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Safety is the main concern for energy storage-system application in hybrid-electrical vehicles (HEVs) and
ionic liquids (ILs) of low vapor pressure and high thermal stability represent a strategy to meet this key req-
uisite. The use of solvent-free ILs in supercapacitors enables the high cell voltages required for increasing
supercapacitor energy up to the values for power-assist application in HEVs. In order to exploit the wide
electrochemical stability window of ILs, tailored electrode materials and cell configurations have to be
used. The performance of asymmetric double-layer carbon supercapacitors (AEDLCs) and carbon/poly(3-
methylthiophene) hybrid supercapacitors operating with different pyrrolidinium-based ILs are reported
and compared. This study demonstrates that a design-optimized AEDLC operating with safe, solvent-free
IL electrolyte meets cycling stability and the energy and power requisites for power-assisted HEVs at the
investigated temperatures.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The high specific power and very long cycle life make electro-
chemical double-layer carbon supercapacitors (EDLCs) key energy
storage systems for sustainable transport based on hybrid elec-
tric vehicles (HEVs) [1-4]. Compared to batteries, supercapacitors
feature significantly lower specific energy, i.e. 5Whkg~1! at maxi-
mum, so that even the best performing ones do not yet fulfill the
specificenergy requisites for power assist in strong-HEV. This appli-
cation requires that a significant portion of the driveline power
is electric and the targets of the electrochemical energy storage
systems stated by the United States Advanced Battery Consortium
(USABC) and the Department of Energy (DOE) are pulse power
of 620Wkg~! for 10s over more than 3 x 10° shallow cycles and
7.5Whkg~! total available energy. These requirements should be
in the —30°C/+60°C duty temperature range, with safety being a
primary target [3,4]. While recent advances in Li-ion batteries have
raised their power performance up to target levels, serious concerns
still remain about reliability and safety because of their low toler-
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ance to such abusive conditions as overcharge and exposure to high
temperatures. The EDLCs feature positive and negative electrodes
identical in mass and composition and are charged/discharged by
physical processes so that they are intrinsically safer than batter-
ies. Furthermore, unlike batteries, the energy efficiency of EDLCs is
higher than 90% so that the amount of released heat is small and can
be easily dissipated [1,2]. Thus, supercapacitors of increased energy
with respect to commercial ones could compete with Li-ion batter-
ies in power-assisted HEVs, with the advantage of higher safety and
reliability than the latter.

Given that the maximum energy (Emax) of the supercapacitor
is directly related to its capacitance (Cs¢) and to the square of the
maximum operating voltage (Vmax), as in Eq. (1)

Emax = %Cscvgm)u (1)
when delivered between Viax and 1/2Vnax, the challenge in the
supercapacitor field is to develop materials and configurations that
make it possible to increase Csc and Vipax. The most powerful strat-
egy for increasing supercapacitor energy is to raise the cell voltage
above 2.5V/2.7V, the highest values for commercial systems based
on organic electrolytes, without sacrificing cycle-life and safety.
Much attention has thus been focused on ionic liquids (ILs) that
feature high thermal and chemical stability, low vapor pressure, a
wider electrochemical stability window (ESW) than conventional
organic electrolytes’ and are able to operate in high temperature


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:marina.mastragostino@unibo.it
dx.doi.org/10.1016/j.jpowsour.2008.09.016

1576 C. Arbizzani et al. / Journal of Power Sources 185 (2008) 1575-1579

regimes that are not feasible with commercial systems [5-11]. The
challenge is to design solvent-free IL electrolytes that match these
properties with conductivity at least as high as 10-3Scm™! to
10-1Scm! in a wide-duty temperature range from ca. —30°C to
60 °C. The high conductivity requisite is crucial for a low equivalent
series resistance (ESR), which in turn affects supercapacitor power
performance as per the maximum specific power Pmax in Eq. (2)

2
Vmax

Pmax = M7 (2)

where wq is the total composite electrode loading.

