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Ionic Liquid Directed Assembly of Wrinkled and 
Porous Composite Electrode for High-Power Flexible 
Supercapacitors 
 

Lirong Kong and Wei. Chen*  

To meet the press ing demands for p ort able and flexible electronic devices  in contemporary 
society, it is  strongly  required to develop  next -generat ion flexible and sustainable 
supercap acit ors  wit h high cap acit ance, high energy  and power dens it ies. Here, by us ing carbon 
nanotube/ionic liquid as surfactant-like agent, a flexible all-solid-st at e supercap acit or device 
with three-dimentional (3D) reduced graphene oxide/polyaniline composit e elect rode 
membranes was  fabricated. T he fabrication process relies  on t he surfact ant like struct ure of ILs 
which cont ains both ionic and aromatic groups. As the aromat ic groups have a t endency t o 
make strong π-π interaction with aromatic carbons , t he self-assembly process of ILs  also brings 
the organiz at ion of t he attached carbon compos it e mat erials int o wrinkled and porous 
nanostruct ure. T he obtained pliable supercap acit or can deliver a high sp ecific capacit ance of 
154.12 F /g, a high power density of 17.21 kW/kg and a stable cycling durability with 86.3% 
capacitance ret ent ion aft er 1000 charge-discharge cy cles . T he high p erformance of the as -
prepared electrode film was  ascribed to its unique nanostruct ure composed of micro and 
mesopores . T he ionic liquid directed assembly method developed here also provided a new 
idea for structural controlled preparation of graphitic carbon nanomaterials. 
 
 
 

INTRODUCTION  

Nowadays, the populariz ation of commercializ ed pocket  
electronic devices , such as  wearable or foldable electronics, 
electronic pap ers and mobile electronic devices, make the 
development of inexp ens ive, flexible and light weight energy  
storage devices a priority.1-3 Among these devices, 
electrochemical capacitors (ECs , also called sup ercap acitors ) 
have attracted increased attent ion due to their high capacit ance, 
high power dens ity, long-cycle life and fast charge/discharge 
rate.4-7  However, the low energy  density of ECs  may limit their 
wide application in commercial devices.8 Compared to electric 
double-layer cap acitive electrode materials , psedocapacit ive 
electrode materials, such as trans itional metal oxides  and 
conduct ing poly mers, usually exhibit higher capacit ance and 
energy  densit ies  and t hus  may provide an opportunity to satisfy  
the needs for high-performance supercapacitors.9- 10 

Among psedocap acitive materials, poly aniline (PANI) is one 
of the most promising conducting poly mers because of its high 
environmental stability, high specific capacitance, low cost and 
synthetic easiness.11- 12 However, chemically synthesiz ed PANI 

always suffers from low conduct ivity and rapid structural 
degradation during success ive charge/discharge process due to 
its swelling and shrinkage, which result in their poor charge 
storage cap ability and cyclic p erformance.13-14 Combing PANI 
with conduct ive nanocarbon materials , such as graphene and 
carbon nanotubes , provides a promising way to enhance its  
electrochemical performance and cyclic stability.15-16 It is  
interesting that the PANI/nanocarbon composit e materials  
usually possess higher sp ecific capacitance, energy dens ity and 
power dens ity than those of pure PANI and nanocarbon. This  
could be ascribed t o the unique doping process  of PANI17 and 
charge transfer with conduct ive carbon materials18. Moreover, 
after being composed with nanocarbon materials , PANI usually  
exists as nanoparticles or nanocoatings. Owing to the structural 
confinement effect, its structural swelling and shrinkage as well 
as the degradation ext ent could be well restricted when 
compared with bulk PANI.  

Among various  conduct ive nanocarbon materials, graphene 
is a good candidat e for electrode materials because of its large 
surface area (high up to 2600-2700 m2/g), fascinating electronic 
and mechanical prop erties. Recent ly, a great many  research 
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groups focused on the incorporation of graphene into PANI to 
improve its rate capability, charge/discharge stability and 
specific capacit ance.19- 22 For examp le, Tour’s group grew 
PANI nanorods on graphene nanoribbons and the obtained 
product exhibits a high sp ecific capacitance of 340 F/g at a 
current density of 0.25 A/g also in 1 mol L- 1 H2SO4 aqueous  
solution.20 Sawangphruk et al. reported the fabrication of an all-
solid-state sup ercap acitor with Ag nanoparticle-PANI-
graphene/carbon nanofiber p aper electrode and a PVA-gelled 
NaNO3 electrolyte layer which exhibited 142 F/g under 1.5 
A/g.22 

