
FU
LL

 P
A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1648 wileyonlinelibrary.com

low capacitance, often less than 300 F g −1 , 
are unfavourable for further improvement 
of the energy density of supercapacitors. 
Generally speaking, pseudocapacitive 
metal oxides /hydroxides, such as RuO 2 , 
Co 3 O 4 , MnO 2 , Ni(OH) 2 , Co(OH) 2  and 
their binary systems, possess high pseu-
docapacitances from reversible faradic 
reaction. [ 8–13 ]  Recently, metallic layered 
double hydroxides (LDHs) have attracted 
increasing interest as promising electrode 
materials for supercapacitor due to their 
relatively low cost, high redox activity, 
and environmentally friendly nature. [ 14–18 ]  
Although LDHs have high capacitance up 
to 1000 F g −1 , the rate capability and dura-
bility are rather poor due to their intrinsic 
insulation nature, especially, the specifi c 
capacitance drops dramatically at a high 
current density more than 20 A g −1 . For 
example, hollow Ni–Co double hydroxide 
microsphere had a specifi c capacitance 
up to 2275 F g −1  at 1 A g −1 , whereas the 

capacitance only maintained 44% at 25 A g −1 . [ 19 ]  The Ni–Co 
LDH electrode displayed a specifi c capacitance of 2682 F g −1  
at 3 A g −1 , whereas the capacitance only maintained 63% at 
20 A g −1 . [ 15 ]  Accordingly, achieving high energy density at high 
power density requires electrode materials with fast redox reac-
tion and high electron-transfer rates. Recently, considerable 
interest has been focused on the design of nanostructured 
LDH materials with high surface area and porous structure, 
and the incorporation of high conductive nanocarbon (carbon 
nanotube, graphene) into the LDH composites. [ 16,20,21 ]  Apart 
from the kinetics issue, structural stability of the electrode is 
also responsible for the enhanced rate performance and cycling 
stability due to the structure collapse of active materials, and 
reagglomeration into large grains during charge–discharge at 
high current densities. More importantly, to realize the full 
potential of the electrode materials, the tailored electrode struc-
ture should be taken full account of geometries, pore size and 
distribution, conductivity, and integral structure stability. [ 6 ]  

 In this work, the integrated porous Co–Al hydroxide 
nanosheets (GSP-LDH) with dual support system using 
dodecyl sulfate anions and graphene sheets as structural and 
conductive supports, respectively, were synthesized through 
anion intercalation, alkali etching, and electrostatic assembly of 
Co–Al LDH precursor, as shown in  Figure    1  a. The dodecyl sul-
fate anions are intercalated into the interlayer gallery of LDH to 

 Dual Support System Ensuring Porous Co–Al Hydroxide 
Nanosheets with Ultrahigh Rate Performance and High 
Energy Density for Supercapacitors 

   Xiaoliang    Wu     ,        Lili    Jiang     ,        Conglai    Long     ,        Tong    Wei     ,       and        Zhuangjun    Fan   *   

 Layered double hydroxides (LDHs) are promising supercapacitor electrode 
materials due to their high specifi c capacitances. However, their electrochem-
ical performances such as rate performance and energy density at a high 
current density, are rather poor. Accordingly, a facile strategy is demonstrated 
for the synthesis of the integrated porous Co–Al hydroxide nanosheets 
(named as GSP-LDH) with dual support system using dodecyl sulfate anions 
and graphene sheets as structural and conductive supports, respectively. 
Owing to fast ion/electron transport, porous and integrated structure, the 
GSP-LDH electrode exhibits remarkably improved electrochemical character-
istics such as high specifi c capacitance (1043 F g −1  at 1 A g −1 ) and ultra-high 
rate performance capability (912 F g −1  at 20 A g −1 ). Moreover, the assem-
bled sandwiched graphene/porous carbon (SGC)//GSP-LDH asymmetric 
supercapacitor delivers a high energy density up to 20.4 Wh kg −1  at a very 
high power density of 9.3 kW kg −1 , higher than those of previously reported 
asymmetric supercapacitors. The strategy provides a facile and effective 
method to achieve high rate performance LDH based electrode materials for 
supercapacitors. 

