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A High-Performance Graphene Oxide-Doped Ion Gel as 
Gel Polymer Electrolyte for All-Solid-State Supercapacitor 
Applications
 A high-performance graphene oxide (GO)-doped ion gel (P(VDF-HFP)-
EMIMBF 4 -GO gel) is prepared by exploiting copolymer (poly(vinylidene fl uo-
ride-hexafl uoro propylene), P(VDF-HFP)) as the polymer matrix, ionic liquid 
(1-ethyl-3-methylimidazolium tetrafl uoroborate, EMIMBF 4 ) as the supporting 
electrolyte, and GO as the ionic conducting promoter. This GO-doped ion gel 
demonstrates signifi cantly improved ionic conductivity compared with that of 
pure ion gel without the addition of GO, due to the homogeneously distrib-
uted GO as a 3D network throughout the GO-doped ion gel by acting like a 
ion “highway” to facilitate the ion transport. With the incorporation of only a 
small amount of GO (1 wt%) in ion gel, there has been a dramatic improve-
ment in ionic conductivity of about 260% compared with that of pure ion gel. 
In addition, the all-solid-state supercapacitor is fabricated and measured at 
room temperature using the GO-doped ion gel as gel polymer electrolyte, 
which demonstrates more superior electrochemical performance than the 
all-solid-state supercapacitor with pure ion gel and the conventional super-
capacitor with neat EMIMBF 4 , in the aspect of smaller internal resistance, 
higher capacitance performance, and better cycle stability. These excellent 
performances are due to the high ionic conductivity, excellent compatibility 
with carbon electrodes, and long-term stability of the GO-doped ion gel. 
  1. Introduction 

 Nowadays, portable electronic devices (e.g., mobile phones, 
notebooks, and cameras) are becoming more and more 
demanding for multifunctional energy storage devices being 
small, thin, lightweight, and fl exible. [  1  ,  2  ]  Therefore, for the spe-
cial confi guration design and fabrication of novel energy storage 
devices, a thin and fl exible layer of polymer electrolyte is consid-
ered to be the most effective geometry because of the intrinsic 
properties of polymer electrolyte, such as thin-fi lm forming 
ability, fl exibility as well as the relatively high ionic conductivity 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 DOI: 10.1002/adfm.201203556 

  X. Yang, F. Zhang, L. Zhang, T. F. Zhang, 
Prof. Y. Huang, Prof. Y. S. Chen
Key Laboratory of Functional Polymer Materials 
and Centre of Nanoscale Science and Technology 
Institute of Polymer Chemistry 
College of Chemistry 
Nankai University 
300071, Tianjin, China 
E-mail: yschen99@nankai.edu.cn  

Adv. Funct. Mater. 2013, 23, 3353–3360
and wide electrochemical window. [  3  ,  4  ]  
Compared with the conventional energy 
storage devices using liquid electrolytes, 
all-solid-state energy storage devices based 
on polymer electrolytes don’t require high 
standard safety encapsulation materials 
and thus their geometry shape is vari-
able, which may bring new design oppor-
tunities for energy storage devices in the 
future wearable electronics fi eld. [  5  ,  6  ]  

 Conventional polymer electrolytes 
include solid polymer electrolytes (SPEs) 
(solid solutions of electrolyte salts in poly-
mers) and gel polymer electrolytes (GPEs) 
(“ion gels” of electrolytes trapped in poly-
mers). [  3  ]  However, because of the ultralow 
ionic conductivity of SPEs at room tem-
perature, [  6  ]  great efforts are being dedi-
cated to prepare high-performance GPEs 
for the all-solid-state energy storage device 
applications. [  7–14  ]  

 In order to prepare high-performance 
GPEs, several promising supporting elec-
trolyte/polymer matrix systems, named 
“ion gels”, [  4  ]  have been explored in recent 
years. Primarily, several polymer matrix 
materials have been developed and investigated for preparing 
high-performance ion gels, [  15  ]  including poly(ethylene oxide) 
(PEO), poly(vinyl alcohol) (PVA), poly(methyl methacrylate) 
(PMMA), poly(acrylonitrile) (PAN), poly(vinylidene fl uoride) 
(PVDF), and copolymer poly(vinylidene fl uoride-hexafl uoro 
propylene) (P(VDF-HFP)). Among these polymers, copolymer 
P(VDF-HFP), with crystalline parts (PVDF) to maintain the 
mechanical property and amorphous parts (PHFP) to trap the 
liquid electrolyte, [  15  ,  16  ]  has been demonstrated to exhibit high 
performance in ion gel systems. 

