#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Acetate-assisted in situ electrodeposited B-MnO,
for the fabrication of nano-architectonics for non-
enzymatic glucose detection
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Highly sensitive and low-cost electrocatalytic materials are of great importance for the commercial
application of non-enzymatic glucose sensors. Herein, we fabricated a novel one-pot enzyme- and
indicator-free method for the colorimetric sensing of blood glucose levels based on the direct redox
reaction of B-MnO,/glucose. Owing to the introduction of ammonium acetate and the enhanced
oxygen evolution reaction, the higher conductive B-MnO, nanosheets with the larger surface area were
directly grown in situ on the conductive substrate by a linear sweep voltammetry (LSV) electrodeposition
method. Besides, owing to the unique tunnel-type pyrolusite MnO,, the electrolyte diffusion was
facilitated and reduced the response time in the glucose detection process. Hence, the acetate-assisted
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Accepted 20th June 2024 MnO, electrode exhibited a high sensitivity of 461.87 pA M~ cm™“ toward glucose, a wide detection
range from 1.0 uM to 1 mM, and a low detection limit of 0.47 uM while the electrode also maintained

DO 10.1039/d4ra03930k excellent selectivity and stability. These results clearly indicate that the new strategy we developed has
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1. Introduction

Based on the World Health Organization report, diabetes and
its complications are becoming the most dangerous chronic
disease caused by the high glucose concentration in human
blood and has resulted in approximately 350 million people
around the world, and it will be the 7th leading cause of death
by 2030 from the current projections.’ Besides, the added
sugar in food or drinks is transformed into glucose and even-
tually into fat in the human body, causing obesity with the
modern lifestyle.*® Therefore, with the rapid developments of
electrochemical science and technology, the exploitation of the
rapid and accurate glucose sensor is a prerequisite for the
detection of non-enzymatic material.

In recent years, transition metallic oxides have been widely
investigated and used as active materials in non-enzymatic
glucose sensors owing to their non-toxic nature, good biocom-
patibility, boundary active sites, and environmental
friendliness.®® Among them, manganese dioxides (MnO,)
exhibit admirable oxidation activity and have drawn the greatest
interest in the fields of batteries, supercapacitors, catalysis, or
seniors.®™ For example, Zhang et al. reported a one-pot enzyme-
and indicator-free synthesized MnO, for the colorimetric
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great potential for practical applications.

sensor.' The as-obtained MnO, nanomaterial acts as an active
nano-oxidizer and a color nano-indicator for the sensing of
blood glucose levels. Kovalyk et al. electrodeposited MnO, on
the indium tin oxide substructure with surface decoration to
improve operational stability.” Various polymorphs of MnO,
are found due to the different linkages of MnO, octahedron
units, including o-, B-, v-, A-, and d-types. The a-type has been
primarily studied for glucose sensing because of its unique 2 x
2 and 1 x 1 tunnels, which promote electrode kinetics.'*"” In
contrast, despite B-MnO, being widely discussed as a material
for Li-ion batteries'®" or supercapacitors*>* due to its high
specific capacity, its use as an active material for glucose
sensors has been reported in a few studies.

In addition, the sensor electrode can be synthesized with
appropriate nanostructures such as nanosheets, nanosphere,
nanorods, or nanowires, which is an effective strategy to
improve the electro-catalytic property of the active materials.
Such a well-designed nanostructure with a large surface area
can provide more active sites to participate in the glucose redox
reaction and build suitable ion intercalation channels to
accelerate the fast electron transfer with a faster current
response.”»”® The considerable nanostructure could be con-
structed using different methods such as hydrothermal,*>*
atomic layer deposition,*® spray pyrolysis,” and wet chemical
techniques.’® However, the above-mentioned methods generally
require huge energy, special conditions, or complex multistep
procedures. In this regard, in order to decrease energy
consumption and optimize the fabrication technology, the
electrodeposition method has emerged as a competitive
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technique to synthesize high-performance electrodes because
of its advantages, such as low cost, easy control, faster process,
and simplicity.>*® Furthermore, according to Donne's theory,
the MnO, electrodeposition from an aqueous solution occurs by
a precipitation reaction within acidic anions formed at the
electrode surface.®* Therefore, the adjusted suitable electrolyte
with optimized composition is considered the most important
parameter to further improve the electro-catalytic property of
the sensor electrode.