The most widely studied ILs for supercapacitor application
are imidazolium and pyrrolidinium salts; while the former
typically display the highest conductivities, the latter feature
the widest ESWs, even exceeding 5V. Table 1 reports con-
ductivity, ESW, melting temperature, which is the limit for
the use of ILs as solvent-free electrolytes, formula weight and
density of N-butyl-N-methyl pyrrolidinium (PYRy4*)- and N-
methoxyethyl-N-methylpyrrolidinium (PYRy(201)*)-based ILs with
bis(trifluoromethanesulfonyl)imide (TFSI~) and trifluoromethane-
sulfonate (Tf~) anions [5,11-16]. The PYR4*-based ILs freeze near
0°C and the introduction of a methoxyethyl group on the nitrogen
atom of the pyrrolidinium ring in PYR;(01)TFSI lowers the freezing
point to —95°C and improve the conductivity properties, making
this IL one of the most promising for the development of high volt-
age supercapacitors operating in a wide temperature range.

ILs require the use of specifically designed electrode materials,
especially in regard to the electrode/IL interface properties and tai-
lored supercapacitor configurations to take full advantage of their
wide ESW. EDLCs with positive and negative carbon electrodes of
equal mass, hereinafter termed symmetric EDLCs, do not feature
the high Vihax enabled by ILs because the potential of discharged
carbon electrodes is generally far from the mid-point of the IL’s ESW
and upon charge the two electrodes experience the same potential
excursion, so that Vpax is constrained by the electrode that first
hits the ESW limit. Indeed, despite the IL’s wide ESW, symmetric
EDLCs with PYR14TFSI electrolyte cannot be cycled with coulombic
efficiency >95%, which is a requisite for long cycle-life, when Viax
is >3.5V [9,11]. In IL-based EDLCs with different loadings of the
same carbon at the positive and negative electrodes, here termed
asymmetric EDLCs (AEDLCs), each electrode can experience differ-
ent potential excursions and be charged up to the ESW limits of the
electrolyte so that Vi values 1V higher than those of commercial,
symmetric EDLCs are feasible [10].

A further increase in specific energy with respect to IL-
based AEDLCs might be achieved using pseudocapacitive electrode
materials coupled to double-layer carbon electrodes in hybrid
configurations (HYSC). Pseudocapacitive electrodes of specific
capacitance significantly higher than carbons’ and that can
be charged/discharged several thousand times in aprotic IL
by redox processes at potentials approaching the ESW limits
should increase the capacitance performance of supercapaci-
tors without sacrificing Vmax and cycle-life. This is the case
of poly(3-methylthiophene) (pMeT), which can be reversibly
p-doped/undoped in pyrrolidinium-based ILs at suitably high elec-
trode potentials with specific capacitance of 200-250Fg~! when
prepared in IL [18-20].

We report the results of a study designed to develop safe,
high-energy AEDLCs and HYSCs based on PYR4TFSI, PYR4Tf and
PYR;(201)TFSI ILs for power-assisted HEV application. The perfor-
mance at different temperatures of these IL-based AEDLCs and
HYSCs with specifically designed carbon and pMeT electrodes is
reported and discussed.

2. Experimental

The carbon used in AEDLC and HYSC supercapacitor was PICAC-
TIF SUPERCAP BP10 (Pica) treated at 1050°C in Ar for 2 h. This
surface cleaning procedure was checked by thermogravimetric
analysis (TGA) with a Mettler Toledo TGA/SDTA A851 System in the
temperature range of 25-1050 °C under N, flow at a scanning rate
of 20°Cmin~1.

Carbon porosity was evaluated by nitrogen adsorption
porosimetry carried out at 77K with an ASAP 2020 system
(Micromeritics); the carbon powders were dried for at least 2 h at
120°C before testing. The N, adsorption isotherms were analyzed
by the Density Functional Theory (DFT) and the total pore volume
(Viot) was evaluated by the quantity of N adsorbed at p/p°=0.995.
The carbon electrodes (0.62 cm? geometric area) were prepared by
mixing 95% (w/w) carbon and 5% (w/w) polytetrafluoroethylene
binder (Du-Pont) to yield a paste that was then laminated on
carbon-coated aluminum grids (Lamart Corp.).

