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Abstract

Ether-functionalized sulfonium ionic liquids
have been investigated as promising elec-
trolytes in electrochemical storage energy de-
vices due to their wide electrochemical win-
dow, high ionic conductivity and low viscos-
ity. In spite of that, the viscosity of neat ionic
liquids is still high for supercapacitor applica-
tions. Here we have used atomistic molecu-
lar dynamics simulations to describe transport
properties, structure and supercapacitor per-
formance of (2-methoxy-ethyl)-ethyl-methyl-
sulfonium bis(trifluoromethanesulfonyl)imide
[S12G1][NTf2] and its mixtures with acetonitrile
(ACN). The viscosity and ionic conductivity
of neat ionic liquid are in quite good agree-
ment with the experimental results in a wide
range of temperature. The addition of ACN de-
creases viscosity and, consequently, increases
ionic conductivity and diffusion coefficients.
Typical alternated layers of ions close to the
electrodes surfaces are observed in superca-
pacitor built with [S12G1][NTf2] when is ap-
plied high voltage, DY = 3.0 V. Sharp layers of
solvent adsorbed on the surface of electrodes
are observed in the mixtures containing ACN.
The charge accumulated on the electrodes is
barely affected by the amount of ACN, which
imply in similar performance in terms of ca-

pacitance. However, the charging times follow
the viscosities of the electrolytes, that is, the
electrolytes with high content of ACN have
higher power performance. At low voltage,
the rearrangements of ions close to electrodes
responsible to the charge accumulation is very
low in neat [S12G1][NTf2]. The sharp layer of
ACN makes this rearrangement easier, but it
acts as a barrier to ion exchange at higher volt-
ages, which increase the charging time. Charg-
ing of the supercapacitors is dependent of ion
exchange and counter-ion adsorption at DY =
3.0 V.

1 Introduction

Over the past few decades, a class of ionic sys-
tems with melting point below 100 ºC have re-
ceived great attention from the academic and
industry community. Known as room tem-
perature ionic liquids or simply ionic liquids,
this class of material gather a lot of interesting
properties, such as high electrochemical stabil-
ity, low vapor pressure, and high possibility to
tune physical chemistry properties by combin-
ing different cations and/or anions, beyond
the functionalization of alkyl side chains.1–6

This great versatility makes this class of mate-
rial interesting for a large variety of applica-
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tions, for instance, solvent/catalist for organic
reactions,7–9 gas absorber,10–13 lubricants,14

and electrolytes.15–20 Regarding their ability as
electrolyte, several class of ionic liquids have
been investigated as promising materials for
battery and/or electric double-layer capaci-
tors (EDLC) or simply supercapacitors.21–31

Among many class of ionic liquids investi-
gated as electrolytes for supercapacitors, the
ones formed with sulfonium cations have re-
ceived great attention due to their high ionic
conductivity, low viscosity and relative high
electrochemical stability.32–36 Besides these in-
teresting properties, sulfonium-based ionic liq-
uids are small cations, which would allow bet-
ter performance as electrolyte for supercapac-
itors, providing electrochemical devices with
higher energy density.33,36

Although ionic liquids have wider elec-
trochemical window than water and many
organic solvents (acetonitrile, adiponitrile,
ethylenecarbonate), they still have high vis-
cosity and low ionic conductivity for electro-
chemical applications.31 The functionalization
of cations with ether function usually provides
ionic liquids with lower viscosity (higher dif-
fusion coefficients and ionic conductivities)
than their cations analogues containing only
alkyl chains.36–38 Beyond the cation modifi-
cation, the addition of organic solvents such
as acetonitrile yields electrolytes with lower
viscosity (higher ionic conductivity) than the
neat corresponding ionic liquids.5,39,40 The en-
hancement of the transport properties of the
electrolytes improves power density of electro-
chemical double layer capacitor (supercapac-
itor), but their energy density may be dimin-
ished due to narrower electrochemical win-
dow of the solvent. In fact, previous experi-
mental studies have shown that solvating ionic
liquids with acetonitrile and propylene car-
bonate, the power performance can be remark-
ably improved, up to one order of magnitude,
whereas the energy density can decrease up to
30% of that observed for respective neat ionic
liquid.25,41–43

