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The development of high-performance supercapacitors is an important goal in the field of energy storage.
lonic liquids (ILs) are promising electrolyte materials for efficient energy storage in supercapacitors, because
of the high stability, low volatility, and wider electrochemical stability window than traditional electrolytes.
However, ILs-based supercapacitors usually show a relatively lower power density owing to the inherent
viscosity-induced low electrical conductivity. Fluorosulfonyl ILs have aroused much attention in energy
storage devices due to its low toxicity and excellent stability. Here, we propose that structural
modification is an effective way to improve the energy storage performance of fluorosulfonyl ILs
through the classical molecular dynamics (MD) method. Four fluorosulfonyl ILs with different sizes and
symmetries were considered. Series of properties including conductivity, interface structure, and double-

layer capacitance curves were systematically investigated. The results show that smaller size and more
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Accepted 29th September 2023 asymmetric structure can enhance self-diffusion coefficient and conductivity, and improve the
electrochemical performance. Appropriate modification of the electrodes can further enhance the

DOI: 10.1039/d3ra04798a capacitive performance. Our work provides an opportunity to further understand and develop the
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Introduction

With the increasing scarcity of traditional energy sources and
the growing problem of environmental pollution, it is urgent to
develop clean and efficient energy."> Compared with traditional
energy sources, renewable energy such as solar energy, wind
energy and water energy, are easily affected by regional,
seasonal and climatic conditions. Therefore, it is of high
requirements to develop new energy storage devices. Electrical
double layer capacitors (EDLCs) have attracted much attention
because of their high output power, long life, safety and high
efficiency, which could serve as an excellent energy storage
system.*> However, the energy density of EDLCs is much lower
than that of lithium-ion batteries, severely limiting their
applications.® One of the effective ways to improve the energy
density of supercapacitors is to select appropriate electrolytes
with a wide electrochemical window.” Ionic liquids (ILs) exist in
liquid states at room temperature and exhibit many excellent
physical and chemical properties, such as wide electrochemical
stability window, high chemical and thermal stability, and
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fluorosulfonyl ILs electrolyte in supercapacitors.

extremely low volatility.*® Because of the unique performance
and environmental protection characteristics, ILs have been
widely used in many advanced chemical engineering devices,
including supercapacitors,’®** lithium-ion Dbatteries,">**
lithium-sulfur batteries,* and so on.

The electrical double layer is formed between the charged
electrode surface and the oppositely charged ions. The chemical
structure of ILs may affect the formation process of the elec-
trical double layer.**® In order to reveal the formation mech-
anism and the properties of the electric double layer
constructed by ILs, a lot of experimental and theoretical studies
have been carried out in recent years.'*'* However, the effects of
size/geometry and ion interactions on the microstructure and
the performance of the electric double layer have rarely been
investigated. S. Jo et al. found that the size and distribution of
ions affected both the double-layer structure and capacitor
behavior through the decreased differential capacitance with
the increase of alkyl chain length of imidazolidyl ionic liquid.*
Wang et al. simulated anions with different geometries and
sizes in capacitors, and proposed that large size anions could
inhibit ion motion and improve the capacitance under high
voltage.* Dou et al. modified the IL structure by grafting silica
group, which increased the energy density of the EDLC and
greatly improved the cycle stability.> Therefore, adjusting the
size/geometry of the ions significantly affects the performance
of supercapacitors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Bis(trifluoromethyl sulfonyl)imide (TFSI), with low toxicity,
excellent electrochemical and thermal stability,” has been
popularly used in energy storage devices.**> The delocalized
negative charge on the entire O-S-N skeleton and the steric
hindrance effect of fluoroalkyl groups give rise to the strong
stability and weak coordination reactivity of TFSL*" which is
beneficial to achieving excellent electrochemical performances.
However, the symmetric geometry of TFSI anions may cause
relatively high melting points and viscosities, limiting the
conductivity of the ILs.*** For fluorinated sulfonyl ILs, the
conventional method to improve the electrochemical perfor-
mances is to modify the anions. One approach is to extend or
shorten the perfluoroalkyl chain.** Another method is to intro-
duce substituents to reduce the symmetries.** Thus, we attempt
to modify TFSI anion through these two methods to construct
efficient electrolytes of high-temperature supercapacitors.

