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ABSTRACT: Nanoporous carbon-based supercapacitors store electricity through
adsorption of ions from the electrolyte at the surface of the electrodes. Room
temperature ionic liquids, which show the largest ion concentrations among organic
liquid electrolytes, should in principle yield larger capacitances. Here, we show by
using electrochemical measurements that the capacitance is not significantly affected
when switching from a pure ionic liquid to a conventional organic electrolyte using
the same ionic species. By performing additional molecular dynamics simulations,
we interpret this result as an increasing difficulty of separating ions of opposite
charges when they are more concentrated, that is, in the absence of a solvent that
screens the Coulombic interactions. The charging mechanism consistently changes
with ion concentration, switching from counterion adsorption in the diluted organic
electrolyte to ion exchange in the pure ionic liquid. Contrarily to the capacitance, in-
pore diffusion coefficients largely depend on the composition, with a noticeable

Intensity (mA g}

[ SMALL INFLUENCE OF

. ACETONITRILE ON

. CAPACITANCE IN CDC
ELECTRIC DOUBLE

*.  LAYER CAPACITORS

slowing of the dynamics in the pure ionic liquid.

Supercapacitors are a promising electrochemical energy
storage technology. They may be separated into two
families of devices, depending on the electricity storage
mechanism, that is, the electric double-layer capacitors
(EDLCs) and pseudocapacitors.’ In EDLCs, the charge is
stored by a simple process of ion adsorption at the surface of
the electrodes, even if at the microscopic scale complex
mechanisms are at play. The most prominently employed
electrode materials are porous carbons with high accessible
surface area. Research and development of such EDLCs is
being driven by demand from emerging applications, which
require efficient energy storage, notably renewable energy,’
electric vehicles,® and smart-grid management.“’5

Currently, commercial supercapacitors have energy densities
on the order of S W hkg™".” There is a large ongoing interest in
the design of electrolytes with improved performance over the
traditional organic liquids, such as acetonitrile-based electro-
lytes. Room temperature ionic liquids (RTILs) have raised a lot
of interest due to their high window of electrochemical
stability,® high thermal stability,” and low toxicity.® RTILs are
also highly tunable, and there are many possible combinations
available which is beneficial as they can be selected to match
specific electrodes.” However, when used as a pure electrolyte
in EDLCs with highly microporous carbon electrodes, they

suffer from high viscosity and poor conductivity.'” Super-
concentrated electrolytes, which are highly concentrated
mixtures of RTILs and organic solvents, may offer a good
compromise for these target properties while keeping most of
the RTIL benefits. They are therefore considered as promising
alternatives in EDLCs.

A difficulty for choosing the optimal electrolyte is that the
ions they contain adsorb inside electrified nanoporous carbon
electrodes, in which the structure changes significantly due to
strong electric field and confinement effects. Although the
molecular mechanisms that contribute to enhanced capacitance
have been partially resolved," no generic theory is available yet.
Indeed, elucidating this knowledge by traditional experiments is
challenging due to the difficulty of probing inside three-
dimensional nanoporous structures. Complex in situ techniques
have to be employed."'™"* Mean-field theories and molecular
modeling have also been used to complement such experi-
ments.' "~ " Despite the increasing activity on this topic, only a
limited amount of systems have been investigated so far. In



particular, the difference between RTILs and organic electro-
lytes with similar ions has mostly been studied for the simple
case of flat, nonporous graphite electrodes. Using molecular
dynamics (MD) simulations of mixture of RTILs and
acetonitrile (ACN), Feng et al.”° showed that the concentration
of ACN only results in a small change in capacitance. Larger
variations have recently been observed by Uralcan et al.>' By
using a simple analytical model, Lee and Perkin showed that
mixing ionic liquids with solvents is also an efficient way to
avoid hysteresis effects due to phase transitions in the adsorbed
layer.**

In this work, we study the behavior of electrolytes over
concentrations ranging from dilute to the maximum concen-
tration (reached at the pure RTIL) in nanoporous carbon
electrodes. Cyclic voltammetry experiments show that the
capacitance does not vary substantially with the ionic
concentration. By using molecular dynamics (MD) simulations
on similar systems we elucidate the molecular mechanisms
leading to this behavior.