Molecular dynamics (MD) simulations stud-
ies on the solvation of many class of ionic
liquids with organic solvents have been per-

formed.39,44–47 The main conclusion is that in-
creasing the amount of the organic solvent
the ionic liquids diffusivity also increases,
following the experimental trend. Chaban
et al.39 systematicaly investigated a serie of
N-alkyl-N-methyl-imidazolium tetrafluorobo-
rate ionic liquids mixtured with acetonitrile
(ACN). They showed that the addition of
ACN increases the ionic conductivity more
than 50 times for the long-tailed ionic liq-
uids and around 10 times for those with
shorter chains. The maxima of ionic condu-
tivities were found around 20% IL mole frac-
tion. More recently, Thompson et al.48 investi-
gated mixtures of 1-butyl-3-ethyl-imidazolium
bis(trifluoro-methane-sulfonyl)imide ionic liq-
uid with many organic solvents and found a
monotonical increase of diffusion coefficients
of the ions with the addition of solvents. Ex-
pressing the mixture composition by mass frac-
tion of ionic liquids, these authors showed that
the maxima of ionic conductivities estimated
by Nersnt-Einstein relation are found at inter-
mediate concentrations, that is, between 0.4
and 0.6 mass fraction of ionic liquid. Among
the investigated organic solvents, ACN is the
solvent capable to allow the largest increase in
ionic conductivity.

Many computer simulations at atomistic
level of supercapacitors have been accom-
plished with constant charge (CCM)49–51 (less
expensive computationally) and constant po-
tential models (CPM).52–55 As pointed out
by Merlet et al.53 the structure of ion at the
surface of planar electrodes and also capaci-
tance are fairly described by constant charge
models. However, dynamics properties are
remarkable different. For instance, sudden
application of voltage to the electrode using
CPM, the increase in temperature follows
Ohm’s law, while in CCM unphysical tem-
peratures arise in the system.53Additionally,
there are some computational studies devoted
to the investigation of charging dynamics
of supercapacitors built with porous elec-
trodes,56–58 whereas for planar electrodes it
is more rare.54 Therefore, considering the
promising good performance as superca-
pacitor electrolytes of ether-functionalized
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sulfonium-based ionic liquids, for in-
stance, the (2-methoxy-ethyl)-ethyl-methyl-
sulfonium bis(trifluoromethanesulfonyl)imide
([S12G1][NTf2]) ionic liquid, we investigated
by means of molecular dynamics simulations
transport properties, structure and supercapac-
itor performance using CPM of [S12G1][NTf2]
and its mixture with ACN.

2 Computational Details

2.1 Bulk Simulations

The electrolytes were simulated in cubic boxes
generated with PACKMOL package.59 The
structures of the ions and ACN are depicted
in Figure 1a.

Figure 1: a) Molecular structures of the investi-
gated systems, [S12G1]+ on the left, [NTf2]� on
the right, and ACN in the bottom middle. b)
Snapshot of the simulation Cell. The graphite
walls are represented in grey.

All the simulations were conducted with a
non-polarizable force field with scaled-charges
(scaling factor 0.8). The scaled-charge ap-
proach has been previously used to describe
with excellent accuracy mass density, trans-
port properties and enthalpy of vaporiza-
tion.60–65 The partial charges of [S12G1]+ cation
were derived from the electrostatic potential
(CHELPG)66 obtained from DFT calculations
using the B3LYP functional and Gaussian basis
set 6-311++G (d,p) in Gaussian09 package.67

Lennard-Jones parameters of the intermolecu-
lar potential of [S12G1]+ cation were taken from
OPLS/AA force field.68,69 The NTf2 anions
and ACN were simulated with model used
in previous simulations.13,24,49,55,70,71 All the
parameters used in the simulations, the num-
ber of ionic pairs and acetonitrile molecules
used in each system are available in Tables S1
to S7 of the supporting information. The xACN
= 0.5 and 0.88 correspond to a 3.0M and a 1.5M
solution of ionic liquid and acetonitrile.

The neat ionic liquid were equilibrated in
NPT ensemble followed by a production run
conducted for 40 ns in NVT ensemble at 400,
375, 350, 325 and 300 K. At low temperatures
(300 up to 350 K) the ionic liquids were equili-
brated for 20 ns, whereas at 375 and 400 K the
equilibrations last for 10 ns. The binary mix-
tures with ACN were simulated at 300 K. Tem-
peratures were controlled by V-rescale thermo-
stat (t = 1 ps)72 and pressure by Parrinello-
Rahman barostat (t = 3 ps).73 Lennard-Jones
and real space coulombic interactions were
cut off at 1.5 nm. Coulomb long-range inter-
actions were dealt with Particle Mesh Ewald
(PME)74 method with an interpolation order
of 6 and 0.08 nm grid spacing. The leapfrog al-
gorithm was used to integrate the equation of
motion with time step of 2 fs, constraining the
C-H bonds with LINCS75 algorithm. TRAVIS
software package76 was used to calculate spa-
tial distribution functions. GROMACS suite
program was used to perform the MD simula-
tions.77–80

