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Solvothermal method was used to synthesize a unique nanostructure with hedgehog shaped microspheres
assembled by ordered Mn>CuQO4 nanobelts, which was characterized by SEM, TEM and XRD. These
Mn2CuO4 microspheres were loaded on graphene oxide (GO) support to form Mn,CuO4/GO
nanocomposites, and its application for highly efficient sensing of hydrogen peroxide (H>O») was
demonstrated. The CV and amperometry results indicated that MnoCuO4/GO nanocomposites exhibited
superior electrocatalytic performance over Mn2CuQOj4 for H2O» detection. The developed sensor shows a
high detection sensitivity (838.9 uAmM cm™), a wide linear concentration range (0.5-2352 uM), and a
low limit of detection (20 nM). In addition, the Mn2CuO4/GO based H20> sensor possesses good
reproducibility, stability, selectivity and effective sample application.

Keywords: Manganese copper oxide; Nanobelt; 3D hedgehog shaped microspheres; Hydrogen peroxide;
Electrochemical sensor

1. INTRODUCTION

Hydrogen peroxide (H20>), as a typical reactive oxygen species and cellular released byproducts,
plays important functions in process of biological metabolism, such as probing the expression of specific
oxidase and regulation of cellular signaling pathways [1-2]. Deviation from the normal level of H,O; in
body fluids is related with cancer, Alzheimer’s disease, Parkinson’s disease, and so on [3-5]. Thus, it is
imperative to develop new strategies for the accurate and sensitive determination of H>O» concentrations
quantitatively. To date, several techniques including spectrophotometry [6], colorimetry [7],
chemiluminescence [8] and fluorimetry [9] have been used to determine H>O,. With the evolvement of
detection strategies, electrochemical methods stand out due to its advantages of rapid response, cost
effectiveness, simplicity of operation, high sensitivity and good selectivity for detecting H>O» based on
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its oxidation or reduction at electrode surface.

Commonly reported electrochemical H,O> sensors contain enzymatic and nanomaterials based
nonenzymatic sensors. The enzymatic sensor shows high detection sensitivity and selectivity for
detection of H>O», but its widespread application is limited by the intrinstic fragility and instability of
enzymes [ 10]. Current efforts have been paid to develop nonenzymatic H>O» sensors employing various
nanomaterials on transducer. In this field, searching for suitable nanomaterials with high electrocatalytic
activity, low price, rich resource and high conductivity has been the persistent goal. Binary transition
metal oxides (BTMOs) have become the intensive focus of the research owing to its outstanding
physicochemical properties, for instance, multivalent states and unique crystalline structures. The
multivalent cations in BTMOs offer the inherent donor-acceptor active sites to promote the reversible
adsorption of H,O> on BTMOs, and thus, the charge-transfer process was facilitated [11]. Compared
with the unimetal oxides, an enhanced electric conductance and larger specific surface area were
achieved for BTMOs [12,13]. These exciting properties in conjunction with the intimate bonding and
possible synergetic coupling effect between the two metals, allowed for BTMOs based electrodes desired
electrochemical sensors for H>O; [14,15].

Because of the superior properties, various types of BTMOs were fabricated for application in
electrochemical sensors with excellent activity, such as hollow nanostructured CoFe>O4 [16], CoMn204
nanoparticles [17], mesoporous NiC0204 nanospheres [18], Mn2CuO4 microspheres [19] and MnFe>O4
nanoparticles [20]. Despite the advances, however, the resultant sensing performance still needs to be
further improved. Two common strategies were utilized to meet the challenge of these BTMOs. One is
to controllably design novel BTMOs nanostructures with desired shape and size, as the morphology has
prominent effect on the performance of electrochemical applications. The other is forming hybrids with
suitable supporting materials to optimize the catalytic performance of BTMOs.

Based on the above analysis, in this work, the unique hedgehog shaped microspheres assembled
by Mn>CuO4 nanobelts were prepared through a facile solvothermal preparation method followed by a
subsequent calcination under low temperature. Graphene oxide (GO) was selected as supporting material
to decorate Mn,CuO4 nanostructures. Here, GO provides several advantages such as, aqueous solution
processability, substantial oxygen-containing groups, much edge defects and sites for functionalization.
The resultant Mn2CuO4/GO nanocomposites were used as electrode material for application in
electrochemical sensing of H>O,. The electrocatalytic behavior of H>O> at Mn,CuO4/GO
nanocomposites was investigated by cyclic voltammetry (CV) and amperometry. The sensing
performance of Mn2CuO4/GO nanocomposites toward H2O:, including linear concentration range,
detection sensitivity and selectivity, response time, reproducibility and stability was also demonstrated.

