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In this reported work, Mn;0,4 octahedron submicrostructures (Mn;O4 OSMs) were obtained through a facile solvothermal method in mixed
solvent. The authors have modified a glassy carbon electrode (GCE) with Mn;O4 OSMs and Nafion to obtain a sensing platform (MnzOy,
OSMs/Nafion/GCE) for the non-enzymatic detection of H,O,. The resulting Mn;O, OSMs/Nafion/GCE exhibited good electrochemical
catalytic activity towards the reduction of H,O, in a phosphate buffered solution (0.1 M, pH=7.0). The linear detection range was
estimated to be in the range from 5 uM to 17 mM (R=0.9998), and the detection limit was estimated to be 1.5 uM at S/N=3. Real
sample analyses show that the sensor developed in this work could be efficiently used for the determination of H,O,.

1. Introduction: H,0,, an important intermediate, plays a
significant role in the fields of biomedicine, environmental
science and the food industry [1]. Therefore, many detection
methods have been developed, such as the fluorescence,
spectrometry, titrimetry, electrochemistry methods and so on. The
direct electrochemistry method is an attractive new method that
has become a very interesting subject because of its low detection
limit, high sensitivity and high selectivity. Various materials have
been successfully applied in the construction of non-enzymatic
sensors, such as metals [2], alloys [3], nanocomposites based on
carbon nanotubes [4—6] or graphene [7-9] and especially metal
oxides [10]. As an important functional metal oxide, manganese
oxides (such as MnO [11], MnO, [12-17], Mn,O5; [18] etc.) have
attracted considerable attention in electrocatalysis or biosensors.
In general, Mn;0, is known to be an active catalyst for several
oxidation and reduction reactions [19, 20], especially for
biosensors [21-23]. For example, Gao and co-workers [21]
reported that several manganese-based nanostructures have been
prepared through the redox reactions between KMnO, and
sodium carboxymethyl cellulose. The direct electrochemical
behaviour of cytochrome ¢ immobilised on an Mn;04-modified
glassy carbon electrode (GCE) showed that the Mn;04
nanoparticles could promote direct electron transfer between
cytochrome ¢ and the electrode [21]. Reza et al. [22] reported
that highly sensitive Mn;O, nanocomposite was developed for
biosensor applications. Furthermore, Kim and co-workers [23]
reported a novel composite material of hierarchically structured
Mn;0,4 grown on three-dimensional (3D) graphene foam (3DGF),
and this hierarchical Mn;04/3DGF composite was fabricated as a
flexible and freestanding biosensor for the non-enzymatic
determination of glucose and H,O, in alkaline electrolyte.
However, the study of electrochemical/biosensing properties
based on Mn3O,4 materials is very limited. To the best of our
knowledge, no reports exist regarding the application of Mn;04
OSMs in enzyme-free amperometric H,O, biosensors.

Herein, we report a solvothermal technique to synthesise MnzO,
OSMs in mixed solvent. We constructed a non-enzymatic H,O,
sensor based on an Mn;0, OSMs-modified GCE (Mn3O4 OSMs/
GCE). The electrochemical catalytic activities of the Mn;O,4
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OSMs/GCE towards H,O, were studied. The properties of the
sensors based on these electrodes, such as sensitivity, selectivity
and the detection limit in the H,O, detection were investigated.
Moreover, the potential use of the Mn;O4 OSMs/Nafion/GCE for
analysis application in milk was carried out.

2. Experimental

2.1. Synthesis of Mn3;O4 OSMs: The Mn3;04 OSMs with yields of
~65% (wt%) were synthesised via a solvothermal technique in
mixed solvent. In a typical synthesis, 3 mmol MnCl,-4H,0,
2mmol urea and 5 mmol polyvinylpyrrolidone (PVP) were
dissolved in mixed solvent (20ml H,O and 20ml 1,
2-propanediol) under magnetic stirring. After 30 min stirring, the
mixture was transferred and sealed in a 60 ml Teflon-lined
autoclave, heated at 120°C for 12 h and finally cooled to room
temperature. The precipitate was collected by centrifugation
(10 000 rpm, 4 min), washed alternately with deionised water and
ethanol four times and several times under ultrasonic conditions
and then dried in a vacuum oven at 60°C for 10 h.

