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ABSTRACT: Relying on redox reactions, most batteries are limited in their ability to operate at
very low or very high temperatures. While performance of electrochemical capacitors is less
dependent on the temperature, present-day devices still cannot cover the entire range needed for
automotive and electronics applications under a variety of environmental conditions. We show
that the right combination of the exohedral nanostructured carbon (nanotubes and onions)
electrode and a eutectic mixture of ionic liquids can dramatically extend the temperature range of
electrical energy storage, thus defying the conventional wisdom that ionic liquids can only be
used as electrolytes above room temperature. We demonstrate electrical double layer capacitors
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able to operate from —S50 to 100 °C over a wide voltage window (up to 3.7 V) and at veryhigh ,“, | | | | | | |

charge/discharge rates of up to 20 V/s.
SECTION: Energy Conversion and Storage

Electrochemical energy storage (EES) devices are at the center
of attention to address one of today’s major technological
and societal challenges: sustainable energy solutions. EES devices
enable operation of hybrid and electric vehicles and broad imple-
mentation of renewable energy sources (solar, wind, and tidal
power). Over the past decade, EES systems have seen tremendous
improvements in performance; however, all current technologies
are limited to a rather narrow range of operation temperatures.
EES systems are traditionally divided into energy devices
(batteries) and power devices (electrochemical capacitors: ECs).
There have been several breakthroughs and significant improve-
ments in the battery area during the past years, mainly associated
with the development of Li-ion batteries." However, the devel-
opment of high voltage cathodes for batteries with extended
operational range from low (below —20 °C) to high (beyond
70 °C) temperatures is still hampered by electrolyte stability.'
While batteries are characterized by charge/discharge times
ranging from minutes to hours, ECs are high-power devices
(~10 kW/kg) with medium energy density (~5 Wh/kg), which
can be fully charged or discharged in a few seconds.* While not
limited to that application, ECs complement or replace batteries
wherever high power densities are needed for short times
(e.g., starting a car or truck engine).” ECs can be divided into
two groups: electrochemical double layer capacitors (EDLCs)
and pseudocapacitors,® with the latter benefiting from a combination
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of electrostatic and Faradic (surface) processes involved in the charge
storage mechanism.”®

EDLCs, also called supercapacitors or ultracapacitors, store
energy electrostatically through ion adsorption from an electro-
lyte on the surface of charged high surface area carbon electrodes,
by charging the so-called double layer capacitance.®® This charge
storage mechanism explains the key features of EDLCs: out-
standing cycle life (no redox reaction), high power density
(fast surface storage), and identical charging and discharging
rates (reversible ion ad-/desorption). As is true for the entirety of
EES technologies, ECs have seen great improvements in perfor-
mance, which were facilitated by recent discoveries such as
the ion desolvation and capacitance increase in subnanometer
pores,'* the evidence of the influence of the nanostructure of
oxides on the pseudocapacitive behavior'® and the measure-
ment of ion fluxes in micropores with in situ electrochemical
techniques."'

With a large number of carbon nanomaterials already under
investigation, the discovery of graphene has stipulated tremen-
dous research effort, and Miller’s group reported high power
performance for thin graphene layers explained by the high
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Figure 1. Characteristics of the ILs. (A) DSC profiles of (I) PIP3FSI, (II) PYR, 4FSI and (III) (PIP,3FSI),s(PYR,;4FSI), s mixture, and their chemical
structures. (B) Change of the conductivity versus the inverse temperature for PIP;3FSI, PYR;4FSI and (PIP,3FSI), s(PYR,4FSI)y 5 IL mixture.

conductivity and highly accessible surface area.'” Zhu et al.
reported the remarkable power and energy density of thin film
electrodes made from activated graphene with a >3000 m?/ g
specific surface area."® Tailoring the carbon structure, specific
surface area, pore size, and pore size distribution is important for
improving EC performance, and examples include composites of
carbon nanotubes (CNTs) and activated carbon,"* self-as-
sembled CNT on graphene,'® or activated cup-stacked CNT
electrodes.'® However, device performance is not solely deter-
mined by the electrode material but by the behavior and proper-
ties of the electrical double layer, and, thus, it is the electrode—
electrolyte combination'”'® that finally defines cycle lifetime,
capacitance, usable voltage window, and charge/discharge rate.

Conventional electrolytes used in ECs contain a mixture of
solvent and salt, the latter usually being composed of ammonium
cations and fluorinated anions, such as tetraethylammonium
tetrafluoroborate (TEA-BF,), for use over a ~2.7 V window.
Without the need of a solid—electrolyte interphase at EDLC
electrodes, unlike in Li-ion batteries, acetonitrile (AN) can be
used as electrolyte solvent, thus enabling operation temperatures
as low as —40 °C. However, the boiling point of AN (80 °C)
limits the maximum operation temperature to about 70 °C. AN is
also toxic and has a low flash point (~§ °C) that leads to safety
concerns to the point that some countries, such as Japan, do not
allow use of AN in ECs. Replacement of AN with propylene
carbonate (PC) shifts the operating temperature to the —25 to
70 °C range, with a limited power performance because
of a lower ionic conductivity of PC-based electrolytes versus
AN-based systems.