2. EXPERIMENTAL SECTION

2.1. Reagents and apparatus

H>02, Cu(NO3)2.3H20, Mn(NO3)2.4H>0, KoHPO4, KH2PO4, ethylene glycol (EG) and urea were
purchased from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Dopamine (DA), glucose,
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ascorbic acid (AA) and uric acid (UA) were purchased from Sigma Aldrich. All of these reagents were
of analytical grade quality and used directly without further purification. 0.1 M H>O, stock solution was
prepared and stored at 4 °C in a refrigerator. Certain volumes of stock solution were diluted with
electrolyte to desired concentration of working solutions. Phosphate-buffered solutions (PBS, 0.1 M, pH
7.0) were prepared with 0.1 M KoHPO4 and KH>PO4. The obtained PBS was utilized as electrolyte
solutions throughout the whole experiments. 18.2 MQ cm deionized water was used for preparing
various solutions.

Field emission scanning electron microscope (FESEM, Hitachi SU-8010) and transmission
electron microscopy (TEM, Tecnai G2 S-Twin F20) were employed to characterize the morphologies of
the MnoCuOs4 nanobelts assembled for hedgehog shaped microspheres. The structure and chemical
composition of synthesized Mn,CuO4 materials were characterized using X-ray diffractometer (XRD
Rigaku Ultima III) with a Cu Ka (A =1.5418 A). Electrochemical experiments comprising of cyclic
voltammetry (CV) and amperometry were performed on a CHI 660D electrochemical station (Shanghai
Chenhua Instrument Co. Ltd., China). The conventional three-electrode system was used with
Mn2CuO4/GO nanocomposites modified electrode as the working electrode, a platinum wire as auxiliary
electrode, and a saturated calomel electrode (SCE) as reference electrode.

2.2. Synthesis of Mn>CuQO4/GO nanocomposites

First, the unique hedgehog shaped microspheres assembled by Mn,CuO4 nanobelts were
prepared through a facile solvothermal preparation method followed by a subsequent calcination. The
detailed synthetic process is as follows: both 10 mL of 0.05 M Cu(NOs3), and 0.025 M Mn(NOs)> were
added to 40 mL of solvent constituted by 3:1 volume ratio of water and EG under constant stirring at 25
°C. Then, stepwise addition of 10 mL 0.1 M urea into the above mixture was performed under continuous
stirring until complete dissolution. After that, the resultant reaction solution was quickly transferred to a
100 mL Teflon-lined stainless steel autoclave and heated to 180 °C for retaining 12 h. After cooled to
room temperature, the products were obtained by centrifugation and repeatedly washed with deionized
water and ethanol, and finally dried at 60 °C for 12 h. The leftovers were calcinated at 400 °C for 2 h in
the muffle furnace to obtain Mn,CuO4 nanobelts assembled for hedgehog shaped microspheres.

GO was prepared from natural graphite powder through modified Hummers method according
to previous report [21]. 2 mg GO and 2 mg Mn,CuO4 were added into 2 mL deioned water to form 2
mg/mL Mn,CuO4/GO nanocomposites dispersion under the help of ultrasonication.

2.3. Electrochemical detection of H20: by Mn>CuQO4/GO nanocomposites modified electrodes

Prior to modification, the bare GCE was polished using 0.3 and 0.05 um alumina powder
sequentially, sonicated with deioned water and ethanol. 6 puL 2 mg mL' of Mn,CuOs/GO
nanocomposites aqueous dispersion was dropped onto the surface of GCE. After dried at room
temperature, Mn,CuO4/GO nanocomposites modified GCE (Mn,CuO4/GO/GCE) was prepared. For
comparison study, the Mn,CuO4 microsphere modified GCE (Mn2CuO4/GCE) and GO modified GCE
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(GO/GCE) were also prepared according to the above process similar to that of MnoCuO4/GO/GCE. The
following CV experiments were carried out in 0.1 M pH 7.0 PBS spiked with different concentrations
of H,0: between -0.5 and 0.2 V at a scan rate of 50 mV s™'. Amperometric curves were recorded in an
electrolyte cell with 10 mL PBS contained at an applied potential of -0.4 V.