 Furthermore, the traditional supporting electrolytes in ion 
gel systems, including aqueous and organic supporting elec-
trolytes, generally consist of polar solvents and electrolyte salts 
in polymer matrixes, [  13  ]  which have some critical problems, 
such as volatility and/or fl ammability when solvents are used 
in all-solid-state energy storage devices in a severe temperature 
range. [  17–19  ]  Ionic liquids (ILs) are molten salts that remain in 
liquid state at room temperature and comprised of dissociated 
ions with no intervening solvent, which can be used as electro-
lytes without the addition of any salt since its intrinsical ionic 
conductivity. [  20  ]  ILs have the unique properties as supporting 
electrolytes compared with other supporting electrolytes, such 
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     Figure  1 .     a) Typical tapping-mode atomic-force microscopy (AFM) image of GO sheets used 
in this work, which reveals that most GO sheets have heights of about 1.1 nm and sizes 
mainly less than 500 nm. b) Photographs of the obtained pure P(VDF-HFP)-2EMIMBF 4  gel 
(A), and P(VDF-HFP)-2EMIMBF 4 -GO gels with GO doping mass fraction of 1 wt% (B), 2.5 wt% 
(C), 5 wt% (D), and 10 wt% (E), respectively.  
as non-fl ammability, negligible vapor pres-
sure, high operating voltage, and excellent 
electrochemical/thermal stability. [  15  ]  There-
fore, using ILs as a substitute for conven-
tional supporting electrolytes has been of 
great interest for ion gel systems. [  4  ,  19  ,  21  ,  22  ]  

 Moreover, for the purpose of further 
improving the ionic conductivity of ion gels, 
adding an inorganic material to ion gels has 
been demonstrated as one of the most favo-
rable routes. These additional materials can 
be either ionic conductive (e.g., zeolites) or 
neutral (e.g., Al 2 O 3 , TiO 2 , SiO 2 , etc.). [  23–25  ]  The 
reciprocity of additional materials and polymer 
matrixes will infl uence the aggregated state 
of polymer in ion gels and improve the ionic 
conductivity. Therefore, the effect on ionic 
conductivity is highly dependent on the spe-

cifi c surface area (SSA), Lewis acid and surface chemistry char-
acteristics of these additional materials. [  6  ]  Graphene oxide (GO), 
a single-layer of graphite oxide with ultrahigh SSA and abundant 
oxygen-containing functional groups, [  26–31  ]  should be a favorable 
additional material to improve the ionic conductivity of ion gels. 
However, although the approach of using carbon nanofi llers in 
polymer electrolytes has shown a remarkable improvement on 
ionic conductivity [  32  ,  33  ]  and graphene was widely used as electrode 
materials for supercapacitor applications, [  34–39  ]  the incorporation 
of GO into ion gels as GPEs has not been reported so far. 

 In this work, a high-performance GO-doped ion gel (P(VDF-
HFP)-EMIMBF 4 -GO gel) was developed by exploiting the state-
of-the-art ion gel system of P(VDF-HFP)-EMIMBF 4  with GO as 
the ionic conducting promoter. This GO-doped ion gel demon-
strated signifi cantly improved ionic conductivity compared with 
the pure ion gel without the addition of GO, due to the homo-
geneously distributed GO as a 3D network throughout the GO-
doped ion gel by acting like a ion “highway” to facilitate the ion 
transport. Furthermore, the all-solid-state supercapacitor was 
fabricated and measured at room temperature using the GO-
doped ion gel as GPE, which has demonstrated more superior 
electrochemical performance than the all-solid-state superca-
pacitor with pure ion gel and conventional supercapacitor with 
neat EMIMBF 4 .  

  2. Results and Discussion 

 A series of GO-doped ion gels were prepared through a 
simple solution-mixing/casting method in anhydrous condi-
tions as described in the experimental section. The products 
are denoted as P(VDF-HFP)-mEMIMBF 4 -nwt%GO, where the 
“m” and “n” represent the mass ratio of EMIMBF 4 /P(VDF-
HFP) and the mass fraction of GO/P(VDF-HFP), respectively. 
 Figure    1  a displays a typical tapping-mode atomic-force micro-
scopy (AFM) image of GO sheets used in this work. The size 
of most GO sheets are less than 500 nm and the corresponding 
high cross-sectional profi le indicates that the height of most 
GO sheets are about 1.1 nm, which is characteristic of a single-
layer GO sheet. [  26  ]  Figure  1 b shows the photographs of the 
resulting P(VDF-HFP)-2EMIMBF 4 -GO gels with different GO 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
doping mass fraction, and the pure P(VDF-HFP)-2EMIMBF 4  
gel without the addition of GO as a comparsion.  

