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Homogeneous CoO on Graphene for Binder-Free 
and Ultralong-Life Lithium Ion Batteries
 Ultralong cycle life, high energy, and power density rechargeable lithium-ion 
batteries are crucial to the ever-increasing large-scale electric energy storage 
for renewable energy and sustainable road transport. However, the com-
mercial graphite anode cannot perform this challenging task due to its low 
theoretical capacity and poor rate-capability performance. Metal oxides hold 
much higher capacity but still are plagued by low rate capability and serious 
capacity degradation. Here, a novel strategy is developed to prepare binder-
free and mechanically robust CoO/graphene electrodes, wherein homoge-
nous and full coating of  β -Co(OH) 2  nanosheets on graphene, through a novel 
electrostatic induced spread growth method, plays a key role. The combined 
advantages of large 2D surface and moderate infl exibility of the as-obtained 
 β -Co(OH) 2 /graphene hybrid enables its easy coating on Cu foil by a simple 
layer-by-layer stacking process. Devices made with these electrodes exhibit 
high rate capability over a temperature range from 0 to 55  ° C and, most 
importantly, maintain excellent cycle stability up to 5000 cycles even at a high 
current density. 
  1. Introduction 

 The ever-growing demand for large-scale energy storage appli-
cations in electric vehicles and renewable energy systems has 
spurred signifi cant research efforts on long cycle life, high-
capacity, and high power lithium-ion batteries (LIBs). [  1  ]  The 
commercial graphite anode can not meet these challenges due 
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to its low theoretical capacity. [  2  ]  There is 
a consensus that the breakthrough in 
capacity could be achieved by moving 
from classical intercalation reaction to 
conversion reaction. [  2b  ,  3  ]  However, even 
after a decade of intensive efforts, the for-
midable capacity degradation and poor 
rate performance still seriously hamper 
the practical application of conversion-
based materials in LIBs. 

 On the other hand, in a traditional elec-
trode, polymeric binder plays an essential 
role to integrate individual electroactive 
particles. Although intensive research 
has been focused on synthesis of high 
performance electroactive materials, less 
attention is devoted to the advancement of 
binder. However, recently the widely used 
organic binder (polyvinylidene fl uoride, 
PVDF) is found to swell easily in common 
electrolyte with EC/DMC solvent, leading 
to seriously poor stability and irreversible 
capacity losses. [  4  ]  This is adding insult to injury for electrodes 
where severe expansion/shrinkage during the lithiation/delithi-
ation process already exist. Although cycling degradation has 
been alleviated by employing superior polymeric binders, [  4  ,  5  ]  it 
does not provide a single “silver bullet”. Furthermore, adding 
of inactive and insulate polymeric binders would inevitably 
impede the efforts to improve the capacity, rate capability, and 
decrease the manufacturing costs of LIBs, which is of critical 
importance to large-scale electric energy storage applications. 
Alternatively, binder-free electrodes have been fabricated on cur-
rent collectors through various methods such as chemical vapor 
deposition, [  6  ]  electrodeposition, [  7  ]  and hydrothermal synthesis, [  8  ]  
all these methods suffer from more or less severe drawbacks 
like requirement of special equipment, complication of prepa-
ration process, energy and time-consuming, and impossibility 
of large scale fabrication with low-cost. Therefore, developing a 
new strategy to fabrication high-performance binder-free elec-
trode is urgently desirable and of great importance. 