2.2 Interfacial Simulations

LAMMPS package was used to perform
the moleuclar dynamics simulation of the
[S12G1][NTf2] ionic liquid and its mixtures with
acetonitrile placed in between two graphite
electordes with planar geometry as depicted in
Figure 1b. The initial configurations were also
generated with PACKMOL package59 and the
distance of the two graphite electrodes was set
up to provide the bulk density between the
electrodes.

The simulations were conducted using the
constant potential method implemented on
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LAMMPS code,81–83 which allow the charges
of the electrode carbon atoms to fluctuate in
response to the interaction with the electrolyte
atoms. This method ensures an realistic de-
scription of the surface polarization over the
entire simulation time. A vacuum space was
added outside the box along the z-axis and
the Yeh-Berkowitz corrections for the slab ge-
ometry was applied to proper description of
periodic conditions.

Several applied voltages have been used in
the simulations (Y=0.0, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0 V). The initial configuration for every ap-
plied voltage was the same, in order to eval-
uate the charge evolution as a function of the
voltage. The simulations were performed in
the NVT ensemble with a timestep of 2fs at
300K for at least 3 ns, which has been long
enough to reach the maximum charge accu-
mulated on the electrodes.

2.3 Transport Properties Calcula-
tions

The diffusion coefficient was calculated by the
Einstein relation, fitting a straight line in the
linear regime of mean square displacement:84

Da = lim
t�!0

1
6t

D
| ri(t)� ri(0) |2

E
(1)

where Da is the diffusion coeficient, t is time
and ri(t) is the position of the specie in the time
t.

The viscosity was calculated by the integra-
tion of the time correlation function of the pres-
sure tensor:84

h =
V

kBT

Z µ

0

⌦
Pab(t)Pab(t)

↵
dt (2)

where kB is the Boltzmann constant, Pab is one
of the elements outside the principal diagonal
of the pressure tensor, and ab = xy, xz, yz.

The ionic conductivity was calculated con-
sidering the collective version of the mean

square displacement following the equation:84

s =
e2

6kBTV
lim

t�!0

N

Â
ij

qiqj
⌦
[ri(t)� ri(0)] · [rj(t)� rj(0)]

↵

(3)
where e is the elementary charge, kB is the

Boltzmann constant, T is the temperature in
Kelvin, V in the volume of the simulation box
and qi is the formal charge of the ions.

The ionic conductivity was also estimated by
the Nernst-Einstein equation:85

sNE =
e2

kBT
(r�q2

�D� + r+q2
+D+) (4)

where kB is the Boltzmann constant, r is the
number density, q is the charge of the ions, and
D is the diffusion coefficient of each specie.

2.4 Electrical Properties Calcula-
tions

The differential capacitance of each electrode
depends on the surface charge (±rs) of each
electrode and the potential drop (DY±) near
the electrode surface. The surface charge is the
average total charge on the electrode divided
by the surface area of the graphene layer. The
electrostatic potential along the simulation box
is taken from the 1D Poisson’s equation:86,87

Y(z) = � 1
e0

Z z

z0
(z � z0)rz(z)dz0 (5)

where rz is the local charge density of the
role system.

The potential drop of each electrode is de-
fined by following equation:86,87

DY± = Y± � Ybulk � YPZC (6)

where the YPZC is the potential of zero charge.
Therefore, the differential capacitance on a
given electrode is obtained from the change
rate of the surface charge density with respect
to the potential drop of the electrode:86,87

Cd =
dr±ele
dY± (7)
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3 Results and Discussion

3.1 Validation of interaction param-
eters for [S12G1][NTf2]

It is well-recognized that molecular sim-
ulations of ionic liquids employing non-
polarizable force field and formal charge equal
to |1,0q| fail to predict transport properties
(diffusion coefficient, ionic conductivity, and
viscosity), reaching differences up to one order
of magnitude.88,89 The scaled-charge approach
(q = |0.8e|) of neat ionic liquids reproduces
appropriatly structure, transport properties,
and thermodynamical properties.60–65 In fact,
both ionic conductivity and viscosity obtained
from the simulations are in good agreement
with their respective experimental data36 in a
wide range of temperature, Figure 2.

