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devices because they are too heavy or 
bulky. [ 3,4 ]  Recently, the fl exible thin fi lm 
energy storage/supply devices as a new 
emerging branch are attracting more and 
more interest because they are propi-
tious to make the whole entire device to 
be light, thin and fl exible and are much 
favorable for the development of minia-
turized/portable electronic devices. [ 5,6 ]  

 SCs as promising energy-storage 
devices have attracted tremendous 
interest because of their high power den-
sity and capability to quickly charge and 
discharge, which are favorable character-
istics of devices that are utilized in port-
able electronics, hybrid vehicles, and 
backup energy systems. [ 7–15 ]  Recently, 
the cellulose paper (CP)-based thin fi lm 
SCs have been considered to be a novel 
platform for inexpensive and portable 
devices as the CP is widely available, 
fl exible, low-cost, lightweight, biodegrad-
able, and can be rolled or folded into 3D 
confi gurations. [ 16–18 ]  However, the low 
energy density and poor cycle stability are 
serious bottlenecks for the applications 
of CP-based thin fi lm SCs. Comparing 

with conventional SCs, the asymmetric SCs can operate in 
much wider potential windows, which will lead to a substantial 
increase in the energy density. [ 19,20 ]  In addition, the incorpo-
ration of advanced functional materials and nanotechnologies 
will allow scientists to enhance the energy density and cycle 
stability of CP-based thin fi lm SCs. [ 21–23 ]  However, the high 
surface roughness and insulation of CP are major concerns 
for material interconnections and functional device fabrica-
tion. This makes integration of functional electronic counter-
parts on CP diffi cult. To overcome the above limitations and 
improve the electrochemical performance, recently many 
studies have focused on developing functional CP electrodes. 
For example, Cui et al. demonstrated the concept of fabricating 
conductive CP electrodes by directly drawing graphite on CP 
with a pencil, [ 21 ]  Zhou et al. developed functional CP electrodes 
through polypyrrole (PPy) coating on CP by a simple and low-
cost “soak and polymerization” method, [ 22 ]  and Wang et al. fab-
ricated highly fl exible all-solid-state SCs based on the PANI/
Au/paper. [ 23 ]  Despite great progress, metal oxide coating and 
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  1.     Introduction 

 The development of miniaturized/portable electronic devices, 
such as fl exible/wearable electronics and active artifi cial skins, 
eagerly requires a high performance, compact, light and inte-
grable energy storage/supply module to ensure their function-
ality. [ 1,2 ]  The conventional energy storage/supply devices, such 
as batteries and supercapacitors (SCs), are very diffi cult to pro-
vide the power needed for the miniaturized/portable electronic 
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multi-layered coating on CP and the fabrication of CP-based 
asymmetrical thin fi lm SCs with high-performance still face a 
huge challenge. It is highly desirable to develop the CP-based 
asymmetrical thin fi lm SCs with superior cycle stability and 
high energy density without sacrifi cing their power density. 

 In this study, we develop novel sandwich-structured 
graphite/Ni/Co 2 NiO 4 -CP as positive electrode and graphite/
Ni/active carbon (AC)-CP as negative electrode for fl exible 
and high-effi cient asymmetrical thin fi lm supercapacitors 
(ATFSCs). We fi rstly demonstrated a simple drawing-elec-
trodeposition-anodic oxide combined method to fabricate 
the multi-layered graphite/Ni/Co 2 NiO 4 -CP electrodes and a 
drawing-electrodeposition-drawing combined method to fab-
ricate the multi-layered graphite/Ni/AC-CP electrodes. The 
idea here was inspired by the fact that graphite layer is easy 
to be coated on CP by simple drawing method and then Ni 
and Co 2 NiO 4  layers can be easily electrodeposited on it. It 
has been reported that nickel-cobalt binary metal oxides have 
greater electron conductivity and electrochemical activity than 
nickel and cobalt oxides. The nickel-cobalt binary metal oxides 
are generally regarded as a kind of mixed valence oxide that 
adopts a pure spinel structure and is expected to offer richer 
redox chemistry than the two single component oxides due to 
the combined contributions from both nickel and cobalt ions. 
Co 2 NiO 4  has been considered to be one of the most attractive 
electrode materials for SCs because of its low cost, high abun-
dance, high theoretical specifi c capacitance ( C  sp ), and envi-
ronmental friendliness. AC is a promising negative electrode 
because of their large surface area, excellent electrical conduc-
tivity, and outstanding electrochemical stability. Here the fl ex-
ible ATFSCs assembled by sandwich-structured graphite/Ni/
Co 2 NiO 4 -CP as positive electrodes and graphite/Ni/AC-CP as 
negative electrodes exhibit large volumetric  C  sp  of 7.6 F/cm 3  
(equal to 247 F/g at 5 mV/s), superior long-term cycle stability 
(less 4% loss of the maximum  C  sp  after 20 000 cycles), high 
energy density (2.48 mWh/cm 3 , 80 Wh/kg), and high power 
density (0.79 W/cm 3 , 25.6 kW/kg). These fi ndings indicate 
that the sandwich-structured graphite/Ni/Co 2 NiO 4 -CP and 
graphite/ Ni/AC-CP electrodes are promising for the fl exible 
ATFSCs.  