DOI: 10.1002/adfm.201404142

  Dr. X. L. Wu, Dr. L. L. Jiang, Dr. C. L. Long, Prof. T. Wei, 
Prof. Z. J. Fan 
 Key Laboratory of Superlight Materials and 
Surface Technology 
 Ministry of Education, College of 
Materials Science and Chemical Engineering 
 Harbin Engineering University 
  Harbin    150001  ,   P. R. China   
E-mail:  fanzhj666@163.com   

  1.     Introduction 

 Compared with other chemical energy storage devices, super-
capacitors have attracted considerable attention in the fi eld of 
energy storage owing to their fast charge–discharge rate, long 
cycle lifetime, and high power density. [ 1–6 ]  However, it is imper-
ative to improve energy density to meet future emerging mar-
kets including hybrid vehicles and personal electronics. Recent 
research efforts have focused on exploring the improvement of 
capacitance and cell voltage that are critical factors to determine 
energy storage performance of supercapacitors. [ 3,7 ]  

 Commonly, carbon-based electrical double layer capacitors 
have already attracted extensive research due to their cost-effec-
tive, large surface area/porosity, excellent electrical conductivity, 
and extraordinary cycling stability. [ 6 ]  However, their relatively 
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compensate for the loss of Al 3+  during the partial removal of Al, 
resulting in the charge balance [ 22 ]  and the enhanced interlayer 
spacing, as well as maintaining structure stability. After that, 
graphene and anion-intercalated LDH are assembled through 
the electrostatic interaction between graphene oxide (GO) and 
LDH, [ 23 ]  and consequent chemical reduction. Benefi ting from 
fast ion transport, high conductivity, porous and integrated 
structure, the obtained porous LDH with dual support system 
delivers a high specifi c capacitance of 1043 F g −1  at a current 
density of 1 A g −1  and excellent rate performance (912 F g −1  at 
20 A g −1 ), as well as excellent cycling stability with 88% of its 
initial capacitance retention after 3000 cycles. Moreover, the 
assembled asymmetric supercapacitor sandwiched graphene/
porous carbon (SGC)//GSP-LDH delivers an energy density of 
41.2 Wh kg −1  (based on the total mass of the active material 
in both electrodes) at a power density of 185.4 W kg −1 , as well 
as good cycling performance with 84% of its initial capacitance 
retention after 2000 cycles. Even at a very high power density of 

9.3 kW kg −1 , it still remains an energy density of 20.4 Wh kg −1 , 
higher than those of other previously reported asymmetric 
supercapacitors. [ 3,11 ]  