Extending the temperature range for batteries or ECs is of
great importance since this could solve the problem of the
operation in severe conditions required for automotive, aero-
space, solar/wind energy, and power electronics applications.
Because of the limited possibility of reaching temperatures
below —30 °C for batteries due to the Faradic charge storage
mechanism, ECs became attractive candidates for low-tempera-
ture applications, such as, starting truck or locomotive engines in
winter, electrical energy storage from solar panels, or back-u
power supplies that operate outside climate-controlled spaces.
Operation temperatures below —60 °C have been reported by
using carbon electrodes in AN/TEA-BF, mixed with various
proportions of cosolvents with low boiling yoint such as methyl
formate, methyl acetate, or 1,3-dioxolane.”® However, the addi-
tion of low boiling point cosolvents to AN limits the upper
temperature boundary of these electrolytes to approximately
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50 °C, while the safety concerns linked with the use of AN are still
present. Consequently, such devices cannot be used in summer time
in hot climates or in an engine compartment of cars and trucks.

Safe operation at elevated temperatures may be achieved by
using solvent-free ionic liquids (ILs) in EES systems.’ Having a
melting point below 20 °C, room-temperature ionic liquids
(RTILs) have attracted much interest in the past decade since
they have negligible vapor pressure, are nonflammable, and are
stable in an electrochemical potential window larger than 3 V.>*'
However, RTILs suffer from a low ionic conductivity (few mS/cm at
room temperature versus tens of mS/cm for conventional organic
electrolytes),” high viscosity and a melting point usually greater than
0 °C. These features make ILs attractive for high temperature (T >
50 °C) use, with an imzproved voltage window leading to a higher
energy density (E ~ V' ).23_26 However, the low ionic mobility in
these ILs effectively prevents the use of such electrolytes especially
below 0 °C, and most of the current literature reports IL and RTIL
performance at temperatures greater than or equal to 60 °C.>**
Recently, room temperature use of an IL electrolyte was demon-
strated in combination with activated carbon,”® CNTs,* and with a
graphene electrode," but there are no reports on use of an RTIL as
EC electrolyte that could operate at low (<—30 °C) and high
(>50 °C) temperature.

In this paper, we report on achieving a dramatic expansion of
the operation temperature range for supercapacitor electrodes
utilizing an IL mixture with a low melting point (lower than its
constituents) combined with exohedral carbon nanomaterials.
By using CNTs and onion-like carbon (OLC), we illustrate
concepts and discuss approaches to designing next-generation
supercapacitors with improved temperature range and a widened
voltage window.

An eutectic mixture (1:1 by weight or molar ratio) of N-me-
thyl-N-propylpiperidinium bis(fluorosulfonyl)imide (PIP,;FSI)
and N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide
(PYR,4FSI) was used as the electrolyte. Individually, these ILs
show melting points of 6 °C (PIP;3FSI) and —18 °C (PYR,,FSI)
(Figure 1A). The latter is consistent with already reported data.*’
The DSC curve of the mixture displays no peaks between —80
and 100 °C excluding the presence of first- or second-order phase
transitions in this temperature range. Mixing PIP;3FSI with
PYR,4FSI resulted in an IL with two different cationic species
and only one anion (namely, (PIP,3FSI),s(PYR 4FSI), ), and
having a liquid range lowered to —80 °C, which was the lowest
measurable value with our apparatus. This confirms previously
published studies on mixtures with common cations and anions



Figure 2. High-surface area exohedral electrode materials that only adsorb ions on their outer surface. (A) Schematic of a carbon onion electrode.
(B) Schematic of a CNT electrode. (C) Scanning electron microscopy (SEM) image of the CNT electrode. (D) SEM image of CNT brush.

(E) Transmission electron microscopy (TEM) image of individual CNTs.

that show that the crystallization process is mainly influenced
by the anions.***' Our results demonstrate that selection of a
proper combination of cations with the same anion prevents an
ordered arrangement and crystallization, thereby inhibiting the
formation of a lattice. The liquid state of the mixture can then be
maintained several tens of degrees lower compared to ILs taken
individually. Both ILs of this study have the same anion (FSI),
same molecular weight, and same number of atoms of the same
nature, and the only difference is their cation molecular structure,
based on a five-member or six-member heterocycle, respectively,
for pyrrolidinium and piperidinium (Figure 1A). We note that
a similar behavior is observed for other cationic mixtures of ILs
(Figure S1, Supporting Information).

