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Single Electrode Capacitances of Porous Carbons in Neat Ionic
Liquid Electrolyte at 100°C: A Combined Experimental

and Modeling Approach
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Supercapacitors are promising devices for energy storage. Being able to measure and predict their performances is a key step in
order to optimize them. In the present study, we propose an original methodology to calculate the capacitance of a single nanoporous
carbon electrode in contact with an ionic liquid, using molecular dynamics simulations. The results are compared to experimental
electrochemical measurements conducted on the same systems at high temperature (close to 100°C). The two approaches are in
qualitative agreement and show that, in the case of a butyl-methylimidazolium hexafluorophosphate electrolyte combined with a
carbide-derived carbon with an average pore size of 0.9 nm, the positive electrode capacitance is fairly larger than the negative one.
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Electrochemical Capacitors (ECs), also known as supercapacitors'
are now mature enough - in terms of power and energy density - to
complement or even replace batteries in various applications rang-
ing from power electronics to automotive industry (electric and hy-
brid electric vehicles, boats, trams. . . ).> The fast development of this
technology was facilitated by key scientific breakthroughs over the
past few years, such as the discovery of capacitance increase in sub-
nanometer pores’~ or the evidence of the influence of the nanostruc-
ture and crystal structure of the materials on the pseudo-capacitive
behavior.”” The development of in-situ spectroscopies'®~'? and Elec-
trochemical Quartz Crystal Microbalance (EQCM)'>!'* techniques
have recently allowed the measurement of ion fluxes through mi-
cropores. In addition, the demonstration that ions could access pores
of their size in solvent-free electrolytes'* has attracted the attention
of the modeling community. Many theoretical and simulation works
have then been devoted to the characterization of the porous carbon
/ electrolyte interface.'>'® In particular, using realistic carbon struc-
tures (Carbide Derived Carbons with various pore sizes) in molecular
dynamics simulations, it was shown that the capacitance increase in
carbon nanopore electrodes with ionic liquid electrolytes is linked to
the breaking of the multilayer ion structuration of the adsorbed fluid
and to the high confinement enabled in the disordered structure of
the pores.'”?" Unlike planar surfaces of carbon graphite, nanoporous
carbons cancel out the charge overscreening effect.”! As a result, car-
bon atoms forming highly confined sites can store on average a larger
charge than carbon at the surface of larger pores.”’

These results demonstrate the great opportunities offered by
molecular simulations to complement the knowledge on supercapac-
itors. However, no quantitative comparison between experiments and
simulations could be made so far in the case of nanoporous carbons,
mainly because of temperature limitations. Indeed, ionic liquids are
very viscous and simulating them at room temperature requires sim-
ulation times that would be too large, even using High Performance
Computers. Therefore, elevated temperatures (more than 100°C) are
necessary in simulations to enhance the ion mobility and conduc-
tivity, thereby decreasing the equilibration time,”> whereas electro-
chemical experiments, for practical reasons, are usually performed at
temperatures below 100°C. A more fundamental difficulty that hinders
quantitative comparison is the fact that in molecular dynamics, when
nanoporous carbon electrodes are simulated, it is difficult to identify
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the contribution of each electrode to the total capacitance. Here we
propose a simulation methodology that overcomes this limitation.
For supercapacitors made with two planar graphene (or graphite)
electrodes located at the two extremities the simulation cell (along an
arbitrary axis z), already largely studied in literature,”** it is possible
to calculate the electrostatic potential along the z direction, taking into
account the charge distribution, thanks to the Poisson equation:*

1 Z
Y(z) = Py(z0) — o / dz’ / dz"pq(z") [1]

where zp is a reference point inside the left graphite electrode,
Y, (zo) = T and py(2) is the density of charges along the cell,
including both electrode atoms and charges on the sites of the ionic
liquid molecules. A typical profile is shown on Figure 1. When the
Poisson potential reaches a plateau far from the surfaces, the corre-
sponding value provides the potential of the bulk electrolyte ™k,
Experimentally, this can be seen as a reference electrode, so that in
the following we will note ™ = f,

In contrast, in a supercapacitor composed of two disordered porous
electrodes such as Carbide derived Carbons (CDCs), the electrostatic
potential across the cell cannot be computed from Equation 1 due to
the lack of symmetry (no translation invariance along the x and y axes)
and because of the heterogeneity of the system (there are ions inside
the porous electrodes). There is no reference anymore and only the
total capacitance can be obtained.