Herein, we propose a facile one-step electrodeposition
method to fabricate a high-performance B-MnO, sensor elec-
trode assisted with ammonium acetate (marked as Ac-
MnO,@NF). In this study, B-MnO, was electrodeposited on
nickel foam (NF) by the linear sweep voltammetry (LSV) method
and served as a detector electrode for glucose sensors. During
this process, the introduced ammonium acetate promotes the
oxidation of the solvated Mn>" with the occurrence of an oxygen
evolution reaction under an applied anodic potential. Accord-
ingly, the morphology of the deposited B-MnO, was crystallite
growth to a porous nanostructure with a larger surface area and
exposed more active sites. Besides, benefits from the unique
tunnel-type pyrolusite polymorphs of the as-obtained B-MnO,,
which facilitated the permeation of the electrolyte and short-
ened the ions transfer distance. Based on the aforementioned
synergistic effect, the as-synthesized senor electrode exhibited
a wide detection range, low detection limit, excellent stability,
and high selectivity in the detection of glucose. This paper
provides a new strategy for the design of high-sensitivity sensors
concentrating on the prevention and diagnosis of diabetes and
its complications.

2. Experimental section
2.1 Synthesis of MnO, and Ac-MnO, electrodes

MnO, and Ac-MnO, electrodes were prepared by a facile one-
step electrodeposition method. Prior to the electrodeposition,
Ni foam with a cross-section of 1 x 3 cm” was ultrasonically
cleaned with acetone, 0.1 M HCI solution, alcohol, and deion-
ized water, successively, for 15 min. Then, the experimental
procedures were conducted under a three-electrode system,
with Ni foam as the working electrode, Pt electrode as the
counter electrode, and saturated Ag/AgCl as the reference elec-
trode. MnO, was prepared by direct electrodeposition in 0.06 M
manganese acetate solution at a potential of 0.6 V for 50 s. Ac-
MnO, was prepared under the same conditions in a mixed
solution of 0.06 M manganese acetate and 0.06 M ammonium
acetate. Subsequently, all samples were dried in a vacuum
drying oven, and the mass change before and after electrode-
position can be considered the mass of the active substance.

2.2 Materials characterization

The crystalline structure and phase of the products were
examined by XRD analysis using a D8 Advance (Germany,
Bruker) automated X-ray diffractometer system with Cu-K,, (A =
1.5 A) radiation at 40 kV and 40 mA, in the 26 range of 5° to 60°,
at room temperature. The structure and morphology of the
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samples were characterized via field emission scanning electron
microscopy (FESEM, JSM-7410F, JEOL, Akishima, Japan) and
field emission transmission electron microscopy (FETEM, JEM-
2100F, JEOL, Akishima, Japan).

2.3 Electrochemical measurements

Electrochemical experiments were performed in 0.5 M NaOH
using a three-electrode electrochemical workstation (RST
5100F). A Pt plate and Ag/AgCl electrode were used as counter
and reference electrodes, respectively. CV curves were measured
in the potential window of 0-0.6 V at 5, 10, 30, 50, 70, and
100 mV s~ . In electrochemical glucose sensing, the sensing
performance of the electrochemical sensor was evaluated using
CV and amperometry in 0.1 M NaOH in the absence and pres-
ence of glucose.

3. Results and discussion
3.1 Characterization

The schematics for the electrode fabrication are given in Fig. 1.
At first, the lattice structure and morphology of the as-formed
samples were systematically characterized. Fig. 2a shows the
XRD patterns of both MnO,, electrodes with and without the
ammonia treatment. It can be seen that the two samples
exhibited similar peaks, which are in agreement with those
from the standard cards (JCPDS 80-1098).*>** The diffraction
peaks at 12.4°, 25.2°, and 37.4° can be indexed to (001), (002),
and (111) of the typical 3-MnO,, respectively. Additionally,
based on the Debye-Scherer's equation (v = k4/8 cos 6), the full
width at half maxima (FWHM) of the diffraction peak (002) of
Ac-MnO, is greater than that of the untreated samples, which
indicates the smaller crystallite size and reflects the exposed
orientation for -MnO,. It can be ascribed to the introduction of
ammonium acetate, meaning that the soluble Mn** interme-
diate has diffused away from the substrate surface and formed
soluble Mn®*" and Mn*" by disproportionation.