 Transition-metal oxides (TMOs) are proposed as promising 
anode materials due to their abundance, low cost, and high 
theoretical capacity. Unfortunately, like other conversion-based 
anode materials, their practical application in LIBs is still hin-
dered by its poor cycle stability and rate capability due to their 
low conductivity and drastic volume variation during the lithium 
uptake and release process. [  9  ]  To meet these challenges, down-
sizing theTMOs to nanoscale and constructing hybrid materials 
m 4345wileyonlinelibrary.com
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     Figure  1 .     a) Schematic diagram of graphene oxide with negative charge and  α -Co(OH) 2  with positive charge. b) Electrostatic interactions of graphene 
oxide and  α -Co(OH) 2 . c) Growth process of electrostatic-induced spread growth method. d) Homogeneous  β -Co(OH) 2  on graphene. e)  β -Co(OH) 2 /
graphene hybrid dispersed in N,N-dimethyl formamide (DMF). f) The process of drop-coated method. g)  β -Co(OH) 2 /graphene hybrid on Cu foil. h) 
CoO/graphene hybrid on Cu foil.  
with highly electrical conductive, fl exible, and chemically stable 
graphene have been proposed to be one of the most promising 
strategies. However, TMO nanoparticles (NPs) aggregation-
derived degradation in capacity still exists because the contact 
between graphene and the TMO NPs is not tight enough. [  10  ]  

 To meet these challenges, presumably, TMOs in large area 
nanosheets (NSs) structure could intrinsically facilitate stable 
assembly with graphene and then easy coating on Cu foil, 
enabling a binder-free electrode. Consequently, the advanta-
geous combination of the greatly alleviated aggregation of 
TMOs NPs and volume variation, derived from the intrinsically 
high immobility and facile strain relaxation of large area NSs 
structure, and absence of binder swelling, would theoretically 
enhance the structural stability and thus the cycle performance. 
Even more important, the large area of highly conducting gra-
phene and absence of non-conducting polymeric binder could 
offers high lithium ion fl ux, continuous and fast conducting 
pathways for electrons throughout the electrodes, which would 
benefi t the power and energy density. However, if this alluring 
promise is to turn into reality, ensurance of uniform, full and 
tight coating of TMOs NSs on graphene is prerequisite. To the 
best of our knowledge, compared to work on assembly of 0D 
spherical TMOs NPs with graphene, [  10  ,  11  ]  homogenous coating 
of TMOs NSs on graphene toward a high-performance binder-
free electrode is highly desirable but still very challenging. 

 Here, as a proof-of-concept experiment, we demonstrate an 
effective electrostatic induced spread growth method to homo-
geneously and completely coat  β -Co(OH) 2  NSs on graphene, 
which enables its easy and fi rm coating on Cu foil toward a 
binder-free CoO/graphene electrode. When employed as anode 
in LIBs, high capacity and cycling stability over a temperature 
range from 0 to 55  ° C, good rate capability of 172 mA h g  − 1  
even at a high current density of 20 A g  − 1 , and especially, excel-
lent cycle stability even after 5000 cycles at 1 A g  − 1  are success-
fully obtained, which is far exceeds the best reported for conver-
sation reaction of metal oxides. [  5  ,  12  ]   
46 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
  2. Results and Discussion 