  2.1. Properties of GO-Doped Ion Gels 

 The ionic conductivity of GO-doped ion gels was measured by 
electrochemical impedance spectroscopy (EIS) measurements 
with AC potential amplitude of 10 mV and a frequency range of 
1 Hz–100 kHz.  Figure    2  a shows a typical Nyquist plot of imped-
ance analysis on P(VDF-HFP)-2EMIMBF 4 -1wt%GO gel. At high 
frequency (close to 100 kHz), the corresponding value of the 
intercept on the real axis ( x  axis) represents the intrinsic resist-
ance of ion gel as the ohmic resistance of the testing device is 
negligible. [  40  ]  The ionic conductivity is calculated according to 
the formula (1):

 
σ = L

R × S   
(1)   

  

 Where   σ   is the ionic conductivity,  L  is the distance between the 
two electrodes,  R  is the resistance of ion gels, and  S  is the geo-
metric area of the electrode/electrolyte interface. 

 Based on the data obtained by impedance spectroscopy meas-
urements, the ionic conductivity of P(VDF-HFP)-2EMIMBF 4 -
GO gels with different GO doping mass fraction is shown in 
Figure  2 b. Interestingly, the addition of a small amount of GO 
into the ion gels results in a considerable increase in the ionic 
conductivity initially. Compared with that of pure P(VDF-HFP)-
2EMIMBF 4  gel, only 1 wt% of GO doping makes a dramatic 
improvement of the ionic conductivity of about 260%. However, 
it is abruptly decreased with the excess addition of GO (more 
detailed discussion about this is presented below). Further-
more, the mass ratio of EMIMBF 4  and P(VDF-HFP) in ion gels 
also has great infl uence on the ionic conductivity. As shown in 
Figure  2 c, the ionic conductivity is enhanced by increasing the 
mass ratio of EMIMBF 4  and P(VDF-HFP) from 1:1 to 1:5. How-
ever, further increasing the content of EMIMBF 4  in ion gel, 
the strength of the ion gel dramatically decrease and thus the 
samples can’t meet the measurement demand. Overall, an opti-
mized high ionic conductivity of about 25 mS cm  − 1  was achieved 
in the sample of P(VDF-HFP)-5EMIMBF 4 -1wt%GO gel, where 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3353–3360
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     Figure  2 .     The ionic conductivity of GO-doped ion gels. a) Typical Nyquist 
plot of impedance analysis on P(VDF-HFP)-2EMIMBF 4 -1wt%GO gel. The 
inset shows a magnifi ed view of the high frequency region of the imped-
ance spectra. b) Ionic conductivity of P(VDF-HFP)-2EMIMBF 4 -GO gels 
with different GO doping mass fraction. c) Ionic conductivity of P(VDF-
HFP)-EMIMBF 4 -1wt%GO gels with different EMIMBF 4  and P(VDF-HFP) 

     Figure  3 .     Electrochemical and thermal stability of pure P(VDF-HFP)-
5EMIMBF 4  gel and P(VDF-HFP)-5EMIMBF 4 -1wt%GO gel. a) Cyclic voltam-
mogram at a potential scan rate of 50 mV s  − 1  indicates that the ion gels 
are stable at a broad potential range of 0–3.5 V. b) Thermogravimetric anal-
yses (TGA) thermogram under nitrogen atmosphere, with heating rate of 
10  ° C min  − 1 , demonstrates that the ion gels have excellent thermal stability.  
the mass ratio of EMIMBF 4 /P(VDF-HFP) is 5, the mass frac-
tion of GO/P(VDF-HFP) is 1wt%, which is much higher than 
that of the pure P(VDF-HFP)-5EMIMBF 4  gel (11 mS cm  − 1 , 
Figure S1) and even slightly higher than the ionic conductivity 
of neat EMIMBF 4  (21 mS cm  − 1 , Figure S1). The increased ionic 
conductivity is believed due to the enhanced dissociation of 
the IL of EMIMBF 4  where GO acts as the additional dielectric 

mass ratio.  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3353–3360
substance [  6  ,  41  ,  42  ]  and facilitates ion transport in the GO-doped 
ion gels as will be discussed below. 

