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Abstract Safe and ecological electrochemical double

layer capacitors (EDLCs) are nowadays needed as energy

sources for wearable electronics working in hard temper-

ature conditions. Here, we report a method based on the use

of an organic solvent without any surfactant to synthesize a

self-supported paper-like electrode composed solely by

multiwall carbon nanotubes, named buckypapers. Using

an eutectic mixture of ionic liquids (1:1 in molar ratio),

N-methyl-N-propylpiperidinium bis(fluorosulfonyl)imide

and N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)

imide, as electrolyte, EDLCs based on buckypapers were

assembled and tested up to 3 V. Ionic liquids are well

known as green solvents for the environment and are safe

for humans in their use thanks to their low vapor pressure.

In addition to these problems of security solved, this

electrolyte allows working in a wide temperature range, i.e.

from -50 to ?100 �C, delivering capacitances similar to

those obtained in usual organic solvents.

Keywords Energy storage � Electrochemical double layer

capacitor � Buckypapers � Carbon nanotube � Ionic liquid

Introduction

Electrochemical double layer capacitors (EDLCs) fill the gap

between conventional capacitors and batteries. They show

higher energy densities but lower power densities than

capacitors, while exhibiting higher power densities but lower

energy densities than batteries [1]. EDLCs are used in a wide

range of applications, alone or in combination with batteries

[2–5]. With the development of portable and wearable elec-

tronic devices, energy storage systems (ESS) like batteries

and EDLCs must become smaller, lighter, thinner and indeed

more flexible while maintaining the same level of perfor-

mance. One of the limitation in the use of ESS like EDLCs

lies in the operating temperature range that is today limited

between -25 and ?70 �C for carbonate-based electrolytes

and from -40 and ?70 �C for acetonitrile-based solutions [6,

7]. Widening this temperature range would open the use of

EDLCs in power electronics in severe environments such as

one can find in aeronautics, space, automotive or military

applications for outdoor operations [8, 9].

Recently, we showed that thanks to the combination of

exohedral carbons offering a fully accessible surface area

with a low melting point ionic liquids (ILs) eutectic mix-

ture, an operation temperature range between -50 and

?100 �C could be achieved [10]. However, the specific

capacitance of the carbon nanotubes (CNTs) grown from

an Al foil was low, at about 3 mF cm-2 of electrode,

mainly because of the small mass loading (0.2 mg cm-2).

The flexibility of CNTs buckypapers (BPs), widely

studied at room temperature [11–14], confers an interesting

feature for using these EDLCs in smart-textile applications

[15, 16]. In the present paper, we report results on the

design of self-supported electrodes for small-size EDLCs

for operation within a large temperature range, based on

the use of buckypapers (BPs).
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Experimental

Buckypaper synthesis

Nanotube networks also called buckypaper are generally

obtained by special infiltration of aqueous nanotube sus-

pension using a surfactant [17, 18]. We have developed a

method based on the use of an organic solvent without any

surfactant. A mixture of 150 mg of carbon nanotubes

(MWCNT [95 %, Aldrich) in 500 mL of N-methylpyr-

rolidine (NMP, 98 %, Alfa-Aesar) is sonicated for 3 h. The

obtained suspension is centrifuged at 3,000 rpm for 20 min

so that the MWCNT bundles are discarded. The suspension

is then filtered off under a pressure of 3.5 bars, through a

0.45 lm polytetrafluoroethylene filter (PTFE, Sartorius

Stedim). As pores of the filter are bigger than single

nanotubes, only the network of nanotubes formed during

the filtration is retained. This confers a real self-standing

behavior to our BPs as the excess of MWCNT are thus

removed. The BP thus formed is washed with acetone,

removed from the supporting filter membrane and finally

dried under vacuum at 150 �C overnight.