We used carbide-derived carbon (CDC) electrodes prepared
by chlorination of TiC powder at 800 °C, which are typical
nanoporous carbons with a narrow pore size distribution, here
with pore sizes ranging up to 1.5 nm, and a mean diameter
located between 0.66 and 0.77 nm (as given by NLDFT and
QSDFT, respectively, see the Methods section). The electrolyte
is composed of a typical ionic liquid, 1-ethyl-3-methylimidazo-
lium tetrafluoroborate (EMIM-BF,), mixed with ACN at mass
fractions ranging from 0% to 67% ACN. Cyclic voltammetry
(CV) experiments were carried out for potentials ranging
between 0 and 2.3 V, at a scan rate of 5 mV s~ (see the
Methods section). The recorded voltammograms are shown in
Figure 1. The CVs look very similar across the whole range of
composition, except for the pure RTIL. The corresponding
specific capacitances are provided in Table 1.
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Figure 1. Cyclic voltammograms of supercapacitor cells assembled
with two electrodes based on carbide-derived carbons (CDC), in
electrolytes composed of EMIM-BF, mixed with ACN at several mass
fractions. The potential scan rate is S mV s™".

In order to interpret these experimental results, we
performed MD simulations on similar systems. We employed
a method in which the electric potential between the electrodes
is constrained to a specified value,”>>* which was chosen to be
1V here. This is enabled by calculating the individual charge on
each carbon atom within the electrode at every time-step of the
simulation, so that the specified potential is reached. The
distribution of charge is determined and induced by the
location of charged electrolyte species and thus can fluctuate

Table 1. Summary of the Experimental and Simulated
Capacitances

ACN mass % 0 10 20 40 67

ion conc. (mol L™" at 6.40 528 4.58 3.01 1.51

T =298 K)
C (Fgh/cy, 70 100 100 105 105

T =298 K, scan rate

=5mVs!
C(Fgh/cy, 80

T =298 K, scan rate

=1lmVs!'
C(Fgh)/cy, 150

T = 373 K, scan rate

=5mVs!
C (F g™)/MD, 140 145 145 125 115

T =340 K
“The experimental data is obtained from CV by integration of the
electric current during the discharge of the cell. The MD simulation
data is extracted from the charge accumulated at the surface of the
electrodes for an applied voltage of 1 V.

with the movement of liquid molecules. This is commonly
referred to as constant potential MD. Another difficulty is to
account for the shape of the porous carbon and to the pore size
dispersion in simulations,” therefore here the realistic CDC
carbon structures of Palmer et al.*® were employed for the
electrodes. A typical snapshot of the simulated system is shown
in Figure 2, and more technical details about the simulations
are also provided in the Methods section.

From the simulations, the integral capacitance is easily
determined from the average of the total charge accumulated
on the electrode. The simulated values at T = 340 K are also
provided in Table 1. Unfortunately, it was not possible to
perform the simulations at room temperature (298 K) because
the dynamics of the pure RTIL is very slow, making
equilibration times too long. Overall, there is a qualitative
agreement between simulations and experiments, although the
simulated capacitances overestimate the experimental results.
The only large discrepancy corresponds to the pure RTIL. The
comparison is improved when a slower scan rate of 1 mV s is
used for measuring the experimental capacitance (80 F g™
instead of 70 F g™'), which points toward a kinetic cause for
this discrepancy. In order to confirm the origin of this
difference, an additional experiment was performed for this
system at a greater temperature (373 K), yielding a 2-fold
increase of the capacitance. Temperature effects on the
capacitance are expected to be small,*” unless the temperature
at which the experiments are carried out is too low to allow for
a good diffusivity of the ions,'® in which case the capacitance
measurement is hampered by a large ohmic drop—this is the
case here. For the other points, the overestimation of the
capacitance in simulations is likely due to the simplifications
introduced by the model (mainly the coarse-graining of the
molecules and the absence of field penetration effects in our
electrode model, which treats carbon as an ideal metallic
conductor).” Tt is consistent with our previous work using 1-
butyl-3-methylimidazolium hexafluorophosphate as the electro-
lyte and CDC electrodes with slightly larger pores.””

