 To resolve this issue, MnCO3 was
directly grown on a nickel substrate to attain reasonable
electrical conductivity and increase the contact area between
the electrode material and electrolyte. MnCO3/Ni foil
electrode showed a glucose sensing potential of 0.55 V with
a linear range of 0.001−0.5 mM and a sensitivity of 1254.4 μA
mM−1 cm−2.54 Nonetheless, sensors made with this approach
did not meet all of the required ideal sensing criteria, such as
lower linear sensing ranges and threshold sensitivity. Further,
the electrochemical behavior of bare MnCO3 or nickel foil
electrodes for glucose detection was not studied individually
because glucose has shown an anodic response in basic
solution at nickel electrodes. The catalytic NiOOH species is
reduced to Ni(OH)2 in the glucose oxidation mechanism
through hydrogen abstraction of the C-1 hydrogen atom
intermediate. Dehydrogenated radical is then oxidized to
gluconolactone, which is finally converted to gluconic acid by
hydrolysis.55,56

In this work, LIG was prepared by laser irradiation on a
poly(ether sulfone) porous substrate. Then, MnCO3/LIG
composite was synthesized, characterized, and further used to
fabricate an enzyme-free biosensor electrode for glucose
detection in an alkaline medium. Cyclic voltammetry (CV)
tests of LIG, bare MnCO3, and MnCO3/LIG composite-
modified GC electrodes were performed with and without
glucose. The effect of glucose concentration and scan rates on
the MnCO3/LIG composite-modified GC electrode perform-
ance was already studied. The amperometric response of the
electrodes was also monitored and compared. Similarly, the
effect of interference was studied with a MnCO3/LIG
composite-modified GC electrode, and its stability was
assessed for 30 days.
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■ EXPERIMENTAL SECTION
Materials. Poly(ether sulfone) (PES Veradel 3000P Mw ∼

65,000 g mol−1) was supplied by Solvay (GA, USA). Glucose,
GOx, manganese acetate tetrahydrate (≥99%), and N-methyl-
2-pyrrolidone (NMP) were purchased from Fisher Scientific
(Pittsburgh, PA). Urea, sodium chloride (NaCl), and
potassium chloride (KCl) were purchased from SD Fine
Chemicals, India. Deionized (DI) water was used in all
experiments. All other chemicals/reagents were used as
received.
Fabrication of PES Porous Substrates. PES porous

substrates were prepared by the nonsolvent-induced phase
separation (NIPS), as follows. First, the PES powder was dried
at 80 °C in a convection oven. Then, 20 g of dried PES powder
was slowly added to 80 g of NMP solution at room
temperature with vigorous stirring followed by heating at 60
°C for 6 h and further stirring at room temperature for 24 h.
The bubble-free homogeneous PES solution was cast evenly on
a clean glass plate using a Gardco casting knife film applicator,
assisted with a Gardco automatic drawdown machine II (0.09
m per second speed and 0.09 m stroke length) with a casting
thickness of 600 μm. The film was shortly exposed to the
ambient air followed by immersion precipitation in a
nonsolvent coagulation bath (DI water). After 0.5 h, the
porous substrate was removed from the coagulation bath and
placed in fresh DI water for 24 h to complete the phase
inversion process and remove any residual solvent. Finally, the
porous substrate was dried in a convection oven at 50 °C for
48 h.
Laser Irradiation of PES Porous Substrates. Laser

irradiation of PES porous substrates was performed with a
computer-controlled CO2 laser system (Universal Laser
System VLS 3.6, 40 W, wavelength 10.6 μm). The laser
power was set to 8 W; the writing speed was 25.4 cm/s, and
the image density was fixed at 1000 PPI (points per inch) in a
raster mode under ambient conditions with air assist. The LIG
layer was then scraped off from the PES substrate with a thin
flat-end spatula and sonicated with an ultrasonic cleaner for 1
h. Then, the LIG powder was dried and stored for further use.
Preparation of MnCO3 and MnCO3/LIG Composite.

