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Recent research on ionic liquid electrolyte-based supercapacitors indicated the

contribution of phase transitions of the electrolytes at high cell voltages to the energy

stored. This mechanism can be exploited to significantly increase the energy density

of supercapacitors, which up to now remains their major drawback. It was found

that these ordering transitions require the presence of mesopores within the carbon

electrode materials and that porosity in general is a key factor to trigger them, but

details of the mechanism remains unexplained. To get a more profound understanding

of this phenomenon, carbon materials with different pore diameters and volumes were

synthesized and the effect of those properties on the phase transitions in the ionic liquids

was studied bymeans of cyclic voltammetry. A clear correlation between the peak current

and the mesopore volume is revealed and an optimal pore diameter was determined,

exceeding which does not improve the phase transition behavior. These findings are

useful as guidelines for the rational design of carbon mesopores in order to utilize the

new energy storage modes which are neither fully capacitive, nor redox-based.

Keywords: supercapacitors, porous carbon, energy storage, ionic liquids, ordering transitions

INTRODUCTION

The progressing integration of modern technology into daily life has led to an ever increasing
energy demand, causing the exploitation of already scarce fossil fuel resources close to their
exhaustion and consequently causing extensive damage to the environment. Therefore, renewable
energy sources moved into focus as an alternative for a sustainable energy supply on the long
run ranging from low energy systems such as communication and individual mobility up to the
electric grid mains. The integration of renewables into daily life, especially for public and personal
transportation or mobile consumer electronics is a particular challenge. Although the development
of the lithium ion battery with high energy storage capacity has led to its widespread application,
some inherent drawbacks such as safety issues and environmental concerns raise the demand for
safer and more sustainable solutions (Choi et al., 2012; Manthiram, 2017).

The electrical double layer capacitor (EDLC) is a possible supplement to the lithium-ion battery
(Simon and Gogotsi, 2008, 2013; González et al., 2016; Salanne et al., 2016). The energy in such
devices is traditionally stored via electrostatic adsorption of electrolyte ions to the electrode surface,
which results in very high power density and exceptionally long cycle life. On the other hand,

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2019.00065
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2019.00065&domain=pdf&date_stamp=2019-04-24
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://creativecommons.org/licenses/by/4.0/
mailto:martin.oschatz@mpikg.mpg.de
https://doi.org/10.3389/fmats.2019.00065
https://www.frontiersin.org/articles/10.3389/fmats.2019.00065/full
http://loop.frontiersin.org/people/675479/overview
http://loop.frontiersin.org/people/709317/overview
http://loop.frontiersin.org/people/194808/overview


Schutjajew et al. RTIL Phase Transitions in Carbon Mesopores

EDLCs can only reach about a tenth of the energy density of
lithium-ion batteries. Significant efforts have been invested in
increasing the energy density of capacitors by tuning electrolytes,
electrode materials, or even coupling the double layer formation
to reversible surface redox reactions, but the capacity of battery
technology still remains out of reach (Béguin et al., 2014;
Borchardt et al., 2014).

More recently, the utilization of so called room-temperature
ionic liquids (RTILs) as electrolytes has opened a prospect to
solve the problem of the supercapacitors’ low energy density
(Merlet et al., 2012; Brandt et al., 2013; Macfarlane et al.,
2014; Salanne, 2017). This special class of “molten salts” has
electrochemical stability windows of more than 4V, which is
very beneficial as the energy stored in a capacitor generally
is strongly related to the applied voltage. RTILs are also non-
flammable and can be regarded as environmentally less damaging
than common solvent-based organic electrolytes. Even more
importantly, theoretical, and experimental studies showed that
the energy storage mechanism is likely different than the
compression double layer present in solvent based electrolytes,
because the overall ion density is nearly constant in such
electrolytes. They further showed the possibility of a change
in coordination geometry of RTILs when confined in a porous
carbon environment, triggered by an applied electric potential
(Tazi et al., 2010; Kiyohara et al., 2011; Fedorov and Kornyshev,
2014; Rotenberg and Salanne, 2015; Futamura et al., 2017; Yan
et al., 2018). These phase transitions may play a crucial role for
the conservation of electroneutrality and thus for energy storage
in RTIL-based EDLCs (Antonietti et al., 2018). This new mode
of energy storage was recently proposed based on a series of
experiments on porous carbon materials and the presence of
mesopores with diameters as large as the dimensions of a few
RTIL ion layers was found to play a particularly important role
(Antonietti et al., 2018; Lai et al., 2018; Yan et al., 2018). However,
the influence of carbon pore structure and structure of the RTIL
on this phenomenon remains still poorly understood.