  2.     Results and Discussion 

 The fabrication procedure of graphite/Ni/Co 2 NiO 4 -CP elec-
trode is shown in  Figure    1  a: i) The homogeneous graphite 
layer is fi rstly coated on CP to form the graphite-CP by drawing 
method; ii) Then the homogeneous Ni layer is coated on the 
surface of graphite-CP to form graphite/Ni-CP; iii) Co 2 NiO 4  
nanosheets are further coated on the surface of graphite/Ni-CP 
by electrodeposition and anodic anodization and accordingly 
the sandwich-structured graphite/Ni/Co 2 NiO 4 -CP electrode 
is fabricated (details in Experimental Section and Supporting 
Information (SI)). Optical images of CP and graphite-CP are 
shown in Figure  1 b and  1 c, respectively, and they show the 
graphite layer on CP is very uniform. The mass loading of 
graphite is 0.15 mg/cm 2 . The electrical resistance of graphite-
CP (2.0 cm × 0.5 cm) is ≈170 Ω/sq. So the resistance of CP 
(>20 MΩ/sq) is greatly reduced by coating graphite layer. 

Optical image of graphite/Ni-CP is shown in Figure  1 d, and 
it indicates Ni layer is also uniform. After coating Ni layer, the 
resistance of sample is further obviously reduced and it is only 
≈1.0 Ω/sq. Optical image of graphite/Ni/Co 2 NiO 4 -CP is shown 
in Figure  1 e, and it demonstrates that the Co 2 NiO 4  layer is uni-
formly coated on the surface of graphite/Ni-CP. The electronic 
and ionic conductivities of the graphite/Ni/Co 2 NiO 4 -CP elec-
trode are studied by electrochemical impedance spectroscopy 
(EIS). Nyquist plot of the graphite/Ni/Co 2 NiO 4 -CP electrode 
between 0.01 and 10 000 Hz is shown in Figure S1, which 
shows the graphite/Ni/Co 2 NiO 4 -CP electrode has high electron 
and ionic conductibility. The high conductibility in electrode 
will favor rate capability for high power performance and fast 
charge–discharge, and the utilization rate of electrode material 
will also be largely enhanced because of the slight polarization.  

