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Abstract: Solvents have been considered to show a profound influence on the charge storage of
electric double-layer capacitors (EDLCs). However, the corresponding mechanisms remain elusive
and controversial. In this work, the influences of solvent dipole moment on the EDL structures, ki-
netic properties, and charging mechanisms of graphene-based EDLCs are investigated with atomistic
simulations. Specifically, electrolyte structuring is conspicuously modulated by solvents, where a
sharp increment of capacitance (~325.6%) and kinetics (~10-fold) is documented upon the slight
descent of polarity by ~33.0%. Unusually, such an impressive enhancement is primarily attributed to
the suppressed interfacial electric fields stimulated by strong-polarity solvents in the proximity of
electrodes, which goes beyond the previously observed issues that stemmed from the competitive
interplays between ions and solvents. Moreover, a distinctive polarity-dependent charging mech-
anism (i.e., from pure counterion adsorption to coion desorption) is identified, which for the first
time delineates the pivotal role of solvent polarity in manipulating the charge storage evolutions.
The as-obtained findings highlight that exploiting the solvent effects could be a promising avenue to
further advance the performances of EDLCs.

Keywords: solvent polarity; charge storage mechanism; kinetic property; molecular dynamics
simulation; electric double-layer capacitors

1. Introduction

Driven by the worsening environmental pollution and diminishing fossil fuels, the
development of renewable power resources and related energy storage systems are being
constantly pursued. Electric double-layer capacitors (EDLCs) have garnered tremendous
attention in power-needed applications owing to their superior power delivery capabil-
ity (>10 kW kg’l), fast charging/discharging rate (a few seconds), and long cycle life
(>10° cycles) [1,2]. Unfortunately, the energy density of EDLCs is relatively low (typically
<5 Wh kg~ 1), which impedes them from fulfilling the ever-growing energy demands [3,4].

Graphene, a representative kind of two-dimensional carbon nanomaterial, has at-
tracted tremendous attention as the promising electrode material for supercapacitors due
to its ultrahigh specific surface area (2630 m?/g), excellent electrical conductivity, out-
standing mechanical/chemical stabilities, and ultrahigh theoretical gravimetric capacitance
of ~550 F/g. In the EDLCs, energy storage is completed based on the reversible adsorp-
tion/desorption of electrolytes (ions and solvents) nearby the graphene electrode, which
strongly depends on the electrolyte—graphene interactions. As a result, the properties of
electrolytes play a crucial role in determining the charge storage capability of EDLCs. Sub-
stantial research efforts have been primarily focused on studying the relationships between
electrolyte properties and the electrochemical stability window, electrode capacitance, and
the energy and power density of EDLCs. Using molecular dynamics (MD) simulation,
density functional theory calculations, and experimental measurements, the effects of ion
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size/shape/valence, ionic conductivity, viscosity, solvent dielectric property, and polarity
on the interfacial EDL structure and capacitive performance of EDLCs have been widely
explored (including our previous studies) [5-12].

Recently, solvent effects on the charging mechanisms and capacitive performance of
EDLCs have garnered a dramatic proliferation of theoretical studies. However, the corre-
sponding mechanisms are still partially resolved and controversial. Shim et al. reported
that the EDL capacitance was significantly decreased upon the addition of acetonitrile
solvents [13]. However, employing the identical solvents, an almost invariant capaci-
tance, comprised marginally between ~6.5 and ~7.0 uF cm 2, was recognized by Feng and
colleagues [14]. Moreover, Liu et al. recently delineated a positive solvent effect on the
electrode capacitance [15]. As for the kinetic properties, Chaban et al. suggested that the
conductivity of solvent-free ionic liquids could be remarkably enhanced with the acetoni-
trile solvents (approx. by ~50 times) [16], whereas Shim et al. addressed a distinctively
opposite effect [17].

