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A B S T R A C T

The construction of metal-oxide heterojunction architecture has greatly widened applications in the fields of
optoelectronics, energy conversions and electrochemical sensors. In this study, olive-like hetero-structured MnO-
Mn3O4 microparticles wrapped by reduced graphene oxide (MnO-Mn3O4@rGO) were synthesized through a
facile solvothermal-calcination treatment. The morphology and structure of MnO-Mn3O4@rGO were char-
acterized by scanning electron microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy,
Raman spectroscopy, and X-ray diffraction. The as-synthesized MnO-Mn3O4@rGO exhibited prominent cata-
lyzing effect on the electroreduction of H2O2, due to the combination of good electrical conductivity of rGO and
the synergistic effect of MnO and Mn3O4. The MnO-Mn3O4@rGO modified glassy carbon electrode provided a
wide linear response from 0.004 to 17 mM, a low detection limit of 0.1 μM, and high sensitivity of
274.15 μA mM−1 cm−2. The proposed sensor displayed noticeable selectivity and long-term stability. In addi-
tion, the biosensor has been successfully applied for detecting H2O2 in tomato sauce with good recovery, re-
vealing its promising potential applications for practical electrochemical sensors.

1. Introduction

In the past decades, transition metal oxides have become a research
hotspot due to their unusual electronic and magnetic properties, facile
fabrication and good catalytic performance. Especially in the field of
electrochemical sensing, numerous transition metal oxides (MnO2, NiO,
CoOx, FeOx, CuO, etc.) have been served as enzyme mimics due to their
diverse morphology, high theoretical capacity and good mechanical
behavior [1–6]. Among them, manganese oxides (MnO2, MnO and
Mn3O4) have found increasing application in biochemical sensors be-
cause of their natural abundance, environmental compatibility and af-
fordable cost [7–10]. For instance, Zhu et al. [11] synthesized Au/MnO
nanoparticles by regulating the oxidizing process of AuMn, which ex-
hibited great performance for the electrochemical reduction of H2O2

with a detection limit of 8 nM. Wang et al. [12] synthesized Mn3O4

octahedron sub-microstructures by solvothermal method for the non-
enzymatic detection of H2O2. Song et al. [13] fabricated a hollow
urchin-like MnO2 by hydrothermal technique for the electrochemical
detection of H2O2 and dopamine. Thus, nano/micro-architectured
manganese oxides with multiple valence states have gained wide

attention in electrochemical sensors. However, MnOx has poor elec-
trical conductivity, resulting in low selectivity and sensitivity for the
determination of H2O2 [14].

Recently, heterojunction materials with desired morphologies and
wonderful synergistic effects have attracted considerable attention
[15–19]. Especially, the hetero-composites based on transition metal
oxides have potential applications in catalysis owing to their reversible
mixed-valence states and more surface active sites [18,20–22]. For
example, Bera et al. [18] constructed Pt loaded Bi2O3-ZnO hetero-
junction, and the material showed good catalytic performance for the
electrooxidation of methanol due to their enhanced synergic catalytic
activity. Praveen et al. [20] synthesized the hetero-nanostructured
Cu2O-Au nanocomposite. Benefited from their strong interaction, the
Cu2O-Au modified electrode showed high electrocatalytic activity to-
wards glucose. Asif et al. [23] designed a new type of p-n heterojunc-
tion MnAl layered double hydroxide wrapped CuO nanospheres as an
efficient electrocatalyst towards H2O2 reduction. Therefore, hetero-
structured materials have demonstrated significant improvements for
electrochemical sensors.

Hydrogen peroxide (H2O2), an oxidizing agent, is critical to
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biological, chemical, and pharmaceutical systems [24–26]. Commonly,
H2O2 has been employed as a food additive to regulate the growth of
microorganisms in stored food such as fruit juice, dried fruit, ketchup
and milk to avoid food spoilage [27–29]. Nevertheless, oxidative stress
and cellular damage will be induced by long-time exposure to high
concentration of H2O2. Accordingly, neurodegenerative disorders,
bleeding in mucous membrane, ulceration and cancer will be triggered
[29–32].

