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ABSTRACT: Understanding the dynamic charge storage in
nanoporous electrodes with room-temperature ionic liquid
electrolytes is essential for optimizing them to achieve
supercapacitors with high energy and power densities. Herein,
we report coarse-grained molecular dynamics simulations of
the cyclic voltammetry of supercapacitors featuring subnanometer pores and model ionic liquids. We show that the cyclic
charging and discharging of nanopores are governed by the
interplay between the external ﬁeld-driven ion transport and
the sloshing dynamics of ions inside of the pore. The ion
occupancy along the pore length depends strongly on the scan
rate and varies cyclically during charging/discharging. Unlike that at equilibrium conditions or low scan rates, charge storage at
high scan rates is dominated by counterions while the contribution by co-ions is marginal or negative. These observations help
explain the perm-selective charge storage observed experimentally. We clarify the mechanisms underlying these dynamic
phenomena and quantify their eﬀects on the eﬃciency of the dynamic charge storage in nanopores.

S

application of powerful techniques such as the electrochemical
quartz crystal microbalance (EQCM),5,6 NMR spectroscopy,7
and infrared spectroelectrochemical techniques8 may provide
molecular information about the dynamic charge storage. For
example, using an in situ infrared spectroelectrochemical
technique in conjunction with cyclic voltammetry, Richey et
al. provided direct evidence for ions entering and exiting
electrode nanopores immersed in RTILs during charging/
discharging.8 Using EQCM, Tsai et al. revealed that at high
polarization, counterions dominate the charge storage in
carbide-derived carbon (CDC) electrodes immersed in 1ethyl-3-methylimidazolium-bis(triﬂuoromethylsulfonyl)imide
(EMI-TFSI) ionic liquid.9 These studies provided unprecedented details on the dynamic charge storage in supercapacitors
at the electrode level, that is, an ensemble average of all pores
inside of electrodes. However, the charging dynamics in
individual pores, especially the underlying ion dynamics along
the pore length, was not resolved in these experimental works.
In addition to these limitations, some intriguing phenomena
revealed in these studies (e.g., the predominance of counterions
in charge storage inside narrow pores) are yet to be fully
rationalized. These issues highlight that signiﬁcant gaps still
remain in the understanding of the dynamic charge storage in

upercapacitors have gained considerable attention in recent
years due to their distinct advantages such as high power
density, safety, and extraordinary cycle life. The widespread
deployment of supercapacitors, however, is hindered by their
moderate energy density.1 There is an emerging consensus that
porous carbon electrodes with subnanometer pores and roomtemperature ionic liquid (RTIL) electrolytes, which allow large
speciﬁc surface area, large speciﬁc capacitance, and high
operating voltage to be simultaneously integrated in the same
device, are among the most promising materials for high energy
density supercapacitors.2,3 These materials, however, are not
without limitations. Ion transport in subnanometer pores may
be more sluggish compared to that in mesopores and
macropores due to the spatial conﬁnement. In addition, some
prior experimental studies indicated that supercapacitors based
on RTILs have relatively low power density,4 implying that the
energy density of supercapacitors can be compromised at high
charging/discharging rates. It is thus important to optimize the
performance of supercapacitors utilizing carbon nanopores and
RTILs to achieve high energy densities at high charging/
discharging rates. This challenge demands a fundamental
understanding of the dynamic charge storage of supercapacitors
based on these promising materials.
Experimental studies of the dynamic charge storage in
supercapacitors traditionally relied on cyclic voltammetry,
galvanostatic cycling, and so forth, which probe the macroscopic electrochemical performance. In comparison, the
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nanopores ﬁlled with RTILs. Filling such a knowledge gap is
essential for the rational design of nanoporous electrodes and
RTIL electrolytes for optimal dynamic charge storage.
Computer simulations, especially those at the single-pore
level, may lend critical insight by spatially and temporally
resolving the dynamic charge storage.
At present, only a limited number of computer simulations of
the charging dynamics in subnanometer pores exist. The ﬁrst
such simulation,10 based on a mean-ﬁeld phenomenological
model, suggested that the charging of a pore prewetted by
RTILs is a diﬀusive process. This prediction has been
conﬁrmed in recent molecular dynamics (MD) simulations.11
Although the diﬀusive nature of charging revealed by these
simulations is in apparent agreement with the transmission line
model (TLM), the physics underlying the time constant of
charging diﬀer fundamentally from that in the TLM.11 In
addition, these MD simulations using simplistic models for ions
and pores indicated that the charging of subnanometer pores is
fast: the ion diﬀusion inside a pore during charging can be very
fast despite geometrical conﬁnement, and the collective
transport of ions due to electrical migration greatly accelerates
charging. Both the diﬀusive and fast characteristics found in the
charging of subnanometer pores are corroborated by recent
MD simulations of the charging of nanoporous electrodes with
realistic pore structures.12 These works suggest that nanoporous electrodes and RTILs can potentially lead to high
energy density supercapacitors capable of operating at high
charging/discharging rates. Most of these simulations, however,
did not study the discharging of nanopores, which is not a
simple reversal of the charging process and is critical for
understanding the energy eﬃciency of dynamic charge storage.
Furthermore, except for one of the most recent works,13 all
previous studies dealt with the charging of nanopores by
impulsively imposed voltages, while nanopores are typically
subject to cyclic charging/discharging during characterization
and in practical operation of supercapacitors.
Here, we perform MD simulations of the cyclic voltammetry
of subnanometer pores connected with RTIL reservoirs, which
have so far only been studied experimentally but not using
molecular simulations. By dissecting the cyclic voltammetry
with molecular resolution, we clarify the essential features of the
dynamic charge storage in nanopores, its underlying ion
dynamics, and how its macroscopic characteristics such as
energy density and charge storage eﬃciency are aﬀected by
pore size and voltage scan rates.
The MD simulation system consists of a pair of identical slit
pores and RTIL reservoirs (see Figure S1, Supporting
Information). The walls of each pore are maintained as ideally
polarizable surfaces (see the Methods section). The slit shape
of the pore is similar to that found in an emerging class of
electrode materials based on graphene and MXene, which
feature well-aligned pores with large length-to-width aspect
ratios.14,15 Cations and anions of our model RTILs are nearly
spherical and of identical size, and their speciﬁc interactions
with the pore walls are not taken into account. With these
coarse-grained models, we seek to reveal the essential physics of
the collective interactions of ions in subnanometer pores and
their manifestations in the dynamics of charge storage. The
main idea is to discuss these separately from the eﬀects that
may be caused by the chemical complexities of RTIL ions and
details of interactions of ions with real electrode materials. The
eﬀectiveness of these coarse-grained models in delineating the
charging dynamics in practical materials is supported by the fact

