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high catalytic activity for enzymatic glucose
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We present the formation of a cheap and environmentally friendly working electrode material for glucose
biosensors with good catalytic properties. The classic electrode in such devices consists of a conductive
material modified with the enzyme glucose oxidase. The working principle is the electrochemical detection
of hydrogen peroxide as a product of the enzymatic transformation of glucose. As a base material, we offer
manganese dioxide; it is a natural highly selective catalyst for the decomposition of H,O, and is electroche-
mically deposited onto the surface of ITO. We approached the formation of MnO, films systematically. By
changing parameters such as the deposition method, pH of the electrolyte, and the drying temperature of
the precipitate, a series of electrodes were formed. These electrodes were characterized by SEM, electro-
chemical impedance spectroscopy, and XPS and their electrocatalytic activity was studied. Significant differ-
ences in the sensitivity of the electrodes were detected. The manganese dioxide film with the best catalytic
characteristics is formed in the electrolyte with pH 1 by cyclic voltammetry and then drying at 60 °C. The
surface of the electrode was then modified with a solution of GOx enzyme with a concentration of 2 mg
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Introduction

The development of electrochemical biosensors has been an
important area of biotechnology in recent times."™ Much of
the work is devoted to the development of sensors for the
determination of glucose.” ! Today, most authors consider an
increase in the sensitivity and high selectivity of the working
electrodes of biosensors for glucose, the ability to analyse in a
wide range of concentrations, and a low working potential to
be important goals. The solution to such problems is often
associated with the introduction of expensive materials such
as graphene and carbon nanotubes, which increase the con-
ductivity of the electrode material."”>* Then the surface is
modified with the enzyme glucose oxidase, which is an active,
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ml™* (100-250 units per mg solid). The sensitivity of such an electrode is 117.8 pA mmol™ cm™. The range
of determined concentrations of glucose is from 0.1 mM to 3 mM. The sensitivity is comparable to that of
electrodes based on expensive materials such as graphene and noble metals.

highly stable, well studied and commercially available
oxidoreductase."'® When using it, the principle of electro-
chemical detection of hydrogen peroxide as a product of the
enzymatic transformation of the analyte (glucose) works.

MnO, is similar in catalytic properties to Pt, but its cost is
much lower. In some publications, manganese dioxide was
used as a natural highly selective catalyst for the decompo-
sition of H,0,. The material is environmentally friendly and
quite easily formed on the surface of the substrate. Particular
attention is paid to its formation methods. Most researchers
prefer time-consuming thermochemical or sol-gel techniques
for the formation of dioxide.'””?' However, the formation of
MnO, by electrochemical methods is a fast and easy process.
There are a number of publications®*>* where electrochemi-
cally deposited MnO, was used as a catalyst, but the effect of
the nature of the electrolyte, pH, electroplating technique and
other conditions of film formation is not described. By chan-
ging deposition conditions such as the potential, concen-
tration and pH of the electrolyte, it is easy to influence the
structure and composition of thin films of MnO,. The electro-
catalytic activity of electrodes depends on these factors.>®

In this article we report the results of a study of the electro-
catalytic activity towards decomposition of hydrogen peroxide
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of electrodes formed by MnO, electroplating at various pH
from sulphate electrolytes on the surface of indium tin oxide
coated glass (ITO) using several electrochemical techniques.
The composition, morphology, and conductivity of the formed
films were studied. Subsequently, the electrodes were modified
with the enzyme glucose oxidase (GOx) and tested for their
performance in determining glucose. The study was carried
out with the aim of forming sensitive electrodes for biosensors
for the determination of glucose and, by extension, other ana-
lytes based on the determination of H,O, from oxidase-cata-
lyzed reactions.