The PYR4Tf (99%, Solvionic), PYR14TFSI (purum 98%, Solvent
Innovation), PYRj(01)TFSI (Evonik Industries) were dried over
night at 80°C under dynamic vacuum (Biichi Glass Oven B-580)
before use; water content in IL was checked by Karl Fisher titration
(684 KF Coulometer Metrohm).

The polymer electrodes for the HYSC supercapacitors
were obtained by direct electropolymerization of pMeT in
IL on a carbon paper aerogel current collector (Marketech).
The polymerization bath was 1-ethyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl)imide (EMITFSI, 99%, Solvent Inno-
vation, dried before use)—1M methylthiophene (Aldrich, distilled
before use) with 0.1 M acid additive trifluoromethanesulfonimide
(95%, Aldrich) which prevents consumption of the EMITFSI IL at
the counter electrode. The polymer was grown by galvanostatic
technique at RT and 5 mA cm~2 [ref. 18].

“Three-electrode” Swagelok cells were used for single-electrode
and supercapacitor tests. For single-electrode studies, double-layer
carbon counter-electrode with charge storage capability signifi-
cantly higher than that of the working electrode was used so
as not to limit the capacitive response of the latter. The refer-
ence electrode for cyclic voltammetries and for the evaluation
of the electrode potentials during supercapacitor galvanostatic
cycling was a silver disk; hereinafter the electrode potentials are
given vs. the reversible redox couple ferrocene/ferrocinium (Fc/Fc*,
Egc/fc+ = Eag +0.200 £ 0.010V). The cells were assembled in dry
box (MBraun Labmaster 130, H,0 and O, <1 ppm) using a fiberglass
separator (Durieux, 200 wm thick when pressed). AEDLCs and HYSC
supercapacitors featured ws. of 15-20mgcm~—2 and 8 mgcm™—2,
respectively. The electrochemical tests were performed with a
PerkinElmer VMP multichannel potentiostat/galvanostat at tem-
peratures controlled by a Thermoblock (FALC) or a cryostat (HAAKE
K40).
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Fig. 1. TGA plot (solid line) and its differential (DTG, dashed line) of the pristine
carbon.
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Table 1
Conductivity (o), ESW (evaluated with glassy carbon electrode), melting temperature (T ), formula weight and density of ILs investigated for supercapacitor applications
[5,11-16].
IL o(mScm!) Tm (°C) ESW at 60°C (V) Formula weight (g mol~1) Density (gml—')

RT 60°C

PYR4TFSI 2.6 6.0 -3 5.5 422 1.41
PYR14Tf 2.0 5.5 3 6.0 291 1.28
PYR(201)TFSI 338 8.4 <-90 5.0 424 143

3. Results and discussion

To promote carbon wettability with the electrolyte, the surface
of the carbon for our IL-based AEDLC and HYSC supercapacitors
was cleaned by heat treatment at 1050 °C in Ar atmosphere before
use. The TGA curve in Fig. 1 shows that this treatment was effective
for the removal of surface acidic groups, which caused the main
weight loss at 300-500°C [21]. Such hydrophilic moieties can be
deleterious not just for hydrophobic IL uptake but also for cycling
stability because they are typically responsible for irreversible par-
asitic faradic processes [17,22].