that the key features of charging dynamics predicted using these
models11 are indeed observed in simulations employing more
realistic electrode and RTIL models.12
Each cyclic voltammetry simulation begins with a pore +
reservoir system pre-equilibrated with the voltage between the
two pores set to zero, that is, ions in each pore are at the
potential of zero charge (PZC) state. Starting at t = 0, the
voltage diﬀerence between the two pores is increased from 0 to
the target potential (forward scan) and then decreased to 0
(backward scan), both at the same scan rate of s. These scans
are repeated until the system reaches a periodic steady state.
We perform simulations in systems with two pore sizes
separately (center-to-center width: 0.78 and 0.91 nm) and ﬁve
scan rates for each pore size (s = 1.88, 3.75, 5, 7.5, and 10 V/
ns). These scan rates are orders of magnitude faster than that in
common experimental systems with long nanopores. However,
as shown later, for the model system studied here, nanopores
retain signiﬁcant charge storage capability even at s = 10V/ns
due to their short length and the fast diﬀusion of our model
RTILs. Hence these fast scan rates still allow us to eﬀectively
explore the physics of dynamic charge storage in nanopores.
To help understand the cyclic voltammetry results, we ﬁrst
recapitulate the essential features of the thermodynamics and
ion transport underlying charge storage in narrow pores. Under
quasi-static or equilibrium conditions, these pores store charge
very eﬀectively for two reasons. First, ion−ion electrostatic
interactions are strongly screened by the pore walls.16 Second,
in pores polarized by a given voltage, the number of co-ions
inside of the pore decreases when the pore width reduces,
which helps suppress overscreening and “solvation” of ions by
ions with opposite charges and thus leads to more eﬀective
storage of counterions in narrower pores.17−22 It is interesting
to note that, while both counterion insertion and co-ion
removal contribute to charge storage, as manifested by the peak
in capacitance−voltage curves, charge storage inside of narrow
pores is especially eﬀective when it is achieved mainly by
removal of co-ions23 (also termed demixing of counterions and
co-ions24).
In addition to the above thermodynamic factors, charge
storage is also aﬀected by the transport of ions. In typical
supercapacitors, the resistance for the ion transport between
the pore entrance and electrolyte reservoir (i.e., separators
soaked with electrolytes) is small. Therefore, in response to a
change of the electrode polarization, the densities of the
counter/co-ions at the pore entrance quickly adjust toward
their quasi-static values corresponding to the new voltage. The
net transport of ions into/out of the pore is thus throttled by
the internal transport of ions toward the pore entrance or
interior. For example, during charging, the net ﬂux of
counterions into the pore is limited by how fast counterions
are transported from the pore entrance toward the pore
interior. For ions inside of slit-shaped pores with widths
comparable to the ion size, their ﬂuxes, according to a recent
mean-ﬁeld theory, can be given by10,11
J± = −D±∇ρ± ∓ D±ρ± G∇q − D±ρ± /(ρmax − ρΣ )∇ρΣ

