
www.afm-journal.de

FU
LL

 P
A
P
ER

2560

www.MaterialsViews.com
    Changzhou   Yuan  ,   *      Long   Yang  ,     Linrui   Hou  ,     Jiaoyang   Li  ,     Yaxin   Sun  ,     Xiaogang   Zhang  ,   *   
   Laifa   Shen  ,     Xiangjun   Lu  ,     Shenglin   Xiong  ,   *      and   Xiong Wen   (David) Lou   *   

Flexible Hybrid Paper Made of Monolayer Co 3 O 4  
Microsphere Arrays on rGO/CNTs and Their Application in 
Electrochemical Capacitors
 A facile one-step hydrothermal method is developed for large-scale produc-
tion of well-designed fl exible and free-standing Co 3 O 4 /reduced graphene 
oxide (rGO)/carbon nanotubes (CNTs) hybrid paper as an electrode for 
electrochemical capacitors. Densely packed unique Co 3 O 4  monolayer micro-
sphere arrays uniformly cover the surface of the rGO/CNTs fi lm. The alkaline 
hydrothermal treatment leads to not only the deposition of Co 3 O 4  micro-
spheres array, but also the reduction of the GO sheets at the same time. The 
unique hybrid paper is evaluated as an electrode for electrochemical capaci-
tors without any ancillary materials. It is found that the obtained hybrid fl ex-
ible paper, composed of Co 3 O 4  microsphere array anchored to the underling 
conductive rGO/CNTs substrate with robust adhesion, is able to deliver high 
specifi c capacitance with excellent electrochemical stability even at high cur-
rent densities, suggesting its promising application as an effi cient electrode 
material for electrochemical capacitors. 
  1. Introduction 

 Electrochemical capacitors (ECs), as a promising energy con-
version/storage and power output technology for digital com-
munications and hybrid electronic vehicles, have attracted 
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tremendous interest because of their 
advantages of higher power delivery and 
better cycling lifespan over batteries. [  1–4  ]  
The capacitance of conventional electrical 
double-layer capacitors (EDLCs) originates 
from the sole charge separation occur-
ring at the electrode/electrolyte interface. 
The resultant specifi c capacitance (SC) is 
not able to meet the ever-growing need 
for peak-power assistance in electric vehi-
cles. [  1–4  ]  While electrochemical pseudoca-
pacitors (ECPs) using metal hydroxides 
and/or oxides and conductive polymers 
exhibit much higher SC and energy den-
sity due to their reversible multi-electron 
redox Faradaic reactions. [  5–14  ]  Among these 
materials, cobalt (II, III) oxide (Co 3 O 4 ) has 
been conceived as a promising electroactive 
material with great potential to replace the 
state-of-the-art ruthium dioxide in view of 
its low cost, high redox activity, large theoretical SC (3560 F g  − 1 ), 
great reversibility, and a more environment-friendly nature. [  5–11  ]  
However, it is still challenging and imperative to develop effi -
cient but simple ways to enhance the utilization of electroactive 
Co 3 O 4 , particularly at high rates, considering the observed SCs 
are much lower than its theoretical value. 

 Up to now, most of Co 3 O 4 -based electrodes for electrochem-
ical evaluation in the literature are commonly binder-enriched 
electrodes produced by the traditional slurry-coating tech-
nology, [  6–11  ]  in which a large portion of surface of electroactive 
Co 3 O 4  is blocked from the contact with the electrolyte ions to 
participate in Faradaic reactions for energy storage. Further-
more, the binder involved will greatly decrease the electrical 
conductivity of the electrode materials, hindering their potential 
application in high-performance ECs. Therefore, to achieve ideal 
electrochemical performance, it is important to directly disperse 
and wire up electroactive Co 3 O 4  to an underlying conductive sub-
strate. In this regard, novel, free-standing and binder-free elec-
trodes for ECs are highly desirable because such electrodes not 
only avoid the conventional tedious process of electrode making 
but also make electroactive Co 3 O 4  with its large naked surface 
in direct contact with electrolyte and better electric contact with 
substrates for effi cient energy storage at large current densities. 