 In order to operate at a broad potential window and tempera-
ture range, ion gels must have excellent electrochemical and 
thermal stability. [  15  ,  43  ]  The electrochemical and thermal stability of 
pure P(VDF-HFP)-5EMIMBF 4  gel and P(VDF-HFP)-5EMIMBF 4 -
1wt%GO gel are shown in  Figure    3  . Figure  3 a shows the cyclic 
voltammograms of ion gels, measured at a potential scan rate of 
50 mV s  − 1 . The rise of the current at high potential corresponds 
to the electrochemical reaction of ion gels. The cyclic voltam-
mograms indicate that both pure P(VDF-HFP)-5EMIMBF 4  gel 
and P(VDF-HFP)-5EMIMBF 4 -1wt%GO gel are stable at a broad 
potential range of 0-3.5 V, which is much higher than the aqueous 
( ∼ 1 V) [  7  ,  9  ,  10  ]  and organic ( ∼ 2.7 V) [  8  ]  ion gels. Thermogravimetric 
analyses (TGA) thermogram of ion gels, shown in Figure  3 b, dem-
onstrates that both pure P(VDF-HFP)-5EMIMBF 4  gel and P(VDF-
HFP)-5EMIMBF 4 -1wt%GO gel have excellent thermal stability and 
are thermally stable below 300  ° C. In addition, with the addition of 
GO, the P(VDFHFP)-5EMIMBF 4 -1wt%GO gel has relatively lower 
thermal stability than the pure ion gel. It may be attributed to the 
interaction between GO and the copolymer P(VDF-HFP), which 
could decrease the crystallinity of copolymer thus result in a rela-
tively lower thermal stability of the ion gel. [  44  ,  45  ]    
3355wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Scheme  1 .     Proposed cross-section schematic structures of GO-doped ion gels with different 
GO doping mass fraction. For easy presentation, the two dimensional (2D) graphene sheet is 
presented as a 1D line. a) Pure ion gel. b) GO-doped ion gel with optimized GO doping. c) GO-
doped ion gel with excess GO dopings.  
  2.2. The Role of GO in GO-Doped Ion Gels 

 To interpret the effect of GO doping on 
ionic conductivity, we proposed the sche-
matic structures of pure ion gel and GO-
doped ion gels with different GO doping 
mass fractions ( Scheme    1  ). The cross-sec-
tion schematic structure of pure ion gel 
is shown in Scheme  1 a. The crystal phase 
from crystalline part (PVDF) of copolymer 
maintains the mechanical property as the 
framework; while the amorphous phase 
mainly from the amorphous part (PHFP) 
acts as the entrapped channel for the sup-
porting electrolyte (EMIMBF 4 ). [  15  ,  16  ]  The 
phase structure was examined using X-ray 
diffraction (XRD) characterization. As 
shown in  Figure    4  a, for the P(VDF-HFP) 

fi lm, a strong diffraction peak is observed at the 2 θ  value 
of 20.4 ° , which corresponds to (200)/(110) refl ections of the 
 β -phase crystals of PVDF; a distinctive peak is also observed 
at the 2 θ  values of 18.5 ° , which corresponds to (020) refl ec-
tion of the  α -phase crystals of PVDF, indicating the coexist-
ence of the  α - and  β -phases crystal of PVDF in P(VDF-HFP) 
fi lm. [  46  ,  47  ]  Meanwhile, for the pure P(VDF-HFP)-2EMIMBF 4  
gel and P(VDF-HFP)-2EMIMBF 4 -GO gel with different GO 
doping mass fraction, the peak at 2 θ  value of 18.5 °  is weak-
ened compared with that of the P(VDF-HFP) fi lm, indicating 
that the  α -phase crystals of PVDF is suppressed while the 
 β -phase crystals of PVDF is slightly enhanced in the ion 
gels. [  46  ]    
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  4 .     a) XRD pattern (plotted as Cu  Ka ) of P(VDF-HFP) fi lm, pure P(
GO doping mass fraction. b) Differential scanning calorimetry (DSC) ther
gels with different GO doping mass fraction. Compared with pure P(VDF-H
shift to lower temperature and the melting enthalpy value reduced with inc
GO indeed decrease the degree of crystalline in ion gel.  
 As the ions of EMIMBF 4  can only migrate through the disor-
dered amorphous phase (transport pathway), [  15  ,  16  ]  which is dem-
onstrated in Scheme  1 a, thus the degree of crystalline should 
have a dramatically infl uence on the ionic conductivity. When the 
GO was added into the GO-doped ion gel, due to the abundant 
oxygen-containing functional groups on the surface and edge of 
GO sheets, the added GO should interact with the copolymer to 
form amorphous phase on the surface of GO and decrease the 
degree of crystalline in GO-doped ion gels. To demonstrate this, 
differential scanning calorimetry (DSC) was used to measure 
the melting enthalpy of pure P(VDF-HFP)-2EMIMBF 4  gel and 
P(VDF-HFP)-2EMIMBF 4 -GO gel with different GO doping 
mass fraction, and the melt curves are shown in Figure  4 b. 
mbH & Co. KGaA, Weinheim