Figure 1 illustrates the synthesis route of the MnCO3/LIG

composite material for glucose sensing. In the first step, the
PES substrate was lased with a CO2 infrared laser, leading to
the formation of a carbon-rich microporous conductive
graphene layer. This was followed by scraping and mixing
with MnCO3 to make the composite material. 0.75 g of
manganese acetate tetrahydrate and 1.50 g of urea were
dissolved in 60 mL of ethylene glycol with vigorous stirring for
30 min. The solution was transferred to autoclaves and kept at

160 °C for 12 h to synthesize MnCO3. For the preparation of
MnCO3/LIG composites, 0.75 g of manganese acetate
tetrahydrate, 0.06 g of LIG, and 1.50 g of urea were dispersed
in 60 mL of ethylene glycol with continuous agitation and
ultrasonicated for 20 min. The solution was later transferred to
an autoclave and maintained at 160 °C for 12 h. The obtained
samples were centrifuged and then washed with ethanol−water
solution three times. The final product was dried at 100 °C for
12 h.
Electrochemical Sensing. MnCO3 or MnCO3/LIG

composite (10 mg) was mixed in 1 mL of DI water under
sonication to form the inks. Approximately 3 μL of each ink
was dropped onto a clean glassy carbon (GC) electrode (3 mm
diameter) and dried at room temperature to form the modified
GCE. Modified GCE was then transferred to the one-
compartment electrochemical cell connected with Pt wire as
a counter electrode and saturated calomel electrode as a
reference electrode. All electrochemical experiments were
performed using an electrochemical analyzer (CH Instruments,
Model 680 Amp).
Characterizations. Scanning electron microscopy (SEM)

images were obtained from a field emission scanning electron
microscope (FE-SEM-JEOL Model-JSM7, Japan), equipped
with an energy-dispersive spectrometer. Before the analysis, a
thin layer of a gold and palladium alloy was evenly coated on
the sample. High-resolution transmission electron microscopy
(HR-TEM) images were taken by using a JEOL JEM-200CX
operating at 200 kV. The powder X-ray diffraction (XRD)
patterns were recorded on an X-ray diffractometer (XRD
Rigaku, Japan). Raman spectra were collected using a Bruker
Optics Senterra dispersive Raman microscope spectrometer
with a 532 nm laser excitation. X-ray photoelectron spectros-
copy (XPS) spectra of the composite were recorded on a
PerkinElmer, PHI1257 (USA), with Al Kα source and
excitation energy of 1486.7 eV; the binding energy was
calibrated using C 1s at 284.5 eV. Fourier transform infrared
(FTIR) spectroscopy was performed with a Spectrum Two
(PerkinElmer, USA), equipped with an attenuated total
reflection cell using the KBr pellet method. The porous
structures of the materials were determined using a nitrogen
adsorption isotherm obtained from the BELSORP MAX
instrument II (Japan) surface analyzer. The materials were
degassed at 200 °C for 2 h under a high vacuum before the
measurement.

■ RESULTS AND DISCUSSION
As displayed in Figure 2a, XRD diffractogram of LIG powder
scraped from the porous substrate shows a strong peak at
∼25.9°, corresponding to the interlayer spacing (∼0.34 nm)
between (002) planes and a smaller peak centered at ∼42.8°
associated with (100) reflection in the graphitic materials.39,57

The XRD patterns of MnCO3 and MnCO3/LIG (Figure 2a)
exhibit calcite-type rhombohedral structure and matched well
with JCPDS No 86−0172.58 Multiple sharp peaks were found
at 2θ = 24.3, 31.5, 37.7, 41.6, 45.5, 50.0, 51.9, 60.4, 64.1, and
68.1°, which corresponded to the (012), (104), (110), (113),
(202), (024), (116), (122), (214), and (300) planes of
MnCO3, respectively.

59 All of these peaks are retained in the
MnCO3/LIG composite, confirming the successful formation
of the composite. Raman spectrum of LIG displayed in Figure
2b indicates that LIG has characteristic peaks for graphene: the
D peak at ∼1346 cm−1 originating from defect and bending,
the G peak at ∼1577 cm−1 confirming graphitization, and the

Figure 1. Preparation of LIG and MnCO3/LIG composites and their
fabrication.
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2D peak at ∼2690 cm−1 arising from multilayer graphene.60,61

Samples were then characterized using XPS to study the
atomic structure of the LIG and the MnCO3/LIG composite.
As shown in Figure S1a (Supporting Information), carbon,
oxygen, and sulfur were observed in LIG, while manganese was
seen in the LIG composite structure.
The high-resolution C 1s spectrum of LIG is shown in