However, as the graphene lay ers are apt to restack together 
due to the strong π-π interaction, even when it was coated with 
PANI layer, the migration of electrolyte ions into the 
graphene/PANI layers was hindered, especially at high charge-
discharge rates.23 Thus the energy density as well as the power 
density was relatively low for the above graphene/PANI 
compos ite electrode based ECs . In order to overcome the 
restacking problem, scientists have tried to prepare three-
dimens ional (3D) graphene/PANI electrode films  mainly by the 
temp lat e method or self-assembly hydrogel method.24 The 
diameter of pores  in the films prepared by the above two 
methods were usually too large (hundreds of nanometers  to 
several micrometers) for ion insertion and may cause a decrease 
in mechanical properties of the electrode films. According to 
Vix-Guterl et al. , adapting the pore s ize to that of the electrolyte 
ions is crucial for optimizing the performance of 
supercapacitors and in most circumst ances, a well-balanced 
micromesoporos ity is preferable since t he micropores  
det ermine the high surface area on which ions are adsorbed and 
the mesopores  are essential for ions transportation.25-26 Hence 
in this work, we proposed a self-assembly met hod to prep are 
3D graphene/PANI composit e film by using multiwalled 
carbon nanotubes  (M WCNTs)/ionic liquid (IL) as the 
surfactant-like agent. According to Ozkan et al.,  carbon 
nanotubes could be well dispersed in GO solution through π-π 
interaction, and this was also applicable for the 
RGO/PANI/M WCNTs/IL system.27 Moreover, in our 
experiment, the fabrication process for the 3D porous structure 
mainly relies on t he surfactant like struct ure of ILs which 
contains  both ionic and aromatic groups.28 As  the aromatic 
groups have a tendency to make strong π-π int eraction with 
aromat ic carbons, the self-assembly process  of ILs  also brings  
the organiz ation of the attached carbon composit e materials  into 
wrinkled and porous nanostructure. By using this method, the 
pore structure in the compos ite electrode film could be well 
controlled as only micropores and mesopores, without  
macropores . The obt ained 3D electrode film based flexible 
capacitor exhibits high capacitance, energy dens ity and power 
density than those ones without 3D porous structure.  

EXPERIMENTAL SECTION 

Materials 

Natural graphite flake (325 meshes, 99.8%, ABCR GmbH & Co. 
KG) was obtained from Sigma Aldrich. Phosphorous oxide (purity 
98%) and potassium peroxydisulfate (purity 97%) was obtained from 
Alfa Aesar. MWCNTs (8-15 nm in diameter) used in this work were 
purchased from Shenzhen Nanotech. Port. Co., Ltd. (China). Poly 
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, 
Mw=400,000) was obtained from Sigma-aldrich. All other chemicals  
were obtained from Sinopharm Chemical Reagent Co., Ltd and 
deionized water was purified through Ultrapure Milli-Q system. 
Aniline monomer was distilled under reduced pressure and stored 
below 0 °C before use. Other reagents were analytical grade and used 
without further purification, including ammonium persulfate (APS), 
NH3H2O, N2H4H2O, sulfosalicylic acid (SSA), N-
methylpyrrolidone (NMP), N,N-dimethylfomamide (DMF), 
propylene carbonate (PC) and 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIBF4). 

Preparation of Graphene Oxide (GO)/PANI Composite 

0.24 g Aniline was added to 150 mL GO solution (1.6 mg/mL) 
and stirred for 30 min to make Aniline completely dissolved. 
0.591g APS was dissolved in 30 mL distilled water. After 
cooling t he above two solutions  at 0-5 °C for 30 min, they were 
quickly  mixed together and then reacted at 0-5 °C for 15 h. The 
obtained product was filt ered, washed several t imes  by ethanol 
and water, and then dispersed in distilled water at a 
concentration of 1-2 mg/mL. 