To address some of those questions, an established hard-
templating approach has been employed to synthesize a
series of carbon materials with varying porosities (Jun et al.,
2000; Postnov et al., 2013). They were employed as electrode
materials for cyclic voltammetry experiments within different
RTIL electrolytes, namely 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMImBF4), 1-butyl-3-methylimidazolium
tetrafluoroborate (BMImBF4), and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMImTFSI). It turned out
that irrespectively of the RTIL used the phase transformation
was more pronounced in smaller mesopores. Even more, there
is a direct correlation between mesopore volume and peak
current, corroborating the idea of a phase transition taking
place inside the carbon mesopores. This systematic investigation
provides profound experimental insights into this mechanism
and improves our understanding of the underlying principles.

MATERIALS AND METHODS

Synthesis of the Carbon Materials
Aerosil R©n-m carbons were synthesized by an incipient wetness
impregnation approach using fumed silica Aerosil R© 90 and

Aerosil R© 380 (Evonik Industries AG) as hard templates. A
comparable method has previously been described by Jun et al.
(2000) and the template has been employed by Postnov et al.
(2013). The two template materials are composed of spherical
primary particles and differ mainly in particle size, enabling
control over pore size in the carbon replicas. The pore volume
was adjusted by changing the mass ratio of silica to carbon
precursor (sucrose) from 1:1 to 1:2 and 1:4. The variable n in
the sample name denotes the template type, while the variable
m represents the sucrose/silica mass ratio. In a typical synthesis
the corresponding mass of silica precursor was impregnated with
a solution of 2 g sucrose and 0.2 g concentrated sulphuric acid in
10ml water. The mixture was heated at 100◦C for 6 h and the
temperature was increased to 160◦C for another 6 h. The dark
brown to black compound was transferred into a porcelain boat
and carbonized at 900◦C for 2 h at a heating rate of 60K h−1

in a horizontal tube furnace under nitrogen flow. Removal of
the template was accomplished by heating the solid to 120◦C in
5M sodium hydroxide aqueous solution overnight under reflux,
followed by filtration and washing with ∼2 L water in the cases
of carbons Aerosil n-2 and Aerosil n-4. For carbons with a 1:1
sucrose/silica ratio the template was removed by stirring the
carbonization product in 500ml of a 4M [NH4][F2H] aqueous
solution for 3 days, followed by filtration and subsequent washing
with a 1:1 ethanol/water mixture and another stirring procedure
in [NH4][F2H] solution. After a similar filtration and washing
sequence a residual template mass as low as 4 % was achieved
as indicated by thermogravimetric analysis.

Structural Characterization

N2 and CO2 physisorption experiments have been carried out on
a Quadrasorb apparatus (Quantachrome Instruments) at −196
and 0◦C, respectively. Before each measurement, 40-70mg of
the sample have been degassed under vacuum at 150◦C for
20 h. Specific surface areas have been calculated from the N2

physisorption measurements using the multipoint BET-method
(p/p0 = 0.05–0.20). Pore volumes and pore size distributions have
been calculated from the adsorption branch of the N2 isotherms
using the quenched solid density functional theory (QSDFT) for
N2 on carbon assuming cylindrical and slit-shaped pores. Pores
with a diameter smaller than 1.5 nm have been analyzed by CO2

adsorption experiments at 0◦C, where the pore size distribution
was calculated by means of the non-local density functional
theory (NLDFT) for CO2 adsorbed on carbon surfaces.

Thermogravimetric Analysis (TGA) was carried out on a
Netzsch TG 209 F1 Iris device in a temperature range between
room temperature and 1,000◦C at a heating rate of 5 K min−1.
Samples were placed in a platinum crucible and subjected to
a constant synthetic air flow. Elemental Analysis (EA) was
done on a vario microcube CHNS analyzer by Elementar
Analysensysteme GmbH.

Raman spectra were measured on a Witec Raman microscope
at an excitation wavelength of 532 nm with a power of 4.0 mW.
After the substraction of background noise the D, D², A and G
bands are fitted with a Lorentz function.

X-ray diffraction measurements were performed on a Bruker
D8 in Bragg-Brentano geometry in a 2θ range of 10◦-70◦ with
a resolution of 0.03◦. CuKα radiation (λ = 1.54 Å) and a
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NaI scintillation detector were used and the sample was placed
horizontally on a silicon single crystal sample holder.

