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Abstract 

A facile strategy is developed to fabricate a MnO2 nanowires/reduced graphene 

oxide (rGO) hybrid with an interconnected structure. Morphology and microstructure 

of the hybrid is examined by field emission scanning electron microscopy, 

transmission electron microscopy, and X-ray diffraction analysis. The electrochemical 

properties of MnO2 nanowire as an anode material for lithium-ion batteries is 

improved by this general strategy involving the addition of the rGO sheets to the 

nanowires, producing MnO2 nanowires@rGO hybrid (MGH). The rGO effectively 

buffers the volume changes during lithiation/delithiation process, allowing the hybrid 

to retain its structure, without sacrificing its electrochemical performance. As a result, 

MGH delivers a high reversible capacity of 1079 mAh g-1 over 200 cycles at a current 

density of 500 mA g-1, and excellent rate capability, thus such a quite stable hybrid 

exhibits great potential as an anode material for lithium ion batteries. 
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1. Introduction 

Lithium ion batteries (LIBs) have been widely used in portable electronics, 

electrical vehicles and renewable energy source since they were successfully 

commercialized by Sony [1-3]. With the growing need for higher capacity and 

improved cycle characteristics, numerous attempts have been made to develop new 

electrode materials for next-generation LIBs. For anode materials, transition metal 

oxides are promising candidates for LIBs largely due to their higher theoretical 

capacity than commercial graphite anode [4-7]. Among them, MnO2 is considered as 

a good candidate because of its low conversion potential, high theoretical capacity 

(1233 mAh g-1, about 3.5 times that of commonly used graphite anode), low cost, and 

nontoxic nature [8-10]. However, it suffers from poor cycling stability and rate 

capability due to its severe volume change during charge/discharge process and poor 

electronic conductivity (10-5-10-6 S cm-1) [8, 11], which are critical barriers to their 

practical utilization. Up to date, it still remains a great challenge to fabricate a stable 

MnO2 anode over extended cycling with high reversible capacity and excellent rate 

capability. 

To resolve the problems mentioned above, various strategies have been developed 

and a number of research progresses have been achieved in the past several years, 

such as constructing MnO2 nanostructures and fabricating MnO2/carbon hybrids [12, 

13]. Using nanostructured MnO2 with rational design and fabrication is a popular path 

to improve its electrochemical performance [11]. Among them, MnO2 nanowires 

represent a unique candidate with several exciting advantages. Firstly, the high 
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surface-to-volume ratios of nanowires allow for fast penetration of electrolyte solution 

into a deep portion of nanowires, as well as rapid electrochemical reactions over the 

surface. Secondly, a high lithium ion flux can be achieved by the large surface area 

compared with their bulk counterpart. More importantly, owning to the extremely 

short distance for lithium ions transportation within the nanowires, the rate capability 

can be significantly enhanced. On the other hand, carbon coating is an effective 

strategy to tackle the poor conductivity issue. Furthermore, the carbon can also act as 

a mechanical buffer to release strain during cycling and to enhance lithium diffusion 

into the electrode [14-16]. Among the carbon materials, graphene has attracted much 

interest for energy-storage applications because of its superior electrical conductivity, 

chemical tolerance and broad electrochemical window [17-20]. A lot of attempts have 

been made to improve the lithium storage performance by introducing graphene 

component, such as graphene/SnO2, [21, 22] graphene/Co3O4, [7, 23] graphene/FeOx, 

[24, 25] and graphene/MnOx, [26] et al.  

Recently, it has been demonstrated that the rGO sheets can be assembled onto the 

surface of positive charged nanostructures, such as nanoparticles [27-29] and 

nanofibers [30, 31]. Inspired by this, herein, a facile electrostatic adsorption method 

was employed to fabricate MnO2 nanowires@rGO hybrid (MGH). Briefly, MnO2 

nanowires were firstly treated with poly(diallyldimethylammonium chloride) (PDDA) 

to form a positive charged surface and then negative rGO sheets were introduced to 

join the MnO2 nanowires and the rGO sheets together. The strong electrostatic 

adsorption and the 2D morphology of the rGO sheets render the hybrid material an 
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improved electrochemical performance. A high reversible capacity of 1079 mAh g-1 

over 200 cycles at a current density of 500 mA g-1 and capacity of 272 mAh g-1 at a 

current density of 10000 mA g-1 can be obtained. Most importantly, such a facile 

electrostatic adsorption method is potentially extendable to many other LIB materials. 