 Figure  1 f,g shows SEM images of surface morphologies of 
CP and graphite-CP, respectively. We can clearly see that the 
surface of CP is rough and porous. After coating graphite 
layer, the surface becomes uniform as shown in Figure  1 g. 
SEM image of the cross section of graphite-CP is shown in 
Figure  1 h, which shows the thicknesses of graphite layer is 
about 2.0 µm. The surface of Ni layer is also uniform as shown 
in Figure  1 i. SEM image of the cross section of graphite/Ni-CP 
is shown in Figure  1 j, which shows the thicknesses of Ni layer 
is about 1.0 µm. Figure  1 k shows the Co 2 NiO 4  layer grown on 
the surface of graphite/Ni-CP is porous structure that is con-
sisted of nanosheets, which would relax the transport of ions, 
enable fast electrochemical reactions and provide short diffu-
sion paths for ions. The porous structures would also obviously 
enhance the utilization rate of Co 2 NiO 4 . SEM images of the 
cross sections of the graphite/Ni/Co 2 NiO 4 -CP and the magni-
fi ed Ni/Co 2 NiO 4  layers are shown in Figure  1 l and  1 m, respec-
tively, which show the thickness of Co 2 NiO 4  layer is ≈1.5 µm. 
Figures  1 n–p show TEM, HRTEM and SAED images of 
Co 2 NiO 4  nanosheets in the graphite/Ni/Co 2 NiO 4 -CP. The lat-
tice fringe spacing of Co 2 NiO 4  nanosheets was measured to 
be 0.25 nm as shown in Figure  1 o, which is consistent with 
the  d -spacing of (400) plane of Co 2 NiO 4 . SAED analysis con-
fi rms that the Co 2 NiO 4  nanosheeet is single-crystal as shown 
in Figure  1 p. The sandwich-structured graphite/Ni/Co 2 NiO 4  
layers grown on CP are rather fi rmly and the graphite/Ni/
Co 2 NiO 4 -CP electrode shows good fl exibility as shown in 
Figure S2. 

 Raman spectra of graphite layer in the graphite-CP is 
shown in Figure S3, which shows two peaks at 1353 and 
1580 cm −1  and proves the existence of graphite layer. EDS 
spectrum of Ni layer in the graphite/Ni-CP and XRD patterns 
of CP, graphite-CP and graphite/Ni-CP shown in Figure S4 
prove the existence of Ni layer. XRD pattern of the graphite/
Ni/Co 2 NiO 4 -CP is shown in  Figure    2  a(iv). The peak located 
at 44.8° can be indexed to the (400) plane of Co 2 NiO 4  and 
the small peaks at 52.3° and 77.2° can be indexed to (422) 
and (533) planes of Co 2 NiO 4 , respectively (JCPDS #2–1074). 
To better understand the chemical composition of Co 2 NiO 4  
layers, X-ray photoelectron spectroscopy (XPS) was conducted 
and the results are shown in Figure  2 b–d. Figure  2 b shows 
Co 2p spectrum of Co 2 NiO 4  nanosheeets. The peak at the 
binding energy of 780.1 eV can be ascribed to Co 3+ . The peak 
at the binding energy of 782.2 eV and the satellite structures 
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can be ascribed to Co 2+ , indicating the co-existence of Co 2+  
and Co 3+  ions in Co 2 NiO 4  nanosheeets. [ 24–26 ]  Ni 2p spectrum 
of the Co 2 NiO 4  nanosheeets is shown in Figure  2 c. The Ni 
2p 3/2  peak at 855.9 and Ni 2p 3/2  peak at 857.4 eV inidcate 
the coexistence of Ni 2+  and Ni 3+ . [ 27–29 ]  XPS spectrum of O1s 

in Figure  2 d shows the peak O I  at 529.2 eV corresponds to 
nickel-oxygen bonds while the peak O II  at 531.2 eV is ascribed 
to cobalt-oxygen bonds. [ 24,25,30 ]  XPS analysis also show that 
the atom ratio of Co, Ni and O is 22.9 at%, 11.3 at% and 46.3 
at%, which is enclosed to 2:1:4. Based the above XPS results, 
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 Figure 1.    a) Schematic illustration for the fabrication of graphite/Ni/Co 2 NiO 4 -CP electrode; Optical images of b) CP, c) graphite-CP, d) graphite/
Ni-CP, and e) graphite/Ni/Co 2 NiO 4 -CP; SEM images of f) CP, g) graphite layer, h) cross section of graphite-CP, i) Ni layer, j) cross section of graphite/
Ni-CP, k) Co 2 NiO 4  layer, l) cross section of graphite/Ni/Co 2 NiO 4 -CP, and m) the magnifi ed cross section of Ni/Co 2 NiO 4  layer; n) TEM, o) HRTEM, and 
p) SAED images of a typical Co 2 NiO 4  nanosheet; q) SEM image of Co 2 NiO 4  nanosheets grown on Ti plate.
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the structure of Co 2 NiO 4  can be determined as Co(III)  x  Ni(III)  

y  [Co(II)  2-x  Ni(II)  1-y  ]O 4 .  
 To study the effect of Ni layer on the electronic state of 