Figure S1b, which clearly indicates graphene formation. The
functional groups and composing structure gave peaks
centered at 284.5 (C�C/C−C), 285.3 (C−S), 286.3 (C−−
O), 287.4 (C�O), and 288.6 eV (O−C�O).62,63 The XPS C
1s spectrum of MnCO3/LIG displayed in Figure 3a can be
deconvoluted into four peaks corresponding to C−C/C�O
(284.5 eV), C−S (285.4 eV), C−O (286.4), and C=O (287.5.
eV).39 The O 1s spectrum of composite demonstrates (Figure

3b) the existence of C�O and C−O functional groups at
531.9 and 533.1 eV.39 In Figure 3c, two main peaks at 642.6
and 654.4 eV can be observed, which are characteristic peaks
of 2p3/2 and 2p1/2 in Mn.

64 In addition, there is an additional
peak fitted at 647.0 eV corresponding to the satellite peak of
Mn 2p3/2 (indicated as “Sat.”).

64 The S 2p peaks of the XPS
spectra of the composite shown in Figure 3d can be
deconvoluted into three species: C−S−C, C�S, and C−
SO3. The first two peaks at 163.6 and 164.8 eV correspond to
the S 2p3/2 and S 2p1/2 of C−S−C bonded LIG,39,65 whereas
peaks at 165.6, 166.8, 167.7, and 168.8 eV attributed to the
C�S and C−SO3.39,65
The surface morphology of MnCO3 and MnCO3/LIG was

studied by SEM, and low- and high-magnification images are
provided in Figure 4. Figure 4a,b shows that MnCO3 has

Figure 2. (a) XRD analysis of LIG, MnCO3, and MnCO3/LIG composite. (b) Raman spectra of LIG.

Figure 3. High-resolution XPS. (a) C 1s, (b) O 1s, (c) Mn 2p, and (d) S 2p for the MnCO3/LIG composite.
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conjoint particles and displays a porous 3D flower-like
morphology, which comes from the combination of a large
network of nanorods,66 whereas cubic and spherical structures
can be seen in the MnCO3/LIG composite, as displayed in
Figure 4c,d.67

Figure 5 displays the HR-TEM images of the LIG and
MnCO3/LIG composite material. Figure 5a highlights LIG’s

few-layer structure with an average lattice space of 0.34 nm,
which corresponds to the distance between neighboring (002)
planes in graphene.39,61 Figure 5b clearly shows that MnCO3
was stably embedded and uniformly dispersed on LIG. HR-
TEM results suggest that MnCO3 has a spherical morphology
with a well-defined fringe and interplanar distance (d-spacing)
of approximately 0.29 nm, which corresponds to the (104)
plane of the MnCO3 structure.

66,68 TEM-EDS (Figure 5c) also

exhibits C, O, Mn, and S peaks and confirms the formation of
the MnCO3/LIG composite.
FTIR spectra of LIG, MnCO3, and MnCO3/LIG are shown

in Figure 6. LIG has a broad peak around 3420 cm−1,

indicating the presence of a hydroxyl group (O−H).69 The
peaks at ∼1490 and 1015 cm−1 are resulted from the −C�C
stretching and bending vibration, respectively, while peaks at
∼1325 and ∼1150 are associated with the−SO2 symmetric and
asymmetric stretching vibration in PES, respectively.61 More-
over, additional peaks at 1260 and 1105 cm−1 are due to
symmetric and asymmetric −C−O−C bands, respectively.70

The MnCO3 showed peaks at 2495, 1430, 862, and 726 cm−1,
corresponding to the framework stretching vibration of
MnCO3.