VDF-HFP)-2EMIMBF 4  and P(VDF-HFP)-2EMIMBF 4 -GO gels with different 
mogram of pure P(VDF-HFP)-2EMIMBF 4  and P(VDF-HFP)-2EMIMBF 4 -GO 
FP)-2EMIMBF 4  gel, the melting peaks of P(VDF-HFP)-2EMIMBF 4 -GO gels 
reasing the GO doping mass fraction, which indicates that the addition of 
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     Figure  5 .     Comparison of cyclic voltammetry measurements of all-solid-
state supercapacitors with optimized GO-doped ion gel and pure ion gel, 
and conventional supercapacitor with neat EMIMBF 4  at potential scan 
rates of a) 25 mV s  − 1  and b) 200 mV s  − 1 .  
When increasing the doping mass fraction of GO, the melting 
peaks of GO-doped ion gels shift to left slightly from 112.5  ° C 
for pure P(VDF-HFP)-2EMIMBF 4  gel to 108.5  o C for P(VDF-
HFP)-2EMIMBF 4 -2.5wt%GO gel, and the melting enthalpy 
value is also reduced from  Δ H of 6.38 J g  − 1  for pure P(VDF-
HFP)-2EMIMBF 4  gel to 2.79 J g  − 1  for P(VDF-HFP)-2EMIMBF 4 -
2.5wt%GO gel, which indicates that the addition of GO indeed 
decreases the degree of crystalline in GO-doped ion gels. [  48  ]  Fur-
thermore, due to the homogeneous distribution of GO as a 3D 
network in the ion gel matrix, a high degree of continuous and 
interconnected transport channel on the surface of GO can be 
formed (Scheme  1 b), which can be described as “highway” for 
ion transport. Therefore, compared with that of pure ion gel, 
this “highway” built by 3D network of GO can result in higher 
ionic conductivity. Although the degree of crystalline in the GO-
doped ion gel can be further reduced with more mass fraction of 
GO, the more addition of GO is expected to deteriorate the ionic 
conductivity due to the restacking of GO sheets and the blocking 
effect by the excessive GO as shown in Scheme  1 c.  

  2.3. Electrochemical Performance of All-Solid-State 
Supercapacitor 

 Using the best recommended industry practice and method, [  49  ]  
an all-solid-state supercapacitor was fabricated by using the opti-
mized GO-doped ion gel (P(VDF-HFP)-5EMIMBF 4 -1wt%GO) as 
GPE and separator, a widely used commercial activated carbon 
RP20 as electrode material (SSA is about 1739 m 2  g  − 1 , the detail 
characterization of RP20 is shown in Supporting Information 
Figure S2). For comparison, another all-solid-state supercapac-
itor using pure ion gel (P(VDF-HFP)-5EMIMBF 4 ) as GPE and 
separator, and a conventional liquid supercapacitor using neat 
ionic liquid of EMIMBF 4  as electrolyte were also fabricated 
using the same electrode material. Furthermore, all the electro-
chemical performances were studied at room-temperature. 

