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upercapacitors store electrical energy

physically in electrical double layers (EDLs) ABSTRACT
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ordinary cyclability, the widespread deploy-
ment of supercapacitors is limited by their
moderate energy density. The current surge
in interest in supercapacitors is driven by
recent breakthroughs in developing novel
electrode materials and electrolytes that
promise to significantly improve their en-
ergy density.>~® In particular, a group of
experiments showed that the area-normal-
ized capacitance (or specific capacitance,
hereafter referred to as capacitance) of sub-
nanometer pores filled with organic or
room-temperature ionic liquid (RTIL) elec-
trolytes increases anomalously as the pore
width decreases® 8 These findings chal-
lenge the long-held presumption that sub-
nanometer pores are too small to contribute
to energy storage, and suggest that non-
classical behaviors of EDLs emerge in sub-
nanometer pores.

The validity of the anomalous capaci-
tance scaling in subnanometer pores has
been challenged by recent experimental
studies,” in which the capacitances were
found to be nearly pore-width independent
for pores from 0.7 to 15 nm. The sharp
contrast in the observed capacitance scal-
ings was ascribed to the discrepancy in the
specific surface area (used for determining
the specific capacitance) probed by differ-
ent methods.® The debate about anomalous
capacitance is in part fueled by the absence
of a complete theoretical description of all
the intricate processes taking place at the
nanoscale. Along that front, the anomalous
capacitance enhancement in subnanometer
pores was first described using a heuristic
model that assumes that counterions form
a wire in the center of a cylindrical pore (or
a single layer in the center of a slit-shaped
pore).'”" Among the recent atomistic
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Recent experiments have shown that the capacitance of subnanometer pores increases
anomalously as the pore width decreases, thereby opening a new avenue for developing
supercapacitors with enhanced energy density. However, this behavior is still subject to some
controversy since its physical origins are not well understood. Using atomistic simulations, we
show that the capacitance of slit-shaped nanopores in contact with room-temperature ionic
liquids exhibits a U-shaped scaling behavior in pores with widths from 0.75 to 1.26 nm. The left
branch of the capacitance scaling curve directly corresponds to the anomalous capacitance
increase and thus reproduces the experimental observations. The right branch of the curve
indirectly agrees with experimental findings that so far have received little attention. The
overall U-shaped scaling behavior provides insights on the origins of the difficulty in
experimentally observing the pore-width-dependent capacitance. We establish a theoretical
framework for understanding the capacitance of electrical double layers in nanopores and
provide mechanistic details into the origins of the observed scaling behavior. The framework
highlights the critical role of “ion solvation” in controlling pore capacitance and the
importance of choosing anion/cation couples carefully for optimal energy storage in a given
pore system.

KEYWORDS: supercapacitor - electrical double layer - room-temperature ionic
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simulations of EDLs in nanopores,'?~'®

molecular dynamics (MD) simulations of
carbon nanotubes (CNTs) filled with RTILs
have shown a capacitance increase with
decreasing CNT diameter in the range of
2.0 to 0.9 nm.'® However, the polarizability
of the nanotube wall was neglected and the
computed capacitances were ~10 fold
smaller than experimental values. Recently, a
model that takes into account the polarizability
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Figure 1. (a) A schematic of the simulation system featuring a slit-shaped nanopore in equilibrium with a RTIL reservoir. The
electrode features an equi-potential surface that carries a net charge that is balanced by ions inside the simulation box
(denoted by the red dashed line). (b) Schematics of the semicoarse grained model for the cation and the anion. The red sphere
in the cation and the green sphere in the anion denote the atoms which carry charges of +e and —e, respectively.

of a pore wall showed that the screening of electro-
static interactions and the negative self-energy of ions
in pores lead to a superionic state.'” This model and
subsequent Monte Carlo (MC) simulations'® also re-
produced the anomalous capacitance enhancement
in subnanometer pores observed experimentally. De-
spite this agreement, an important difference exists:
comparison was made between the experimentally
measured integral capacitance G, at a potential drop
of ¢,, from an electrode to bulk electrolyte and the
theoretically predicted differential capacitance Cy;s at
¢ = 0 V. Using the data presented in the MC simu-
lations,'® one can show that, for a ¢,, = 1.5 V (which can
be justified, assuming a symmetric capacitor, for an
experimental potential drop of 3 V between the two
electrodes’), Gy increases as the pore width decreases
from 1.2 to 1.0 nm but decreases as the pore width
further decreases, which disagrees with the experi-
mental trend. The experimental trend of G, is recov-
ered if ¢, < 1.0 V.

