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(AC), [ 11 ]  LiMn 2 O 4 //AC, [ 12 ]  RuO 2 //AC, [ 13 ]  
and CoAl double-layer hydroxide//AC. [ 14 ]  
Among these hybrid systems, the con-
struction of ASC device using MnO 2  based 
positive electrode and porous carbon nega-
tive electrode is considered as state-of-the-
art charge storage technique, providing 
a high voltage window (up to 2 V), excel-
lent rate performance and good cycling 
stability. [ 15,16 ]  However, commercial acti-
vated carbon materials often suffer from 
electrode kinetic problems that are related 
to inner-pore ion transport, resulting in a 
poor charge/discharge rate for high-power 
supercapacitors. [ 17 ]  By contrast, MnO 2  has 
attracted intense attention due to its high 
theoretical pseudo-capacitance, low cost, 
and environmental compatibility. How-

ever, the performances of single-phased MnO 2  are still insuf-
fi cient to meet growing demands in supercapacitors because 
of its intrinsic material properties such as low conductivity 
and poor mechanical stability. [ 6,18 ]  An advanced approach by 
incorporating nano-sized MnO 2  with conductive carbon matrix, 
including carbon nanofoams, carbon nanotubes (CNTs), and 
graphene, can effectively improve the electrochemical proper-
ties of hybrid materials. [ 9,19–21 ]  Furthermore, the high cost of 
CNTs and graphene for fabricating supercapacitors should be 
considered due to their expensive price for widespread com-
mercialization. Given the electrochemical properties and fabri-
cation cost, the selection of carbon materials is important for 
the construction of both positive and negative materials for 
ASC applications. [ 22 ]  Recently there is growing interest for the 
synthesis of carbon materials derived from biomass precursors 
owing to their low cost, easy fabrication and environmental 
compatibility. [ 23–27 ]  Furthermore, it has been demonstrated 
that the incorporation of heteroatoms (e.g., nitrogen) into the 
carbon lattice can signifi cantly enhance the electrical properties 
of carbon materials, resulting in the enhanced rate capability 
and cycling performance. [ 28–30 ]  

 Herein, we used bacterial cellulose (BC) as both template 
and precursor to synthesize N-doped activated carbon (a-CBP) 
and carbon-MnO 2  hybrid material (c-BP/MnO 2 ) as the negative 
and positive electrode materials for ASC device, respectively, as 
shown in  Scheme    1  . The as-obtained electrode materials have 
high specifi c capacitance, short ion diffusion paths and inter-
connected conductive networks ensuring electron fast transpor-
tation throughout the electrode. Consequently, the assembled 
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  1.     Introduction 

 Electrochemical capacitors (ECs), also known as superca-
pacitors, have attracted much attention due to superior power 
density, fast charge/discharge rates and long cycle lifetime 
compared to other chemical energy storage devices. However, 
commercial supercapacitors suffer from low energy density. To 
meet the increasing energy demands for next-generation ECs, 
the energy density should be substantially increased without 
sacrifi cing the power density and cycle life. [ 1–5 ]  

 Recently, an effective approach to increase the cell voltage is 
to use asymmetric supercapacitor (ASC) with a Faradaic elec-
trode as energy source (positive electrode) and a capacitive 
electrode as a power source (negative electrode) in aqueous elec-
trolyte, resulting in a notable improvement of the energy den-
sity. [ 6–8 ]  Much effort has been dedicated to explore various ASC 
systems, such as graphene-MnO 2 //activated carbon nanofi ber, [ 9 ]  
Ni(OH) 2 -graphene//graphene, [ 10 ]  V 2 O 5 //activated carbon 
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ASC device can be reversibly charge/discharge at a voltage 
window of 2.0 V in 1.0  M  Na 2 SO 4  aqueous solution, obtaining a 
considerably high energy density of 63 Wh kg −1  and maximum 
power density of 227 kW kg −1 . Meanwhile, it is the fi rst time to 
report that the ASC exhibits excellent cycling stability with 92% 
capacitance retention after 5000 cycles.   