In this work, we introduce a “hybrid” system consisting of one
graphite electrode, which allows for the calculation of the poten-
tial in the bulk electrolyte, and one CDC electrode that we want to
characterize. We can impose either a positive polarization or a neg-
ative voltage to this electrode. This original setup therefore allows
us to calculate single electrode capacitances from molecular dynam-
ics simulations. Knowing an individual capacitance can then improve
our knowledge on the specific interactions between a given counter-
ion and the electrode, and thus reveal the composition of an ideal
electrolyte where we would have the most efficient anion and cation
pair among all anions and cations tested individually. In parallel of
these simulations, electrochemical characterizations (cyclic voltam-
metry, impedance spectroscopy) of porous CDCs are recorded in 3-
electrode cells in neat 1-butyl-3-methylimidazolium hexafluorophos-
phate ([C4mim][PFs]) ionic liquid at 100°C. The two techniques are
used at very close temperatures, so that a direct reliable comparison
is relevant.
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Figure 1. Typical electrostatic potential along the z-axis calculated between
two planar surfaces (for example graphite electrodes) separated by an elec-
trolyte. The left electrode is at 1 V, whereas the right electrode is at —1 V,
leading to a potential difference of 2 V between electrodes. When the poten-
tial reaches a plateau far from the surfaces, the corresponding value provides
the potential of the bulk electrolyte "X, which can be seen as a reference
electrode. The potential drops at each electrode Ay* and A\~ are also shown.

Methods

Hybrid supercapacitor simulation cell— We design a new simu-
lation setup, starting from a previously used simulation cell'” consist-
ing of the [C4mim][PF¢] ionic liquid (600 ion pairs) surrounded by
two identical and symmetric complex nanoporous carbon electrodes
(CDC with an average pore size of 0.9 nm, 3649 carbon atoms for
each electrode). This carbon structure was obtained by Palmer et al.
using quenched molecular dynamics.”® The amount of ion pairs is
sufficient to ensure that the electrolyte in the center of the simulation
cell has the structure of the bulk ionic liquid.

The hybrid system is built by replacing the left electrode of the
full CDC supercapacitor by a planar graphitic electrode composed of
three graphene sheets, each made of 700 carbon atoms (see Figure 2).
Two-dimensional periodic boundary conditions are used, i.e. there is
no periodicity in the z direction. The dimensions of the simulation cell
are then L, = L, = 4.37 nm, and the size of the cell in the z direction
is adjusted to obtain the correct experimental density in the bulk (1.28
g cm™? at 400 K?7), yielding L. = 15.4 nm.

Simulation details.— Following our previous works,'*>>? we
used for the ionic liquid the coarse-grained model of Roy and Maron-
celli, in which 3 and 1 interaction sites respectively describe the cation
and the anion.”’ This model has already been validated for structural,
thermodynamic and dynamic properties of [Csmim][PFs]. The forces
are calculated as the sum of Lennard-Jones and Coulombic interac-
tions. In all the simulations, the Coulombic interactions are calculated
through a two-dimensional Ewald summation.”’° The simulation
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Figure 2. Instantaneous snapshot of the simulation cell used in this work
(turquoise: C atoms, green: PFg~ anions, red: C4mim™ cations). The left
electrode is made of graphitic planes while the right electrode has the structure
of a carbide-derived carbon. The density of the ionic liquid in the middle of
the cell is equal to its bulk value.

technique is Molecular Dynamics, which consists in determining the
trajectories of the molecules over time by iterative integration of New-
ton’s equation of motion. This was performed in the NVE ensemble
with a time step of 2 fs, consistently with the use of a coarse-grained
model.

The final hybrid system was equilibrated at a temperature of 400
K with constant null charges on the carbon atoms during 200 ps,
then with a 0 V constant potential difference between the two elec-
trodes during 100 ps. This temperature was chosen in order to enable
comparison with our previous work.!"” We checked that the system
reached equilibrium by verifying that the number of ions inside the
porous electrode does not vary anymore (fluctuations of +/—2 ions
are observed along the trajectory, consistently with the size of the
system). To initiate the charging of the hybrid supercapacitor, based
on the results obtained for simulations with two CDC electrodes,'® we
assigned a fix charge of +0.01 e to each carbon atom of the porous
electrode, during 100 ps, rescaling the velocities every 50 steps. On
the graphite electrode, the charge is distributed only over atoms on the
layer close to the bulk since previous constant potential studies showed
that 95% of the charge is located in this layer. The number of charged
atoms is therefore 5 times smaller than for the CDC electrode, thus
a value of —0.05 e was chosen to ensure the overall electroneutrality
of the simulation cell. Similarly, when equilibrating for the opposite
polarization, CDC carbon atoms bore a charge of —0.01 e and surface
graphite atoms a charge of +0.05 e. After this equilibration proce-
dure, we computed the electrostatic potential from Equation 1. The
potential difference between the two electrodes was close to 12.5 V.
Such a large value is due to the large potential drop between the
graphite electrode and the electrolyte, which reaches values for which
electrochemical reactions are supposed to occur. These events cannot
occur in our classical simulations, so this does not affect the results.
In addition we are not interested in the structure at this interface in the
present study. The potential drop at the interface between the CDC
and the electrolyte is much smaller.