   Figure 1   shows the schematic illustration of the synthesis 
strategy toward the binder-free CoO/graphene electrode, 
wherein the most critical point is to ensure homogeneous and 
complete coating of  β -Co(OH) 2  NSs on graphene (Figure  1 a–d), 
which is realized through a novel electrostatic induced spread 
growth method. In a typical synthesis, ultrathin  α -Co(OH) 2  
NSs with the thickness of ca. 2.6 nm are rapidly synthesized 
by a hydrothermal route ( Figure    2  a,b). All the strong diffrac-
tion peaks of the hybrid could be indexed to a hexagonal struc-
ture of  α -Co(OH) 2  (Figure  2 e), [  13  ]  and the graphene oxide (GO) 
is synthesized according to the modifi ed Hummer's method 
starting from graphite powders. Importantly, the as-obtained 
 α -Co(OH) 2  NSs are positively charged (  ζ    =   + 31.5 mV) while 
the graphene oxide is negatively charge (  ζ    =  −68 mV) and thus 
composite can be well assembled driven by the mutual elec-
trostatic interactions (Figure  1 a,b and Supporting Information 
Figure S1). It is worth noting that, thanks to its high surface 
area of few-layer GO, [  14  ]  small amount of GO used could 
effectively adsorb a large number of ultrathin  α -Co(OH) 2  NSs 
without compromising the capacity of the hybrid (vide infra). 
Finally, upon a refl ux reaction in reductive condition, the 
 α -Co(OH) 2  NSs are transformed into  β -Co(OH) 2  (Figure  2  and 
 Figure    3  ) and graphene oxide is reduced to graphene. The D/G 
intensity ratios ( I  D / I  G ) of Raman spectra is then used to check 
the reduction of graphene oxide. [  15a  ]  As shown in Figure S2a,b 
(Supporting Information),  I  D / I  G  changes from 0.84 to 1.05 
after chemical reduction, indicating that oxygen-containing 
functional groups in graphene oxide is effectively removed and 
subsequently more defects are formed, [  15  ]  which is consistent 
with the XPS result (Supporting Information Figure S3). Unex-
pectedly, during the transformation process, the  β -Co(OH) 2  
grows, spreads, and fi nally fully and uniformly coats on gra-
phene through the electrostatic induced spread growth method 
(Figure  1 c, Supporting Information Figure S4). Namely, the 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4345–4353
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     Figure  2 .     a) Low magnifi cation TEM image and b) AFM image of  α -Co(OH) 2 . c) SEM image of  α -Co(OH) 2 /graphene oxide composite. d) TEM image 
of  α -Co(OH) 2 /graphene oxide composite. e) XRD pattern of  α -Co(OH) 2 /graphene oxide composite. f) Dark-fi eld TEM image of  α -Co(OH) 2 /graphene 
oxide composite and corresponding elemental mapping images of g) carbon, h) cobalt, and i) oxygen in the selected area (white rectangle in (f)).  

     Figure  3 .     a) Low magnifi cation and b) high magnifi cation SEM images of  β -Co(OH) 2 /graphene hybrid on silicon wafer. c,d) Low magnifi cation and 
e) high magnifi cation TEM images of  β -Co(OH) 2 /graphene hybrid. f) XRD spectrum of  β -Co(OH) 2 /graphene hybrid. g) Dark-fi eld TEM image and 
corresponding elemental mapping images of h) carbon, i) cobalt, and j) oxygen in the selected area (white rectangle in (g)). Inset in (g) shows the 
SAED pattern of  β -Co(OH) 2 /graphene hybrid.  
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     Figure  4 .     a) Photograph of CoO/graphene on Cu foil. Inset shows the bending deformation of binder-free electrode. b) SEM images of as-obtained 
electrode. c) XRD spectrum of CoO/graphene hybrid. d) TEM image of CoO/graphene hybrid.  
mutual electrostatic adsorption, between positively charged 
 α -Co(OH) 2  and  β -Co(OH) 2  (  ζ    =   + 52.1 mV) and negatively 
charged graphene oxide and graphene (  ζ    =  –14 mV), induces 
the growth along the graphene surface during the transfor-
mation process of Co(OH) 2  ( α  to  β  phase). The zeta potential 
measurements of all materials are in the same solvent used 
for materials synthesis (Supporting Information Figure S1). 
Figure  1 e–h shows the fabrication process of the binder-free 
electrode. The above synthesized  β -Co(OH) 2  NSs/graphene 
hybrid is fi rstly well dispersed in DMF, and then drop-coated 
on Cu foil. After sintering in reducing atmosphere, binder-free 
CoO/graphene electrode ( Figure    4  a) is successfully fabricated 
(the weight of active materials is ca. 0.53 mg cm  − 2 ). The content 
of carbon in CoO/graphene hybrid is  ≈ 13 wt%, as revealed by 
thermal-gravimetric measurements (Supporting Information 
Figure S5).     