 Recently, fl exible fi lms composed of 1D carbon nanotubes 
(CNTs) and 2D reduced graphene oxide (rGO) have been exten-
sively studied in lithium-ion batteries (LIBs), ECs, and trans-
parent conductors. [  15–20  ]  The CNTs in the fl exible rGO/CNTs fi lm 
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      Figure  1 .     XRD patterns and optical images (insets) of a) the GO/CNTs 
fi lm and b) the Co 3 O 4 /rGO/CNTs hybrid paper.  
not only effi ciently increase the basal spacing but also bridge 
the defects for electron transfer between rGO nanosheets. [  16  ]  
Thus, the unique rGO/CNTs fi lm, while remaining perfect fl ex-
ibility, displays even better electrochemical performance and 
higher electronic conductivity than the single-component rGO 
fi lm. [  16  ]  Therefore, the fl exible rGO/CNTs fi lm would be a per-
fect substrate to deposit Co 3 O 4  for ECs applications in view of 
its admirable electronic conductivity and good fl exibility. 

 Here, we report a facile but effi cient route to synthesize fl ex-
ible and free-standing Co 3 O 4 /rGO/CNTs hybrid paper for ECs, 
where Co 3 O 4  monolayer microsphere arrays are directly grown 
on the rGO/CNTs fi lm via a simple one-step hydrothermal 
deposition. This process avoids a troublesome two-step method 
(hydrothermal deposition and subsequent calcination) that is 
usually required to grow Co 3 O 4  on some substrates (e.g., Cu 
foil, nickel foam, etc . ), as reported previously. [  21–23  ]  Afterwards, 
electrochemical performance of the Co 3 O 4 /rGO/CNTs hybrid 
paper electrode for ECs is evaluated in a three-electrode system 
at room temperature. Interestingly, the as-prepared Co 3 O 4 /
rGO/CNTs hybrid paper exhibits large SCs and good cycling 
stability at high rates in a 3  M  KOH electrolyte, making such a 
hybrid paper a promising electrode for ECs applications.   

 2. Results and Discussion  

 2.1. Synthesis and Structural Analysis of the As-Prepared 
Co 3 O 4 /rGO/CNTs Hybrid Paper 

   Figure 1   shows the X-ray diffraction (XRD) patterns of the GO/
CNTs fi lm and the Co 3 O 4 /rGO/CNTs hybrid paper. As observed 
in Figure  1 a, the XRD pattern of the black GO/CNTs fi lm 
(the inset) reveals an intense and sharp peak located at 2  θ    =  
10.8 ° , corresponding to the characteristic (001) diffraction of 
the GO. The interlayer spacing (0.81 nm) is much larger than 
that of natural graphite (ca. 0.34 nm), due to the introduction 
of oxygen-containing function groups on the graphite sheets 
and the CNTs between them. [  24  ,  25  ]  Also, another visible peak 
at 2  θ    =  26.5 °  can be attributed to the CNTs in the GO/CNTs 
fi lm. [  26  ,  27  ]  From the XRD pattern (Figure  1 b) of the Co 3 O 4 /
rGO/CNTs hybrid paper, seven pronounced diffraction peaks 
can be perfectly assigned to the (111), (220), (311), (400), (422), 
(440), and (533) planes of the cubic spinel Co 3 O 4  (space group: 
FD-3m(227), JCPDS no. 43-1003). Interestingly, the sharp 
peak at 2  θ    =  10.8 °  disappears and the peak at 2  θ    =  26.5 °  can 
still be observed after hydrothermal deposition of Co 3 O 4 , as 
presented in Figure S1 (Supporting Information). Moreover, 
another peak 2  θ    =  22.1 °  is also evident for the fl exible hybrid 
paper (Figure S1, Supporting Information). [  28  ,  29  ]  These XRD 
data indicate that the reduction of the GO has been success-
fully performed. Therefore, the alkaline hydrothermal treat-
ment applied here not only facilities the formation of Co 3 O 4  
phase but also results in reduction of the GO, which can be 
further verifi ed by the typical XRD pattern of rGO/CNT fi lm, 
that is obtained by treating the pristine GO/CNTs fi lm for the 
same alkaline hydrothermal process (Figure S2, Supporting 
Information). Although the underlying reduction mechanism 
remains unclear at this moment, the reduction of GO under 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2560–2566
alkaline conditions has also been reported by others. [  30  ,  31  ]  Thus, 
the black Co 3 O 4 /rGO/CNTs fl exible hybrid paper (the inset in 
 Figure    2  b) can be obtained after the facile one-step alkaline 
hydrothermal treatment.   