Finally, the electrodes were set to this constant potential difference
of AY® = 12.5 V.23! This methodology is essential to observe a
realistic behavior of the system.?> Two simulations were performed
where the graphite electrode was either the positive or the negative
electrode. All the simulations were performed for sufficiently long
times to reach equilibrium, i.e. until the value of the total charge on
each electrode became constant. The total simulation time for these
production run was 800 ps.

Electrochemical characterizations.— [C4mim][PFs] ionic liquid
was purchased from Solvionic company (water content < 0.005%, Cl
< 0.0001%, Br < 0.0001%), France, and stored in Ar-filled glove box
as soon as received. CDC powders (Y-Carbon, USA) with an average
pore size of 0.9 nm were prepared by chlorination of TiC powder as
reported elsewhere.* CDC films were made by mixing 95 wt% CDC
with 5 wt% polyTetraFluoroEthylene (PTFE, DuPont, France) binder
powders, as previously described.** Once laminated/calendered, 8 mm
diameter electrodes are cut. The active film thickness ranges from 250
to 300 pm depending on the synthesis temperatures of Ti-CDCs, with
a weight loading of 15 mg/cm?.

Electrochemical characterizations were performed in a three-
electrode configuration, using a multichannel VMP3 potentio-
stat/galvanostat (Biologic, France). Cells were assembled in a glove
box under an argon atmosphere (< 1 ppm of O, and H,O content).
Active films were laminated onto treated aluminum current collectors
and two layers of 25 wm-thick porous PTFE were used as separator.’
A silver wire was used as a pseudo-reference electrode to monitor the
negative and positive electrode potentials separately during the cell
cycling while controlling the cell voltage.

Cyclic voltammetry (CV) tests were carried out between 0 and
2.7V, at a scan rate of 5 mV/s. Electrochemical impedance spec-
troscopy (EIS) measurements were made at various bias potentials
(defined from the CVs), using a sinusoidal signal of =5 mV from 200
kHz to 10 mHz.
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Figure 3. Ionic density profiles when the nanoporous carbon electrode is polarized negatively (left panel) or positively (right panel). Anions are in green and
cations center of mass in red. The zones occupied by the electrodes are in light gray. The density profiles exhibit maxima corresponding to the structuration of the
ionic liquid electrolyte at the interface with graphite (the first maximum close to the planar electrode is not shown for practical purpose). The ionic densities are
smaller in the gray area because of the excluded volume due to the electrode atoms (see Figure 2).

Results and Discussion

At null voltage, the electrolyte layer, which is either adsorbed
at the surface in the case of graphite or inside the pores for CDCs,
contains equimolar amounts of cations and anions. When an electrode
is charged positively or negatively, it strongly attracts the counter-
ions of the electrolyte, while co-ions are repelled.!” The cation/anion
ratio changes, allowing the charging of the electrode surface to occur.
Nevertheless, due to the strong Coulombic interactions inside ionic
liquids, the adsorbed layer still contains both species up to very large
electrode potentials. In parallel, the counter-ions are able to reach
highly confined sites.”” For a system with two CDC electrodes, the
differences in ionic concentrations and thus the charge stored on each
of the two electrodes are the same. From this average charge Q,,,, the
global capacitance of the full capacitor is computed straightforwardly
as

Qtot
AV’

with Ay = *- = The values of C'”" obtained previously for the
electrolyte [Cymim][PFs] were:'” Caraphiee = 29 F/g for planar graphitic
electrodes, and Ccpcs = 87 F/g for nanoporous realistic ones (CDCs
obtained by quenched molecular dynamics), in agreement with the
very high capacitances of CDCs, compared to other carbon structures.’

Crat — [2]
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The fact that both electrodes carry the same charge does not imply
that they have the same individual capacitance, defined as C*/~ = %\E’,

with Ay’ = {*/~- ™!, Indeed, the potential drop can be different for
the two electrodes. Unfortunately, as explained above, for CDCs, ref
cannot be determined.