 In order to demonstrate the homogeneous and full coating 
of  β -Co(OH) 2  NSs on graphene, scanning electron micros-
copy (SEM) and transmission electron microscope (TEM) are 
employed. As shown in Figure  3 a–c,  β -Co(OH) 2 /graphene 
hybrid possesses a larger-area sheet-like morphology, and 
can be easily stacked on fl at silica wafer substrate. In addi-
tion, Figure  3 d shows the as-obtained sheet-like  β -Co(OH) 2 /
graphene hybrid is multi-layer. We may then assume that 
as-obtained  β -Co(OH) 2  on graphene is ultrathin due to 
ultrathin  α -Co(OH) 2 . Furthermore, the distribution of gra-
phene and  β -Co(OH) 2  NSs in the hybrid is analyzed by energy 
dispersive X-ray (EDX) spectroscopy mapping technique 
(Figure  3 g–j). The results clearly show that the elements of 
C, Co, O are distributed homogeneously, indicating that the 
coating of  β -Co(OH) 2  on graphene is uniform and complete. 
More importantly, the thus obtained  β -Co(OH) 2 /graphene 
hybrid ensures it easily coated on Cu foil by layer-by-layer 
stacking process to form a homogenous, fl at, and binder-
free electrode (Supporting Information Figure S6a). On the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
contrary, only seriously aggregated, discontinuous, and incom-
plete coating can be obtained for  α -Co(OH) 2 /GO composite 
(Supporting Information Figure S6b), which might attribute 
that the coating of  α -Co(OH) 2  on graphene oxide is quite 
inhomogeneous (Figure  2 d,f–i) and thus lead to irregularly 
stacked together with a larger pore volume (Figure  2 c). These 
results highlight the importance and power of our proposed 
electrostatic induced spread growth strategy to ensure homog-
enous, complete, and tight coating of graphene with ultrathin 
 β -Co(OH) 2  NSs, with which the  β -Co(OH) 2  NSs can effectively 
endow relative rigidity to fl exible graphene and thus avoid 
aggregation during drop-coated process (Figure  3 a,b). 

 After sintering, as shown in Figure  4 a,b, no detachment of 
active materials from Cu foil is observed even after bending 
deformation. It should be note that layered structure (Figure  4 d 
and Supporting Information Figure S8a) and good structural 
stability are still remained after the sintering process. In addi-
tion, Figure S7a (Supporting Information) shows layer-by-layer 
stacking of CoO/graphene hybrid, which further demonstrates 
the feasibility of our proposed strategy for preparation of 
binder-free electrode. On the other hand, the crystal structure 
of the obtained sample is characterized by X-ray diffraction 
(XRD) pattern (Figure  4 c). All the diffraction peaks of sample 
can be indexed to a cubic structure of CoO (JCPDS card, No. 
65-2902). These results indicate the successful synthesis of the 
CoO/graphene hybrid. On the contrary, without graphene, pure 
 α -Co(OH) 2  can be transformed to relatively inactive metallic 
cobalt with small amount of CoO under the same condition 
due to unstable structure (Supporting Information Figure S9). 
After sintering under reducing atmosphere, it can be found that 
the G bands in the Raman spectrum of CoO/graphene hybrid 
exhibit obvious blue shifts (Supporting Information Figure S2c) 
compared with  β -Co(OH) 2 /graphene hybrid (Supporting Infor-
mation Figure S2b) and chemical reduced graphene (Sup-
porting Information Figure S2d), indicating that the presence of 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4345–4353
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a charge transfer from graphene to CoO and carbon atoms in 
graphene attached to oxygen in CoO. [  3b  ]  The  I  D / I  G  of CoO/gra-
phene hybrid is found to be 1.03, indicating more defect formed 
accompanying with the further reduction of graphene oxide 
during sintering. Figure S8a (Supporting Information) depicts 
the corresponding selected area electron-diffraction (SAED) pat-
tern of the CoO/graphene hybrid. There is two set of diffraction 
patterns that belong to the cubic CoO and graphene. Note that 
the weak diffraction ring from graphene is obvious due to multi-
layer graphene. Figure S7b (Supporting Information) shows a 
representative high resolution TEM image of the CoO/graphene 
hybrid. The marked interplanar d spacing of 0.21 and 0.25 nm 
correspond to those of the (111) and (200) lattice planes of the 
cubic CoO, respectively, further confi rming the CoO coating on 
graphene. In addition, the SAED pattern showing diffraction 
ring from graphene can also be found in Supporting Informa-
tion Figure S7b. Furthermore, EDX scanning elements map-
ping (Figure S8c–f) of Co, O, and C is employed to obtain the 
spatial distributions of the atomic contents across the CoO/
graphene hybrid. A homogeneous coexistence of the three ele-
ments directly features the homogenous and complete coating 
of CoO on graphene in the obtained binder-free electrode. In 
addition, the as-obtained CoO on graphene should be ultrathin 
due to ultrathin Co(OH) 2  precursor. This unique confi guration 
is expected to achieve a high performance, which will be dis-
cussed in detail in the following. It should be noted that a large 
number of mesopores generated in hybrid after sintering (Sup-
porting Information Figure S8a). The Barrett-Joyner-Halenda 
analysis (Supporting Information Figure S8b) shows that as-
obtained mesopores are about 2–6 nm in size, which might be 
due to the structure reconstruction and/or onward diffusion of 
the released of water vapor on the surface of graphene. In addi-
tion, there are some larger pores with the size of 10–140 nm, 
owing to the void space of between the layers and layers. These 
pores could offer suffi cient contact interface between TMOs 
and electrolyte, and thus ensure higher utilization rate of TMOs 
especially at higher current density. 

