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Reconstruction of Conformal Nanoscale MnO on Graphene 
as a High-Capacity and Long-Life Anode Material for 
Lithium Ion Batteries
 To tackle the issue of inferior cycle stability and rate capability for MnO anode 
materials in lithium ion batteries, a facile strategy is explored to prepare 
a hybrid material consisting of MnO nanocrystals grown on conductive 
graphene nanosheets. The prepared MnO/graphene hybrid anode exhibits 
a reversible capacity as high as 2014.1 mAh g  − 1  after 150 discharge/charge 
cycles at 200 mA g  − 1 , excellent rate capability (625.8 mAh g  − 1  at 3000 mA 
g  − 1 ), and superior cyclability (843.3 mAh g  − 1  even after 400 discharge/
charge cycles at 2000 mA g  − 1  with only 0.01% capacity loss per cycle). The 
results suggest that the reconstruction of the MnO/graphene electrodes is 
intrinsic due to conversion reactions. A long-term stable nanoarchitecture 
of graphene-supported ultrafi ne manganese oxide nanoparticles is formed 
upon cycling, which yields a long-life anode material for lithium ion batteries. 
The lithiation and delithiation behavior suggests that the further oxidation of 
Mn( II ) to Mn( IV ) and the interfacial lithium storage upon cycling contribute to 
the enhanced specifi c capacity. The excellent rate capability benefi ts from the 
presence of conductive graphene and a short transportation length for both 
lithium ions and electrons. Moreover, the as-formed hybrid nanostructure of 
MnO on graphene may help achieve faster kinetics of conversion reactions. 
  1. Introduction 

 Rechargeable lithium ion batteries (LIBs) have been intensively 
pursued during the past decade. Currently, a major research 
direction is the design, fabrication, and exploitation of various 
LIB electrode materials with high reversible capacity, good rate 
capability, long cycle life, and low cost. [  1–5  ]  Recently, transi-
tion metal oxides, including CoO, [  6–9  ]  Co 3 O 4 , [  10,11  ]  Fe 2 O 3 , [  12–14  ]  
Fe 3 O 4 , [  15–17  ]  SnO 2 , [  18,19  ]  NiO, [  20,21  ]  Mn 3 O 4 , [  22,23  ]  and MoO 2 , [  24–27  ]  
have been intensively exploited as promising anode materials 
because of their high theoretical specifi c capacities. Among the 
various transition metal oxides investigated for LIBs, MnO is 
an attractive anode material due to a low conversion potential, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
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low voltage hysteresis ( < 0.8 V), high den-
sity (5.43 g cm  − 3 ), low cost, environmental 
benignity, and the high abundance of 
Mn. [  28–41  ]  However, there are still chal-
lenges in the application of MnO to prac-
tical LIBs, especially the obstacles of poor 
cycling stability and inferior rate capa-
bility. The drastic volume changes during 
the repeated lithium insertion/extration 
processes give rise to pulverization, which 
results in the breakdown of electrical con-
nection of such anode materials from cur-
rent collectors and rapid capacity fading 
upon cycling. In addition, MnO-based 
electrodes have poor rate capability as 
a result of poor electronic conductivity. 
Therefore, it still remains a great chal-
lenge to maintain the mechanical strength 
and good conductivity of MnO electrodes 
over continuous discharge/charge cycles, 
in order to achieve high performances. 
To the best of our knowledge, MnO-based 
anode materials with long cycle life (e.g., 
 > 300 cycles), high reversible capacity (e.g., 
 > 1000 mAh g  − 1 ), and excellent rate capa-
bility (e.g.,  > 800 mAh g  − 1  at 2000 mA g  − 1 ) have never been 
reported for lithium storage to date. Also, there has been no 
report on the detailed structural analysis of MnO-based elec-
trodes over continuous discharge/charge cycles. 