2. Experimental 

Fabrication of MGH: MnO2 nanowires were prepared by hydrothermal method 

according to a previous report [32]. To fabricate MGH, MnO2 nanowires (0.1 g) were 

first dispersed in 100 mL 1 wt.% PDDA (Mw = 400 000-500 000) by sonication for 

20 min, then the modified MnO2 nanowires were separated by centrifugation and 

rinsed by deionized water, then the positively charged MnO2 nanowires were added 

into 100 mL rGO solution (0. 125 mg mL-1) and additionally aged for 30 min. Finally, 

the precipitate was collected by centrifugation and washed with deionized water, and 

then freeze-dried overnight. 

Characterization: Morphologies and structures of the as-prepared samples were 

investigated with field-emission scanning electron microscopy (FESEM, JEOL 

JSM-6701F), transmission electron microscopy and selected area electron diffraction 

(TEM, FEI Tecnai G2 F30), atomic force microscopy (AFM, VEECO Nanoscope IIIa), 

and X-ray diffraction instrument (XRD, Philips X’pert Pro MPD using Cu-Kα 

radiation and graphite monochrometer, λ = 0.154056 nm). 

Electrochemical Measurements: Electrochemical characterizations were measured 

with CR2032 coin-type test cells assembled in a dry argon-filled glove box 

(MBRAUN, MB 200B) with an oxygen concentration below 1 ppm. The working 
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electrodes were prepared by mixing the composite, carbon black, and carboxyl methyl 

cellulose (CMC) at a weight ratio of 70:20:10 and pasted onto a copper foil. The 

copper foil was cut into disk electrodes (14 mm in diameter) and the mass-loading 

density was 1.02 ± 0.16 mg cm-2. The test cell consists of a working electrode and a 

lithium counter electrode, which were separated by Celgard 2400 (Celgard, Inc., 

USA). The electrolyte is a solution of 1 M LiPF6 in ethylene carbonate (EC)/dimethyl 

carbonate (DMC) (1:1 in volume). Galvanostatic discharge/charge experiments were 

carried out with a MACCOR 4000 battery test system over a voltage window of 

0.01-3.0 V (vs. Li+/Li). Cycle voltammetry was measured with a CHI 660D 

electrochemical workstation. Electrochemical impedance spectroscopy (EIS) 

measurements were performed using ZAHNER-elektrik IM6 impedance measurement 

unit over a frequency range of 0.01-105 Hz with an AC amplitude of 5 mV. 

3. Results and Discussion 

 

Scheme 1 Fabrication process of MGH. 

Scheme 1 illustrates the fabrication process of the MGH. The MnO2 nanowires 

were firstly immersed in PDDA solution to render the surface of nanowires positive 

charged. Whereas, rGO sheets present negative charge originating from the ionization 
6 
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of the carboxylic acid and phenolic hydroxyl groups on their surface [33]. Adding the 

positively charged MnO2 nanowires into the rGO dispersion can direct the uniform 

wrapping of rGO sheets on the surface of MnO2 nanowires by the electrostatic 

interaction attraction. 

 

Fig. 1 XRD patterns of MnO2 and MGH. 

XRD patterns of the MnO2 nanowires and MGH are shown in Fig. 1. The XRD 

pattern of the MnO2 nanowires can be indexed to the tetragonal phase α-MnO2 

(JCPDS: 44-0141). Compared with the pattern of MnO2 nanowire, an additional 

broad peak at around 2θ = 23o corresponds to the (002) planes of carbon materials can 

be observed, suggesting the existence of rGO in the hybrid. In order to determine the 

amount of MnO2 in the hybrid, thermogravimetric (TG) analysis was performed. 

From TG curve of the hybrid (Fig. S1 in Supporting Information), the amount of 

MnO2 in the hybrid is estimated to be about 85 wt.%. 

Morphologies of the as-prepared samples were characterized by AFM, FESEM and 

TEM. Fig. 2a is an AFM morphological image and a corresponding cross-section 
7 
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analysis of the as-prepared rGO on a silicon substrate. The average thickness of rGO 

sheets is approximately 0.9 nm, which is in good agreement with the reported value of 

this parameter in the literature [34], indicating that a single-layered rGO sheet has 

been obtained. FESEM images in Fig. 2b give the general morphology of the MnO2 

nanowires. It can be seen that the nanowires have length of several micrometers and 

tens of nanometers in diameter. After rGO wrapping, it can be noted that most of the 

MnO2 nanowires were covered with rGO (Fig. 2c), indicating an efficient wrapping 

process. Furthermore, the rGO sheets not only uniformly wrap around the MnO2 

nanowires, but also connect the MnO2 nanowires forming a homogeneous net-like 

architecture. 