In this work, we systematically investigate the IL electrolytes
of fluorosulfonyl anions with different sizes and symmetric
structures by molecular dynamics (MD) simulation to further
understand the effect of the IL geometries on the performance
of EDLCs. Imidazole ion (EMIM) was selected as the comple-
ment cation. Four anions with different sizes and symmetries
were selected, including TFSI, bis(fluorosulfonyl)imide (FSI),*
2,2,2-trifluoro-N-(trifluoromethyl sulfonyl) acetamide (TSAC)*
and 2,2,2-(trifluoromethyl)sulfonyl-N-cyanoamide (TFSAM).**?”
Based on the analysis of number density, ion orientation and
charge potential distribution, the interface structure of fluori-
nated sulfonyl anions near the electrode is clarified. The results
show that the modified fluorosulfony ILs is more suitable as the
electrolyte for supercapacitors. In addition, the effects of
introducing defects to graphene electrode on the capacitance of
EDLCs were also investigated. The results show that the defect
graphene can further improve the capacitance performance.

Methods

The atomic structures of anions used in this simulation system
are shown in Fig. 1. The cation is 1-ethyl-3-methyl imidazolium
(EMIM), and the anions are four fluorosulfonyl anions with
different structures and sizes, namely TFSI, FSI, TSAC, TFSAM.
We constructed a 30 x 32 x 100 A® graphene electrode model
and randomly placed the ionic liquid into the 3D model, as
shown in Fig. 1a. The density was determined by NPT ensemble
simulation at 350 K and 1 atm. Three-dimensional periodic
boundary conditions were adopted, and a 40 A vacuum layer
was set in the z direction to avoid interference caused by adja-
cent boxes under periodic boundary conditions. In this simu-
lation, OPLS force field model was used to describe the
interactions between atoms and molecules.*®** The reliability
and accuracy of this force field have been demonstrated in
previous studies.**"** The parameters of the Lennard-Jones force
field between different kinds of elements were obtained by
using the Lorentz-Berthelot mixed rules ¢; = (e,-,-sjj)% and ;= (0
+ 0;)/2.** The large-scale atomic/olecular massively parallel
simulator (Lammps) software package was used to complete the
molecular dynamics simulations.*” The canonical ensemble
(NVT) was selected in the simulation, and the Nose-Hoover
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constant temperature method was used to maintain a constant
temperature of 350 K.*® The time step for the evolution calcu-
lation of Newton's equation of motion was set to 1 fs. During the
simulation, the position of the electrode remains fixed and the
electrolyte molecules/ions can move freely. The spherical cut-off
of intermolecular van der Waals and Coulomb interactions was
set as 10 A. The long range electrostatic action was calculated in
K-space using the particle-particle particle-mesh (PPPM) algo-
rithm.” We used the fixed charge method (FCM)*® to complete
the simulation. Due to the high viscosity of ionic liquid, 1 ns
was set to achieve high temperature equilibrium at the start of
the simulation process, followed by an equilibrium simulation
of 30 ns, and a final data output simulation of 30 ns.

Results and discussion

In order to explore the performance of the four ILs, 256 pairs of
ionic liquids were randomly placed into a cubic box. Four
anions with different sizes and symmetries were selected, i.e.
TFSI, FSI, TSAC, and TFSAM (Fig. 1b). FSI is the short homo-
logue of TFSI, with the absence of two-end trifluoromethyl
groups. TFSAM is an asymmetric distortion for TFSI, with the
one-side substitution of cyanogroup for trifluoromethyl sulfonyl
group. TSAC is another weak asymmetric distortion for TFSI, in
which only one sulfonyl group is replaced by a carbonyl group.
The high degree of fluorination leads to delocalisation of the
negative charge, thus reducing coordination tendency of the
anion. Smaller anions have more concentrated negative charge
distribution. The half-fluorinated anions are more flexible.*>*°
First, the system ran for 2 ns under the NPT ensemble (T = 350
K, P =1 atm), and then continued to run for 10 ns under the
NVT ensemble (T = 350 K) to achieve the equilibrium of the
system. Finally, the data was collected in a 2 ns-simulation.

To investigate the effect of the ILs geometry on the viscosity,
we performed the mean squared displacement (MSD) calcula-
tions. According to the simulated trace, the curve of MSD as
a function of the time can be obtained. The self-diffusion
coefficient of ionic liquid is calculated based on the MSD
curve by using the established formula:

TSAC

TFSAM

Fig. 1 (a) The simulation model of double layer capacitor. (b) The
structures of the four fluorinated sulfonyl anions.
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Fig.2 Mean square displacement (MSD) curves of the four fluorinated
sulfonyl ILs.