  2.     Results and Discussion 

  2.1.     Negative Electrode Materials 

 The BC pellicle ( Figure    1  a) as carbon precursor has three-
dimensional interconnected nanofi brous networks with the 
sizes of 80−100 nm (Figure  1 b). After freeze-drying (Figure  1 c), 
lightweight (10 mg cm −3 ) and fl exible BC aerogel retains porous 
networks structure with numerous intertwined ultrathin 
nanofi bers, providing large surface area and rich hydroxyl 
(-OH) groups for in-situ polymerization of aniline (Figure  1 d) 
through the strong hydrogen bonding. [ 31 ]  Scanning electron 
microscopy (SEM) image of BC/PANI hybrid material (named 
as BP, Figure  1 e) exhibits that PANI is coated onto the inter-
connected nanofi bers via in situ polymerization to form a core-
shell structure. X-ray diffraction (XRD) analysis (Supporting 
Information, Figure S1) confi rms that the crystalline struc-
ture of BC is partly hindered by the coating of PANI. More-
over, transmission electron microscopy (TEM) image further 
reveals that PANI coating is made up of randomly orientated 
small PANI nanosheets that is assembled along the cellulose 
nanofi bers (Figure  1 f and Figure S2, Supporting Information), 
mainly due to strong hydrogen bonding between sequentially 
formed PANI layer. After the pyrolysis of pure BC, the obtained 
carbon nanofi bers (c-BC) have the diameters of about 10−20 nm 
and lengths up to several micrometers (Supporting Informa-
tion, Figure S3). More interestingly, small PANI sheets on 
BC nanofi bers tend to aggregate and form larger dimension 
sheets due to the accelerated polymerization with increasing 

temperature, resulting that carbon nanosheets are bridged by 
the carbon nanofi bers (named as c-BP, Figure  1 g,h). It is worth 
noting that porous carbon materials should have suffi ciently 
high surface area, ensuring high energy density for superca-
pacitors, whereas, narrow pore size distribution with intercon-
nected pore structure and short pore length, are benefi cial for 
the enhanced energy storage capacity and power density. After 
KOH activation of c-BP (named as a-CBP), porous carbon 
sheets as energy storage unit are bridged by carbon nanofi bers 
(Figure  1 i), and Brunauer-Emmett-Teller (BET) surface area 
(1326 m 2  g −1 ) of a-CBP is greatly improved, much higher than 
those of c-BC (511 m 2  g −1 ) and c-BP (554 m 2  g −1 ). Additionally, 
the pore size distributions of a-CBP and c-BP exhibit that there 
are more microspores from the chemical activation of carbon 
sheets (Supporting Information, Figure S4), which greatly 
enhance the double layer charge storage.  

 The high-resolution X-ray photoelectron spectroscopy (XPS, 
Supporting Information, Figure S5) confi rms there exists 
N-containing species (3 atom%) in the as-prepared a-CBP 
including pyridinic N (N-6, 398 eV), pyrrolic N (N-5, 399.7 eV), 
quaternary N (N-Q, 400.8 eV) and oxidized N (N-X at 402.5 eV), 
which can provide electrochemically active sites and good con-
ductivity for the enhanced capacitive properties of the mate-
rial. [ 29,32,33 ]  Notably, the percentage of N atoms on the edge of 
graphite plane (N-5, N-6, and N-X) is 81.9% (Supporting Infor-
mation, Table S1), much higher than in the middle of graphite 
plane (N-Q, 18.1%), meaning the existence in more effective 
active sites. [ 33 ]  More importantly, nitrogen doping can enhance 
the surface polarity, electric conductivity, and electron-donor 
tendency of the carbon materials, which can provide additional 
pseudo-capacitance, and improve the rate performance and 
cycling stability for supercapacitors. [ 28–30 ]  Owing to its porous, 
N-doped and conductive networks structure, it is expected 
that a-CBP has an excellent electrochemical performance for 
supercapacitors. 