(1)

where D± is the ion diﬀusion coeﬃcient, ρ± is the ion density, q
= ρ+ − ρ− is the ionic charge in units of elementary charge, ρΣ =
ρ+ + ρ− is the total ion density, and ρmax is the total ion density
at close packing. In eq 1, G = e 2 /πϵ p k B T∑ n∞= 1
sin2(πn/2)K1(nπRc/L)/n, where e is the elementary charge, ϵp
is the permittivity inside of the pore, kBT is the thermal energy,
K1 is the modiﬁed Bessel function of the second kind of the ﬁrst
23
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order, Rc is the cutoﬀ radius, and L is the pore width.10 G
characterizes electrostatic ion−ion interactions screened by the
conducting pore walls. The ﬁrst term of eq 1 is the diﬀusion of
ions. The second term is the electrical ion migration originating
from electrostatic ion−ion interactions, and it often dominates
the overall ion transport. The last term denotes the ion
transport due to the gradient of the total ion density along the
pore. While mechanisms such as ion transport due to
hydrodynamic ﬂows and friction between diﬀerent ion species
are not accounted for in this model, eq 1 can provide an
eﬀective description of the ion transport in narrow pores,
especially when the counterion and co-ion densities do not
diﬀer greatly. When the density of counterions inside of a pore
far exceeds that of the co-ions, the transport of co-ions
approaches simple diﬀusion.11
Equation 1 has two straightforward implications. First, as
proved in our recent MD simulations,11 it suggests that ion
transport is more eﬀective in wider pores because G increases
as pores become wider. Second, because the migration ﬂux of
an ion species is proportional to its density and both
counterions and co-ions are driven by the same gradient of
ionic charge, eq 1 suggests that the ﬂux of counterions, whose
density is always higher than that of the co-ions, is typically
higher than that of the co-ions. Trivially, the ﬂux of any ion
species inside of the pore tends to be higher when its density is
larger. These latter two eﬀects have not yet received signiﬁcant
attention in the study of dynamic charge storage. However, as
detailed below, they can play a key role in the intriguing
phenomena revealed in recent experimental in-situ studies of
ion dynamics in supercapacitors.8,9
Initial Transients of Cyclic Voltammetry. Because our system is
symmetric in both the geometries of the positively/negatively
charged pores and the structure of the cations/anions, we only
discuss the charge storage in the positively charged pore. Figure
1 shows the ﬁrst few cycles of the charging and discharging of a
0.78 nm wide pore at a representative scan rate of 5 V/ns. As
voltage increases (decreases) (Figure 1a), counterions are
inserted into (removed from) the pore, while the co-ions are
removed from (inserted into) the pore (Figure 1b). Their
responses to the applied voltage deviate from those in the
quasi-static limit. While the insertion/removal of counterions is
synchronized quite well with the evolution of the applied
voltage, the response of co-ions lags signiﬁcantly behind.
Indeed, co-ions are removed from the pore well beyond the
conclusion of the ﬁrst forward scan; they start to be inserted
into the pore only when the ﬁrst backward scan is nearly
ﬁnished (cf. the second vertical dashed line in Figure 1b), and
their insertion terminates shortly after the second forward scan
starts (cf. the fourth vertical dashed line in Figure 1b). These
features, that is, prolonged removal of co-ions until the voltage
is decreased to ∼1 V and quick termination of co-ion insertion
once the voltage increases back to ∼1 V, are repeated in
subsequent cycles. The response of counterions and co-ions to
the cyclic voltage reaches a periodic steady state within about
three cycles, in line with that observed in experimental
studies.7,8
The diﬀerent responses of counterions and co-ions to the
applied voltage have both dynamic and thermodynamic origins.
As described above, the ﬂux of counterions inside of the pore is
usually stronger than that of the co-ions because of their higher
density. This phenomenon, along with the fact that the net ﬂux
of ionic species into/out of the pore is dominated by the
transport of these species inside of the pore toward the pore

Figure 1. The ﬁrst few cycles of the charging and discharging of a 0.78
nm-wide electrode pore at a scan rate of 5 V/ns. (a) Evolution of the
half-cell voltage. (b−d) Evolution of the average counterion and co-ion
densities (ρ̅count,co), charge density q,̅ and total ion density ρ̅Σ inside the
pore (q̅ = ρ̅co − ρ̅count; ρ̅Σ = ρ̅co + ρ̅count). In (b), the evolution of ion
densities during quasi-static (inﬁnitely slow) charging/discharging is
shown as dotted lines. Densities are presented as area density as the
ions conﬁned in the pore form a single layer. The usage of ultra-fast
scan rate in this and all other ﬁgures is justiﬁed because of the short
length of the nanopores in our model system (see text for
explanation).