Graphene is considered as a fascinating candidate support for
electrocatalysts because of its robust two-dimensional honeycomb lat-
tice structure, high conductivity (103–104 S m−1) and large surface area
of (2630 m2 g−1) [33–35]. Compared to graphene, its oxygen deriva-
tive, reduced graphene oxide (rGO) has been paid more attention for its
easy design and unique features, including high electron mobility
(2.0 × 105 cm2 V−1 s−1), good chemical stability and biocompatibility
[36]. In recent years, rGO has found extensive application as electrode
modifiers in the electrochemical field. Previous studies have confirmed
that the introduction of rGO to transition mental oxide can make
electrode materials more conductive, thereby improving the electro-
chemical performance of the biosensor [37]. For instance, Mahmoudian
et al. [38] reported the fabrication of MnO2 nanotubes/rGO nano-
composite by hydrothermal technique and used as the catalyst for the
detection of H2O2. Wang et al. [39] synthesized binary ZnO-CoO na-
noparticles loaded on rGO, and the ZnO-CoO/rGO electrode can detect
both glucose and H2O2. Wang et al. [40] constructed ZnO-SnO2 het-
erostructure on rGO to enhance NO2 sensing performance. Therefore, it
would be an ideal strategy to assemble rGO-based heterostructured
composites with controlled morphology and improved catalytic ability.
To the best of our knowledge, no work has been reported to synthesize
hetero-structured MnO-Mn3O4@rGO as electrocatalyst for electro-
chemical sensing of H2O2.

Herein, we demonstrated a facile solvothermal-calcination treat-
ment to synthesize hetero-structured MnO-Mn3O4@rGO (Fig. 1).
Taking advantages of the strong synergistic effect of heterojunction and
excellent conductivity of rGO, the synthesized MnO-Mn3O4@rGO ex-
hibited efficient electrocatalytic activity towards H2O2 reduction. The
proposed MnO-Mn3O4@rGO modified glassy carbon electrode (GCE)
displayed excellent selectivity, sensitivity and stability. Moreover, the
as-prepared sensor was applied to detect H2O2 in tomato sauce.

2. Experimental

2.1. Apparatus

The morphology of the samples was analyzed under a scanning
electron microscopy (SEM, JSM-6700F, Japan) with energy dispersive
spectroscopy (EDS) at 200 kV. The details of the crystal structure were
further characterized by transmission electron microscopy (TEM) on
JEM-200CX operating at 200 kV. X-ray diffraction (XRD) was con-
ducted on Rigaku DLMAX-2200 (Cu Kα radiation, λ = 1.5418 Å,
40 mA, working voltage: 40 kV, scanning rate: 0.08° s−1). X-ray

photoelectron spectroscopy (XPS) was conducted on an ESCA com-
mercial device (Sigma Probe, Thermo VG-Scientific) with an Al Kα
radiation source (1486.6 eV). Raman spectra were conducted on
Renishaw (INVIA, England) in the spectral range of 200–1000 nm
(spectral resolution: 1 cm−1). Electrochemical measurements were
carried out on a CHI 660D electrochemical workstation (Shanghai CH
Instruments, China) with a traditional three-electrode cell, in which a
modified GCE, Ag/AgCl (saturated KCl) and a platinum foil were used
as working, reference and counter electrodes, separately.

2.2. Chemicals

MnCl2·4H2O, NaOH, (CH2OH)2, CO(NH2)2 and H2O2 were obtained
from Sinopharm Reagent (Shanghai, China). Aladdin Reagent
(Shanghai, China) provided graphene oxide (GO). Glycocoll (Gly), citric
acid (CA), dopamine (DA), citric acid (AA), uric acid (UA), glucose
(Glu) were purchased from Sigma (USA). All chemicals were of analy-
tical grade. Milli-Q water (18.25 MΩ cm) was employed during ex-
perimental process.

2.3. Synthesis of MnO-Mn3O4@rGO composites

MnO-Mn3O4@rGO composites were synthesized with solvothermal-
calcination method following the literature procedure with some
modification [41]. Firstly, GO dispersion (1 mg ml−1) was prepared by
adding GO in 80 ml ethylene glycol and ultrasonicating for 40 min.
Then, 0.792 g MnCl2·4H2O was added in the dispersion and dispersed
evenly by ultra-sonication for another 30 min. Subsequently, 0.6 g urea
was introduced to the above solution followed with vigorously stirring
for 40 min. Next, the light red mixture was transferred into a 100 ml
Teflon-lined autoclave. After being heated at 200 °C for 24 h, the re-
sulting solution was collected and washed with anhydrous ethanol and
water repeatedly, followed by vacuum drying overnight at 60 °C. Lastly,
the resultant precursor underwent calcining process at 400 °C, 500 °C
and 600 °C for 1 h in N2 atmosphere to produce MnO-Mn3O4@rGO
composites. In contrast, under identical conditions, MnO-Mn3O4 mi-
crospheres without GO were synthesized. At the same time, the pre-
cursor powder calcined at 500 °C for 1 h in air was also processed. The
synthesis process is illustrated in Fig. 1.