 The more detailed composition of the Co 3 O 4 /rGO/CNTs 
hybrid paper is further characterized by X-ray photoelectron 
spectroscopy (XPS) and the corresponding results are pre-
sented in Figure  2 . The Co 2p XPS spectrum (Figure  2 a) shows 
two major peaks with binding energies at 779.85 and 794.82 eV, 
corresponding to Co 2p 3/2  and Co 2p 1/2 , respectively, with a 
spin-energy separation of 14.97 eV, which is characteristic of 
a Co 3 O 4  phase. [  32–37  ]  The high-resolution spectrum for the O 
1s region (Figure  1 b) shows two oxygen contributions from 
the Co 3 O 4  and rGO. Particularly, the two core levels centered 
at 531.5 and 529.8 eV correspond to the oxygen species in the 
Co 3 O 4  phase, the rGO and the –OH species absorbed onto the 
surface of these microspheres. [  33  ,  34  ,  37  ]  In addition, the C 1s 
2561wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure  2 .     High-resolution XPS measurements for the Co 2p (a), O 1s (b), 
and C 1s (c) core levels for the Co 3 O 4 /rGO/CNTs hybrid paper.  

      Figure  3 .     FTIR spectra of the GO/CNTs fi lm and the rGO/CNTs fi lm as 
indicated.  
spectrum ( Figure    3  c) reveals the presence of three components 
of the carbon bond, i.e., C = O (286.7 eV), O = C = OH (288.1 eV), 
and C = C/C = C (284.5 eV), which are all in good agreement with 
62 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
the literature values. [  36  ]  It is interesting to note that the intensity 
of the peak associated with C = C/C = C becomes predominant, 
while the intensities of C = O and O = C = OH are dramatically 
reduced, compared to those reported in previous reports. [  36–40  ]  
This indicates that most of the oxygen-containing functional 
groups have been successfully removed, which also can be con-
fi rmed by the Fourier transform infrared (FTIR) data. [  36–40  ]  As 
presented in Figure  3 , the FTIR spectrum of the GO/CNTs fi lm 
mainly exhibits fi ve characteristic peaks. Specifi cally, the broad 
peak at 3407 cm  − 1  is related to O–H stretching vibrations. The 
peaks at 1726, 1624, 1225, and 1055 cm  − 1  can be assigned to 
C = O stretching motions of carboxylic acid and carbonyl moie-
ties, C = C skeletal vibrations of unoxidized graphitic domains, 
C–OH stretching vibrations and C–O–C stretching vibrations, 
respectively. After alkaline treatment, the decreasing peaks 
in intensity at 3407 cm  − 1  and the absence of the peaks at and 
1726, 1225, and 1055 cm  − 1  indicates that a great majority of 
functional groups have been removed. As a result, the electrical 
conductivity of the rGO/CNTs fi lm is ca. 25.6 S cm  − 1 , which is 
ca .  50 times higher than that of the GO/CNTs fi lm and favo-
rable for the effi cient energy storage. More importantly, the 
electrical conductivity of the Co 3 O 4 /rGO/CNTs hybrid paper 
can also remain as high as ca. 22 S cm  − 1 .  

