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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Reconfigurable/solvent exchangeable 
electrolytes with highly controlled 
nanopores. 

� Highly integrated structure that results 
in increase ion accessibility/mobility. 

� Ionic liquid based solid-state super
capacitor exhibits stable operation at 
2 V 

� High power and energy density, and 
excellent long-term stability with 10 K 
cycles.  
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A B S T R A C T   

To realize high performance and a flexible supercapacitor, it is necessary to address the fundamental issues 
including low ionic conductivity of solid electrolytes and high interfacial resistance of electrode/electrolyte pairs. 
Here we present unique solid-state electrolytes by integrating highly engineered nano-porous polyvinyl alcohol 
(PVA) with super-flat vertically aligned single-walled carbon nanotubes (VA-SWNTs). Highly engineered PVA 
nano-porous films are fabricated by a generic freeze-thaw process followed by water-miscible solvent treatment in 
order to create highly controlled nano/microscale pores inside of PVA. Such highly porous PVA films act as both 
reconfigurable electrolyte template and separator where H3PO4 aqueous solution or ionic liquids can be selectively 
inserted for a variety of power requirements in flexible electronic applications. Our developed pore formation 
process is suitable for directly integrating high performance VA-SWNTs electrode as it allows the effective 
permeation of the polymer electrolyte into nanoscale inter-tube space enabling the easy access and faster transport 
of ions for higher power capability. This unique entity of reconfigurable electrolyte and nanostructured electrode 
demonstrates high power and energy densities and remarkable stability after 10,000 charge/discharge cycles.  
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1. Introduction 

Flexible supercapacitor devices have attracted great interests for 
various future electronic systems, including bendable displays, portable 
electronic papers, and wearable multimedia [1–7]. Particularly 
solid-state supercapacitors have several important advantages over their 
liquid electrolyte counterparts such as no concern for any electrolyte 
leakage, ease of handling, lightweight and small size, improved stability 
and flexible structural design [8–13]. These flexible solid-state super
capacitor devices have been developed by sandwiching the flexible 
polymer-based electrolytes between two electrodes [1,14–25]. Among 
various types of polymeric electrolytes, a hydrogel polymer electrolyte 
has been extensively used due to its composition of a polymer matrix and 
aqueous liquid electrolyte [15,26–28]. PVA is one of the most widely 
used hydrogel polymer electrolytes, as it provides high porosity, high 

ionic conductivity, and great mechanical properties through the 
freeze-thawing process [29–34]. However, hydrogel polymer electro
lytes have limitations on increasing electrochemical window since it is 
made with an aqueous liquid electrolyte which contains a considerable 
amount of water, lowering energy density and reliability of super
capacitors [8,12]. Also hydrogel polymer electrolytes have a poor con
tact at the electrode/electrolyte interface, as polymer electrolytes 
cannot penetrate into electrodes’ pores. This often results in pore 
collapse and non-conformal electrode/electrolyte interfaces causing 
high contact resistance and poor electrochemical performance [35]. 
Especially considering the explosive interest of using highly porous 
nanocarbon materials and their architectures (ex: high-density 
VA-SWNTs or stacked graphene) towards high performance multifunc
tional electrodes, addressing this challenge is immense both from fun
damentals and applied perspectives [1,36–47]. 