2.4. Preparation of the modified electrode

The preparation process of the modified electrode was similar to our
previous work [42]. With the Buehler polishing kit, GCE (with a dia-
meter of 3 mm) underwent polishing with alumina powder of 0.05 and
0.3 μm carefully. Then, the GCE was ultrasonically treated in Milli-Q
water and alcohol separately for 3 min. After removing any adherent
impurities on its surface, GCE was dried at room temperature.

Next, a certain amount of MnO-Mn3O4@rGO composites was in-
troduced into water and underwent sonication for 30 min. 5 μl of the
resulting MnO-Mn3O4@rGO dispersion was dropped on surface of the

Fig. 1. Schematic diagram of the major steps for the synthesis of MnO-Mn3O4@rGO.
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pretreated GCE, and then dried under the infrared lamp for 5 min to
fabricate MnO-Mn3O4@rGO/GCE.

2.5. Real sample preparation

The developed H2O2 sensor based on enzyme mimics MnO-Mn3O4@
rGO was assessed by determining H2O2 in tomato sauce. Before elec-
trochemical measurement, the sample of tomato sauce was pretreated
according to previously described method [43]. Briefly, 1 g of tomato
sauce was dissolved in 100 ml water to make homogeneous suspension
under sonication. Then, the homogeneous suspension underwent cen-
trifugation for 10 min at 6000 rpm to produce a clear solution. The
amperometric detection was performed under the optimal condition
with 10 μl pretreated sample injected.

3. Results and discussion

3.1. XRD, Raman and XPS spectroscopy characterization

In our work, hetero-structured MnO-Mn3O4@rGO composites were
synthesized by a solvothermal-calcination method. The ambient atmo-
sphere and temperature in the calcination process were the major
controlling factors. When calcination temperature was set at 400 °C in
N2, the diffraction peaks of MnCO3 still existed in the product (Fig.
S1A). XRD patterns of MnO-Mn3O4 and MnO-Mn3O4@rGO at 500 °C in
N2 are shown in Fig. 2A. The peaks at 28.9°, 32.3°, 36.0° and 44.4° can
be assigned to the (112), (103), (211) and (220) crystal planes of the
tetragonal Mn3O4 phase (JCDPS, card no. 24–0734), while the robust
diffraction peaks at 58.7°, 40.5°, and 34.9° can be indexed to the (220),
(200), and (111) planes of face-centered cubic MnO phase (JCDPS, card
no. 07–0230) [44]. The MnO-Mn3O4@rGO composites show similar
diffraction peaks to the MnO-Mn3O4, suggesting that the addition of

Fig. 2. (A) XRD pattern of MnO-Mn3O4@rGO (curve a) and MnO-Mn3O4 (curve b); (B) Raman spectra of MnO-Mn3O4@rGO (curve a) and GO (curve b).

Fig. 3. XPS spectra of MnO-Mn3O4@rGO: (A) full wide-scan, (B) Mn 2p, (C) O 1 s, and (D) C 1 s.
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rGO did not affect the formation of hetero-structured MnO-Mn3O4. The
XRD pattern of the precursor powder calcined at 500 °C in air is shown
in Fig. S1B. All the diffraction peaks are indexed to the lattice planes of
Mn2O3 (JCPDS card no. 41–1442). Therefore, when the precursor was
calcined in air, only Mn2O3 could be obtained. As indicated in Raman
spectroscopy (Fig. 2B), the two peaks at 1598 and 1328 cm−1 represent
the G and D bands of rGO, separately [45]. The relevant ID/IG ratio of
1.40 is larger than the value of 0.9 for GO. Therefore, it is demonstrated
that GO in the composites has been converted to rGO during the cal-
cinating process.