In this study we use MD simulations to investigate
EDLs in slit-shaped nanopores with polarizable walls in
equilibrium with RTILs. Our simulations reproduce the
anomalous capacitance enhancement when the pore
width reduces below a critical value, but also reveal
that capacitance increases as the pore width increases
beyond another critical value. We provide mechanistic
insights into these scaling behaviors by delineating the
relation between the structure and the capacitance of
the EDLs in these pores. We show that the EDLs inside
subnanometer pores filled with RTILs represent a new
capacitor regime in which the ubiquitously used trans-
mission-line model for supercapacitors fails qualitatively.

RESULTS AND DISCUSSION

Figure 1a shows a schematic of the MD system that
consists of a slit-shaped pore in contact with a reservoir
of RTILs. The entire electrode surface (the horizontal
pore walls and the vertical walls blocking the RTIL
reservoir) is modeled as an equi-potential surface with
a net charge. The magnitude of surface charge and
electrical potential of the pore walls was not directly
controlled, but determined from the ion distribution
obtained in the MD simulations (see Methods). lons
were modeled using semicoarse grained models that
(1) resolve their geometrical anisotropy and van der
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TABLE 1. Surface Charge Density (0) and Electrical
Potential (¢) in the qPZC and CHG Systems for Various
Nanopores. The Electrical Potential in Bulk RTILs Is Taken
as Zero

qPZC system CHG system

pore width W (nm)  0gpzc (Um?) Papzc (V) O (M) paus (V) Ag (V)
0.75 —0.007 0.117 0.172 1693 1576
0.78 —0.005 0.010 0.150 1602 1592
0.84 —0.003 —0.035 0.118 1735 1771
0.91 —0.001 —0.138 0.108 1584 1721
1.04 0.006 —0.266 0.115 1445 171
1.12 0.007 —0.283 0.121 1373 1.656
117 —0.002 —0.084 0.148 1672 1757
1.26 —0.005 —0.028 0.157 1621 1.649

Waals interactions, which are important in determining
EDL capacitance,'® and (2) assign the charge of each
ion to one of its atoms (Figure 1b and Methods). These
models were adopted in the spirit of the hard sphere
model'® which has been shown to capture key features
of EDLs in nanopores. Simulations in which the charge
of each ion was distributed on its multiple atoms
yielded qualitatively similar results, in agreement with
our prior finding that charge delocalization plays a rela-
tively unimportant role in determining the thermo-
dynamic properties of EDLs.'® We note that, however,
charge delocalization plays a key role in determining
dynamics of RTILs. Hence caution must be used if the
present RTIL model is to be used to study EDL dynamics.
To compute the integral capacitance, two systems
were simulated for each pore width: in a quasi-poten-
tial of zero charge (qPZC) system, the net charge of the
entire electrode was zero; in a charged (CHG) system,
the net charge of the entire electrode was positive, and
the anion sketched in Figure 1b serves as the counter-
ion. The potentials of the pore wall with respect to the
RTIL reservoir in these two systems were determined to
be ¢qpzc and ¢cnc, respectively. The surface charge
densities of the pore wall were determined as ogpzc
and ocug, respectively. ¢qpzc, Pcrc: Oqpzc, and ocpg for
the various pores studied are summarized in Table 1.In
the gPZC systems, o4pzc deviates slightly from zero due
to the different affinity of ions to the horizontal pore
wall and the open vertical walls. The integral capaci-
tance of each pore was computed using G, =Ad/Ag,
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Figure 2. (a) Variation of EDL capacitance from MD simula-
tions in pores with center-to-center width from W = 0.75—
1.26 nm. C., denotes the capacitance of an open planar
electrode. (b) Variation of EDL capacitance in pores filled
with EMI-TFSI electrolye reported in ref 7. The experimental
capacitance, C.,x,, Was measured on planar glassy carbon
electrodes in the same electrolyte.”® The statistical error
for the 1.17 nm pore is relatively large because ion diffusion
in this pore is very slow (due to the nearly crystal-like packing
inside the neutral pore), which renders simulation difficult.