N
D= gy limg; (0 O )
where N is the number of particles; r, and r; are the coordinates
of the particles at the initial time and the time ¢, respectively.
The corresponding beta factors®"** are shown in Table S2.}
Beta factors are used to assure that simulations are within the
diffusive regime. The MSD curves of the four electrolytes
increase approximately linearly with the simulation time
(Fig. 2), indicating the fluid properties of ILs. A higher diffusion
rate is related to a lower viscosity. It is noteworthy that the
diffusion rates of EMIMFSI and EMIMTFSAM are effectively
enhanced, which can be attributed to the small size of FSI anion
and the asymmetrical characteristic of TFSAM anion. However,
the diffusion rate of EMIMTSAC is not obviously increased
compared with EMIMTFSI, owing to the weak asymmetry of
TSAC anion. Therefore, the shorter size and the more asym-
metry of the anions play a key role in increasing the diffusion
rate.
We further simulated the electrical conductivities of the four
ILs. According to Nernst-Einstein, the relationship between
diffusion coefficient and electrical conductivity is as follows:

_ Nxé(D*+ D7)

KgTV 2)

where ¢ is electrical conductivity, N, is Avogadro's constant, and
e is the elementary charge constant (1.6 x 10 *° C). Kj is the
Boltzmann constant (1.380649 x 107> J K™ '); T is the ther-
modynamic temperature; V is the volume; D' and D~ are the
self-diffusion coefficients of cation and anion, respectively. The
self-diffusion coefficients are shown in Table S1.}

Owing to the high symmetry, EMIMTFSI has high viscosity,
which causes a lower power density of supercapacitors.
Reducing the viscosity to increase the conductivity of IL elec-
trolyte is an effective method to give consideration to both
power density and energy density.**** After modification, the
electrical conductivities of EMIMFSI and EMIMTFSAM are
remarkably higher than that of EMIMTFSI, while EMIMTSAC
has a relatively small conductivity increment (Fig. 3). The
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structure of anions has been discussed previously. Increased
flexibility leads to greater conductivity.*>* Therefore, a shorter
skeleton and a more asymmetric structure of fluorinated
sulfonyl anions are more beneficial to improving the conduc-
tivity. It should be pointed out that the conductivity calculated
by Nernst-Einstein is generally lower than the experimental
value, which may be due to the fact that we use the non-
polarized force field. When a molecule with a charge or dipole
moment approaches another molecule, electron density may
transfer between different atoms or between atoms and chem-
ical bonds. However, fixed charged force fields cannot accu-
rately describe this situation.*® The non-polarized force field
overestimates the interacting forces between the anions and
cations.”® However, the relative trend of the calculated
conductivity for the different electrolytes is consistent with the
experimental results, which allows us to compare the relative
conductivity values of the four ILs through our simulations.*”**
To verify the accuracy of our results, we compared the self-
diffusion coefficient with the conductivity using the OPLS-
VSIL force field***°(Fig. S1, Tables S3 and S47). The simulation
results of OPLS-VSIL force field are basically consistent with the
trend of OPLS force field simulation results. It is worth noting
that the self-diffusion coefficient of EMIMTFSAM simulated by
OPLS-VSIL is significantly increased, but the density value of
EMIMTFSAM simulated by OPLS-VSIL is low, resulting in
a decrease in electrical conductivity.

In order to investigate the effect of electrode surface electric
field on the distribution of different ILs, we constructed charged
models. The charged graphene electrode is simulated by adding
extra charge to the carbon atoms on the graphene electrode.
Additional positive/negative charges were added to the gra-
phene positive/negative electrode at z= 0 A (100 A). The number
density distribution of the four ILs along the vertical direction
of the electrode was calculated to describe the interface
microstructure and properties of the electrical double layer in
supercapacitors.® The mathematical expression is as follows:

p,(2) = 47 UyN(m 2)dxdy (3)

where A refers to the surface area of the graphene electrode and
o refers to the different ions in the electrolyte. N(x,y,z) refers to
the coordinates of atoms.

m-1

o

mdy-cC
-
S N B
T T

S N A & ®
T

Electrical conductivity /

TFSI FSI TSAC TFSAM

Fig. 3 Electrical conductivity of the four ILs with different fluorinated
sulfonyl anions.
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Fig.4 Number density distribution of EMIMTFSI, EMIMFSI, EMIMTSAC,
and EMIMTFSAM under uncharging conditions.