These conflicting observations are presumably correlated with the solvent properties,
e.g., size/shape, charge asymmetry, concentration, and dielectric constant or polarity. For
instance, Uralcan et al. observed that electrode capacitance exhibited a nonmonotonic
behavior with respect to the ionic or solvent concentrations, primarily ascribed to the com-
petition between independent motions of solvated ions in the dilute regime and solvation
fluctuations in the concentrated regime [18]. Furthermore, Burt et al. suggested that the
specific capacitance of nanoporous carbon was a trade-off between the concentration and
separability of electrolyte ions [19]. As a consequence, a molecular-level insight into the
corresponding issues of the primary mechanisms/phenomena stimulated by the solvent
polarity effects is highly needed.

In this work, the influences of solvent polarity on the interfacial structures, ionic
kinetics, and charge storage mechanisms of graphene electrodes were delineated using
MD simulations. A comprehensive examination of EDL structures on the anatomy of
interfacial populations, packing locations, effective EDL thickness, and ionic separation
degree was carried out. Based on the as-obtained electrolyte structuring, the responses
of electrode capacitance and kinetic behaviors to the variations of dipole moments were
evaluated systemically. In the end, the evolutions of charge storage were further elaborated
quantitatively, in which an obvious polarity-dependent charging mechanism (transition
from pure counterion adsorption to coion desorption) was for the first time proposed.

2. Simulation Methods

Consistent with our prior studies [20,21], the simulation unit cell is composed of two
opposite graphene layers arranged in a parallel configuration, connecting to a confined
electrolyte bath. The dimensions of the graphene electrodes along the X and Y directions
were ~34.10 and ~34.45 A, respectively, which are quantitatively comparable to or larger
than those of prior theoretical studies using similar systems. The width of the electrolyte
bath was sufficiently large (~50 A), in which the density oscillations were diminished in
the central region.

In this work, partial charges of £ 5 uC cm™ were placed on the graphene surface
directly contacting the electrolytes to mimic the electrode potentials, which has been widely
adopted by prior simulation studies in the literature [21]. To tune the dipole moment y
(from ~1.88 to ~2.50 D), the monomeric charges ¢ of solvents were evolved accordingly,
which has been employed by previous theoretical studies using coarse-grained models [22].
While the as-adopted algorithm presumably introduced extra artificial elements, such an
all-atom MD simulation in current work is expected to characterize the solvent effects well
in comparison to prior simulations employing a simple coarse-grained model.

Consistent with our prior simulation studies, electrode atoms were kept fixed and rigid
during the MD simulations, described as Lennard-Jones (L-J) spheres with the parameters
proposed by Cheng et al. [23]. The solvent molecules were characterized using simple point
charge extended models [24], whereas the corresponding monomeric charges were tuned
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to produce diverse dipole moments. NaCl solutions are chosen because Na* and Cl~ are
representative monovalent ions in aqueous electrolytes. Na* and C1~ ions were modeled
as charged L-J particles with the parameters proposed by Dang and collaborators [25]. In
these models, the interactions between atomic sites (or ions) were expressed as a sum of
coulombic and L] 12-6 potentials as follows:

Gid 5\ 2 s\ °
Uy = % + de <rl’> - (;’) 1)
| ) )

where g, 3, €, and 0; represent the charge of ith atom or ion, the distance between the
i" and j atom or ion, the minimum energy, and the zero-energy separation distance,
respectively. The L] parameters for ¢; and oj; are obtained with the Lorentz-Berthelot
mixing rules.

All MD simulations were performed with the LAMMPS software (version: 16Feb16).
The Nose-Hoover thermostat with a 100 fs damping parameter was employed to maintain
the electrolyte temperature (~300 K). A cutoff of ~10.0 A was used for the calculation of the
van der Waals (VDW) and coulombic interactions in real space. The long-range coulombic
interactions were treated using a particle—particle particle-mesh algorithm with a root-
mean-square accuracy of 107°. The velocity Verlet algorithm was employed to integrate
Newton’s equation with a time step of 1 fs. All simulations were equilibrated for ~10 ns,
followed by a ~20 ns production for data collection and analysis.