interior/entrance, causes counterions to respond more
eﬀectively to the evolving voltage applied on the electrode
than co-ions. This trend is especially pronounced at times when
the density of counterions inside of the pore is already much
larger than that of the co-ions. For example, Figure 1b shows
that while the counterion’s insertion rate is comparable to the
co-ion’s removal rate at the initial stage of the ﬁrst forward scan,
it soon exceeds the co-ion’s removal rate as charging proceeds,
that is, as the pore becomes populated by more counterions but
fewer co-ions.
A consequence of the slow removal of co-ions from the pore
during the ﬁrst forward scan (the “charging” scan) is that coions continue to be removed from the pore during a signiﬁcant
portion of the ﬁrst backward scan (the “discharging” scan).
Speciﬁcally, at the end of the ﬁrst forward scan, co-ions remain
of high density inside of the pore, although from a
thermodynamic perspective, the electrode polarization demands co-ions to be fully depleted (cf., the density of co-ions at
the quasi-static condition in Figure 1b). Therefore, co-ions
continue to be removed during the backward scan until the
voltage on the electrode drops to ∼1 V, when the density of coions inside of the pore becomes comparable to that
thermodynamically demanded by the voltage.
The diﬀerent response of counterions and co-ions to the
voltage cycling identiﬁed above leads to interesting phenomena.
Because counterion insertion (removal) and co-ion removal
(insertion) are generally not synchronized and their rates are
also diﬀerent, the cycling of the applied voltage leads to not
only a cycling of the net charge inside of the pore (see Figure
1c) but also a cycling of the total ion density inside of the pore
(see Figure 1d). The latter result indicates that the total mass of
24
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scan rate of 5 V/ns. Its diﬀerence from the quasi-static results
gives a clear illustration of the eﬀect of ion transport on the
dynamic charge storage in nanopores.
To gain insights into what contributes to the charging and
discharging currents quantiﬁed in Figure 2a, we study their
underlying ion dynamics (see Figure 2b). As detailed above, at
SZV, the number of counterions inside of the pore is nearly
comparable to that at the PZC state, that is, that demanded
thermodynamically by the electrode polarization. However, the
number of co-ions inside of the pore is much less than that at
the PZC. As such, at SZV, there is a large driving force for coions to enter into the pore, giving a negative current (point I in
Figure 2a). As the voltage increases, the number of co-ions
inside of the pore increases (Figure 2b), which favors
counterion insertion and meanwhile hinders co-ion insertion.
Consequently, co-ion insertion slows down, and counterion
insertion speeds up; eventually, the current reaches zero at
∼0.38 V, where the magnitude of net charge inside of the pore
reaches a minimum (this voltage is termed voltage of minimal
charge, or VMC). Interestingly, until the voltage increases
further to ∼1 V (point II in Figure 2a), counterions and co-ions
are inserted concurrently into the pore (Figure 2b). The ion
dynamics in the remainder of the forward scan is similar to that
expected from the TLM.25 However, the TLM cannot discern
the eﬀect that, at the end of the forward scan (point III in
Figure 2a), both the counterion and the co-ion densities are
higher than those at the beginning of the forward scan (Figure
2b). The signiﬁcant accumulation of counterions is responsible
for the energy storage during the charging stage. However, the
net accumulation of co-ions during the forward scan indicates
that they contribute negatively to charge storage (this eﬀect
becomes more pronounced as the scan rate increases; see
Figure S4, Supporting Information). This phenomenon, unique
to the fast and cyclic charging of narrow pores, is caused by the
persistent insertion of co-ions into the pore until ∼1 V is
reached and by the sluggish removal of co-ions thereafter. The
former mostly originates from the large deﬁciency of co-ions at
the SZV compared to that at the PZC.
The ion dynamics during the backward scan largely follow
the expected behavior: as the voltage decreases, counterions are
removed from the pore while more co-ions are supposed to
enter the pore. However, the number of co-ions inside of the
pore does not immediately increase as the backward scan starts.
In fact, their number keeps decreasing until the voltage drops to
∼0.8 V (point IV in Figure 2b). The persistent but sluggish
removal of co-ions over such a wide voltage window has similar
origins as that observed during the backward scan in the ﬁrst
charging/discharging cycle (see Figure 1b). Afterward, the
number of co-ions increases slightly until the SZV. In
comparison, during the entire backward scan, the number of
counterions decreases monotonically all the way to the SZV.
Overall, at the high scan rate considered here, both the
charging during the forward scan and the discharging during
the backward scan are dominated by the transport of
counterions. The co-ions play a relatively limited role despite
that they do participate in these processes. Their net
contribution to charging is small as their transport during the
two phases of the forward scan (I → II and II → III in Figure
2b) essentially cancels out each other (see Figure 2b). The
same eﬀect applies to discharging during the backward scan.
In the discussion thus far, all ions inside of the pore except
those at the immediate entrance of the pore are treated in a
lumped fashion. Such a treatment allows the net ion transport