Here we present a generic approach to rationally design and build 
all-solid-state and reconfigurable supercapacitors by integrating PVA 
based solvent exchangeable membranes and super-flat VA-SWNTs. 
Highly porous VA-SWNTs films combined with PVA hydrogel was 
fabricated through the freeze-thawing method to configure the elec
trode/electrolyte integrated supercapacitor devices [48]. To obtain the 
completely dried VA-SWNTs/PVA membrane without a pore collapse, 
the 2-isopropyl alcohol (IPA) exchange process was conducted by per
forming a stepwise concentration increase of the IPA against water 
based the hydrogels. Such controllably designed porous PVA film acts 
like a sponge absorbing a large amount of desired liquid electrolytes 
(H3PO4 aqueous electrolyte or 1-butyl-3-methylimidazolium chloride 
(BMIMCl including 15% water)) for higher capacitance. Also, its 
nano/microscale pores contain liquid electrolytes effectively even under 
severe mechanical deformation. Our reconfigurable solid-state flexible 
capacitor devices show better electrochemical properties and excellent 
cycling stability due to the preserved high surface area of the electrode 
resulting from the effective permeation of the polymer electrolyte, and 
the improved electrode/electrolyte interface that enables excellent 
charge accessibility. The integrated reconfigurable electrode/electrolyte 
systems also allow the fabrication of very thin, lightweight, flexible 
all-solid-state, and high-performance supercapacitors for uses in the 
portable, wearable, flexible electronic and structural energy devices for 
utilization as part of a wing or fuselage of communications satellites, 
unmanned aerial vehicles, aircraft, submarines, and others. 

2. Experimental 

2.1. Synthesis of VA-SWNTs electrode 

VA-SWNTs were synthesized by thermal chemical vapor deposition 
(CVD) system. Anhydrous ethanol (Sigma-Aldrich, 99.95%) was for a 
carbon source, and 3–5 Å thick cobalt (Co) catalyst on 20–30 nm aged 
aluminum buffer layer was deposited on a silicon wafer which has 
100 nm silicon oxide on top. Operation temperature was controlled to 
850 �C in a gold-mirror furnace. We have obtained about 30 μm long VA- 
SWNTs with the mass of an average 0.3 mg in the area of 16 mm2 after 
30 min CVD. 

2.2. Fabrication of porous solid electrolyte and integration of electrolyte/ 
electrode 

The PVA (Sigma-Aldrich, Mw 89,000-98,000) was dissolved into 
water under mechanical stirring at 150 �C using the glass jar (Uline). At 
the resultant solution, it was added 1.5 M H3PO4 (Sigma-Aldrich) solu
tion and mechanically stirred at room temperature for 1 day. This 
completely dissolved PVA/H3PO4 solution can be crystallized by several 
times of the freezing/unfreezing process [48]. The pore size and porosity 
were analyzed by the Image J program using SEM images. The 5 
different cross-sectional samples were fabricated, and 15–20 SEM im
ages were taken from each sample. The image J program can select the 

Fig. 1. Schematics and SEM images for VA-SWNTs/electrolytes integration 
system. (a) The schematic of one half of the solid-state supercapacitor and 
reconfigurable porous PVA membrane at hydrogel state, solid-state, and ionic 
liquid contained sol-gel state. (b) A schematic of the completely assembled cell 
where a metal layer/VA-SWNTs/PVA unit was faced against another PVA/VA- 
SWNTs/a metal layer unit. (c) Photograph of the actual device. (d) The sche
matic of sample preparation and the inserts are the actual photographs of VA- 
SWNTs/electrolyte integrated system at hydrogel state, solid-state (after IPA 
treatment), and ionic liquid contained sol-gel state respectively. (e) SEM image 
of highly organized original SWNTs that have a narrow diameter as small as 
0.8 nm to several tens of nm with a distance around 10 nm between SWNTs. (f), 
(g) SEM image after the solvent exchange process (IPA treatment), we have 
observed PVA coated SWNTs. 
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pores and calculate the size and porosity overall the selected area 
(Fig. S2). The average pore size of the PVA film was 380 nm with 
�81.8 nm of standard deviation. 

Chromium metal layer was deposited on the VA-SWNTs upper sur
face using the sputtering system (MRC 8667) to a thickness of 1 μm. The 
Chromium deposited VA-SWNTs were transferred upside down to a 
carbon tape on the petri-dish to expose the flat bottom surface upward 
(for more detail information on transfer methods, refer to our previous 
paper [49]). Then the PVA/H3PO4 solution was impregnated into the 
inside of the super-flat VA-SWNTs. The VA-SWNT/PVA pair was main
tained in a vacuum desiccator for 30 min to assure good wettability and 
eliminate air bubbles. In order to enhance the porosity of the electrolyte 
and the compatibility of the electrolyte/electrode, a freeze-thaw process 
was performed. The freeze-thawing procedure was repeated two times 
by freezing at  20 �C for 24 h freezing and thawing at room temperature 
for 30 min. As a result, we have successfully obtained the highly inte
grated and porous VA-SWNT/PVA film. 