The treated carbon (ACT) featured a total pore volume of
1.2cm3 g1 and pore size distribution centered at 2.7 nm; 71% of
pore volume was originated by pores wider than 1.5 nm, i.e. wider
than IL ion size, and provided a surface area of 940 m2 g~1 accessi-
ble to the electrolyte for the double-layer charging process. The ACT
electrodes were tested in PYR14TFSI, PYR14Tf and PYR;(501)TFSI ILs
by cyclic voltammetry (CV) at 20mVs~! from the potential of the
discharged electrode towards positive and negative potentials in
order to evaluate capacitance response in the positive and negative
domains and to identify the electrode potential ranges that ensure
charge/discharge cycles of high coulombic efficiency. The high sur-
face area of the ACT carbon amplifies the faradic contribution to the
voltammetric currents related to IL oxidation and reduction when
the potentials that mark the ESW limits are approached. Thus, the
potential window within which it is possible to charge/discharge
the high surface area carbon electrodes is narrower than the ESW
reported in Table 1, which was determined with smooth, glassy
carbon electrodes. At 60°C the ACT carbon can be cycled at high
efficiency (>97%) in the range —2.6 V to +1.6 V vs. Fc/Fc* in the case
of PYR14TESI and PYR4Tf and —2.4V to +1.6 V vs. Fc/Fc* in the case
of PYRy(201)TFSI. In these conditions the ACT carbon featured a spe-
cific capacitance of ca. 100 Fg~! in all the ILs, a value that decreased
by ca. 20% when the temperature was lowered to RT. Given that
the potential of the discharged carbon electrode is ca. —0.1V vs.
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Fig. 2. Voltage profiles of the AEDLC-C supercapacitor with PYR;;01)TFSI electrolyte
upon the 17,000th galvanostatic charge/discharge cycle at 10mAcm~2 and 60°C
with Vimax =3.8 V and of its positive and negative ACT electrodes.

Fc/Fc*, the negative electrode can sweep a 30% wider potential than
the positive during the charge process, and, since the capacitance
response is almost the same in the positive and negative domains,
it has a higher charge storage capability than the positive. Thus, a
proper electrode mass balancing requires 30% more carbon at the
positive electrode so as to attain Vipax >3.9V.

The AEDLC-A, AEDLC-B, and AEDLC-C supercapacitors were
assembled with PYR4TFSI, PYR14Tf and PYR;(,01)TFSI solvent-free
ILs, respectively, and ACT carbon electrodes with positive to nega-
tive electrode loading ratio (w;/w_) higher than 1 (Table 2). The
AEDLCs were tested at 60°C over several thousand galvanostatic
charge/discharge cycles (>20,000 cycles) at 10-20 mA cm~2, with
Vmax > 3.5V and mainly ranging between 3.7V and 4.0V. The effi-
cacy of the asymmetric configuration is demonstrated in Fig. 2,
which shows the charge/discharge galvanostatic profiles of the
AEDLC-C supercapacitor (left axis) with PYR;(,01)TFSI electrolyte
upon the 17,000th charge/discharge cycle at 10 mA cm~2 and 60°C
with Vimax =3.8V and of its positive and negative electrodes (right
axis) which reached the end-of-charge potentials of 1.6 V vs. Fc/Fc*
and —2.2V vs. Fc/Fc*, respectively. The end-of-discharge potential
of the two electrodes is higher than that at the first cycles (ca. —-0.1V
vs. Fc/Fc*) because of cell equilibration upon cycling. Table 2 reports
the Csc, ESR, Emax (from Vipax to 1/2Vmax ) and Ppax values evaluated
from discharge cycles carried out at 20 mA cm~2 and 60 °C with the
reported Vinax of the AEDLCs assembled with the different ILs. Given
thatitis feasible to assume that ws will be one-third of the superca-
pacitor module weight (Wpoquie ), the Emax values in Table 2 become
10-12Whkg1, i.e. double that of the EDLCs on the market at RT,
whose cycling performance decreases as temperature increaes. This
high-energy performance of IL-based AEDLCs was exhibited with-
out sacrificing power and cyclability, the latter being tested by
deep discharge cycles from Vipax down to 0V at 60 °C. The highest
cycling stability was exhibited by the PYR;(;01)TFSI-based AEDLC-
C, with a capacitance fade of 2% over 27,000 cycles performed with
Vmax < 3.6V for the first 12,000 cycles and 3.7V for the following
15,000 (3000 cycles were also carried out with Vi =3.8V), as
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Fig. 3. Trend of specific capacitance (Cs, in Fg~! of total composite electrode
materials) over cycling at 60°C and 20 mA cm~2 at different Vinax of the AEDLC-C
supercapacitor with PYR;(;01)TFSI electrolyte.
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Table 2
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Positive to negative electrode loading ratio (w.. /w_) of the AEDLC and HYSC supercapacitors with different ILs, and values of Csc, ESR, Emax (delivered from Vinax to 1/2Vmax) and
Pmax evaluated from galvanostatic cycles at ca. 1Ag~! and 60°C with the reported maximum cell voltage (Vimax); specific values calculated considering only total composite

electrode weight (wqc).