Transmission electron microscopy (TEM) characterization
was carried out using an EM 912 microscope (Omega/Carl-Zeiss
Oberkochen) operating at 120 kV. The samples were prepared
by dispersion in ethanol in an ultrasonic bath for 10min. The
dispersion was dropwise applied onto a carbon-coated copper
TEM grid and dried at room temperature.

Electrochemical Measurements
The carbon materials were fabricated into free-standing
electrodes by mixing them with a polytetrafluoroethylene
solution (PTFE, 60% in water, Sigma-Aldrich) in a mass ratio
of carbon to PTFE of 9:1. The mixture was dispersed in ethanol
and homogenized for several minutes using an ultrasonic bath.
The dispersion was poured on a glass plate and mixed with razor
blades under air atmosphere, so that upon evaporation of the
solvent a substance of a rubber-like consistency was obtained.
It was dried for 4 h at 60◦C, then placed on an aluminum
foil and rolled to a sheet of ∼120µm thickness (measured
with a micrometer caliper) using a commercially available
roll mill. Finally, the sheet was punched into freestanding
circular electrodes of 10mm diameter, which were dried at 60◦C
overnight. The mass of each electrode was determined before
each electrochemical measurement.

Cyclic voltammetry (CV) measurements were performed in
two-electrode configuration on a Biologic R© MPG-2 potentiostat
using Swagelok R© type cells where the carbon electrodes and the
separator (Dreamweaver R© Silver 25, 13∼mm diameter) were
sandwiched between two platinum current collectors. The areal
loading can be found in Table 1. The cells were assembled inside
a glove box with oxygen and moisture contents below 0.1 ppm.
The CV measurements were carried out in potential ranges of
0-5.0 V vs. counter electrode potential at a scan rate of ν =

2mV s−1 after the cell resistance was determined by means of
electrochemical impedance spectroscopy. In the CV curves the
mass specific differential capacitance Cd was plotted instead of
the current, which is calculated as follows.

Cd =
2I

µν

Here I is themeasured current in A,µ is themass of the carbon in
one electrode in g, and ν is the scan rate in V s−1. The factor of 2
for the capacitance calculations is left out for the three-electrode
measurements. As the electrolytes 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMImBF4, >98%, IoLiTec GmbH), 1-
butyl-3-methylimidazolim tetrafluoroborate (BMImBF4,
>98%, IoLiTec GmbH), and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMImTFSI, >98%, IoLiTec
GmbH) were employed. The RTILs were stored over a molecular
sieve (4 Å) in a glove box prior to usage.

Three-electrode cyclic voltammograms were obtained using
a custom-built cell, similar to a T-shaped Swagelok cell (see
Figure S1). The counter electrode consisted of a piece of the same
carbon as the working electrode, which was oversized by two
to three times. The quasi-reference electrode was prepared by
coating a superP-carbon/PTFE solution similar to the one used to

fabricate the electrode sheets on a piece of a metal rod following
the method of Weingarth et al. The reference potential was 190
± 10mV vs. Fc/Fc+ (Weingarth et al., 2014). To investigate
the possible influence of contaminations of the electrolyte, the
three-electrode measurements were performed in RTILs of the
highest available purity grade (EMImBF4 99%, BMImBF4 99%,
EMImTFSI 99.5%, all IoLiTec GmbH) which were additionally
purified by vacuum drying followed by stirring over previously
activated molecular sieve (3 Å) at 60◦C for 72 h, according to the
method of Gnahm and Kolb (2011).

RESULTS AND DISCUSSION

Characterization of the Carbon Materials
Mesoporous carbon materials were synthesized using a hard
templating approach with Aerosil R© 90 and Aerosil R© 380 as silica
templates (Figure 1). Those commercially available fumed silicas
consist of spherical primary particles that differ in size as well as
extent of agglomeration. Aerosil R© 90 consists of larger primary
particles and has lower specific surface area than Aerosil R© 380.
The Aerosil R© particle size and shape has a significant impact
on the resulting carbon pore size, while the template loading
influences the pore volume. X-ray diffraction patterns of the
carbon samples consist only of two broad peaks at 2θ = 24◦

and 44◦, demonstrating their weakly ordered structure with only
minor graphitic stacking which is typical for hard-templated
carbon prepared from sucrose under comparable conditions
(Oschatz et al., 2014). Only in the cases of Aerosil380-1 and
Aerosil90-1 small additional peaks are present at 2θ = 18◦