To further investigate the surface composition and chemical
valence of the Ac-MnO, sample, X-ray photoelectron spectros-
copy (XPS) was performed. The full XPS spectrum showed the
presence of Mn 2p and O 1s, where the O 1s peak at 529.88 eV
corresponded to the lattice oxygen in the composite and sug-
gested a surface oxidation state upon exposure to air. In the
high-resolution spectrum of Mn 2p (Fig. 2c), the peak fitting
spectral reveals distinct chemical species, the peaks at 642.04 eV
and 654.01 eV corresponded to Mn 2pz, and Mn 2py,,
respectively. The spin-orbit level energy spacing was approxi-
mately 12 eV, which is consistent with the literature report and
indicates the formation of the chemical state of Mn>".>%* The
content of Mn*" is relatively low, indicating that the majority of
Mn in B-MnO, samples exist in the form of +2 valence.*® These
characterization results demonstrated the successful synthesis
of the B-MnO, sample.

Fig. 3a-d shows the morphology of the various MnO,
samples by SEM and TEM images. Fig. 2a exhibited a typical
nanorod shape with a diameter near 100 nm. As a comparison,
Ac-MnO, shows a porous nanoflakes morphology and consists

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics of B-MnO, electrode fabrication and electrochemical reaction for glucose sensing.

of numerous interconnected nanosheets (as shown in Fig. 2b).
After the synchronous progress of electrodeposition and
hydrolysis of ammonia acetate, the MnO, electrode material
(NH," : Mn®" = 0.5 : 1) exhibited a three-dimensional nanosheet
structure. Owing to the electrochemical reaction mainly occur-
ring on the surface of the active materials, that larger surface
area and 3D porous nanostructure can provide more active sites
for the electrochemical reactions and shorten the electron
transport path. Such a well-designed nanostructure can be
attributed to the hydrolysis of acetate ions, which leads to the
improved acidity of the supporting electrolyte and increased
conductivity of the electrolyte, which is beneficial to the rapid
transfer of Mn>" to form the produced B-MnO, with a smaller
crystallite size.>”

Fig. 3¢ shows the low-resolution TEM image of Ac-MnO,. As
shown, the nanosheets are grown together to form clusters,
which correspond to the SEM image. The almost transparent
flakes indicate the ultra-thin features, which are favorable for
the diffusion of electrolyte ions. The HR-TEM image in Fig. 3d
shows the lattice fringes with the inter-planar spacing of about

0.17 nm, which matched the (001) peaks in the XRD pattern.*®
Additionally, the relevant SAED image in the inset shows blur-
red bright electron diffraction rings, suggesting the amorphous
crystal structure of f-MnO,.

3.2 Electrochemical measurement

Cyclic voltammetry (CV) was applied as the signal transduction
mechanism for the determination of the oxidative reactivity of
different samples. Fig. 4a and b show the CV curves of the
pristine MnO, and Ac-MnO, electrodes in the 0.5 M NaOH
electrolyte at various scan rates. It is well known that electro-
catalytic properties, such as oxidation-reduction reactions and
fast electron transfer, are essential for the detection of several
biomolecules. Hence, a pair of redox peaks appeared in the CV
curves of both samples, which correspond to the Mn(iv)/Mn(vi)
redox couple. The redox peak current ratio (Ipa/Ipc) of the MnO,-
based electrodes was close to 1 (1 = reversible), and the well
peak-to-peak separation confirmed the reversible redox reaction
of glucose-gluconolactone at the interface between active
materials and the electrolyte. The obviously enhanced redox

|
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(a) XRD spectra for the synthesized Ac-MnO, and pristine MnO, electrode; (b) the XPS survey spectra of B-MnO,, and (c) Mn 2p spectra.
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Fig. 3 SEM images of (a) pristine MnO, nanosheet; and (b) Ac-MnO, nanosheet; TEM (c), HR-TEM (d), and SAED (inset) images of the Ac-MnO,

nanosheet.

reaction peaks of the Ac-MnO, electrode can be ascribed to
more active sites that were exposed in the mesoporous nano-
structure and enlarged surface area.