The use of a hybrid supercapacitor allows the calculation of f
and thus to access the single capacitance of a complex CDC electrode.
The average ionic densities along the z direction of the simulation cell
are shown in Figure 3. Compared to our previous work on graphite,”
we observe the presence of very large peaks for the adsorbed species.

This is due to the very large potential used in the present work. The
electrostatic potential is calculated in the z direction for z < zcpc (see
Figure 4) only since Equation 1 is not valid inside the porous electrode.
A value of " = —12 V is obtained, from which we deduce the voltage
difference between the negatively polarized CDC electrode and the
reference bulk potential Ay~ =~ - "f = —0.5 V. Our simulations
also provide the total charge on the porous carbons, namely O, , =
—41.5 e. Using the expression (2) of the integral capacitance and
normalizing by the mass of the porous electrode, we finally obtain the
capacitance of the CDCs under negative polarization: C~ = 183 F/g.

In order to get the CDC capacitance under positive polarization,
C*, the same steps are carried out, polarizing the electrodes in the
opposite direction. A voltage AY® = 12.5 V is applied between the
electrodes, leading to a reference bulk potential ™ = 4 12 V and
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Figure 4. Poisson potential along the hybrid system for negative (left panel) or positive (right panel) polarization of the nanoporous CDC electrode. The value of
Wl s read and then AWT and AW~ can be deduced, knowing the value of the applied potential difference between the electrodes. The zone occupied by the
CDC electrode is in light gray. In this zone, the Poisson potential is meaningless because of the lack of symmetry and homogeneity.
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Figure 5. Nanoporous carbon electrode (in light blue) polarized either at a
negative (left panel) or a positive (right panel) potential. The snapshots cor-
respond to the end of the production runs. Anions are colored in green and
cations centers of mass in red. The average number of anions and cations inside
the electrode are indicated below.

an average charge on the electrode Q) = + 38.5 e. Consequently,
APt =+ ™ = 0.5 V and finally C* = 169 F/g. Figure 5 shows
a snapshot of the cell at the end of the production run, showing the
ions of the electrolyte in the porosity of the positive and the negative
electrodes under polarization. Compared to our previous work," this
time we are able to link the number of species inside the electrode to
a known value of AY™ (A ™).

The capacitances obtained are not identical for the two electrodes,
because the species composing the electrolyte are dissymmetrical in
size, shape, and charge distribution. To test the reliability of the newly
introduced setup, we compute the global capacitance of a conven-
tional supercapacitor with two CDC electrodes, based on the above-
determined individual capacitances. The classic relation for capacitors
in series reads:

1 1 1

co ~cr e Bl
with the result C'”" = 88F /g, in very good agreement with the value
previously obtained in Ref. 19: C'” = 87F/g. This validates the
methodology described here to calculate the single capacitance of an
electrode using a hybrid system.

In order to validate our simulations, electrochemistry experiments
were also performed on similar CDC supercapacitors. Figure 6 shows
the opposite of the imaginary part of the impedance —Z"(w) versus
the real part Z'(w) of the impedance plot (Nyquist plot) obtained for
a 3-electrode cell assembled with two identical microporous CDC
electrodes with a pore size of 0.9 nm, in [Cymim][PF¢] ionic liquid
at 100°C (which is very close to the 400 K temperature at which the
simulations were performed), at the open circuit voltage (OCV).

The Nyquist plot corresponds to a typical capacitive behavior based
on ion adsorption at porous carbon electrode with a linear trend for
both the real and imaginary part of the capacitance in the medium
frequency range, followed by a sharp quasi-vertical increase of the
imaginary part of the impedance at low frequency. The real value of
the impedance at high frequencies (when the imaginary part is null)
stands for the series resistance of the cell. The low value of less than
1 Ohm.cm? (associated with the high temperature) evidences that the
ohmic drop in the electrolyte does not drive the electrochemical be-
havior of the cell. This is consistent with previous results.** The ionic
resistance of the electrolyte inside the porous carbon ARpoggs is about
2 Q.cm?, which is a value similar to that obtained in a conventional
organic electrolyte.?>-3

Figure 7 shows the Cyclic Voltammetry (CV) of the same cell
using CDC electrodes with a pore size of 0.9 nm in [Cymim][PF¢]
ionic liquid at 100°C. The cell shows a capacitive signature with a
rectangle-shaped CV that is typical of a charge storage mechanism by
ion adsorption in the double layer.! The positive and negative electrode
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Figure 6. Nyquist plot of a supercapacitor cell assembled with two electrodes
using 0.9 nm pore size CDC porous carbon, in [C4mim][PF¢] at 100°C. Fre-
quency range: from 200 kHz to 10 mHz at OCV (AE = +/—5 mV). Inset:
zoom of the high frequency region.

signatures recorded during the cell cycling are also shown in Figure 7.
Both electrodes show as well capacitive signature, indicating that there
is no limitation in the pore accessibility for the ions. This is consistent
with previous results reported in ionic liquid based electrolytes.*3"-3
The negative and positive electrode capacitances are calculated by
integrating the charge in the plateau region during the CVs, resulting
in values of 90 F/g and 75 F/g for the negative and positive electrode
respectively.