    2.     Results and Discussion 

 The morphologies and microstructures of the as-prepared 
samples were shown in Figure  1 b–e. Scanning electron 
microscopy (SEM) image shows that Co–Al LDH exhibits 
2D sheet-like structure with a lateral size less than 2 µm 
(Figure  1 c). Transmission electron microscopy (TEM) images 
further confi rm that the nanosheets have multi-layer restacking 
structure with the thickness of less than 50 nm (Figure  1 c-1 and 
Figure S1a,b, Supporting Information). More importantly, 
after NaOH etching of dodecyl sulfate anion-intercalated LDH 
(named as SP-LDH), the morphology of SP-LDH still remains 
its original structure (Figure  1 d), and the color of SP-LDH 
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 Figure 1.    a) Schematic of the formation and structure of GSP-LDH composite. b) SEM and TEM images of P-LDH, c,c-1) LDH, d,d-1) SP-LDH, 
and e,e-1) GSP-LDH.
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suspension changes from pink to sandybrown in 0.5  M  NaOH 
solution (Figure S2b, Supporting Information). Compared 
with pure LDH, there are more mesopores on the surface of 
LDH after NaOH etching (Figure S1c,d, Supporting Informa-
tion). It is evident that Co/Al atomic ratio of ca.4.5:1 based 
on energy-dispersive X-ray spectroscopy for LDH after NaOH 
etching is higher than that of the initial LDH (3:1), indicating 
the partial removal of Al from LDH. When SP-LDH was treated 
in 1  M  NaOH, the color of SP-LDH suspension showed dark 
brown and the whole structure of SP-LDH was destroyed 
(Figure S2h,i, Supporting Information). Whereas, without the 
protection of LDH by dodecyl sulfate anions in 0.5  M  NaOH, 
the color of alkali etched LDH (named as P-LDH) suspension 
was dark brown (Figure S2c, Supporting Information), and 
LDH sheets were broken into many small sheets (Figure  1 b). 
Moreover, the dark-pink was clearly observed after mixing nega-
tive charged GO (zeta potential: –37 mV) and positive charged 
SP-LDH (+40 mV) due to the electrostatic interaction (Figure S2e, 
Supporting Information). Therefore, graphene/SP-LDH hybrid 
material with layered structure are engineered by electrostatic 
interaction and subsequent chemical reduction using hydra-
zine hydrate (Figure  1 e). High-resolution TEM (HRTEM) 
image further confi rms face-to-face assembling between gra-
phene sheet and SP-LDH sheet ( Figure    2  a and Figure S1e, 
Supporting Information). Moreover, X-ray elemental mappings 
confi rm that atoms Co, Al, C, and O are homogeneously dis-
tributed throughout the GSP-LDH hybrid material (Figure S3, 
Supporting Information). Therefore, SP-LDH strongly coupled 
with conductive graphene is benefi cial for the enhanced con-
ductivity of pseudocapacitive materials. [ 24 ]  

  It is worth mentioning that there are two kinds of mesopores 
with the sizes of 2–5 nm (Figure 2b) and 5–20 nm (Figure  2 a) 
in the surface of GSP-LDH. Furthermore, the pore structure 
and specifi c surface area of GSP-LDH were investigated by 
the nitrogen adsorption-desorption isotherms (Figure S1f, 
Supporting Information). The surface area of GSP-LDH 
(35.68 m 2  g −1 ) is higher than those of pure LDH (25.51 m 2  g −1 ), 
P-LDH (32.72 m 2  g −1 ), and SP-LDH (34.48 m 2  g −1 ), meaning the 
existence of porous structure after NaOH etching. The type IV 
isotherm of GSP-LDH exhibits a small hysteresis between the 
adsorption and desorption branches and steep rise in adsorp-
tion at 0.2–0.8  P / P  o , indicating the existence of mesopores with 
the pore size distribution of 2–20 nm calculated by the den-
sity functional theory (DFT) method, which is in good agree-
ment with TEM observations. Additionally, the pore sizes about 
1–2 nm are increased to 2–4 nm when P-LDH is incorporated 
with dodecyl sulfate anions, meaning that anions are effectively 
intercalated into LDH (Figure  2 c). 