The valence state and chemical composition on the surface of MnO-
Mn3O4@rGO composites were explored by XPS. From the survey XPS
spectrum (Fig. 3A), characteristic peaks of Mn, C, and O can be iden-
tified. The slight peaks of N and Cl might result from the residual MnCl2
and urea of raw experimental materials. As shown in Fig. 3B, two sig-
nificant peaks at binding energies of 641.4 and 652.9 eV are ascribed to
Mn 2p3/2 and Mn 2p1/2, respectively, which is well in compliance with
the results achieved for MnO [46–48]. The peaks at 643.2 and 654.3 eV
are from Mn 2p3/2 and Mn 2p1/2, respectively, agreeing well with the
data of Mn3O4 reported previously [49,50]. Besides, the XPS spectrum
of Mn 3 s (Fig. S2) with a spin-energy separation of 5.79 eV suggests the
presence of MnO [51–53]. The satellite of Mn 2p at 647 eV confirms

that the dominant contribution is from MnO [54]. The satellite can be
explained as shake-up excitation, originating from the charge-transfer
between outer electron shell of ligand and the unfilled 3d shell of MnO
during creation of core hole in the photoelectron process [55–57]. The
high-resolution O 1 s spectrum can be deconvoluted into three peaks.
According to Fig. 3C, the strongest peak at 530.2 eV is consistent with
Mn − O. The peak at 531.6 eV corresponds to chemisorbed oxygen
surface species, and the peak at 533.5 eV indicates the physisorbed or
chemisorbed water [52,58]. The high-resolution C1s spectrum of MnO-
Mn3O4@rGO in Fig. 3D can be fitted into three peaks at 284.8, 285.8,
and 286.8 eV, which are ascribed to C − C, C − OH, and C − O in rGO,
separately [59,60]. The percentage data of Mn, O, and C atomics in
MnO-Mn3O4@rGO are calculated to be 6.93%, 17.37%, 75.7%, re-
spectively. Therefore, the XPS results confirm the successful synthesis of
MnO-Mn3O4@rGO composites.

3.2. Morphological analysis

Fig. 4A is the SEM image of MnO-Mn3O4 composites, which exhibits
an olive-like structure with an average diameter of 4 μm. The SEM
image of MnO-Mn3O4@rGO composites in Fig. 4B shows the same
olive-like structure, in which wrinkled rGO sheets well wrap around the

Fig. 4. (A) SEM image of MnO-Mn3O4; (B) SEM image of MnO-Mn3O4@rGO; (C) Elemental mapping images of MnO-Mn3O4@rGO in the area indicated by the yellow
rectangular in (B); (D) TEM image; (E, F) The high-resolution TEM images. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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surfaces of MnO-Mn3O4. The rGO looks highly transparent with silky
appearance, and the introduction of rGO does not change the mor-
phology of the composites. Moreover, rGO keeps the MnO-Mn3O4

composites from aggregation, maintaining the high surface area of the
composites. Fig. 4C presents the EDS mapping of MnO-Mn3O4@rGO
composites, clarifying the homogeneous distribution of C, O and Mn
elements. Fig. 4D shows the TEM image of MnO-Mn3O4@rGO. The
olive-like morphology of MnO-Mn3O4@rGO can be observed, in which
MnO-Mn3O4 is tightly wrapped by rGO. The corresponding HRTEM
image (taken from the marked area in Fig. 4E) indicates the formation
of MnO-Mn3O4 heterostructures. As shown in Fig. 4F, the lattice fringes
of 0.256 and 0.267 nm are corresponding to MnO (111) and Mn3O4

(220), respectively. These results are in accordance with the XRD data,
indicating the successful formation of hetero-structured MnO-Mn3O4.
By comparing the SEM images of the synthesized MnO-Mn3O4@rGO
composites at 400 and 600 °C, it can be concluded that higher calci-
nation temperature in N2 would cause the olive-like structure shrunken
and broken (Fig. S3A, B). When the calcination process was taken in air,
the synthesized MnO-Mn3O4@rGO composites were agglomerated into
massive blocks, and graphene oxide was burned out in air simulta-
neously (Fig. S3C). Taking into account of both XRD and SEM, the
hetero-structured MnO-Mn3O4@rGO composites were synthesized at
500 °C in N2 atmosphere.