Experimental
Reagents and chemicals

All materials and chemicals were purchased commercially and
used in the form in which they were received. Manganese sul-
phate and sodium sulphate for electrolyte preparation, glucose
oxidase from Aspergillus niger (Type X-S, lyophilised powder,
100-250 units per mg solid, without added oxygen, CAS-no.:
9001-37-0), glutaraldehyde (GA), sodium dihydrogen phos-
phate dihydrate and sodium hydrogen phosphate dihydrate for
the preparation of phosphate buffer (PB) (0.1 M, pH 7),
glucose monohydrate, and hydrogen peroxide (30%) were sup-
plied by Sigma Aldrich. Ultra-pure water (18.2 MQ cm) from a
Sartorius Arium Comfort I system was used to prepare the
solutions. ITO coated glass was from BIOTAIN CRYSTAL CO
with the following characteristics: resistance 6-8 Ohm sq ™",
thickness ~185 nm, and transmittance >84%.

Fabrication of MnO, films on the surface of ITO

Glass substrates were sonicated for 20 min in acetone, then in
ethanol, washed with deionized water and dried with Ar
stream. A working area of 0.6940 cm® of the electrode was
defined using a hole laser cut in Kapton tape. The electro-
chemical formation of the electrodes was carried out by the
methods of cyclic voltammetry (CV) and chronoamperometry
(CA) with time control. As electrolytes, we used water solutions
of 0.005 M MnSO, and 0.5 M Na,SO, with pH 1, pH 2, and pH
3.5, adjusted using H,SO,. All electrochemical experiments
were performed using a potentiostat/galvanostat Bio-Logic
SAS, model SP-300, s/n: 0582 in a conventional three-electrode
glass cell. Ag/AgCl/3 M KCI was used as a reference and a Pt
net as a counter electrode. Each potential reported in this
paper is given against Ag/AgCl/3 M KCl at a laboratory temp-
erature of 25 + 1 °C.

With the CV method, the region of scanned potentials was
selected depending on the pH of the electrolyte: for pH 1,
from 0.65 V to 2.1 V; for pH 2, from 0.4 V to 1.7 V; and for pH
3.5, from 0.3 V to 1.4 V. The scan rate is 50 mV s™*. With the
CA method, the applied potential also varied with pH: for pH 1
-2.0V, for pH 2 - 1.7V, and for pH 3.5 - 1.4 V. The deposition
time was 200 s.

After electrodeposition the dioxide films were dried at 60 °C
or 90 °C in air for 15 h.
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Analytical procedures for determination of H,0, and glucose
concentration

The electrochemical measurements were all carried out at
room temperature. The cyclic voltammograms of the MnO,/
ITO electrode were scanned from 0.3 to 0.9 V in 0.1 M PB. The
scan rate was 100 mV s .

The catalytic activity of the MnO,/ITO electrodes was deter-
mined using chronoamperometry in 0.1 M PB. The ampero-
metric response was measured at an applied potential of 0.45
V during repeated injections of 1 mM hydrogen peroxide.

For the determination of glucose, the electrode was modi-
fied by adding 2 pl of 1 mg ml™", 2 mg ml™", 3 mg ml™" or
4 mg ml™" GOx solutions. Then the electrode was placed in a
closed container over a concentrated GA solution (25%) and
kept there at room temperature for 7 minutes. Thus, we fixed
the enzyme on the surface of manganese dioxide.

The catalytic activity of the GOx/MnO,/ITO material was
measured by CA in 0.1 M PB. The amperometric response was
measured at an applied potential of 0.45 V during injections of
1 mM or 0.1 mM glucose.

Physical characterization of MnO,/ITO electrodes

The microstructure and morphology of the MnO,/ITO samples
were investigated using an FEI Nova NanoSEM 450 scanning
electron microscope.

Electrochemical impedance spectroscopy (EIS) was per-
formed in 5 mM [Fe(CN)]*~"*~ in the frequency range of 0.25
to 100 000 Hz with an amplitude of 5 mV.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a PHI 5000 VersaProbe (ULVAC-PHI) spectro-
meter with monochromatic Al Ko radiation (2 = 1486.6 eV)
from an X-ray source operating at 100 pm spot size, 25 W and
15 kV. High-resolution (HR) XPS spectra were collected with a
hemispherical analyzer at a pass energy of 117.4 and an energy
step size of 0.1 eV. The X-ray beam was incident at the sample
surface at an angle of 45° with respect to the surface normal,
and the analyzer axis was located at 45° with respect to the
surface. CasaXPS software was used to evaluate the XPS data.
Deconvolution of all HR XPS spectra was performed using a
Shirley background and a Gaussian peak shape with 30%
Lorentzian character. The measured binding energies (BE) for
individual elements were corrected in relation to the Cils
carbon peak at 284.8 eV.