 The heterostructure of the Co 3 O 4 /rGO/CNTs hybrid paper 
can be verifi ed by morphological examination. Typical top-view 
fi eld-emission scanning electron microscopy (FESEM) images 
over large area of the Co 3 O 4 /rGO/CNTs hybrid paper have been 
shown in  Figure    4  a,b. Apparently, Co 3 O 4  microspheres with 
the size of ca .  1  μ m are uniformly deposited on the surface of 
the rGO/CNTs fi lm, in sharp contrast with the rGO/CNTs fi lm 
(Figure S3a,b, Supporting Information). It is likely that the 
oxygen-containing functional groups (Figure  3 ), such as hydroxyl 
and carbonyl groups, on the surface of GO/CNTs fi lm would act 
as anchor sites for the as-formed Co 3 O 4  crystals. Figure  4 c dis-
plays a cross-sectional FESEM image of the Co 3 O 4 /rGO/CNTs 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2560–2566
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      Figure  4 .     Typical a,b) top-view and c) side-view FESEM images of the fl exible Co 3 O 4 /rGO/
CNTs hybrid paper. The inset in (c) is the enlarged part of the region indicated by the green 
rectangle. The photograph in (d) demonstrates the fl exibility of the paper. e,f) Enlarged cross-
sectional view of the paper. g) TEM and HRTEM (the inset in g) images of Co 3 O 4  microspheres. 
h) Atomic structure of the cubic phase Co 3 O 4 .  
hybrid paper. It can be seen that the average thickness of the 
Co 3 O 4 /rGO/CNTs hybrid paper with a layered structure is ca. 
50  μ m. The Co 3 O 4  microspheres are well-organized into a close-
packed interconnected monolayer array, with a long range align-
ment that is both parallel and perpendicular to the rGO/CNTs 
fi lms. The digital picture (Figure  4 d) shows that the Co 3 O 4 /rGO/
CNTs hybrid paper demonstrates good fl exibility. In addition, the 
CNTs sandwiched between the rGO sheets as indicated by the 
green arrows (the inset in Figure  4 c), can be evident. The unique 
layered structure results from the fl ow assembly effect during 
fi ltration. Closer examination (Figure  4 d,e) reveals that the skel-
eton of the array grown on the layer-structured rGO/CNTs fi lm is 
made of interconnected Co 3 O 4  microsphere building blocks with 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 2560–2566
a size of ca .  1  μ m. To further clarify whether 
the Co 3 O 4  phase also exists between the layers, 
energy dispersive analysis by X-ray (EDAX) 
line-scan element analysis of the cross-section 
of the fl exible paper is performed. The line 
spectrum (Figure S4, Supporting Informa-
tion) of the fl exible hybrid paper shows the 
presence of Co element, suggesting that some 
Co 3 O 4  can also exist between the layers of 
rGO/CNTs fi lms, although large Co 3 O 4  crys-
tals cannot be found from the FESEM images, 
as shown in Figure  4 e,f.  

 The Co 3 O 4  content in the as-prepared 
hybrid paper can be facilely determined with 
TGA technique via oxidative decomposition. 
According to the mass loss of rGO/CNTs in 
the hybrid paper, as depicted in the thermo-
gravimetric analysis (TGA) curve (Figure S5, 
Supporting Information), the weight frac-
tion of Co 3 O 4  in the hybrid paper is about 
48 wt%. Figure  4 g displays a transmission 
electron microscopy (TEM) image of the 
Co 3 O 4  microspheres. Some solid micro-
sphere-like particles with a size of ca. 1  μ m 
can be clearly found, which is consistent with 
those in Figure  4 e,f. The HRTEM image (the 
inset of Figure  4 g) shows that an interplanar 
distance between adjacent lattice planes is 
0.24 nm, which corresponds to the (311) 
plane of Co 3 O 4  crystals (Figure  3 h).   