Figure 2: Experimental and calculated viscos-
ity (upper panel) and ionic conductivity (bot-
tom panel) in a wide range of temperature

Table 1 shows that increasing the amount

of ACN, the ionic conductivity increases up
to 7 times in comparison with neat ionic liq-
uid. In accordance, the ionic conductivity cal-
culated for short-tailed imizadolium ionic liq-
uids is 5 to 10 times higher in mixtures con-
taining 20 to 10% of IL.39 Given the inverse
relation between ionic conductivity and vis-
cosity, the neat ionic liquid is around 26 times
more viscous than the more diluted mixture
(xACN = 0.88). The experimental viscosity of
[S12G1][NTf2] is ⇠26 cP at 300 K, which is in
excellent agreement with calculated here (⇠27
cP).

The scalc/sNE ratio accounts for the cross
correlation among the ions in the liquid. For
systems with xACN equals to 0.00, 0.50, and
0.88, the respectively scalc/sNE values are 0.56,
0.51, 0.52. Typical values of the ratio scalc/sNE

for ionic liquids is around 0.5 for ionic liquids
and simpler molten salts. Note that, even in
xACN = 0.88, the cross correlation among the
ions is still relevant. In the neat ionic liquid
(xACN = 0.00) and xACN = 0.50 mixture, the
diffusion coefficients of the [S12G1]+ are larger
than the diffusion coefficient of the [NTf2]�,
which is accounting for the smaller mass of
former. Conversely, in the xACN = 0.88 mixture,
anions have larger diffusion coefficient than
cations, which might be a consequence of the
local structure of the anions in the mixtures.

Table S8 of the supporting information
shows the experimental36 and the calculated
densities for the neat [S12G1][NTf2] at differ-
ent temperatures and its mixtures with ace-
tonitrile at 300 K. The calculated densities
for the neat ionic liquid are in good agree-
ment with the experimental ones, present-
ing deviation below 3%, which was also
found in previous studies.90–92 The addition
of ACN in the ionic liquid decreases the den-
sity, following the experimental and calculated
data available for imidazolium-based ionic liq-
uids.39,44–46,65,93–98

Table S9 on the supporting information
shows the total intermolecular energy between
cation and anion up to the distance of 1.5 nm
(rcut = 1.5 nm) for the neat ionic liquid and
its mixtures with acetonitrile at 300K. The in-
crease of acetonitrile mole fraction in the mix-
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Table 1: Experimental36 and calculated transport properties at 300 K. The viscosities (h), ionic
conductivities (s), and diffusion coefficients (D) are in cP, mS cm�1, and 10�7 cm2 s�1, respec-
tively. The deviations are in parenthesis.

xACN hcalc hexp
36 scalc sexp

36 sNE Dcation Danion

0.00
26.932 25.860 3.640 5.92 6.46 4.290 3.340
(0.147) (0.180) (0.060) (0.100)

0.50
10.365 - 8.550 - 16.87 12.520 10.960
(0.059) (0.280) (0.250) (0.280)

0.88
1.006 - 25.130 - 48.02 60.850 73.350

(0.003) (0.450) (7.83) (8.92)

tures results in the weakening of the cation-
anion interaction, which is consistent with the
decrease of the average number of ion pairs in
the first neighbor shell.

Considering the reliability of the interaction
parameters in describing properly transport
properties, we will discuss in the next sections
structure and supercapacitors performances of
these systems.

3.2 Structure

An important feature in the structure of ionic
liquids is that they exhibit an equilibrium
structure very similar to that of simple molten
salts, for instance, NaCl.88,99 Figure 3 shows
the radial distribution functions, g(r), calcu-
lated for the center of mass of the ions in the
neat ionic liquid and the mixtures with ace-
tonitrile at 300 K. The cation-anion correlations
appear around 0.5 nm, while the cation-cation
and anion-anion interactions appear at farther
distances, 0.8 nm. In spite of the ether func-
tion in one of the chains, the characteristic fea-
ture present by the g(r) (black lines) is typi-
cal of simple molten salts and ionic liquids,
that is, where there is a minimum value in
the cation-anion correlation curves, there is
a peak in the cation-cation and anion-anion
correlations. These correlations become less
pronounced with the progressive addition of
ACN, indicating the partial disruption of the
charge ordering.