2.3. IPA treatment for solvent exchange 

For solvent exchange, water in the VA-SWNT/PVA hydrogel film was 
completely replaced with pure IPA by gradually increasing the con
centration of IPA starting with the distilled water/IPA (30%, 50%, and 
70%), then pure IPA. After that, the film was completely dried in a 
vacuum chamber for 3 h. This completely dried PVA film can be soaked 
into any aqueous solution or hydrophilic ionic liquids for solvent 
exchange. 

2.4. Preparation of IL-based solid-state flexible supercapacitors 

The highly integrated and porous VA-SWNT/PVA film was soaked 
into the 1.5 M H3PO4 aqueous solution or 1-butyl-3-methylimidazolium 
chloride (BMIMCl including 15% water) hydrophilic ionic liquid in 
order to fill the pores with an electrolyte solution. The BMIMCl is typi
cally solid at room temperature, and the 95 wt% BMIMCl is almost a 
slurry state. For optimal performance of our solid-state flexible super
capacitor, we used the 85 wt% BMIMCl, which is in a liquid state and is 
the optimized concentration for the best swelling into the porous PVA 
backbone. Fig. 1a shows an identical half of the supercapacitor struc
ture, where the two halves are conjoined with the reconfigurable porous 
PVA membranes at the intersection. The PVA membrane was soaked 
with the H3PO4 or hydrophilic ionic liquid electrolyte. Top-down pres
sure was applied to combine the two halves. A scheme of the complete 
cell assembly is presented in Fig. 1b. 

2.5. Electrochemical characteristics of the integration supercapacitors 

Electrochemical properties of the supercapacitors are analyzed 
using cyclic voltammetry (CV), galvanostatic charge-discharge (CD), 
impedance spectroscopy (EIS) and cyclic stability. The CV curves of the 
devices are measured between 0 and 0.8 V for the H3PO4 aqueous 
electrolyte and 0–2 V for the ionic liquid electrolyte with various scan 
rates in a range of 10–500 mV s 1. The electrochemical impedance 
spectroscopy measurements were performed over a frequency range 
from 1 MHz to 0.01 Hz at the amplitude of the sinusoidal voltage of 
10 mV on the devices [1,50]. An alternative approach to the impedance 
analysis is to directly consider the supercapacitor as a whole by using 
the impedance data. The impedance Z(ω) can be written under its 
complex form ZðωÞ ¼ Z’ðωÞþ jZ}ðωÞ, where Z’ and Z} are the real part 
and the imaginary part of the impedance, respectively, defined as 
jZðωÞj2 ¼ Z’2 þ Z}2: The capacitance C(ω) is defined as CðωÞ¼ C’ðωÞþ
jC}ðωÞ leading to C’ðωÞ ¼  Z}ðωÞ = ðωjZðωÞj2Þ, C”ðωÞ ¼  Z’ðωÞ =

ðωjZðωÞj2Þ, where C’ðωÞ and C}ðωÞ are the real part and the imaginary 
part of the capacitance C(ω). The time constant defined as τ0 ¼ 1/f0, 
which is known as a dielectric relaxation time characteristic of the 

whole system, is obtained from the maximum C"(ω) at frequency f0. 
The CD measurements were carried out at the different current density 
from 0.1 to 20 A g 1 (considering the mass of the active material, 
VA-SWNT, in one electrode). Capacitance values where obtained from 
the galvanostatic charge/discharge experiments (discharge curve) 
using Cspec;elec ¼ ð2iΔtÞ = ðvΔVÞ, where i is the applied current, Δt is the 
discharge time, ΔV is the discharge voltage after the ohmic drop and v 
is the volume of the active material (VA-SWNT) in one electrode. The 
capacitance retention is obtained by performing charge-discharge of 
the supercapacitor over 10,000 cycles. The power density (P) and en
ergy density (E) of the supercapacitors are calculated from the galva
nostatic charge/discharge experiments (discharge curve) using 
E ¼ i

R
Vdt and P ¼ E/Δt (normalized by the total mass (or volume) of 

the active material (VA-SWNT) in both electrodes), where i is the 
applied current, V is the discharge voltage after the ohmic drop and Δt 
is the discharge time. 