 2.2. Formation Mechanism of the As-Pre-
pared Co 3 O 4 /rGO/CNTs Hybrid Paper 

 Importantly, the construction of Co 3 O 4 /rGO/
CNTs fl exible fi lm is performed by a facile 
one-step method, unlike those common two-
step routes. [  21–23  ]  To investigate the major 
parameters that infl uence the one-step growth 
of Co 3 O 4  phase on the surface of rGO/CNTs 
fi lm, some other precipitants (such as, urea, 
 L -lysine, [  41  ,  42  ]  and KOH) and a different sub-
strate (the rGO/CNTs fi lm) are systematically 
studied. 
 As can be seen from Figure S6a (Sup-
porting Information), except the peak (2  θ    =  26.5 ° ) ascribed the 
rGO/CNTs, other ten typical diffraction peaks of the as-syn-
thesized hybrid paper by using urea as the precipitant can be 
successfully indexed to the cobalt carbonate hydroxide hydrate 
(Co(CO 3 ) 0.5 (OH)  x   · 0.11H 2 O; JCPDS no. 48-0083), rather than 
the Co 3 O 4  phase. Moreover, the pink sample grown on the rGO/
CNTs presents uniform 3D nanowall-like arrays (Figure S6b–d, 
Supporting Information), and the nanowall is assembled by lots 
of cobalt carbonate hydroxide hydrate bundle with a diameter of 
 ≈ 50–100 nm (Figure S6e,f, Supporting Information), which is 
wholly distinguished from that synthesized by using NH 3  · H 2 O 
as the precipitant. In addition, when  L -lysine and KOH are used 
as the precipitants, the samples grown on the rGO/CNTs are 
2563wileyonlinelibrary.comheim
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      Figure  5 .     a) CV curves, b) CP plots, c) specifi c capacitance and coulombic effi ciency as a 
function of current density, and d) cycling stability of the Co 3 O 4 /rGO/CNTs hybrid paper at 
progressive varying current densities.  
both hexagonal phase  β -Co(OH) 2  crystalline 
structure (Figure S7a and Figure S8a, Sup-
porting Information), rather than Co 3 O 4  and/
or cobalt carbonate hydroxide hydrate. How-
ever, the Co(OH) 2  phase manifests as two 
wholly different morphologies. When  L -lysine 
is used as the precipitant, the Co(OH) 2  exists 
as an aggregation of lots of small nanorods 
(Figure S7b–d, Supporting Information). 
On the other hand, fl ake-like Co(OH) 2  can 
be found (Figure S8b, Supporting Informa-
tion) when KOH is used. As discussed above, 
therefore, it is evident to conclude that the 
precipitants greatly infl uence the composi-
tions and morphologies of the hybrid papers, 
and the NH 3  · H 2 O plays a signifi cant role in 
the one-step growth of Co 3 O 4  microspheres 
upon the rGO/CNTs fi lm. 

 Furthermore, we directly use the rGO/
CNTs as the substrate to deposit Co 3 O 4  by 
using the precipitant of NH 3  · H 2 O. Figure S9a 
(Supporting Information) shows the XRD of 
as-synthesized sample using NH 3  · H 2 O as 
precipitation and the rGO/CNTs fi lm as depo-
sition substrate. All the diffraction peaks can 
be indexed as the hexagonal phase  β -Co(OH) 2  
crystalline structure, which is consistent 
with the standard spectrum (JCPDS fi le no. 