Figure 3: Radial distribution functions calcu-
lated for the center of mass of the ions in the
different electrolytes at 300 K.

Considering that the oxygen atoms of
[NTf2]� bears the more negative charges,
these atoms likely develops stronger inter-
actions with the positively charged atoms of
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[S12G1]+. Figure 4a depicts the atomic corre-
lations between Oanion and the carbon atoms
of the sulfonium cations in neat ionic liquid,
which appear around 0.35nm. The less intense
correlation peaks arise from the carbon atoms
directly bonded to the to Oether, which repeal
the negatively charged atoms of [NTf2]�. On
the other hand, the stronger and more fre-
quent interaction occurs between Ca – Oanion
due to the larger positive partial charge of Ca
in comparison with the others carbon atoms of
[S12G1]+. Upon addition of ACN to the ionic
liquid, this correlation becomes less intense,
accounting for the decrease of ion pairs inter-
actions, Figure 4b. It is worth mentioning that
the opposite trend had been observed in the
simulations of 1-ethyl-3-methyl-imidazolium
tetrafluoroborate [EMIM][BF4].39 This feature
might be related to the hydrophobic nature of
[NTf2]� which allows for better solvation of
[NTf2]� by ACN molecules.

Figure 4: Radial distribution function between
the Oanion and the carbon atoms of cations in
neat [S12G1][NTf2] at 300 K (left panel) and
radial distribution function between Ca and
Oanion in ACN mixtures (right panel).

Figure 5 shows the radial distribution func-
tions calculated between the nitrogen atom of
ACN (NACN) and carbon atom of [S12G1]+ (left
panel) and between CH3 group of ACN and
Nanion, Oanion, Fanion (right panel). Around 0.34
nm, strong correlations of NACN occur with Ca
(strongest), Cb, Cc, and Cd, whereas the weaker
ones involve Ce and C f that are atoms bonded
to Oether. Note that similar feature has been

found for the correlations of Oanion and the car-
bon atoms of [S12G1]+ discussed above. The
CH3 group of ACN develops stronger correla-
tions with Oanion and Fanion, around 0.34 nm.
Only a shoulder appears at this distance for
CH3 – Nanion correlations. Proper to the large
number of solvent molecules in the system, in
xACN = 0.88, the number of ACN molecules
solvating the ions is larger than that found in
xACN = 0.50, Table S10 of the supponting infor-
mation.

Figure 5: Radial distribution functions calcu-
lated for the correlations between NACN and
carbon atoms of [S12G1]+ (left panel), together
with correlations between CH3ACN and N, O,
F atoms of [NTf2]� (right panel) at 300 K

In order to provide more details about the lo-
cal structure of the ions, we calculated spatial
distribution functions (SDF) of cations and an-
ions, Figure 6. In the neat ionic liquid, the an-
ions (red surfaces) are mainly arranged around
the sulfur atom of cations, avoiding the region
of Oether due to the repulsion between nega-
tive charges (Figure 6a). The green regions
represent the spatial distribution of cations
around the [NTf2]�. The cations are mainly
located close to the region of oxygen atoms
of sulfonyl groups, which bear high negative
charges. In spite of the negative charges of F
atoms, the cations do not cover completely the
region close to CF3 groups of [NTf2]�. The
larger the amount of ACN in the mixture, the
narrower the surface of cations around the
sulfonyl groups of [NTf2]�, suggesting that
ACN molecules displace the cations that de-
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velops weak interactions with CF3 group in
neat IL. The SDF of anions around [S12G1]+
seems to be less sensitive to presence of ACN,
since the red surfaces only presents subtle
changes. The transparent cyan surfaces repre-
sent the regions where ACN molecules can
be found around both the ions. Note that
ACN molecules can arrange in the same region
where there are counter-ions. Given the hy-
drophobic nature of CF3, the ACN molecules
can also be found in its neighborhood, so that,
the ACN molecules wrap the entire [NTf2]�
(more evident in xACN=0.88). This arrange-
ment might be the root for the higher diffusion
coefficient of [NTf2]� in xACN = 0.88 in com-
parison with diffusion coefficient of lighter
[S12G1]+.

Figure 6: Spatial distribution functions of
counter ions and ACN around the [S12G1]+
and [NTf2]�. The red, green and transparent-
cyan surface account for the anions around
cations, cations around anions and ACN
around both the ions, respectively.