 X-ray powder diffraction (XRD) pattern of LDH is con-
sistent with the standard compound Co 6 Al 2 CO 3 (OH) 16 ·H 2 O 
(JCPDF:51–0045) with the characteristic peaks of (003), (006), 
(012), and (015) planes (Figure  2 d). [ 25,26 ]  Additionally, P-LDH 
shows almost the same characteristic diffraction peaks as 
pure LDH, confi rming that NaOH treatment will not cause 
phase changes. More interestingly, (003) diffraction peak of 
SP-LDH shifts to lower angle than that of LDH, suggesting 
the existence of dodecyl sulfate anions intercalated between 
the interlayer gallery of LDHs. Fourier transform infrared (FT-
IR) spectra (Figure S4, Supporting Information) of GSP-LDH 
exhibits that the bands at 2918 and 2850 cm −1  are attributed 
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 Figure 2.    a,b) TEM images of GSP-LDH, exhibiting graphene-SPLDH-graphene closely stacking structure. c) Pore size distribution curves of P-LDH 
and SP-LDH. d) XRD patterns of LDH, P-LDH, SP-LDH, and GSP-LDH.
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to –CH 2  stretching vibrations of alkyl chains of dodecyl sul-
fate, and bands in the range from 1300 to 900 cm −1  for the 
stretching mode of sulfate (OSO 3  − ). Additionally, the valence 
change for GSP-LDH was investigated by X-ray photoelectron 
spectroscopy (XPS,  Figure    3  a). Notably, high-resolution Co 2 p   
XPS spectrum of GSP-LDH reveals spin–orbit splitting into 
Co 2 p  1/2  and Co 2 p  3/2  components, and the Co 2 p  3/2  satellite 
line intensity is rather low (Figure  3 b), suggesting the coex-
istence of Co 2+  and Co 3+  in LDH. Additionally, C 1s peak of 
GSP-LDH presents that fi ve peaks centered at 284.5, 285.6, 
286.7, 288.2 and 289.9 eV can be attributed to sp 2  C, sp 3  C, 
C–O, C=O, and O=C–O (Figure  3 c),respectively, meaning par-
tial removal of oxygen containing functional groups. Raman 
analysis (Figure  3 d) exhibits that the intensity ratio (I D /I G ) 
of reduced-GO (1.02) is higher than that of pure GO (0.86), 
suggesting the presence of unrepaired defects after the 
removal of partial oxygen moieties. In addition, two strong 
peaks located at 597 and 672 cm −1  are typically assigned to 
CoAl-LDH. [ 27 ]  

  Owing to unique structural and conductive supports, the 
GSP-LDH electrode is expected to possess excellent electro-
chemical properties at high charge-discharge rates for super-
capacitors. The electrochemical properties of as-prepared sam-
ples measured in 6  M  KOH electrolyte are shown in  Figure    4  . 
The CV curves of samples LDH, P-LDH, SP-LDH, and GSP-
LDH exhibit a pair of redox peaks (Figure  4 a), which are the 
typical faradic reaction of Co hydroxides in alkaline electro-
lyte. [ 28 ]  The possible electrochemical reaction could be based 
on Equations  ( 1),(2)  :

    
+ ↔ + +− −Co(OH) OH CoOOH H O e2 2   

(1)
 

      + ↔ + +− −CoOOH OH CoO H O e2 2   (2) 

    In particular, the introduction of graphene sheets or dodecyl 
sulfate anions into the LDH can lead to a higher peak current 
compared to pure LDH, meaning a higher charge capacity. 
Moreover, the galvanostatic discharge curves for LDH, P-LDH, 
SP-LDH, and GSP-LDH at 1 A g −1  show typical pseudocapaci-
tive characteristics (Figure  4 b). The specifi c capacitance ( C  s , 
F g −1 ) can be calculated according to the following equation:

     C I t m V= Δ Δ/( )s   (3) 

 where  I  is the current density, Δ t  is the discharge time,  m  rep-
resents the mass of active material in the electrode, and Δ V  is 
the electrochemical window. Accordingly, the specifi c capaci-
tance of the GSP-LDH electrode is calculated to be 1043 F g −1  
at 1 A g −1 (Figure 4c), higher than those of SP-LDH (927 F g −1 ), 
P-LDH (849 F g −1 ), and LDH (756 F g −1 ) and other LDH-carbon 
hybrid materials. [ 23,29 ]  Moreover, the capacitance retention ratios 
( C  sp  at 20 A g −1 / C  sp  at 1 A g −1 ) of LDH, P-LDH, SP-LDH, and 
GSP-LDH are 44%, 63%, 78%, and 87% (Figure 4d), respectively. 
Therefore, the GSP-LDH electrode shows ultrahigh rate capability 
of 87%, much higher than those of previously reported LDH based 
materials ( Table    1  ), such as Ni–Co LDH (44% from 1 A g −1  to 
20 A g −1 ), [ 19 ]  Ni–Co–Al LDH (57% from 1 A g −1  to 30 A g −1 ), [ 28 ]  
and Co–Al LDH/graphene (73% from 1 A g −1  to 10 A g −1 ). [ 33 ]  
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 Figure 3.    a) XPS spectrum of GSP-LDH, b) XPS high-resolution spectra of sample GSP-LDH Co 2 p , c) XPS high-resolution spectra of sample GSP-LDH 
C1s. d) Raman spectrum of the GSP-LDH sample.