 Electrochemical performance of a-CBP was evaluated in 
6 M KOH electrolyte under a three-electrode system, as shown in 
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 Scheme 1.    Schematic diagram illustrating bacterial cellulose (BC) as template and precursor for the synthesis of the electrode materials for asymmetric 
supercapacitor device.
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 Figure    2  . Due to its excellent conductivity and porous structure, 
the rectangular shapes of the cyclic voltammogram (CV) curves 
at scanning rates from 20 to 500 mV s −1  are generally retained 
(Figure  2 a), even at high rate of 500 mV s −1 , indicating excel-
lent capacitive behaviors. Moreover, the galvanostatic charge/
discharge curves of a-CBP electrode (Figure  2 b) are highly 
linear and symmetrical, implying an ideal double layer capaci-
tive characteristic, excellent electrochemical reversibility and 
charge-discharge properties. Moreover, there is no obvious iR 
drop for charge/discharge curve even at high current of 20 A g −1 , 
meaning little overall resistance. As shown in Figure  2 c, a-CBP 

has a high specifi c capacitance of 296 F g −1  at 2 mV s −1 , much 
higher than c-BC (161 F g −1 ) and c-BP (208 F g −1 ). Signifi -
cantly, the specifi c capacitance per unit surface area of a-CBP 
(22 µF cm −2 ) is almost twice times higher than that of the com-
mercial carbon Maxsorb (14 µF cm −2 ). [ 1 ]  Rate capability is an 
important factor for the use of supercapacitors in power appli-
cations. Notably, a-CBP maintains as high as 221 F g −1  at 500 
mV s −1 , 75% retention at 2 mV s −1 , which is much larger than 
commercial activated carbon (YP17D, Japan) with compa-
rable surface area of 1500 m 2  g −1  (127 F g −1  at 500 mV s −1 , 59% 
retention at 2 mV s −1 , Supporting Information, Figure S6). 
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 Figure 1.    Photographs of a) the pristine material BC pellicle, c) freezing-dired BC, and d) BC/PANI hybrid material. b) TEM image of BC. e) SEM image 
of BC/PANI. f) TEM image of BC/PANI. g−h) SEM and TEM images of c-BP. i) TEM image of a-CBP.
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Moreover, its rate capability is comparable to those of graphene, 
activated graphene, and porous carbon nanosphere. [ 34,35 ]  Clearly, 
the cycle life of a-CBP was also evaluated at a high scan rate of 
200 mV s −1  (Figure  2 d). After 10 000 cycles, it retains a capaci-
tance retention 99% of initial capacitance, no obvious change 
for CV curves before and after 10 000 cycles (inset in Figure  2 d), 
demonstrating excellent cycling stability. The excellent rate perfor-
mance and cycling stability of a-CBP can be ascribed to its unique 
conductive networks and energy storage units. An interconnected, 
well-organized 3D conductive network is benefi cial for electron 
transport, and N-doped porous carbon nanosheets with high 
surface area can provide more active sites for energy storage and 
shorter ion diffusion length during the charge/discharge process.   

  2.2.     Positive Electrode Materials 

 Considering that asymmetric supercapacitors with high 
energy/power density also depend on the electrochemical prop-
erties of positive electrode materials, MnO 2  based electrode 
materials with high capacitance and good rate performance are 
essential. As known, carbon material can serve as the sacrifi cial 

reductant and thereby nanostructured MnO 2  deposits on the 
carbon matrix, based on the redox reaction between carbon and 
KMnO 4  in acid solution: [ 36 ] 

    4KMnO +3C + 2H SO 4MnO + 3CO + 2K SO + 2H O4 2 4 2 2 2 4 2→  
 (1)   

