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Well-dispersed ultrafine Mn3O4 nanocrystal on reduced 

graphene oxide with high electrochemical Li-storage 

performance 

Hui Huang, Liyuan Zhang, Yang Xia, Yongping Gan, Xinyong Tao, Chu Liang, Wenkui 

Zhang* 

Graphene-based hybrid nanostructures could offer many opportunities for improved lithium storage 

performance. Herein, we report a novel synthesis of Mn3O4/reduced graphene oxide (Mn3O4/r-GO) 

composite based on microexplosion mechanism and reduction treatment. It is found that the well-

dispersed ultrafine Mn3O4 particles with a size of about 20 nm are closely anchored on the surface of r-

GO sheets. Compared to pure Mn3O4, the Mn3O4/r-GO composite delivers higher lithium storage 

capacity and superior rate capability as promising anode materials for Li-ion batteries. The enhanced 

electrochemical performance of the Mn3O4/r-GO composite can be attributed to the buffering confining 

and conducting effects of the r-GO sheets, as well as the small and uniform particle size of Mn3O4. 

1. Introduction 

Lithium ion batteries (LIBs) have attracted considerable 

interests as one of the most promising energy storage devices 

for high-power electric vehicles and portable electronic devices 

because of their attractive high energy density, cycling stability, 

and excellent rate capability.1-3 On the basis of unique 

conversion reaction mechanism and high theoretical capacities, 

metal oxides (CoOx,4-6  FeOx,7-10 and MnOx
11-15) have received 

increasing attention as promising alternative anode materials to 

graphite. Compared with the other oxides, Mn3O4 exhibits high 

theoretical capacity (937 mAh g−1), low conversion potential, 

natural abundance and environmental benignity, which are 

desirable for the practical application in LIBs.16-19 However, the 

commercial use of pure Mn3O4 is still hampered by its low rate 

capability arising from the poor electrical conductivity (~10−7 

to 10−8 S cm−1), and rapid capacity fading because of severe 

particle agglomeration and drastic volume changes over 

extended cycling. 

Up to date, enormous efforts have been made to circumvent 

these drawbacks. One effective strategy is to synthesize 

nanostructured Mn3O4 (nanofibers, nanorods) to shorten the 

diffusion length for electrons and lithium ions. Another 

efficient strategy is constructing nanocomposites with carbon 

materials like amorphous carbon shell,20, 21 carbon nanotubes,22 

carbon nanofiber23 and graphene sheets,17, 18, 24-28 which act as  
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both a volume buffer and a conductive network to absorb the 

internal stress and to increase ion and electron transport in the 

electrode. Compared to other carbon materials, graphene is a 

two-dimensional one-atom-thick conductor with high surface 

area, chemical stability, mechanical strength and flexibility, 

making it a potential carbon matrix for electrochemical energy 

storage applications.29, 30 In addition, graphene contributes to 

the overall capacity. Li et al.19 synthesized a nanocomposite of 

Mn3O4 wrapped in graphene sheets by microwave-assisted 

hydrothermal method, presenting high reversible capacity 

(more than 900 mAh g−1 at 40 mA g−1). Cui et al.18 reported 

two-step solution-phase reactions to synthesize 

Mn3O4/graphene hybrid, showing a high specific capacity up to 

∼900 mAh g−1 with good rate capability and cycling stability. 

Yi et al.17 reported a one-step method for fabricating  

Mn3O4/graphene composite for use as anode material in LIBs. 

Different from these methods as mentioned, herein, we have 

developed a novel microexplosion method to synthesize the 

nanocomposite of Mn3O4 supported by r-GO sheets. Through 

this approach, the ultrafine Mn3O4 nanoparticles with a size of 

20 nm are uniformly anchored on the r-GO sheets. The r-GO 

graphene sheets in the composite can not only efficiently buffer 

the volume change of Mn3O4 nanoparticles during charging and 

discharging processes, but also preserve the high electrical 

conductivity of the whole electrode. As a consequence, the 

Mn3O4/r-GO composite possesses high reversible capacity, 

good cycle life, and high rate capability as anode material for 

LIBs. 
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Figure 1 Schematic illustration of the synthesis steps of Mn3O4/r-GO 

composites based on a microexplosion mechanism. 