 Coin cells with metallic Li counter electrode are assembled 
and galvanostatic charge/discharge technique is employed to 
evaluate the electrochemical performance of binder-free CoO/
graphene electrode.  Figure    5  a shows the charge/discharge 
voltage profi les cycled under a current density of 100 mA g  − 1  
in the voltage range of 0.01–3.0 V vs. Li/Li  +  . The initial dis-
charge and charge specifi c capacities are 947 and 678 mA h g  − 1 , 
respectively, based on the whole weight of the hybrid. The large 
initial discharge capacity of the CoO/graphene hybrid could 
be mainly attributed to the formation of the solid electrolyte 
interface (SEI) fi lm on the surface of the electrode due to the 
electrolyte decomposition, [  16  ]  in accordance with the cyclic vol-
tammograms analysis in Supporting Information Figure S10. It 
should be pointed out that the reversibility of capacity is signifi -
cantly improved with an average columbic effi ciency of  > 97% 
from the second cycle, indicating that the formed SEI during 
the fi rst cycle is favorable and stable. Impressively, as shown in 
Figure  5 b, when cycled at low current density of 100 mA g  − 1 , 
the anode retains its capacity very well for 150 full charge/dis-
charge cycles. The capacity of the 150th cycle is still as high as 
640 mA h g  − 1 , which is 89.6% of that theoretical capacity of 
CoO (714 mA h g  − 1 ).  
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4345–4353
 To further evaluate the cycle stability of binder-free electrode, 
we test the charge/discharge performance at a much higher 
current density of 1 A g  − 1 . Surprisingly, as shown in Figure  5 c 
(black), the electrode retains its capacity very well for 5000 full 
charge/discharge cycles. The capacity of the 5000th cycle is 
still as high as 604 mA h g  − 1 . Meanwhile, the coulombic effi -
ciency is very close to 100% all over the 5000 cycles after 1 cycle 
(Figure  5 c). For comparison, the cycling performance of CoO/
graphene electrode with PVDF binder is also estimated at the 
same condition. As shown in Figure  5 c (light grey), the capacity 
of electrode decreases from 546 to only 256 mA h g  − 1  only after 
1000 cycles, indicating very poor cycling stability. The voltage-
capacity profi les of electrode are also shown in Figure  5 d,e. 
The potential shows a sloping profi le within a cutoff window of 
0.01–3.0 V after 1 cycle, which is consistent with the behavior of 
conversion reaction of TMOs. [  8  ,  16b  ]  No larger capacity change in 
Figure  5 d can be found even after 5000 cycles, showing excel-
lent cycling stability of as-prepared binder-free electrode. This 
result demonstrates an signifi cant improvement in cycling life 
compared with other improved methods of previous reports 
(600 cycles at low current density). [  5  ,  12b  ]  The obtained excel-
lent cycle stability of the binder-free CoO/graphene electrode 
refl ects synergy of the sample's three unique characteristics: 
1) Pulverization of active material during cycling has been con-
sidered to be a main reason for poor cycling stability. [  17  ]  In our 
work, the homogeneous and complete combination of ultrathin 
mesopore CoO with elastic graphene can effectively alleviate 
the aggregation and the physical strains, ensuring less pulveri-
zation and exfoliation from current collector. It should be point 
that mesopore CoO and 2D fl ake structure can effi ciently buffer 
volume changes as shown in  Figure    6   as discussed below. 
2) The CoO coated on sheet-like graphene with appropriate pore 
volume (Supporting Information Figure S8b) can lead to the 
formation of paths for lithium ion transport between the elec-
trolyte and active material and buffer volume changes during 
cycling. In addition, graphene exhibit excellent electronic con-
ductivity, insulating Li 2 O form on graphene due to CoO on gra-
phene during discharge process. Thus this hybrid can alleviate 
polarization during charge and discharge. 3) The free of binder 
can essentially surmount the problem of the swelling-induced 
cycling degradation. [  4  ,  18  ]  To confi rm the structure stability of 
the CoO/graphene hybrid upon cycle, we investigate the mor-
phology of CoO/graphene hybrid after 1000 charge/discharge 
cycles. As shown in Figure  6 a, the sheet-like morphology of 
the CoO/graphene hybrid and the homogeneous distribution 
of the elements of C, Co, and O still remain (Figure  6 b–e). 
In addition, after the cycling test, the voltage profi le also kept 
unchanged (Figure  5 d). These results indicate that the as-pre-
pared CoO/graphene hybrid and binder-free electrode are very 
stable during the required lifetime of commercial LIBs.  