 

Fig. 2 (a) AFM morphological image and a corresponding cross-section analysis of 

the as-prepared rGO; b, c) FESEM images of MnO2 nanowires and MGH. 
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TEM images of the MGH are shown in Fig. 3. As shown in Figs. 3a and b, the 

successfully wrapped of the MnO2 nanowires by the rGO sheets can be clearly seen. 

Fig. 3c shows a high-resolution TEM image of the hybrid, further revealing that the 

MnO2 nanowires are tightly wrapped by rGO. The lattice fringes give an interplanar 

spacing of 0.24 nm, corresponding to that of the (211) lattice planes of α-MnO2 

crystal. The unique architecture not only prevent the directly exposure of MnO2 

nanowire to the electrolyte, but also facilitate electron transfer.   

 

Fig. 3 (a, b) TEM and (c, d) HRTEM images of the MGH. Fig. d is the enlarged 

HRTEM image of the outlined area in Fig. c. 

To explore the electrochemical properties of the as-prepared MGH, cycle 
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voltammetry (CV) and discharge/charge tests were performed. Fig. 4a shows the 

typical CV curves for the prepared MGH anode in the voltage window of 0.01-3.0 V 

(vs. Li+/Li) at a scan rate of 0.1 mV s-1. As shown in Fig. 4a, a broad and weak 

cathodic peak at about 0.7 V and a sharp peak at 0.1 V in the first cycle. The former 

can be assigned to the reduction of Mn4+ to Mn2+, the latter is associated with the 

reduction of Mn2+ to Mn0 and the formation of a solid electrolyte interface (SEI) layer 

with a reversible polymer/gel like film at the interface of electrolyte and electrode 

[35-38]. In the subsequent cycles, the cathodic peak at 0.7 V disappears and the sharp 

cathodic peak at the low potential region shifts to 0.2 V, which is attributed to 

structural or textural changes due to the formation of Li2O and metallic manganese 

[36]. Two peaks located at 1.2 and 2.1 V are observed at the anodic process, which 

could be ascribed to the oxidation of Mn0 to Mn4+ and the decomposition of the 

polymer/gel layer, respectively. The well overlapped peaks indicate a good 

electrochemical reversiblility and structural stability for the hybrid during the 

lithiation/delithiation processes from the second cycle onwards [39].  

 

Fig. 4 (a) CV curves of the MGH at a scan rate of 0.1 mV s-1; (b) Discharge and 

charge voltage profiles of the MGH at a current density of 100 mA g-1. 

10 
 

Page 10 of 20RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 4b shows the first three discharge-charge profiles of the hybrid at a current 

density of 100 mA g-1. It can be seen that there are notable discharge and charge 

voltage plateaus from the discharge-charge curves. The voltage plateau in the range of 

0.32-0.45 V versus Li+/Li for lithiation process and 1.0-2.2 V for delithiation process 

are in good accordance with those of MnO2 reported in previous literatures [39]. 

Performances of the as-prepared MGH in battery were further studied by using a 

galvanostatic discharge/charge technique. Fig. 5a shows the 1st to 200th cycle 

discharge/charge curves of the hybrid at a current density of 500 mA g-1 in a voltage 

window of 0.01-3.0 V (vs. Li+/Li). The initial discharge capacity of the hybrid anode 

is 1550 mAh g-1, whereas the corresponding reversible charge capacity is 949 mAh g-1, 

which delivers an initial Coulombic efficiency of 61.2%. The irreversible capacity 

loss in the 1st cycle is attributed to the electrolyte decomposition and the inevitable 

formation of solid electrolyte interface (SEI) film on the surface of electrode. During 

the 2nd cycle, the discharge capacity decreases to 980 mAhg-1 with a corresponding 

charge capacity of 947 mAh g-1, showing a much higher Coulombic efficiency than 

the 1st cycle. Fig. 5b shows cycling performance of MnO2 nanowire, rGO and 

MnO2/rGO mixture and MGH at a current density of 500 mAg-1. The capacity of the 

hybrid is gradual decreasing in the first 35 cycles, and then shows an increasing trend. 