3.3. Electrochemical characterization

Cycle voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) were applied in 5.0 mM [Fe(CN)6]3−/4− + 0.1 M KCl to
assess the electrochemical properties of bare GCE, MnO-Mn3O4/GCE
and MnO-Mn3O4@rGO/GCE. As shown in Fig. 5A, a pair of narrow and
high redox peak currents was obtained on bare GCE. Compared to bare

GCE, lower redox peak currents with a larger potential difference could
be observed at MnO-Mn3O4/GCE. However, the redox peak currents
increased greatly on MnO-Mn3O4@rGO/GCE, demonstrating that rGO
can enhance the conductivity of the hetero-structured MnO-Mn3O4

composites. EIS is an effective way of probing the interfacial properties
between the electrode surface and the electrolyte. In this technique, the
semicircle diameter at higher frequency indicates electron transfer ki-
netics occurring on the electrode interface, and the linear portion at a
lower frequency corresponds to the diffusion process [61]. The ex-
perimental impedance data were fitted with conventional Randles
equivalent electrical circuit, including solution resistance (Rs), charge
transfer resistance (Rct), double layer capacitance (C), and Warburg
impedance (W), as shown in Fig. 5B. The Rct of bare GCE was calculated
to be 230 Ω, and the Rct of MnO-Mn3O4/GCE increased to 1068 Ω.
However, the Rct of MnO-Mn3O4@rGO/GCE decreased considerably to
670 Ω, because the introduction of rGO enhanced the conductivity of
the MnO-Mn3O4. The EIS results are in good agreement with those of
CVs.

It has been reported that heterostructure can promote kinetics on
the active-sites, improve conductivity, and enhance the electrocatalytic
performance [62,63]. CV was performed to assess the electrocatalytic
activity of the synthesized MnO-Mn3O4@rGO composites towards H2O2

reduction by adding 4 mM H2O2 in 0.2 M NaOH electrolyte at the scan
rate of 100 mV s−1. As shown in Fig. 5C, no current could be observed
on bare GCE, while an obvious reduction peak current was obtained at
−0.75 V on MnO-Mn3O4/GCE. In comparison with bare GCE and MnO-
Mn3O4/GCE, a noticeable reduction peak current was achieved at
−0.45 V on MnO-Mn3O4@rGO/GCE, and the overpotential for H2O2

electroreduction was lowered about 300 mV. The reason behind this
inspiring result can be explained from the following aspects: (i) The
multiple valences of manganese can benefit the redox reactions

Fig. 5. CVs (A) and EIS (B) recorded in 5.0 mM [Fe(CN)6]3−/4− + 0.1 M KCl at the GCE, MnO-Mn3O4 and MnO-Mn3O4@rGO/GCE; (C) CVs of the bare GCE, MnO-
Mn3O4/GCE and MnO-Mn3O4@rGO/GCE in the presence of 4 mM H2O2; (D) CVs of MnO-Mn3O4@rGO/GCE at different scan rates.
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occurring at electrode material/analyte interface; (ii) The built het-
erostructure through coupling MnO and Mn3O4 with different bandgaps
can enhance the surface reaction kinetics and electron transfer, owing
to the internal electric field at heterointerfaces [64]; (iii) The in-
troduction of rGO sheets can not only increase the electrical con-
ductivity but also enlarge the active surface area of the catalyst

(Scheme S1). The CV responses of MnO-Mn3O4@rGO in 4 mM H2O2

and 0.2 M NaOH solution from 30 to 200 mV s−1 are presented in
Fig. 5D. The reduction current rose progressively with the rise of the
scan rate. Furthermore, the scan rates keep a linear relation with the
currents, suggesting that the reduction of H2O2 on the MnO-Mn3O4@
rGO/GCE can be interpreted as a surface-controlled process (Fig. S4A).
In addition, the reduction peak current increased when H2O2 was added
continuously, proving the catalytic activity of the biosensor to H2O2

(Fig. S4B).

3.4. Amperometric detection of H2O2 on Mn3O4@rGO/GCE

The experimental parameters for the electroreduction of H2O2 with
MnO-Mn3O4@rGO/GCE were optimized, such as the concentration of
supporting electrolyte (NaOH), applied potential and the concentration
of modifier (Fig. S5). Under optimal conditions (0.2 M NaOH, −0.45 V,
and 13.0 mg ml−1 MnO-Mn3O4@rGO), the typical current-time curve
was plotted for MnO-Mn3O4@rGO/GCE as H2O2 was added at various
concentrations (Fig. 6A). Fig. 6B gives the corresponding calibration
curve. The current density increases in a linear manner with the in-
crease of H2O2 concentration from 0.004 to 17 mM. The sensitivity is
calculated to be 274.15 μA mM−1 cm−2 and the detection limit is
0.1 μM at signal/noise = 3. Compared to other reported H2O2 bio-
sensors, the proposed MnO-Mn3O4@rGO/GCE exhibited a comparable
wide linear range with a lower detection limit (Table 1).