Co 2 NiO 4  layer in graphite/Ni/Co 2 NiO 4 -CP electrode, the 
Co 2 NiO 4  nanosheets on Ti sheet (Co 2 NiO 4 -Ti) were also fab-
ricated as shown in Figure  1 q (the resistance of Ti sheet is 
0.03 Ω/sq). XPS spectra of Co 2 NiO 4 -Ti in Co2p, Ni2p, and 
O1s regions were also measured as shown in Figure  2 b–d, 
respectively. As shown in Figure  2 b, Co 2p 1/2  and 2p 3/2  peaks 
of graphite/Ni/Co 2 NiO 4 -CP both shift to higher binding ener-
gies (780.1 and 795.1 eV) relative to Co 2p 1/2  and 2p 3/2  peaks of 
Co 2 NiO 4 -Ti (779.6 and 794.6 eV). As shown in Figure  2 c, the Ni 
2p 1/2  and 2p 3/2  peaks of Co 2 NiO 4  in the graphite/Ni/Co 2 NiO 4 -
CP both shift to higher binding energies (855.9 and 873.2 eV) 
relative to Ni 2p 1/2  and 2p 3/2  peaks of Co 2 NiO 4 -Ti (855.4 and 
872.7 eV). In addition, the O 1s peaks of the graphite/Ni/
Co 2 NiO 4 -CP shift 0.1 eV compared with those of Co 2 NiO 4 -Ti 
as shown in Figure  2 d. So the shifts of Co 2p, Ni 2p, and O1s 
peaks in binding energies confi rm strong electron interac-
tions involving Co 2 NiO 4  layer and Ni layer in the graphite/Ni/
Co 2 NiO 4 -CP. [ 25 ]  These interactions will change electronic states 
of Co, Ni and O atoms and accordingly will improve the elec-
trochemical properties of graphite/Ni/Co 2 NiO 4 -CP. 

 Electrochemical property of the graphite/Ni/Co 2 NiO 4 -CP 
electrodes was studied in 1.0  M  KOH aqueous electrolyte by a 
three-electrode confi guration with a Pt counter-electrode and a 
saturated calomel electrode (SCE) as reference electrode. Com-
pared with graphite-CP and graphite/Ni-CP electrodes, the 
graphite/Ni/ Co 2 NiO 4 -CP electrode shows much larger cur-
rent density as shown in  Figure    3  a, indicating that Co 2 NiO 4  
is the main contributor for electrochemical capacitance. The 

graphite and Ni layers contribute much less capacitance com-
pared with Co 2 NiO 4 . Here the graphite layer is crucial for the 
coating of Ni and Co 2 NiO 4  on CP and can enhance the con-
ductivity of CP. The Ni layer further enhances the conductivity 
of electrode and can improve the electrochemical performance 
of Co 2 NiO 4 . To study the effect of Ni on the electrochemical 
property of Co 2 NiO 4 , Figure  3 b shows cyclic voltammograms 
(CVs) of the graphite/Ni/Co 2 NiO 4 -CP, graphite/Co 2 NiO 4 -CP, 
and Co 2 NiO 4 -Ti electrodes with the same loading of Co 2 NiO 4  
(0.35 mg/cm 2 ) at a scan rate of 100 mV/s. As is expected, the 
graphite/Ni/Co 2 NiO 4 -CP electrode shows a much larger cur-
rent density than those of graphite/Co 2 NiO 4 -CP and Co 2 NiO 4 -
Ti electrodes, demonstrating an obvious enhancement of 
electrochemical capacitance because of the effect of Ni layer 
on the electronic state of Co 2 NiO 4  layer. Without Ni layer, the 
graphite/Co 2 NiO 4 -CP electrode almost has no capacitance 
because its resistance is quite high. In addition, CVs of the 
graphite/Ni/Co 2 NiO 4 -CP electrode measured at different scan 
rates exhibit rectangular-like shapes and keep similar with 
increasing scan rate from 5 to 100 mV/s as shown in Figure  3 c, 
indicating good capacitive performance and high-rate capa-
bility. The areal capacitance and rate capability of the graphite/
Ni/Co 2 NiO 4 -CP, graphite/Co 2 NiO 4 -CP, and Co 2 NiO 4 -Ti elec-
trodes are compared as shown in Figure  3 d. The graphite/Ni/
Co 2 NiO 4 -CP electrode shows much larger areal capacitances 
than the graphite/Co 2 NiO 4 -CP and Co 2 NiO 4 -Ti electrodes at 
different scan rates. The largest areal capacitance measured 
for the graphite/Ni/Co 2 NiO 4 -CP electrode is 734 mF/cm 2  
(≈2097 F/g for the Co 2 NiO 4 ) at 5 mV/s. Galvanostatic charge–
discharge curves of the graphite/Ni/Co 2 NiO 4 -CP electrodes at 
different current densities are shown in Figure  3 e, and they 
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 Figure 2.    a) XRD patterns of i) CP, ii) graphite-CP, iii) graphite/Ni-CP, and iv) graphite/Ni/Co 2 NiO 4 -CP; XPS spectra of b) Co2p, c) Ni 2p, and d) O1s 
of Co 2 NiO 4  nanosheets in the graphite/Ni/Co 2 NiO 4 -CP and Co 2 NiO 4 -Ti.