 In this reaction, fl ower-like MnO 2  is closely anchored on 
the surface of c-BP (named as c-BP/MnO 2 , see  Figure    3  a). Fur-
ther TEM image confi rms that MnO 2  nanosheets are homo-
geneously distributed throughout the carbon nanosheets and 
carbon nanofi bers (Figure  3 b). It is worth noting that MnO 2  
nanosheets have the sizes of 200−300 nm and the thickness of 
5 nm, the interlayer spacing of MnO 2  crystals is about 0.7 nm 
(see Figure  3 c). More importantly, the scanning transmission 
electron microscopy (STEM) and X-ray elemental mappings 
(Figure  3 d–g) confi rm that the MnO 2  is homogeneously depos-
ited and distributed throughout the c-BP through the sponta-
neous reduction-deposition process. Additionally, XRD analysis 
of c-BP/MnO 2  also proves the present of MnO 2  and the obvious 
diffraction peaks in  Figure    4  a can be assigned to the tetragonal 
phase of α-type MnO 2  (JCPDS 44–0141). [ 36,37 ]    
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 Figure 2.    a) CV curves of a-CBP at different scan rates of 20, 50, 100, 200, and 500 mV s −1  in 6.0  M  KOH electrolyte. b) Galvanostatic charge/discharge 
curves of a-CBP at different current densities of 5, 10, and 20 A g −1 . c) Specifi c capacitance of a-CBP, c-BP and c-BC electrodes at different scan rates 
from 2 to 500 mV s −1 . d) Cycle performance of a-CBP at a scan rate of 200 mV s −1  (the inset shows the CV curves of the 1st and the 10 000th cycle at 
200 mV s −1 ).
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 The electrochemical studies for the electrodes were con-
ducted in a three-electrode cell in 1.0 M Na 2 SO 4  aqueous elec-
trolyte. For comparison, pure MnO 2  having fl ower-like struc-
ture with a size of 500 nm was also prepared by hydrothermal 
synthesis method (Supporting Information, Figure S7). 
Figure  4 b shows the CV curves of c-BP/MnO 2  and MnO 2  
at 20 mV s −1 . Compared with the MnO 2 , CV curve of 
c-BP/MnO 2  is relatively rectangular in shape with near 
mirror-image current response on voltage reversal, indi-
cating a good reversibility. Also, the galvanostatic charge/
discharge curves of c-BP/MnO 2  (Figure  4 c) are highly 
linear and symmetrical, indicating a rapid I–V response 
and an excellent electrochemical reversibility. Addition-
ally, the specifi c capacitance of c-BP/MnO 2  is 273 F g −1  
at 2 mV s −1  (Figure  4 d), higher than those of pure MnO 2  
(190 F g −1 ) and MnO 2 /CNT hybrid material, [ 20 ]  comparable to 
MnO 2 /graphene hybrid material. [ 9,21 ]  Notably, the c-BP/MnO 2  
electrode shows capacitance retention of 75% at the scan 
rates from 2 to 100 mV s −1 , higher than pure MnO 2  (66%) 
electrodes. Its excellent rate performance may be attributed 
from rapid and reversible intercalation/deintercalation of 
Na + , or/and adsorption/desorption of H +  or Na +  between 
electrolyte ions and the electroactive material. [ 21,38 ]  There-
fore, the enhanced performance of the c-BP/MnO 2  electrode 
is attributed to the increased accessible surface area, short 
ion diffusion length, and fast charge transfer from MnO 2  to 
carbon substrate  via  conductive carbon networks.  

  2.3.     Asymmetric Hybrid Supercapacitors 

 As shown in  Figure    5  a, it can be clearly seen that c-BP/MnO 2  
and a-CBP electrodes have different voltage windows, and it is 
expected that the operating cell voltage can be greatly extended 
when they are assembled into ASC. CV curves of a c-BP/
MnO 2 //a-CBP ASC device measured at 20 mV s −1  with dif-
ferent potential windows in 1.0  M  Na 2 SO 4  exhibit rectangular-
like shapes (Figure  5 b) even at the potential window up to 
2.0 V, implying an ideal capacitive behavior and a fast charge/
discharge property. Signifi cantly, the calculated specifi c capaci-
tance based on total active electrode mass increases from 75 to 
113 F g −1  when the operation voltage increases from 1.0 to 2.0 V 
(Supporting Information, Figure S8). According to the equation 
of  E  = 1/2  C V  2 , the energy density of the ASC is improved by 
603%. Moreover, the c-BP/MnO 2 //a-CBP ASC device exhibits 
good rate performance with 53% of capacitance retention when 
the scan rate increases from 10 to 200 mV s −1 .  