where Ao = 0cng — Ogpzc is the increase of pore surface
charge density as the pore is electrified by A¢ = ¢chg —
¢qgpzc volts. A¢ of all pores studied is within 0.1 V from
the target value of 1.68 V (cf. Table 1), which is similar to
the experimental potential.” Since ocpg >0gpzc and
Ogpzc ~ 0 in all pores, the computed capacitance
approximates well the integral capacitance defined
by Cine = Ocra/(cs — @pzc)”' Where @pyc is the
surface potential of a neutral pore.

Capacitance Scaling. Figure 2a shows the variation of
capacitance (Ciny) with the center-to-center width (W) of
the pores, where a U-shaped GC;,,.— W curve is observed.
The trend revealed by the left branch of the G,.—W
curve agrees with that reported experimentally (see
Figure 2b): it simultaneously captures the sharp in-
crease of G, as W decreases from 0.91 to 0.75 nm and
its slight change as W decreases from 1.12 to 0.91 nm;
the latter was not found by a prior analytical model."®
We note that the pore width reported in ref 7 is most
likely the “accessible width”, which is about one van
der Waals diameter (~0.3 nm) smaller than the “center-
to-center width” used in Figure 2a. If G, in Figure 2a is
plotted against the “accessible width”, it would shift
toward a smaller pore width by ~0.3 nm, suggesting
that the capacitance enhancement would appear in a
narrower pore width range (0.45—0.61 nm) than ex-
periments (0.7—0.8 nm).” Such a difference can be
attributed to the fact that the counterion in our
simulation (~0.52 nm in diameter) is smaller than that
used in the experiments (the largest dimension of both
anions and cations is ~0.8 nm).” Nevertheless, the trend
of the capacitance scaling, the focus of the present study,
bears a close resemblance to the experimental one.