Preparation of Reduced Graphene Oxide 
(RGO)/PANI/MWCNT/IL Electrode Membranes 

MWCNTs were added into the above dispersion and the weight  
ratio of M WCNTs to GO/PANI was  1:9. T he mixture was  horn 
sonicated (200 W) for accumulat ed 15 min in a program of 2s  
on and 3s  off in ice wat er bath and then reduced to 
RGO/PANI/M WCNT with N 2H4 H2O following the method of 
obtaining RGO.29 The reduced product was filtered, washed by  
water for three times  and then dop ed in SSA aqueous solution 
(0.1 mol/L) for more than 6h. The doped RGO/PANI/M WCNT  
compos ites  was filt ered, washed by ethanol and then dispersed 
in NMP at a concentration of 5 mg/mL. EMIBF4 with 
equivalent weight to RGO/PANI/M WCNT was added to the 
above dispersion and then under gone 200 W horn sonication 
for accumulat ed 15 min. By cast ing 3 mL of the 
RGO/PANI/M WCNT/IL dispers ion on a 7.5×2.5 cm2 area glass  
substrate and evaporates the solvent on a heat ing p lat e at 80 °C 
for 4 h, the hybrid electrode film (15 mg) was obtained. 

Electrochemical Measurement 

The electrolyte membrane was prepared by casting 3 mL DMF 
solution containing 75 mg PVDF-HFP, 150 mg EMIBF4 and 187.5 
mg PC on a 7.5×2.5 cm2 area glass substrate and evaporates the 
solvent at 80 °C. Two pieces of same electrode membranes were 
laminated on a electrolyte membrane and hot-pressed under 150 °C 
overnight, obtaining uniform black all-solid-state supercapacitors. A 
capacitor strip of 10 mm×3 mm was cut from the whole piece and 
clamped between two gold coated copper electrodes. The specific 
capacitance of the supercapacitor cell was calculated from the 
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equation of Ccell = IΔt/mΔVE 错误!未定义书签。 , where I is the 
discharge current, Δt is the discharge time, m is the total mass of 
active materials in two electrodes, and ΔV is the voltage drop upon 
discharge (excluding IR drop). In symmetric supercapacitors, the 
specific capacitance (C) of the electrodes was calculated according 
to C = 4Ccell. The energy density (E) and power density (P) of a 
supercapacitor cell in the Ragone plots were calculated following the 
equations of E = 1/2CcellΔV2 and P = E/Δt, respectively.30-32 

Equipments 

Exfoliation of graphite oxide to GO was  achieved by sonication 
of its dispers ion using a Digital Sonifier (KQ3200DA, 150 W, 
100%). Sonication assist ed dispersing of GO/PANI/M WCNT  
was achieved by us ing a Fisher Scient ific model 500 digital 
sonic dismembrator equipped with a 12.5 mm diameter 
disruptor horn. Transmission electron microscopy (T EM) and 
Field emiss ion scanning electron microscopy (FESEM) images  
were recorded by FEI T ecnai G2 F20 S-Twin 200KV and 
Hitach S-4800 respectively. Fourier-transform infrared (FTIR) 
spectroscopy measurement was performed using a Thermo 
FTIR sp ectrometer. Raman spectra were measured on Horiba 
JY Labrain HR800 Raman spectroscopy (exciting source: 632 
nm laser for Raman in air at room t emperature). X-ray  
diffraction (XRD) patterns were obtained on X’Pert-Pro MPD 
(Cu-Ka). N2 adsorption/desorption analyses were carried out at  
77 K using Micromeritics ASAP 2050. Electrochemical 
performance analyses (cyclic voltammeter (CV) curves, 
galvanostat ic charge-discharge t est and electrochemical 
impedance spectroscopy (EIS) measurements) were recorded 
by CHI660C electrochemical work station. EIS measurements  
were carried out at 0 V by imposing a sinusoidal p erturbation of 
10 mV over the frequency range from 0.01 Hz to 1 MHz. 

RESULTS AND DISCUSSIONS 

Morphology and Formation 
Mechanism

 

 
Scheme 1. Schematic illustration for the format ion mechanism 
of wrinkled graphene layer.  

 
Figure 1. Top view SEM images  of A) RGO/PANI/IL, B) 
RGO/PANI/M WCNT, C) RGO/PANI/MWCNT /IL (under low 
magnification) and D) RGO/PANI/MWCNT /IL (under high 
magnification). T EM images  of RGO/PANI/M WCNT/IL: E) 
under low magnification and F) under high magnification. 
 