FU
LL

 P
A
P
ER

1652 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

  To investigate the electrode kinetics, electrochemical imped-
ance spectroscopy (EIS) measurements were performed as 
shown in Figure S5a, The ohmic resistance of the electrolyte 
and cell components (R (e)) of the GSP-LDH electrode is 0.37 Ω, 
which is smaller than those of LDH (0.74 Ω), P-LDH (0.56 Ω), 
and SP-LDH (0.44 Ω), meaning a much better ion diffusion 
property. Moreover, in the low frequency region, the GSP-LDH 
electrode exhibits a nearly vertical line, indicating high elec-
tron mobility. The impedance frequency behavior was further 

investigated by the complex model of the capacitance ( C ( w )). 
The normalized  C′ ( w ) and  C ″( w ) as a function of frequency for 
the P-LDH and SP-LDH electrodes are presented in Figure S5 
b,c. It can be obviously seen that the  C′ ( w ) of the SP-LDH elec-
trode deteriorates more slowly than that of the P-LDH electrode 
with the increase of frequency, which is attributed to fast ion 
diffusion and transport within the electrode. In addition, a time 
constant defi ned as  τ  0  = 1/ f  0 , which is known as a dielectric 
relaxation time characteristic of the whole system, is obtained 
from the maximum  C ″( w ) at frequency  f  0 . The  τ  0  is 0.58 s for 
the SP-LDH electrode (based on Equations  ( 5)  – ( 7)  ), much lower 
than that of the P-LDH electrode ( τ  0  = 0.84 s), demonstrating 
fast ion diffusion. 

 As known, long-term cycling stability is a critical parameter 
for evaluating the electrochemical performance of supercapaci-
tors. [ 34 ]  It can be clearly observed that the GSP-LDH electrode 
exhibits a capacitance retention ratio of 88% after 3000 cycles 
(Figure S5d, Supporting Information), higher than those of 
Co–Al LDH (76%), Ni–Co–Al LDH (82% after 2000 cycles), [ 26 ]  
and Co–Al LDH/graphene (81% after 2000 cycles), [ 33 ]  demon-
strating excellent long-term electrochemical stability. Therefore, 
the excellent electrochemical performances of the GSP-LDH 
electrode should be attributed to its unique structures. Firstly, 
the partial removal of Al from Co–Al LDH precursor gener-
ates more mesopores in favor of fast ion diffusion. Secondly, 
the intercalated anions can enhance the interlayer spacing and 
maintain the structure stability of LDH, resulting in good elec-
trochemical stability. Finally, face-to-face assembly of graphene 
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  Table 1.    Comparison of the rate capability of LDH based electrodes in 
the references. 

Materials Capacitance 
[F g −1 ]

Rate capability 
[%]

Ref.

Ni-Co LDH 2275 (1 A g −1 ) 44% (25 A g −1 )  [19] 

Co–Al LDH 1075 (5 mA cm −2 ) 72% (50 mA cm −2 )  [25] 

Co–Al LDH/Pt 734 (1 A g −1 ) 61% (25 A g −1 )  [26] 

Ni-Co-Al-LDH 1289 (1 A g −1 ) 57% (30 A g −1 )  [28] 

Co–Al LDH/graphene 772 (1 A g −1 ) 80% (25 A g −1 )  [29] 

Ni–Co LDH 1000 (5 mv s −1 ) 69% (500 mv s −1 )  [30] 

Co(OH) 2 1116 (2 A g −1 ) 38% (10 A g −1 )  [31] 

Ni–Co–Al LDH/RGO/CNT 1188 (1 A g −1 ) 72% (10 A g −1 )  [32] 

Co–Al LDH/graphene 712 (1 A g −1 ) 73% (10 A g −1 )  [33] 

GSP-LDH 1043 (1 A g −1 ) 87% (20 A g −1 ) This work



FU
LL P

A
P
ER

1653wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and SP-LDH is benefi cial for electron transport within the 
electrode. 