3. RESULTS AND DISCUSSION

3.1. Structural and morphology characterizations

The morphologies of Mn;CuOs microsphere and Mn>CuO4/GO nanocomposites were
characterized by FESEM and TEM, which were presented in figure 1 (Fig. 1). As observed from low
magnification of SEM images in Fig. 1a, the synthesized Mn2CuO4 shows spherelike morphologies and
the diameter size of these spheres is in the range of 2~5 um. The microstructure with rough, porous and
unique hedgehog shaped microspheres is assembled by Mn,CuO4 nanobelts, which can be seen from the
high magnification of SEM images (Fig. 1b and 1c). It is interesting to observe that the width of nanobelts
range from several tens of nanometers at the top (sphere surface) to hundreds of nanometers at the bottom
(sphere center). The porous structure is arising from the interspace between nanobelts. Such a rough and
porous microsphere architecture possesses larger surface area and more reactive sites available than the
solid counterparts, which is beneficial for diffusion of analytes to electrode transducer and results in
enhanced electrocatalytic performance [22]. From the TEM images of Mn2CuO4 (Fig. le, 1f), similar
nanobelts assembled for microspheres are also presented. Panel g of Fig. 1 show the high-resolution
TEM (HRTEM) images, and the interplane spacing of 0.47 and 0.24 nm respectively corresponding to
the (111) and (311) planes of Mn2CuOs. After decoration of Mn,CuO4 microsphere on GO surface, a thin
layer of GO nanosheets was covered onto Mn>CuO4 microsphere through possible hydrogen bond and
electrostatic interactions to form Mn>CuO4/GO nanocomposites (Fig. 1d).

The unique structure of Mn2CuO4 nanobelts assembled for microsphere is mainly ascribed to the
generation of metal glycolate and gas bubbles. Upon adding the metal salts into EG solvent, metal
alkoxides were formed through the coordination bond between the -OH of EG and metal ions of Cu?*
and Mn?* [15, 19]. With the temperature increase of the above reaction mixture, the obtained metal
glycolates connect each other to form nanobelts structure, then, the nanobelts assembled into
microsphere under the interaction of van der Waals force. During solvothermal process, the gas bubbles
(NH3 and CO») generated by urea decomposition are formed, which results in the unique porous structure.
Generally, the size of gas bubbles increase from the center of material to its surface at the solid-liquid
interface, therefore, the width of Mn,CuQO4 nanobelts ranges from several tens of nanometers at the top
to hundreds of nanometers at the bottom. At last, the gas bubbles were released from the Mn>CuO4
microspheres in the calcination treatment to achieve Mn2CuOyq crystallines.
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Figure 1. FESEM (a-c), TEM (e-g) images, (g) SAED pattern of Mn>CuO4 microspheres, and (d)
FESEM images of Mn2CuO4/GO nanocomposites.

The XRD patterns of Mn2CuOs microspheres are displayed in Fig. 2 to characterize the
crystallinity of MCO. The major diffraction peaks at 26 of 18.47, 30.39, 35.81, 37.46, 43.52, 47.66, 54,
57.58, 63.25, 71.78, 74.86 and 75.88° correspond to the (111), (220), (311), (222), (400), (331), (422),
(511), (440), (620), (533), and (622) respectively. All these diffraction peaks are in good agreement with
the crystal planes of cubic Mn,CuQO4 phase in comparison to standard JCPDS no.076-2296. However,
some new peaks can also be observed in XRD patterns of Mn,CuO4 microsphere, indicating presence of
other possible impurities.
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Figure 2. Powder XRD patterns of MnoCuQO4 microspheres.