   Figure 5   shows the cyclic voltammetry comparison of all-
solid-state supercapacitors with optimized GO-doped ion gel 
and pure ion gel, and conventional supercapacitor with neat 
EMIMBF 4  at low (25 mV s  − 1 ) and high (200 mV s  − 1 ) potential 
scan rates. At low potential scan rate of 25 mV s  − 1 , as shown in 
Figure  5 a, all the curves are nearly rectangular, which is char-
acteristic of an ideal capacitor; [  50  ]  and the all-solid-state super-
capacitor with optimized GO-doped ion gel shows almost the 
same capacitance performance as the conventional superca-
pacitor with neat EMIMBF 4 , but much higher than that of all-
solid-state supercapacitor with pure ion gel. However, at high 
potential scan rate of 200 mV s  − 1 , as shown in Figure  5 b, all the 
curves start to become distorted as the overall internal resist-
ance of the devices becomes a dominant factor; [  42  ]  nevertheless, 
the curve of all-solid-state supercapacitor with optimized GO-
doped ion gel is less distorted and the capacitance performance 
is higher than the other two devices. These results confi rm that 
the all-solid-state supercapacitor with optimized GO-doped ion 
gel has lower internal resistance, which would be benefi cial to 
get higher specifi c capacitance and better power performance.  

 The capacitance performances at various charge/dis-
charge current densities were measured through galvanostatic 
charge/discharge measurements.  Figure    6  a shows the specifi c 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 3353–3360
capacitance values at various discharge current densities. At 
low discharge current density, the specifi c capacitance of the 
all-solid-state supercapacitor with optimized GO-doped ion gel 
is only a little higher than that of conventional supercapacitor 
with neat EMIMBF 4  and all-solid-state supercapacitor with pure 
ion gel. However, when increasing current densities, its specifi c 
capacitance is getting much higher than the other two devices, 
again indicating a lower internal resistance than the other two 
devices. Figure  6 b shows the galvanostatic charge/discharge 
curves at a current density of 1 A g  − 1 . All the curves are nearly 
straight lines, which means that the all-solid-state supercapac-
itors with optimized GO-doped ion gel and pure ion gel have 
the standard capacitive behavior of double layer capacitors as 
the conventional supercapacitor. [  51  ]  In galvanostatic charge/dis-
charge measurements, the voltage drop appeared at the begin-
ning of the discharge is associated with the overall internal 
resistance of devices. Figure  6 c summarizes the variation of 
voltage drop with different current densities. The voltage drop 
increases linearly with the increase of current density for each 
device, and the slope of this linear relationship corresponds to 
the overall internal resistance value. [  52  ]  As shown in Figure  6 c, 
3357wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     Electrochemical performance characterization of all-solid-state supercapacitors with optimized GO-doped ion gel and pure ion gel, and 
conventional supercapacitor with neat EMIMBF 4 . a) Specifi c capacitances at various discharge current densities. b) Typical galvanostatic charge/
discharge curves at a current density of 1 A g  − 1 . c) Voltage drop associated with the internal resistance of device at different discharge current densi-
ties. d) Nyquist impedance plots at a frequency range of 10 mHz to 100 kHz. The inset shows a magnifi ed view of the high frequency region of the 
impedance spectra.  
the overall internal resistance of the all-solid-state supercapac-
itor with optimized GO-doped ion gel is a little lower than that 
of conventional supercapacitor with neat EMIMBF 4 , but much 
lower than that of all-solid-state supercapacitor with pure ion 
gel. This lower internal resistance would contribute greatly 
to the higher specifi c capacitance and better power perform-
ance for the optimized GO-doped ion gel based all-solid-state 
supercapacitor.  