 Asymmetric supercapacitors (ASCs) have high energy 
densities due to the extension of the cell voltage window. [ 3,11 ]  
Recently, we had reported ASCs with a high energy density of 
77.8 Wh kg −1  at a power density of 174.7 W kg −1  using porous 
graphene and graphene/Ni(OH) 2  as the negative and positive 
electrodes, respectively, however, it only remained 17.4 Wh kg −1  
at a power density of 7.9 kW kg −1 . [ 11 ]  Therefore, it is a great 
challenge to maintain high energy density at high power den-
sity. In this work, ASCs were assembled using sandwiched gra-
phene/porous carbon (SGC) as negative electrode material and 
GSP-LDH as positive electrode material ( Figure    5  a). SGC was 

prepared by a facile one-step pyrolysis of the mixture of KOH 
and graphene oxide/polyaniline (PANI) precursor based on our 
previously work. [ 35 ]  Due to its interconnected conducting net-
work (Figure  5 b), ultrahigh specifi c surface area (2927 cm 2  g −1 ), 
and high nitrogen doping (6 at%), SGC exhibits high specifi c 
capacitance of 481 F g −1  at a current density of 0.5 A g −1 , and 
still maintains 313 F g −1  at 20 A g −1  (Figure  5 c). Moreover, CV 
curves of as-assembled SGC//GSP-LDH asymmetric superca-
pacitor measured at the scan rates from 30 to 200 mV s −1  in 
6  M  KOH exhibit both pseudocapacitive and double-layer behav-
iors (Figure  5 d). The energy and power densities of the SGC//
GSP-LDH cell were shown in the Ragone plot (Figure  5 e). 
Notably, the SGC//GSP-LDH asymmetric supercapacitor 
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 Figure 5.    a) Schematic illustration of the fabricated asymmetric supercapacitor based on SGC as negative electrode and GSP-LDH as positive electrode. 
b) SEM image of SGC. c) Specifi c capacitances of the SGC electrode at different current densities. d) CV curves of SGC//GSP-LDH asymmetrical super-
capacitor at different scan rates in 6  M  KOH aqueous electrolyte. e) Ragone plot related to energy and power densities of the as-assembled SGC//GSP-
LDH (�),SGC// LDH asymmetric supercapacitor (�) and other asymmetric supercapacitors previously reported in the literature, such as activated 
carbon//graphene/MnO 2  (�), [ 3 ]  Co–Al LDH/GO//Co–Al LDH/GO (�), [ 13 ]  Co–Al LDH/Pt// Co–Al LDH/Pt (�)   , [ 28 ]  VN//Co(OH) 2  (�), [ 36 ]  activated 
carbon//NiO/Ni (�), [ 37 ]  graphene// MnO 2 /graphene (	), [ 38 ]  graphene/MoO 3 //graphene/MnO 2  (
), [ 39 ]  V 2 O 5 /CNT//MnO 2 / activated carbon (�), [ 40 ]  
activated graphene//Co 3 O 4 /MnO 2  (�), [ 41 ]  activated carbon//NaMnO 2  (
), [ 42 ]  FeOOH//MnO 2  (�), [ 43 ]  and AC//V 2 O 5  (�). [ 44 ]  f) the long-term cycling 
performances of SGC//LDH and SGC//GSP-LDH asymmetric supercapacitors within a voltage window of 1.6 V at 100 mV s −1 . 
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shows an energy density of 41.2 Wh kg −1  at a power density of 
185.4 W kg −1  (based on the total mass of the active material in 
both electrodes). Even at a high power density of 9.3 kW kg −1 , 
it still remains an energy density of 20.4 Wh kg −1 , higher than 
those of SGC//LDH (11.5 Wh kg −1  at 5.2 kW kg −1)  and other pre-
viously reported asymmetric supercapacitors, such as activated 
carbon//graphene/MnO 2  (16.5 Wh kg −1  at 8.2 kW kg −1) , [ 3 ]  porous 
graphene//graphene/Ni(OH) 2  (17.4 Wh kg −1  at 7.9 kW kg −1) , [ 11 ]  
VN//Co(OH) 2  (15.9 Wh kg −1  at 9 kW kg −1) , [ 36 ]  graphene//
graphene/MnO 2  (7.0 Wh kg −1  at 5.0 kW kg −1 ), [ 38 ]  graphene/
MoO 3 //graphene/MnO 2  (9 Wh kg −1  at 3 kW kg 1 ), [ 39 ]  activated 
carbon//NaMnO 2  (12.2 Wh kg −1  at 4.25 kW kg −1) , [ 42 ]  FeOOH//
MnO 2  (15 Wh kg −1  at 3.8 kW kg −1 ), [ 43 ]  and activated carbon//
V 2 O 5  (20.3 Wh kg −1  at 2 kW kg −1 ). [ 44 ]  Moreover, the long-term 
cycling performances of SGC//LDH and SGC//GSP-LDH 
asymmetric supercapacitors at 100 mV s −1  for 2000 cycles 
are shown in Figure  5 f. Notably, the SGC//GSP-LDH asym-
metric supercapacitor displays excellent cycling stability with 
about 84% of the initial capacitance retention, higher than 
those of SGC//LDH (69% after 2000 cycles) and previously 
reported ASCs, such as graphene//graphene/MnO 2  (79% 
after 1000 cycles), [ 38 ]  activated carbon//Ni(OH) 2  (82% after 
1000 cycles), [ 45 ]  and activated carbon//LiNi 1/3 Co 1/3 Mn 1/3 O 2  
(80% after 1000 cycles). [ 46 ]  