The influence of the scan rate on the current response for the
anodic and cathodic current was also studied, as shown in
Fig. 4c. For the Ac-MnO, electrode, the currents of both anodic
and cathodic peaks increased with the increase of the square
root of the scan rate, and the currents of the two peaks both
showed a linear response to the scan rate (ranging from 10 to
100 mV s~ ). Such a linear relationship can be obeying from the
Randles-Sevcik equation (i, = 0.4463n°F**AD,,,">Cv*"*/(RT)"
2)‘39

By plotting i, vs. v the line regression equations were
calculated and shown in the inset of Fig. 4c. The linear rela-
tionship between the current response of different MnO, elec-
trodes and the square root of the scan rate is proportional to the
square root of the scan rates and corresponds to the diffusion-
controlled process, that the redox reaction is controlled by the
diffusion process of the glucose from the bulk solution/viscous
layer interface to the electrolyte/MnO, surface interface.
However, the linear slope of the pre-treated MnO, electrode is
obviously higher than that of the pristine MnO, electrode. This
can be attributed to different material structures and surface
oxidation state valences, while the latter limited electrolyte
diffusion at high scan speeds and slower charge collection
ability.** In addition, compared with the pristine MnO, elec-
trode, the Ac-MnO, electrode showed a significantly improved
current response, which can be ascribed to the enlarged surface
area with the mesoporous nano-architecture and has shown
a good performance to catalyze glucose. Such inferences can

22362 | RSC Adv, 2024, 14, 22359-22367

also be proven from the amperometric response of the above-
mentioned samples with partially increasing glucose concen-
tration in 0.5 M NaOH at a constant applied potential, as shown
in Fig. 4d. The steepest slope and higher current density of the
Ac-MnO, electrode in the fitted straight line, indicate better
electrochemical activity related to more exposed active sites.

Despite the treatment, the Ac-MnO, electrode shows a higher
electro-oxidation ability than the pristine MnO, electrode. For
amperometric sensing applications, electrodes are generally
evaluated by measuring the current response at an optimized
potential by adding the analyte.** Thus, in order to obtain the
best catalytic performance, the amperometric response of the
Ac-MnO, electrode to gradient addition of various concentra-
tions of glucose in 0.5 M NaOH solution was studied at different
voltages. Correspondingly, the results are shown in Fig. 5a, from
which it can be seen that the current response at +0.5 V is much
higher than that at 0.45 V. Besides, at 0.55 V, unsteady signals
were observed due to the excessive background noise. This is
because the elevated potentials applied for glucose sensing will
trigger the oxidation of electro-active molecules in the system.
Accordingly, in order to have a proper signal-to-noise ratio, for
obtaining high sensitivity and selectivity, and fast response, and
due to the effect of water oxidation at higher potential,****+0.5V
was chosen as the optimal potential by which the sensor
performance was evaluated.

Afterward, the typical amperometric responses with step-
wise additions of different concentrations of glucose every 60
seconds are shown in Fig. 5b. The amperometric current
responses increased with the gradient concentrations of
glucose; it can be seen from the inset that immediately after the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammograms of (a) MnO, and (b) Ac-MnO, electrodes in 0.5 M NaOH at various scan rates. (c) Calibration plot of the peak
current vs. the square root of scan rates for different samples. (d) Amperometric current, | (mA) vs. time T (s) response of different samples with
partially increasing glucose concentration in 0.5 M NaOH at a constant applied potential (vs. Ag/AgCl).

addition of glucose, the step-like current response increases
rapidly and the steady state was achieved in seconds, indicating
that the Ac-MnO, electrode effectively catalyzes the oxidation of
glucose. According to calculation, the plot of I,,c versus Ac-MnO,
provided two linear regression equations as below:

in the range of 1.0 uM to 1 mM, I (LA) = 14.6 + 65.75Cgiucose
R?* = 0.996; and,
in the range of 1.0 mM to 28 mM, I (pA) = 130.6 + 115.75Cgiucose,
R* = 0.994.

The calibration plot showed a noticeably low detection
limit (LOD: limit of detection) of 0.47 uM (where the ratio of
signal-to-noise S/N = 3), and the sensitivity was calculated to
be 461.87 pA M~ ' cm 2. In the linear range of less than
1.0 mM of the fit, the Ac-MnO, electrode could ideally absorb
the added glucose molecules and desorb the reaction
byproducts efficiently to allow further catalytic reactions to
take place. Then, the increment of sensing current started to
decay above 1.0 mmol L " glucose concentration, which was
a higher concentration; this can be ascribed to the fact that

© 2024 The Author(s). Published by the Royal Society of Chemistry

most of the active sites on the electrode were covered by
glucose and the current response was reduced, thus
decreasing the diffusion coefficient and slowing down the
electron transfer.**** In order to evaluate the performance of
the as-prepared electrode, the linear range, sensitivity, and
limit of detection (LOD) of the Ac-MnO, electrode presented
in this study are compared to those of other similar MnO,-
based sensors, as summarized in Table 1.