3.2. Electrochemical behaviors of Mn2CuQO4/GO nanocomposites toward H>O>.

CV was first used to investigate the electrocatalytic properties of the as-prepared Mn,CuO4/GO
nanocomposites toward the reduction of H>O». Fig.3 presents the CVs of the bare GCE, GO/GCE,
Mn2CuO4/GCE and Mn,CuO4/GO/GCE in 0.1 M pH 7.0 PBS without and with 1 mM H>O»> involved.
It can be seen that for both bare GCE and GO/GCE, when 1 mM H;0O; are injected into the PBS solution,
the current response shows no obvious change, compared to the corresponding ones without H>O». These
reveals that the GCE substrate and modification of GO have negligible catalytic activity for the
electroreduction of H20O». In addition, there is no obvious redox peak in the present potential scan range
for both bare GCE and GO/GCE. However, the Mn2CuO4/GCE and Mn,CuO4/GO/GCE exhibit a strong
redox couple located at potentials of about -0.19/-0.05 V and -0.18/-0.04 V, respectively, in the PBS
solution. Such redox couple is ascribed to electrochemical conversion of Cu(Il)/Cu(I) in Mn,CuOg4
micropheres [23]. In the presence of I mM H>O», an obvious increase of the cathodic peak currents can
be seen, indicating the high electrochemical catalytic activities of Mn2CuO4 and Mn2CuO4/GO
naocomposites toward H>0,. Compared the CV curves of Mn2CuO4/GCE and Mn2CuO4/GO/GCE, the
increased cathodic peak currents produced by H202 for Mn2CuO4/GO 1s much higher than that for only
Mn2CuOg4, suggesting the significant role of GO for promoting the electrochemical activities of
Mn2CuOs. Here, the doping of less electron affinitive Mn is reported to enhance catalytic activities of
Cu(II)/Cu(]) redox couple toward the reduction of H2Oz to H2O through reducing the energy barrier for
0-O cleavage [19].



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220429 7

20
GCE GOIGCE
1 104
0 01
i g -10 -
e 2 2]
2. 2 30
5 —PBS ::; 40 — PBS
(&) -40
3. — PBS+1 mM H,0, “ — PBS+1 mM H,0,
-4 -60
05 04 -03 02 01 00 01 02 03 05 04 03 -02 01 00 01 02 03
Potential/V Potential/V
10- .
'®7 Mn,Cu0 /GOIGCE
54 Mn2CuO4/GCE 10+
0- 51
g 1 .
3 -5
£ -0 =
o o -10 -
154 _
é —PBS g 151 Pes
201 — PBS+1 mM H,0, -20 — PBS+1 mM H,0,
=25 .25 ]
-30 T T T T T T T T -30 T T T T T : : :
.05 -04 -03 -02 04 00 01 02 03 .05 04 -03 02 -01 00 01 02 03
Potential/V Potential/V

Figure 3. CV curves of bare GCE, GO/GCE, Mn>CuO4/GCE and Mn,CuO4/GO/GCE in 0.1 M pH 7.0
PBS at a scan rate of 50 mV s™! without (black curve) and with (red curve) 1 mM H,O; involved.
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Figure 4. Amperometric responses of GO/GCE, Mn2CuO4/GCE and Mn2CuO4/GO/GCE with stepwise
additions of 50 pM H>O2 in 0.1 M pH 7.0 PBS at applied potential of -0.4 V.

To further confirm the priority of Mn2CuO4/GO naocomposites toward H2O: detection,
amperometric responses of GO/GCE, Mn,CuO4/GCE and Mn>CuO4/GO/GCE with stepwise additions
of 50 uM H>0O, in 0.1 M pH 7.0 PBS at applied potential of -0.4 V were compared, the results of which
is presented in Fig. 4. As observed, the addition of H>O» results in no obvious current change for
GO/GCE, but a distinct increase in the reduction current was observed for Mn,CuO4+/GCE and
Mn2CuO4/GO/GCE, and the current response of Mn2CuO4/GO/GCE is approximately 1.6 times larger
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than that of Mn2CuO4/GCE, indicating the prominent role of GO for enhancing the detection sensitivity
of Mn,CuO4/GO nanocomposites toward H>O».