 The excellent performance of ASC device can be ascribed 
to the following reasons: 1) 3D architecture with MnO 2  sheets 
grown along carbon nanofi bers is benefi cial for shortening ion 
diffusion path, which can greatly reduce the ionic diffusion 
resistance and charge transfer resistance, resulting in high 
electrochemical utilization of MnO 2 ; 2) the excellent interfa-
cial contact between MnO 2  and conductive carbon networks is 
of great benefi t to fast electron transfer throughout the whole 
electrode matrix; and 3) N-doped porous carbon nanosheets 
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 Figure 3.    a−b) SEM and TEM images of c-BP/MnO 2 . c) High resolution TEM image of c-BP/MnO 2 . d−g) STEM images of c-BP/MnO 2  with corre-
sponding elemental mapping images of e) Mn, f) O, and g) C in the dashed square region of (d).
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with high surface area strongly anchored on the interconnected 
and conductive carbon networks can provide more active sites 
for energy storage and shorter ion diffusion length during the 
charge/discharge process. These interesting results pave the 
way for c-BP/MnO 2 //a-CBP ASC device in the development of 
high-performance electrochemical energy storage devices for 
practical applications. 

 The long-term cycling performance of the c-BP/MnO 2 //a-
CBP ASC device was evaluated in the 2.0 V operating voltage in 
1.0  M  Na 2 SO 4  aqueous electrolyte at 200 mV s −1  for 5000 cycles 
(Figure  5 c). It is the fi rst time to report that the asymmetric 
cell exhibits excellent electrochemical stability with 92% capaci-
tance retention after 5000 cycles. Notably, its cycling perfor-
mance is comparable to those of other ASCs, such as MnO 2 //
AC (more than 80% retention after 1500 cycles), [ 39 ]  MnO 2 //
AC (93% retention after 100 cycles), [ 40 ]  MnO 2 //AC (53% reten-
tion after 50000 cycles), [ 41 ]  Fe 3 O 4 //AC (82% retention after 500 
cycles), [ 42 ]  CNTs/MnO 2 //CNTs/SnO 2  (92% retention after 1000 
cycles), [ 43 ]  AC//LiTi 2 (PO 4 ) 3  (85% retention after 1000 cycles), [ 44 ]  
Co(OH) 2 //AC (93% retention after 1000 cycles), [ 45 ]  NiO//AC 
(50% retention after 1000 cycles), [ 46 ]  MnO 2 //FeOOH (85% 

retention after 300 cycles), [ 47 ]  LiCrTiO 4 //AC (96% retention 
after 1000 cycles), [ 48 ]  and MnO 2 /MWNT//MWNTs (72% reten-
tion after 300 cycles). [ 49 ]  

 Ragone plots of the assembled ASCs (Figure  5 d) exhibit 
the energy density of the c-BP/MnO 2 //a-CBP cell at the same 
power density is much higher than those of MnO 2 //a-CBP 
and MnO 2 //c-BP cells. The maximum energy density of the 
c-BP/MnO 2 //a-CBP reaches 63 Wh kg −1  at a power density 
of 227 W kg −1 , which is higher than those of MnO 2 //a-CBP 
(40 Wh kg −1 ), MnO 2 //c-BP (36 Wh kg −1 ) and MnO 2 //c-BC 
(27 Wh kg −1 ), and still remains 23 Wh kg −1  at a power den-
sity of 8 kW kg −1 . Moreover, the maximum energy density for 
c-BP/MnO 2 //a-CBP cell is much higher than those of sym-
metrical AC//AC supercapacitors (<10 Wh kg −1 ), [ 11,50 ]  CNTs//
CNTs supercapacitors (<10 Wh kg −1 ), [ 51,52 ]  and MnO 2 //MnO 2  
supercapacitors (<3.3 Wh kg −1 ), [ 53 ]  and MnO 2 -based asym-
metric supercapacitors with aqueous electrolyte solutions, 
such as MnO 2 //AC (<28.8 Wh kg −1 ), [ 40,41,53 ]  NaMnO 2 //AC 
(19.5 Wh kg −1 ), [ 54 ]  MnO 2 //Fe 3 O 4  (8.1 Wh kg −1 ), [ 53 ]  CNTs/
MnO 2 //CNTs/SnO 2  (20.3 Wh kg −1 ), [ 43 ]  MnO 2 //FeOOH 
(12 Wh kg −1 ). [ 47 ]    
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 Figure 4.    a) XRD patterns of c-BP, c-BP/MnO 2  composite. b) CV curves of c-BP/MnO 2  and MnO 2  at 20 mV s −1  in 1.0  M  Na 2 SO 4  electrolyte. c) Galva-
nostatic charge/discharge tests of c-BP/MnO 2  at different current densities of 0.5, 1, 2, 5, 10, and 20 A g −1 . d) Specifi c capacitance of c-BP/MnO 2  and 
MnO 2  at different scan rates.
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  3.     Conclusions 