2.2. Characterisation: The structural information and purity of the
samples were collected by X-ray powder diffraction (XRD)
measurements that were carried out on a Shimadzu XRD-6000
X-ray diffractometer (Cu Ko radiation, 1= 1.5406 A) with 26 value
from 10° to 70° at a scanning rate of 0.2°/s. The operation voltage
and current were kept at 40 kV and 30 mA, respectively. The
morphologies of the samples were studied by scanning electron
microscopy (SEM, Hitachi S-4800, Japan) and transmission
electron microscopy (TEM, FEI Tecnai G? 20, 200 kV, Holand).

2.3. Electrochemical measurement: Electrochemical measurements
were performed on a model CHI 660C electrochemical workstation
(Chen Hua Instruments Co. Ltd, Shanghai, China) controlled by a
personal computer. 10 mg Mn;0, OSMs were dispersed in 10 ml
of dimethylformamide containing 0.05% Nafion, then 5 pl of the
corresponding suspension was coated on the glass carbon
electrode (GCE) and dried in air to fabricate the Mn;O4 OSMs/
Nafion/GCE. The coiled Pt wire electrode and the saturated
calomel electrode were applied as the reference auxiliary and the
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Figure 1 Characterisation of the as-obtained Mn3;0, OSMs
a XRD pattern

b SEM image

¢ TEM image (inset is the SAED pattern)

d HRTEM image

auxiliary electrode, respectively, and the Mn;O, OSMs/Nafion/
GCE as the working electrode was put into a cell with 10 ml of
0.1 M phosphate buffered solution (PBS, pH=7.0) to check the
electro reduction ability to H,O,. The cyclic voltammetry (CV)
scanning rate was set to be 50 mV s~ !. The amperometric curves
were obtained after adding a certain concentration of H,O, with
the solution stirred constantly.

3. Results and discussion

3.1. Characterisation of Mn3O, crystals: Fig. la shows the typical
XRD pattern of the products prepared by the solvothermal
method. All the diffraction peaks can be indexed to the tetragonal
hausmannite structure of Mn3;O,4 (JCPDS No. 89-—4837), and the
sharpness of the peaks implies the high crystalline quality of the
as-obtained sample. No peaks of impurities can be detected,
indicating that pure Mn;O, crystals have been prepared through
the reaction of MnCl,-4H,O and urea. The morphology of the
Mn;0,4 crystals was characterised by SEM and TEM. The
low-magnification SEM image (Fig. 1b) reveals that the sample is
composed of uniform Mn3zO, OSMs. Fig. 1c shows the TEM
image of the as-obtained Mn;O, OSMs. It can be clearly seen
that the products contain a uniform octahedral morphology,
which is consistent with the results of the SEM (Fig. 1b). Lattice
fringes can be observed with high-resolution TEM (HRTEM)
imaging (Fig. 1d). The interplanar spacings corresponding to the
(200) plane of the tetragonal phase of Mn;O4 was approximately
about 0.289 nm. The selected area electron diffraction (SAED)
pattern inset in Fig. 1c reveals the single crystalline nature of the
Mn;0,4 samples. In the absence of PVP, the shapes of products
with imperfect OSMs, and some particles and rods were obtained

Figure 2 SEM image of Mn;O, crystals obtained in the absence of PVP
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Figure 3 CVs and plot of peak current against the potential scan rate of
Mn;0, OSMs/Nafion/GCE

a CVs at a scan rate of 50 mV s ' with 0, 0.5, 1, 1.5 and 2 mM of H,0,

b CVs at different scan rates with 0.5 mM of H,O,

¢ Plot of peak current against the different scan rates with 0.5 mM of H,0,

(Fig. 2). So, in our synthesis process, the surfactant of PVP was
needed to control the morphology of the Mn;O4 OSMs.

3.2. Electrochemical behaviour of Mn;O, OSMs/Nafion/GCE: To
evaluate the Mn3O, OSMs as an electrode material for practical
application, the obtained Mn3;O4 OSMs were immobilised on a
GCE and applied in an amperometric H,O, biosensor. The
electrocatalytic activities of the MnzO, OSMs/Nafion/GCE
towards the electro reduction of H,O, with different
concentrations in phosphate buffered saline (PBS, 0.1 M, pH=7.0)
solution at 50 mV s™' were investigated using CV. As shown in
Fig. 3a, the current density of the electrocatalytic peaks enhanced
with increasing the concentration of H,O,, which demonstrates
the high stability of the Mn;O, OSMs/Nafion/GCE to the
reduction of H,O, in 0.1 M PBS (pH=7.0), pointing to its
potential for developing Mn;O; OSMs/Nafion/GCE as a
non-enzymatic H,O, sensor. The effects of different scan rates on
the reduction of H,O, at Mn3;O, OSMs/Nafion/GCE in 0.1 M
PBS was also investigated by CV (Fig. 3b). As shown in Fig. 3c,
a good linearity between scan rate and peak current was obtained
in the range of 50-500 mV s”', and the linear regression
equation, /=-3.873-0.516v""%, with the correlation coefficient (R)
of 0.998. The result indicates that the electrochemical kinetics is
controlled by the diffusion of H,O,.