3. Results
3.1. EDL Structures

The effects of solvent polarity on the electrolyte restructuring nearby the graphene
surface were first evaluated. Figure 1a delineates the schematic configurations for graphene-
based EDLCs. The electrolyte number density n(z) at the position of z along the direction
perpendicular to the electrified electrode was calculated as:

1
n(z) = LL,Az Y . l(z—z) )

Figure 1b displays the density profiles n(z) of electrolytes nearby the uncharged
graphene electrodes. Obviously, multilayer structures of electrolytes were observed at the
interface, primarily owing to the strong interfacial VDW interactions. Specifically, the first
layer of cations preferentially gathered at the valley of neighboring O atoms, in which they
could maintain a complete hydration shell, whereas anions preferred to accumulate farther
away from the electrified surface, probably due to the hydration effects. Nonetheless, the
oscillatory patterns of the density profiles vanished about ~10-12 A away from the electrode
surface, which is in good agreement with the classic Gouy—-Chapman-Stern model.

The configurations of electrolyte structuring were remarkably evolved with respect to
the solvent polarities. For example, with the increment of dipole moment, the density of
the first O peak was sharply suppressed by ~41.0%, approximately from ~0.117 to ~0.083
#A~3, which was probably due to the elevated solvent-solvent repulsions stimulated by
the enlarged monomeric charges. On the contrary, the corresponding magnitude of cation
and anion distributions was noticeably improved with the extended dipole moment.
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Figure 1. (a) Representative snapshots of MD systems for graphene-based EDLCs and schematics of
solvent molecules and dipole moment calculations. Gray spheres: carbon atoms; blue spheres: Na*
ions; green spheres: Cl~ ions; red spheres: O ions; white spheres: H ions. (b) Number density of
electrolytes nearby the uncharged graphene electrode.

Extended to the charged cases, an analogous but more pronounced trend was recog-
nized at the interface in Figure 2. To be specific, the intensity of the first O layer decayed
more sharply (~63.4%), whereas the corresponding layer structures became smoother and
broader, in which the span of the proximate peak was remarkably exaggerated from ~1.9 A
to ~2.7 A. The decreased intensity in the first O layer can be interpreted by the elevated
solvent-solvent repulsions stimulated by the enlarged monomeric charges and reduced ion
populations. On the other hand, an inner peak of H atoms directly contacting the electrified
surface was highly developed (see the dashed orange circle). As a result, with the incre-
ment of solvent polarity, the orientations of solvent molecules with respect to the electrified
surface were thereby gradually transformed from parallel to perpendicular directions (see
inset of Figure 2a). Specifically, the O and H peaks of weak-polarity solvents were almost
at the same position (z = ~3.2 and ~3.3 A for O and H atoms, respectively), gathering in a
plane parallel to the electrode surface. Regarding the strong-polarity counterpart, one H
atom was shifted towards the electrode surface, in which the O peak (z = ~3.2 A) was thus
sandwiched by two H layers (z = ~2.3 A and ~3.7 A), displaying a perpendicular direction
to the electrode surface.
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Figure 2. Number density profiles of electrolytes for graphene electrodes at the surface charge
densities of (a) —5 pC cm 2 and (b) +5 pC cm 2.

More specifically, a dramatic decrement of cation density (by ~205.6%) with respect
to the increasing dipole moment was observed nearby the charged graphene surface. On
the basis of previous studies [10,21], this phenomenon has been primarily attributed to the
competitive interplays between ions and solvent molecules at the interface. The solvation
strengths of organic electrolytes were considerably weak, in which the solvents around
ions were easily stripped at the interface, especially under the strong external electric fields
(up to ~108-10° V. m~1!). Therefore, ions and solvents tended to aggregate at nearly the
same plane, in which the competitive interactions between ions and solvents (i.e., volume-
excluded effects) played a pivotal role in determining the interfacial populations. For
example, Jiang et al. suggested that strong-polarity solvents tended to intercalate inside
the slit pores and the majority were aligned against the charged wall, thereby severely
suppressing the ion populations due to the intensive volume-excluded effects [22].