Results and discussion
Electrodeposition of MnO, on ITO

To investigate the formation of MnO,/ITO electrodes we per-
formed the electrodeposition at different pH and used two
methods of electroplating. In fact, we were quite limited in
choosing the pH of the solution. On the one hand, we can’t
use electrolytes with pH less than 1, because then the electro-
deposition of MnO, is accompanied by parallel evolution of
oxygen. As a result, the precipitate is removed from the surface
of the electrode by gas bubbles. On the other hand, at a pH

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Electrodeposition of MnO, by the CV method from a water solution of 0.005 M MnSO,4 + 0.5 M Na,SO, electrolyte (a) at pH 1, (b) at pH 2,

and (c) at pH 3.5. Scan rate was 50 mV s,

value close to neutral and alkaline values, the oxide forms of
manganese precipitate. Therefore, in this work, we use solu-
tions at pH 1, 2 and 3.5. Fig. 1 shows the dependencies
obtained during the formation of the precipitate by the CV
method.

With this method the precipitate is deposited and partly
dissolved cyclically, and thus active centers are formed and the
sediment builds up around these. It should be noted that the
potential for the start of the reaction shifts depending on the
pH of the electrolyte. As the pH value increases, the potential
for the start of the anodic reaction shifts significantly to less
positive values. As suggested in ref. 26, this may be due to the
predominance of the chemical pathway of Mn>* ion oxidation
in less acidic electrolytes. The competing pathways of reactions
are as follows:

at E < E° (Mn*>*/Mn*")

Mn?t 40~ — MnO™, (1)
MnO* + H,O — MnO(OH) + H, (2)
2MnO(OH) + [O]* — 2MnO, + H,0, (3)

at E> E° (Mn>*/Mn*")
Mn*t —e” — Mn®t, (4)

Mn** 4 2H,0 — MnO(OH) + 3H™, (5)

with further oxidation of MnO(OH) to MnO, by reaction (3),
where [O]* represents an available oxidation agent. According
to both mechanisms, one of the intermediates is MnO(OH),
and the subsequent chemical oxidation is a slow reaction step,
and, therefore, the presence of MnO(OH) in the precipitate is
expected.

Some electrodes with MnO,/ITO were formed by the classi-
cal method of CA at a constant applied potential. The potential
was selected depending on the pH of the solution on the basis
of CV measurements. Also, we controlled the time to obtain
thin films. At the given concentration of Mn** ions, precipi-
tation was found to be optimal after 200 s. As a result, thin
films of MnO, are formed, which have sufficient conductivity

This journal is © The Royal Society of Chemistry 2023

and mechanical strength. MnO, is known for its poor conduc-
tivity, so thicker films block electron transfer.

Drying is an important part of electrode formation. The
drying temperature can have a strong effect on the compo-
sition, structure and catalytic properties of such a complex
system as anodic deposited manganese dioxide. The precipi-
tates were dried in air at 60 °C and 90 °C. Temperatures above
100 °C are not recommended, as a large amount of water in
the sediment boils and cracks the film. After drying, manga-
nese dioxide shows good mechanical properties and affinity
for the surface.

Thus, 12 sets of electrodes were formed under conditions
combining the pH of the electrolyte, the precipitation method
and the drying temperature. The symbols of the electrodes that
we use in the remaining text of the article and the features of
their formation are shown in Table 1.

Characteristics of MnO,/ITO electrodes

XPS measurements were employed to test the influence of the
electrolyte pH and the drying temperature on the composition
of Mn oxides in films. We also have checked for the presence
of the characteristic compound MnO(OH) in the precipitates.
The results are shown in Fig. 2.