3.3. Optimisation for H,O, sensing: It is well known that the
detection potential strongly affects the amperometric response of a
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Figure 4 Effect of applied potential on peak current to 0.5 mM H,O, for
Mns;0, OSMs/Nafion/GCE
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Figure S Amperometric response of Mn;0, OSMs/Nafion/GCE to H>O, in
0.1 M PBS (pH =7.0), the scan rate was 50 mV's™!

a Successive amperometric response to H,O,

b Calibration plot for amperometric determination of H,O,

biosensor. We have systematically investigated the impact of
detection potential on the amperometric response of Mn;O4 OSMs/
Nafion/GCE to H,0,. Fig. 4 shows the peak currents for applied
potentials from +0.6 to +0.85V after the addition of 0.5 mM
H,0, to 0.1 M PBS (pH=7.0). The peak current reached a
maximum for an applied potential of +0.75 V. Thus, +0.75 V was
chosen as the optimal potential for amperometric H,O, sensing.

3.4. Amperometric response of the Mn;O, OSMs/Nafion/GCE
towards H,O,: Fig. 5a shows the typical current-time dynamic
response of the Mn;O, OSMs/Nafion/GCE towards H,O,. The
modified electrode responded quickly to the change of H,O,
concentration. When an aliquot of H,O, was added into the
buffer solution, the reduction current rose steeply until a stable
value was reached within a short period of about 4 s. It indicates
a fast, sensitive response to H,O,, which should be attributed to
the fact that MnzO4 OSMs can promote direct electron transfer
between H,O, and the electrode [23]. From the amperometric
curve for H,O, in Fig. 5b, the linear relationship between the
reduction current and the H,O, concentration was obtained for a
concentration ranging from 0.005 to 17mM, M and the
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Figure 6 Amperometric response of the Mn;0, OSMs/Nafion/GCE with
successive addition of 0.5 mM H,0,, 1 mM glu, 0.1 mM UA, 0.1 mM AA,
0.1 mM NaCl and 0.5 mM H,O; in PBS solution (pH=7.0)

correlation coefficient of the line was R=0.998. The detection
limit of H,O, using an Mn;0, OSMs/Nafion/GCE was found
to be 1.5uM (S/N=3), which was lower than that of Pt-DENs
(2.5uM) [5], MWNTs/Cu-Ag (2.82 uM) [6], Cu—-Ag/rGO NC
(12 uM) [8], f-MnO, nanorods (2.45uM) [17], AgNP/PQ11/
graphene (28 uM) [24] and PQ11AgNPs (33 uM) [25]. The
Mnz;0,4 OSMs/Nafion/GCE exhibits a wider linear detection range
(0.005-17 mM) than that of the Cu—Ag/rGO NC (0.05-1.1 mM)
[8], Mn304/3DGF composite (0.002—-6.5 mM) [23] and GO/
MnO, (0.005-0.6 mM) [26] modified GCE. For comparison, the
performances of the H,O, sensors reported in the literature have
been listed in Table 1.

3.5. Repeatability, stability and anti-interference property of the
Mnz;04 OSMs/Nafion/GCE: The repeatability of MnzO4 OSMs/
Nafion/GCE was examined by measurement of the amperometric
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Figure 7 Absorbance curves for vanadate solution with different H,O, con-
centrations (inset is the linear curve)

Table 1 Comparison of the performances of the proposed Mn;O, OSMs/Nafion sensor with other published non-enzymatic H,O, sensors