Fig. 4 shows the number density distribution of the elec-
trolyte ions near the electrodes. The fluctuation of the curves
represents the stratification of the ions, which is mainly
caused by van der Waals force, making ILs adsorb on the
surface of the graphene electrode. With the distance between
the ILs and the electrode surface increases, the van der Waals
force decreases, resulting in a reduction of the number
density. Obviously, the number density peak, corresponding
to the ion distribution number, of EMIMFSI is much higher
than the other three ILs, which is attributed to the smaller
size of FSI anion. Moreover, the distributions of cations and
anions on the graphene electrode surface are slightly different
due to the difference of van der Waals forces. Compared with
the fluorinated sulfonyl anions, EMIM cations are more likely
to adsorb on the non-charged electrodes because of the strong
-7 interaction between imidazolyl groups and the graphene
surface.®

In order to further analyze the distribution properties of
the cations on the negative electrode, we calculated the
orientation distribution of the cationic imidazole
rings (Fig. 5). 6 is the angle between the normal vectors of the

0.04

—a 0|l('/rmz 0 [ ps
0.03+ o= lO;I(‘/cm2 XQ
_':. —C = -20 p(‘lrm2 * e
Z 0.02f
=
=
£
L 0.01f ;
0.00 / n l\-r/l 1
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Angle /°

Fig. 5 Orientation distribution of cations on the electrode surface.
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cationic imidazole ring and the negative electrode surface.
The four IL electrolytes showed similar behavior. At low
charge conditions, the orientation distribution of imidazole
rings mainly concentrated around 0° and 180°, correspond-
ing to the parallel orientations to the electrode surface,
consistent with the experimental results.®* With the increase
of the charge, the orientation of cationic imidazole ring
gradually changes from 0° or 180° to 90° (i.e., from parallel to
perpendicular). We attribute this transformation to the
reduced overlap between the 7 orbital of the imidazole cation
and the vacant orbital of the graphene electrode, resulting in
more cation filling to compensate for the negative charge.®

Average charge density is a common method to characterize
electrode potential and differential capacitance. Here, the mean
charge density distribution (p,) is defined as:

X0 (v
pz) = [ | i e) (@)
—xo J )0

where A refers to the surface area of the graphene electrode,
o refers to the different ions in the electrolyte, p,(x, y, 2) is the local
charge density of o ion in the z direction. During a small-
amplitude electrode charging process, the ionic liquid charge
distribution is shown in Fig. 6. On the positive electrode (z = 0 A),
the ionic liquid charge distribution fluctuates more intensely with
the increase of electrode charge, which is due to the increased
electric field intensity on the electrode surface, leading to
a stronger attraction to the anions. Notably, the distribution peaks
become weaker in the cases of asymmetric ILs, especially for the
more asymmetric EMIMTFSAM. On the other hand, the smaller
size of anions (i.e. FSI) leads to a higher of charge distribution near
the electrodes. A similar phenomenon also appears at the negative
electrode (z = 100 A). However, the peak heights of the charge
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Fig. 6 The electrolyte charge distribution of EMIMTFSI, EMIMFSI,
EMIMTSAC and EMIMTFSAM, respectively.
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density near the positive and negative electrodes show signifi-
cantly different, mainly due to the difference in the volume and
the degree of charge polarization between cations and anions.

We further calculate the electrode potential difference
between two parallel graphene electrodes through integrating
the mean charge density curve according to the Poisson's
equation, which is expressed as follows:

V20(2) = —o()leo 5)

o(z) represents the average net charge density (unC cm ™ ?)
on the cross section parallel to the electrode, in which z is
the z-axis coordination. ¢, is the vacuum dielectric constant
(Fm™"), e =8.85 x 10> Fm™'. Here, the whole simulation
model is divided into 0.1 A meshing along the z direction to
obtain the transverse charge density distribution o(z). The
equation of electrode potential difference is as follows:

oz 1 J (z— 2)p(2)dZ (6)

& € Jo

o(z) =

Under the uncharged condition, the electric double layer
potential between the electrode surface and the ionic liquid also
changes. As shown in Fig. 7, the charge distribution curve of the
ionic liquid fluctuates obvious near the electrode surface,
leading to a weak double electric layer potential difference,
which is called the potential of zero charge (PZC). Notably, the
PZC value becomes less negative in the electrolyte with shorter
size or more asymmetric anions. When PZC is negative, the
electrode will adsorb cations. The smaller the absolute value of
PZC is, the weaker the anodic repulsive effect is and the stronger
the adsorption performance is. As the charge density on the
electrode surface increases, the double layer potential becomes
larger. For the same electrode charge density, the absolute value
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Fig. 7 Potential distribution of four fluorinated sulfonyl ILs-based
EDLCs.
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Fig. 8 Double-layer capacitance—potential curves.

of the double layer potential of the positive electrode is smaller
than that of the negative electrode, which is mainly due to the
higher filling efficiency of the anions than the cations on the
electrode surface and the different polarization degrees of the
atomic charges between the cations and the anions.