The spectra in Fig. 2a and b are the results of the analysis
of the film electrodeposited on ITO at pH 1 by the CV method

Table 1 Description and naming of the electrodes investigated

Name of PH of Method of Drying
electrode electrolyte deposition temperature, °C
pH1_CV_60 1 Ccv 60
pH1_CA_60 1 CA 60
pH1_CV_90 1 Ccv 90
pH1_CA_90 1 CA 90
pH2_CV_60 2 Ccv 60
pH2_CA_60 2 CA 60
pH2_CV_90 2 Ccv 90
pH2_CA_90 2 CA 90
pH3.5_CV_60 3.5 Ccv 60
pH3.5_CA_60 3.5 CA 60
pH3.5_CV_90 3.5 Ccv 90
pH3.5_CA_90 3.5 CA 90

Dalton Trans., 2023, 52,13769-13780 | 13771
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Fig. 2 Mn 2p and O1s XPS spectra of (a and b) pH1_CV_60, (c and d) pH1_CV_90, and (e and f) pH3.5_CV_60. For details, see the main text.

(30 cycles) and dried at 60 °C. The Mn 2p spectrum contains
Mn 2p3/2 and Mn 2p1/2 signals located at 641.84 eV and
653.55 eV, respectively, with a spin energy separation of 11.7
eV corresponding to a mixture of oxides which all are
described by the formal name MnO,.””>° According to pre-
vious reports, the Mn 2p3/2 spectrum exhibits pairs of peaks
located at 641.93 eV and 644.90 eV, corresponding to the Mn**
and Mn** species in the heterostructure.?>*" The trivalent and
tetravalent manganese species are in ratios of 67.91% and
32.09%. The O1s spectrum gives important information about
the forms of manganese oxides and the presence of hydrolyzed

Table 2 XPS spectra interpretation

forms of manganese. We can identify the Mn-O-Mn bond at
529.63 eV (65.53%) for tetravalent oxide, the Mn—-O-H bond at
531.3 eV (18.62%) for hydrated trivalent oxide and the H-O-H
bond at 532.68 eV (15.85%) for water.>**’

The spectra in Fig. 2c-f were analysed in a similar way and
the results are summarized in Table 2. Noteworthy is the
appearance of chemical oxygen as the peak at 530.03 eV
(14.02%) in Fig. 2d (pH1_CV_90).

Comparison of the results suggests that the pH of electro-
Iyte significantly affects the composition of the formed film. In
a more acidic environment the precipitate with a high percen-

Mn 2p spectrum,

spin energy Mn**, Mn*, Mn-O-Mn, Mn-O-H, H-O-H, Ochems
The conditions of formation separation, eV % % % % % %
PpH 1, CV method, drying at 60 °C 11.7 67.90 32.09 65.53 18.62 15.85 —
PpH 1, CV method, drying at 90 °C 11.6 81.54 18.46 13.32 31.74 31.90 14.02
PH 3.5, CV method, drying at 60 °C 11.7 72.77 27.23 51.42 35.05 13.53 —

13772 | Dalton Trans., 2023, 52,13769-13780
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tage of Mn*" is deposited. This film contains the hydrolyzed
form MnO(OH), but in a smaller amount compared to other
samples. This is explained by the inhibition of hydrolysis at
pH 1. The composition of the film deposited under the same
conditions but dried at a higher temperature changed signifi-
cantly. We found a higher concentration of Mn** and a signifi-
cant increase in the concentration of hydrolyzed particles. It is
likely that this effect is achieved due to the presence of Mn**
particles adsorbed on the surface of the deposit during the
electrodeposition process. They interact with Mn** and form
MnO(OH) according to reaction (6).*"

Mn** 4+ MnO, + H,0 = 2MnO(OH) + 2H". (6)

Raising the temperature promotes an increase in the rate of
reaction and the rate of hydrolysis. Predictably, we find a sig-
nificant amount of the hydrolyzed form MnO(OH) in the pre-
cipitate formed at pH 3.5. A more alkaline environment is
favorable for hydrolysis processes.

The results of the XPS analysis were supported by the EIS
data. The measurements were performed in order to further
explore the charge transfer through the film. The plots are
shown in Fig. 3. The equivalent circuit model R, + Q,/(R, + W)
was employed to analyse the EIS data, where R, is the uncom-
pensated resistance, R, is the charge-transfer resistance, Q is
the constant phase element and W is the Warburg element.