3. Results and discussion 

3.1. Fabrication of the electrode/electrolyte integration system 

Fig. 1a is the schematics showing our strategy for fabricating a 
reconfigurable electrolyte system where super-flat VA-SWNTs are in
tegrated for electrodes. First, PVA was dissolved in water and phos
phoric acid solution and evenly poured on VA-SWNT films grown by 
chemical vapor deposition (CVD) [49,51–53] as shown in Fig. 1e. In 
order to achieve the maximum number of electrical contacts and stable 
interfaces between VA-SWNTs and a current collector, we employed a 
super-flat VA-SWNT film fabricated by multi-step transfer processes, 
converting super-flat bottom of VA-SWNTs, grown on atomically flat 
silicon wafer substrates, into the top surface of the electrode (see the 
methods section) [49]. Then the freeze-thaw method was performed to 
create PVA hydrogel films (Fig. 1d and Fig. S1). During repetitive cy
cles of 24 h freezing at  20 �C and 30 min thawing at room tempera
ture, water freezes while expelling PVA and forming the regions of high 
concentration of PVA. As the PVA chains come into close contact with 
each other, PVA crystallites form and hydrogen bonding occur [48]. 
These interactions remain intact even after thawing at room tempera
ture and develop a non-degradable three-dimensional hydrogel 
network through the continuous freeze-thaw processes [29–34]. The 
pore size of PVA film is 380 nm with �81.8 nm of standard deviation 
(analyzed by the Image J program), and its porosity is about 35 � 5% 
(Fig. S2). 

In order to create a reconfigurable electrolyte membrane template, 
water solvent in the hydrogel film was exchanged by 2-Iso Propyl 
Alcohol (IPA) by gradually increasing IPA concentration to 100%. The 
membrane film dried in the air resulted in internal pore collapse 
(supplement Fig. S3f), while dried by the ion exchange method main
tained high porosity inside of the membrane (Fig. 1f and g, and sup
plement Fig. S3g). We also observed the effective conformal coating of 
PVA on VA-SWNTs providing highly defined nanoscale pore structures 
where the high accessibility of ions and electrons could be occurred 
during the charge and discharge processes. Finally, reconfigurable 
supercapacitor films were demonstrated by inserting aqueous electro
lytes (H3PO4) or 1-butyl-3-methylimidazolium chloride (BMIMCl 
including 15% water) ionic liquid electrolytes into a reconfigurable 
PVA membrane film. The solid-state electrolyte films used in our in
tegrated flexible supercapacitors act as both the electrolyte and sepa
rator to avoid short circuit and chemical leakage (Fig. 1c). A scheme of 
the complete cell assembly where a chromium layer/aligned SWNT/ 
GEP film unit was faced against another GPE film/aligned SWNT/ 
chromium unit is presented in Fig. 1b. The complete cell was then 
placed in a stainless steel coin cell for the electrochemical character
ization of the device. 
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Fig. 2. Electrochemical properties of solid-state supercapacitors with PVA and H3PO4 solution. (a) Nyquist impedance plot. (b) Cyclic voltammetry curves at 10, 50, 
100, and 500 mV s 1. (c) Specific capacitances at various current densities. Inset is Galvano static charge/discharge curves at different current density. (d) Cy
clic stability. 