3.3 Ionic Structure Near The Elec-
trodes

An important feature of the supercapacitors
is the structure of ions near de surface of the
electrode since the performance of the device
depends fundamentally on the coulombic in-
teraction between the ions and the electrode
atoms. We investigated the ionic structure near
the graphite electrode by the number density

profiles of the [S12G1][NTf2] ionic liquid and
its solutions with acetonitrile along the simu-
lation box.

Figure 7 shows the number density profile of
the pure ionic liquid confined between the two
graphite electrodes. At DY = 0V, anions and
cations are adsorbed on the surface of both
electrodes. Increasing the applied voltage part
of the co-ions are expelled from the region
near to the electrode surface with attraction
of counter-ions to the electrode. For instance,
at DY = 3V, one can clear observe two distinct
alternated layers close to negative electrode
extending up to 2.5 nm from it, whereas in the
positive electrode, the multilayers are less ev-
ident, where there is a considerable number
of cations adsorbed onto the positive surface.
Similar behavior has been observed in the sim-
ulations of a phosphonium-based ionic liquid,
although less pronounced.55 In the mixtures
with acetonitrile, there are one sharp layer of
the ions close to the electrode surfaces, Figures
S2 and S3 of the supplementary information.
These figures also show that acetonitrile has
high affinity to the electrode as there are high
density of the solvent indicating its adsorption
onto the electrodes surface. Note that they do
not change remarkably with applied voltage.
In fact, these finding is also consistent with
previous simulations of tetra-ethylammonium
tetra-fluoroborate [N2222][BF4] solutions in ace-
tonitrile.100

Figure 7: Number density profile of the pure
[S12G1][NTf2] ionic liquid. The blue dot lines
represent the graphite sheets of each electrode.
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Integrating the number density of ions mul-
tiplied by the area of the electrode up to a
distance of ⇠1nm from the electrode, one ob-
tains the number of ions adsorbed onto the
electrode surfaces, Table 2. In both the elec-
trodes and in all the electrolytes, the num-
ber of counter-ions in the first layer increases,
whereas the number co-ions decreases with
the increase of the applied voltage, which in-
dicates that ion exchange on the electrode sur-
face is the main cause for the charge accumula-
tion on the planar electrodes. In xACN=0.5 and
0.88, the number of co-ions inside the 1nm-
thick layer close to electrode is the lower than
the number of counter-ion found in neat ionic
liquid at given voltage. At DY = 3V, the surface
of the electrode are almost covered by counter-
ion and acetonitrile. Similar behavior was ob-
served for the [BMI][BF4] and [BMI][PF6] ionic
liquids mixtures with acetonitrile.101

3.4 Capacitances and Charging Dy-
namics

Besides its realistic treatment of the charge
fluctuation on the electrode due to electrolyte
in its neighborhood, the potential constant
method applied in our simulations can also ac-
count successfully for the charging dynamics,
as demonstrated in the simulations of porous
carbon electrodes.56,57,102 Here, the last con-
figuration of the simulation at DY = 0V was
used as starting configuration in all the ap-
plied voltages. Figure 8 shows the evolution
of the charge density on the positive electrode
for the supercapacitor with xACN = 0.00. Af-
ter 3500 ps the planar electrode is almost in
its maximum state of charge when the elec-
trolyte is neat [S12G1][NTf2]. Figures S4 and
Figure S5 of the Support Information show
the evolution of the charge for supercapaci-
tors built with acetonitrile mixtures. Proper to
lower viscosities (higher ionic conductivities)
of the mixtures, their supercapacitors present
faster charging dynamics in comparison with
neat ionic liquid, that is, before 2000 ps the
charge accumulated on the electrode has al-
ready reached a plateau.

Figure 8: Evolution of the charge density on
the electrodes during the charging process for
the neat [S12G1][NTf2] ionic liquid

In the study of charging dynamics of porous
carbon electrode,56,57,102 the authors used a bi-
exponential function to fit the evolution of the
charge accumulated on the electrode. Consid-
ering that planar electrodes are simpler than
the porous ones, a mono-exponential equation
has been fitted to the surface charge density
as a function of simulation time in order to
quantify the relaxation charging time (t) and
the maximum charge density accumulated on
the electrode (rmax),

r(t) = rmax · exp(
�t

t
). (8)

The black curves over the dotted points in
Fig. 8 depicts the good quality of the mono-
exponential curves fitting. Table 3 shows the
maximum charge density accumulated on the
electrode (rmax) and relaxation charging times
obtained from the fittings.