FU
LL P

A
P
ER

7097wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

all are well symmetrical. This confi rms the superior reversible 
redox reactions and good supercapacitive characteristic of the 
graphite/Ni/Co 2 NiO 4 -CP electrodes. The summary plot of  C  sp  
vs current density is shown in Figure  3 f, which also demon-
strates the graphite/Ni/Co 2 NiO 4 -CP electrode exhibits signifi -
cantly enhanced supercapacitive performance comparing with 
the graphite/Co 2 NiO 4 -CP and Co 2 NiO 4 -Ti electrodes. At cur-
rent density of 4 mA/cm 2 , graphite/Ni/Co 2 NiO 4 -CP electrode 
shows areal capacitance of 608 mF/cm 2  (≈1737 F/g for the 
Co 2 NiO 4 ), which is much larger than the values obtained for 
graphite/Co 2 NiO 4 -CP and Co 2 NiO 4 -Ti electrodes as shown in 
Figure  3 f and is also much larger than those prviously reported 
for other CP-based electrodes, such as graphite-CP elec-
trode (<5 mF/cm 2  at 4.0 mA/g) [ 21 ]  and PANI-Au-CP electrode 
(∼480 mF/cm 2  at 4.0 mA/cm 2 ). [ 23 ]  In addition, the graphite/Ni/
Co 2 NiO 4 -CP electrode shows excellent cycle life as shown in 
Figure S5, which shows only 2.4% decrease after 15 000 cycles. 
This cycling performance is much better than those of the 
reported CP-electrodes. [ 21,22,31,32 ]  The above results assuredly 
show that the introduction of graphite, Ni and Co 2 NiO 4  layers 
on CP can substantially enhance the conductivity and electro-
chemical performance of CP electrode.  

 The graphite/Ni/AC-CP as negative electrode was also fab-
ricated via similar procedures of the graphite/ Ni/Co 2 NiO 4 -
CP electrodes as shown in Figure S6 (The loading mass of 
AC is ≈1.20 g/cm 2 ). SEM image in Figure S7 shows AC layer 
is uniform. Nyquist plot in Figure S8 shows a low equiva-
lent series resistance and a vertical line in the low-frequency 