The main conclusion we can draw from Table 1 is that the
capacitance does not vary much with concentration, at most by
5% for the experiments (if we discard the pure RTIL), and by
25% for the simulations, despite a 4-fold change between the
two extreme cases we considered. This result contrasts with the
more dilute regime (100 mmol L™" or less, i.e., not at all in the



Figure 2. Simulation cell of an EMIM-BF, and ACN electrolyte mixture surrounded by disordered porous Ti-CDC800 electrodes. Color scheme:
blue, three-site EMIM* molecules; red, single-site BF; molecules; pale yellow, three-site ACN molecules; silver, carbon electrode atoms. Gray

molecules cap the cell in the z dimension, as this is nonperiodic.
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Figure 3. Electrolyte composition inside the electrodes. Light green, uncharged CDC electrodes; orange/blue, electrodes held at a constant potential
difference of 1 V. Dark green, difference between the counterions and the co-ions numbers for the 1 V simulation.

supercapacitor regime, for which large variations of the
capacitance are observed, especially for low applied potentials).
Overall, this means that increasing the concentration of the
electrolyte is not an efficient way to increase the capacitance,
which can be due to several factors that we try to examine
below.

A simple hypothesis is that the number of ions adsorbed
inside the nanoporous carbons is similar for all the systems, that
is, that a saturated regime is quickly reached in which the pores
are totally filled with ions. The MD simulations provide the
electrolyte compositions inside the pores as a function of ACN
concentration, which are shown in Figure 3 for uncharged
electrodes and for an applied voltage of 1 V between them. A
large linear variation is observed in all cases, ruling out the
existence of such a saturated regime. Instead, we observe that
the difference between the number of counter- and co-ions;
hence, the net charge (dashed green line) is almost constant at
1 V, which results in similar total induced charge in each
electrode despite the large variation in the total number of ions.
When applying a voltage, some differences between the
electrodes become apparent. More ions are adsorbed inside
the positive electrode, an effect which can be traced back to the
smaller size of BF; anions with respect to the EMIM" cations.
In the positive electrode, the number of both counter- and co-
ions decreases smoothly with ACN mass fraction. However, in
the negative electrode, the decrease is less visible, with an
almost negligible change in ion number when increasing the
ACN mass fraction from 10 to 20%. At the highest ACN mass
fraction, there is very little difference in electrolyte composition

inside both electrodes, which is to be expected as the
differences due to ion size then plays a minor role.

In order to better understand the influence of ionic
concentration on the charge storage mechanism, and the
differences between the positive and negative electrodes, we use
a charging mechanism parameter X recently introduced by
Forse et al,”” which quantifies the origin of charge induction
between three different mechanisms: counterion adsorption,
ion exchange, or co-ion desorption. It is defined for each
electrode as

N(¥) - N(0V)
[QMW)I - IQ(o V)] /e ¢

where N(W) is the total number of in-pore ions at a given
voltage ¥, Q(¥) is the corresponding electrode charge, and ¢ is
the elementary charge. X is plotted in Figure 4 as a function of
the ACN mass fraction. This parameter takes a value of 1 for
counterion adsorption, 0 for ion exchange and —1 for ion
desorption, whereas intermediate values point to a combination
of two such mechanisms. We observe clear trends for both
electrodes. Ion exchange dominates in the pure RTIL (X ~ 0.1
and 0.3 in the negative and positive electrodes, respectively). In
the positive electrode, the mechanism progressively switches to
counterion adsorption, whereas in the negative one, ion
exchange dominates until the most diluted concentration is
reached. In both cases a value of 0.7 is obtained for X in the 1.5
M solution (ACN mass fraction 67%). The evolution of the
mechanisms gives a first hint why the RTIL shows a low
capacitance despite the high ionic concentration. In fact, at 0 V,
the pores are completely filled of ions already, and adsorbing a
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Figure 4. Variation of the charging mechanism parameter with the
ACN mass fraction for the positive and negative electrodes at 1 V total
potential.

counterion therefore requires the simultaneous desorption of a
co-ion. The strong Coulombic attraction between ions of
opposite charge therefore impedes an efficient charging in this
system (even if this interaction is screened in the nanopores,
leading to a superionic state as was shown by Kondrat and
Kornyshev).”' In the solvent-based system, the ions are
solvated and they interact less intensely, such that this effect
becomes less important.