59,71 A broad peak at around 3420 cm−1 is attributed
to the adsorbed water molecules. All of the peaks were also
found at similar wave numbers for the MnCO3/LIG
composite, confirming the successful formation of the
composite. Taking all of the characterization into account,
MnCO3 was fused with the LIG to form the composite
structure.
The surface area and porous structure of MnCO3 and

MnCO3/LIG were evaluated by nitrogen adsorption−
desorption isotherms and the BJH pore size distribution, as
shown in Figure 7. More details on the porous structures of
MnCO3 and MnCO3/LIG are summarized in Table 1. The
MnCO3 and MnCO3/LIG displayed BET surface areas of
11.30 and 8.28 m2/g, respectively, while the mean pore size
and the corresponding pore volume were found to be 9.20 and
11.5 nm and 0.03 and 0.02 cm3/g, respectively. The nitrogen
isotherms for both samples indicate a Type II isotherm, which
is a signature of the large pore size distribution within the
microporous structure of MnCO3. This relatively large pore
size distribution is confirmed by BJH pore size distribution
results, as illustrated in Figure 7b,d. The BET result suggests
that the prepared samples have a small microporous structure,
and most of the porosity is associated with macropores. The
BET surface area and pore volume of the MnCO3/LIG
composite are lower than those of MnCO3, which can be
attributed to the effect of compositing and further processing
of MnCO3 that can lead to the less porous structure of
MnCO3/LIG composite.
To understand the electrocatalytic behavior of LIG, MnCO3,

and MnCO3/LIG composite, tests were carried out using a CV
technique at the applied voltage from −0.4 to 0.65 V under

Figure 4. Low- and high-magnification SEM images of (a, b) MnCO3
and (c, d) MnCO3/LIG composite.

Figure 5. TEM images of scrapped LIG powder and MnCO3/LIG
composite; (a) HR-TEM of LIG and (b) MnCO3/LIG; (c) EDS
spectrum of MnCO3/LIG.

Figure 6. FTIR spectra of LIG, MnCO3, and the MnCO3/LIG
composite.
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three-electrode cell configurations in 0.1 M KOH at 50 mV
s−1. Figure 8a indicates that the anodic and cathodic peak
currents of GC electrodes modified with the MnCO3/LIG
composite are much larger than those of electrodes modified
with LIG and MnCO3. It can be clearly seen that the MnCO3
and MnCO3/LIG composite electrode exhibits well-defined
redox peaks with the anodic peak at around 0.02 and −0.17 V
and the cathodic peak at around −0.2 and −0.29 V, which
correspond to the electron transfer mechanism that may
involve the participation of Mn(II) and Mn(III) or Mn(IV),
respectively. The same MnCO3/LIG composite-modified GC
electrode was used to detect glucose with concentrations of 3.0
mM. The new peak position can be found at 550 mV (Figure
8b), which is at 3 orders of magnitude larger current than that
of the MnCO3-modified GC electrode. It is worth noting that
there was no response from the GC electrode that was
modified with LIG. Furthermore, the GC electrode modified
with MnCO3/LIG composite was evaluated for detecting
glucose at different concentrations in the range of 0.5 and 7
mM (Figure 8c). It is observed that the oxidation current
increased greatly with the addition of glucose at a scan rate of
50 mV s−1, while the cathodic peak currents are unchanged
due to irreversible oxidation process of glucose to glucolac-
tone.72 For the detection of 5 mM glucose, the peak current of
the electrode reached 140 μA, and the peak current for 1 mM
glucose was approximately 70 μA. Furthermore, with

increasing concentration of glucose, the peak current gets
saturated, and the sensitivity decreases.
Figure 9 illustrates the proposed mechanism of glucose

oxidation on GC electrodes modified with a MnCO3/LIG
composite. The active metal center of Mn* across the
electrode undergoes a premonolayer oxidation step and
subsequent chemisorption of the glucose molecule by LIG
and Mn*. Mn* was adsorbed in the hydrous oxide layer to
form a reactive incipient hydrous oxide layer (OHads) and
mediates the glucose oxidation and inhibits reduction reaction.
At this state, Mn[OH]ads has low lattice coordination value,
and thus, lacks normal lattice stabilization energy, which makes
Mn[OH]ads less stable and increases its reactivity. As a result,
oxidation of the premonolayer accelerates even at lower
potential compared to thermodynamic surface oxidation.
Additionally, it is worth noting that the chemisorption of the
glucose molecule occurs at Mn[OH]ads sites, and LIG can also
facilitate glucose chemisorption on the electrode. The presence
of graphene facilitates glucose oxidation at lower poten-
tials.73−75 Due to good catalytic activity/adsorption of MnCO3
and improved adsorption and conductivity of LIG, the
composite sensor displays enhanced sensitive detection to
detect glucose. Electrochemical impedance spectroscopy (EIS)
can be used to assess the interfacial charge transfer kinetics
(Rct) of the bare and different electrode materials, which was
obtained by fitting the Nyquist plot. Nyquist plots of the bare,
LIG, MnCO3, and MnCO3/LIG-modified GC electrodes
evaluated in the presence of the KCl with 5 mM [Fe-
(CN)6]3−/4− electrolyte are displayed in Figure S2 in the
Supporting Information. Bare and LIG-modified GC electro-
des display depressed semicircles in the high-frequency region
with Rct values of 810 and 380 Ω, respectively. These results
are attributed to the low surface resistance phenomena.