The sharp increase of G, with W ranging from 1.12
to 1.26 nm has not been directly reported experimentally
but is indirectly supported by measurements. Figure 2b
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shows that the experimental capacitance of a 1.1 nm
pore is ~7 uF/cm?” whereas the experimental capaci-
tance of planar electrodes made of glassy carbon in the
same electrolyte is ~12 uF/cm??° This difference im-
plies that the capacitance of pores larger than 1.1 nm
should increase toward the planar surface value with
increasing W. Figure 2a does show that the capacitance
increases with increasing pore width but it does not
approach C.. in an asymptotic way since the capacitance
ina 1.26 nm pore is higher than C... This suggests that as
the pore width further increases, capacitance will de-
crease again and eventually reach C.. How C.. is reached
as Wincreases, for example, by a damped oscillation or
by a smooth decay, is an interesting question, and may
be pursued in future studies. However, we expect the
capacitance will not vary significantly in wider pores
based on the insights obtained from the analysis below.
Specifically, as will be shown later, the pore capacitance
is controlled primarily by the change of “ion solvation” in
pores as the pore becomes electrified (the “ion solva-
tion” in RTILs refers to the electrostatic and van der
Waals interactions between a cation and its surrounding
anions (and vice versa). This is qualitatively similar to
organic electrolytes consisting of ions solvated by sol-
vent molecules. The quotation marks are removed for
later usage of solvation for simplicity). When pore width
W increases, the solvation experienced by ions in differ-
ent pores becomes increasingly similar. Hence the
change of their solvation upon pore electrification will
not differ significantly as W increases, subsequently
resulting in a weaker dependence of capacitance on
W. The capacitance scaling trend shown in Figure 2 was
also observed in simulations in which the charge of
cation and anion was distributed among all their atoms,
although the capacitance increases less sharply; e.g., the
capacitance enhancement is 20% less sharp compared
to data herein as pore size varies from 0.91 to 0.75nm.
The above results suggest that the dependence of
the nanopore capacitance on the pore width is more
complex than previously expected in experimental and
theoretical studies. In view of the ongoing debate on
the anomalous capacitance enhancement in subnan-
ometer pores, our results strongly support the exis-
tence of the anomalous capacitance enhancement.
Additionally, the sharp increase of capacitance over
very narrow pore widths (0.75—0.91 nm and 1.12—
1.26 nm) and the U-shaped C;,,.— W curve for W < 1.26 nm
(and the possibly oscillatory C,.—W curve for W >
1.26 nm) indicate that, for the pore-width dependent
capacitance to be observed experimentally, it is essen-
tial that the electrode materials used in experimental
characterization feature unimodal and narrow pore-
width distribution. When electrodes with multimodal
and/or wide pore-width distribution are used, the capa-
citance variation in different pores can be averaged
out. In this regard, we note that most of the electrodes
used in ref 9, where the capacitance was found to be
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Figure 3. The upper pannels show the ion density in the qPZC systems, and the lower panels show the ion density in the CHG
systems. The pore wall surface charge density and surface potential for each system are shown in Table 1. The position of ions

is based on the location of their charged atoms.

nearly pore-width independent, are based on activated
carbons. Since such electrodes are prone to a relatively
wide pore-width distribution, it is possible that the
independence of capacitance on pore width observed
in those experiments is caused by the averaging effect.

EDL Structure Inside Pores. The capacitance scaling
shown in Figure 2a is ultimately controlled by the diffe-
rent EDL structures in various pores. Figure 3 shows the
cation and anion density profiles across pores with W =
0.75,0.91, 1.12,and 1.26 nm in the qPZC system and in
the CHG system (density profiles for other pores are
given in the Supporting Information). We observe that,
when the pore is neutral or nearly neutral, a large
amount of ions accumulate inside the pore. In pores
with W =0.75 and 0.78 nm, cations and anions form a
monolayer in the pore center, due to the wall confine-
ment. In wider pores, anions always form one layer
near each wall, which is an expected behavior for
molecules confined in pores wider than twice their
diameter. The cation distribution, however, shows
more complex behavior: in pores with W = 0.84 and
0.91 nm, they reside rather uniformly across the acces-
sible width of the pore; in pores with W= 1.12 nm, they
accumulate in a narrow band near the pore central
plane; in pores with W = 1.17 and 1.26 nm, they form a
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distinct layer near each pore wall. The different cation
distributions in these pores are mainly driven by the
tendency of cations to maximize their solvation by
anions. We computed the solvation number of cations
across these pores (i.e., the number of anions within
r, from a cation, where r; is the first local minimum of
the cation—anion radial distribution function) and
found that its distribution profile resembles the cation
density profile. The ion distribution profiles in electrified
pores are simpler. In pores with W = 0.75 and 0.78 nm,
limited amount of cations (co-ions) and mostly anions
(counterions) form a monolayer in the pore center. In
wider pores, counterions form two distinct layers, while
co-ions accumulate mainly in the pore center.

The observed ion distributions are closely related to
the geometry of the ions used here. For example, in
neutral pores with W= 1.17 and 1.26 nm, contact pairs
of cations and anions are positioned side-by-side
across the pore.?? Such crystal-like packing of cations
and anions results in strong solvation of these ions,
which in turn leads to a distinct layer of cation/anion
near each pore wall and significantly slowed ion diffu-
sion inside the pores (the diffusion coefficients of both
ions are less than 1/10 of their bulk value). In neutral
pores with W = 1.12 nm, however, the pores are too
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narrow to accommodate a contact pair of cation and
anion positioned across the pore, and cations must
reside in the pore center to maximize their solvation.
Since ions used in this study are representative of RTILs
in which the cation shape is strongly anisotropic and
the anion is quasi-spherical, the results obtained here
are relevant to this broad class of RTILs.