(Supplementary Information, Figure S2). TGA analysis under air
atmosphere shows an ash content of 2–4 wt% for all samples
at temperatures above 600◦C (Figure S3), indicating only minor
amounts of residual template. The amount of heteroatoms such
as nitrogen or sulfur is negligibly low according to elemental
analysis (Table S1). The Raman spectra (Figure S4) show a D-
band close to 1,340 cm−1 originating from the breathing mode
of the six-fold sp2-hybridized carbon rings due to the presence of
disorder and defects. The width of the D-band allows conclusions
about the structural order and extent of these sp2 rings. The wide
D-bands (FWHM between 146 and 171 cm−1) are caused by
the abundance of structurally disordered sections. Furthermore,
the ordering of the carbons can be evaluated from the ratio
of the D- to the G-band (ID/IG), which is proportional to
the amount of six-membered rings. Its value is similar in all
samples between 1.1 and 1.3 and does not show any trend
throughout the series. Hence a comparable microstructure (thus
also surface chemistry and electric conductivity) of the carbons
can be assumed (Osswald et al., 2012; Pawlyta et al., 2015; Oschatz
et al., 2016). This result is reasonable in view of the similar
carbonization temperatures and carbon precursors applied for
the synthesis of all samples.

The porosity was assessed by nitrogen physisorption at
−196◦C (Table 1 and Figure 2). The shape of the isotherms
(Figure 2A) can be described as type IV(a) with a H4 type
hysteresis according to the IUPAC classification (Thommes et al.,
2015). The hysteresis is located at higher relative pressures for
Aerosil R©-90-templated carbons (0.7 < p/p0 < 1.0) than for
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TABLE 1 | BET specific surface area (SSA), total pore volume (Vtot), micro-, and mesopore volumes from DFT (Vmicro and Vmeso), and Raman data of the Aerosil®

templated carbons.

SSA [m2 g−1] DFT pore volume Mass loading [mg cm²] ID/IG ratio FWHM of D-band [cm−1]

Vmicro [cm3 g−1] Vmeso [cm3 g−1]

Aerosil90-1 891 0.20 1.51 3.9 1.1 171

Aerosil90-2 881 0.25 0.69 5.3 1.2 164

Aerosil90-4 490 0.16 0.36 10.7 1.1 164

Aerosil380-1 1,230 0.17 2.15 2.6 1.1 146

Aerosil380-2 987 0.22 1.05 4.5 1.3 157

Aerosil380-4 567 0.15 0.41 10.5 1.2 157

FIGURE 1 | Schematic representation of the silica templating procedure using Aerosil® silica.

Aerosil R©-380-templated ones (0.7 < p/p0 < 0.9). This indicates
larger mesopores in carbons templated with Aerosil R© 90 than in
those templated with Aerosil R© 380, which is in good accordance
with the silica primary particle size. As expected, the pore
volume increased with decreasing sucrose loading, while different
silica templates led to a comparable pore volume at similar
loading. There is a drastic increase of adsorbed nitrogen at
relative pressures approaching 1 in the case of Aerosil90-1 and
Aerosil380-1, indicating the presence of a high volume of large
meso- and macropores. This is because the amount of sucrose
is very low compared to that of the template, which prevents
the carbon precursor to fully encapsulate the silica and finally
leaves the carbons with a high fraction of macropores and
external surface area. This is further supported by TEM images
(Figure 3), where a sponge-like structure with spherical holes
corresponding to the size of the silica primary particles can be
seen in Aerosil90-1 as well as in Aerosil380-1, and to some
extent also in Aerosil90-2 and Aerosil380-2. In contrast, the
decreasing template content gives rise to the denser morphology

of Aerosil90-4 and Aerosil380-4. In agreement with the gas
physisorption experiments, no indications for pore blocking or
closed pores are observable in the electron microscopy images of
the carbon materials.

As can be seen from the differential PSD of the materials
(Figure 2B), the mesopore diameters of Aerosil R©-380- and
Aerosil R©-90-templated carbons are centered at around 8 nm
and 16 nm, respectively. The cumulative pore volume plot
(Figure 2C) reveals an increase of the mesopore volume with
increasing template content at similar primary particle size. In
general, the mesopore volume increases with the increase of the
template content, and is comparable for the different kinds of
templates, while the micropore (pore diameter <2 nm) volume
remains low.