Fig. 3. Electrochemical properties of solid-state supercapacitors with PVA and ionic liquid (BMIMCl) 85%. (a) Comparison of Nyquist impedance plot between ionic 
liquid and H3PO4. (b) Relaxation time for the aqueous and ionic liquid-based electrolyte system, which is calculated from the imaginary part and frequency. (c) Cyclic 
voltammetry curves of ionic liquid-based device at 50 mV s 1 with various voltage: 0.8, 1.0, 1.1, 1.2, 1.6, 1.8, and 2.0 V. (d) Comparison of Galvano static charge/ 
discharge curves of the ionic liquid-based device between 0.8 V and 2 V at current density 1 A g 1. (e) Specific capacitances of the ionic liquid-based device at various 
current densities. Inset is Galvano static charge/discharge curves at different current density. (f) Cyclic stability of ionic liquid-based device at 0–2 V of 
voltage window. 
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3.2. Characterizations of the supercapacitors in H3PO4 based electrolyte 
system 

Fig. 2 presents various electrochemical properties of the symmetric 
solid-state supercapacitor: metal layer/VA-SWNT/PVA (H3PO4 aqueous 
solution integrated membrane) ∣∣ PVA (H3PO4 aqueous solution inte
grated membrane)/VA-SWNT/metal layer. To characterize the evolu
tion of the kinetic parameters, the electrochemical impedance 
spectroscopy (EIS) was performed by applying a sine wave of 10 mV 
amplitude over a frequency range from 1 MHz to 1 mHz (Fig. 2a). EIS 
graphs (Nyquist plots) show one depressed semicircle in the high and 
intermediate frequency region, which generally correspond to the 
charge transfer through the electrode/electrolyte interface. The Nyquist 
plot shows that the electrolyte resistance of the integrated super
capacitors with H3PO4 electrolyte is about 2.2 Ω and the charge-transfer 
resistance is about 1.86 Ω. This result suggests the fast charge transfer 
process in the integrated device. At low frequencies, the capacitor 
manifests its real capacity of charge accumulation and the line close to 
90� indicates the effective capacitance of the device. 

Cyclic voltammetry was performed at different voltage scan rates 
from 10 mV s 1 to 500 mV s 1 (Fig. 2b). The most of rectangular CV 
curves are known to exhibit the ideal capacitive behavior of the super
capacitor, indicating that the stored charge is due to an electrochemical 
double layer. The box-like shape of CV curves remains undistorted even 
at high rates such as 500 mV s 1, implying low contact resistances in the 
devices as observed in Fig. 2a. The galvanostatic charge/discharge curves 
also present symmetric and triangular shape in the total range of voltage 
(0–0.8 V for aqueous electrolyte and 0–2 V for ionic liquid electrolyte) in 
all applied current densities, implying the reversible capacitive perfor
mance (inset figure in Fig. 2c) with the coulombic efficiency ranging from 
88% at 0.1 A g 1 to 100% at 20 A g 1. Fig. 2a shows 1) the electrical 
resistances of electrodes, 2) the ions diffusion resistance, and 3) the 
interfacial resistance between the electrode and electrolyte. These are 
consistent with the internal resistance derived using the voltage drop 
shown in Fig. 2d. The calculated capacitance from the discharge curve of 
one electrode is 28.4 F cm 3 at a current density of 0.1 A g 1. The device 
maintains up to 86% of its capacitance with increasing current densities 
from 0.1 A g 1 to 20 A g 1 showing a good rate capability (insert in 
Fig. 2c). The cyclic stability of the integrated device with H3PO4 based 
electrolyte system was evaluated using the galvanostatic charge- 
discharge technique conducted at 1.0 A g 1 (Fig. 2d). The device shows 
close to 100% coulombic efficiency even after 10,000 cycles with no 
considerable capacitance loss, revealing its outstanding electrochemical 
stability. Those results could be due to the efficient integration of elec
trolyte and electrode that also assures the proper electrode/electrolyte 
interface ensuring the good access to the ions at the high surface area of 
the VA-SWNTs with the effective double-layer formation. 