30-0443) with a space group of P-31(164). Interestingly, the pink 
sample grown upon the rGO/CNTs presents uniform 3D chrysan-
themum-like structures with a diameter in the range of  ≈ 6–8  μ m, 
which are self-assembled in a radial way by numerous aligned 
cobalt hydroxide nanowires with the length of around 2  μ m and 
a mean diameter of 100 nm (Figure S9b–f, Supporting Informa-
tion). Unfortunately, once ultrasonication, the Co(OH) 2  chrysan-
themum-like arrays have been wholly peeled off. Obviously, the 
weak adhesion to the underlying rGO/CNTs substrate presents. 
Here, the only difference is the use of rGO/CNTs as substrate 
rather than the GO/CNTs fi lm. Clearly, the rGO owns much 
less oxygen content than the GO. Therefore, the higher amount 
of oxygen-containing species existing on the surface of GO may 
serve as oxidant to facilitate the formation of Co 3 O 4  phase and 
enhance the adherence of Co 3 O 4  to the rGO/CNTs substrate. 

 On the basis of our experimental results and the extensive 
discussion mentioned above, the synergetic effect of the precipi-
tant NH 3  · H 2 O and oxygen-containing functional groups on the 
GO surface on the formation of the unique hierarchical hybrid 
paper can be attentively put forward. Because of the unique 
hybrid structure, Co 3 O 4  microsphere arrays fi rmly grown on 
the rGO/CNTs substrate with good electronic conductivity, this 
Co 3 O 4 /rGO/CNTs hybrid paper can directly serve as a working 
electrode for ECs.   

 2.3. Electrochemical Performance of the As-Prepared Co 3 O 4 /
rGO/CNTs Hybrid Paper 

 Cyclic voltammetry (CV) and chronopotentiometry (CP) meas-
urements are conducted in a three-electrode cell to evaluate 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the electrochemical properties of the Co 3 O 4 /rGO/CNTs hybrid 
paper.  Figure    5  a presents the representative CV curves of the 
hierarchical hybrid paper in 3 M KOH electrolyte at the scan 
rates of 5, 10, 20 mV s  − 1 . Well defi ned broad redox reaction 
peaks are visible in CV curves, indicating that the electrochem-
ical capacitance of the Co 3 O 4 /rGO/CNTs fl exible fi lm is mainly 
contributed by the pseudocapacitance, as shown by Equation 
 1 , 2 . Furthermore, the peak current increases with insignifi cant 
change in the CV shape when scan rates increase from 5 to 
20 mV s  − 1 , which reveals its good electrochemical reversibility 
and high power characteristics.

 Co3O4 + OH− + H2O ↔ 3CoOOH + e−
  (1)   

 CoOOH + OH− ↔ CoO2 + H2O + e−
  (2)     

 On the contrary, the area under the current–potential curve 
and electrochemical response current density are extremely 
small even at 10 mV s  − 1  for the rGO/CNTs fi lm, suggesting that 
the SC of the rGO/CNTs fi lm is very little, as shown in Figure 
S10a (Supporting Information). 

 To get more information about the potential of the as-syn-
thesized Co 3 O 4 /rGO/CNTs hybrid paper as electrode mate-
rials for ECs, galvanostatic charge-discharge measurements 
are carried out in 3  M  KOH solution between –0.2 to 0.45 V 
(vs .  SCE) at different current densities ranging from 2 to 
8 A g  − 1 , as shown in Figure  5 b. The observed mirror-like poten-
tial-time response implies the high charge-discharge columbic 
effi ciency (not less than 99.5%) of the paper electrode at all 
the current densities, as shown in Figure  5 c. The SCs of the 
fl exible paper electrode can be calculated based on the charge-
discharge curves in Figure  4 b and the typical data are plotted 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2560–2566
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in Figure  4 c. Evidently, the fl exible paper electrode exhibits 
excellent pseudocapacitances of 378, 364, 351, 330, 323, and 
297 F g  − 1  at 2, 3, 4, 5, 6, and 8 A g  − 1 , respectively. This also 
suggests that 78% of the capacitance is still retained when the 
charge–discharge rate changes from 2 to 8 A g  − 1 , which is even 
better than other Co 3 O 4 /rGO electrodes. [  43–45  ]  And based on 
the CP data (Figure S10b, Supporting Information), the SCs 
of 5.8, 5.3, 5, 4.7, 4.4, and 4 F g  − 1  are delivered by the rGO/
CNTs fi lm at 2, 3, 4, 5, 6, and 8 A g  − 1 , respectively, which clearly 
proves that the main contribution of the measured SCs of the 
Co 3 O 4 /rGO/CNTs fi lm is from the pseudocapacitive surface 
redox process of Co 3 O 4  species grown on the rGO/CNTs fi lm, 
rather than the rGO/CNTs fi lm itself. Considering the loading 
of Co 3 O 4 , a SC contribution of ca. 781 F g  − 1  can be obtained at 
a current density of 2 A g  − 1  by the Co 3 O 4  phase in the hybrid 
paper. The cycling performance of the fl exible paper at pro-
gressively increased current densities is recorded as shown in 
Figure  5 d. Obviously, the fl exible paper electrode exhibits stable 
cycling performance at each current density. After 2300 times 
of continuous cycling at varying current densities, the current 
density is returned to 2 A g  − 1 . Under this condition, ca .  96% 
of the initial capacitance at 2 A g  − 1  can still be recovered and 
maintained for another 700 cycles without noticeable decrease. 
The data in Figure  4 d highlights the capability of the fl exible 
paper electrode to meet the requirements of both long cycle 
life and good rate capability, which are important merits for the 
practical energy storage devices. 