The microporosity of the carbon materials was investigated
using CO2 physisorption at 0◦C (Figure 4). The isotherms of
carbons with similar sucrose/silica ratios are practically identical.
Carbons with a silica/sucrose ratio of two feature the highest
amount of gas adsorbed, while those with a ratio of four show the
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FIGURE 2 | N2 physisorption measurements at −196◦C (A) and corresponding differential (B) and cumulative (C) pore size distributions of Aerosil®-templated

carbons.

lowest, with Aerosiln-1 carbons in between. In consequence, the
same trend can be perceived from the cumulative pore volume
plot of the pore size distribution obtained by fitting the isotherms
to a NLDFT-kernel. Although the volume of narrow micropores
obviously depends on the template content during the synthesis,
it is vanishingly low in all samples, so the influence of micropores
on the following CV measurements is expected to be negligible.

Investigations of Cooperative Ordering
Transitions of Ionic Liquids in Carbon
Mesopores With Cyclic Voltammetry
The structure of the electrical double layer in RTILs is
fundamentally different from that of a solvent-based electrolyte.
In the latter cases an applied potential causes a gathering of ions
as “mirror charges” on the surface of the respective electrode
and an increasing thickness and compression of the double layer
with progressing potential ramp. This mechanism cannot be
applied to RTIL-based electrolytes, as they are solely composed of
ions without a surrounding dielectric medium (Antonietti et al.,
2018). Therefore, the ions exhibit an intrinsic local structuring
called coulombic ordering, where each ion is surrounded by
a shell of counterions and the local density of ions has to
be nearly the same on the electrode surface and within the
bulk electrolyte. Hence, the charge storage must proceed via
local ordering transitions, where ions switch their positions to
conform to the applied potential. Those processes are known
as overscreening at lower voltages, i.e., the overcompensation of
the potential due to coulombic ordering, and crowding, i.e., the
formation of multiple coion layers at the electrode/electrolyte
interface due to very high voltages (Bazant et al., 2011; Kondrat
et al., 2011). These and related mechanisms are widely accepted
in the case of planar metallic electrodes (Fedorov and Kornyshev,
2014; Elbourne et al., 2015; Wen et al., 2015) as well as for
microporous systems (Largeot et al., 2008; Futamura et al., 2017).
Although they have been proposed also for mesoporousmaterials
(in terms of ordering transitions that can propagate deep into
the bulk of the electrolyte instead of being limited to the surface
of the electrode materials), detailed understanding is still lacking
(Antonietti et al., 2018; Yan et al., 2018).

To deduce a general relationship between the phase transition
mechanism and basic mesopore properties such as their diameter
and volume, the synthesized carbon materials were subjected to

cyclic voltammetry using three different RTILs as electrolytes.
The chosen ionic liquids are stable in a voltage window of
more than 4.3V (Zhang et al., 2018) and their decomposition
is generally observed upon exceeding this voltage. However,
another process seems to overlay with the degradation of the
ionic liquid, which is manifested as a peak beginning at ∼3.9V,
for Aerosil90-1 and Aerosil380-1 in EMImTFSI electrolyte
(Figure 5A). It has recently been shown that the presence
of this peak strongly depends on the presence of mesopores
(Antonietti et al., 2018; Yan et al., 2018). As a consequence,
there is a significant increase in current observable for the highly
mesoporous Aerosil R©-templated carbon materials. For samples
Aerosiln-1 and Aerosiln-2 the use of different template particle
sizes leads to significant differences in the maximum current
of the peaks and higher mesopore volumes lead to higher peak
currents (Figures 5A,B, Figures S5, S6). For both pore sizes (i.e.,
for the Aerosil-90-m and the Aerosil-380-m series) it can be
clearly seen that the maximum peak current scales with the
pore volume becoming smaller for materials with higher sucrose
content and thus lower pore volume. On the contrary, for
samples Aerosiln-4 with no apparent difference in mesopore
volume the peak height remains rather comparable (Figure 5C).
In the case of Aerosiln-1 carbons with the largest mesopore
volumes, the peaks are identical with respect to onset and peak
potentials. The same observations hold for the reverse peaks. In
Aerosiln-2 carbons the peak is sharper and higher for smaller
pores, but the area remains approximately the same. The reverse
peak is smeared out and does not lie completely within the
measurement range for Aerosil90-2.

The onset potential and the peak area are of particular interest
here, as the former is related to the enthalpy released or taken up
during a physical process and the latter gives an indication about
the number of units participating. While no explicit correlation
between onset potential and pore diameter can be observed,
the peak is generally larger in smaller mesopores. This means
that even if the phenomenon behind the peak is not necessarily
energetically more favored in smaller pores, it proceeds inside
them to a greater extent.