To investigate the type of controlled process for electrochemical reduction of H,O», the influence
of scan rate on the cathodic peak current was studied by recording CVs of Mn,CuO4/GO/GCE in 0.1 M
pH 7.0 PBS with presence of 1 mM H>O- at different scan rates. As can be seen in Fig.5, the cathodic
peak currents increased with increasing scan rate from 20 to 200 mV s™'. The plot between cathodic peak
current and square root of scan rate shows good linearity with a correlation coefficient of R=0.9975
(inset of Fig. 5), indicating a diffusion controlled electrochemical process.
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Figure 5. CV curves of Mn,CuO4/GO/GCE in 0.1 M pH 7.0 PBS with presence of 1 mM H;0, at
different scan rate ranging from 20 to 200 mV.s™..

3.3. Amperometric performance of Mn>CuQO4/GO nanocomposites toward H>O>

To obtain the analytical performance of the Mn,CuO4/GO nanocomposites based sensor for H>0-
detection, the amperometric measurement was carried out. Fig. 6 shows the typical amperometric
currents of Mn2CuO4/GO/GCE and Mn2CuO4/GCE on successive additions of different concentrations
of H2O2 into 0.1 M pH 7.0 stirred PBS at an applied potential of -0.4 V. During the analysis performed
with Mn,CuO4/GO/GCE, the cathodic current increases accordingly with stepped increase of the H>O»
concentration (Fig.6a). Mn2CuO4+/GO/GCE reached 90% of the steady-state current within 3~35 s,
suggesting a fast response to H>O». From the calibration curve shown in Fig.6b, the response current of
Mn2CuO4/GO/GCE is linearly proportional to H2O2 concentration in the range of 0.5 uM to 2352 uM
with the linear regression equation of I(uA)=2.43624+0.05927C(uM) (correlation coefficient of 0.9997).
While for Mn,CuO4/GCE (Fig.6¢ and 6d), the linear concentration range is 1~10362 uM and the
obtained calibration curve can be expressed as I(uA)=0.96578-0.03711C(uM) with linear correlation
coefficient of 0.9994. According to the slope of the calibration curve, the detection sensitivity can be
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calculated to be 838.9 and 525.3 pAmM cm for Mn,CuO4/GO/GCE and Mn,CuO4/GCE, respectively.
Based on criterion of S/N=3, the limit of detection (LOD) for Mn,CuO4/GO/GCE and Mn>CuO4/GCE
is estimated to be 20 nM and 1 puM, respectively. Compared the analytical performance of the two
materials for sensing H>O», though the linear concentration range of Mn>CuO4/GO/GCE is lower than
Mn2CuO4/GCE, both the high detection sensitivity and low detection limit of Mn2CuO4/GO/GCE is of
more priority. The possible reason is as follows: First, the intimate contact between Mn2CuO4 and GO
through possible hydrogen bond and electrostatic interactions can improve the electron transfer to target
H>0; and enhance its electrochemical response; Second, as a highly efficient connector between porous
Mn,CuOs microspheres, GO with nanosheet structure provide large surface area and makes more
exposed active sites of MnoCuQOg4 available toward analyte of H>O»; Third, the abundant oxygen-
containing groups of GO facilitate the firmly loading of Mn2CuO4/GO on substrate electrode surface,
circumventing the falling off of Mn,CuO4 microspheres from the electrode surface.
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Figure 6. Amperometric responses of Mn2CuO4/GO/GCE (a) and Mn,CuO4/GCE (b) on successive
additions of different concentrations of H2O2 into 0.1 M pH 7.0 PBS at an applied potential of -
0.4 V (Inset: current response of H>O; at lower concentrations), and the obtained calibration
curves of Mn,CuO4/GO/GCE (¢) and Mn2CuO4/GCE (d) for H>O» detection.

The comparison of the analytical performance of the present Mn2CuO4/GO nanocomposites for
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H>O; detection with other previously reported H>O: sensors is shown in Table 1. As observed, the present
sensor exhibits superior or comparable characteristics than most of the H>O, sensors given in Table 1.