The analysis of dependencies in Fig. 3 is presented in
Table 3.

Comparison of the data shows the least charge-transfer re-
sistance for films precipitated by the CV method and dried at
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Fig. 3 Electrochemical impedance spectroscopy was performed on (1)
pH1_CV_60 (30 cycles), (2) pH1_CV_60 (40 cycles), (3) pH1_CV_90, (4)
pH1_CA_60, (5) pH2_CV_60, (6) pH2_CA_60, (7) pH3.5_CV_60, and (8)
pH3.5_CA_60. For details, see the main text.
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60 °C. An increased drying temperature and the chronoam-
perometry precipitation method seem to lead to a higher
content of MnO(OH) - this phase is known for its poor
conductivity.

The morphologies of all sediments were studied by scan-
ning electron microscopy. Fig. 4 shows the images of MnO,
films deposited from sulfate electrolytes with different pH.
The samples were prepared via CV and CA methods.
Additional SEM images are found in the ESLf

The first conclusion from Fig. 4 - the pH of the solution
and the method of precipitation have a huge impact on the
morphology of the electrodeposited manganese dioxide.
Images 1-6, 11-14, and 19-22 (Fig. 4) show the surface of the
sediments deposited by the CV method. With this technique
the precipitate is formed and partially dissolved, thus forming
active centers. In subsequent cycles the sediment builds up
around these centers. As a result, the MnO, films form branch-
ing networks which provide an extra-large surface area. The
precipitates formed at pH 1 can be seen in the images 1-6
(Fig. 4). They are uniform and we could control their thickness
by the number of deposition/dissolution cycles. The film
formed during 30 cycles is ultra-thin; the highly conductive
ITO can be seen through the deposit. At pH 2 (images 11-14 in
Fig. 4), the precipitates are quite dense and not very branched,
and when heated, they crack. A special precipitate is observed
during precipitation from an electrolyte with pH 3.5 (images
19-22 in Fig. 4). The sediment is porous and looks like a
sponge, but there is spreading, which can be associated with
the presence of hydrolyzed forms in the composition. The pre-
cipitates formed by the CA method are shown in images 7-10,
15-18, and 23-26 (Fig. 4). They have a denser structure and we
can sometimes see cracks formed in the film. It is worth
paying attention to the sediment formed in the electrolyte with
pH 1 by the CA method (images 9 and 10 in Fig. 4). When
drying at 90 °C, dense spherical shapes are formed. This may
indicate a slow chemical reaction taking place after the precipi-
tation, which changes the precipitate composition and, as a
result, the sediment morphology.

XRD studies of the precipitates obtained were carried out,
but no clear peaks characteristic of manganese dioxide were
observed. The spectra are given in the ESL.f We concluded that
we obtained amorphous structures of MnO,.

Summarizing the results of all physicochemical studies, the
following conclusions can be made. Electrochemically pro-
duced films of manganese dioxide contain a significant
amount of water, despite prolonged drying. Significant influ-
ence of the pH of the electrolyte on the sediment composition
is observed. With an increase in the acidity of the solution, the
proportion of Mn** increases, and the content of the hydro-

Table 3 The values of charge-transfer resistance, R,, for the corresponding precipitation in Fig. 3

pH1_CV_60 pH1_CV_60
Electrode (30 cycles) (40 cycles) pH 1_CV_90 pH 1_CA_60 pH 2_CV_60 pH 2_CA_60 PH 3.5_CV_60 pH 3.5_CA_60
R,, Ohm 87.11 136.9 245.9 229.9 100.6 177.6 112.4 209.9

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 SEM images of MnO, films deposited under the following conditions: (1, 2) pH1_CV_60 (30 cycles), (3, 4) pH1_CV_60 (40 cycles), (5, 6)
pH1_CV_90, (7, 8) pH1_CA_60, (9, 10) pH1_CA_90, (11, 12) pH2_CV_60, (13, 14) pH2_CV_90, (15, 16) pH2_CA_60, (17, 18) pH2_CA_90, (19, 20)
pH3.5_CV_60, (21, 22) pH3.5_CV_90, (23, 24) pH3.5_CA_60, and (25, 26) pH3.5_CA_90. For details, see the main text.
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lyzed form of trivalent manganese MnO(OH) decreases. This
affects the conductivity, as we find that a precipitate from a
more acidic solution shows better conductivity. However, the
absolute of charge-transfer resistance remain
significant.