The top view SEM images of RGO/PANI/IL, 
RGO/PANI/M WCNT and RGO/PANI/M WCNT/IL are shown 
in Figure 1A-D. As shown in F igure 1C and 1D, the 
RGO/PANI/M WVNT /IL exhibited an int eresting surface 
morphology , in which the surface was  full of wrinkles and 
pores formed by the over-contraction of RGO/PANI lay ers. The 
structure details of these wrinkles  could also be found in their 
TEM images  as shown in Figure 1E (low magnification) and 1F 
(high magnificat ion). From the T EM images , it could be 
observed that t he wrinkled RGO/PANI layers  exhibit ed a fluffy  
and porous structure s ince the wrinkles hindered t heir over-
stacking. Moreover, very few MWCNTs could be observed in 
their T EM  images. In order to understand the formation 
mechanism of the wrinkled structure of 
RGO/PANI/M WCNT/IL compos ites, we compared its  
morphology  with those of RGO/PANI/IL and 
RGO/PANI/M WCNT respectively. Very different from 
RGO/PANI/M WCNT/IL composit e film, RGO/PANI/IL and 
RGO/PANI/M WCNT comp osit e films both exhibited smooth 
surfaces and the carbon nanotubes could be clearly observed in 
RGO/PANI/M WCNT compos ite film. Cons idering the 
morphology differences between RGO/PANI/MWCNT /IL and 
the other two compos ite films , a suggest ed formation 
mechanism for the wrinkled structure of 
RGO/PANI/M WCNT/IL composit e film was proposed 
(Scheme 1). Since both the carbon nanotubes  and EMIBF 4 are 
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necessary for the formation of the wrinkled structure, there are 
at least three kinds of interactions existing in the system: the π-
π* interaction between RGO/PANI and M WCNT,33 the π-π+  
interaction between MWCNT and EMI+,34 and the electrost atic 
force between EMI+ and BF4

-. During the formation process of 
RGO/PANI/M WCNT/IL compos ite film, s ince the components  
were bound toget her through the above two interactions, when 
EMI+ and BF 4

- ions began to get close to each other caused by  
the electrostat ic interactions, the M WCNTs which anchored on 
the RGO/PANI layer also moved together and its movement  
caused the squeezing of the RGO/PANI layer. As a result, the 
wrinkles were formed which resulted in larger surface area of 
the compos ite film. Moreover, the M WCNTs were usually  
wrapped in the RGO/PANI wrinkles . That’s also why  
MWCNTs could hardly be observed in 
RGO/PANI/M WCNT/IL compos ite film. Along with the 
formation of these wrinkles , due to the contraction of the 
RGO/PANI layers, pores also generat ed at the connect ion sit es  
where the RGO/PANI layers should have over lapped together. 
As the RGO/PANI/M WCNT/IL film was used as the electrode 
film for supercapacitors, these pores provided more ways to let  
the electrolyte ions quickly immigrat e into the electrode layer 
and thus increased the charge-discharge capacitance and other 
electrochemical performances.  

 
Figure 2. SEM images of A) RGO/PANI/IL, B) 
RGO/PANI/M WCNT, C) RGO/PANI/MWCNT /IL (under low 
magnification) and D) RGO/PANI/MWCNT /IL (under high 
magnification) from side view. 
 

Not only increas ing t he surface area and pores  at the 
interface, but also the wrinkles  made the whole electrode film 
exhibit ing a 3D porous structure which could offer a great  
larger surface area than 2D RGO/PANI films. From the s ide 
view SEM images  of RGO/PANI/IL, RGO/PANI/M WCNT and 
RGO/PANI/M WCNT/IL films shown in F igure 2, it could be 
clearly observed that very different from the closely stacked 
RGO/PANI layers in RGO/PANI/IL and RGO/PANI/M WCNT  
compos ite films, the whole RGO/PANI/M WCNT/IL electrode 
film exhibit ed a fluffy structure s ince the wrinkles  sep arated the 
neighboring RGO/PANI layers. The enlargement of the space 

between neighboring RGO/PANI layers also leaded to the 
variation in the thickness of the compos ite films . The thickness  
was about 3 μm for RGO/PANI/IL film and 4 μm for 
RGO/PANI/M WCNT film. For RGO/PANI/M WCNT /IL 
compos ite film, its thickness was high up to 6.7 μm which was  
caused by  the wrinkles. Moreover, as  ment ioned above, fewer 
MWCNTs could be observed in the compos ite film as t hey  
were wrapped in the wrinkles, except for some very long 
carbon nanotubes extruded from the RGO/PANI layers.  