 In summary, we have demonstrated biomass cellulose as tem-
plate and precursor for the synthesis of electrode materials for 
asymmetric supercapacitor device. Nitrogen-doped carbon net-
works with interconnected and conductive carbon nanofi bers 
can act as support for obtaining high capacitance electrode 
materials such as activated carbon and MnO 2 , as well as pro-
viding fast electron transfer throughout the electrode. As a 
result, the as-assembled asymmetric supercapacitor device with 
an operation voltage of 2.0 V in 1.0  M  Na 2 SO 4  aqueous elec-
trolyte delivers a high specifi c capacitance of 113 F g −1 , high 
energy density of 63 Wh kg −1 , and excellent cycling perfor-
mance (only 8% capacitance loss after 5000 cycles). Therefore, 
it is a promising strategy for employing low-cost, eco-friendly 
biomaterials to synthesize advanced electrode materials for 
high-performance energy storage devices.  

  4.     Experimental Section 
  Synthesis of BC/PANI Composite Template : The BC pellicles (Hainan 

Yide Foods Co. Ltd.) were washed by deionized water and freeze-dried in 
liquid nitrogen. The as-obtained freeze-dried BC (0.7 g) was immersed 
into aniline hydrochloride solution (0.1  M ) for 24 h with stirring at room 
temperature, enabling the aniline monomers to fully infi ltrate through 
the networks of BC fi bers via hydrogen bonding, and cooled to 2 °C in 
an ice-water bath. Then ammonium persulfate hydrochloride solution 
(0.125  M ) was added dropwise into the above mixture and kept at 0−4 °C 
for 4 h. Finally, BC/PANI composite was washed with distilled water and 
ethanol, freeze-dried 24 h, and named as BP. 

  Synthesis of Negative (a-CBP) and Positive (c-BP/MnO 2 ) Electrode 
Materials for Asymmetric Supercapacitor : The BC/PANI composite was 
carbonized in a crucible within an alumina tube at 850 °C for 2 h under 
fl owing N 2  (99.999%, 200 mL min −1 ), and the obtained sample was 
designated as c-BP. For the synthesis of negative electrode material 
(a-CBP), c-BP and KOH were mixed with a weight ratio of 1:1, heated 
up to 800 °C and kept for 1 h under fl owing N 2 . After cooling down to 
room temperature, the powder was washed repeatedly with 0.5  M  HCl 
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 Figure 5.    a) Comparative CV curves of a-CBP and c-BP/MnO 2  electrodes performed in a three-electrode cell in 1.0  M  Na 2 SO 4  aqueous solution at 
20 mV s −1 . b) CV curves of an optimized c-BP/MnO 2 //a-CBP asymmetric supercapacitor measured at different potential windows in 1.0  M  Na 2 SO 4  
aqueous solution at 20 mV s −1 . c) Cycle performance of the c-BP/MnO 2 //a-CBP asymmetric supercapacitor with a voltage of 2.0 V at 200 mV s −1  in 
1.0  M  Na 2 SO 4  aqueous solution (the inset shows the CV curves of the 1st and the 5000th cycle at 200 mV s −1 ). d) Ragone plots of c-BP/MnO 2 //a-CBP, 
MnO 2 //a-CBP, MnO 2 //c-BP and MnO 2 //c-BC asymmetric cells.
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and de-ionized water for several times, and dried at 120 °C overnight. 
For comparison, BC also was carbonized under the same carbonization 
procedure, and the obtained sample was named as c-BC. 