 Nyquist plots of the all-solid-state supercapacitors with 
optimized GO-doped ion gel and pure ion gel, and conven-
tional supercapacitor with neat EMIMBF 4 , were obtained by 
a frequency response analysis (FRA) of the frequency range 
from 10 mHz to 100 kHz. The Nyquist plots show a typical 
response of a porous electrode, as shown in Figure  6 d with an 
expanded view provided in the inset. The Nyquist plots exhibit 
an intercept on the real axis ( x  axis) at high frequency (close to 
100 kHz), which represents the intrinsic internal resistance of 
the electrode material and electrolyte of device, a approximate 
semicircular behavior at the high to midfrequency region, which 
is relatived to the interface nature of electrolyte and electrode 
material, a 45 °  Warburg region at the middle frequency region, 
which is related to the diffusion of the ions into the bulk of elec-
trodes, and an almost vertical line at low frequencies, indicating 
the ideal capacitive performance of device. [  40  ,  53  ]  As shown in 
Figure  6 d, all the devices have the similar intercept on the real 
axis at high frequency, which means that the intrinsic internal 
resistance of the electrode material and electrolyte is not the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
major determinant for the overall internal resistance of devices. 
Compared with the Nyquist plots of the devices with optimized 
GO-doped ion gel and neat EMIMBF 4 , the Nyquist plots of the 
all-solid-state supercapacitor with pure ion gel exhibits a much 
larger diameter of semicircular at the high to midfrequency 
region, which indicates a very poor connected interface nature 
of pure ion gel and electrode material, which mainly decided 
the overall internal resistance. This result demonstrates the piv-
otal role of GO for improving the interface nature of ion gel 
and electrode material compared with that of pure ion gel. In 
addition, the all-solid-state supercapacitor with optimized GO-
doped ion gel has a relatively shorter 45 °  Warburg region at the 
middle frequency, and a more vertical line at low frequencies, 
which indicates that the device has much better electrochemical 
performance and also confi rms that the GO-doped ion gel has 
higher ionic conductivity and much better compatibility with 
carbon electrodes than the pure ion gel and neat EMIMBF 4 . 

 Ragone plots (power density  vs.  energy density) for the all-
solid-state supercapacitor with optimized GO-doped ion gel 
and compared with that of conventional supercapacitor with 
neat EMIMBF 4  are shown in  Figure    7  a. From the Ragone plots, 
the application of optimized GO-doped ion gel improves the 
all-solid-sate supercapacitor performance and preserves the 
energy at high power density. The energy density can reach as 
high as 32.4 Wh kg  − 1  for the all-solid-state supercapacitor at a 
power density of 6.6 kW kg  − 1  at a current density of 10 A g  − 1 . 
In comparison, at the same current density of 10 A g  − 1 , the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3353–3360
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     Figure  7 .     a) Ragone plots of the all-solid-state supercapacitors with opti-
mized GO-doped ion gel, and conventional supercapacitor with neat 
EMIMBF 4 . b) The cycling performance of the all-solid-state supercapac-
itors with optimized GO-doped ion gel, and conventional supercapacitor 
with neat EMIMBF 4  at a charge/discharge current density of 1 A g  − 1 .  
energy density and power density are only 22.6 Wh kg  − 1  and 
5.7 kW kg  − 1  respectively for the conventional supercapacitor. 
The GO-doped ion gel evidently facilitates charge storage and 
ionic transport in the device system. Moreover, the cycling per-
formance was also measured for the all-solid-state supercapac-
itors with optimized GO-doped ion gel and conventional super-
capacitor with neat EMIMBF 4  at a current density of 1 A g  − 1 , 
as shown in Figure  7 b. Due to the high ionic conductivity and 
excellent compatibility with carbon electrodes of the optimized 
GO-doped ion gel, the all-solid-state supercapacitor exhibits 
better cycle stability than the conventional supercapacitor.    

  3. Conclusions 

 In summary, GO, as a ionic conducting promoter for ion 
gel, has been demonstrated for the fi rst time to dramatically 
improve the ionic conductivity of GO-doped ion gel compared 
with that of pure ion gel. Due to the homogeneous distribu-
tion of GO as a 3D network in GO-doped ion gels, a high 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3353–3360
degree of continuous and interconnected transport channel 
was developed to facilitate the ion transport and resulted in a 
considerable increase in the ionic conductivity. Furthermore, 
compared with the all-solid-state supercapacitor with pure ion 
gel and conventional supercapacitor with neat EMIMBF 4 , the 
all-solid-state supercapacitor with optimized GO-doped ion gel 
has more superior electrochemical performance in the aspect 
of smaller internal resistance, higher capacitance perform-
ance, and better cycle stability. These excellent properties are 
attributed to the high ionic conductivity, excellent compatibility 
with carbon electrodes, and long-term stability of GO-doped 
ion gel. We believe that the excellent performance of P(VDF-
HFP)-EMIMBF 4 -GO gels may bring new design opportunities 
of device confi guration for energy-storage devices in the future 
wearable electronics fi eld.  