Structural Characterization 

The compos ition of the obtained products was characteriz ed by  
FTIR and Raman spectra. In the FTIR sp ectra as  shown in 
Figure 3A, RGO disp lay ed obvious  peaks  at 3436 and 2919 cm-

1, which corresponded to –O-H, -C-H stret ching vibrat ions, 
respectively.23 These results were attributed to the presence of 
partially reduced graphene oxide sheets. Comp ared wit h the 
FTIR spectrum of RGO, the characterist ic peaks  of PANI could 
be observed in the spectra of RGO/PANI, 
RGO/PANI/M WCNT and RGO/PANI/MWCNT /IL composit e 
films. T he peaks  at 1562, 1481, 1388 and 806 cm-1 were 
attributed to the vibrations of –C=N, -C=C, -C-N, and-C-H 
respectively, which demonstrated the exist ence of PANI in the 
compos ite films.23 Moreover the sp ecific peak of EMIBF 4 at  
1037 cm-1, which corresponded to the –B-F vibration35, could 
be observed in the spectrum of RGO/PANI/M WCNT /IL 
composite film. 

The graphitiz ation degree of carbon nanomaterials could be 
characteriz ed by Raman spectrum. From the Raman spectra of 
the obt ained products as shown in Figure 3B, the RGO 
displayed the well-documented D band at 1327 cm-1 and G 
band at 1586 cm-1, corresponding to the disordered graphitic 
carbon and the E2g vibrat ion of the sp2 bonded carbon atoms, 
respectively.36 The characterist ic Raman peaks of PANI at 1157, 
1404 and 1504 cm-1 could be observed in the Raman spectra of 
the three PANI contained composit e films, which were 
attributed to C-H bending of the quinoid ring, electronic 
absorption of free charge carriers and N-H bending.37 Moreover, 
the peaks at 606, 1404 and 1504 cm- 1, which correspond to the 
cross-linked port ion of PANI, were very  weak, indicat ing that  
the RGO may alleviate t he PANI reticulation. Aft er the addition 
of EMIBF 4, its characteristic peaks at 746, 1457 and 1563 cm- 1 
appeared, which was attributed t o the intramolecular vibrations  
of the nonplanar EMI+.38 T here were two int eresting 
phenomena existing in the Raman spectrum of 
RGO/PANI/M WCNT/IL compos ite film. Compared with 
RGO/PANI/M WCNT film, aft er the addition of IL, the 
characteristic peaks of PANI were obviously enhanced. This  
was  due to the fluorescence of small IL molecules which 
enhanced the st imulat ed Raman scattering of PANI.39 On the 
other hand, after the addition of IL, the D band and G band 
peak pos itions of RGO and M WCNT were shift ed from 1327 
and 1586 cm-1 to 1336 and 1599 cm-1 resp ect ively. This could 
be ascribed to t he generated strain in t he composit e film which 
was caused by the contraction of RGO/PANI layers.40 
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Figure 3. a) FTIR, b) Raman and c) XRD spectra for RGO, 
RGO/PANI, RGO/PANI/M WCNT and 
RGO/PANI/MWCNT/IL composite films. 
 
In t he structure of the obtained RGO/PANI based composit e 
films, not only mesopores, but also micropores exist ed as the 
interlayer sp ace between neighboring restacked RGO/PANI 
lay ers. Even when the RGO/PANI layers were separated by  
wrinkles, few-stacked-lay ers also existed. XRD spectra were 
used to charact erize the micropore structure as well as the 
interlayer sp acing of the composit e films.41 As  shown in F igure 
3C, the charact eristic peak at 2θ=24.50 ° corresponded to a 

typical interlayer spacing of 0.363 nm for restacked RGO 
lay ers.23 Aft er the RGO sheet was coat ed by a thin PANI layer, 
its π-π interaction as  well as the degree of over-st acking was  
alleviated, and thus the interlayer spacing was enlarged to 1.47 
nm (2θ=5.85°) . The intercalation of M WCNT into the 
RGO/PANI layers  cause no variation t o the interlayer spacing 
between few-st acked-layers , s ince the enlarged int erlayer 
spacing caused by  the intercalation of MWCNT  was  too large 
to be detected by XRD sp ectra. The interlayer spacing was t hen 
expanded to 1.87 nm (2θ=4.72 °)  for RGO/PANI/M WCNT /IL 
compos ite since IL could diffuse into the RGO/PANI lay ers.41 
Considering the calculated diameter of sy mmetric BF 4

- anion 
was  0.47 nm and the lat eral dimens ion of slightly oblong 
shaped EMI+  cation was 0.54-0.95 nm42, the enlarged int erlayer 
spacing of RGO/PANI/M WCNT/IL was more fit for ion 
insertion since it could accommodat e more electrolyte ions. 