 

2. Experimental Section 

2.1 Synthesis of Mn3O4/r-GO composite 

In a typical synthesis of the Mn3O4/r-GO composites, 0.16 g of 

GO, prepared by a improved Hummers method,31, 32 was dispersed in 

deionization water with sonication for 1 h. Then, 3.75 g of MnSO4 

was added in the GO dispersion under stirring for 4 hours, and 2.79 

g of KMnO4 was added in the above solution with the reaction for 4 

hours to form the MnO2/r-GO composite. Subsequently, H2O2 is 

added dropwise under ultrasonic conditions and instantly releases a 

large amount of oxygen, which leads to the exfoliation of MnO2/r-

GO into nanosheets. Finally, 10 mL of hydrazine hydrate was added 

dropwise into the above solution in oil bath at 100oC with stirring for 

24 hours. The resultant product was collected by centrifugation, and 

rinsed with deionized water and dried at 80oC overnight in a vacuum 

oven. For comparison, the bare Mn3O4 nanoparticles without adding 

GO and the Mn3O4/r-GO composite without adding H2O2 (without 

microexplosion reaction) were prepared by similar experimental 

procedures. 

2.2 Materials characterization 

The as-prepared samples were characterized by powder X-ray 

diffractometry (XRD, X’ Pert Pro diffractometer with a Cu Kα 

radiation, λ=0.15418 nm), scanning electron microscopy (SEM, 

Hitachi S-4700) and transmission electron microscopy (TEM, FEI, 

Tecnai G2 F30), equipped with an energy dispersive spectroscopy 

(EDS) detector. Nitrogen adsorption-desorption isotherms were 

determined by Brunanuer-Emmett-Teller (BET) test using an ASAP 

2020 (Micromeritics Instruments) surface area and pore analyzers. 

 

2.3Electrochemical Measurements 

Electrochemical measurements were performed by using 

CR2025 type coin cells, assembled in an Ar-filled glove box. The 

as-prepared Mn3O4/r-GO sample was mixed with acetylene black 

and polyvinylidenefluoride (PVDF) binder at a weight ratio of 

75:15:10 in N-methyl-2-pyrrolidene (NMP) solution. The slurry 

was pasted on a Cu foil and dried in a vacuum oven at 120 oC for 

12 h to serve as the working electrode. The weight of the active 

material in the electrode sheet was about 5 mg in a square 

centimeter of aluminum foil. A pure lithium foil was used as both 

counter electrode and reference electrode. A solution of 1M 

LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DME) (1:1 

by volume) was used as the electrolyte, and a polypropylene 

microporous film (Cellgard 2300) as the separator. The 

galvanostatical charge-discharge experiments were tested at 

different current densities in a voltage range of 0.01-3.0 V on a 

battery test system (Shenzhen Neware Battery, China). Cyclic 

voltammetry (CV) measurements were carried out on a CHI650B 

electrochemical workstation (Shanghai Chenhua, China). The 

CVs were obtained over the potential range of 0.01-3.0 V at a 

scanning rate of 0.1 mV s−1. 

 

3. Results and discussion 

The Mn3O4/r-GO composites were prepared with graphite oxide 

as starting material. The chemical processes is shown in Figure 1. 

Mn2+ could be infiltrated sufficiently into graphite oxide (GO) sheets 

to form GO/Mn2+ composite, which is owing to the attraction of 

negatively charged oxygen-containing functional groups. After Mn2+ 

reacting with MnO4
− and H2O, the intercalation compound of MnO2 

could be formed within the layers of GO. When H2O2 was added 

under ultrasonic conditions, a microexplosion reaction occurred in 

the interlayer space of GO/MnO2, resulting in the edges of 

GO/MnO2 layers being exfoliated. The final Mn3O4/r-GO composite 

was obtained by hydrazine hydrate reduction. 

 

Figure 2 XRD patterns of Mn3O4/r-GO, bare Mn3O4, r-GO and GO 

Figure 2 shows the XRD patterns of Mn3O4/r-GO, bare 

Mn3O4, r-GO and GO. The most intensive peak of GO is found at 

ca. 10.23o, corresponding to the (001) reflection with the 

interlayer spacing (0.9 nm), which also indicates that the rich 

oxygen-containing functional groups are introduced on the 

surface of GO. The sharp characteristic peaks are observed in the 

XRD patterns of the bare Mn3O4 and Mn3O4/r-GO, indicating the 

formation of highly crystallized phases. Their crystalline 

structure could be assigned to the hausmannite Mn3O4 (JCPDS 

75-1560). The r-GO sample shows a broader peak in the 2 range 

of 20-30o, however, no obvious diffraction peaks of the r-GO 

nanosheets are detected in the Mn3O4/r-GO composite, indicating 
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that the r-GO nanosheets are sufficiently separated by the Mn3O4 

nanoparticles. 