a porous electrode changes periodically during charging/
discharging, which has been reported experimentally and
leveraged to study the mechanism of dynamic charge storage
in nanoporous electrodes.9 Another manifestation of the
diﬀerent counterion and co-ion dynamics is the non-neutral
state of the pore each time the voltage returns to zero
(hereafter termed the state of zero voltage). The introduced
notion of the state of zero voltage (SZV) is fundamental for the
cyclic charging and discharging of a nanopore. It deﬁnes the
initial condition for each forward scan. As expected from the
classical TLM,25 for pores polarized by the voltage signal in
Figure 1a, the net ionic charge inside of them is negative at each
SZV. While TLM provides no information on the composition
of the electrolyte inside of a pore,26 Figure 1b and c shows that,
compared to the PZC state, the SZV features a weak excess of
counterions and a signiﬁcant shortage of co-ions, that is, a
reduced total ion density. It is worth noting that the lower total
ion density at SZV compared to that at the PZC has been
discovered by Richey et al. in the infrared spectroelectrochemical characterization of dynamic charge storage in microporous
CDC electrodes (pore size: 0.85 nm) immersed in ionic
liquids.8 This interesting experimental observation may be
related to the mechanisms delineated above.
Cyclic Charging/Discharging and the Underlying Ion Dynamics.
We now examine the dynamic charge storage at periodic steady
states, which is the focus of most cyclic voltammetry studies.
Figure 2a shows that the computed cyclic voltammogram
closely resembles those measured experimentally.9 During
quasi-static charging, the normalized current shows a peak in
the 1−1.5 V voltage window during the forward scan, which is
caused by the counter/co-ion demixing. Quasi-static discharging shows a symmetrical peak located in the 1−1.5 V range. In
sharp contrast, these peaks disappear in cyclic voltammetry at a

Figure 2. The evolution of current I normalized by scan rate s (panel
a) and the average counter/co-ion densities inside the pore (panel b)
during the steady-state charging/discharging cycles of a 0.78 nm-wide
pore. The evolutions of normalized current and ion densities during
the quasi-static charging/discharging are shown as dot-dashed lines.
Points II and IV correspond to the voltages at which the net transport
of co-ions reverses its direction. The voltage of minimal charge (VMC)
is deﬁned in the text.
25
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Figure 3. Evolution of the half-cell voltage (panel a) and the ionic space charge density proﬁle inside the pore (panels b−e) during cyclic charging/
discharging of a 0.78 nm-wide pore (scan rate: 5 V/ns). Points I−IV correspond to those in Figure 2a. As the pore is open at both ends, only the
space charges between the pore entrance (x = 0) and the pore center are shown. The variation of the ionic space charge near x = 0 (shaded regions
in b−e), too sharp to be resolved in MD simulations, is shown as dashed lines with the charge at the pore entrance taken as its quasi-static value
(denoted by open symbols). Insets of panels b−e show the electrical migration of counterions and co-ions (represented by one anion and one cation
in each carton) within the pore driven by electrostatic ion-ion interactions during diﬀerent phases of a cyclic scan. The direction of these migrations
is determined using the ionic space charge proﬁle in b−e and eq 1. These migrations counteract the ion transport driven by the external voltage
during phases I → II and III → IV; the opposite occurs during phases II → III and IV → I.

Figure 4. (a) Cyclic voltammograms of a 0.78 nm-wide pore operating at diﬀerent scan rates. (b) Eﬀects of scan rate on the energy needed for
charging a 0.78 nm-wide pore (Echarging, see eq 2) and the energy released by the pore during discharging (Edischarging, see eq 3). (c) Eﬀects of scan rate
on the charge storage eﬃciency ηdyn and the energy storage eﬃciency ηe of the pore during cyclic charging and discharging.

interior in phases I → II and IV → I, delivering negative charge
toward the pore entrance; the opposite process occurs in
phases II → III and III → IV (see insets of Figure 3b−e).
The net ion transport into/out of the pore is a result of the
interplay between the ion transport induced by an applied
voltage and by the internal sloshing of ionic charges. In the
forward scan, the increase of electrode polarization tends to
drive anions (counterions) into the pore and cations (co-ions)
out of the pore. During phase I → II, the sloshing of ionic space
charge inside of the pore delivers anions toward the pore
entrance and cations toward the pore interior, thus counteracting the eﬀect of the applied voltage. One can show that the
sloshing of ionic space charge during phase III → IV has a
similar eﬀect but that during phases II → III and IV → I, it
enhances the action of the applied voltage. The competition
between the charge transport caused by the sloshing of ionic
space charges and the applied voltage during phases I → II and

into/out of the pore to be analyzed qualitatively without
spatially resolving the ion transport inside of the pore. To
scrutinize the ion dynamics during charging/discharging in
greater detail, we next examine the internal ion transport in a
spatially resolved manner. We focus only on the electrical
migration of ions because it often dominates the overall
charging/discharging behavoir.11 Figure 3 shows the spatialtemporal evolution of the ionic space charge inside of the pore
during the four phases of a voltage cycling (I → II, II → III, III
→ IV, and IV → I in Figure 2a). The evolution of the ionic
charge proﬁle in the pore interior exhibits a sloshing pattern. In
the forward scan, the ionic charge proﬁle is concave at point I;
it becomes nearly ﬂat at point II and convex at point III. The
opposite pattern occurs during the backward scan. It is evident
from eq 1 that such a sloshing of ionic charge drives ion
transport within the pore: counterions (anions) migrate toward
the pore entrance, and co-ions (cations) move toward the pore
26
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III → IV helps explain why the net ionic current during these
phases is smaller than that during phases II → III and IV → I,
in which the sloshing of ionic space charges and the applied
voltage cooperate with each other.
Ef fects of Scan Rate and Pore Size on Dynamic Charge Storage.
Figure 4a compares the cyclic voltammograms of a 0.78 nm
wide pore operating at diﬀerent scan rates. As the scan rate
increases, the current deviates more and more from that at the
quasi-static charging/discharging condition. In particular, the
charging current at moderate voltages (0.5−1.2 V) decreases
sharply with increasing scan rate, while at large voltages (>∼1.5
V), it decreases moderately. To quantify how the performance
of the dynamic charge storage inside of the pore is aﬀected by
the scan rate, we compute the electrical energy needed to
charge the pore during the forward scan Echarging, the energy
delivered by the pore during the backward scan Edischarging, and
the voltammetric charge Qv by
Echarging =