Electrode materials Response time, s Linear range, mM Detection limit, uM References
Mn;0,4 OSMs 4 0.005-17 1.5 this work
Pt-DENs 5 - 2.5 [5]
MWNTs/Cu-Ag - 0.002-0.42 2.82 [6]
Cu-Ag/rGO NC 2 0.05-1.1 12 [8]
S-MnO, nanorods 5 0.00245-42.85 2.45 [17]
Mn;0,4/3DGF 3 0.002-6.5 1.0 23]
GO/MnO, 5 0.005-0.6 0.08 [26]
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Table 2 Concentration of H,O, determined by spectrophotometric method and electrochemical method in samples taken from different H,O, concentrations

of 3.0 and 4.0 mM, respectively

Sample Added, mM Spectrophotometric method Electrochemical method

Found, mM Recovery, % R.S.D.,% Found, mM Recovery, % R.S.D.,%
1 3.0 2.89 96.2 0.59 2.90 96.9 245
2 4.0 391 97.7 0.5 4.15 103.7 3.17

Table 3 Determination of H,O, concentration in the milk sample (n=4)
by electrochemical method

Sample Add, mM Found, mM Recovery, % R.S.D.,%, n=4
1 5 5.21 104.2 4.67
2 6 6.15 102.5 5.17
3 7 6.65 95.0 3.76

response to 0.5 mM H,O,. The relative standard deviation for ten
successive amperometric determinations yielded an RSD of 3.5%,
indicating a good repeatability. The stability of the modified
electrode was evaluated for 48 h by storing at 4°C. The response
current maintained 95.2% of its initial response, demonstrating a
good stability, while the Mn;0, OSMs/Nafion/GCE could retain
85% of the pristine current value. The anti-interference property
and the stability of Mn3;O4 OSMs/Nafion/GCE are crucial for the
development of a non-enzymatic electrochemical biosensor, as
the species such as glucose (glu), uric acid (UA), ascorbic acid
(AA) and NaCl easily influence the electrochemical response for
H,O, which needs to be examined at the Mn;O, OSMs/Nafion/
GCE. In this study, the interference experiment was carried out
by adding the interfering species into 0.5 mM H,0, in 0.1 M
PBS (pH=7.0). As shown in Fig. 6, no significant signals can be
observed for the interfering species when the well-defined H,0,
reduction currents were obtained. After the injection of 0.5 mM
H,0,, a weak drift from 6.47 to 5.94 pA (Fig. 5, ~50s) was
observed. However, the error is still lower than ~ 5%, and shows
to weakly influence the sensor in potential applications.

3.6. Validation and real sample analyses: According to the previous
reports [27, 28], a spectrophotometric method had been used for the
determination of H,O,. This spectrophotometric method is based
on the reaction of H,0, with ammonium metavanadate in an
acidic medium [27]. Here, the concentration of ammonium
metavanadate is 8.0 mM and the concentration of sulphuric acid
is 0.06 M. To obtain the maximum absorption of wavelength,
UV-vis absorption spectra in the range of 350-800 nm were
obtained for the mixture of H,O,/vanadate and compared with
vanadate solutions. The strong absorption band at 450 nm is
observed, indicating the formation of the peroxovanadium cation
[27]. So, all the subsequent absorption measurements were
conducted at 450 nm. As shown in Fig. 7, the absorbance of
vanadate solution increased with the increasing of H,O,
concentration, and the linear curve was as shown in the inset; the
analytical curve for peroxide was in the range 0.025-10.00 mM
(R=10.9995). In an attempt to explore the Mn;0, OSMs/Nafion/
GCE for application compared with the spectrophotometric
method, two samples were measured by these two methods
(Table 2). The recovery of H,O, was determined by the standard
addition method and the corresponding results are given in
Table 2. One can see that the Mn;O, OSMs/Nafion/GCE sensor
also gives exact recovery (>95%). This result shows clearly the
applicability of the Mn3;0, OSMs/Nafion/GCE in the
determination of H,O,.
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To test the potential use of the Mn;O, OSMs/Nafion/GCE for
analysis applications, a recovery experiment was conducted using
the modified electrode in milk. The concentrations of hydrogen per-
oxide in milk samples were determined with the standard addition
method. Three different concentrations of H,O, were added under
the optimal applied potential. All of the measurements were per-
formed four times (n=4), and the results are listed in Table 3.
Acceptable recoveries and the relative standard deviation (RSD)
were obtained, which indicates that the sensor developed in this
work could be efficiently used for the determination of H,O,.

4. Conclusions: In summary, a non-enzymatic biosensor based on
Mnz0,4 OSMs was fabricated by the mixed solvothermal method.
The Mn3;0, OSMs-modified electrode exhibited a high
electrocatalytic activity for detecting H,O,. On the basis of the
results, Mn;O4 OSMs have good electrocatalytic activity, rapid
response and excellent stability, and therefore have great potential
applications in the field of electrochemical sensors.
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