The microstructure of the Mn3O4/r-GO and bare Mn3O4 was 

investigated by SEM and TEM. As shown in Figure 3(a, b), the bare 

Mn3O4 particles show spherical-like morphology, but the particles 

are severely aggregated together, giving rise to a big particle size. By 

comparison, we can observe that the size of the Mn3O4 particles, 

prepared by a same procedure in the presence of GO, is dramatically 

decreased. This is because a strong interaction between Mn3O4 

particles and r-GO sheets drastically limits the growth and the 

agglomeration of the crystalline Mn3O4 particles to some extent. The 

TEM image in Figure 3(c) indicates that Mn3O4 nanoparticles with a 

small size of 20-30 nm are uniformly dispersed on the surface of r-

GO and no free particles are detected. The high-resolution TEM 

image in Figure 3(d) further reveals that the Mn3O4 particles are 

closely attached on r-GO nanosheets. The crystal lattice fringes with 

d-spacing of 0.25 nm can be assigned to the (202) crystal plane of 

tetragonal Mn3O4. Based on these observations, it can be concluded 

that such a combination of Mn3O4 particles with r-GO sheets can 

enable fast electron transport through the conductive matrix to 

Mn3O4 particles, guaranteeing efficient electrochemical performance. 

 

Figure 3 Typical SEM images of (a) Mn3O4/r-GO and (b) bare Mn3O4; (c) 

Low-magnification TEM image and (d) high-resolution TEM image obtained 

along [010] zone axis of Mn3O4/r-GO. 

To study the lithium storage properties of the Mn3O4/r-GO 

composite, a series of electrochemical measurements were 

carried out. The specific capacity is based on the mass of Mn3O4 

in the composite. Figure 4(a) shows the charge-discharge profiles 

of the Mn3O4/r-GO composite. The first discharge and charge 

capacities of the Mn3O4/r-GO composites are 1912 and 1296 

mAh g−1, respectively, accounting for an initial Coulombic 

efficiency of 67.8 %. The large capacity loss in the first cycle is 

mainly attributed to the irreversible processes such as the 

electrolyte decomposition, inevitable formation of solid 

electrolyte interphase (SEI) layer and the reaction of oxygenated 

functional groups unreduced on the surface of r-GO. In the 

subsequent cycles, the Mn3O4/r-GO electrode exhibits high 

reversibility and stability, evidenced from the almost overlapped 

charge or discharge curves. The discharge and charge capacities 

at the 10th cycle are 1198 and 1141 mAh g−1, respectively. The  

 

Figure 4 Galvanostatic charge-discharge profiles of (a) Mn3O4/r-GO 

composite and (b) bare Mn3O4 at the 1st, 2nd, 5th and 10th cycle; (c) CV 

plots of Mn3O4/r-GO composite at 0.1 mV s−1. 

columbic efficiency is remarkably increased to 95.2%. Very 

interestingly, the Mn3O4/r-GO composite shows a high specific 
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capacity than the theoretical value of bulk Mn3O4 (937 mAh g−1). 

This is a normal phenomenon in metal oxide anode materials for 

lithium storage. Most of this extra capacity could be due to 

additional lithium storage in the grain boundaries of Li2O and 

metal formed in the reduction cycle. Recently, Grey et al.33 have 

investigated the origin of extra capacity in metal oxide electrodes. 

Their experiments and theoretical calculations revealed that a 

major contribution to the extra capacity is due to the generation 

of LiOH and its subsequent reversible reaction with Li to form 

Li2O and LiH. Figure 4(b) presents discharge-charge profiles of 

the bare Mn3O4 particles. In contrast, the low specific capacity 

and rapid capacity fade are observed for bare Mn3O4. Figure 4(c) 

show the CV plots of Mn3O4/r-GO composite. After the first 

cycle, the profiles of CV curves become almost overlapped. A 

stable cathodic peak at 0.3 V, and two anodic peaks at around 1.3, 

2.4 V are observed in the CV scan, indicating the good reversible 

cycling of the Mn3O4/r-GO composite electrode.  