A slight increase in drying temperature activates an internal
reaction and leads to an increase in the content of MnO(OH).
It is possible that a further increase in the drying temperature
of the precipitates could lead to additional oxidation of Mn>",
but temperatures above 100 °C would lead to mechanical
degradation of the film.

Keeping the drying temperature lower had a positive effect
on the mechanical strength of the resulting films. Thus, we
obtained uniform precipitation without cracks and with a
branched structure and places for further accommodation of
enzyme molecules.

In the next section, we will see which of these character-
istics have an effect on the catalytic activity of manganese
dioxide.
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Fig. 5 CVs of bare MnO; in the absence (1) and presence (2) of 2 mM

H,0, in PB water solution. Scan rate was 100 mV s™*.
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Analytical procedure for the determination of H,O, and
glucose

The catalytic properties of the formed MnO,/ITO electrodes
were tested in the process of electrocatalytic decomposition of
hydrogen peroxide. Based on data from the literature®*>’ the
mechanism of the process of electrochemical determination of
H,0, is as follows. During the catalytic decomposition of
hydrogen peroxide in the presence of MnO,, Mn*" is reduced
to Mn®*, and possibly even to Mn>*. However, when anodic
polarization is applied to the electrode, the reverse oxidation of
Mn** to Mn*" occurs. From the value of the recorded anode
current we can quantitatively determine the decomposed H,O,.
The electrochemical properties of the developed electrodes were
first characterized by cyclic voltammetry in 0.1 M PB (pH 7) at a
scan rate of 100 mV s™" in the potential range from 0.3 V to 0.9
V vs. Ag/AgCl/3 M KCl. The dependence obtained on the elec-
trode pH1_CV_60 is shown in Fig. 5. The voltammogram 1
without visible peaks was recorded in an electrolyte free of per-
oxide. The voltammogram 2 reflects the currents recorded in
the presence of 2 mM H,0, added to the electrolyte. We note an
increase in current by 0.1-0.5 mA in the presence of peroxide,
and the maximum value of 0.55 mA is reached at a potential of
0.8 V vs. Ag/AgCl/3 M KCl. Such data indicate a high catalytic
activity of the electrode for this process.

The MnO,/ITO electrodes’ sensing properties were also
investigated by chronoamperometry at an applied anodic
potential. After a series of tests (data not shown), where
sufficient sensitivity of the electrode without too much noise
was evaluated, we were convinced that the most appropriate
potential is +0.45 V vs. Ag/AgCl/3 M KCI.

The chronoamperometric responses upon addition of
hydrogen peroxide and later glucose, at selected working
potentials, show staircase-like signals with most examined
electrodes. Fig. 6 illustrates the amperometric responses of
MnO,/ITO electrodes deposited under different conditions (a
complete description of the formation of 12 electrodes is given
in Table 1.) upon injection of H,O, so that each injection
changes the concentration in the cell by 1 mM.
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Fig. 6 Typical amperometric i—t curves upon successive injection of H,O, (1 mM) into stirring PB at an applied potential of 0.45 V vs. Ag/AgCl/3 M
KCl of MnO,/ITO electrodes: (al) pH1_CV_60, (a2) pH1_CA_60, (a3) pH1_CV_90, (a4) pH1_CA_90, (bl) pH2_CV_60, (b2) pH2_CA_60, (b3)
pH2_CV_90, (b4) pH2_CA_90, (c1) pH3.5_CV_60, (c2) pH3.5_CA_60, (c3) pH3.5_CV_90, and (c4) pH3.5_CA_90. Note that the vertical scales are
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For clarity, the test results of the electrodes are divided into
3 images: Fig. 6a - the electrodes were formed in the electro-
lyte with pH 1; Fig. 6b — the electrodes were formed in the elec-
trolyte with pH 2; Fig. 6¢ - the electrodes were formed in the
electrolyte with pH 3.5. The time for reaching the steady-state
current for all electrodes varies from 5 to 50 seconds. In
Fig. 6a and b we note a significant influence of the deposition
method on the sensitivity of the electrode (the value of the
detected current). In these cases the electrodes deposited by
the CA method show the lowest sensitivity. The success of the
CV method can be explained by the large surface area of the
synthesized material. One can also see the effect of the drying
temperature of the samples. High sensitivity is shown by elec-
trodes dried at 60 °C. For some of the electrodes, the response
is very noisy, especially at higher concentrations of H,O,. The
dependence of sensitivity on the deposition method and
drying temperature of the electrodes is not observed in Fig. 6c,
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showing that deposition at pH 3.5 gives consistent results rela-
tively independent of the method.