region, indicating that the graphite/Ni/AC-CP electrode has a 
high electronic and ionic conductivity. After various bending 
states, the AC layer still remains unchanged, indicating good 
adhesion and high fl exible (Figure S9). A series of various CVs 
of graphite/Ni/AC-CP electrode with different potential win-
dows were measured as shown in  Figure    4  a. Here we fi nd the 
operating potentials of the graphite/Ni/AC-CP electrode can be 
chosen from –1.5 to 0 V. The linear sweep voltammogram in 
Figure S10 shows the potential of hydrogen evolution on the 
graphite/Ni/AC-CP electrode is approximately –1.67 V versus 
SCE, demonstrating the operating potential of –1.5 to 0 V is 
advisable. Figure  4 b shows the graphite/Ni/AC-CP electrode 
has much larger capacitance than graphite-CP and graphite/
Ni-CP electrodes, indicating AC layer contributes much more 
capacitance than graphite and Ni layers. CVs of graphite/Ni/
Co 2 NiO 4 -CP electrode at different scan rates exhibit rectangular-
like shapes and keep similar with increasing scan rate from 5 
to 100 mV/s as shown in Figure  4 c, indicating good capaci-
tive performance. At scan rate of 5 mV/s,  C  sp  of graphite/Ni/
AC-CP electrode achieves 180 mF/cm 2  as shown in Figure  4 d. 
The galvanostatic charge–discharge curves of graphite/Ni/
AC-CP electrode betw-een –1.5 to 0 V are well symmetrical as 
shown in Figure  4 e, indicating superior reversible redox reac-
tions and good supercapacitive characteristic. The graphite/
Ni/AC-CP electrode shows  C  sp  of 220 mF/cm 2  at current den-
sity of 4 mA/cm 2 . The above results confi rm good capacitive 
characteristic of graphite/Ni/AC-CP electrode. Additional, 
the graphite/Ni/AC-CP electrodes show excellent cycle life as 
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 Figure 3.    a) CVs of graphite-CP, graphite/Ni-CP, and graphite/Ni/Co 2 NiO 4 -CP electrodes at 100 mV/s; b) CVs of graphite/Ni/Co 2 NiO 4 -CP, graphite/
Co 2 NiO 4 -CP, and Co 2 NiO 4 -Ti electrodes at a scan rate of 100 mV/s; c) CVs of graphite/Ni/Co 2 NiO 4 -CP electrode at scan rates of 5–100 mV/s; d) Areal 
capacitance and capacitance retention of graphite/Ni/Co 2 NiO 4 -CP, graphite/Co 2 NiO 4 -CP, and Co 2 NiO 4 -Ti electrodes calculated from CV curves as a 
function of scan rate; e) Galvanostatic charge–discharge curves of graphite/Ni/Co 2 NiO 4 -CP electrode at different current densities of 4–15 mA/cm 2 ; 
f) Areal capacitance and capacitance retention of graphite/Ni/Co 2 NiO 4 -CP, graphite/Co 2 NiO 4 -CP, and Co 2 NiO 4 -Ti electrodes calculated from the gal-
vanostatic charge–discharge curves as a function of current density.
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shown in Figure  4 f, which shows  C  sp  retention is ≈98% after 
15 000 cycles.  

 The above-mentioned experimental results show that the 
fabricated graphite/Ni/Co 2 NiO 4 -CP and graphite/Ni/AC-CP 
have great potential as high-performance positive and nega-
tive electrodes, respectively. To test the feasibility of above 
electrodes, the solid-state ATFSCs were assembled using 
graphite/Ni/Co 2 NiO 4 -CP as positive electrodes and graphite/
Ni/AC-CP as negative electrodes (named as graphite/Ni/
Co 2 NiO 4 -CP//graphite/Ni/AC-CP ATFSCs) as shown in 
 Figure    5  a. The PVA/KOH gel was used as solid-gel elec-
trolyte. The assembed graphite/Ni/Co 2 NiO 4 -CP//graphite/
Ni/AC-CP ATFSC is shown in Figure  5 c. The average thick-
ness of the well-assembled ATFSC device is 0.5 mm and the 
average weight of electroactive material is 1.55 mg (based on 
Co 2 NiO 4  and AC). The ATFSCs have excellent fl exibility and 
well mechanical properties and can undergo severe blending 
as shown in Figure  5 d,e, and they also own high electronic 
and ionic conductivity as shown in Nyquist plot in Figure S12. 
CVs of the graphite/Ni/Co 2 NiO 4 -CP//graphite/Ni/AC-CP 
ATFSCs measured in a two-electrode system at various poten-
tial windows are shown in Figure  5 f. The maximum potential 
window of the ATFSCs can be chosen as large as 2.0 V. CVs of 
the ATFSC device all exhibit rectangular-like shapes at various 
scan rates as shown in Figure  5 g, which reveals good capaci-
tive behavior. The graphite/Ni/Co 2 NiO 4 -CP//graphite/Ni/
AC-CP ATFSCs show a maximum volumetric  C  sp  (based on 
entire device including both the electrolyte and electrodes) of 
7.6 F/cm 3  (247.6 F/g) at 5 mV/s. Figure  5 h shows galvanostatic 