 Graphene, a two-dimensional material with exceptionally 
high crystallity and electronic qualities, has recently attracted 
enormous research interest in materials science. [  42  ]  Owing to 
its superior conductivity, large surface area, structural fl exibility, 
and chemical stability, various transition metal oxide/graphene 
hybrids have been widely explored for energy-storage applica-
tions, and indeed such hybrids do exhibit enhanced electro-
chemical performance. [  12  ,  17  ,  19  ,  22  ,  25  ,  28  ,  43–45  ]  Thus, the strategy of 
preparing transition metal oxides/graphene composites may be 
an effective route to obtain enhanced lithium-storage properties. 
The primary advantages of those composites as anode materials 
in LIBs are their high reversible capacity and good rate capa-
bility. Moreover, the capacity retention is also improved in com-
parison to that of their pristine counterparts. [  12  ,  17  ,  19  ,  22  ,  25  ,  28  ,  43,44  ]  
However, maintenance of electrode integrity over continuous 
discharge/charge cycles is far away from realization. The 
cycle life of transition metal oxide/graphene hybrid electrodes 
is often limited. The reported capacity retention is mostly 
obtained below 100 charge/discharge cycles, and is nowhere 
im Adv. Funct. Mater. 2013, 23, 2436–2444
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     Figure  1 .     Schematic illustration of the formation of the MnO/graphene composite.  
near enough for practical implementation. Thus, to meet ever-
increasing demand, it is highly desirable to develop high-per-
formance anode materials for LIB applications. 

 Herein, we report a facile solution-based method combined 
with a subsequent reduction process for the large-scale fabri-
cation of a MnO/graphene nanocomposite. As expected, the 
hybrid MnO/graphene electrode exhibits high lithium-storage 
capacity, impressive rate capability, and superior cyclability, 
due to the synergetic effects of graphene and MnO nanocrys-
tals. Importantly, the reconstruction of conformal MnO on the 
graphene nanosheets during the repeated lithium insertion/
extraction processes contributes to a superior electrochemical 
performance.   

 2. Results and Discussion 

 The general process for the fabrication of MnO/graphene com-
posite is illustrated in  Figure    1  . Typically, manganese acetate and 
graphene oxide (GO) reacted with hydrazine hydrate in solution 
to produce a Mn-based precursor/graphene composite (Figure 
S1–4, Supporting Information). The MnO/graphene hybrid was 
fi nally obtained by annealing the intermediate product at 500  ° C 
for 5 h in a reducing H 2 /Ar atmosphere.  Figure    2   shows the 
X-ray diffraction (XRD) pattern of the product. All the diffrac-
tion peaks could be readily indexed to a pure cubic phase [space 
group:  Fm  3   m  (225)] of MnO (JCPDS no. 07–0230). Under the 
same thermal treatment conditions, pure MnO was also obtained 
in the absence of graphene (Figure S5, Supporting Information).   

 X-ray photoelectron spectroscopy (XPS) was employed to ana-
lyze the information on the surface electronic state and the com-
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

     Figure  2 .     Typical XRD pattern of the resultant MnO/graphene hybrid.  
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position of the products. As shown in  Figure  
  3  a, the peaks arising from Mn (2s, 2p 1/2 , 
2p 3/2 , 3s, and 3p) and O (1s) in the survey 
XPS spectrum can be assigned to MnO. 
Meanwhile, the peak labeled C 1s originates 
from the graphene nanosheets. The Mn 2p 
peak was further examined by high-resolution 
XPS analysis (Figure  3 b). The two signals 
at 641.2 and 652.8 eV may be attributed to 

[46]
Mn ( II ) 2p 3/2  and 2p 1/2 , respectively, characteristic of MnO.       
The high-resolution C 1s spectrum is shown in Figure  3 c. The 
strong C 1s peak at 284.4 eV corresponds to graphitic carbon 
in graphene, while the weaker ones arising from the oxygen-
ated carbon atoms (C–O at 286.2 eV; C = O, 287.9 eV; O–C = O, 
289.0 eV) [  47  ]  indicate the deoxygenation process accompanying 
the reduction of GO. A small O 1s peak at 532.0 eV is observed, 
which indicates the existence of residual O 2 −   species bonded 
with C atoms in graphene (Figure  3 d). [  48  ]   