However, in this work, the as-obtained trend was principally attributed to the de-
scended interfacial electric fields stimulated by the strong-polarity solvents in the proximity
of electrodes, instead of the volume-excluded effects. Owing to the strong solvation
strengths of inorganic ions, a buffer layer of solvents was usually maintained between the
electrified surface and solvated ions (see the orange rectangle in Figure 2a), which effectively
prohibited the electrolyte ions from approaching the electrodes directly. Considering the
dielectric nature of solvents, they could noticeably screen the interfacial electric fields and
thus diminish the ion—electrode interactions, which became more pronounced within the
stronger-polarity solvents. Therefore, the ion populations at the interface were compressed
significantly and monotonically with the increasing dipole moment. Such a phenomenon
could be validated well by the interfacial electric field distributions (Figure 3a,b). Owing
to the superior screening efficiency of strong-polarity solvents with higher monomeric
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charges, the electric field strengths in the vicinity of ion layers were decreased significantly
by ~225.8% with the increment of dipole moment. Similar electrolyte distributions were also
observed on the positive graphene counterpart (Figure 2b). The interfacial EDL multilayer
structures almost vanish when the distance to the graphene electrode is increasing beyond
~10 A because van der Waals interactions are short-ranged and electrostatic interactions are
screened by ions and solvents.

In addition to the intensity of electrolyte populations, the capacitive behaviors of
EDLCs also depend strongly on the packing positions nearby the electrode surface. To quan-
tify the corresponding ionic locations, the effective EDL thickness dcenter Was calculated as:

J2 2N(z — zo)n(z)dz

2o
fz? ZNn(z)dz

®)

dcenter =

where zj is the location of the electrode surface and n(z) is the ion number density at the po-
sition of z. According to the electric double-layer theory, the smaller EDL thickness benefits
high capacitance values. Figure 3¢ depicts the effective EDL thickness for different solvent
polarities. With the increment of dipole moment, the EDL thickness was monotonically
improved by ~29.2%, switching from ~4.8 to ~6.2 A. This result could be illustrated by
the descended density and broader distributions of ions immersed in the strong-polarity
solvents (Figure 2), indicating that solvents with higher dipole moments were presumably
adverse to the formation of EDL structures.

(@ 30 (b) 30
o Negative electrode o Positive electrode
£ 204 £ 204 .
' u
5 ] die, | 2 P,
= mmm EW%‘R% =1 El! j.
X 04 o ' i X g4t 3
” A y = 188D ” 53 5 = 1.88D
ke 3 ¥+ 200D k] 1 yr%:. ¢ 200D
2o -104 b, g 210 Qo -104 YTk 4 210D
o $hat v 220D o Lo v 220D
5 -20+ A+ 235D 5 201 o + 2.35D
@ A W 244D @ < 244D
w -30+ as » 2.50D w -301 » 2.50D
0 1 2 3 4 5 45 46 47 48 49 50
Distance Z/A Distance Z/A
(c) 65 (d) 100
S -
< 6.0 @ .
g % 90 =N
2 551 g )
£ ;
&) c
£ £ 804 e
5‘ 5.0 g
W o -
o by (%] B
c 70 e
o
4.0

P P AP AP P O P P P AP AP P WO P
ry?’ q/o fo\' q/'} qﬁ’ q/.b‘ qfﬁ '\‘?’ rLQ q/f\ fﬂ/ q/?’ q/.b‘ qf”

Figure 3. Electric field distributions near the (a) negative and (b) positive graphene electrodes;
(c) EDL thickness and (d) ionic separation degree at different solvent polarities.