Figure 1B depicts the Arrhenius plots of the PIP;3FSI,
the PYR4FSL, and the 1:1 IL mixture. Conductivity values of
28.9 mS/cm and 4.9 mS/cm were measured at 100 and 20 °C,
respectively, for the mixture. The temperature dependence of the
mixture follows the Arrhenius behavior down to —70 °C. This
clearly shows the extended temperature range of ionic conduc-
tivity of the (PIP3FSI)os(PYR4FSI)o s mixture compared to
the single constituents, thus enabling its use at temperatures as
low as —50 °C; however, devices operating at such low tem-
peratures are expected to suffer from a reduced rate capability,
whereas normal device operation will remain unaffected.

Using this eutectic IL mixture as the electrolyte in a super-
capacitor cell assembled using a conventional high surface area
porous activated carbon (1700 m”/g) as active material (see
Figure S2, Supporting Information), resulted in very poor
electrochemical performance below 0 °C, and the cyclic voltam-
mograms (CVs) showed highly resistive behavior resulting from

poor accessibility of carbon pores to the ions. Figure S2 provides
evidence that the electrode structure must be tailored to match
the electrolyte if capacitive performance at low temperatures is
required. To address ion transport limitations in nanometer
pores of activated carbons, we used exohedral carbons, namely
OLCs and multiwall nanotubes.>” Their external surface is fully
ion accessible and exohedral carbon nanomaterials can therefore
overcome ion transfer limitations and, depending on size and
curvature, provide a way to increase the capacitance per unit of
surface area.*® Thus, the formation of the electrical double layer
occurs exclusively on the outer surface of carbon nanoparticles
and ion adsorption/desorption replaces ion transport into inter-
nal pore of carbon particles as the rate controlling mechanism
(Figure 2A,B).

Vertically aligned carbon nanotube arrays (VA-CNT) were
grown directly on aluminum foils via plasma-enhanced chemical
vapor deposition (PECVD) in a cold wall reactor (AIXTRON
Black Magic, see Supporting Information). This technique allows
preparing supercapacitor electrodes in one step, since the
supporting thin Al foil (10 #m) can be used directly as a current
collector in a supercapacitor cell. Low-temperature CVD synth-
esis allows CNT growth directly on Al, which is a major
advantage when considering that other technologies require high
temperatures and limit the substrate choice to much heavier
metals such as Ti, Ni, or steel, which also have lower electrical
conductivity and narrower voltage stability windows.** ¢ The
resulting CNT density allows easy electrolyte access (Figure 2C),
and obtained CNT films were homogeneous in thickness and
tube density with the average intertube distance varying between
tens and hundreds of nanometers (Figure 2D), as is typical for
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Figure 3. Cyclic voltammetry data. (A) CVs at temperatures from —40 to 100 °C for OLCs recorded at 100 and 1 mV/s, (B) CV at 20 °C and 100 mV/s
for OLCs; OLC weight in panel B is 2.2 mg/ cm” OLCs in the IL mixture show a large cell voltage of 3.7 V at room temperature. (C) CVs at temperatures
from —50 to 100 °C at 100 mV/s for CNTs, and (D) CVs of CNTs at 100 °C and scan rates from 100 mV/s to 20 V/s.

such grown nanotubes.”” The CNT diameters ranged between
S and 10 nm with 4—7 carbon walls (Figure 2E). While there
was a small residual amount of the iron catalyst (<0.5 wt%
and <0.05 wt% respectively vs carbon and Al substrate weight),
no binder or additive was required in manufacturing these
electrodes. Such binder-free electrodes, with improved contact
between the active material and the Al current collector, have a
lower equivalent series resistance (ESR) and can be used at
higher rates compared to binder-containing pressed powder
electrodes.**® Carbon onions can be visualized as multishell
fullerenes with concentric graphitic shells and the OLC electro-
des consist of agglomerated nonporous particles (~5 nm) with
a specific surface area of approximately 500 m”/g. Their
synthesis*’ and use in supercapacitors at up to 100 V/s charge/
discharge rates” have been reported elsewhere. To obtain
mechanically stable electrodes with ~200 ym thickness, OLC was
mixed with § wt % polytetrafluoroethylene (PTFE)** and OLC
loading was 5.5 mg/cm” (unless another weight is specified).
CNT electrodes of 1.1 cm® were cut from AIXTRON electrodes.
Both types of materials were tested in Swagelock cells** using
two layers of a 25 um thick porous alumina separator.
Electrochemical characterization of OLCs and VA-CNTs has
been performed in a two-electrode setup. The CVs of OLC
electrodes (Figure 3A) in the IL mixture exhibit a pure capacitive
behavior as can be seen from the close-to-rectangular shape of
the CV, where the Y-axes are expressed as F. However, more
important is the large usable temperature range between —50
and 100 °C in which capacitive behavior is observed, with
a maximum voltage up to 3 V. While the scan rate and, there-
fore, the power handling ability at very low temperature are
reduced, it clearly defies the conventional wisdom stating that IL
electrolytes cannot operate at all under such conditions. A 150 °C

temperature window for this IL mixture is far beyond the 100 °C
temperature window for PC-based supercapacitors (—30 to
70 °C).