Fig. 7 shows the dependence of the current on the concen-
tration of H,O, up to 6 mM. It should be noted that such a
dependence is linear at low concentrations, and as the sensi-
tivity decreases, linearity appears in a larger concentration
range. The best result was shown by the precipitate formed in
the electrolyte at pH 1 by the CV method and then dried at
60 °C for 15 hours. However, at H,O, concentrations above
3 mM, a dependence similar to Michaelis Menten dependence
is observed. This can be explained by contamination of the
electrode surface with reaction products or by changes in the
composition and morphology as a result of constant reverse
oxidation and reduction reactions of manganese dioxide
during the electrocatalytic processes.

Summarizing the intermediate results of the catalysis of
hydrogen peroxide decomposition, we observe that the best
response is demonstrated by electrodes where the MnO, films
are deposited in an electrolyte with pH 1 (Fig. 6 and 7). This
means, according to the XPS data, that a higher proportion of
Mn*" increases their catalytic properties. The method of depo-
sition also affects, and CV gives a branched structure, which
provides a large surface area of contact with hydrogen peroxide.
As a result, the catalytic activity of the electrode increases.

All twelve samples of manganese dioxide electrodes were
modified by the addition of GOx enzyme solution (1 mg ml™)
and fixed by GA, which is used as a cross-linking agent for
enzymes.’**® Bonding occurs at amino groups and thus,
enzyme molecules are fixed on the surface and are not washed
off by the electrolyte. The amperometric responses upon injec-
tion of aliquots that increase the concentration in steps of
1 mM glucose were investigated and the obtained ampero-
grams are shown in Fig. 8.

As in the study of catalysis of hydrogen peroxide decompo-
sition, the i-t dependences were divided into three figures
according to the same principle. The time for reaching the
steady-state current for all electrodes is not more than 5
seconds. When the surface of electrodes was modified with
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Fig. 8 Typical amperometric i—t curves on successive injection of glucose (1 mM) into stirring PB at an applied potential of 0.45 V vs. Ag/AgCl/3 M
KCl of modified MnO, electrodes: (al) pH1_CV_60, (a2) pH1_CA_60, (a3) pH1_CV_90, (a4) pH1_CA_90, (b1) pH2_CV_60, (b2) pH2_CA_60, (b3)
pH2_CV_90, (b4) pH2_CA_90, (c1) pH3.5_CV_60, (c2) pH3.5_CA_60, (c3) pH3.5_CV_90, and (c4) pH3.5_CA_90. Note that the vertical scales are

different.
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Fig. 9 Amperometric i—t curves on successive injection of glucose into stirring PB at an applied potential of 0.45 V (a) of MnO,/ITO electrodes
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by glucose oxidase solution (2 mg ml™) (injection 0.1 mM).

enzyme molecules, the surface morphology began to play an
even more significant role. The most active electrodes are those
where manganese dioxide is deposited cyclically with partial dis-
solution. Based on SEM images, the CV method provides a
branched structure in which the enzyme molecules can be inter-
calated. On the other hand, a correlation between the catalytic
activity of manganese dioxide and electrodes modified with the
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Fig. 10 Calibration plot of electrocatalytic current versus glucose
concentration.

enzyme was observed. This makes it possible to use the simple
and cheap response of hydrogen peroxide to test the biocatalytic
propetties of the electrodes on the basis of MnO,.