To further probe the ion—ion interactions, the segregation degree of counterions and
coions within the EDL-dominant area was evaluated. Based on a previous theoretical
study [26], the ionic separation degree x was calculated as:

f 2201 Necounterion (2)dz

X =
f Zzol Mcounterion (Z ) + Neoion (Z ) dz

x 100% @)
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Conceptually, x = 0 or 100% indicates that the cations and anions were completely
separated, whereas x = 50% indicates that charge neutrality occurred. Figure 3d displays
the separation degree as a function of solvent polarity. Different from the simulation results
of the EDL thickness, the ionic separation degree declined rapidly by ~33.7% with the
solvent dipole moment increasing from ~1.88 to ~2.50 D. This trend was mainly affiliated
with the reduced counterion density but nearly invariant to the coion populations.

3.2. Capacitive Performances

The influences of solvent polarity were further extended to the capacitive performances
of graphene-based EDLCs. Based on the as-obtained electrolyte structures, the electric
potential distributions across the EDL-dominant area were examined. The electric potentials
¢(z) within MD simulations are typically calculated by numerically solving the Poisson
equation from the space charge density [27,28]:

V:[eo(Vap(2))] = —p(2) ®)

where ¢ is the permittivity of vacuum and p(z) denotes the electrolyte charge density at
the position of z.

Using the one-sided Green’s function method, Equation (6) could be obtained by
integrating Equation (5) analytically twice via the Leibnitz integral rules:

P(z) = v, 1 Z(z — 2 p(d)dZ (6)
€0 €0 J0
Considering the complete screening of interfacial electric fields within the bulk region,
the electrode potential Uglectrode Was calculated, defined as the potential drop within
electrode/electrolyte interfacial district relative to the potential of zero charge (PZC):

Uelectrode = UgpL — PZC ()

where Ugpy, is defined as the potential drop across the EDL-dominant area and PZC repre-
sents the potential difference between the electroneutral electrode and bulk electrolytes.
According to electric double-layer theory, the area-specific capacitance of a single electrode

could be calculated as: v

Celectrode = Ui (8)

electrode

where ¢ is the surface charge density of electrodes.

By integrating the Poisson equation, the potential of zero charge for electroneutral
graphene electrodes was first calculated. With enlarging solvent polarity, the PZC values
decayed monotonically, which were calculated as ~0.520, ~0.497, ~0.465, ~0.441, ~0.375,
and ~0.374 V for u = ~1.88, ~2.00, ~2.10, ~2.20, ~2.44, and ~2.50 D, respectively. This trend
was mainly triggered by the reduced H density at the electrode/electrolyte interface.

Figure 4a represents the electric potentials as a function of distance z from the elec-
trified electrode surface. The electric potential ¢(z) displayed a remarkably oscillatory
behavior in the proximity of electrodes, and progressively grew smooth with the increasing
z. Specifically, the magnitude of electrode potential was monotonically extended by enlarg-
ing the solvent dipole moment from ~1.88 to ~2.50 D. This trend was intimately correlated
with the aforementioned ionic distributions, where a higher ion density facilitated a more
rapid screen of interfacial electric fields, and thereby resulted in a lower electrode potential
drop. Similar results were also observed on the positive counterpart (Figure 4b).
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Figure 4. Electric potential distributions ¢(z) near the (a) negative and (b) positive graphene elec-
trodes; (c) specific capacitance for graphene electrodes at different solvent polarities.

Figure 4c illustrates the specific capacitances for the cathode (C.ihode) and anode
(Canode)- The as-calculated capacitances at the negative and positive polarizations of
~2.35 D were ~6.50 and ~4.93 uF cm ™2, respectively, which are in good agreement with
prior theoretical and experimental studies. For instance, using an MD simulation, Xu and
colleagues pointed out that the specific capacitances were ~6.32 and ~6.04 uF cm~?2 at the
negative and positive polarizations of graphene electrodes, respectively [29]. In another
experimental study, a representative capacitance value of ~8-10 uF cm~2 was observed for
the carbon electrodes immersed in a neutral NaCl solution [30].