Selectivity is a necessary factor to assess the sensor performance.
The selectivity of the MnO-Mn3O4@rGO/GCE was explored against
common coexisting analytes, such as AA (1-fold), UA (1-fold), Gly (1-
fold) and Glu (100-fold). According to the experimental result in
Fig. 6C, the MnO-Mn3O4@rGO/GCE suggests high selectivity under the
low applied potential. The stability of MnO-Mn3O4@rGO/GCE was as-
sessed by ascertaining the amperometric current response of MnO-
Mn3O4@rGO/GCE with 0.2 mM H2O2 added. Fig. 6D shows that the

Fig. 6. (A) Amperometric response of MnO-Mn3O4@rGO/GCE for different concentrations of H2O2 in 0.2 M NaOH at applied potential of −0.45 V; (B)
Corresponding calibration curve; (C) Amperometric response of MnO-Mn3O4@rGO/GCE to 0.2 mM H2O2 and different interferences in stirring 0.2 M NaOH at
applied potential of −0.45 V; (D) The stability test of MnO-Mn3O4@rGO/GCE over 4800 s.

Table 1
Comparison of property between the proposed sensor and other H2O2 sensors.

Modified material Linear range
(μM)

Detection limit (μM) Reference

Co3O4-NWs/CFa 10 − 1400 1.4 [65]
Cu2O/graphene 30–7800 20.8 [66]
Pt-ZnO nanotube 20–5000 1.5 [67]
NiCo2S4/rGO 25–11,250 0.19 [68]
Pt/Fe3O4/rGO 100–2400 1.58 [69]
CoFe2O4 10–1200 2.5 [70]
NiO/α-Fe2O3 500–3000 50 [71]
CuO/PANIb 5–9255 0.11 [72]
MnO2/Co3O4/Graphene 5–1200 0.8 [73]
MnO-Mn3O4@rGO 4–17,000 0.1 This work

a Nanowires/3D N-doped C foam.
b Polyaniline.

Table 2
Real sample analysis of MnO-Mn3O4@rGO/GCE for the determination of H2O2

in tomato sauce samples.

Sample Added (μM) Found (μM) Recovery (%) RSD (%)

1 50 50.15 100.3 1.81
2 50 50.08 100.16 2.11
3 50 49.81 99.62 1.87
4 50 49.58 99.16 2.02
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current response remained stable by continuous determination of
0.2 mM H2O2 during 4800 s, suggesting that the MnO-Mn3O4@rGO/
GCE exhibits high stability. Besides, the reusability of the biosensor was
tested by using the same modified GCE to detect 1 mM H2O2 for seven
times in 0.2 M NaOH at the scan rate of 100 mV s−1. As shown in Fig.
S6, the relative standard deviation was 2.7%, indicating that MnO-
Mn3O4@rGO/GCE has good reusability.

3.5. Real sample analysis

The as-prepared sensor was adopted to detect H2O2 in tomato sauce.
Tomato sauce was purchased from a local supermarket in Shanghai
(China), in which H2O2 was undetectable by amperometric method.
Recovery test was made to validate the feasibility of our proposed
sensor. Four samples were evaluated to detect H2O2 by standard addi-
tion approach. As shown in Table 2, the recoveries were in the range of
99.16–100.30%, and the relative standard deviations (RSDs) were
1.81–2.11%. The results suggest the practical application of the pro-
posed sensor for H2O2 detection in real sample.

4. Conclusions

In this study, olive-like hetero-structured MnO-Mn3O4@rGO com-
posites have been successfully synthesized by a simple solvothermal-
calcination method. The MnO-Mn3O4@rGO composites exhibit promi-
nent performance to the electrocatalytic reduction of H2O2. The ex-
cellent electrical conductivity of rGO and synergetic effect of hetero-
structured MnO-Mn3O4 greatly enhance the electrocatalytic activity
towards H2O2 reduction. The as-prepared MnO-Mn3O4@rGO/GCE
shows good performance to determine H2O2 with a wide linear range
(0.004–17 mM) and high sensitivity (274.15 μA mM−1 cm−2).
Furthermore, the proposed biosensor is feasible to determine H2O2 in
food sample, suggesting promising potential applications of hetero-
structured metal oxides composites in electrochemical sensors.
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