  Accordingly, the SGC//GSP-LDH asymmetric supercapac-
itor delivers high energy density even at high power density, 
as well as excellent cycling stability, which are attributed to the 
enhanced electrochemical kinetics, good mechanical and struc-
tural stability, and fast charge transfer for the electrodes.  

  3.     Conclusion 

 In summary, a facile synthetic route has been developed to 
directly assemble the integrated porous Co–Al hydroxide 
nanosheets with dual support system using dodecyl sulfate 
anions and graphene sheets as the structural and conductive 
support, respectively. Due to fast ion transport, high conductivity, 
porous and integrated structure,the as-obtained GSP-LDH shows 
a high specifi c capacitance, excellent rate performance, and 
excellent cycling stability. Moreover, the assembled SGC//GSP-
LDH asymmetric supercapacitor delivers a high energy density 
up to 20.4 Wh kg −1  at a very high power density of 9.3 kW kg −1 , 
and excellent cycling stability. Therefore, the assembly design 
strategy would pave a simple and useful way to fabricate high-
performance electrode materials for energy-storage devices such 
as supercapacitor, Li-ion batteries and fuel cell.  

  4.     Experimental Section 

  Synthesis of LDH : In a typical procedure, 0.03 mol Co(NO 3 ) 2 ·6H 2 O, 
0.01 mol Al(NO 3 ) 3 ·9H 2 O and 0.1 mol CO(NH 2 ) 2  were dissolved in 
200 mL distilled water. Then the above solution was transferred into a 
three-necked fl ask, and heated and refl uxed at 90 °C for 8 h. Finally, the 
resulting product was fi ltered, washed with distilled water and ethanol 
several times, and freeze-dried. 

  Synthesis of Exfoliated LDH : 200 mg of the above obtained LDH 
was dispersed into 200 ml of formamide in a conical beaker, which 
was tightly capped after purging with nitrogen gas. Then, the mixture 

was agitated vigorously stirring for 2 days. Afterward, the mixture was 
further treated by centrifugation at 6000 rpm for 5 min and washed three 
times with distilled water. Finally, the resulting product was freeze-dried. 

  Synthesis of P-LDH : The above obtained exfoliated LDH (0.1 g) was 
added into 100 mL distilled water, and sonicated for 30 min. Then, 
2.0 g NaOH was added into the above suspension and stirred for 12 h 
at room temperature. Finally, the resulting product was fi ltered, washed 
with distilled water and ethanol several times, and freeze-dried. 