Interestingly, the capacitive performances of graphene electrodes could be conspicu-
ously modulated by the solvent polarity. For example, with the slight decrement of dipole
moment by ~33.0%, the specific capacitance was remarkably boosted by ~325.6% at the
negative polarizations, from ~5.48 to ~17.84 uF cm ™2, which was calculated as ~252.5% for
the positive counterpart. Compared to prior studies concerning solvent effects [19,22], such
a capacitance enhancement was rather impressive and tremendous. For instance, Jiang
and colleagues found that the specific capacitance experienced a volcano-shaped trend as
the dipole moment of solvents varied from ~2.5 to ~5.0 D, which was enhanced first (less
than ~20%) and then descended [22]. In these theoretical studies, the influences of solvent
polarity on the electrode capacitance or EDL structures have been predominantly attributed
to the competitive interplays between solvents and ions accumulating at the electrified
surface (i.e., volume-excluded effects). In this work, the variations of EDL capacitance
or ion density were intensively correlated with the evolutions of interfacial electric fields
mediated by solvents in the vicinity of electrodes, which became more pronounced within
the stronger-polarity solvents. Noteworthy, we pointed out that solvents with low polarity
were more preferable for further advancing the energy density of EDLCs.

Furthermore, the capacitance at the negative polarization was much higher than that
at the positive counterpart. More specifically, an obvious dependence of cathode—-anode
asymmetry on the solvent polarity was recognized in this work, where the capacitance
divergences between negative and positive polarizations were noticeably diminished by
enlarging the dipole moment. For instance, within a weak-polarity solvent of ~1.88 D,
the specific capacitance of the negative electrode could be approximately ~44.2% larger
than that of positive polarizations, which was sharply descended to ~11.2% at a higher
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polarity of ~2.50 D. The polarity-dependent asymmetric cathode—anode capacitance was
closely correlated with the solvent polarity and ion size effect. The increment of solvent
polarity decreased the size dissymmetry between cations and anions, thus leading to similar
hydration radius and capacitive performances.

3.3. Kinetic Performances

In addition to the structural arrangements (i.e., static or equilibrium characters) at the
interface, the effects of solvent polarity on the kinetic characteristics were also examined.
The self-diffusion coefficients D for cations, anions, and solvents were calculated based on
the mean square displacement (MSD) method:

oo Ly () —r@)) _ 1. (MSD()) ©)
2nt—oo t 2nt—o0 t

where r(t) is the position of particle mass center at the time ¢ and # is the dimensionality of
the system. For the bulk solution, # = 3 and the MSDs along three dimensions are calculated.
Figure 5 represents the self-diffusion coefficients D for cations, anions, and solvents
as a function of dipole moment. The as-calculated self-diffusion coefficients of ~2.35 D
for cations and anions were ~9.13 x 107 m? s~ and ~1.14 x 10~ m? s~!, respectively.
With the slight decrement of dipole moment by ~33.0%, the corresponding diffusion
coefficients were substantially exaggerated by ~955.2%, ~1051.6% and ~2066.8% for cations,
anions, and solvents, respectively. This indicates that the dynamic behaviors of electrolytes
are significantly dependent on the solvent polarity. Such an impressive enhancement of
the diffusion coefficient was intensively correlated with the sharply reduced viscosity of
solvents stemmed from the smaller monomeric charges. Meanwhile, the extremely high
concentration of solvents could effectively decrease the ion-ion correlations to facilitate
greater ion mobility. Thereby, we suggested that solvents with weak dipole moment were

highly preferable for boosting the kinetic properties.

-
o
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Figure 5. Self-diffusion coefficients for cations, anions, and solvents as a function of dipole moment.

Specifically, the dynamic divergences between ions and solvents remarkably declined
with respect to the increasing dipole moment. For example, with a weak-polarity solvent,
the self-diffusion coefficient of solvents could be about ~260.0% higher than that of the ion
counterpart, which rapidly descended to ~66.4% for strong-polarity solvents. Such a trend
could be interpreted by the enhanced ion—solvent interactions stimulated by the elevated
monomeric charges, which notably attenuated the kinetic divergences between ions and
solvent molecules.