Physical Origins of Capacitance Scaling in Nanopores. To
gain mechanistic insights into the capacitance scaling
behavior shown in Figure 2a and its relation with the
EDL structure shown in Figure 3, we derive a model for
the EDL capacitance. Consider a pore in equilibrium
with an RTIL reservoir. Under an electrifying potential ¢,
the pore surfaces acquire a charge density of o (throughout
this work, the electrical potential in reservoir is taken as
zero). The electrochemical potential of an ion i inside
the pore, Ui pore(s,0) is the free energy cost for inserting
the ion into the pore, which is equal to its electro-
chemical potential in the reservoir (;..):

,ui, pore(g, 0) — Ei — all(a) + AEaIIothers (U) - TAS(U)

= u;

iy oo

m

where the first term on the right-hand side is the
interaction energy between the inserted ion and all
species in the pore including the walls, and (o) is used
to emphasize that the configuration of all species
(including ion i) used to determine E; ., corresponds
to the state at which the pore has a surface charge
density of g; the second term is the change of interac-
tion energy between all other species as the ion is
inserted into the pore, and it includes the cavitation
energy cost when the ions around the inserted ion are
separated from each other to generate a cavity to
accommodate the inserted ion; the third term stands
for entropic effects. Splitting the energy between ion i
and all species into an electrostatic part ££'5,(0) and a

non-electrostatic part EP2%E"°%(a), we have

E,el_e.ca"( ) E[ng[\aellleC( ) + AEaII others(a)
= Uj,

— TAS(0)
(2)

With the use of the superposition principle in electro-
statics, the energy of an ion i due to its electrostatic
interactions with all species inside a polarizable slit-
shaped pore with a surface potential of ¢ is

elec
El — aII

= qi¢+ z E,elicl(o + Ei, self(0)
J#i

(3)

where g; is the charge of ion i, j is the index of all ions,
Ef'f(0) is the electrostatic interaction energy between

ions i and j given by'”
TZ; i nmz; nmR;;
) () % ()

w2 (%
@

where &y and ¢, are the vacuum permittivity and back-
ground dielectric constant, respectively; z; and z; are

qiq
T meeeW

Eelec (

i—j
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the distance of ion i and j from the lower pore wall,
respectively; Ky is the zeroth order modified Bessel
function of the second kind, which decreases sharply
as its argument increases; Rj; is the lateral ion—ion
separation, that is, separation between ions i and j in
direction parallel to the pore wall; E;s is the self-
energy of ion i, which depends on the pore width W
and ion's position inside the pore.'”** Using eqs 2 and
3, we obtain

¢ = Ui — 3 EF=55(0) — Ejser(0) — EP275(0)
J#
— ETS(0)]/q; )
where ETS(0) = AE,) others(0) — TAS(0). Applying eq 5 to

an electrified pore (surface potential ¢; surface charge
density 0) and a neutral pore (surface potential ¢pzc)
with the same width, and using Cin, = 0/(¢p — ¢pzc), we
obtain

elec
7q/'0/ EI — ions

+ AEi, self(0 = 0) + (ETS(0)

(0 — 0) + AEP" 50 — 0)
6)

— ETS(0))]

where AEZS5(0—0) = SLER%(0) — 5.E857(0) is the
change in electrostatic interaction energy of an ion i
with other ions as the pore surfaces acquire a charge
density o (note that the number of counter/co-ions and
their positions inside the pore change accordingly
during this process). AEPNEe(0—0) = EF0Ee(0) —
EPoNEeC(0) and AEjeeif(0—0) = Ejserf(0) — Ejseif(0) are
the changes in non-electrostatic energy and in self-
energy of an ion i as the pore surfaces acquire a charge
density o, respectively. The first three terms in the
denominator of eq 6 are expected to dominate over
the remaining terms that represent higher order inter-
actions and entropic effects. AE; (0 — 0) is small and
can be neglected. Consequently, for the scaling of
capacitance, we have