Table 4 shows the differential capacitances
calculated from the slope of the straight lines
fitted to the electrode charge density as a func-
tion of the potential drop, which are presented
in Fig. S6 of the supporting information.

The differential capacitances obtained for
neat [S12G1][NTf2] and its mixtures with ace-
tonitrile are in excellent agreement with those
calculated for imidazolium-based ionic liquids
electrolytes.101 Due to the asymmetry of the
ions, the capacitance of positive and negative
electrodes are different.55,101 A common ef-
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Table 2: Average number of ions and acetonitrile distant up to 1 nm from the surface of the
electrodes. Ncat

+, Nan
+ and Nacn

+ represents the number of cations, anions and acetonitrile
molecules at the positive electrode. Ncat

�, Nan
� and Nacn

� represents the number of cations,
anions and acetonitrile molecules at the negative electrode.

DY xACN Ncat
� Nan

� Nacn
� Ncat

+ Nan
+ Nacn

+

0.0 V
0.00 11.8 12.5 - 10.9 10.1 -
0.50 10.5 8.9 12.5 8.8 7.9 10.8
0.88 6.1 5.4 36.5 6.0 4.3 29.9

0.5 V
0.00 12.3 11.7 - 10.9 10.1 -
0.50 11.8 8.3 6.3 8.8 10.6 6.9
0.88 7.8 4.4 29.3 6.0 5.4 28.9

1.0 V
0.00 13.1 10.5 - 8.3 13 -
0.50 12.3 7.9 11.3 6.9 10.0 10.3
0.88 7.3 4.1 37.4 3.9 4.8 32.5

1.5 V
0.00 13.1 9.2 - 8.9 13.8 -
0.50 12.1 7.5 4.6 7.1 11.5 8.7
0.88 7.4 2.3 35.7 2.3 5.9 37.4

2.0 V
0.00 14.1 9.1 - 7.7 13.8 -
0.50 13.7 6.9 9.5 5.1 10.7 14.0
0.88 10.5 3.2 31.1 2.5 4.7 37.2

2.5 V
0.00 14.2 7.4 - 7.8 15.3 -
0.50 12.7 5.7 7.1 6.1 11.7 12.5
0.88 9.7 1.4 31.9 1.9 6.0 40.0

3.0 V
0.00 16.0 8.3 - 7.1 14.2 -
0.50 14.8 5.5 10.3 4.5 13.3 9.3
0.88 11.0 2.0 33.2 1.4 7.4 34.8

fect of adding acetonitrile in ionic liquids is
the small increase of differential capacitance
of positive electrode and subtle changes in
negative electrode, in agreement with previ-
ous simulations that use constant potential
model to consider polarization of planar elec-
trodes.100,101 In the presence of the organic sol-
vent, the ions are less correlated due to the de-
crease of the ion-ion interaction provided by
the solvation so that they can easier probe the
electric field applied on the electrodes.100,101

Neto and Fileti51 found in their simulations
of [EMIM][C(CN)3] mixtures with acetonitrile
differential capacitance on the negative elec-
trode spanning from 4.3 to 14 µF cm�2 increas-
ing the amount of the solvent. This finding
might be linked to constant charge simulations
performed in their simulations.

For the neat [S12G1][NTf2], t decreases al-
most monotonically from 1500 ps (DY=0.5 V)
to 300 ps (DY > 2 V), Figure 9. It is worth
mention, that the shape of t versus applied
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Table 3: t (ps) values and rmax (10�3 eÅ�2)
for the three different systems simulated.

DY
xACN = 0.00 xACN = 0.50 xACN = 0.88

t rmax t rmax t rmax

0.5 V 1541.9 1.2 91.83 1.0 26.4 0.9
1.0 V 597.9 1.9 143.4 2.1 48.2 1.7
1.5 V 412.4 2.3 137.9 3.0 40.5 2.8
2.0 V 309.6 3.3 113.9 3.9 36.4 3.5
2.5 V 337.9 4.4 75.48 4.5 38.0 4.5
3.0 V 322.8 4.8 100.47 5.4 50.4 5.3

voltage obtained here is rather different from
that found in the simulations of [EMIM][SCN]
at 350K.54 In the mixtures, the higher the mole
fraction of acetonitrile, the lower the t, which
is reflecting the lower viscosity (higher ionic
conductivity) of the mixtures. However, the
behavior of t with the applied voltage is com-
pletely different from that observed for IL, that
is, the supercapacitors show the fastest charg-
ing at DY=0.5V and the slowest at DY=1.0 V.