After 200 discharge/charge cycles, the hybrid anode shows a high reversible capacity 

of 1079 mAh g-1, close to the theoretical capacity of the MnO2. This capacity value is 

also much higher than those of the control battery using a pure MnO2 nanowire anode 

(197 mAhg-1 after 200 cycles), rGO (214 mAhg-1 after 200 cycles) and MnO2/rGO 
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mixture (416 mAhg-1 after 200 cycles). Interestingly, the increasing trend of the 

capacity of the hybrid is probably due to the reversible growth of the polymeric 

gel-like film by the kinetically activated electrolyte degradation, which has also been 

observed in previous literatures [40, 41]. The good cycling performance might be 

ascribed to the efficient integration of the MnO2 nanowire with the elastic rGO, which 

can effectively accommodate the physical strains caused by the large volume changes 

during the lithiation/delithiation process.  

 

Fig. 5 (a) Discharge and charge voltage profiles and (b) Cycling performance of the 

MGH at a current density of 500 mA g-1; (c) Rate-capability performance of the pure 

MnO2, rGO, MnO2 nanowires/rGO mixture and MGH at various current densities of 

100, 250, 500, 1000, and 2000 mA g-1; (d) Rate-capability test of the MGH from 100 

to 10000 mA g-1. 
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Good rate performances are desirable for developing LIBs with high power 

densities. The rate capabilities of the as-prepared samples were evaluated at various 

current densities. As shown in Fig. 5c, the prepared hybrid exhibits the reversible 

capacities of 1173, 1073, 963, 826, and 705 mAhg-1 at the current densities of 100, 

250, 500, 1000, and 2000 mA g-1, respectively. Moreover, after changing the current 

density from 2000 mA g-1 to 100 mA g-1, the reversible capacity returns to 1097 mAh 

g-1 after another 10 discharge/charge cycles, showing a good rate capacity and 

structure stability of the hybrid. Clearly, the rate performance of the hybrid is much 

better than those of the MnO2 nanowire, rGO and MnO2/rGO mixture anode 

materials. Moreover, even at a high current density of 10000 mA g-1, the reversible 

capacity can reach 272 mAh g-1, indicating an excellent rate capability of the hybrid 

(Fig. 5d). 

 

Fig. 6 Comparison on electrochemical properties of MnO2-carbon hybrids as anode 

materials for LIB: (a) cycle stability; (b) rate capability. 

As shown in Fig. 6, the electrochemical performance of MGH is comparable or 

better than previously works on MnO2-carbon hybrids. The good cycle stability and 

rate capability can be explained by following reasons. The rGO shells provide 

effective protection against the volume changes of MnO2 nanowires during 
13 
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electrochemical processes, while the interconnected conductive networks serve as 

electron transfer pathway for fast electron transport in the hybrid material, act to 

reinforce the core-shell structure of MGH and thus enhance the electrical conductivity 

of the overall electrode. 

4. Conclusions 

In summary, we reported an efficient solution based method for the fabrication of 

MGH as LIB anodes. As a result, high capacity, good rate capability and excellent 

cycling performance are achieved. The enhanced electrochemical performance can be 

attributed to the advantages of the unique structure, which can effectively alleviate the 

volume expansion, and facilitate the electron and ion transport. The approach 

described in this paper may have potential applications in LIB and other energy 

storage devices.  
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Figure captions: 

Scheme 1 Fabrication process of MGH. 

Fig. 1 XRD patterns of MnO2 and MGH. 

Fig. 2 (a) AFM morphological image and a corresponding cross-section analysis of 

the as-prepared rGO; b, c) FESEM images of MnO2 nanowires and MGH. 

Fig. 3 (a, b) TEM and (c, d) HRTEM images of the MGH. Fig. d is the enlarged 

HRTEM image of the outlined area in Fig. c. 

Fig. 4 (a) CV curves of the MGH at a scan rate of 0.1 mV s-1; (b) Discharge and 

charge voltage profiles of the MGH at a current density of 100 mA g-1. 

Fig. 5 (a) Discharge and charge voltage profiles and (b) Cycling performance of the 

MGH at a current density of 500 mA g-1; (c) Rate-capability performance of the pure 

MnO2, rGO, MnO2 nanowires/rGO mixture and MGH at various current densities of 

100, 250, 500, 1000, and 2000 mA g-1; (d) Rate-capability test of the MGH from 100 

to 10000 mA g-1. 

Fig. 6 Comparison on electrochemical properties of MnO2-carbon hybrids as anode 

materials for LIB: (a) cycle stability; (b) rate capability. 
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Assembly of MnO2 nanowires@reduced graphene oxide hybrid with 

interconnected structure for high performance lithium ion battery  
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MnO2 nanowires@rGO hybrid delivers a high reversible capacity of 1079 mAh g
-1
 

over 200 cycles at a current density of 500 mA g
-1
, and excellent rate capability. 
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