In order to fix the potential at which the peak occurs, CV-
measurements were conducted in a three-electrode setup with
activated carbon as the quasi-reference electrode. Before each
measurement the open circuit potential (OCP) of the cell was
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FIGURE 3 | TEM-images of Aerosil®-templated carbons. (a) Aerosil90-1, (b) Aerosil380-1, (c) Aerosil90-2, (d) Aerosil380-2, (e) Aerosil90-4, and (f) Aerosil380-4.

measured and was determined to be close to 0V. Deviations
in the order of a few tens of mVs may be due to the different
dimensions of counter and working electrode. To rule out the
influence of residues of halide ions and water traces, RTILs of
the highest available quality were employed after an additional
purification step. The forward peak is located at potentials of
2–3V vs. activated carbon (AC) in all three investigated RTILs

and can be therefore attributed to a phenomenon at the positive
electrode (Figure 6). The differential capacitance of the peak is
significantly higher and narrower with three electrodes due to the
precise control of the potential. The reverse peak is furthermore
better resolved in the three-electrode measurements and consists
of two separate smaller peaks located at +1 and −1V vs. AC. As
the OCP is known to be approximately at 0V it can be stated

Frontiers in Materials | www.frontiersin.org 6 April 2019 | Volume 6 | Article 65

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Schutjajew et al. RTIL Phase Transitions in Carbon Mesopores

FIGURE 4 | CO2 physisorption measurements at 0◦C (A) and corresponding differential (B) and cumulative (C) pore size distributions of Aerosil®-templated carbons.

FIGURE 5 | Comparison of cyclic voltammograms of Aerosil®-templated carbons in EMImTFSI depending on pore sizes and pore volumes (0 – 5.0 V, ν = 2mV s−1).

(A) Aerosiln-1, (B) Aerosiln-2, and (C) Aerosiln-4.

that the former peak appears at a positive and the latter at a
negative polarization of the working electrode. Note that even
the combined current of both small reverse peaks does not reach
that of the large forward peak, which is most probably due to
the fact that in a two-electrode measurement the sum of the
currents of the processes at the positive and negative electrodes
are recorded. This problem is tackled by the employment of a
three-electrode cell in order to avoid any interferences arising
from the counter electrode. Except for the deviation of the reverse
peak, the two- and three-electrode experiments are in excellent
agreement as can be seen for example in Figure 7 or Figure S7,
where the CVs from two-and three-electrode setups are shown,
which are essentially superimposable. To finally rule out effects of
decomposition and to study the behavior at negative polarization,
the initial voltage window was extended to negative potentials
instead of positive ones (Figure S8). The combined results of
the study of the working electrode as both the anode and the
cathode contain information similar to the measurements of van
Aken et al. (2015), in our case considering explicitly the working
electrode. It is evident that upon negative polarization rapid and
obvious decomposition takes place inherently, which has nothing
in common with the processes at positive potentials. Now, that
the connection between two- and three-electrode measurements
is hereby established most of the further study relies on the
results from two-electrode measurements, because the simplicity
and practical reliability of the two-electrode cell outweighs the
advantages of the three-electrode setup.

Although these ordering transitions would be able to make
a significant contribution to the increase of the energy density

of supercapacitors, the overlap of the potential at which
they significantly contribute to the capacitance with the onset
potential of electrochemical electrolyte/electrode degradation
currently limits the reversibility of this process. The first seven
CV cycles in a potential range of 0-5V have been measured for
Aerosil380-4 with EMImBF4 and EMImTFSI as the electrolyte
(Figure 8). In the first cycle the CVs are generally of a similar
appearance, featuring a constant differential specific capacitance
of around 100 F g−1 until ∼3.3V, which is typical for a
predominantly mesoporous supercapacitor electrode material
operated in such electrolytes. The current and thus differential
capacitance then increases drastically to yield a signal with a
peak at ∼4.4V. The peak is obviously found in addition to the
degradation of the electrolyte. On the reverse scan another peak
can bemeasured at a cell voltage of 1.5–1.0V with a slightly lower
peak current. During the following cycles, decay in peak current
can be observed in the forward and backward scans (Figure 8C).
Additionally the peak potential of the backward peak is shifted
toward lower voltages in the case of EMImBF4. For EMImTFSI
both peaks are much smaller in current and exhibit a significantly
different behavior during cycling. The forward signal splits into
two peaks in the second cycle, where one appears at lower and one
at higher potential by ∼0.5V. The same happens to the reverse
peak. During the subsequent cycles both signals diminish and are
no longer present in the seventh iteration. The same CV profiles
are observed for the RTILs independent of the pore diameter and
volume of the carbon electrode. The comparable peak current of
the respective forward and reverse peaks pleads for an at least
partial reversibility of the process, while the unusually large peak
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FIGURE 6 | Cyclic voltammograms of the investigated RTILs with Aerosil90-2 as the electrodes in a three-electrode setup (0 – 5.0 V, ν = 2mV s−1). (A) EMImBF4, (B)

BMImBF4, and (C) EMImTFSI.