Cint =

Cine~qi /[ —AESES, (0 — 0) /o — AEV (0 — 0) /0]
qu/[ - ’to_t. all 00— U)/O] (7)
where AEPL, = AESSC.. + AEPD;®e, Equation 7

correlates the capacitance of EDLs in a pore with the
variation of ion energy (and ultimately the variation of
EDL structure) as the pore is electrified.

To understand the physical meaning of eq 7, we
consider a pore electrified by a positive potential ¢.
Here, each cation inside the pore is affected by two
factors when the pore becomes electrified: (1) its
energy due to the interaction with the pore walls
increases by gi¢, and (2) its energy due to the interac-
tion with others species becomes more negative (and
stabilized) when the pore acquires net negative space
charge, thatis, AE®Y,, < 0. While the first factor tends to
drive the cations out of the pore, the second factor
tends to hold them inside. Consequently, for each unit
negative space charge the pore gains (or, for each unit
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Figure 4. Variation of AE°%,(0— 0)/0 and its two compo-
nents in the pores studied. The ion energy in the qPZC
system is used to approximate the ion energy in neutral
pores.

positive surface charge the pore walls gain), if the
energy gain of cations due to their interactions with
other species inside the pore is significant, that is,
—AE®, /o is large, it will be difficult to remove them
from the pore. This tends to lead to a small net negative
space charge in the pore and accordingly to a small
capacitance, as predicted by eq 7. Below we delineate
the physical origins of the capacitance scaling shown in
Figure 2a by analyzing the energy change of cations
inside each pore as it becomes positively electrified. A
similar analysis has also been performed for anions but
is not shown for brevity.

Figure 4 shows the variation of AE}°%,,(0— 0)/o and
its two components for cations. We observe that (1) the
scaling of capacitance in these pores can be explained
by the scaling of AE®,,(0— 0)/c using eq 7, and (2)
AEPL(0—0)/o is dominated by AES'SS, (0— o).
The latter observation indicates that, as a pore is
electrified, the change of a cation's energy due to the
change in its electrostatic interactions with other ions,
AESS (0— 0), is more important than the change in
its non-electrostatic interactions with other species.
These observations indicate that AESSS, (0—o0) +
AEPDEeS(0—0) in eq 6 indeed dominates over the
term ETS(o) — ETS(0), and eq 7 is justified. They also
indicate that we can understand the capacitance scal-
ing in Figure 2a by elucidating the physical origins of
the scaling of AEE'S, (0 — 0)/a shown in Figure 4.

In pores within 0.75 < W < 091 nm, AEESS, (0 — 0)/o
becomes less negative as W decreases, and this is
caused by two factors. First, the screening of electro-
static interactions increases as W decreases. As first
pointed out in ref 17 and shown in eq 4, the electro-
static interaction between two ions confined in a
polarizable pore decreases sharply as Ry/W increases.
Consequently, as the same amount of net negative
space charge is introduced into a pore by adding
anions or removing cations, the energy gain of a cation
inside a narrower pore tends to be smaller. Second, the
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degree of a two-dimensional nature of ion solvation
increases as W decreases. As W decreases from 0.91 to
0.75 nm, cations/anions inside the pores are increas-
ingly solvated by their counterparts located near their
equator (the line connecting the north and south poles
of an ion is assumed to be normal to the pore walls)
because of wall confinement. As such, anions intro-
duced into (and the cations removed from) narrower
pores during pore electrification tend to have a
larger lateral distance R;; from the cations remaining
inside the pores, which leads to a less negative
AESSS (0— 0)/0 in narrower pores according to eq 4.