3.3. Characterizations of the supercapacitors in ionic liquid-based 
electrolyte system 

In order to demonstrate an ability to reconfigure electrolyte system for 
higher power applications, the highly porous VA-SWNTs/PVA film was 
filled with BMIMCl (containing 15% DI water) instead of H3PO4 and 
operated at higher voltages. The new symmetrical cell was fabricated as 
the following configuration: metal layer/VA-SWNT/PVA (85 wt% 
BMIMCl solution integrated membrane) ⎜⎜ PVA (85 wt% BMIMCl solution 
integrated membrane)/VA-SWNT/metal layer. In Fig. 3a, EIS was used to 
characterize the resistance. Two different integrated supercapacitors with 
the aqueous acid and ionic liquid electrolytes are shown. In the low- 
frequency region, both impedance plots increase sharply and tend to 
become vertical lines, which are the characteristics of capacitive behaviors 
of supercapacitors [54]. At the high to medium frequencies, the Nyquist 
plot clearly shows a semicircle, which represents a low equivalent series 
resistance (ESR) relying on the contribution of the efficient electrode and 
electrolyte interface [55]. 

The electrolyte resistance of the supercapacitor in the ionic liquid- 
based electrolyte system is about 3.63 Ω and the charge-transfer resis
tance is about 6.24 Ω, which is a slightly larger value compared to the 
H3PO4 based electrolyte system, but it still shows a sufficiently small 
value for resistance. 

The maximum phase angle of the ionic liquid-based supercapacitor is 
about  85�, close to  90� for an ideal capacitor (Fig. S4). For the 
relaxation time of the supercapacitor, the real (C’) and imaginary (C00) 
parts of capacitance change with respect to frequency are shown in 
Fig. 3b and supplement Fig. S5. The low frequency value of C’ is char
acteristic of the electrode structure and the electrode/electrolyte inter
face. In contrast, C00 corresponds to energy dissipation by an irreversible 
process. Consequently, the integrated supercapacitors oscillate between 
two states such as resistance at high frequency and capacitance at low 
frequency. The relaxation time constant, τ0 can be calculated by the 
equation τ0 ¼ 1/f0. This time constant corresponds to the value of þ45�
for the phase angle φ. It represents a transition for the supercapacitor 
between a resistive behavior for a frequency higher than 1/τ0 and a 
capacitive behavior for frequency lower than 1/τ0. The time constant 
τ0 was found to be about 0.100s for the aqueous based supercapacitor 
and 0.398s for the ionic liquid-based supercapacitor (Fig. 3b), which is 
even lower than 10s for the activated carbon supercapacitor [54] and 
0.680s for the all solid-state supercapacitor [56]. This result may indi
cate the relatively low capacitance of the electrode material but also 
indicate a fast charge transfer due to the favorable interface of the 
electrode and the electrolyte in the integration supercapacitor [57]. 

A stable potential window for the ionic liquid-based supercapacitor 
was observed by cyclic voltammetry (Fig. 3c) and charge/discharge 
measurements (Fig. 3d) in the range from 0.8 to 2.0 V. The super
capacitor device based on the ionic liquid containing 15% water was 
stable up to 2.0 V, as shown in Fig. 3c. We note that the CV curves 
became asymmetric with a sharp current increase/decrease near 2 V. 
This phenomenon might be the result of chemical reaction/decompo
sition when the voltage was increased beyond 2.0 V (see supplementary 
materials, Figs. S6 and S7). Hence, a maximum cell voltage up to 2.0 V 
was used to evaluate the device performance. The galvanostatic charge/ 
discharge curves in Fig. 3d show symmetric and triangular shapes for 
both 0.8 V and 2.0 V. High capacitance values could be obtained for the 
ionic liquid-based supercapacitors: 32.6 F cm-3 and 38.5 F cm-3 for the 
devices operating at 0.8 V and 2.0 V, respectively at the current density 
of 1.0 A g 1 and calculated from the discharge curve considering the 
mass of one electrode. In addition, our device could be operated in a 
stable voltage window of 2.0 V even at a high current density of 15 A g 1 

(Fig. 3e). The coulombic efficiency ranges from 86% at 1 A g 1 to 100% 
at 15 A g 1. The device operating at 2.0 V presents a good rate capability 
keeping around 81% of the capacitance from 1 A g 1 to 15 A g 1. The 
cycling stability of the ionic liquid-based supercapacitor device was 
tested at a constant current density of 1 A g 1 for 10,000 cycles. As 
shown in Figs. 3f and 88% of the initial capacitance was retained, 
indicating good long-term stability. Those characteristics are due to the 
factors such as the appropriate electrode/electrolyte interface ensuring 
good wettability, and ion accessibility to transfer large amounts of 
charge to individual surfaces of high-density VA-SWNT electrodes. 