  Synthesis of SP-LDH : The obtained exfoliated LDH (0.1 g) was added 
into 100 mL distilled water and sonicated for 30 min. Afterwards, 
0.3842 g sodium dodecyl sulfate was added into above suspension 
and stirred for 10 min. Then, 2.0 g NaOH was added into the above 
suspension, and stirred for 12 h at room temperature. Finally, the 
resulting product was fi ltered, washed with distilled water and ethanol 
several times,and freeze-dried. 

  Synthesis of GSP-LDH Composite : GO was synthesized from natural 
graphite (Qingdao Graphite Company) by a modifi ed Hummers 
method. [ 47 ]  The above obtained SP-LDH (0.098 g) was added into 
100 mL distilled water with a bit alcohol, and sonicated for 30 min. 
Afterwards, 20 mL of GO suspension (0.1 mg mL –1 ) was added into 
the above suspension under vigorous stirring for 5 min. Then, the 
mixture solution was transferred into a one-necked fl ask, 350 µL of 
ammonia (32% in water) was added to keep the suspension under basic 
conditions. Subsequently, 100 µL of hydrazine hydrate (80% in water) 
were added, and the mixture solution was heated to 95 °C for 10 h. 
Finally, the resulting product was fi ltered, washed with distilled water 
and ethanol several times, and freeze-dried. 

  Material Characterizations : The crystallographic structure of the 
samples 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 microstructures of the samples 
were investigated by fi eld-emission scanning electron microscope (SEM, 
Camscan Mx2600FE) and transmission electron microscope (TEM, 
JEOL JEM2010). Fourier transform infrared (FT-IR) spectroscopy was 
carried out on a Perkin-Elmer Spectrum 100 spectrometer in a range 
of 500–4000 cm−1. Raman spectra were conducted on a Jobin-Yvon 
HR800 spectrometer with 458 nm wavelength incident laser light. Pore 
structure of the samples were characterized by N 2  adsorption at 77 K 
using Barrett–Emmett–Teller (BET) calculations for the surface area. The 
pore size distribution was conducted on the adsorption branch of the 
isotherm using density functional theory (DFT) model. 

  Electrochemical Measurement : The fabrication of working electrodes 
were carried out as follows: Briefl y, the active materials (75 wt%), carbon 
black (20 wt%), and polytetrafl uoroethylene (5 wt%) were mixed and 
dispersed in ethanol to obtain a slurry, which was then coated onto the 
nickel foam current collectors (1 cm × 1 cm) with a spatula. Finally, the 
as-fabricated electrodes were dried at 80 °C for 12 h in a vacuum oven. 
The mass loading of the electrode materials was about 2 mg cm −2 . The 
asymmetric supercapacitor was built with a glassy fi brous separator and 
performed in a two-electrode cell in 6  M  KOH aqueous electrolyte. The 
loading mass ratio of positive electrode material and negative electrode 
material was estimated from the equation as followed:

    
= ×

×
+

−

− −

+ +

m
m

C V
C V   

(4)
 

 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 electroactive 
electrode (g). The electrochemical tests of the individual electrode were 
tested in a three-electrode cell. Ni foam coated with samples as the 
working electrode, platinum foil and saturated calomel electrode (SCE) 
as the counter and reference electrodes. The measurements were carried 
out in a 6  M  KOH aqueous electrolyte at room temperature. All of the 
above electrochemical measurements were measured by a CHI 660C 
electrochemical workstation. The  C(w)  is dependent on real part the 
cell capacitance  C ′ (w) , the imaginary part  C″(w)  related to the losses of 
energy dissipation and frequency, which is defi ned as follows:  [ 48 ] 
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 where  Z ′(w)  and  Z ″(w)  are the respective real and imaginary parts of 
the complex impedance  Z(w) .  w  is the angular frequency which is given 
by  w  = 2π f . The energy density ( E ) and power density ( P ) were calculated 
according to the following equations:

    = 0.5 2E CV   (8)  

    
= ΔP

E
t   

(8)
 

 where Δ t  is indicating the discharge time (s).  
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