∫0

Edischarging =
Qv =

∫0

tf

tf

∫t

V (t )I (t ) d t =
tb

V (t )I (t ) d t =

f

I (t ) d t =

q (t f )

∫q(0)

q (tb)

∫q(t )
f

∫t

tb
f

I (t ) d t

V (q ̅ ) d q ̅

V (q ̅ ) d q ̅

the expectation that as the scan rate increases, counterions (coions) have less time to be inserted into (removed from) the
pore, which is already predicted by the classical TLM. Close
inspection of the ion dynamics underlying the cyclic charging
and discharging, however, shows that the response of the
charge storage to the scan rate exhibits unique features that are
not described by the classical TLM.
The classical TLM does not distinguish the role of counter/
co-ions in charging/discharging as ion density does not
explicitly appear in the model. Hence, it cannot provide
information on the relative contribution of counter/co-ions to
dynamic charge storage. On the other hand, our simulations
indicate that counterions dominate the dynamic charge storage,
especially at high scan rates. Figure 5 shows how the average
densities of counterions and co-ions inside of a pore vary as the
pore becomes charged. The ion densities and net ionic charge
are oﬀset by their values at the VMC because the net charge
inside of the pore is not zero at the beginning of the forward
scan (cf. Figure 2a,b). Under quasi-static conditions, counterion
insertion and co-ion removal contribute similarly to charge
storage until the pore becomes moderately charged (∼1.2 e/
nm2); further charging is contributed almost solely by the
removal of co-ions until they are completely removed, after
which counterion insertion dominates charging (not shown).
These diﬀerent roles of counter/co-ions in charge storage are
thermodynamic in origin, and their mechanisms have been
previously clariﬁed.10,11,23,24 However, at ﬁnite scan rates, the
contributions of counter/co-ions to charge storage changes
greatly. At a scan rate of 1.88 V/ns, before q − qVMC reaches
∼1.2 e/nm2, the contribution of counterion insertion and coion removal to net charge storage deviates moderately from
those under quasi-static conditions. Speciﬁcally, counterions

(2)

(3)

(4)

where t = 0 is the starting time of a full scan. tf and tb are the
time when the forward and backward scans ends, respectively.
V, I, and q are the half-cell voltage, the net ionic current into/
out of the pore, and the average charge inside of the pore. The
energy eﬃciency of the charge storage, also called the watt−
hour eﬃciency,25 is computed using ηe = Edischarging/Echarging.
The charge eﬃciency is computed using ηdyn = Qv/Qequ, where
Qequ is the amount of charge stored inside of the pore under
quasi-static charging conditions. Note that ηdyn is diﬀerent from
the amp−hour (or Coulomb) eﬃciency,25 which is 100% due
to the absence of stray currents in our simulations.
Figure 4b shows that, as the scan rate increases, both the
energy needed to charge the pore and the energy delivered by
the pore during discharging decrease due to less charge being
stored/released during the charging/discharging half cycle
(Figure 4c). Figure 4c also shows that the overall energy
eﬃciency of the charge storage/release cycle also decreases as
the scan rate increases, which is consistent with the results
shown in Figure 4a, that is, at high scan rates, most charges are
stored at high voltage (thus requiring more energy; cf. eq 2) but
released at low voltage (thus delivering less energy). Figure 4c
further shows that the charge eﬃciency decreases with
increasing scan rate. However, the pore still retains ∼30% of
its charge storage capability at scan rate up to 10 V/ns. This
indicates that while the scan rates in this study are far greater
than those in common experimental studies, they can be used
to probe the physics of dynamic charge storage in the
nanoscopic systems considered here. This is akin to the fact
that, although scan rate is limited to less than a few hundred
mV/s in typical cyclic voltammetry experiments, scan rates up
to several V/s can be used to characterize the charging
dynamics of cavity microelectrodes.27
The response of Echarging, Edischarging, and ηe to the scan rate
shown above originates from the fact that as the scan rate
increases, the charging (discharging) current decreases,
especially at low (high) voltages. This fact is consistent with