charge–discharge curves of the ATFSCs at different current 
densities, and the relative symmetry in these charge–discharge 
curves confi rms the good capacitive behavior. The maximum 
volumetric  C  sp  of the ATFSCs at 4.0 mA/cm 2  is calculated 
4.48 F/cm 3  (144.4 F/g), which is much higher than the values 
(0.3–1.5 F/cm 3 ) reported for most of the solid-state SCs at the 
same current density. [ 33–35 ]   

 More importantly, the electrochemical performance of the 
graphite/Ni/Co 2 NiO 4 -CP//graphite/Ni/AC-CP ATFSCs almost 
has no change under various distortion situations as shown in 
Figure  5 i, confi rming that the ATFSCs have very good remark-
able mechanical fl exibility. The long-term cycling stability of 
the ATFSCs was fi rstly evaluated by CV test at a high scan 
rate of 100 mV/s. As shown in Figure  5 j,  C  sp  of the ATFSC 
shows very slow decrease during the fi rst initial 5000 cycles at 
the normal state. Then, the device was continuously tested for 
5000 cycles under 90° bending state and further 5000 cycles 
under 180° bending at the same scan rate. Finally, the ATFSCs 
recover to normal state to test the fi nal 5000 cycles. After above 
20000 cycles, the ATFSCs show 96.4% retention of the initial 
 C  sp , indicating excellent cycling performance and fl exibility. 
The similar high cycling stability of ATFSCs is also proved by 
galvanostatic charge–discharge test at 10 mA/cm 2  as shown 
in Figure  5 j. The  C  sp  retention rate at such a high charge–
discharge rate are comparable and even better than those 
reported for aqueous and solid-state asymmetrical SCs (ASCs), 
such as Co 9 S 8 //Co 3 O 4 @RuO 2  ASC (90.2%  C  sp  retention after 
2000 cycles at 2.5 mA/cm 2 ), [ 36 ]  RuO 2 /graphene//graphene ASC 
(95%  C  sp  retention after 2000 cycles at 1.0 A/g), [ 37 ]  and Ni 3 S 2 /
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 Figure 4.    a) CVs of the graphite/Ni/AC-CP electrodes at different potential windows at 100 mV/s; b) CVs of graphite-CP, graphite/Ni-CP, and graphite/
Ni/AC-CP electrodes at 100 mV/s; c) CVs of graphite/Ni/AC-CP electrode at various scan rates of 5–100 mV/s; d) Areal capacitance and capacitance 
retention of graphite/Ni/AC-CP electrode calculated from CV curves as a function of scan rate; e) Galvanostatic charge–discharge curves of graphite/
Ni/AC-CP electrode at various current densities of 2–15 mA/cm 2 ; f) Cycling performance of graphite/Ni/AC-CP electrode for 15000 cycles.
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MWCNT-NC//AC ASC (90%  C  sp  retention after 5000 cycles at 
4.0 A/g). [ 38 ]  

 Figure  5 k compares the volumetric energy and power 
densities of the graphite/Ni/Co 2 NiO 4 -CP//graphite/Ni/
AC-CP ATFSCs to the values reported for the CP-based 
SCs and other ASCs. The maximum energy density of 
the as-fabricated ATFSCs is 2.48 mWh/cm 3  (80.0 Wh/kg) 
at 4.0 mA/cm 2  and the maximum power density is 0.79 W/cm 3  
(25.6 kW/kg) at 20 mA/cm 2 . More importantly, the obtained 
maximum volumetric energy density is considerably larger 
than those of recently reported CP-based SCs at the same cur-
rent density, such as graphite/paper SCs (<0.1 mWh/cm 3 ), [ 21 ]  
PPy/paper SCs (<1.0 mWh/cm 3 ), [ 22 ]  and MnO 2 /CNT/paper 