 The morphology and microstructure of the MnO/graphene 
product were investigated by fi eld-emission scanning micro-
scope (FESEM) and transmission electron microscopy (TEM). 
 Figure    4  a,b show typical FESEM images of the MnO/graphene 
product. Evidently, a large number of porous MnO nanosheets 
with a diameter of ca. 50–300 nm and a thickness of ca. 10 nm 
are well dispersed on the graphene sheets. The uniform and 
intimate contact between MnO and graphene nanosheets 
may prevent both the aggregation of MnO particles and the 
restacking of graphene nanosheets. The corresponding energy-
dispersive X-ray (EDX) spectrum (Figure S6, Supporting Infor-
mation) suggests the existence of Mn, O, and C in the resultant 
MnO/graphene hybrid, which is also consistent with the XRD 
and XPS results (Figure  2  and  3 ). In contrast, there is no sig-
nifi cant difference in the morphology of the bare MnO and its 
precursor (Figure S4 and S7, Supporting Information). Figure 
 4 c shows a typical bright-fi eld TEM image at a low magnifi ca-
tion for the MnO/graphene product. The MnO nanosheets are 
well attached to the graphene sheets, even after ultrasonication 
for 0.5 h to disperse the sample for TEM characterization. The 
corresponding selected-area electron diffraction (SAED) pat-
tern reveals that the obtained MnO nanosheets are polycrys-
talline (inset of Figure  4 c). Figure  4 d shows a high-resolution 
TEM (HRTEM) image of the MnO/graphene product. The 
well-resolved periodic lattice fringe with an interplanar distance 
of ca. 2.6 Å comes from the (111) plane of cubic MnO. Addi-
tionally, a nanolayer of several nanometers on the surface of 
the MnO nanocrystals can be clearly observed, with the inter-
planar spacing of ca. 0.37 nm, which corresponds to the sepa-
ration between (002) lattice planes of graphite. Thus, a unique 
nanoarchitecture of graphene-supported MnO can be readily 
identifi ed.  

 Raman spectra were recorded to investigate the structural 
changes from GO to graphene (Figure S8, Supporting Infor-
mation). The characteristic D band and G band are observed 
for both the MnO/graphene and GO products. A reduced size 
of the sp 2  domains and the creation of new graphitic domains 
with smaller sizes can be identifi ed during the reduction reac-
tion by the increasing value of the D/G intensity ratio in the 
MnO/graphene hybrid in comparison to that of GO. [  49  ]  Addi-
tionally, peaks at 352 and 639 cm  − 1  are assigned to manganese 
2437wileyonlinelibrary.comeim



FU
LL

 P
A
P
ER

243

www.afm-journal.de
www.MaterialsViews.com

     Figure  3 .     XPS spectra for the as-prepared MnO/graphene composite: a) survey spectrum and 
high-resolution b) Mn 2p, c) C 1s, and d) O 1s spectra.  
oxide. The content of graphene in the MnO/graphene product 
is evaluated to be about 17.4 wt% by thermogravimetric anal-
ysis (TGA; Figure S9, Supporting Information). The MnO/
graphene product is further characterized by nitrogen adsorp-
tion and desorption isotherms at 77 K (Figure S10, Supporting 
Information). The MnO/graphene hybrid has a specifi c surface 
area (Brunauer–Emmett–Teller; BET) of 50.3 m 2  g  − 1  with a pore 
volume of 0.33 cm 3  g  − 1  and an average Barrett–Joyner–Halenda 
(BJH) pore diameter of 2.6 nm. The high specifi c surface area 
and the nanoporous nature of the MnO/graphene composite 
are very advantageous for lithium ion and electron transport. 