However, solvation effects do not explain why the ACN-
based system show a storage mechanism dominated by
counterion adsorption. Figure S shows the density of
counterions with respect to the distance from the internal
surface of the positive and negative electrodes for different
fractions of ACN in the electrolyte. The position of the internal
surface is determined as in our previous work,*” first by probing
the carbon electrode atoms outward with an argon atom to
determine which volumetric sections of the electrode are
accessible to the electrolyte molecules. The distance of the
molecules inside this volume to the nearest carbon atom can
then be calculated, and the median position of the ions with
respect to the surface can be determined. From Figure S, we see
that there is no change in the position of the density peaks in
both electrodes, except for the most dilute electrolyte.
However, the magnitude of the peak decreases consistently
with the ionic concentrations shown in Figure 3. This means

that the access to the surface becomes facilitated for
counterions, which then have to replace solvent molecules
that do not interact strongly with the surface or other adsorbed
counterions. Another interesting observation of Figure § is that
the position of the peak remains constant until the ACN
fraction is increased to 67% mass, where the peak shifts
suddenly approximately to 0.2 A closer to the surface. There is
no clear explanation for this phenomena, but it is possible that
the smaller ionic density allows the ions to pack more
efficiently. As for the solvation numbers of the ions, their
variation is linear, with no particular change at a given
concentration.

Finally, one of the benefits of adding ACN to the electrolyte
is to increase the mobility of ions in the bulk so that they diffuse
more rapidly into and out of the pores, which increases the
capacitive performance at greater current densities. This can be
clearly deduced from the mean squared displacements of the
various species. As shown in Figure 6a for the BF,” anions, a
caging regime is observed for the pure RTIL, and the diffusive
regime is reached for times greater than 1 ns. When the
concentration of ACN increases, the extent of this caging
regime decreases, and it completely vanishes for the most
diluted system. In Figure 6b, the extracted self-diffusion
coefficients of all molecular species are given for each electrode.
The solvent molecules diffuse around 10 times faster than the
ions, and the EMIM" cations are slightly more mobile than the
smaller BF; anions, which is consistent with previous results.*®
It can be seen that significant gains in diffusion are not reached
before the ACN mass fraction is 40%. Below this value, the
concentration of ACN appears to be too low to decrease the
ion—ion correlations enough to facilitate increased ion mobility.

In conclusion, in this work, we have performed constant
potential CV experiments and MD simulations to determine
the influence of ACN fraction in an RTIL-based electrolyte on
capacitance and ionic structure inside nanoporous CDC
electrodes (in the regime of concentrations which are relevant
for EDLCs). Qualitative agreement between experiment and
simulation was found, with an overall overestimation of the
capacitance by simulations due to temperature effects and to
the absence of some phenomena because of several necessary
simplifications introduced in the models (coarse-graining of the
electrolyte, electrode treated as an ideal conductor). Both
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Figure S. Counterion distance from the internal surface of the electrodes at 1 V total potential.
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both electrodes (b).

methods show a small fluctuation of the capacitance despite the
drastic variation of ionic concentration (with a factor of 4
between the most dilute and the most concentrated situations).
The simulations show noticeable changes in the charging
mechanisms with the ACN concentration. Indeed, the pure
RTIL is characterized by a large ionic density close to the
carbon surface. Adding a counterion upon application of a
voltage can thus be achieved by exchanging a co-ion only,
which requires breaking of the cation—anion associations which
are favored by the strong Coulombic interactions (albeit the
latter are screened by the electrostatic potential due to the
metallic walls). In an ACN-based system, it is not necessary to
remove co-ions for adsorbing additional counterions, resulting
in a mechanism dominated by counterion adsorption. The
transition from one mechanism to another is smoother in the
positive electrode than in the negative one. In parallel, the
dynamics of the ions increases by an order of magnitude when
switching from the pure RTIL to the diluted electrolyte.
Because the ionic concentration does not greatly affect the
capacitance, the choice of electrolyte for efficient EDLCs
should therefore be made by comparing the ionic conductivity,
which determines the internal resistance of the device, and the
operating voltage it allows. However, these two quantities vary
in opposite ways in concentrated electrolytes,” so that the
optimum will necessarily be a trade-off between these
quantities.”>*® Other limitations such as the operating
temperature or the long-term stability may also be taken into
account. It is worth noting that several ionic liquids may be
combined,”” which further increases the number of potential
electrolytes. Computational screening approaches have there-
fore recently been proposed to tackle this difficult problem.*®