In practical applications, the repeatability, reproduc-
ibility, stability, and selectivity, called the anti-interference
analysis, of the sensor are of great significance.’* Some
interfering substances such as sodium chloride (NaCl), uric
acid (UA), ascorbic acid (AA), dopamine acid (DA), and
fructose (Fru) are commonly found in the human body, and
the physiological glucose level is normally 10 times higher
than the interferences. Thus, we sequentially dropped
0.5 mM glucose, 0.05 mM NacCl, UA, AA, DA, Fru, and 0.5 mM
glucose under 0.5 V to compare the sensing ability of the
electrodes. Fig. 5c¢ shows the measuring result of the anti-

RSC Adv, 2024, 14, 22359-22367 | 22363
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Fig.5 Amperometric current, | (mA) vs. time T (s) response of the Ac-MnO, electrode with (a) increasing glucose concentration in 0.5 M NaOH at
different applied potentials; (b) against successive additions of different glucose concentrations in 0.5 M NaOH at a constant applied potential of
0.5 V; the inset shows the zoom area of the linear range and the selected response times; (c) the addition of glucose (0.5 mM) and different
inferences (0.05 mM) in 0.5 M NaOH at an applied potential of 0.5 V; (d) and the repeatability measurement (vs. Ag/AgCl).

interference analysis. The first time added glucose was
detected expeditiously as expected. Subsequently, the
amperometric responses of NaCl, UA, and Fru were almost
invisible. Despite the current responses of AA and DA
appearing marginally, such a slight amount is easily
distinguished from glucose. Then, the current change after
again adding glucose was not affected by the presence of
other substances, further, indicating a good selectivity of

the constructed sensor. Besides, the repeatability of the
same MnO, sensor was evaluated through six independent
measurements, as shown in Fig. 5d. A smooth and stable
current response without any signature deformation was
achieved along with the repeat addition of glucose. The CA
curve with a low relative standard deviation (RSD) reveals
the excellent catalytic ability and stable nanostructure of the
active materials.

Table 1 The catalytic performance evaluation of MnO,-based sensors for the detection of glucose

Sensitivity Detection limit

Electrode materials Linear range (mM) (A mM ! em?) (LOD; uM) References
MnoO, 0-0.1 12.8 11
MnO,/CuNC 0.001-0.2 100 46
MnO,/Si 0.0001-0.01 918.4 0.39 47
MnO,/CNT 0.0005-1.0 3406.4 0.5 48
MnO,/CFF 0.01-4.5 1650.6 1.9 49
MnO,/MWs 0.01-28 33.19 10 41
Ac-MnO, @NF 0.001-1.0 461.87 0.47 Our work
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4. Conclusions

In summary, a highly sensitive MnO, structure was prepared on
a 3D porous nickel foam substrate using ammonium acetate
assisted by a facile LSV electrodeposition for the electro-
chemical oxidation application. Hence, compared with the
pristine MnO, electrode, the introduced acetate ions with
a suitable acidic atmosphere converted the morphology of the
MnO, into an interconnected porous nanosheet with an
enlarged surface area. Therefore, the porous nanostructure
provides abundant active sites for glucose oxidization and
accelerates the excellent electron/ion transfer at the interface
between active materials and electrolytes. As a result, the
uniformly deposited Ac-MnO, electrode exhibited a faster and
more remarkable current response towards glucose than the
pristine MnO, electrode. Meanwhile, it displayed a high sensi-
tivity of 461.87 pA M ™" cm ™2 to glucose, a wide detection range
of 1.0 uM to 1 mM, and a low detection limit of 0.47 uM, while
the electrode also maintained excellent selectivity and stability.
Owing to its excellent catalytic performance, our proposed
electrodeposition method establishes a new strategy for the
development of MnO, nanomaterials with well-designed nano-
architectonics. This approach represents an attractive strategy
for achieving high-sensitivity glucose detection and provides
inspiration for a variety of advanced sensors.
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