 Another outstanding performance is the rate capability of 
the binder-free CoO/graphene electrode compared with that 
with PVDF. Figure  5 f demonstrates the rate capability of the 
two electrodes from current densities of 0.5 to 20 A g  − 1 . At 
moderate current densities (0.5 and 1 A g  − 1 ), the capacities of 
electrode with PVDF are  ≈ 620 and 560 mA h g  − 1 , respectively. 
This good performance could be attributed to the unique prop-
erties of the CoO/graphene hybrid. However, the binder-free 
CoO/graphene electrode shows much higher capacity than 
4349wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     a) Galvanostatic discharge/charge profi les and b) reversible Li extraction capacity of binder-free electrode of at 0.1 A g  − 1 . c) Reversible Li 
extraction capacity of CoO/graphene hybrid electrode at 1 A g  − 1  for 5000 cycles. d) Galvanostatic discharge/charge profi les of binder-free electrode and 
e) electrode with PVDF binder at 1 A g  − 1 . f) Rate-capability performance of binder-free electrode and electrode with PVDF binder after the fi rst charge/
discharge cycle. The number on image indicated the current density (A g  − 1 ). The discharge current density equaled to the charge current density at 
discharge/charge process. g) Rate-capability performance of binder-free electrode at 0, 25 and 55  ° C. The cells were performed at the charge current 
density of 1 A g  − 1 . h) Reversible Li extraction capacity of binder-free electrode at 1 A g  − 1  from 0 to 55  ° C after the fi rst discharge/charge cycle. All 
electrochemical measurements (a–f) were performed at room temperature in two-electrode 2025 coin-type half-cells cycled between 0.01 V and 3 V.  
that with PVDF binder under all investigated current densi-
ties higher than 1 A g  − 1 . For example, at the current density of 
6 A g  − 1 , the binder-free CoO/graphene electrode still exhibits 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
a favorable specifi c capacity of 385 mA h g  − 1  after 30 cycles, 
which is still higher than the theoretical capacity of graphite, 
while the electrode with PVDF shows a specifi c capacity of 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4345–4353
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     Figure  6 .     a) TEM image of CoO/graphene hybrid after 1000 charge/discharge cycles at 1 A g  − 1 . b) TEM image and corresponding elemental mapping 
images of c) carbon, d) cobalt, and e) oxygen in the selected area (white rectangle in (b)).  
224 mA h g  − 1 . Unexpectedly, at a very high current density of 
20 A g  − 1 , binder-free electrode is still able to deliver discharge 
capacity of  ≈ 170 mA h g  − 1 , which is much higher than these of 
electrode with PVDF binder (only  ≈ 40 mA h g  − 1 ). Importantly, 
after the high rate measurements, the specifi c capacities of the 
two types of electrode cycled under 0.5 A g  − 1  are able to recover 
to the initial reversible values, implying the stable structure of 
CoO/graphene hybrid and their good reversibility. 