Supercapacitor configuration CODE IL wy/w_ Wrsren (V) Csc (Fg1) ESR (2cm?) Emax (Whkg1) Prax (KW kg1)
A X AEDLC-A PYR14TFSI 1.34 4.0 22 24 37 9.3
E;{ ré‘memc AEDLC-B PYRy4Tf 1.49 4.0 24 25 40 9.1
AEDLC-C PYRy(201)TFSI 1.49 37 22 20 31 9.9
Hybrid supercapacitor HYSC-A PYR14TFSI 0.74 3.9 32 35 51 13

shown by the Cs¢ trend vs. cycle number in Fig. 3. The AEDLC-A
with PYR14TFSI featured 20% capacitance fade over 26,000 cycles
with Vinax between 3.6 Vand 4.0V, the last 20,000 being performed
at the highest potential. The capacitance of the AEDLC-B superca-
pacitor with PYR14Tf decreased by 35% after 20,000 cycles, which
were performed with Vipax of 3.5V/3.9V over the first 8000 cycles
and of 4.0V in the following 12,000. The lower stability of the lat-
ter supercapacitor was mainly due to the fact that the hydrophilic
character of PYR14Tf made it impossible to lower the water content
in the electrolyte below 100 ppm with our drying procedure. On the
other hand the dried, hydrophobic PYR14TFSI and PYR;(;01)TFSI ILs
featured <20 ppm of water. Thus, despite the higher formula weight
of PYR4TFSI and PYR;(;01)TFSI with respect to PYR4Tf, which may
eat into module gravimetric performance, we focused the following
tests on the AEDLC-A and AEDLC-C systems. For a better compari-
son with practical performance of supercapacitors, average specific
energy (E) and power (P) values were calculated from galvanostatic
discharge curves at different current densities between Vpax, and
1.35V and at 60°C and 20°C using Egs. (3) and (4):
t1.35v
Eei / Vdt
Wmax W

module
E

£135V — tVmax

3)

p (4)
respectively, where i is the current density, ty,,,, and ty3sy are the
times at which the cells exhibit Vphax and 1.35V potentials and
Wiodule = 3Wsc is the expected weight of a complete supercapaci-
tor module, including case. In Egs. (3) and (4), 1.35V was taken as
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Fig.4. Average specific energy (E) and power (P) values referred to expected module
weight of IL-based AEDLC-A, AEDLC-C and HYSC-A supercapacitors from galvano-
static discharge curves at different currents and 20°C and 60 °C between V.« and
1.35V. For AEDLC-A, AEDLC-C and HYSC-A the Vi was 3.9V, 3.7V and 3.9V,
respectively; the currents were 5mAcm~2, 10mAcm~2, 20mAcm~2, 30 mAcm~2,
40mAcm~2, 50mAcm~2 for the AEDLCs (for AEDLC-A the data at 20°C with
i=40mAcm~2 and 50 mA cm~2 are not included) and 10 mA cm~2 for HYSC-A.