In pores within 0.91 < W < 1.12 nm, AES<S (0 — 0)/o
changes slightly as W changes, and this can be under-
stood as follows. As W decreases from 1.12 to 0.91 nm,
the increased screening of electrostatic interactions
tends to make AFS'SS,(0— 0)/o less negative. How-
ever, as these pores become positively electrified, the
newly added anions can distribute near the north/
south pole of the remaining cations in the pore due
to two effects: (1) the pores are wide enough to allow
three-dimensional solvation of ions, and (2) during
pore electrification, cations originally located near
neutral walls (interfacial cations) are removed and
leave more space for the anions to be added into the
pore. Of these effects, the second one is more impor-
tant in the 0.91 nm pore as there are more interfacial
cations in the neutral 0.91 nm pores (see Figure 3).
Since a displacement of interfacial cations would de-
crease the lateral anion—cation distance Rj;, the second
effect tends to make AEE'SS,(0— 0)/0 more negative
as W decreases from 1.12 to 0.91 nm. This effect
counteracts the increased screening of electrostatic
interactions in narrower pores and the result is that
AEE'S (0— 0)/0 changes slightly as W decreases from
1.12t0 0.91 nm.

In pores within 1.12 < W < 1.26 nm, AESS . (0— o)/
becomes less negative as W increases, and this trend is
mainly caused by the qualitative change of ion solva-
tion structure as W changes. As shown in Figure 3,in a
neutral 1.12 nm pore, cations are located mostly in the
center of the pore to maximize their solvation by
anions located near the two walls. As the pore walls
become positively electrified, the number of anions
solvating each cation increases but the solvation
structure of these cations remains largely unchanged
because they are still located at the pore center. In
comparison, the 1.26 nm pore follows a qualitatively
different scenario. As shown in Figure 3 and described
earlier, when these pores are neutral, cations and anions
form contact pairs and are positioned side by side
across the pore. Such a solvation structure leads to
small lateral separation R between a cation and its
solvation anions, which in turn leads to strong electro-
static interactions according to eq 4. As the pore walls
become electrified, the solvation structure of cation
changes drastically: cations are displaced into pore
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center and can no longer be positioned side-by-side
with anions across the pore. Such a change in cation
solvation structure increases the lateral separation R;
between a cation and some of its solvation anions, and
thus weakens their electrostatic interactions. Conse-
quently, as the pore walls of a 1.26 nm pore become
electrified, the energy gain of each cation due to its
electrostatic interaction with anions, is reduced by the
above weakening mechanism. Since this weakening
mechanism exists in the 1.26 nm pore but not in the
1.12 nm pore, AEE'S,..(0— 6)/0 tends to be less nega-
tive in the 1.26 nm pore.

The above discussions demonstrate that the scaling
of EDL capacitance in pores is controlled by the screen-
ing of electrostatic interactions in different nanopores,
and, more importantly, by the ion solvation structure
inside nanopores and how it changes as nanopores are
electrified. In particular, large capacitance can be ex-
pected if the ion solvation is weak (as in the 0.75 nm
pore) or if the electrification of a pore disrupts the
strong ion solvation structure inside it (as in the
1.26 nm pore). These insights have rich ramifications
in the design of electrode materials and electrolytes for
optimizing the capacitance of supercapacitors. Speci-
fically, they suggest that one can optimize the capaci-
tance of a nanopore through the manipulation of ion
solvation inside the pore by tailoring the size, shape,
and other chemical details of ion pairs for the nano-
pore. Such an approach goes beyond the state-of-the-
art practice in which the capacitance of a nanopore is
optimized by matching the size of the counterion with
the nanopore width” and provides richer opportunities
for enhancing the capacitance of supercapacitors by
enabling one to exploit the vast chemical diversity of
RTILs.**

A New Capacitor Regime. To understand the collective
behavior of EDLs in supercapacitors (e.g., their charging
kinetics), each pore in supercapacitors is often repre-
sented by an equivalent circuit with capacitors con-
nected in parallel and with resistors in serial.*” Such a
transmission line model has been extensively used in
supercapacitor research, and it implicitly requires that,
at equilibrium, the potential drop between the pore
wall and the bulk electrolyte occurs entirely inside each
pore, that is, the potential drop between the pore
center and the bulk electrolyte is zero. However, we
found that the electrical potential at the pore center
increases from —1.10 to 0.44 V as the pore width varies