3.4. Changing Mechanisms

To reveal the evolving modes of graphene charge storage as a function of polarity, the
ion populations nearby the charged and uncharged electrodes were examined in detail.
According to previous theoretical studies [31,32], the capacitive behaviors of EDLCs were



Energies 2022, 15, 9487

10 0f 13

predominated by the ionic distributions in the first layer or nanoscale interfacial districts,
in which the corresponding density from the second layer to the bulk region manifested a
marginal influence on the electrochemical performances. For example, based on the ion
number within the first layer, Jo and colleagues developed a novel measurement (i.e., dif-
ferential ion capacity) to well interpret the as-obtained differential capacitance results [33].
On the other hand, Vatamanu et al. illustrated the trend of differential capacitance with
respect to electrode potentials properly with the ion density in the interfacial region of z~8
A [27]. Thus, the accumulated number density within the first layer was calculated as:

first—layer

Ny = / ng (z)dz (10)
electrode
Nnet = Ncation - Nanion (11)

where 1,(z) is the cation or anion number density at the position of z.

Figure 6a displays the accumulated number density of ions near the charged and
uncharged electrodes. On the uncharged electrodes, both the counterion (i.e., cation) and
coion (i.e., anion) populations were enlarged monotonically with the increment of solvent
polarity, whereas an opposite trend was observed nearby the charged case, which is in
good agreement with the as-obtained number density in Figure 2.
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Figure 6. Accumulated number density for (a) counterions and (b) coions near the uncharged and
charged graphene electrodes; (c) charging mechanism parameter A as a function of solvent dipole
moment; (d) schematic of charging mechanisms from counterion adsorption to coion desorption.

Based on previous experimental and theoretical studies, three distinctive charging
mechanisms have been proposed, including counterion adsorption, ion exchange, and
coion desorption. To quantify the charge storage mechanisms of graphene-based EDLCs, a
charging mechanism parameter A was thus calculated as [34]:

N(Q) = N(Qo)
([[Nnet (Q)] = [Nuet = (Qo)1]/e)

where N(Q) and N(Qp) denote the total number of ions under a surface charge density of Q
(i.e.,, =5 uC cm~2) and Qp (i.e., 0 pC cm—2), respectively. Npet(Q) and Npet(Qp) are then the
net ionic charges near the charged and uncharged electrodes, respectively. Conceptually,
A =—1,0, and 1 denote the coion desorption, ion exchange, and counterion adsorption
(i.e., classic charging mechanisms), respectively. Regarding the intermediate values, for

(Q Qo) = (12)
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instance, A = 0.9 meant that both the counterion adsorption and ion exchange occurred,
whereas the counterion adsorption was dominated in the charging process (A closer to ~1).

As demonstrated in Figure 6, with the increment of solvent polarity from weak to
strong, a complex charging behavior transformed from pure counterion adsorption, via
ion exchange, to coion desorption was recognized in this work, highlighting the pivotal
role of solvent polarity in regulating the charge storage principles. Specifically, with the
weak-polarity solvent of ~1.88 D, the as-calculated A was just equal to ~1, suggesting that
the charging process was achieved principally by adsorbing counterions (i.e., Na* ions).
Such a phenomenon was intensively correlated with the initial ion populations in the
vicinity of electrodes. Near the electroneutral graphene surface with low-polarity solvents,
the interfacial ion concentrations were much lower, primarily owing to the considerably
weak ion—solvent interactions. Therefore, the system exhibited a notable preference for
counterion adsorptions, which was also identified as the classic charge storage mechanism
in the dilute solutions.