FIGURE 7 | (A,C) Cyclic voltammograms of Aerosil380-1 in EMImBF4 in a potential range of 0–5V at scan rates of 2, 5, and 10mV s−1. (B,D) Comparison of

forward peak current evolution during cycling at different scan rates. (A,B) Measured in two-electrode-, (C,D) in three-electrode setup.

separation of several volts further count against a classical redox
reaction as the origin of the signal. This reversible character
shows that it might indeed be possible to use the contribution
of these ordering transitions for energy storage also in real
world supercapacitor devices. For the phase transitions to be
applicable in practice, their occurrence must be decoupled from
the unwanted degradation of the electrolyte. In an attempt to
study the processes separately from each other, two- and three-
electrode measurements have been carried out at different scan
rates with Aerosil380-1 in EMImBF4 as the electrolyte. Due to
the most probably different reaction rates of the decomposition
and phase transition, the two mechanisms should respond in

a distinct fashion. The graphs have again been normalized to
the scan rate (Figures 7A,C) and the results are discussed in
terms of differential capacitances. With increasing scan rate the
peak height of the forward scan diminishes and the potential is
slightly shifted toward more positive values. The large reverse
peak is again not observed in the three electrode measurement,
but the two small ones can be found in all three CVs and
appear at more negative potentials. The behavior of the forward
peak during cycling is as well remarkable (Figure S7). After the
first four cycles at 2mV s−1 the peak differential capacitance
already has significantly diminished. While in the two-electrode
measurements the peak potential does not alter much, already
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FIGURE 8 | First seven CV cycles of Aerosil380-4 (A) in EMImBF4 and (B) in EMImTFSI (0-5.0 V, ν = 2mV s−1) and (C) comparison of peak currents during cycling.

FIGURE 9 | Proposed mechanism for potential induced phase transitions in larger and smaller mesopores. While the total pore volume remains equal for both

systems, the fraction of RTIL reorganized into the high charge state is higher in smaller mesopores.

at the fifth and sixth cycles the peak is shifted by almost 1V to
lower potentials in the three electrode setup. At 5mV s−1 already
in the second cycle the peak splits in two and at 10mV s−1

the signals maximum monotonously decreases throughout the
experiment. If the peak differential capacitances vs. cycle number
are compared it becomes apparent that for higher scan rates
the decay is less steep and those measurements finally retain
slightly higher peak capacitances (Figures 7B,D). The reverse
peak in the two electrode measurements diminishes and remains
constant almost irrespective of the scan rate. Therefore, it is
finally necessary to find a way to shift the onset potential of the
phase transition to lower values by influencing the nucleation
process via the RTIL-surface interactions either by porosity or
surface chemistry of the electrode material or by adjusting the
properties of the ionic liquid itself.

The analogy to capillary condensation in gas adsorption can
be considered here for illustrative purposes with the adsorption
potential here corresponding to the electrochemical potential on

the electrode surface (Figure 9). While on a flat surface the newly
formed high-potential RTIL phase (provided that the formation
of such a phase is favorable outside of a porous environment)
would propagate semi-infinitely into the bulk of the electrolyte,
in a porous system the electrode surface at a certain distance
is opposed by the other side of the pore wall. Therefore, after
the new phase nucleates at the electrode surface, the phase
transition proceeds from both pore walls into the center of the
pore. The newly formed phase meets somewhere in between the
walls, which happens at lower potentials in smaller mesopores.
By these means the conversion of the regular RTIL phase
into the high-potential phase can be achieved faster in smaller
mesopores at equal pore volumes. These results thereby imply
that making mesopores even larger will probably not result in
a better utilization of the discussed structural rearrangement for
energy storage, as the potential required to induce the ordering
transitions is apparently independent of the pore size. On the
basis of the carbon materials used in the present and in prior
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studies, the optimum is most likely located between ∼4 and
10 nm. The reason for the existence of a lower limit of the
mesopore size for the phase transition is that a certain amount
of RTIL bulk must be accommodated inside of the pore to enable
bulk effects.