 The large SCs and good cycling stability of our Co 3 O 4 /rGO/
CNTs fl exible hybrid paper are attributed to the intimate inte-
gration between the rGO/CNTs fi lm with good electronic con-
ductivity and the Co 3 O 4  microsphere array grown directly on it. 
Specifi cally, charges could be effectively and rapidly conducted 
back and forth from the electroactive Co 3 O 4  microsphere array 
and the rGO/CNTs collector through the highly conducting 
three-dimensional network. The rGO/CNTs support can also 
ensure good dispersion of the Co 3 O 4  microsphere array, a desir-
able feature for enhancing the cycling stability.    

 3. Conclusions 

 In summary, we have developed a facile one-step method to 
synthesize fl exible and free-standing Co 3 O 4 /rGO/CNTs paper 
electrodes for electrochemical capacitors. In this unique hybrid 
paper, a monolayer Co 3 O 4  microsphere array is grown directly 
on the rGO/CNTs fi lm over large area. Comparative experi-
ments confi rm that the precipitant of NH 3  · H 2 O and oxygen-
containing functional groups on GO surface synergistically 
contribute to the one-step formation of the Co 3 O 4  phase on the 
rGO/CNTs fi lm. Electrochemical evaluation reveals that this 
unique fl exible paper electrode can deliver an SC of 378 F g  − 1  
at 2 A g  − 1  and 297 F g  − 1  at 8 A g  − 1  with excellent electrochem-
ical stability. The desirable electrochemical performance of the 
fl exible paper electrode stems mainly from the unique hierar-
chical microstructure. The present structural design approach 
offers an effective and convenient technique to boost the spe-
cifi c capacities, rate capability, and cycling stability of electrode 
materials for ECs, which is particularly useful for lithium-ion 
battery applications.   
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2560–2566
 4. Experimental Section 
  Synthesis of Co 3 O 4 /rGO/CNTs Flexible Paper : All the chemicals were 