 The electrochemical lithium-storage properties of the as-
formed MnO/graphene nanocomposite have been further 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  4 .     a,b) FESEM, c) TEM, and d) HRTEM images of the as-synthe-
sized MnO/graphene hybrid. The inset in (c) is the corresponding SAED 
pattern.  
explored. As shown in  Figure    5  a, b, the initial 
reversible capacity is around 890.7 mAh g  − 1  
at a current density of 200 mA g  − 1 . After 150 
discharge/charge cycles, however, the MnO/
graphene electrode shows a high revers-
ible capacity of 2014.1 mAh g  − 1 . This gravi-
metric capacity is over fi ve times higher 
than the theoretical capacity of graphite 
( ≈ 372 mAh g  − 1 ). To the best of our knowl-
edge, this is the highest reversible capacity 
of the previously reported transition metal 
oxides and their derivative composites; it 
is also much higher than the theoretical 
capacities of both MnO ( ≈ 756 mAh g  − 1 ) and 
graphene ( ≈ 744 mAh g  − 1 ). Such a high spe-
cifi c capacity indicates high accessibility for 
lithium insertion and extraction in the as-
prepared electrodes. Importantly, the MnO/
graphene nanocomposite presents out-
standing rate capability (Figure  5 c). Even at 
a current density of 3000 mA g  − 1 , the specifi c 
capacity is as high as 625.8 mAh g  − 1 , still 
much higher than the theoretical capacity 
of graphite. A capacity of 921.7 mAh g  − 1  at 
200 mA g  − 1  was retained after 80 discharge/
charge cycles at various current densities, 
which indicates good structural stability of the MnO/graphene 
composite. Furthermore, the MnO/graphene hybrid electrodes 
exhibit satisfactory cycling performance even at high current 
density. The specifi c capacity of the composite is 843.3 mAh g  − 1  
after 400 discharge/charge cycles at 2000 mA g  − 1 , with a cou-
lombic effi ciency of ca. 99% and only 0.01% capacity loss per 
cycle (Figure  5 d,e). It is believed that the lithium ions can rap-
idly insert and extract from the active materials and retain a 
stable structure even after continuous discharge/charge cycles. 
For comparison, we also explored the electrochemical perform-
ance of the bare MnO particles. The MnO electrode exhibits 
very low capacity and poor cyclability (Figure S11, Supporting 
Information).  