B METHODS

Electrochemistry Experiments. EMIM-BF, ionic liquid
(Solvionic, France) and ACN (Acros organic, France) were
used as purchased. They were mixed at room temperature,
yielding S different ionic concentrations as listed in Table 2.
Carbide-derived carbon (CDC) powder (Y-Carbon, U.S.A.)
was prepared by chlorination of TiC powder at 800 °C as
reported elsewhere.”*” Pore size distribution (PSD) is difficult
to measure precisely in the case of nanoporous carbons.' Here,
it was obtained from Ar-isotherms using NLDFT and QSDFT

Table 2. Electrolyte Compositions

ACN mass % 0 (pure IL) 10 20 40 67
ion conc. (mol/ 6.40 528 4.58 3.01 1.51
L at 298.15 K)
ion pairs 600 601 608 326 324
ACN molecules 0 322 733 1048 3172

models (NOVAe SERIES software, QUANTACHROME,
U.S.A.). The measured average pore size were 0.77 and 0.66
nm, respectively. Active films were made by mixing 95 wt %
CDC with 5 wt % polytetrafluoroethylene (PTFE) binder.
Once calendered, 8 mm diameter electrodes electrodes were
cut. The active film thickness was around 300 um, with a
weight loading of 15 mg cm™. Active films were laminated
onto treated aluminum current collectors** and two layers of 25
um-thick porous PTFE were used as a separator. A silver wire
was used as a pseudoreference electrode, for monitoring the
negative and positive electrode potentials, separately during the
cell cycling. Cell assembly was done in a glovebox under an
argon atmosphere (<1 ppm of O, and H,O content) in 3
electrode Swagelok cells. Cyclic voltammetry experiments were
carried out between 0 and 2.3 V, at a scan rate of 5 mV s™\.

Molecular Dynamics Simulations. Electrolyte composi-
tions used can be found in Table 2. Coarse-grained models for
ACN and EMIMBF, were obtained from Edwards et al.*' and
Merlet et al,> respectively. The simulation boxes consist of
EMIMBEF, and ACN surrounded by two symmetric carbide-
derived carbon electrodes, with an average pore size of
approximately 0.7S nm. The model electrodes were obtained
by molecular dynamics from Palmer et al,*® by quenching a
sample of liquid carbon consisting of approximately 4000 atoms
with a rate of 20 X 10'* K s™. Finally, the carbon Lennard-
Jones parameters of ¢ = 0.337 nm and € = 0.23 kJ mol ™" were
obtained from Cole et al.*

Initial equilibration and pore filling was performed in open
source MD package GROMACS." First, the liquid electrolytes
were equilibrated at 340 K. The liquid boxes were then placed
between the electrodes and allowed to relax in the NVT
ensemble. Pore filling rate was enhanced by cycling the
constant charge values of the electrode atoms between +0.01 e
for 10 iterations. The boxes were then equilibrated at zero



electrode charge for 500 ps. Second stage equilibration was
performed with an in-house code. The distance between the
electrodes was tuned by position rescaling for each system, such
that the bulk densities matched those of the pure EMIMBE,/
ACN mixtures at 1 bar and 340 K. The temperature of 340 K
was chosen to increase the ion mobility and reduce the required
simulation time. Once correct bulk densities were achieved, the
final equilibration step was performed with velocity rescaling
and electrode atoms charged to constant values of +0.01 e for
the positive and negative electrode, this step was run for several
nanoseconds so that sufficient equilibrium was achieved.

For production runs, the electrodes were switched to a
constant potential and the systems were run in the NVE
ensemble with +0.5 V for the half cell potentials of the positive
and negative electrodes. The length of production runs
exceeded 12 ns to ensure that average electrode atom charges
had reached a steady equilibrium value. 2D Ewald summa-
tion”>** was used for all Coulombic interaction calculations,
with a short-range cutoff distance of 22 A (half the length of the
x and y cell dimensions). Lorentz—Berthelot combination
mixing rules were employed for nonbonded potential
interactions.

The capacitance was calculated using C = %, where Q and

V are the electrode charge and voltage, respectively. In the
simulations, V is a known and constrained parameter, and Q
can be measured directly from the simulations.
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