Table 1. Comparison of the analytical performance of various materials toward electrochemical
detection of H20x.

materials linear range (uM) | detection sensitivity | LOD (uM) | reference
(LA uM cm?)
3D GO—Co0304 0.015 3450 0.05-400 24
PHs 450-1250
Fe;04 nanodots 2.5-6540 191.57 1.1 25
AuNWs/PDMS 40-15000 250 12 26
2D Cu20-rGO- 5-10560 - 3.78 23
P
AP-Ni-MOF 4-60000 - 0.9 27
Mn2CuQ4 0.036-9300 3107 0.013 19
AUPt/ZIF- 0.1-18000 - 0.019 28
8-GO
Mn2CuO4/GO 0.5-2352 838.9 0.02 This
work

3.4. Reproducibility, stability and interference of Mn>CuQ4/GO nanocomposites modified Electrode.

To assess the reproducibility of the Mn2CuO4/GO/GCE, five electrodes were fabricated with the
same procedure and then their current responses toward 50 pM H>O» were compared by amperometry.
The results showed that the current responses of the different five electrodes were reproducible, with a
relative standard deviation (RSD) of only 4.3%. The storage stability of the Mn,CuO4/GO/GCE was also
investigated by periodically monitoring its amperometric current toward 50 uM H>O; by the same
Mn2CuO4/GO/GCE for 2 week. When not for use, the electrode was stored in 4 °C refrigerator. After 2
weeks, only 4.8% decrease of the current responses for H>O> was obtained, indicating excellent stability
of Mn,CuO4/GO/GCE.

The interference effect of some common interferent species such as AA, DA, UA, glucose, urea
and KCI, NaCl on the specificity of present sensor for H>O> was investigated at -0.4 Vin 0.1 M pH 7.0
PBS. The amperometric currents of Mn,CuO4/GO/GCE toward the additions of 200 pM of the above
interferent species were compared with that obtained for analyte of 50 uM H>0O,. As observed from Fig.7,
a remarkable current is produced by 50 uM H>O», but the current responses of these interferent species
can nearly be negligible compared to that of H>O, and the presence of these biological substance has
totally no effect on the subsequent response of H>O», indicating a satisfactory selectivity of the
Mn2CuO4/GO/GCE to H2Oo.
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Figure 7. Amperometric responses of Mn,CuO4/GO/GCE with additions of 50 uM H202, 50 uM H20,
200 uM AA, 200 uM DA, 200 uM UA, 200 uM glucose, 50 uM H202, 50 uM H202, 200 pM

urea, 200 pM NaCl, and 200 uM KCl in 0.1 M pH 7.0 PBS at an applied potential of -0.4 V.

3.5. Real sample analysis.

The practical application of the developed sensor was checked by using sample of disinfectant

containing 3% H>O,. The sample was first spiked into 0.1 M pH 7.0 PBS and its current response was

measured by amperometry. Different amounts of H>O> standard solution were added into the sample,

and quantitative analysis was performed by using standard addition method. Every current value was

measured for three times for all samples. The obtained recoveries are listed in Table 2. The recoveries

range from 97.6% to 105.8% and the RSD values are acceptable, indicated that the present sensor has

potential prospect for determination of H20- in real samples.

Table 2. Determination of H>O» in real samples.

Samples | Found before added added Found after added | RSD(%) | Recovery
(mM) (mM) (mM) (%)
1 0.4348 0.1000 0.5239 4.2 98.1
2 0.4336 0.3000 0.7511 3.8 105.8
3 0.4355 0.6000 1.0208 4.6 97.6

4. CONCLUSIONS

In this work, the fabrication of a highly sensitive and selective nonenzymatic sensor based on

GO supported MnoCuO4 microspheres for determination of H>O; is described. The Mn2CuO4 with

unique hedgehog shaped microspheres assembled by ordered nanobelts was prepared by a solvothermal
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method, and its integration with GO was achieved under possible hydrogen bond and electrostatic
interactions. The electrochemical results exhibited that MnoCuO4+/GO nanocomposites have superior
electrocatalytic activity over MnoCuOg4 toward the reduction of H>O», indicating the significant role of
GO for improving the sensing performance of nanocomposites. The obtained Mn>CuO4+/GO sensor
shows a linear range of 0.5 uM to 2352 pM, a high detection sensitivity of 838.9 pA mM cm™ and a
low LOD with 20 nM. In addition, the developed sensor have a good specificity toward H>O> detection,
some common biological and inorganic substances present with H>O» have nearly no interference. The
effective application of this sensor in real sample of disinfectant was also demonstrated. The feasibility
of this work may enable the application of such a low-cost Mn,CuQO4/GO platform for detecting various
electrochemical species or even biomolecules.
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