 For the synthesis of positive electrode material (c-BP/MnO 2 ), c-BP 
(10 mg) and KMnO 4  (100 mg) were added into 10 mL de-ionized water 
and stirred for 1 h at room temperature. After that, a trace amount of 
concentrated H 2 SO 4  (50 µL, Aldrich, 95–98 wt%) was added into the 
above mixture and stirred for additional 1 h. Afterwards, the solution 
was heated in an oil bath at 80 °C for 1 h. The obtained powder was 
washed repeatedly with de-ionized water for several times, and dried at 
120 °C overnight. For comparison, fl ower-like MnO 2  was synthesized by 
redox reaction between HCl and KMnO 4  without adding carbon under 
80–90 °C as described elsewhere. [ 9 ]  

  Characterization : The crystallographic structure of the materials was 
determined by X-ray diffraction (XRD) equipped with Cu Kα radiation ( λ  = 
0.15406 nm). X-ray photoelectron spectroscopy (XPS) was performed 
using a PHI5700ESCA spectrometer with a monochromated Al Kα 
radiation ( hv  = 1486.6 eV); all of the data acquisition and processing 
were done on XPSPEAK software. The microstructure of the samples 
was investigated by a fi eld-emission scanning electron microscope 
(SEM, Camscan Mx2600FE) and transmission electron microscope 
(TEM, JEOL JEM2010). Pore structure of the samples was characterized 
by N 2  adsorption at 77 K with a NOVA 2000 (Quantachrome, USA). The 
specifi c surface area was calculated by the conventional BET (Brunauer-
Emmet-Teller) method. The pore size distributions were analyzed from 
adsorption branch isotherms by BJH (Barrett-Joyner-Halenda) method. 

  Electrochemical Characterization : Electrodes used for electrochemical 
measurements were prepared by mixing electroactive material, carbon 
black and poly(tetrafl uoroethylene) in a mass ratio of 75:20:5 to obtain a 
slurry. Then the slurry was pressed onto the nickel foam current collector 
(1 cm × 1 cm) and dried at 100 °C for 12 h. The mass loading of the 
electrode materials was ~3 mg cm −2 . The asymmetric supercapacitor 
was built with a glassy fi brous separator and performed in a two-
electrode cell in 1.0  M  Na 2 SO 4  aqueous electrolyte solution. The loading 
mass ratio of positive electrode material and positive electrode material 
was estimated from the equation as followed:

    

= ×
×

+

−

− −

+ +

m
m

C V
C V

  
(2)

   
 Where  C  is the specifi c capacitance (F g −1 ),  V  is the potential range 

for the charge/discharge process (V), and  m  is the mass of the electrode 
(g). 

 The electrochemical tests of the individual electrode were performed 
in a three-electrode cell, in which platinum foil and SCE (or Hg/HgO) 
electrodes were used as counter and reference electrodes, respectively. 
Notably, all the values of potential have been normalized to one reference 
electrode (SHE). All of the above electrochemical measurements were 
carried out by a CHI 660C electrochemical workstation. 

 The specifi c capacitance of the electrode can be calculated according 
to the following equation:

    

d∫
υ=C

I V

mV   
(3)

 
 where  I  is the response current density (A cm −2 ),  V  is the potential (V),  υ  
is the potential scan rate (mV s −1 ), and  m  is the mass of the electroactive 
materials in the electrodes (g). 

 The average power density ( P  av ) was calculated from the equation:

    
av =P E

t   
(4)

 
 where  t  is the discharge time (s) and  E  is energy density (J g −1 ).   
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