end-discharge potential because it corresponds to that of the best
performing EDLCs on the market, which operate between Vi,ax and
1/2Vmax with Vipax =2.7 V. The average E and P values of the AEDLC-
A and AEDLC-C supercapacitors cycled with Vipax 0f 3.9V and 3.7V,
respectively, are shown in the Ragone plots in Fig. 4; the figure also
highlights the requirement for power-assisted HEV application of
electrochemical energy storage systems [3,4]. The 7Z.5Whkg~! and
660 W kg~! USABC target is met, and even exceeded, at 60°C by
both the AEDLCs and down to 20 °C only by the AEDLC-C with dis-
charges at 10-20mAcm~2 (0.5-1.0Ag~1) from the fully charged
state to 1.35 V, which corresponds to a D.O.D. of ca. 50%, as evaluated
on the basis of practical charge values at the given rates. When the
temperature is lowered from 60 °C to 20°C, at i>20mAcm~2 the
average specific energies of the AEDLCs decrease mainly because of
the increase in the ohmic drop, that lowers the effective maximum
cell voltage at which cell discharge begins. Because of the higher
conductivity of PYRy(;01)TFSI than PYR4TFSI, the ohmic drop in
the AEDLC-C is lower than in the AEDLC-A. Thus, despite the higher
Vmax of the latter, the former features higher practical energy and
power values at both temperatures and has the extra advantage of
being able to operate below RT because of the low freezing point of
PYR1(201)TFSL These results were obtained with home-made cells;
automated assembly and using a thinner separator than that fea-
tured by the AEDLCs would positively affect ohmic drop and E and
P values.

To achieve higher specific energy than that of the IL-based
AEDLCs, the PYR4TFSI-based HYSC-A hybrid system was assem-
bled with the same ACT carbon at the negative electrode and pMeT
electropolymerized in IL as positive. We have already demonstrated
that this electropolymerization enables pMeT electrodes to deliver
specific capacitance of up to ca. 200Fg~1 in IL, i.e. double that of
the double-layer carbons, in the potential range +0.3V to +1.3V vs.
Fc/Fc* [18,19]. The HYSC-A cell was assembled with positive and
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Fig. 5. Voltage profiles of the HYSC-A supercapacitor with PYR4TFSI electrolyte
upon galvanostatic charge/discharge at 10 mA cm~—2 and 60 °C with Vinax =3.9V and
of its pMeT positive and ACT negative electrodes.
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negative electrodes with mass loading balanced on the basis of
each charge storage capability, which in turn depends on specific
capacitance and on the widest potential range for the electrode
charge process. Table 2 shows the cycling performance at 60°C
of the HYSC-A, which was assembled with a w, /w_ ratio <1 for
a Vmax of 3.9V. The data were calculated from the galvanostatic
profile at 10mAcm~2 in Fig. 5, which also shows the potentials
of the positive and negative electrodes of the HYSC-A system. The
use of the pMeT electrode provides a 50% increase of Csc and Emax
with respect to those of the AEDLCs, i.e. 32Fg~! and 51 Whkg~!
are reached without sacrificing power; the expected Enax values
of a complete module becomes at least 15Whkg~!. The excellent
performance of HYSC-A is highlighted in Fig. 4: the average val-
ues of E and P at 10mA cm~2 and 60 °C for a hybrid supercapacitor
module exceed the requirements for power-assisted HEVs. Note,
however, that its cycling stability was not sufficiently long (data
not reported). The HYSC-A’s specific capacitance halved after 5000
cycles due to deterioration of the polymer electrode. Upon cycling,
the positive electrode resistance markedly increased, presumably
because pMeT swelling by IL worsened the electronic interchain
conductivity in the polymer.

4. Conclusions

This is the first time that the performance at 60°C and
20°C of supercapacitors with different solvent-free ILs and
featuring AEDLC and HYSC configurations are reported and com-
pared for power-assisted HEV application. We demonstrate that
pyrrolidinium-based AEDLCs meet, and even exceed at the highest
temperature, the energy and power targets for this applica-
tion, with cyclability over more than 20,000 cycles at 60°C.
Such asymmetric double-layer supercapacitors reach Vmax of
4.0V and Emax approaching 40 Whkg~! (only electrode mate-
rials included) so that they can compete with batteries and
have the added advantage of inherently higher safety. While an
IL-based hybrid supercapacitor with pMeT positive electrode elec-
tropolymerized in IL, negative carbon electrode and PYR4TFSI
electrolyte delivers 30% higher energy than the AEDLCs, its cycling
stability is not high enough to compete with the latter sys-
tems.
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