The best analytical parameters were obtained for the elec-
trode formed in the electrolyte with pH 1 by the CV method
and dried at 60 °C. It shows the best catalytic and mechanical
properties. To improve the sensitivity of the electrode, we
increased the enzyme content on its surface by the increasing
the concentration of the enzyme in solutions that modified the
electrodes. The optimal concentration of the enzyme is 2 mg
ml™" (Fig. 9). At higher enzyme concentrations, steric hin-
drance may be involved and results worsened. The calibration
curve obtained for glucose in PB buffer at a potential of 0.45 V
vs. Ag/AgCl/3 M KCl is shown in Fig. 9. The chronoampero-
metric current response upon injection of aliquots that
increase the concentration in steps of 0.1 mM glucose shows
linear dependence and it can be expressed with a correlation
coefficient of R* = 0.998.

Using the data of dependence 2 (Fig. 9a) and dependence
in Fig. 9b, a calibration curve (Fig. 10) was generated with the
maximum range of possible determined concentrations.

The GOx/MnO,/ITO electrode shows a linear relationship
with the concentration of H,0, ranging from 0.1 mM to 3 mM
with a correlation coefficient of 0.9938.

The characteristics of the developed electrode were com-
pared with some recently reported literature data, and the
results are presented in Table 4.

Table 4 Comparison of the electrocatalytic performance of GOx/MnO,/ITO with that of other enzymatic glucose sensors

Electrode Measurement technique Applied potential, V Range, mM Sensitivity, ;A mmol ™' cm™ Ref.
PPy-Goc/PPy-Cl CA +0.7 0.5-24.0 3.5 39
Gox/AuNPs/BSA/Fe;0, CA +0.4 0.25-7.0 115.3 40
Gox/Naf/MnO,/GCE CA +0.7 0.2-2.8 38.2 41
Gox/Naf/MnO,/GNR/GCE CA +0.5 0.1-1.4 56.32 42
Ch.m-Gox-PB/conductor CA 0 1-20 17 43
Gox/MnO,/ITO CA +0.45 0.1-3.0 117.8 Our paper
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Our GOx/MnO,/ITO electrode was compared in terms of
characteristics such as sensitivity and the range of determined
concentrations. The sensitivity of the electrode is comparable
only to that of the sample based on Au nanoparticles.*® It was
interesting to compare our developed electrode with the elec-
trode of glucose biosensors based on a Prussian blue cata-
lyst.*> We note a wide range of analyte determination, but the
detection limit is rather high and such a biosensor cannot be
used in all areas of science. The range of possible determi-
nation of the concentration of glucose is comparable to that of
an electrode based on graphene.*”> Graphene and noble metals
are quite expensive materials. The developed electrode with
similar characteristics is much cheaper and is easily formed.

Conclusion

The use of MnO, in the development of electrodes intended
for biosensors for the enzymatic determination of glucose is
very promising. This material exhibits a high electrocatalytic
activity in hydrogen peroxide decomposition, which is released
during enzymatic oxidation of glucose. In this paper we show
that manganese dioxide film properties depend on the compo-
sition and surface area of the material. We found a tendency
of increased catalytic properties during precipitation in a more
acidic electrolyte, which is associated with the predominance
of the phase Mn*'. An easy-to-implement CV method was also
used to deposit a film of manganese dioxide, which gave a
branched structure with a larger surface area. This enhanced
the catalytic properties of the precipitate. The film MnO,, elec-
troplated under suitable conditions, shows electrocatalytic
activity comparable with that of electrodes based on graphene
and gold nanoparticles. The electrochemical formation of
oxide films is an easy, fast, reproducible and effective method.
The manganese dioxide film with better characteristics is
formed electrochemically on the surface of ITO in electrolyte
with pH 1 by the CV method and then drying at 60 °C. The
maximum efficiency of electrode GOx/MnO,/ITO appears after
modification with a solution of GOx enzyme with a concen-
tration of 2 mg ml™". The sensitivity of such an electrode is
117.8 pA mmol™" ecm™2. The developed electrode can be used
in glucose biosensors or similar systems.
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