 To understand the superior electrochemical performance of 
the hybrid MnO/graphene electrode, further studies were car-
ried out to investigate the physical/chemical behavior during 
the discharge/charge cycling.  Figure    6  a shows representative 
cyclic voltammetry (CV) curves of the MnO/graphene elec-
trode for the initial six cycles at a scan rate of 0.2 mV s  − 1  in the 
voltage range of 0.01–3V vs. Li. In the fi rst cycle, an irreversible 
reduction peak at around 0.68 V corresponds to the irreversible 
reduction of electrolyte and the formation of a solid electrolyte 
interphase (SEI) layer. [  28,29  ,  32  ,  38  ]  Additionally, the sharp cathodic 
peak at ca. 0.18 V corresponds to the complete reduction of 
Mn 2 +   to Mn 0 , which shifts signifi cantly to 0.42 V in the subse-
quent cycles. The lithiation voltage in the second and following 
cycles ( ≈ 0.42 V) is higher than that in the fi rst cycle ( ≈ 0.18 V), 
probably due to the improved kinetics of the MnO/graphene 
electrode resulting from a microstructure alteration after the 
fi rst lithiation. [  29  ,  32  ,  37,38  ,  50  ]  The origin the improved kinetics has 
been discussed in terms of the surface energy and the amor-
phization effect in the case of RuO 2 . [  50  ]  The main oxidation 
peak at about 1.32 V could be ascribed to the oxidation of Mn 0  
heim Adv. Funct. Mater. 2013, 23, 2436–2444
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     Figure  5 .     a) Discharge and charge voltage profi les of the obtained MnO/graphene product at 
a current density of 200 mA g  − 1 . b) Cycling performance of the prepared MnO/graphene hybrid 
electrode cycled at 200 mA g  − 1  and c) at various current densities of 200, 400, 800, 1200, 1600, 
2000, and 3000 mA g  − 1 . d) Discharge and charge curves at a current density of 2000 mA g  − 1 . 
e) Cycling performance of the MnO/graphene electrodes at 2000 mA g  − 1 . All carried out in the 
voltage range 3–0.01 V vs. Li.   
to Mn 2 +   in the cathodic process. [  36  ]  It is worth pointing out that 
an oxidation peak at ca. 2.10 V becomes evident gradually upon 
cycling, which indicates that the Mn 2 +   ions in MnO/graphene 
hybrid could be re-oxidized to a higher oxidation state. [  51  ]  This 
phenomenon is also refl ected in the capacity vs. voltage curves 
extracted from the galvanostatic profi les. As shown in Figure 
 5 a, a charge slope at around 2.10 V appears, gradually broadens, 
and fi nally transforms into a long plateau upon cycling, indi-
cating an ever-increasing capacity and Li  +   reactivity. In the 50 th  
discharge/charge curve, there is a discharge plateau at around 
0.42 V and two charge plateaus at 1.32 and about 2.10 V, con-
sistent with those of manganese oxides with higher oxidation 
states (Mn 4 +  ). [  52  ]  XPS measurements were used to examine the 
valence states of the Mn ions in the hybrid electrode after 150 
discharge/charge cycles at 200 mA g  − 1 . As shown in  Figure  
  7  , the XPS spectrum of the cycled material shows that the 
Mn 2p peaks are broader and weaker than that of the fresh 
MnO/graphene hybrid (shown in Figure  3 b). Two character-
istic peaks for Mn 2p 1/2  and 2p 3/2  are observed at about 654.4 
and 642.5 eV, corresponding to Mn 4 +  . [  46  ]  In contrast, the Mn 2 +   
ions in bare MnO could not be re-oxidized to a higher oxida-
tion state, as evidenced in Figure  6 b. It is worth noting that the 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 2436–2444
manganese oxides, such as MnO 2 , Mn 3 O 4 , 
and MnO, often undergo the reversible con-
version reaction between MnO and metallic 
Mn. [  31  ]  Therefore, the high-oxidation end 
product after recharge to 3.0 V indicates the 
enhanced kinetics of conversion reactions 
for the as-prepared electrodes. Moreover, 
the second and onward CV curves remain 
steady, which indicates the highly revers-
ible conversion reaction of MnO/graphene 
hybrid, instead of the poor reversibility of 
bare MnO (Figure  6 b). The electrochemical 
impedance spectra of the electrodes for the 
as-prepared MnO/graphene and the bare 
MnO over the frequency range from 100 kHz 
to 0.1 Hz were investigated ( Figure    8  ). Each 
of the Nyquist plots consists of a depressed 
semicircle (at high frequency) attributed to 
the charge-transfer reaction at the electrolyte/
electrode interface and a linear Warburg part 
(at a low frequency) attributed to the diffusion 
of the lithium ions in the bulk of the elec-
trode. The MnO/graphene electrode exhibits 
a much lower resistance than the bare MnO 
electrode. The reduction of resistance might 
be attributed to the existence of graphene. 
The electrochemical impedance spectra of 
the MnO/graphene electrode after different 
discharge/charge cycles at 200 mA g  − 1  were 
also measured ( Figure    9  ). The Nyquist plots 
of the sample for the 1 st  and 10 th  cycles are 
similar. The charge-transfer resistance for the 
10 th  cycle was obviously smaller than that in 
the 1 st  cycle, which indicates the activation 
and improved kinetics of the reaction upon 
cycling. It has been widely observed that 
Mn 2 +   ions in well-designed manganese oxide 
electrodes could be further oxidized to a higher oxidation state 
( > 2) due to the fast Li reaction kinetics. [  22  ,  51  ,  53  ]  For instance, Guo 
et al. reported that Mn 2 +   ions could be re-oxidized to a higher 
oxidation state in amorphous MnO  x  /carbon electrodes due 
to the synergistic effects of carbon and the amorphous struc-
ture. [  51  ]  For the Mn 3 O 4 /graphene and MnO 2 /carbon nanotube 
nanocomposites, a charge plateau at around 2.10 V could be 
observed in the capacity–voltage curves, indicating a higher oxi-
dation state ( > 2) of manganese in the end product. [  22  ,  52  ]  For the 
MnO/graphene electrodes, the improved Li-reaction kinetics is 
confi rmed by the lower charge-transfer resistance than that of 
the bare MnO electrodes (Figure  8 ). Meanwhile, the amorphiza-
tion and the formation of ultrafi ne nanoparticles upon cycling 
improve the conversion reaction kinetics, as evidenced by the 
lower charge-transfer resistance upon cycling (Figure  9 ). Thus, 
it is reasonable that Mn 2 +   ions in the MnO/graphene electrode 
could be re-oxidized to a higher oxidation state due to the 
improved reaction kinetics .      

 The morphology of the MnO/graphene electrode over contin-
uous discharge/charge cycles was studied. After one discharge/
charge cycle at 2000 mA g  − 1 , the overall shape of the anode 
material is preserved, while a complete collapse of the initial 
2439wileyonlinelibrary.comheim
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     Figure  6 .     Representative CV curves of a) the synthesized MnO/graphene 
hybrid and b) the bare MnO obtained at a scan rate of 0.2 mV s  − 1  in the 
voltage range of 3–0.01 V vs .  Li.   