Furthermore, in order to illustrate the role of the microexplosion 

reaction originated from the decomposition of H2O2, the Mn3O4/r-

GO composite was also synthesized without adding H2O2 during the 

preparation process and its SEM image is shown in Figure S1 

(Supporting Information). It is clear that the resulting Mn3O4/r-GO 

composite is less uniform than the composite synthesized by adding 

H2O2 (Figure 1a). Figure S2 shows the Nitrogen adsorption-

desorption isotherms of two Mn3O4/r-GO composites synthesized 

with and without adding H2O2. It can be calculated that the BET 

specific surface area of the Mn3O4/r-GO composite without adding 

H2O2 is 12.98 m2 g-1, which is much smaller than that of the 

composite with adding H2O2 (81.07 m2 g-1). Figure S3 demonstrates 

the charge-discharge profiles of the composite synthesized without 

adding H2O2. In comparison with that shown in Figure 4a, the first 

discharge and charge capacities of the Mn3O4/r-GO composite 

synthesized without microexplosion reaction are much lower (1259 

and 889 mAh g−1, respectively). In the subsequent cycles, this 

composite shows a low specific capacity and poor stability with 

respect to the Mn3O4/r-GO composite synthesized through 

microexplosion reaction process. These results reveal that the 

microexplosion synthesis process really exfoliates the r-GO flakes 

and improve electrochemical properties of the composite material. 

Figure 5(a) shows the rate capability of the Mn3O4/r-GO 

composite at a current density ranging from 0.2 to 2 A g−1 for 10 

cycles at each rate.  It can be found that the discharge and charge 

capacities remain stable and decrease regularly with an increased 

rate. The final reversible capacities of the composite are 

measured as 870, 660, 450, 310 and 180 mAh g−1 at the current 

densities of 0.2, 0.4, 0.8, 1 and 2 A g−1, respectively. It is also 

noted that the charge and discharge capacities at various rates are 

nearly the same, indicative of high reversibility. When the current 

density returns to 0.2A g−1, the specific capacity can be recovered 

(even a little higher than the original capacity). The results reveal 

that the Mn3O4/r-GO composite has good rate capability and 

cycling stability. In order to further highlight the superiority of 

the Mn3O4/r-GO composite as anode material for LIBs, the 

cycling performance of the Mn3O4/r-GO composite and bare 

Mn3O4 at 1.2 A g−1 is compared in Figure 5(b). In the initial 100 

cycles, the capacity of the Mn3O4/r-GO composite exhibits a 

rapid fade from 370 to 210 mAh g−1, and then gradually increases 

to 330 mAh g−1 at the 250th cycle and keeps relatively stable 

during the further cycling. This phenomenon is well-documented 

in the literature related to the metal oxide electrode materials and 

is attributed to the reversible growth of a polymeric gel-like film 

resulting from kinetically activated electrolyte degradation.16, 34-36 

Compared with the Mn3O4/r-GO composites, the bare Mn3O4 

delivers a low specific capacity below than 50 mAh g−1 

throughout the whole cycling process. Such inferior properties 

can be ascribe to its poor electrical conductivity. 

 

Figure 5 (a) Rate capability of Mn3O4/r-GO composite; (b) Cycle 

performance of Mn3O4/r-GO composite and bare Mn3O4 at 1.2 A g−1. 

From the comparison between the Mn3O4/r-GO composite 

and bare Mn3O4, we conclude that the excellent electrochemical 

performance, including high reversible capacity, improved cycle 

stability, and high rate performance of the composite, can be 

ascribed to the following factors: Firstly, the r-GO sheets play a 

role as an excellent mini-current collector, which effectively 

enhance the electrical conductivity of Mn3O4 for the rapid 

electrochemical reactions. Secondly, the r-GO sheets may act as a 

flexible two-dimensional support for homogeneous anchoring of 

Mn3O4 nanoparticles, which not only provides an elastic buffer 

space to accommodate large volume changes induced by lithium 

insertion/extraction, but also confines the growth and aggregation 

of Mn3O4 upon continuous cycling.  
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4. Conclusion 

In summary, we have developed a novel microexplosion 

method to synthesize the Mn3O4/r-GO composite. The ultrafine 

Mn3O4 nanoparticles with the average size of about 20 nm are 

uniformly dispersed on the r-GO sheets. In comparison with the 

bare Mn3O4, the Mn3O4/r-GO composite exhibits better 

electrochemical properties, including a high reversible specific 

capacity of more than 1100 mAh g−1 at 0.1 A g−1. Even at a high 

current density of 1.2 A g−1, this material still can achieve an 

acceptable capacity of 330 mAh g−1. In addition, the most 

attractive property of this composite should be its extraordinary 

rate capability related to the bare Mn3O4. Our results clearly 

demonstrate that this kind of Mn3O4/r-GO composite is a good 

candidate for high-performance LIBs anode materials.  
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