Besides varying scan rate ability as a function of the tempera-
ture, the usable voltage window is also sensitive to temperature.
Higher temperatures, such as 100 °C (Figure 3A) limit the usable
voltage range to 3 V, whereas room temperature operation
enables a broader potential window of 3.7 V; that is, 1 V higher
than used in current supercapacitors based on organic electro-
Iytes. Since the energy density E is proportional to V7, (E = 1/2
CV?, where C is capacitance), it is twice that of the organic
electrolyte. For the OLC electrodes, when employing PC instead
of the IL mixture, a maximum voltage window is 2.5 V at 100 °C
and 3.2 V at room temperature, with a limited capacitive behavior
and a modest capacitance at —40 °C (Figure S3).

Figure 3C shows CVs of VA-CNT electrodes. Thanks to
the large intertube distance that enhances the electrochemical
accessibility of the CNT surface to the ions, a low temperature
of =50 °C could be reached while maintaining the capacitive
behavior at faster potential scan rates (S mV/s) than OLC
electrodes. VA-CNT electrodes showed less dependence of the
capacitance on the operation temperature, but the usable voltage
window (2.8 V at 100 °C) was narrower, probably as a result of
impurities (catalyst residue). At 100 °C, the capacitive behavior
of VA-CNT electrodes was almost independent of the charge/
discharge rate up to 20 V/s, thus demonstrating high power
capabilities of this system (Figure 3D). Although shifted to
higher resistance, the Nyquist plot of the VA-CNT cell recorded
at —50 °C in the IL mixture shows remarkable capacitive
behavior as can be seen from the sharp increase of the imaginary
part at low frequency® (Figure S4A). The capacitance change
with the potential scan rate was found to be remarkably stable,
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Figure 4. Normalized capacitance (C/C, oc) for the OLC and
VA-CNT electrodes in (PIP,3FSI)os(PYR4FSI)os IL mixture and
PC + 1 M TEA-BF, electrolytes. Capacitances were calculated at 100
mV/s, except for the —S0 °C (1 mV/s) and —40 °C (S mV/s)
experiments. This plot shows that the use of the IL mixture extends
the temperature range for supercapacitors into the —50 to 100 °C range
while conventional electrolytes using PC as solvent are limited to
the —30 to 80 °C range. C,oc was 80 mF and 4 mF, respectively, for
OLC and VA-CNT cells All cells were cycled from 0 up to 28 V

with 60% of the low scan-rate capacitance being still delivered at
20 V/s (Figure S4B).

Figure 4 shows the change of capacitance versus the tempera-
ture for OLC and VA-CNT electrodes, calculated from cycling
up to 2.8 V. When using 1 M TEA-BF, in PC as electrolyte with
OLC electrodes, the temperature range was limited to 110 °C
(=30 to 80 °C) because of the capacitance drop at low
temperatures and electrolyte oxidation at high temperature for
cell voltage beyond 2.5 V, in agreement with commercial super-
capacitors. The use of the (PIP,3FSI), s(PYR,4FSI), s mixture in
conjunction with OLC and VA-CNT electrodes extends the
temperature range on both the low and high temperature sides. Such
a wide temperature window of 150 °C around room temperature
has, to the best of our knowledge, never before been reported—
especially not for IL-based ECs. Moreover, VA-CNT electrodes
in a eutectic IL mixture show improved power performance in
the same temperature range of —50 to 100 °C, thanks to the large
accessible surface area, the binder-free electrode setup, and the
improved carbon—metal interface as a result of the CVD process.

Although using a nonoptimized IL/carbon interface, these results
show that a proper design of the carbon electrode structure in
conjunction with an electrolyte formulation offers an opportunity
for expanding the operation range of EES devices and adapting them
for applications under extreme climatic conditions. Now that the
long-held restriction of the ILs to energy storage applications above
the room temperature has been lifted, the door is open for research
that will optimize the carbon accessible surface area (e.g, by using
activated graphene,"® debundled single-walled nanotubes,** or
mesoporous templated carbons*), the electrolyte viscosity and
conductivity, pushing the temperature limits further, increasing the
capacitance and energy density, and extending the applications of
supercapacitors and accelerating the transition to “electrical econ-
omy” and wider use of renewable energy.
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