Figure 5. Variation of the average counterion (a) and co-ion (b)
densities inside of a 0.78 nm wide pore during charging. The ion
densities (ρcount/co) and net ionic charge (q) are oﬀset by their values at
the VMC. In panel a, the thin dashed line corresponds to the situation
in which charging is contributed solely by insertion of counterions.
27
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In summary, we have studied the cyclic charging and
discharging of supercapacitors based on subnanometer pores
and RTILs by using MD simulations. These simulations
allowed us to probe the dynamic charge storage at the singlepore level both spatially and temporally, which is extremely
diﬃcult, if possible at all, to access experimentally. We found
that the cyclic charging and discharging of a nanopore are
governed by the external ﬁeld-driven ion transport and the
sloshing dynamics of ions inside of the pore. These two
processes compete with (or facilitate) each other during the
beginning (late) phase of the forward and the backward scan,
which leads to the asymmetric shape of the cyclic voltammogram.
The dynamic charge storage in subnanometer pores is
dominated by counterions, especially at high scan rates and in
narrower pores. Such a phenomenon diﬀers greatly from the
charge storage under equilibrium conditions. The predominant
contribution of counterions to the charge storage observed
here, termed perm-selective charging by prior researchers, is
caused by the stronger electrical migration ﬂux of counterions
during charging, which in turn is caused by the relative
abundance of counterions over co-ions inside of the pore. As
the pore becomes wider, the relative abundance of counterions
over co-ions weakens, and therefore, the co-ions contribute
more to charge storage, albeit still at a lesser degree than
counterions.
Our simulations showed that during cyclic charging/
discharging, nanopore systems are driven to far-fromequilibrium states. Indeed, the internal state of the nanopore
(in particular, the total ion density) not only deviates from that
under quasi-static charging/discharging conditions but also
varies greatly as the scan rate changes. Because these
phenomena aﬀect the energy and charge storage eﬃciency of
the cyclic charging/discharging of nanopores, they should be
considered when developing improved theories for charging/
discharging of supercapacitors.
In the present coarse-grained simulations, simplistic models
are used for ions and pore walls, and the speciﬁc interactions
between them are neglected. In practice, the speciﬁcities of ions
and ion−wall interactions can aﬀect the dynamics of charge
storage in nanopores, for example, the speciﬁc adsorption of
ions in pores can greatly aﬀect their transport properties and
thus the dynamic charge storage. Clarifying the eﬀects of these
speciﬁcities requires simulations resolved at quantum, molecular, and pore scales. Such multiscale simulations represent a
grand challenge in materials modeling and cannot be achieved
by brute-force coupling of the simulations at these scales.
However, developing understanding of the generic features
determined by collective interactions between the RTIL ions in
a nanopore, screened by the electronic polarizability of the
pore, is fundamental. This was the goal of the present work. We
believe that its ﬁndings will provide a useful reference base for
more sophisticated, multiscale simulations that will involve the
detailed structure and chemical complexity of RTILs and
electrode materials.

contribute more while co-ions contribute less to the dynamic
charge storage. As charging proceeds further, the relative
contribution of counter/co-ions does not change greatly. This
latter behavior, however, diﬀers from that in the quasi-static
charging, in which charging from q − qVMC = 1.2 to 2.2 e/nm2
is almost solely due to co-ion removal. As the scan rate further
increases, the contribution of co-ions to the charge storage is
further reduced, for example, at scan rates faster than 3.75 V/
ns, co-ions are even inserted into the pore during the early stage
of charging (Figure 5b), thus contributing negatively to net
charge storage. As a result, charge storage is increasingly
achieved through counterion insertion. Indeed, at a scan rate of
10 V/ns, charge storage is achieved almost exclusively through
the insertion of counterions (cf. Figure 5a).
The ion dynamics exposed above resemble those observed in
recent experiments. In particular, the dominance of charging by
counterions is similar to that reported in the pioneering EQCM
studies by Levi et al. and Tsai et al.6,9 Both research groups
found that under certain conditions, the charging of the pore is
contributed almost solely by the insertion of counterions
(termed perm-selectiveness). The perm-selectiveness observed
by Levi et al.6 seems to be thermodynamic in nature as charging
was found to be independent of the scan rate when the permselectiveness was observed. The perm-selectiveness observed by
Tsai et al.,9 however, could have diﬀerent origins. Speciﬁcally,
for CDC electrodes (pore size: 1.0 nm) in contact with EMITFSI electrolytes, charge storage in the negative polarization
(when the EMI+ ion is the counterion) and in part in the
positive polarization (when the TFSI− ion is the counterion)
was found to be contributed solely by the insertion of
counterions at a scan rate of 10 mV/s. Prior simulations of
the charge storage in porous carbons with similar pore size and
electrolytes show that, at equilibrium, the contributions of
counterion insertion and co-ion removal to the net charge
storage are quite similar.19,24 Therefore, the perm-selectiveness
observed in Tsai et al.’s study likely has dynamic origins similar
to what was observed and discussed in detail above. Note that
while a scan rate of 10 mV/s is relatively small, charging at this
rate can still show dynamic eﬀects. In fact, even at a scan rate of
0.5 mV/s, there can be incurrence of signiﬁcant dynamic eﬀects
for some systems.7
The eﬀect of pore size on charging and discharging was also
examined. The result for a 0.91 nm wide pore exhibits similar
features as that for the 0.78 nm wide pore discussed above. As
shown in Figures S4−S6 (Supporting Information), the SZV of
the pore is characterized by a deﬁciency of co-ions compared to
the PZC state. In these cases, the dynamics of counterions
follow more closely the evolution of the applied voltage, while
co-ions lag behind; co-ions are inserted into the pore
concurrently with counterions during the initial phase of the
forward scan with high rates, while counterions dominate the
charging of the pore at large scan rates. However, because the
transport of ions is less sluggish than that in the 0.78 nm wide
pore (cf. eq 1), the charging/discharging of this pore is more
eﬃcient (Figure S5c, Supporting Information). The response of
counterions and co-ions to the applied voltage is less disparate
compared to that in the 0.78 nm wide pores: the concurrent
insertion of counter/co-ions terminates at smaller voltages
compared to that in narrower pores. While counterions still
dominate the charging, co-ions contribute notably to charging
even at the highest scan rate examined here (cf. Figure S6,
Supporting Information).