 The results above undoubtedly demonstrate the high rate 
performance of binder-free ultrathin CoO/graphene electrode. 
As a previous study shows, for LIBs to achieve a high power 
density, rapid lithium ionic and electronic diffusion in elec-
trode materials are necessary. In our case, the CoO is very thin 
and thus could shorten the lithium ion and electron diffusion 
time. The intimate contact of CoO NSs with highly conductive 
graphene could guarantee fast and continuous electron trans-
port. Meanwhile, the absence of non-conducting PVDF binder 
could also improve the electrode electronic conductivity. These 
unique characteristics lead to the competitive advantages of the 
ultrathin CoO NSs/graphene-based LIB anode. 

 When a battery delivers high power, the temperature can 
increase signifi cantly due to the Joule effect. Therefore, it is 
crucial to study the temperature-dependent performance to 
evaluate feasibility for real application. Measurements are car-
ried out at 0, 25, and 55  ° C. Figure  5 g clearly shows that the 
increasing temperature improves rate-capability of electrode 
because the ion mobility in the electrolyte and active material 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4345–4353
can be enhanced. [  19  ]  Furthermore, Figure  5 h shows binder-
free electrode exhibits excellent cycling stability over a wide 
temperature range from 0 to 55  ° C. Importantly, when cycling 
at low temperature of 0  ° C, the electrode still exhibits a high 
capacity of 320–430 mA h g  − 1  at 1 A g  − 1 . After 500 cycles, 
the capacity is  ≈ 390 mA h g  − 1 . This result shows as-obtained 
electrode is to the benefi t of the batteries worked at low tem-
perature. At higher temperature (55  ° C), the cycling stability 
still remains at the current density of 1 A g  − 1 . The capacity of 
electrode is  ≈ 750 mA h g  − 1  at the second cycle and higher than 
800 mA h g  − 1  after 500 cycles.  

  3. Conclusions 

 In summary, we have developed an effective spread growth 
technique for the fabrication of larger-area homogeneous 
 β -Co(OH) 2  on graphene with sheet-like and relatively rigid 
structure. As-prepared hybrid can coat on Cu foil by means 
of simple layer-by-layer staking. After sintering, as-obtained 
binder-free electrode as anode of LIBs shows excellent cycling 
stability from 0 to 55  ° C. We also demonstrate as-prepared 
binder- and conductive carbon-free CoO/graphene hybrid 
exhibits stable structure even after 5000 charge/discharge 
cycles. In addition, the large-scale and low-cost fabrication pro-
cess of binder-free electrode is facile by means of drop-coated 
method.  
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  4. Experimental Section 
  Synthesis of Graphene Oxide : Graphene oxide was prepared by a 

modifi ed Hummers method. [  20  ]  graphite powder (0.375 g, Alfa Aesar, 
AR) and KMnO 4  (2.25 g) were added to concentrated H 2 SO 4 /H 3 PO 4  
(45:5 mL). After stirring 24 h at 50  ° C, the reaction was cooled to room 
temperature and poured onto ice (200 mL) with H 2 O 2  (3 mL, 30%). 
Then the mixture was centrifuged (12 000 rpm for 5 min). The remaining 
solid material was washed with of HCl (200 mL, 30%) for twice, and 
water (200 mL) three times. 