To emphasize the interplay of pore volume and different
RTILs, the CV curves in different RTIL electrolytes are compared
(Figure 10). The peak obviously scales up with the mesopore
volume in all cases and is broader for the same RTIL for
the Aerosil-90 R©-templated carbons which is likely to be a
consequence of their broader pore size distribution. This clear
correlation between the mesopore volume and the discussed
CV peak indicates that the phase transition takes place inside

the carbon mesopores. A notable observation can be made
in the supercapacitors operated with EMImBF4 electrolyte
and Aerosil380-1 and Aerosil-380-2 carbons as the electrode
materials (Figure 10B). In these cases a clear local minimum in
current is observed between the peak caused by the ordering
transitions and the current caused by electrolyte degradation
which further proves the presence of two overlapping processes
in this potential range. Comparing different RTILs in similar
materials, the peak is smaller for BMImBF4 (Figures 10C,D)
as compared to EMImBF4 (Figures 10A,B) for both template
sizes. Comparing EMImBF4 (Figures 10A,B) and EMImTFSI
(Figures 10E,F), the former is showing higher peak currents. As
mentioned above, the peak area indicates the number of chemical

FIGURE 10 | Cyclic voltammograms of Aerosil®-templated carbons of different pore sizes depending on their pore volume in all three investigated ionic liquids

(0–5.0 V, ν = 2mV s−1). (A) Aerosil90-m EMImBF4, (B) Aerosil380-m EMImBF4, (C) Aerosil90-m BMImBF4, (D) Aerosil380-m BMImBF4, (E) Aerosil90-m EMImTFSI,

and (F) Aerosil380-m EMImTFSI.
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events or, in other words, the number of RTIL ions participating
in the ordering transitions in the limited mesopore volume.
It appears thus logical that RTILs with smaller ions lead to
higher peak areas and maximum peak currents. Finally, it should
also be pointed out that from the data shown here it becomes
apparent that the current caused by electrolyte decomposition
also scales with mesoporosity and surface area. As expected, high
mesoporosity will not only allow for an increase of the number
of ordering transitions within the bulk of the electrolyte, but
also speeds up electrolyte degradation on the carbon electrode
surface. The same trend can be observed, when purified RTIL is
employed in a three-electrode cell (Figure S9).

CONCLUSION

Carbon materials with two prevailing mesopore diameters were
synthesized with different mesopore volumes by using silica
templates with different primary particle sizes and different
ratios between carbon precursor and template. They were used
as supercapacitor electrodes to investigate the influence of
mesopore structure on the potential-dependent liquid phase
transition of RTILs under practically relevant conditions. This
phenomenon takes place at the positive electrode of the cell
and has obvious similarities with the capillary condensation
which is widely known from the field of gas adsorption in
mesoporous materials. It is found that the phase-transition peak
current is more prominent for carbons with smaller mesopores
centered at 8 nm, therefore the rearrangement is concluded to
propagate from the pore walls into the bulk electrolyte. A clear
correlation to the carbon mesopore volume was found. Higher
mesopore volume clearly leads to higher peak areas and currents,
indicating that the origin of the peak must indeed be a process
inside of the mesopores of the electrode. Because the charge
flow is the higher the more ions undergo a phase transition,
there is an obvious correlation of peak height and the size
of the involved electrolyte ions. These phase transitions are
reversible, but as the potential range in which they significantly
contribute to capacitance overlaps with the potential range
in which electrolyte/electrode system decomposition occurs,
decreasing contribution of the phase transition and generally
decreased performance of the supercapacitors is observed upon
continued cycling. Indications toward the competition between

decomposition and the phase transition process have been found
and more importantly, the two mechanisms can be separated by
application of different scan rates, where the RTIL rearrangement
is amplified at higher rates. This property could be beneficial for
further applications.

These findings support the presence and contribution of
RTIL phase transitions to the energy storage mechanism
in supercapacitors and encourage the systematic design of
mesopores rather than micropores to enhance the energy density
of such devices, by incorporation of new energy storage terms.
It is our belief that it is possible to shift the potential needed
to utilize this phase change to lower values in order to utilize it
more efficiently without electrolyte degradation by controlling
the nucleation process of the non-equilibrium phase of the
electrolyte by either the properties of RTIL ions or the textural
and/or chemical properties of the carbon electrodes.
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