Figure 9: Relaxation charging times as func-
tion of the applied voltage DY

In order to understand these features, we
calculated the average perpendicular displace-
ment of a ions with respect to planar electrode
inside a layer of 1 nm close to the electrodes,
za,54 as

za =
1

Na

Na

Â
i=1

[ za
i (t)� za

i (0)] , (9)

Figure 10: Average perpendicular displace-
ment of ions with respect to the electrodes za

for the neat [S12G1][NTf2] ionic liquid.

where Na is the number of a ions inside
the layer and za

i is the z component of the
ith a ion position at time t. Figure 10 shows
how za

i calculated for counter-ion and co-ion
behaves close to the surface of negative and
positive electrodes using neat [S12G1][NTf2] as
electrolyte. At DY=0.5V, counter-ions and co-
ions present very small displacements along
the z-axis, whereas at higher applied poten-
tial (DY=3.0V) the counter-ions present larger
displacements towards the electrode surfaces.
These findings indicate that, at low applied
voltage, the electrodes charge slowly due to
ion’s rearrangement in the vicinity of the elec-
trodes. However, when the applied voltage
is high, there is enough energy to perturb the
structure of the ions initially adsorbed onto
the electrode, so that the charging is faster
due the diffusion of ions across the electrolyte.
For instance, the negative and positive dis-
placements of counter-ions and co-ions, respec-
tively, on the negative electrode indicates that
it charges by counter-ions adsorption and ion-
exchange mechanisms. Considering that co-
ions present negligible displacement on the
positive electrode at DY=3.0V, counter-ion ad-
sorption is the main mechanism of charging on
positive electrode. Similarly, Noh and Jung54

found that low voltage the charging is slow
and proceeds by ion’s arrangement close to
the electrodes. At high voltages, however, they
found that the charging of electrode is largely
dependent of co-ions desorption.
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Table 4: Differential capacitances on the positive and negative electrodes for the [S12G1][NTf2]
ionic liquid, its solutions with acetonitrile, imidazolium based ionic liquids and a phospho-
nium based ionic liquid. In parenthesis are the error bars. The authors of the study with the
phosphonium based ionic liquid do not provide the diferential capacitance errors measure-
ment.

Electrolyte C+(µF cm�2) C� (µF cm�2)

[S12G1][NTf2] / xACN = 0.00 3.6 (±0.2) 5.0 (±0.2)
[BMI][BF4]101 3.9 (±0.3) 5.5 (±0.1)
[BMI][PF6]101 3.9 (±0.3) 4.8 (±0.5)

[S12G1][NTf2] / xACN = 0.50 4.7 (±0.2) 5.5 (±0.3)
[S12G1][NTf2] / xACN = 0.88 4.6 (±0.1) 5.0 (±0.3)

[BMI][BF4] - ACN101 4.8 (±0.2) 4.3 (±0.2)
[BMI][PF6] - ACN101 4.6 (±0.2) 4.6 (±0.2)

Almost the same findings can be verified in
the mixtures of [S12G1][NTf2] with acetonitrile,
regarding the average displacement along the
z-axis and the charging mechanism (See Fig-
ure S7 and S8 of the Supporting Information),
however their effects to the relaxation charg-
ing time (t) is opposite to that found for neat
ionic liquids. At low voltage, the sharp layer
of acetonitrile adsorbed on the surface of the
electrodes favour the ion’s reagements in the
vicinity of the electrode, but it acts as barrier
to ion-exchange at higher voltages.

4 Conclusions

Atomistic molecular dynamics simulations
and a scaled-charge model for the ions suc-
cessfully describe collective transport proper-
ties of neat [S12G1][NTf2] in a wide range of
temperature. The addition of ACN weakens
the ion pair interaction, partially disrupting
the typical charge ordering structure of ionic
liquids. Thus, the addition of ACN decreases
viscosity (increases ionic conductivity), which
results in the improvement of the performance
of the supercapacitors in terms of power, with-
out loosing the capacitance performance. At
low voltage, the rearrangements of ions close
to electrodes responsible to the charge accu-

mulation is very slow in neat [S12G1][NTf2].
The sharp layer of ACN makes this rearrange-
ment easier (fast), but it acts as a barrier to ion
exchange at higher voltages, which increase
the charging time. The charge accumulated
on the electrodes proceeds by ion exchange
and counter-ion adsorption at high applied
voltage.
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