 
Figure 4. a) Nitrogen adsorption–desorption isotherm and b) 
pore-s ize distribution of rinsed RGO/PANI/IL, 
RGO/PANI/MWCNT, and RGO/PANI/MWCNT /IL films.  
 

As IL contained in the compos ite film may cover the surface 
of other components, t he accurate surface area and pore 
diameter distribution of the comp osit e films could only be 
obtained after the IL was washed out with water. The analyzed 
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results were shown in F igure 4. According to BDDT  
class ification, the three samp les all exhibit ed type IV isotherms  
with H4 hysteresis loop at a relative high pressure which were 
due to the incomplet e desorption of N 2 from narrow s lit-like 
pores.43 The calculat ed BET surface area of the rinsed 
RGO/PANI/M WCNT/IL was 18.11 m2/g, while those of the 
rinsed RGO/PANI/IL and RGO/PANI/M WCNT were 10.57 
m2/g and 5.21 m2/g respectively. From the pore siz e distribution 
curves as shown in F igure 4b, a more direct result about the 
pore struct ure of the three samples could be observed. All of the 
three samples exhibited two p eaks cent ered at 2-4 nm and in the 
range of 10-60 nm, which corresponded to the small and large 
mesopores respectively. The small mesopores originated from 
the carbon materials themselves, including the inner cavity of 
carbon nanotubes  and the int erspaces between closely restacked 
graphene layers. The large mesopores  corresponded to the 
enlarged int erspace caused by  the M WCNTs insert ion and 
graphene wrinkles . Among them, both RGO/PANI/M WCNT  
and RGO/PANI/IL exhibited low peaks in the range of 20-50 
nm, indicat ing fewer large mesopores existed in their structure. 
However, for RGO/PANI/MWCNT /IL compos ite film, the 
intens ity of the peak in the range of 10-60 nm was obviously  
enhanced and the peak position was also removed toward high 
value, which indicated more pores with larger siz e appeared in 
its structure. The analyzed result was  also in good agreement  
with the SEM observation results as shown in Figure 2.  

Electrochemical Properties 

For flexible supercap acitors , IL was always used as the 
electrolyte since it could work at higher voltage and exhibit  
high safety, high environment al and thermal stability. However, 
limited by the slow immigration rat e of the IL ions , among the 
report ed results, few IL electrolyte based all-solid-stat e 
supercapacitors could exhibit cap acitances higher than 150 
F/g.44-47 In our exp eriment, the supercapacitor performances of 
RGO/PANI/IL, RGO/PANI/MWCNT  and 
RGO/PANI/M WCNT/IL electrode films were evaluated by  
means of CV, galvanost atic charge-discharge and cycling-life 
tests in two-electrode systems. As shown in Figure 5a, the CVs 
of t he compos ite electrode films  exhibited nearly rect angular 
shape in the potential window of 0~1.5 V, demonstrat ing their 
electrical double lay er capacitive properties. Among them, the 
CV curve of RGO/PANI/M WCNT/IL electrode film exhibited 
larger enclosed area than the other two, indicating its better 
capacitive performance. Sp ecific capacit ances of the three 
compos ite electrode films were calculat ed according to the 
galvanostat ic charge-discharge curves (Figure 5b-d) and the 
calculated results  at  different charge-discharge current dens ities  
were given in F igure 5e. The galvanostatic charge-discharge 
tests were also p erformed in a pot ential range from 0 to 1.5 V. 
The almost symmetrical charge and discharge curves  
demonstrated their good and stable cap acitive behavior in the 
wide potential window. As shown in F igure 5b-d, under 
different current densities, RGO/PANI/MWCNT /IL exhibited 
 

 
Figure 5. Electrochemical performance of the supercapacitors  
based on RGO/PANI/IL, RGO/PANI/MWCNT , and 
RGO/PANI/M WCNT/IL electrode films. a) CV curves at scan 
rate of 0.1 V s–1 in the potential range from 0 to 1.5 V; b-d) 
Galvanostatic charge-discharge curves  at  different current  
densit ies ; e) Specific capacitance at different current densit ies ; f) 
Ragone plot of supercapacitors based on 
RGO/PANI/MWCNT/IL electrode films.  
 