     Figure  8 .     Electrochemical impedance spectra of the electrodes for the 
MnO/graphene hybrid and bare MnO.  

100
MnO nanosheets into ultrafi ne MnO nanoparticles is observed 
( Figure    10  a–d and   11  a,b). More interestingly, the morphology of 
the anode material changes completely, and the graphene-sup-
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  7 .     High-resolution Mn 2p XPS spectrum of the MnO/graphene 
hybrid electrode after 150 discharge/charge cycles at 200 mA g  − 1 .  
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ported nanosheets transform into graphene-supported ultrafi ne 
nanoparticles after 400 discharge/charge cycles. An intercon-
nected structure is self-formed based on the three-dimensional 
graphene frame (Figure  10 e,f and  11 c,d). The aggregation of 
active nanoparticles does not occur in the present hybrid elec-
trode. Ultrafi ne manganese oxide nanoparticles ( ≈ 2 nm) are 
homogeneously dispersed on the graphene matrix, as evidenced 
by the SEM, TEM, EDX, and elemental mapping results (Figure 
 10 e,f,  11 c,d,   12  , and Figure S12 in the Supporting Information). 
The MnO/graphene electrode before electrochemical cycling 
has a unique multilayer sandwich structure (Figure S13a, Sup-
porting Information). The graphene nanosheets function as 
the sandwiched current collector and stabilizer, with an active 
MnO interlayer between the graphene layers. Thus, the elec-
trical conductivity, structural fl exibility, and chemical stability 
bH & Co. KGaA, Weinheim

     Figure  9 .     Electrochemical impedance spectra of the MnO/graphene 
electrode after different discharge/charge cycles at 200 mA g  − 1  over the 
frequency range from 100 kHz to 0.1 Hz.  
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     Figure  10 .     FESEM images of the MnO/graphene electrodes observed
from the surface: a,b) the initial electrode, c,d) the electrode after one
discharge/charge cycle, and e,f) the electrode after 400 discharge/charge
cycles at 2000 mA g  − 1 .  

     Figure  11 .     TEM images of the MnO/graphene electrodes after a,b) 1 an
charge cycles at 2000 mA g  − 1 .  

Adv. Funct. Mater. 2013, 23, 2436–2444
of the hybrid electrode are greatly enhanced. This enhanced 
conductivity results in the signifi cant enhancement of the uti-
lization effi ciency of the active manganese oxide and the dis-
charge/charge ability at large current densities. The graphene 
layers can not only prevent the volume expansion/contraction 
but also limit the aggregation of the active materials effectively 
during Li  +   insertion and extraction upon cycling. After 400 
discharge/charge cycles at 2000 mA g  − 1 , “electrochemical sin-
tering” happens, which results in loss of porosity between the 
graphene layers, and hence a more dense structure is gener-
ated (Figure S13, Supporting Information). Indeed, a similar 
behavior has been observed in porous Ge electrodes. [  54  ]  In the 
reconstructed electrode, the initial MnO nanosheets may melt 
into a thinner fi lm composed of ultrafi ne manganese oxide 
nanoparticles that are uniformly loaded on or sandwiched 
between the graphene layers. Thus, the proportion of the total 
active materials on the surface of graphene increases. Despite 
the loss of the initial morphology, the active manganese oxide 
nanoparticles formed by reconstruction may connect electro-
chemically with the graphene matrix more closely and facilitate 
charge transfer. A schematic illustration of the structural and 
morphological evolution for the MnO/graphene electrode is 
shown in Figure S14 (Supporting Information). Because of the 
high conductivity of graphene and the intimate contact between 
the active manganese oxide and graphene, the charge carriers 
can conduct back and forth effectively and rapidly from the 
active materials to the current collector through the conducting 
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d c,d) 400 discharge/
graphene matrix, which therefore leads to 
high specifi c capacity and rate capability.    