However, for the strong-polarity solvent of ~2.50 D, the as-obtained parameter A
approached ~—1, indicating that an unusual charging process dominated by the coion
desorption was observed. Due to the reinforced ion—solvent interactions within strong-
polarity solvents, the initial counterion and coion densities at the interface were drastically
improved (approximately ~4 M). In such a situation, the removal of coions in the proximity
of charged electrodes (with same charges) was more favorable, considering that inserting
counterions would sharply exaggerate the cation—cation repulsions (ion—ion interactions
increased exponentially as their separations decreased). Regarding the solvents with weak
to strong polarity (~1.88 D < u < ~2.50 D), the cation and anion concentrations were
moderate, where this system did not manifest a noticeable priority between counterion
insertion and coion removal. As a result, a combination of ion exchange and counterion
adsorption (0 < A < 1) or coion desorption (—1 < A < 0) could be observed, highlighting
the complex behaviors of charge storage mechanisms stimulated by the dielectric nature
of solvents.

In fact, the critical role of solvents in regulating the charging mechanisms has been
observed in recent theoretical studies [19,35]. For example, Burt et al. suggested that the
solvent concentrations could obviously alter the charge storage mechanisms, switching
from counterion adsorption in the diluted organic electrolytes to ion exchange in the pure
solvent-free ionic liquids [19]. Using MD simulations, our work revealed that a slight
decrement in dipole moment benefited an obvious enhancement of capacitance and ki-
netics, which agreed well with previous studies [15]. However, our work also showed
conflicting observations with previously reported simulation results [13,14]. Specifically,
the polarity-dependent charging mechanism (from pure counterion adsorption, via ion
exchange, to coion desorption) has never been reported before. These conflicting obser-
vations were presumably correlated with the substantially diverse solvent properties in
previous reports, e.g., size/shape, charge asymmetry, and concentration in addition to the
dielectric constant (or solvent polarity). Therefore, a comprehensive experimental study of
solvent molecules with different polarities is needed to confirm and clarify the simulation
results in future work.

This work reveals the role of solvent polarity in regulating the interfacial electrolyte
structure, ion solvation structure, dynamics, and charging mechanisms. The as-obtained
results can provide new guidance on the design of high-performance aqueous supercapaci-
tors and batteries based on the strategy of solvation chemistry etc. [36,37]. For example,
recent studies suggested that the solvation structure of electrolytes (i.e., ion-solvent interac-
tions) played a key role in the stability of electrodes during cell cycling [37]. In addition,
this work also benefited seawater electrolysis and relevant electrochemical energy storage
applications [38,39]. Moreover, it will be interesting to explore the solvent polarity effect in
the nanoporous electrodes as future work, which is expected to significantly affect the ion
entrance barrier, desolvation energy, and thus capacitive performance.
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4. Conclusions

In summary, MD simulations were employed to characterize the evolutions of EDL
capacitance, kinetic behaviors, and charge storage mechanisms in response to the variations
of solvent polarities. Consistent with prior theoretical studies, the dipole moment of sol-
vents, ranging from ~1.88 to ~2.50 D, was tuned by changing the monomeric charges. The
simulation results suggested that the electrolyte structuring was significantly disturbed by
the solvent polarity. To be specific, with a slight decrement of dipole moment by ~33.0%, an
obvious enhancement of electrode capacitance (~325.6%) and kinetic properties (~10-fold)
was recognized. In contrast to the previously reported volume-excluded effects stimu-
lated by the competitive interplays between ions and solvents, the as-obtained impressive
enhancement of capacitance was predominantly attributed to the descended interfacial
electric fields issued from the strong-polarity solvents at the interface. Moreover, this
work for the first time illustrated that the charge storage mechanisms of EDLCs could
be effectively manipulated by the solvent dipole moment, in which a complex polarity-
dependent charging mechanism (from pure counterion adsorption, via ion exchange, to
coion desorption) was proposed. The as-obtained atomic insights highlight the crucial
role of solvent polarity in modulating the charge storage mechanisms, and provide useful
guidance for the rational design of solvents aiming for advanced performances of EDLCs.
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