of analytical grade and were used without further purifi cation. GO was 
synthesized from natural graphite by a modifi ed Hummers method as 
described elsewhere. [  36  ,  38  ]  As-synthesized GO was suspended in water 
to give a brown dispersion, which was then subjected to dialysis to 
completely remove residual salts and acids. CNTs were purchased from 
Nanotech Port Co. (Shenzhen China) and purifi ed by refl uxing in nitric 
acid (HNO 3 ) at 40  ° C for 4 h before use. The GO/CNTs hybrid fi lm was 
prepared by the following process. GO (27.5 mg) was dispersed in 
distilled water (50 mL) by ultrasonication for 1 h. After adding 5.5 mg of 
CNTs, the mixture was sonicated for another 30 min and then fi ltered by 
a vacuum fi lter equipped with a 0.2  μ m porous polytetrafl uoroethylene 
(PTFE) membrane to obtain a GO/CNTs hybrid fi lm. Co(NO 3 ) 2  · 6H 2 O 
(10 mmol) and NH 4 NO 3  (5 mmol) were dissolved in a solution 
consisting of 35 mL of H 2 O and 18 mL of ammonia (25 wt%). Then, 
the homogeneous solution and the GO/CNTs fi lm were then transferred 
into a Tefl on-lined stainless steel autoclave. The autoclave was sealed 
and maintained at 90  ° C for 14 h. After cooled to room temperature, 
the fl exible hybrid paper was rinsed under ultrasonication, and dried 
at 80  ° C for 12 h. For comparison, some samples were also made by 
using other precipitants (urea (CO(NH 2 ) 2 ),  L -lysine, and KOH) while 
other synthesis conditions were kept the same. Additionally, the rGO/
CNTs fi lm was prepared by treating the GO/CNTs fi lm in the same 
hydrothermal process but without adding Co(NO 3 ) 2  · 6H 2 O. 

  Materials Characterization : The samples were examined by powder 
XRD (Max 18 XCE, Japan) using a Cu K a  source (  λ    =  0.1542 nm) at a 
scanning speed of 3 °  min  − 1  over a 2  θ   range of 10–80 ° . The morphology 
was observed with fi eld-emission scanning electron microscopy (FESEM; 
JEOL-6300F, 15 kV) and TEM (FEI, TECNAI-20). XPS measurements were 
performed on a VGESCALAB MKII X-ray photoelectron spectrometer 
with a Mg ka  excitation source (1253.6 eV). FTIR spectra were recorded 
with a Model 360 Nicolet AVATAR. TGA measurements were carried out 
under nitrogen fl ow with a NETZSCH STA 409 PC system TG Analyzer 
at a heating rate of 10  ° C min  − 1 . Electrical conductivity was measured 
by the conventional four-probe DC method (SDY-5 Four-Point probe 
meter). 

  Electrochemical Tests : The Co 3 O 4 /rGO/CNTs fl exible paper acted 
directly as the working electrode for the following electrochemical tests 
by CV and CP, performed with a CHI660C electrochemical workstation. 
All measurements were carried out in a three compartment cell with a 
working electrode, a platinum plate counter electrode, and a saturated 
calomel electrode (SCE) as the reference electrode at room temperature. 
The electrolyte was a 3  M  KOH aqueous solution. 

 The SCs of the Co 3 O 4 /rGO/CNTs fl exible paper electrode or the 
rGO/CNTs electrode were calculated from the CP curves based on the 
following equation:

 
C = It

�V   
(3)

   
where  C ,  I ,  t , and  Δ  V  are the SC (F g  − 1 ) of the electrodes, the discharging 
current density (A g  − 1 ), the discharging time (s), and the discharging 
potential range (V), respectively. Also, the SCs of Co 3 O 4  was obtained 
according to the following equation: [  26  ,  46  ] 

 CCo3O4 =
CCo3O4/rGO/CNTs − (1 − wCo3O4 )C rGO/CNTs

wCo3O4

  (4)   

where  CCo3O4 /rGO/CNTs  ,  CCo3O4  ,  wCo3O4  ,  C  rGO/CNTs  are the SC of Co 3 O 4  in the 
Co 3 O 4 /rGO/CNTs fl exible paper, the percentage of Co 3 O 4  in the fl exible 
paper and the SC of the rGO/CNTs fi lm, respectively. 

 An important parameter, the columbic effi ciency (  η  ) of the electrode, 
was evaluated from the following equation based on the CP plots 
depicted in Figure  3 c:

 
η =

tD

tC
× 100%

  
(5)

   
where  t  D  and  t  C  are the time for galvanostatic discharging and charging, 
respectively.   
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