 The structural integrity of the electrodes 
is considered to be one of the most impor-
tant factors in ensuring good cyclability over 
continuous discharge/charge cycles. Based 
on the conversion-reaction mechanism of 
transition metal oxides, the severe volume 
change that occurs upon Li  +   insertion and 
extraction causes mechanical degradation. 
The collapse and reconstruction of the ini-
tial structures of the active materials are 
inevitable after continuous discharge/charge 
cycles, usually resulting in a short cycle life 
especially at high charge/discharge rates. 
For the present hybrid MnO/graphene elec-
trodes, the graphene nanosheets, loaded 
with the active manganese oxide nanopar-
ticles, connect with each other to form a 
three-dimensional framework with good fl ex-
ibility and mechanical stability, and thus can 
accommodate volume expansion/contraction 
during the Li  +   insertion/extraction processes. 
Meanwhile, the manganese oxide nanoparti-
cles conformally anchored on the graphene 
nanosheets can avoid the restacking of the 
graphene, to retain a large specifi c surface 
area and an open three-dimensional con-
ducting framework during the insertion and 
extraction of Li  +   upon cycling. Importantly, 
the transition of electrode materials during 
cycling is electrochemically driven and the 
2441wileyonlinelibrary.comheim
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     Figure  12 .     FESEM image and corresponding elemental mapping of C, Mn, and O in the MnO/
graphene hybrid electrode after 400 discharge/charge cycles at 2000 mA g  − 1 .  
reconstructed electrode can keep a stable structure over a large 
number of discharge/charge cycles. Such a stable intercon-
nected three-dimensional electrode nanostructure based on the 
frame of graphene is very preferable; it not only improves the 
electronic conductivity but also maintains the structural integ-
rity of the electrode even over a great many discharge/charge 
cycles (Figure  10 e,f). 

 It is noted that the capacity increases gradually over the ini-
tial cycling, especially at low current densities. The increased 
capacity could be due to the interfacial Li storage (as proposed 
by Maier and co-workers. [  55,56  ]  and Tarascon and co-workers[ [  57  ] ) 
and high-oxidation state products, evidenced by the XPS results 
(Figure  7 ). As shown in Figure  5 b, when discharged and charged 
at 200 mA g  − 1 , the capacity increases gradually until the 120th 
cycle and remains stable in the following cycles. The electro-
chemically driven reconstruction of the hybrid MnO/graphene 
electrodes may help enhance the electrochemical activity, thus 
leading to an improved specifi c capacity. Accompanied by the 
formation of the reconstructed nanostructure, more Mn 2 +   ions 
could be re-oxidized to a higher oxidation state upon cycling, 
leading to an ever-increasing capacity. Meanwhile, there is an 
increase in the proportion of the total active materials on the 
surface of graphene, which makes the electrochemical reac-
tivity of the active particles more and more important. [  6  ]  Also, 
the reduced size of the particles leads to an increase in spe-
cifi c surface area, which may enhance the ability of interfacial 
lithium storage. However, this steady increase in capacity is not 
unceasing. The structure of the reconstructed electrode strikes 
a balance after a certain number of discharge/charge cycles (120 
cycles at 200 mA g  − 1 ) and the specifi c capacity starts to remain 
stable. There is also a possibility that the increased capacity over 
cycling might arise from the improved Li-diffusion kinetics by 
an activation process associated with partial crystallinity deg-
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
radation of the electrode to a disordered or 
amorphous-like structure during cycling. A 
similar phenomenon is also reported in other 
graphene-based composites. [  25  ,  43  ]  

 The high specifi c capacity, superior cycla-
bility, and good rate capability of the resultant 
MnO/graphene composite is unprecedented 
among graphene-based hybrid materials, 
which may be attributed to the synergistic 
effects of the nanohybridzation: an intercon-
nected three-dimensional graphene frame-
work loaded with manganese oxide nanopar-
ticles. This graphene matrix is benefi cial to 
reduce the inner resistance of the LIBs and 
stabilize the electronic and ionic conductivity, 
thus leading to a high specifi c capacity and 
good rate capability. Meanwhile, the stable 
structure of the reconstructed electrode con-
tributes to a long cycle life.   