Buckypaper structural characterizations

Gas sorption isotherms were recorded using Tristar II 3020

Micromeritics equipment under N2 gas atmosphere at

77 K. Pore size distribution and mean pore size were cal-

culated using the Barrett, Joyner and Halenda (BJH)

method. Calculations of the specific surface area (SSA)

were achieved using the Brunauer–Emmett–Teller (BET)

equation. SEM observations were made using a FEG-SEM

(Jeol JSM 6700F).

Cell assembly and electrochemical characterizations

Cells were assembled in a glove box (under inert Ar

atmosphere, 5.0 purity grade) with both water and oxygen

content lower than 0.1 ppm. Two-electrode cells were

assembled by inserting a 520-lm thick glass fiber separator

(GF/B, Whatman) between the two electrodes, whose

diameter were 9 mm and mass 5.6 mg, in a symmetric two-

electrode Swagelok� configuration (Fig. 1). As no current

collectors were used, BP electrodes were directly in contact

with cylindrical stainless steel plungers (diameter =

12 mm). Two electrolytes were tested: (1) tetraethylam-

monium tetrafluoroborate (NEt4BF4, 99 %, Acros Organ-

ics) 1 M dissoluted in acetonitrile (AN, 99.9 % extra dry

Acroseal�, Acros Organics) and (2) an eutectic mixture of

ionic liquids (1:1 in molar ratio), N-methyl-N-propylpipe-

ridinium bis(fluorosulfonyl)imide (PIP13FSI, 99.9 %,

Solvionic) and N-butyl-N-methylpyrrolidinium bis(fluor-

osulfonyl)imide (PYR14FSI, 99.9 %, Solvionic) [10].

Electrochemical measurements were done with a Bio-

logic VMP3 potentiostat for room temperature experiments

and a Biologic SP-200 potentiostat for low and high tem-

peratures measurements. Swageloks� were directly con-

nected to Biologic� instruments as channels’ wires were

inserted in plungers’ holes. Electrochemical impedance

spectroscopy (EIS) experiments were achieved at a bias

voltage of 0 V. A sinusoidal voltage perturbation

(DV = ±10 mV) was applied in a frequency range from

200 kHz to 10 mHz for AN-based electrolyte, and to

200 lHz for ILs mixture. Cyclic voltammetries (CVs) were

performed at various scan rates. To compare capacitances

obtained at different scan rates, intensities were divided by

the corresponding scan rate. Temperature control was

achieved using a Vötsch climatic chamber with the tem-

perature being additionally checked by a thermocouple. If

not otherwise specified, reported capacitances concern the

BP material by itself, and not of the full EDLC.

Results and discussion

SEM observations and gas sorption measurements

SEM micrograph shows randomly organized multi-walled

carbon nanotubes (MWCNTs) (Fig. 2a) that confers flexi-

bility to the material (inset Fig. 2a). The adsorption iso-

therm (Fig. 2b) is of type IV, with a progressive increase in

BP electrode

Electrolyte soaked
glass fiber separator

BP electrode

Stainless steel cell body

Fig. 1 Schematic of a symmetric two-electrode Swagelok� (stainless

steel plungers) electrochemical double layer capacitor: the electrolyte

(NEt4BF4 1 M in AN or ILs eutectic mixture) soaked glass fiber

separator (GF/B, Whatman) is sandwiched between to BP electrodes,

whose diameter is 9 mm and mass is 5.6 mg
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the gas adsorbed volume until 0.9 P/P0. The isotherm

shows an inflection and hysteresis loop H1 (adsorption and

desorption curves are parallel and almost vertical) for

P/P0 [ 0.9 which is typical from a mesoporous material

with a narrow pore distribution. This is confirmed by the

BJH calculation that gives a mean pore size of 40 nm

(inset). The calculated SSA, calculated by the BET equa-

tion, is about 310 m2 g-1.