Figure 7. N2 adsorption−desorption isotherm and pore size distribution of (a, b) MnCO3 and (c, d) MnCO3/LIG composite.

Table 1. BET Surface Area, Average Pore Diameter, and
Pore Volume of MnCO3 and MnCO3/LIG Composite

materials
specific surface
area (m2/g)

pore diameter
(nm)

pore
volume (cm3/g)

MnCO3 11.80 9.20 0.03
MnCO3/LIG 6.30 11.50 0.02
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Further, it is also possible to provide a big semicircle for high
charge transfer resistance. MnCO3 exhibits a semicircle with a
Rct value of 570 Ω. EIS data can be fit by a proposed equivalent
circuit for the MnCO3/LIG-modified GC electrode comprising
an ohmic resistance of the solution Rs, two charge transfer
resistances Rct (R1 and R2), as shown in the inset of Figure S2

in the Supporting Information. R1 represents the electron
transfer resistance between the interface of electrode/electro-
lyte, R2 represents the charge exchange resistance between
active material and electrolyte, and Cdl is the capacitance in the
electrolyte. Rs of the MnCO3/LIG-modified GC electrode
(420 Ω) are smaller than that of the MnCO3 electrode (570
Ω), which shows that the MnCO3/LIG-modified GC electrode
facilitates the electron transfer rate owing to the shorter
electron transfer path.

* + [ ]Mn OH Mn OH ads (1)

[ ] + *xMn OH e Mnads (2)

+ xGlucose Gluconolactone e (3)

MnCO3/LIG was investigated by CV toward the oxidation
of glucose in 0.1 M KOH solution with different scan rates
(10−100 mV s−1), and results are displayed in Figure 10.

Before glucose addition, the GC electrode modified with
MnCO3/LIG exhibits an anodic peak at 19.1 mV and a
cathodic peak at −212 mV (Figure 8a). After glucose addition,
the MnCO3/LIG composite-modified GC electrode shows an
anodic peak at 96 mV, a cathodic peak at −275 mV, and a
glucose oxidation peak at 550 mV. With an increase in the scan
rate, both the anodic and cathodic peak currents increase. The
anodic peak makes a positive shift in potential, while the
cathodic peak shows a slightly negative shift in potential,
demonstrating a quasi-reversible electron transfer reaction for
the electrochemical reactions. Moreover, the potentials and
peak currents of the glucose irreversible process (anodic peak
at 550 mV) are dependent on the scan rates. Larger peak-to-
peak separations were observed with the increase in scan rates.
The anodic peak current values increased linearly with the scan
rates (correlation coefficient values of 0.993 for anodic peak)
in the scan rate range of 10−100 mV s−1 (Figure 10b). The
linearity of peak current and scan rate suggests that the kinetics
is controlled by the adsorption of glucose. Moreover, to obtain
the Cdl (double layer capacitance), the voltammetry curves of
Figure 10 were used. Assuming that the charging of the electric
double layer is solely responsible for the process, a linear
behavior is obtained, and the angular coefficient gives the Cdl.

76

A linear relationship was obtained when the current was
plotted against the scan rate variation, represented in Figure
S3, Supporting Information. It showed that good linearity is a
good indication that redox transitions contribute little to the
chosen potential. Then, the Cdl value of the MnCO3/LIG-
modified GC electrode was calculated as being 32.4 μF.
The effect of the various applied potentials on glucose

oxidation was studied for the MnCO3/LIG-modified GC

Figure 8. (a) CVs of the different modified GC electrodes without the
addition of glucose, (b) CVs of the different modified GC electrodes
after the addition of 3 mM glucose concentration with 0.1 M KOH at
50 mV s−1and (c) CVs of the MnCO3/LIG-modified GC electrodes
in different glucose concentrations with 0.1 M KOH at 50 mV s−1.