 3. Conclusions 

 In summary, we have demonstrated that the 
hybrid MnO/graphene electrodes exhibit 
superior electrochemical performances, fea-
turing high reversible capacity, excellent rate capability and long 
cycle life. Our strategy to employ the synergistic couple of MnO 
and graphene is successful in designing advanced anode mate-
rials, enabling the applications of conversion-electrode mate-
rials with high energy density, power density, and long lifespan 
in LIBs. For the fi rst time, Li  +   insertion/extraction-driven 
reconstruction of conversion electrodes on graphene has been 
demonstrated. Inspired by this work, designing conversion 
electrodes that can self-form a stable electrochemical system 
during discharge/charge cycling is a most promising approach 
to achieve superior lithium-storage properties.   

 4. Experimental Section 
  Materials Synthesis : GO was prepared from natural graphite powder 

via a modifi ed Hummers method. [  19  ,  58  ]  The GO product was collected 
and washed thoroughly using a mixed aqueous solution of 3 wt% 
H 2 SO 4 /0.5 wt% H 2 O 2 , followed by deionized (DI) water until the pH value 
was 4. [  25  ]  An aqueous exfoliated GO suspension (200 mL, approximately 
200 mg) was obtained by dispersing the resultant mixture in DI water 
under ultrasonication for 5 h. A solution of Mn(CH 3 COO) 2 ·4H 2 O 
(100 mL 100 m M ) was added to the above suspension under stirring, 
followed by adding 5 mL of hydrazine hydrate (80 wt%). The mixture was 
further stirred for 24 h to obtain a Mn-precursor/graphene intermediate. 
Finally, the MnO/graphene nanocomposite was obtained by annealing 
the Mn-precursor/graphene hybrid at 500S  ° C (ramp rate: 1  ° C min  − 1 ) 
in a 5% H 2 /Ar atmosphere for 5 h. For comparison, bare MnO was also 
prepared under the same conditions. 

  Materials Characterization : Powder XRD patterns were recorded on 
a X’Pert PRO (PANalytical B.V., Holland) X-ray diffractometer using 
Cu K   1  irradiation ( λ   =  1.5406 Å). XPS measurements were carried out 
using a VG MultiLab 2000 system with a monochromatic Al K α  X-ray 
source (ThermoVG Scientifi c). The morphology and composition of the 
samples were characterized by FESEM (FEI, Sirion 200) coupled with an 
EDX (Oxford Instrument) spectrometer. TEM images were taken with 
nheim Adv. Funct. Mater. 2013, 23, 2436–2444
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a JEOL 2100F microscope. Thermogravimetric and differential thermal 
analyses (TG/DTA) were performed with a PerkinElmer Diamond TG/
DTA apparatus at a heating rate of 10  ° C min  − 1  in fl owing air. Raman 
spectra were measured on a Renishaw Invia spectrometer using an Ar  +   
laser of 514.5 nm at room temperature. Nitrogen adsorption–desorption 
isotherm measurements were conducted at 77 K using a Micrometritics 
ASAP 2020 analyzer to determine the BET surface area and porosity. 

  Electrochemical Measurements : The working electrodes were fabricated 
by coating a slurry containing 80 wt% active material (MnO/graphene 
hybrid), 10 wt% acetylene black (Super-P), and 10 wt% polyvinylidene 
fl uoride (PVDF) dissolved in  N -methyl-2-pyrrolidinone onto a copper foil 
and dried at 80  ° C in vacuum for 6 h before pressing. The coated copper 
foil was cut into disk electrodes (8 mm in diameter) and further dried at 
80  ° C for 24 h in vacuum. The electrochemical performance of the active 
material was examined via 2032 type coin cells with a pure lithium foil as 
the counter electrode, Celgard 2300 as the separator, and 1  M  LiPF 6  in a 
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (v/v  =  
1:1) as the electrolyte. The test cells were assembled in an argon-fi lled 
glovebox with concentrations of moisture and oxygen below 1.0 ppm. 
A PARSTAT 2273 potentiostat was employed for CV measurements at a 
scanning rate of 0.2 mV s  − 1  and electrochemical impedance spectrometry 
tests in a frequency range of 100 kHz to 100 mHz at room temperature. 
The galvanostatic charge–discharge measurements were carried out 
using a Land Battery Measurement System (Land, China) under various 
current densities of 200–3000 mA g  − 1  in the fi xed voltage range of 3.00–
0.01 V vs. Li/Li  +   at room temperature.   
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