  Synthesis of Ultrathin Nanosheets of  α -Co(OH) 2  : Ammonia water 
(1 mL, 25%) was added to Co(NO 3 ) 2  solutions (120 mL, 0.025 M). After 
stirring for about 5 min, the as-obtained green blue precipitate was 
washed with deionized water by centrifugation for 3 times at 10  ° C, then 
transferred into a 50 mL of Tefl on-lined autoclave, which was fi lled with 
solvents (water/methanol, 16 mL/16 mL). And then, these systems were 
sealed and heated at 180  ° C for 30 min. 

  Synthesis of  β -Co(OH) 2 /Graphene Hybrid : Firstly, graphene oxide 
solution (10 mL, 9.6 mg of graphene oxide) was added to colloidal 
solution of   α  -Co(OH) 2  (100 mL, 96 mg of   α  -Co(OH) 2 ). After the 
ultrasonic radiation for 30 min, hydrazine monohydrate (0.32 mL) 
was added to above mixture and refl uxed at 95  ° C for 24 h. Finally, the 
resulting   β  -Co(OH) 2 /graphene hybrid was subsequently centrifuged, 
washed with water and dispersed in DMF up to the concentration of 
6–8 mg mL  − 1 . 

  Preparation of Binder-Free Electrode Using Layer-by-Layer Assembled 
 β -Co(OH) 2 /Graphene : To prepare binder-free electrode, fi rstly, Cu foil 
was washed with acetone and dried under vacuum at 80  ° C for 3 h. 
Then,   β  -Co(OH) 2 /graphene suspension was dropped on Cu foil and 
dried at 80  ° C for 30 min. The obtained hybrid was deposited on Cu foil 
by the evaporation of DMF. After pressing under a pressure of 3–5 MPa, 
the above sample was sintered at 350  ° C for 3 h under Ar/H 2  (5% H 2  
in volume) atmosphere. The conventional CoO/graphene electrode was 
prepared by casting slurry containing CoO/graphene hybrid, acetylene 
black and polyvinylidene fl uoride (PVDF) or carboxymethyl cellulose 
(CMC) at a weight ratio of 8:1:1 on Cu foil. 

  Material Characterization : XRD measurements were performed on 
a Rigaku-Dmax 2500 diffractometer with Cu-K α  radiation. SEM was 
performed on a fi eld emission Hitachi S-4800 instrument. TEM was 
performed using a FEI Tecnai G 2  S-Twin instrument. XPS analysis 
was carried on an ESCALAB MK II X-ray photoelectron spectrometer. 
Zeta potential was measured by dynamic light scattering (Malvern 
Nano-ZS). Thermogravimetric analysis/differential thermal analysis 
(TG/DTA) was performed at a heating rate of 2.5  ° C min  − 1  in fl owing 
air (NETZSCH STA 449F3, Germany). The porosity was determined by 
nitrogen sorption using a micrometritics ASAP 2020 analyzer. Raman 
spectra were collected using a micro-Raman spectrometer (Renishaw) 
with a laser of 532 nm wavelength. AFM measurements were applied on 
Bruker Multimode scanning probe microscope with a Nanoscope III A 
controller in ScanAsyst in Air. 

  Electrochemical Measurement : The electrochemical experiments were 
performed via CR2025 coin-type test cells assembled in a dry argon-fi lled 
glove box. The test cell consisted of a working electrode and a lithium 
foil which was separated by a Celgard 2400 membrane. The electrolyte 
solution was prepared by dissolving 1 M LiPF 6  in a 1:1 mass ratio 
mixture of ethylene carbonate and dimethyl carbonate. Each electrode 
has approximately 0.3–0.6 mg of active material. Galvanostatic charge-
discharge cycling tests were performed using an LAND CT2001A battery 
testing system in the voltage range between 0.01 V and 3 V. Impedance 
and the cyclic voltammetry (CV) measurements were performed used a 
VMP3 Electrochemical workstation (Bio-logic Inc).  
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