Although simulations overestimate the overall capacitance by a
factor of two, both techniques allow us to conclude that the charging
is more efficient in the positive electrode (C™ > C™). This result cannot
be linked directly to the ionic size of the adsorbed species. Indeed, the
anions and cations have respective average Lennard-Jones diameters
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Figure 7. Cyclic voltammetry of a supercapacitor cell assembled with two
electrodes based on 0.9 nm pore size CDC porous carbon, in [C4mim][PFg]
ionic liquid at 100°C. The potential scan rate was 5 mV/s.



of 0.5 nm and 0.6 nm, which are both smaller than the average pore
size of the simulated CDC (0.9 nm). It is more likely due to a subtle
balance between the volume occupied by the ions in the electrode and
the strength of their Coulombic interactions. Additional simulations
with different cationic/anionic species would be necessary to uncover
the microscopic origin of this difference.

However, we note that there is a factor two between absolute ex-
perimental and simulated values for the single capacitance. Part of the
difference can be explained by the fact that experimental systems and
simulated ones are studied at different sizes. Indeed, although simula-
tions involve realistic carbons, their size is limited to a few nanome-
ters while experimental samples have a macroscopic size (typically a
thickness in the 100 wm range). It is therefore possible that the latter
have some inhomogeneities, non-accessible portions, etc. .., which
are not present in the microscopic model.

The remainder of the difference can be explained by the limita-
tions of the model used to describe the electrode, in particular as a
perfect electronic conductor. By definition, in a perfect conductor,
there is no energy dissipation and the response of the free charges is
instantaneous. Luque and Schmickler recently studied the response
of an electric double layer close to a graphitic layer to an exter-
nal field,*® using DFT calculations. The capacitance of a graphitic
layer is around a few WF.cm™2, that is to say one order of magnitude
smaller than the capacitance given by metallic electrodes. Quanti-
tative explanations for this small capacitance on metallic electrodes
have been attempted using the semi-conductor theory, but as graphite
does not have a finite density of electronic states at the Fermi level, it
is not a semi-conductor. Therefore an agreement with experimen-
tal data can be obtained only by adjusting some parameters®’ or
by adding an arbitrary capacitance.*' By precise DFT calculations,
Luque and Schmickler® showed that the small capacitance is due to
the small electronic density of graphite close from the Fermi level,
the external field penetrating inside the electrode over several tenths
of a nanometer. The discordance between theoretical and experi-
mental capacitances of graphene layers has also been explained in
Ref. 42: the theoretical capacitances overestimate experimental ones.
The explanation given is that the difference is due to large potential
fluctuations when the electrolyte enters inside the electrode which are
not included in the theoretical model.

Conclusions

In the present molecular dynamics simulations, with a setup es-
tablished for a singular purpose, we have shown that it is possible
to calculate single electrode capacitances in the case of complex
nanoporous electrodes supercapacitors. Thanks to experimental elec-
trochemical characterizations in a 3-electrode configuration achieved
at an unusually high temperature (100°C), we were able to validate
the simulation approach. Although our model overestimates the single
electrode capacitances compared with experiments by a factor of 2,
which is due to the perfect metal model used for the electrodes as
shown in previous DFT studies, they are in qualitative agreement with
experimental data for evaluating the difference in the capacitance be-
tween the positive and negative electrodes. The two techniques show
that in the case of the [C,mim][PFs] electrolyte, the charging is more
efficient in the positive electrode, despite the fact that both ions have
a diameter quite smaller than the average dimension of the pores.
This shows that it is difficult to predict a priori the performance of
a given ionic liquid, which will depend strongly on the interionic
interactions. Systematic studies of the single ion capacitance should
be performed on many other ionic liquids, such as the 1-ethyl-3-
methylimidazolium bis(trifluoromethane)sulfonimide which is widely
used in experiments, for rationalizing their performances by molecular
dynamics simulations.
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