Figure 9. Sensing mechanism of the enzyme-free sensor based on the
MnCO3/LIG composite-modified GC electrode.

Figure 10. (a) CVs of the MnCO3/LIG-modified GC electrode in 2.5
mM glucose concentrations with 0.1 M KOH at different scan rates
and (b) plot of the peak current versus the scan rates.
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electrode in 0.1 M KOH. The applied potentials of 0.5, 0.55,
and 0.6 V were chosen. Figure S4 (Supporting Information)
demonstrates the amperometric response using a MnCO3/
LIG-modified GC electrode after successive addition of 0.1
mM glucose, while the solution was being stirred. Results
clearly show that amperometric responses enhance current
response at 0.55 V in compared to 0.5 and 0.6 V. So, further
experiments were conducted at a fixed potential of 0.55 V for
glucose sensor. Figure 11a depicts the amperometric responses

of various modified GC electrodes to glucose with the
subsequent addition of 5.0 μM glucose in a 0.1 M KOH
solution for every 50 s. The GC electrode modified with
MnCO3/LIG outperformed the other two electrodes in terms
of current densities at a fixed potential of 550 mV. After the
addition of each dose of glucose into a stirred KOH solution,
the oxidation currents of the GC electrode modified with
MnCO3/LIG were monitored at a fixed potential of 550 mV,
as illustrated in Figure 11a. This curve was used to create the
calibration for the GC electrode modified with MnCO3/LIG,
as displayed in Figure 11b.
From the amperometric curve for glucose, the linear

relationship between the oxidation current and the glucose
concentration was obtained for concentrations ranging from
5.0 to 55 μM for MnCO3 and MnCO3/LIG-modified GC
electrodes (Figures 11b and S5 in the Supporting Informa-
tion). The linear regression equation is given by y = 0.193x +
2.122, with a correlation coefficient of R2 = 0.995 for the
MnCO3-modified GC electrode. The MnCO3/LIG-modified
GC electrode exhibits an LOD of 2.2 μM, sensitivity of 2731.2
μA mM−1 cm−2, and a limit of quantification (LOQ) of 12.2
μM. The MnCO3/LIG-modified GC electrode outperforms
the MnCO3-modified GC electrode (linear regression equation

of y = 0.056x + 1.795, R2 = 0.996, and LOD of 6.5 μM and
sensitivity of 794.2 μA mM−1 cm−2). Table 2 summarizes the
previously reported enzyme-free glucose sensors with Mn-
based composite electrodes. The sensitivity of our MnCO3/
LIG-modified GC electrode can be compared against those
reported earlier.45−52,54 Our GC electrode modified with
MnCO3/LIG reveals the highest sensitivity, reasonable LOD,
and acceptable linear range. This superior performance can be
attributed to the synergetic effect of compositing MnCO3 with
LIG. The conductive graphene boosts the electrocatalytically
active area and promotes electron transfer in glucose oxidation.
During electrochemical glucose sensing, some of the

compounds that easily oxidize (e.g., ascorbic acid (AA),
dopamine (DA), uric acid (UA)) and always exist with glucose
in human blood can interfere with the sensor’s glucose
detection. Thus, evaluating the anti-interference property of
the proposed MnCO3/LIG composite sensor is crucial. The
current response of inferences needs to be investigated with a
MnCO3/LIG-modified GC electrode for glucose sensor. As
shown in Figure 12a, no significant signals can be observed for

interfering species, whereas distinct glucose oxidation currents
were obtained. Hence, this result suggests that a small amount
of AA, DA, UA, galactose, lactose, fructose, NaCl, and KCl can
be tolerated with the MnCO3/LIG-modified GC electrode and
confirms the high selectivity for glucose sensing. Figure 12b
depicts the stability of the MnCO3/LIG-modified GC
electrode evaluated at 0.55 V for the amperometric current
responses within 30 days. The electrode was exposed to air and
tested for initially 2 days and then every 5 days. The current
response of the MnCO3/LIG-modified GC electrode was
approximately 90 and 83.5% of its original counterpart after 15
and 30 days, respectively. The reproducibility of the sensor was
also tested by measuring the CV response of a glucose solution

Figure 11. (a) Amperometric responses of the LIG, MnCO3, and
MnCO3/LIG-modified GC electrodes after the subsequent addition
of 5.0 μM glucose in a 0.1 M KOH solution and (b) relationship
between the amperometric responses and the glucose concentrations
of the MnCO3/LIG-modified GC electrode.