Electrochemical measurement in NEt4BF4 1 M in AN

electrolyte

In a first step, buckypaper electrodes have been tested in

a conventional electrolyte: 1 M NEt4BF4 dissolved in

acetonitrile (AN) that allows operation temperature

range from -40 to ?70 �C. Figure 3a shows the room

temperature CV plots of a two-electrode cell assembled

with our BP electrodes at various scan rates. All the CVs

show the rectangular-shape electrochemical signature

typical for a capacitive behavior within the 0–2.3 V

potential range. Besides, high power and flexible appli-

cations are possible as the capacitive behavior is pre-

served at scan rates as high as 20 V s-1. The Nyquist

plot (Fig. 3b) confirms this good capacitive behavior,

with a fast increase of the imaginary part at low fre-

quencies. The behavior shown is a series—resistance/

capacitor—circuit with clear evidence of porous elec-

trode behavior. Ionic resistance in the porous network
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Fig. 2 a SEM micrograph of a BP electrode highlighting the

entanglement of carbon nanotubes allowing its (inset) self-standing

and flexible behaviors; b Type V isotherm characteristic of a

mesoporous material with its derived pore size distribution
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Fig. 3 a CVs of symmetric BPs/NET4BF4-AN cell obtained at room

temperature (?25 �C) in the 0–2.3 V potential range at (filled

squares) 200 mV s-1, (filled circles) 2,000 mV s-1, (filled triangles)

20,000 mV s-1 scan rates (y axis is plotted in F cm-2); b the

corresponding Nyquist plot
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and the equivalent series resistance (ESR at 1 kHz) are

comparable in values.

However, the operation temperature range of acetoni-

trile-based EDLC is limited by the boiling point of AN

(81 �C), as well as the toxicity of potential degradation

products and its low flash point (&5 �C) [6, 7]. Replacing

AN by propylene carbonate (PC) drastically limits the

power performances because of the lower ionic conduc-

tivity of PC-based electrolytes. Additionally, operating

temperature using PC-based electrolytes is restricted

between -25 and ?70 �C [6, 7] which is not sufficient for

outdoor operation in severe environment, like the use of

flexible EDLCs in smart-textile uses, for military applica-

tions. Working temperatures lower than -60 �C were

reported by Brandon and co-workers [19–21], by adding

different co-solvents with low boiling points such as

methyl formate, methyl acetate or 1,3 dioxolane, in AN-

based electrolytes. However, the maximum operation

temperature was limited to ?50 �C [19–21].

Electrochemical measurement in eutectic mixture

of ionic liquids

Ionic liquids (ILs) are solvent free that can be used at high

temperatures because they show negligible vapor pressure,

are non-flammable and non-toxic. However, despite their

large electrochemical stability window beyond 3 V leading

to important energy density increase (E proportional to V2),

their low ionic conductivity and high viscosity still limit

their use in electrochemical energy storage devices

[22–24]. Room temperature IL electrolytes for EDLCs

were developed in combination with activated carbon [25],

carbon nanotubes [26] or graphene electrodes [27]. To

extend the temperature operation range of our buckypa-

pers-based EDLCs, we used an eutectic ILs mixture we

recently developed [10].

Figure 4 shows CVs obtained at room temperature for

two-electrode EDLC system in the 50 % PIP13FSI/50 %

PYR14FSI mixture. The rectangular shape of the CVs

evidences a capacitive behavior. However, as expected, the

lower conductivity of the mixture (Table 1) limits the rate

capability of the electrode to 500 mV s-1. Cyclic voltam-

metries were performed at ?100, ?25, -40 and -50 �C
and are reported (Fig. 5a, b). As shown in Fig. 5a), the CV

recorded at high temperature (?100 �C) for a scan rate of

100 mV s-1 shows a nice capacitive behavior too. More,

the improvement in conductivities at high temperature

allows a wider range of speed rates up to 2 V s-1 before

being limited by the ohmic drop. The additional advantage

of this eutectic mixture of ionic liquids is the wide range of

temperatures, and more at low temperature, compared to

pure ionic liquids used separately. The limitation is due to

conductivities becoming too poor under -50 �C (Table 1)

[28]. Figure 5b shows nice capacitive behaviors still pre-

served at -40 and -50 �C for a scan rate of 1 mV s-1.