SCs (<2.0 mWh/cm 3 ), [ 39 ]  and some developed ASCs, such 
as ZnO@MnO 2 //graphene ASCs (<0.23 mW·h/cm 3 ), [ 33 ]  
and activated carbon textile (ACT)//ACT-MnO 2  ASC 
(<0.35 mW h/cm 3 ). [ 40 ]  Furthermore, the maximum volumetric 
power density of the as-fabricated ATFSCs also is much higher 
than those of above mentioned graphite/paper SCs, [ 21 ]  PPy/
paper SCs, [ 22 ]  MnO 2 /CNT/paper SCs, [ 39 ]  ZnO@ MnO 2 //gra-
phene ASCs, [ 33 ]  and ACT//ACT-MnO 2  ASC, [ 40 ]  as shown in 
Figure  5 k. Finally, to demonstrate the practical application 
of graphite/Ni/Co 2 NiO 4 -CP//graphite/Ni/AC-CP ATFSCs, 
two ATFSCs were connected in series to power green light-
emitting diodes (LED, working voltage: 1.5 V) as shown in 
Figure  5 b. Here we found that two devices could power a 

 Figure 5.    a) Schematic illustration for the assembled graphite/Ni/Co 2 NiO 4 -CP//graphite/Ni/AC-CP ATFSCs; (b) A light-emitting diode (LED) powered 
by 2 ATFSCs in series; The fl exible assembled ATFSCs: c) normal state, d,e) bending states; f) CVs of the ATFSC device in different scan potential win-
dows at 100 mV/s; g) CVs of the ATFSC device at different scan rates; h) Galvanostatic charge/discharge curves of ATFSC at different current densities; 
i) CVs of the ATFSC device under various bending states at 50 mV/s; j) Cycling performance of the ATFSC at different bending states for 20 000 cycles 
at 100 mV/s and 10 mA/cm 2 ; k) Ragone plots of the ATFSC devices. The maximum volumetric energy densities and power densities reported for other 
CP-based SCs and some ASC devices are added for comparison. [ 18,22,23,35,40 ]     
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green light-emitting diode (LED) for ≈12 min after charging 
at 5 mA/cm 2  for 60 s, exhibiting high energy density and fast 
charge ability.  

  3.     Conclusions 

 In summary, we have developed novel sandwich-structured 
graphite/Ni/Co 2 NiO 4 -CP as positive electrode and graphite/
Ni/AC-CP as negative electrode for the fl exible and high-per-
formance ATFSCs. The graphite/Ni/Co 2 NiO 4 -CP electrodes 
were fabricated by a simple drawing-electrodeposition-
anodic oxide combined method and they exhibit signifi cantly 
enhanced electrochemical performance as compared to CP-
based electrodes reported in literatures. The as-fabricated 
graphite/Ni/Co 2 NiO 4 -CP electrode shows a superior areal 
capacitance of 734 mF/cm 2  at 5 mV/s, which is almost the 
largest areal capacitance achieved by the CP-based electrodes. 
Furthermore, the graphite/Ni/Co 2 NiO 4 -CP electrode exhibits 
excellent cycling performance with ≈98%  C  sp  retention after 
15 000 cycles. The signifi cant improvement of the electro-
chemical performance of CP-based electrode is attributed to 
good conductivity, porous structure and Co 2 NiO 4  nanosheets. 
In addition, the fabricated negative electrode of graphite/
Ni/AC-CP also exhibits large areal capacitance and excel-
lent cycling performance. The fl exible and high-performance 
ATFSCs have been assembled with graphite/Ni/Co 2 NiO 4 -
CP as positive electrode and graphite/Ni/AC-CP as negative 
electrode for electrochemical energy storage. This device can 
operate in a wide voltage window of 2.0 V and is able to deliver 
a maximum volumetric energy density of 2.48 mWh/cm 3  
(80 Wh/kg) and volumetric power density of 0.79 W/cm 3  
(25.6 kW/kg). Additionally, the device exhibits excellent cycling 
performance (<4% capacitance loss after 20 000 cycles). This 
work shows an important breakthrough in the design and fab-
rication of fl exible and high-performance CP-based electrodes 
and ATFSCs.  
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