Furthermore, the electrochemical performance of this ionic liquid- 
based reconfigurable device was tested by mechanically bending up to 
170� (Fig. S8) for their possible applications in wearable electronic de
vices. We observed that the capacitance (calculated from cyclic vol
tammetry) increased with increasing bending angle. A 170� bent device 
shows 45.7 F cm-3 of capacitance that is 19% higher than the capaci
tance of the flat supercapacitor. This is presumably because the inter- 
distance of two electrodes becomes closer by the mechanical pressure. 

3.4. Power and energy densities 

The galvanostatic charge/discharge curves were used to evaluate the 
power and energy density of the integrated flexible supercapacitors. As 
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shown in the Ragone plot [48,58–60] (Fig. 4c and d), there are no 
considerable differences between the cells prepared with the aqueous 
and ionic liquid-based electrolytes at the working voltage of 0.8 V 
(Fig. 4a). However, it is clear that the electrolyte prepared with 85% 
ionic liquid in our nanoporous matrix of PVA allows the cell to work 
considerably stable at 2.0 V. The ionic liquid-based supercapacitor 
operated at 2.0 V showed superior energy and power densities than 
many carbon-based electrochemical double layer capacitors (EDLCs) 
described in the literature [1,36–46,61]. 

We compare the power and energy density of the ionic liquid-based 
supercapacitor at 0.8 V and 2.0 V with increasing current densities from 
0.1 A g 1 to 15 A g 1 (Fig. 4b). As expected both the power and the 
energy densities calculated from the 2.0 V measurements showed much 
higher values. For the ionic liquid-based supercapacitor, the maximum 
power density is 3510 mW cm 3 and the maximum energy density is 
3.875 mWh cm 3 at 2.0 V operation. The energy and the power densities 
at the current density of 15 A g 1 increased 12 and 2.5 times over the 
value calculated at 0.8 V, respectively. In Fig. 4c and d, the weight based 
and volumetric energy and power densities of our devices are compared 
to those of conventional energy storage devices (Please see Fig. S9 for 
the weight-based capacitances and Fig. S10 for areal-based Ragone 
plot). The ionic liquid-based supercapacitor is superior to the EDLC 
devices [63–78] and has excellent performance close to the Li-ion 
supercapacitor [79,80]. For demonstrating the practical potential of 
the integrated supercapacitors, the ionic liquid electrolyte based device 
was used to light up a red light-emitting-diode (LED) (insert figure in 
Fig. 4c and supplement Fig. S11). LED was successfully turned on for 
7 min after being charged for 20 min at 2.2 V. 

4. Conclusions 

In summary, we design and build all-solid-state and reconfigurable 
supercapacitors by integrating PVA based solvent exchangeable mem
branes and super-flat VA-SWNTs. The unique porous PVA membrane 
structures provide a universal platform where aqueous, organic and 
ionic liquid-based electrolyte can be selectively used to modulate the 

supercapacitor performance even under severe mechanical deformation 
regardless of the used electrode. The resulting ionic liquid electrolyte- 
based supercapacitor exhibits stable operation at voltage window 
0–2 V and excellent long-term stability and yields high capacitance, 
energy, and power performance. 
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Fig. 4. Energy and power densities of supercapacitor devices. (a, b) Energy density and power density changes along with the current density changes: (a) Com
parison of ionic liquid and H3PO4 at 0.8 V. (b) Comparison of ionic liquid at 0.8 V and 2 V. (c) Weight-based Ragone plot [48,58–60], with references (Ref. [62–65], 
and [66].) Inset in (c) is the photograph of LED light testing. (d) Volumetric Ragone plot, with references (Ref. [67–74], and [75].). 
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