The lower the working temperature, the lower the con-

ductivity and, consequently, the potential scan rate is

decreased down to 5 and 2 mV s-1 at -40 and -50 �C,

respectively. A comparison of the different capacitances

obtained in different electrolytes and temperatures will be

discussed and compared with literature in ‘‘Capacitances

vs. electrolytes and scan rates’’.

Figure 6 shows Nyquist plots for the symmetric BPs cell

at different temperatures assembled using the ionic liquid

mixture electrolyte. All plots confirm results obtained by

CVs as they show a classical capacitive behavior, with a

high increase of their imaginary part at low frequencies.

Going from ?100 �C down to -50 �C, the huge difference

is seen at medium frequencies where the low-frequency

capacitive behavior is shifted to higher resistances. A main

difference with AN-based electrolyte is the presence of a

semi-circle at high frequencies, showing an evolution too

with temperature. Both differences, at high and medium

frequencies, are due to the high difference of ILs mixture

viscosity, which is temperature dependent (Table 1),
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Table 1 Conductivity of the ILs eutectic mixture as a function of

temperature

Temperature (�C) Conductivity (S cm-1)

?100 2.9 9 10-2

?25 5.9 9 10-3

-40 5.7 9 10-5

-50 1.5 9 10-5

-70 6.8 9 10-7
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leading to a difference in the ionic conductivity of the

electrolyte inside the porous structure of the BPs, compared

to AN-based electrolyte [29].

Capacitances vs. electrolytes and scan rates

Figure 7 summarizes results of cycling experiments, where

delivered capacitances are reported as a function of scan

rates. Buckypapers show excellent power performance and

similar delivered capacitances, whatever electrolytes and

temperatures used. Using the eutectic ILs mixture, the

maximum capacitance was obtained at ?100 �C and

1 mV s-1 with 0.24 F cm-2 (131.9 F cm-3, 26.8 F g-1).

The capacitance values ranged from this maximum down

to 0.18 F cm-2 (98.9 F cm-3, 20.0 F g-1), obtained at

-50 �C and 2 mV s-1. As scan rates range is lower than

the one possible to use with AN-based electrolyte, our

EDLC cannot be used for high power applications.

Previous results were obtained with onion-like carbons

(OLC) and vertically aligned CNT (VA-CNT) [10]. VA-

CNTs were grown directly on aluminum foils via plasma-

enhanced chemical vapor deposition in a cold wall reactor.

OLCs, mixed with 5 wt % PTFE, can be visualized as

multi-shell fullerenes with concentric graphitic shells. Both

types of materials were tested in Swagelok� cells using

two layers of a 25-lm thick porous alumina separator.
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Using our EDLC made of BP electrodes, ILs mixture

electrolyte and glass fiber separator, surfaced capacitances

were increased by a factor 2 compared to OLC

(0.1 F cm-2) and by a factor 50 compared to VA-CNT

(0.04 F cm-2) [10]. Those previous results together with

the ones presented here definitely show that with this ILs

electrolyte mixture, the use of mesoporous carbon elec-

trodes is recommended, because of the high viscosity and

the low conductivity of such kind of electrolytes. Fur-

thermore, an excellent affinity is also obtained thanks to

hydrophobic nature of those two compounds, namely the

carbon and the IL mixture. Thus, these results definitely

confirm that best performances can be achieved when

electrolyte and electrode fit perfectly each other (chemi-

cally and physically speaking).

Conclusion

With this study, we could show the feasibility to build

EDLCs able to work safely under severe conditions for

smart-textile applications. We were able to cycle our

EDLC between -50 and ?100 �C without losing perfor-

mance. The key point of using buckypapers is to get a

standalone electrode without the use of any binders or

current collectors. This reduces significantly the total mass

of the EDLC, what is a benefit for energy densities but also

for its incorporation in textiles. An effort has to be made to

decrease the resistivity of whole system BP-electrolyte at

higher scan rates. Meantime, at suitable temperatures, the

AN-based electrolyte can be used for power applications.
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