■

METHODS
The MD system consists of a pair of identical slit pores and two
reservoirs separating the pores (Figures S1 and S2, Supporting
Information). The length of each pore and each reservoir is
12.09 and 10.92 nm, respectively. Each pore wall is made of a
square lattice of Lennard-Jones particles with an atom spacing
of 0.17 nm. Each ion has identical geometry to the BF4− ion,
28
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with its central atom carrying a unit positive or negative charge.
The mass density of the model RTIL used in this work is 991
kg/m3 (P = 1 atm, T = 400 K), which is within the range of
RTIL density found experimentally (∼900−1300 kg/m3).28
With the force ﬁelds used for ions and wall atoms, cation and
anions form a single layer inside of each pore considered here
(Figure S3, Supporting Information). A target potential Vmax of
6 V is used because it is essential to understand the charge
storage of RTILs at high voltages. While this potential is high, it
is comparable to the electrochemical window of some RTILs,
for example, N-methyl-N-butyl-pyrrolidinium bis(triﬂuoromethanesulfonyl)-imide (5.5 V at 60 °C).29 To
determine the charging/discharging in the quasi-static limit,
separate systems with 50% shorter pores and RTIL reservoirs
were run for 20 ns to obtain the equilibrium charges inside of
the pores when the voltage diﬀerence between the negative and
positive pores are 0.3, 0.6, ..., 6 V. The integral capacitance is
10.3 and 9.41 μF/cm2 for the 0.78 and 0.91 nm pores at Vmax =
6 V, respectively, which is similar to the experimental value for
subnanometer pores ﬁlled with RTILs.30 The electrode
potential of a pore is presented using the potential at the
middle of the RTIL reservoir as a reference, and its change per
unit time deﬁnes the scan rate.
Simulations were performed using a modiﬁed Gromacs
code.31 Prior studies have concluded that it is important that
the charging of nanopores be simulated by enforcing a constant
potential on each pore wall rather than assigning static charges
to wall atoms.32 Here, the electrical potential on the pore wall
was enforced within the framework of continuum electrostatics:33 each pore wall was modeled as an equipotential
surface, with its image plane coinciding with the geometric
plane of the wall atoms. This method has produced similar
results compared to other methods for enforcing electrical
potential on pore walls.19,20,24 Simulations were performed in
the NVT ensemble with T = 400 K. Such an elevated
temperature helps increase the diﬀusion coeﬃcient of the ions
so that charging dynamics can be studied with the available
computational resources. Speciﬁcally, the self-diﬀusion coefﬁcient of ions in bulk RTILs under the same conditions as
those in the RTIL reservoir was found to be D+ = D− = 2.32 ×
10−9 m2/s, which is ∼1−2 order of magnitude larger than that
of typical RTILs used in supercapacitors. Simulation at lower
temperature is diﬃcult because the diﬀusion of ionic liquids
slows down greatly as the temperature reduces. Therefore,
charging/discharging of the pores considered here (i.e., charge
eﬃciency > 20%) will require a long simulation time (e.g.,
thousands of nanoseconds) and a prohibitive amount of
computer time. During each simulation, the evolutions of
cation and anion densities along each pore were computed on
the ﬂy. These data were used to compute the net charge inside
of each pore, which was then used to compute the charging/
discharging current, the energy stored (released) during the
charging (discharging), and the energy eﬃciency of each
charging/discharging cycle. Each cyclic voltammetry study was
repeated three times with independent initial conﬁgurations.
Further details such as the calculations of electrostatic forces are
provided in the Supporting Information. A time step of 3 fs was
used in production runs. Our tests indicated that in the NVE
simulations of bulk RTILs based on our coarse-grained model,
the energy drift was less than 0.2% over 10 ns when a time step
of 3 fs was used. Such a relatively large time step is often used
in coarse-grained MD simulations because some of the faster
modes are no longer active due to coarse-graining.
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