As shown in Fig. 8, the double-layer capacitance curves of the
four fluorinated sulfonyl electrolytes show similar trends, which
is asymmetrical in a camel shape, with the anode capacitance
slightly higher than the cathode (except for EMIMTSAC), similar
to the results in the experiment with the glass carbon elec-
trode.®** The capacitance peak near PZC represents the
adsorption and resolution of anions and cations.*”” At low
potential conditions, the three modified fluorinated sulfonyl
electrolytes show higher filling ratios, leading to higher energy
densities. The shielding efficiency of anions with small size,
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Fig. 9 Number density distribution of EMIMFSI electrolyte within
pristine and defect graphene electrodes under different charging
conditions. Red and blue lines represent the distributions of cation and
anion, respectively.
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Fig. 10 (a) The electrolyte charge distribution on the defect graphene

electrode; (b) potential distribution of the defect graphene-based
EDLC; (c) double-layer capacitance—potential curves of pristine and
defect graphene electrodes. (d) Total capacitance—potential curves of
pristine and defect graphene electrodes.

which have fewer sites for reaction and more localized charge
distribution, makes anode capacitance become obviously
higher than the cathode capacitance. When the potential
increases, anions are gradually expelled from the double layer,
and more cations replace them at high negative potential.
Therefore, at higher negative voltage, the larger the anion size,
the higher the double-layer capacitance value.

The total capacitance (Cr) of EDLCs is affected by quantum
capacitance (Cq) and double-layer capacitance (Cp).***° Our
previous study has shown that the quantum capacitance of
graphene can be enhanced significantly by doping with three N
atoms accompanied by vacancy.” In this work, we further
discuss the capacitance with this defect graphene electrodes.
The pristine and defect graphene electrodes are shown in
Fig. S2(a and b).T EMIMFSI electrolytes with excellent double-
layer capacitance are randomly filled into two defect graphene
electrodes to serve as the initial model for EDLC. Due to the
difference of electronegativity and the valence electron number
between C atoms and the substituted N atoms, the occurrence
of charge redistribution results in the local polarization of
electrodes. The Gasteiger method™ is used to obtain the charge
distribution of N atom and its adjacent C atom. Local charge
distribution of defective graphene electrode is shown in
Fig. S2(c).t Compared with pristine graphene, the defect gra-
phene electrode has a stronger attraction to the ILs, resulting in
a shorter distance between the electrolyte and electrode and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a larger peak value (Fig. 9). This phenomenon is more apparent
on the positive electrodes than the negative ones.

As shown in Fig. 10a, the charge coverage on the surface of the
defect graphene electrode is significantly higher than that of
pristine graphene (Fig. 6). From the potential distribution of the
two electrodes, the potential of the defect graphene electrode/ILs
is slightly smaller than that of the pristine graphene, which is
caused by the increased polarization of the defect graphene
electrode surface. Both pristine and defect graphene electrodes
show the asymmetric camel shape (Fig. 10c). The positive
capacitance is greater than the negative capacitance under the
same electrode potential. Moreover, the double-layer capacitance
of the defect graphene is significantly improved at positive
potential, indicating that the defect graphene electrode can not
only enhance the quantum capacitance, but also significantly
develop the double-layer capacitance. The total capacitance of
the defect graphene electrode was fitted combined with the
previously calculated quantum capacitance,”® which is more
conducive to improving the performance of fluorosulfonyl ILs-
based EDLCs compared with the pristine one (Fig. 10d).

Conclusions

In summary, we performed molecular dynamics simulation for
four fluorinated sulfonyl ILs ([EMIM][TFSI], [EMIM][FSI], [EMIM]
[TFSAM] and [EMIM]TSAC]) to calculate their performance as
electrolytes in supercapacitors. The electrical conductivity, inter-
face structure and double-layer capacitance performance were
simulated. We found that reducing size and introducing asym-
metries could improve transport performance and conductivity,
thus increasing the power density of supercapacitors. The change
of anionic configuration of fluorosulfonyl ILs had a certain
impact on the double-layer structure and capacitance perfor-
mance. Size reduction and the introduction of asymmetry could
improve the double-layer capacitance of EDLCs in low voltage
range, thereby increasing energy density. Therefore, structural
modification on anions can be used as an efficient method in
supercapacitors to obtain better double-layer capacitance
performance. The defect graphene electrode with 3N-doping and
vacancy can further enhance the capacitance of fluorosulfonyl
ILs-based EDLCs, awaiting for a future confirmation.
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