 

Scheme 2.  Comparation of different ion st orage behaviors  
between porous and closely restacked RGO/PANI composit e 
electrode based supercapacitors. 

higher charge-discharge time as well as  cap acitance than the 
other two electrode membranes . At a current dens ity of 1 A/g, 
the RGO/PANI/M WCNT /IL electrode film exhibited a high 
capacitance of 154.12 F /g, while the capacitances of 
RGO/PANI/IL and RGO/PANI/M WCNT were 26.07 and 85.86 
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F/g respectively. Their different capacit ances were mainly  
det ermined by the different interlayer sp acing and poros ity of 
the three composit e films. In RGO/PANI/M WCNT /IL 
compos ite film, the wrinkled RGO/PANI film exhibited a fluffy  
and porous structure s ince the wrinkles hindered the over-
stacking of the RGO/PANI layers and thus increased the 
interlayer spacing. Since larger interlayer spacing could 
accommodate more electrolyte ions, its cap acitance was  
comp aratively high. (Scheme 2) When the current dens ity 
increased, the sp ecific capacitance usually decreased since the 
decreased charge-discharge time was  not enough for the 
immigration of all the electrolyte ions  into the electrode layer. 
Under this  circumstance, fast immigrat ion process of electrolyte 
ions was helpful for keeping high capacitance at high current  
densit ies . From Figure 5e, it could be found that the capacit ance 
retention of RGO/PANI/MWCNT /IL was exceptionally higher 
than the other two electrode films. At the current density of 2.5 
A/g, the specific capacitance was  93.09 F /g, higher than a half 
of its capacit ance at low current  dens ity of 1 A/g, while the 
values for RGO/PANI/IL and RGO/PANI/M WCNT were only  
2.91 and 10.85 F /g, only approximat ely 1/9 and 1/8 of their 
capacitances  at low current density. Moreover, the specific 
capacitances  of RGO/PANI/IL and RGO/PANI/M WCNT at  
current densit ies  higher than 2.5 A/g were not able to be 
measured since they were too low. However, the specific 
capacitance of RGO/PANI/M WCNT/IL still remained higher 
than 40 F /g at current dens ity of 9 A/g. T he higher capacit ance 
retention ability of RGO/PANI/M WCNT/IL electrode film at  
high current dens ity could be ascribed to its 3D wrinkled 
structure which offered more space for the transport ation of the 
electrolyte ions. As a result, even at high current densit ies , the 
electrolyte ions could still quickly immigrated to the electrode 
lay er and thus the capacit ance was well kept. Moreover, the 
capacitance value of RGO/PANI/M WCNT/IL at a current  
density of 2.5 A/g was  s lightly  higher than that measured at  
2A/g. This was  due to the constant effect of ion insertion into 
the electrode layer during the charge-discharge test. Since the 
two current densit ies  were very close, when more ions existed 
in the electrode layer, the capacitance did not fall but s lightly  
arose at the current dens ity of 2.5 A/g. T his  phenomenon was  
also reported by other groups.23, 48 
Ragone plots of the RGO/PANI/M WCNT/IL electrode film 
based sup ercap acitor were shown in F igure 5f. Along wit h the 
increase of the charge-discharge current  dens ity, the energy  
density decreased and the power density increased. Owing to 
the facile ion transportation process and the wide 
electrochemical potential window of the system, the flexible 
supercapacitor exhibited both high energy density and power 
density which were 12.04 Wh/kg and 1.23 kW/kg at 1 A/g; and 
3.25 Wh/kg and 17.21 kW/kg at 9 A/g. The obtained values of 
the RGO/PANI/M WCNT /IL based supercapacitor were higher 
than the values  of other RGO/PANI based supercapacitors  
reported elsewhere19-20.  

 
Figure 6. a) Images and schemat ics  of a flexible film 
supercapacitor in different bending st ates ; b) CV curves  of the 
film supercapacitor at scan rat es of 1 V s− 1 when bent by 0°, 90°,  
180° and after being bending for 1000 times. 
 