  4. Experimental Section 
  Go-Doped Ion Gels Preparation : A series of P(VDF-HFP)-EMIMBF 4 -GO 

gels were obtained using a simple solution-mixing/casting method 
according to different GO loading mass fraction and different mass 
ratio of EMIMBF 4  and P(VDF-HFP). Typically, the synthesis procedure 
for a typical P(VDF-HFP)-2EMIMBF 4 -1wt%GO gel was as follows: GO 
(6 mg, Tianjin Plannano Co., Ltd.) was dispersed in DMF (6 g,  > 99% 
purity, Tianjin Guangfu Co., Ltd) in an ultrasonic bath to obtain a clear 
solution. Then, copolymer P(VDF-HFP) (600 mg, Solvay Solexis) and 
EMIMBF 4  (1.2 g, Lanzhou Kaite trade co., Ltd) were added to the GO/
DMF solution to form a homogeneous viscous mixture under vigorous 
stirring. Finally, this homogeneous viscous solution was cast onto an 
aluminum substrate (8 cm  ×  8 cm) to evaporate the DMF at 80  ° C for 
12 h, and the resulting P(VDF-HFP)-2EMIMBF 4 -1wt%GO gel fi lm was 
fi nally peeled off of the substrate and punched into a round fi lm with 
diameter of 1.8 cm for further testing. 

  Characterization : Typical tapping-mode atomic force microscopy 
(AFM) was taken using multimode SPM from digital instruments with 
a Nanoscope IIIa controller. X-ray diffraction (XRD) measurements 
were performed on a Rigaku D/Max-2500 diffractometer with Cu  K α   
radiation. The degree of crystallinity of the samples was investigated 
by differential scanning calorimetry (DSC) using a NETZSCH STA-
409PC instrument. Thermo gravimetric analysis (TGA) was also carried 
out for thermal stability measurement using a NETZSCH STA-409PC 
instrument. The testing device for ionic conductivity and electrochemical 
stability characterization is constituted by sandwiching the rounded 
GO-doped ion gel (diameter of 1.8 cm) with two rounded aluminum 
foils (diameter of 1.5 cm). The electrochemical impedance spectroscopy 
(EIS) measurements and cyclic voltammetry (CV) analysis were carried 
out using the Autolab (Metrohm). 

  Fabrication of All-Solid-State Supercapacitor : Briefl y, 80 wt% commercial 
activated carbon RP20 (Kuraray Chemicals), 10 wt% PTFE (Dupont) and 
10 wt% carbon black (Super P, Timcal) were homogeneously mixed and 
rolled into 100-120  μ m thickness sheets, and then punched into round 
electrodes with diameter of 1.5 cm. After dried at 120  ° C for 6 h under 
vacuum, the electrodes were weighted and hot pressed onto the current 
collectors (aluminum foils with conducting carbon coating, Tianjin 
Lishen Co., Ltd.) and then dried at 180 ° C for 6 h under high vacuum 
to completely remove water. The dry working electrodes (5–7 mg) were 
transferred into a glove box fi lled with Ar to construct the all-solid-
state supercapacitors and conventional supercapacitors. All-solid-state 
supercapacitors consist of two working electrodes using the optimized 
GO-doped ion gel or pure ion gel as GPEs and separators, while the 
conventional supercapacitor consist of two working electrodes and a 
separator (TF4840, NKK) using neat EMIMBF 4  as electrolyte. 

  Measurement of All-Solid-State Supercapacitor : All the electrochemical 
tests were carried out at room temperature. Galvanostatic charge/
3359wileyonlinelibrary.combH & Co. KGaA, Weinheim
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discharge tests at various current densities and cycle stability of cells 
were measured using an Arbin testing system (Arbin MSTAT, America). 
The gravimetric specifi c capacitance,  C  s  (F g  − 1 ), was calculated according 
to formula (2): 

C s = 4 I
md V / dt   (2)   

where  I  is the constant current (A),  m  is the total mass of two electrodes 
(g),  dV/dt  (V s  − 1 ) is the slope obtained by fi tting a straight line to the 
discharge curve. 

 The energy density,  E  cell  (Wh kg  − 1 ), was estimated using the 
formula (3):

 Ecell = C s V 2 / 8  (3)   

and, the power density,  P  cell  (kW kg  − 1 ), was calculated according to 
the formula (4):

 Pcell = Ecell / t�   (4)   

where the  V  is the discharge voltage,   Δ t  is the discharge time. 
 Cyclic voltammetry (CV) and electrical impedance spectroscopy 

(EIS) studies were performed using Autolab (Metrohm). CV tests were 
carried out in various scan rates; EIS measurements were carried out 
with AC potential amplitude of 10 mV and a frequency range of 10 mHz–
100 kHz.  
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