METHODS

Simulations were performed using a customized MD package
Gromacs.? The methods for enforcing electrical potential on an
electrode surface and for computing electrostatic interactions
are the same as that used in ref 26. Using the Faraday cage
effect, the total charge on the electrode surface was controlled
by fixing a corresponding amount of charges inside the electrode
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from 0.75 to 1.26 nm while the total potential drop
from the electrode surface to the bulk RTIL is close to
1.68 V in all pores (see Supporting Information for the
potential distribution profiles in these pores). These
results suggest that the transmission line model breaks
down in pores studied here, and a capacitor regime
qualitatively different from that in wide pores emerges.
Specifically, although the charges on the pore wall are
balanced by ions enclosed between the pore wall and
the pore central plane, there exists a significant poten-
tial drop between the pore center and the bulk elec-
trolyte, which has no analogy in classical capacitors.
Consequently, although the pore walls and the EDLs
together can still be viewed as capacitors, they can no
longer be described by the transmission line model.
The transmission line model will be accurate when
pore width becomes large enough so that the EDLs
near opposing pore walls no longer interact with each
other. Since the thickness of EDL in RTILs is usually
1—3 nm, we expect that the transmission line model
will be accurate in pores wider than 2—6 nm.

CONCLUSION

In summary, we studied the EDLs in nanopores filled
with RTILs using MD simulations that account for the
geometrical anisotropy of ions and the polarizability of
pore walls. The results show that the scaling of pore
capacitance exhibits a more complex behavior than
previously reported, and the rich scaling behavior
revealed helps settle the debate on the validity of
anomalous capacitance enhancement in subnan-
ometer pores and points to opportunities for new
experimental studies. Using a newly developed me-
chanistic model for nanopore capacitance, we rationa-
lized the observed scaling behaviors and showed that
ion solvation structure in nanopores and its response
to pore electrification play a critical role in controlling
the capacitance. This insight lays the theoretical basis
for optimizing pore capacitance through the manip-
ulation of ion solvation inside nanopores by tailoring
the chemical details of ion pairs for a given pore.
Finally, we showed that the EDLs in nanopores filled
with RTILs represent a new capacitor regime in which
the transmission line model breaks down qualitatively.
This result suggests that predictions of the transmis-
sion line model, which is used ubiquitously in super-
capacitor research, must be carefully reassessed in the
future.

(denoted by the shaded regions in Figure 1) and by adjusting
the number of ions inside the system to balance these charges.
The length of the pores was =6.0 nm but varied slightly for
different pores. The RTIL layers adjacent to each vertical plate
are thicker than 3 nm so that bulk-like RTILs are found at
positions away from the plate. The electrode was cut from a
cubic lattice (lattice constant: 0.17 nm) and its atoms were
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frozen. A united atom coarse grain model for the cation con-
sisted of a 7-atom ion featuring a ring with the geometry of the
native imidazolium. The anion was modeled as a 5-atom ion
with the geometry of BF, . The charge of each ion was located
on one of its atoms as shown in Figure 1b. A background
dielectric constant of 2.0 was used to account for the electronic
polarization of the ions. The Lennard-Jones parameters for all
atoms were the same as those of carbon.?®

Simulations were performed in the NVT ensemble (T =400 K).
Each system was simulated three times using different initial
configurations and consisted of an equilibrium run of 10 ns and
a production run of 10 ns. The charge density of pore walls was
obtained by computing the netion charge in the middle section
of each pore—entrance effects associated with pore mouth
were found to be negligible at a distance greater than 1.2 nm
from the mouth. The potential drop from the electrode surface
to bulk RTILs was determined by solving the Poisson equation
inside the system using the space charge density from the
simulations.
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