Table 2. Comparison of Enzyme-Free Mn-Based Composite Electrodes

electrode composition sensitivity (μA mM−1 cm−2) linear range (mM) LOD (μM) ref.

Mn3O4/3DGF 360 0.01−8 10 45
Mn3O4/N-GR 101.1 0.0025−0.5295 1 46
Nafion/Co/MnO@HC/GCE 233.8 Up to 6.9 1.31 47
MnO2/MWNTs 33.19 0.01−28 3.3 48
Cu/MnO2/MWCNTs 1302 0.00064−2.2 1.7 49
Nafion/Mn−Ni-oxide/GCE 82.44 0.1−1 0.2 50
NiMn2O4NSs@rGO 2615.2 0.001−3.5 51
α-MnO2/Co3O4 127 0.06−7 0.03 52
MnCO3/Ni foam 1254.4 0.001−0.5 1 54
MnCO3/LIG/GCE 2731.2 0.005−0.055 2.2 this work

Figure 12. (a) Amperometric response to the sequential addition of
0.1 mM glucose with 10 μM interfering species at 0.55 V and (b)
stability of the sensor over 30 days using 0.1 M KOH with 0.5 mM
glucose.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07642
ACS Omega 2024, 9, 7869−7880

7876

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07642/suppl_file/ao3c07642_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07642/suppl_file/ao3c07642_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07642?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for 10 consecutive tests. Results displayed an excellent
reproducibility with a relative standard deviation as low as
3.38% and mean value of 20.53 μA (Figure S6, Supporting
Information). Reasonable stability and reproducibility of the
MnCO3/LIG-modified GC electrode are attributed to its
unparalleled chemically stable MnCO3 phase and electro-
chemically stable LIG under this condition.
The application of the MnCO3/LIG-modified GC electrode

was studied for glucose detection in blood serum samples,
which were collected from local hospitals. The serum was
processed by diluting with distilled water and centrifuged with
at 5000 rpm for 10 min. The supernatant liquid was withdrawn
for further evaluation. Various concentrations of the sample
were added into the 0.1 M KOH, and the current response was
recorded. Table 3 summarizes the recovery results of the

glucose sensor in serum samples. To further confirm the
glucose detection, the known concentration of glucose was
added to the 0.1 M KOH. The MnCO3/LIG-modified GC
electrode exhibited good recovery (98.7−99.3%) of glucose in
blood serum samples, which confirmed its capability toward
practical applications.

■ CONCLUSIONS
In this work, we successfully prepared the MnCO3/LIG
composite and used it as an electrode for glucose detection.
The LIG was fabricated in a single step on a PES substrate by
using a CO2 infrared laser. Through a simple hydrothermal
synthesis method, we obtained MnCO3-decorated LIG. Then,
the MnCO3/LIG composite was immobilized onto a GCE
surface. Then, the composite structure was successfully
characterized by employing different techniques. Following
this, we successfully demonstrated the suitability of the
MnCO3/LIG-modified GC electrode for glucose detection
by using electroanalytical techniques. The possible mechanism
of MnCO3/LIG for glucose detection was found to be good
catalytic activity and chemisorption of MnCO3 and good
conductivity with the improved chemisorption nature of LIG
of the glucose molecule. Overall, this electrode exhibited
significantly improved performance compared to the pre-
viously Mn-based composite. The superior performance is
attributed to the conductive nature and electrocatalytic active
areas of LIG in the MnCO3/LIG composite, which facilitate
direct electron transfer, resulting in enhanced detection of
glucose. Benefiting from its unique properties, the composite
showed an excellent sensitivity of 2731.2 μA mM−1 cm−2 with
a detection limit of 2.2 μM. This work provides new insight
into LIG materials to design efficient electrodes for sensing
applications. It demonstrates better sensitivity, wide linear
range, and good selectivity for a glucose sensor, which may
provide new directions for exploiting advanced materials for
other electrochemical biosensors and energy storage devices.
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(12) Şavk, A.; Aydın, H.; Cellat, K.; Şen, F., A novel high
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