To test the flexibility of the film and the influence of its  
flexibility on electrochemical p erformances, the picture and 
schematics of the bended supercapacitor strip was shown in 
Figure 6a and the CV curves of the strip under different  
bending st ate and after bending for 1000 times  were shown in 
Figure 6b. The results proved the perfect flexibility of the 
supercapacitor. When the film capacitor was bent to 90° and 
180°, its cap acitance was not dropped according to their CV 
curves. Moreover, after manually bending it for 1000 times, the 
capacitance was  even slightly increased, and this  may  be due to 
the ion insertion into the electrode layer which was  caused by  
the bending process of the capacitor strip.49 
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Figure 7. a,b) capacitance ret ention over 1000 cycles  at 10 A g–

1; c,d) Nyquist plots of supercapacitors based on RGO/PANI/IL, 
RGO/PANI/M WCNT, and RGO/PANI/MWCNT /IL electrode 
films. 
 

 
Figure 8.  Equivalent   circuit  model  for  the RGO/PANI based 
nanocomposite  electrochemical  system. 
 

 The endurance galvanost atic charge-discharge experimrnt  
was  also carried out to study the cy clic st ability of the 
compos ite mat erials. As shown in F igure 7a and 7b, the 
capacitance of RGO/PANI/MWCNT /IL first increased to about  
179% to its original capacit ance after 50 cy cles. T his  was  
because more electrolyte ions diffused into the electrode layer 
to reach equilibrium in the first 50 cycles. As a result, the 
capacitance increased. T hen, along with cy clic charge-
discharge process, the specific capacit ance gradually decreased 
during the following 950 cy cles. However, after 1000 cy cles, its  
capacitance was  still maintained higher than 85% of its original 
value. EIS sp ectroscopy is a powerful tool to study the 
electrochemical behavior of the electrode membranes. From the 
Nyquist plots as shown in F igure 7c and 7d, the observed 
semicircle in the left portion corresponds to a higher-frequency  
region, whereas the inclined portion corresponds to the low-
frequency. The depression in the semicircle is modeled as the 
parallel combination of an interfacial charge transfer resist ance 
(Rct) and double-layer cap acitance (Cdl) and the inclined portion 
at low-frequency represents t he ion diffusion in the electrode 
pores 50.  Based on the above analysis, the equivalent circuit  
model for our system contains  the bulk resist ance Rs, the 
contact capacitance Cdl which is  parallel with cont act  resist ance 
Rct and a Warburg diffus ion element attributed to the diffus ion 
of ions (Zw) (F igure 8). The bulk res istance (Rs) was  the sum of 
the electrolyte res istance, electrode resist ance and the contact  
res istance at the electrode-electrolyte layer.34 Based on the 
fitted results of the equivalent circuit model, the caiculated Rs  
of RGO/PANI/MWCNT /IL based cap acitor was only 57.5 Ω, 
less  than the other two capacitors based on 
RGO/PANI/M WCNT and RGO/PANI/IL electrode films, 
which were 79.34 Ω and 76.09 Ω resp ectively. Moreover, 
comp ared t o RGO/PANI/IL and RGO/PANI/M WCNT  
compos ite electrodes, the EIS sp ectrum of 
RGO/PANI/M WCNT/IL at high frequency exhibited the semi-
circle with relatively smaller radius , which corresponded to a 
smaller charge transfer resistance caused by the Faradic 
reactions and the double-lay er capacitance on the grain surface. 

The calculated Rct was 97.03 Ω for RGO/PANI/M WCNT /IL 
based capacitor, and were 235Ω and 127.1Ω for the other two 
capacitors based on RGO/PANI/M WCNT  and RGO/PANI/IL 
electrode films respectively. 

Conclusions 

In summary, a typical kind of 3D RGO/PANI based electrode 
film was prepared by us ing M WCNT and IL as the surfactant-
like agent in the assembly process. By using this method, the 
pore structure of the obtained 3D electrode film could be well 
controlled as  micro and mesopores , which afforded them high 
electrochemical p erformances as  electrode membranes  for 
supercapacitors. Electrochemical studies demonstrat ed their 
high specific capacit ance of 154.12 F /g, as well as high energy  
density and power dens ity, which were 12.04 Wh/kg and 1.23 
kW/kg at t he current density of 1 A/g and 13.25 Wh/kg and 
17.21 kW/kg at the current density of 9 A/g. The supercapacitor 
also showed excellent st ability, as its sp ecific capacit ance st ill 
maintained higher than 85% of its original value after 1000 
charge-discharge cycles. The as -prepared all-solid-stat e 
supercapacitor may hold great promise for low-cost and high-
performance flexible energy storage applications. 
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