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ABSTRACT The distribution of K* ions in electrified slit-shaped micropores with pore widths ranging from

9.36 to 14.7 A was studied using molecular dynamics simulations. We show that, in slit pores with pore widths

between 10 and 14.7 A, the K™ ion distribution differs qualitatively from that described by classical electrical

double-layer (EDL) theories in that fully hydrated K* ions accumulate primarily in the central plane of the slit

pores. This phenomenon disappears when the pore width is narrower than 10 A. lon hydration and water—water

interactions, which are rarely considered in prior EDL theories for micropores, are found to be responsible for this

behavior. On the basis of these results, we have developed a new sandwich capacitance model to describe the

capacitance of the EDLs formed by K* ions enclosed in slit-shaped micropores. This model is capable of predicting

the anomalous enhancement of capacitance experimentally observed in micropores.
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lectrical energy storage plays a criti-

cal role in many high-profile energy

technologies such as generation of
electricity from renewable sources and as
key components of all-electric vehicles.
Electrochemical capacitors (ECs) use the
electric field in the electrical double layers
(EDLs) established at the electrode/electro-
lyte interfaces to store electrical energy.?
Because of their high power density and ex-
cellent cyclability, ECs are emerging as an
ideal solution for many electrical energy
storage applications.®>* The primary limita-
tion of ECs is their moderate energy den-
sity, which is typically less than 10 Wh/kg.
To address this limitation, electrodes with
high specific surface area have been devel-
oped. In particular, electrodes featuring mi-
cropores (pore size <20 A) are increasingly
being used, and impressive improvement in
energy density has been made recently.*
However, current knowledge of the EDLs in
micropores is still rudimentary, and many
experimental observations remain poorly
understood. For example, the area-
normalized capacitance of activated car-
bon electrodes immersed in 6 M KOH solu-
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tion has been found to increase from ~6
wF/cm? to ~12 wF/cm? as the mean pore
size of the electrode decreases from 14.5 to
10.6 A.° A similar anomalous enhancement
has also been reported previously for mi-
cropores in organic electrolytes and in
room-temperature ionic liquids.”® Such an
anomalous enhancement cannot be ex-
plained even qualitatively by the classical
EDL theories based on the
Poisson—Boltzmann (PB) equation.”'°

To rationalize the anomalous enhance-
ment of capacitance in micropores, an elec-
tric wire-in-cylinder capacitor (EWCC) model
has recently been proposed.'" The EWCC
model captures two key effects: (1) confine-
ment and (2) curvature. The main idea is
that counterions form a wire along the axis
of small-diameter cylindrical micropores, re-
sulting in a different capacitance regime
from that of mesopore structures where
curvature effects are also needed for a
quantitative description, even though they
display smaller mean curvature as com-
pared to micropores. The EWCC model has
been shown to fit remarkably well to avail-
able experimental data."’ Although this
model sheds light on the anomalous en-
hancement of capacitance in micropores,
many issues remain open. First, it is often
thought that micropores are slit-shaped in-
stead of cylindrical, and thus, the EWCC
model may not always be applicable, de-
pending on electrode materials synthesis
and processing. Second, while the assump-
tion that ions accumulate along the center
of electrified micropores seems reasonable
from a purely geometric confinement
standpoint, details on the confining pro-
cesses remains largely unproven in the
complex electrolyte—electrode interface
structure. In fact, because the classical EDL
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theories were developed for relatively large pores, the
second assumption is against the prediction of the clas-
sical EDL theories,® which state that counterions accu-
mulate primarily in separate layers near each slit wall.
However, classical EDL theories are mostly based on the
assumption that the ion-distribution is governed only
by the electrostatic ion—ion interactions, and thus, pre-
dictions based on classical theory may not be accurate.
In fact, studies of the EDLs in mesopores (pore size
20—500 A) and near open surfaces indicate that other
factors such as ion hydration effects also play important
roles in determining the ion distribution.'*" It follows
that, in micropores, ions may accumulate predomi-
nately in the pore center.

In relation to the above-mentioned issues, many
fundamental questions remain to be answered. For ex-
ample, is the ion distribution primarily governed by the
long-range electrostatic ion—ion interactions as in me-
sopores? What are the hydration characteristics of ions
at different positions in electrified micropores, and how
and to what extent do they affect the ion distribution?
These questions are ideally suited for atomistic simula-
tions. However, most molecular dynamics (MD) simula-
tions of EDLs deal with mesopores,' '8 and few stud-
ies have been reported for the ion distribution in
micropores.'® The limited number of MD studies of
micropores focus on neutral pores and the average ion
hydration characteristics in such pores.?>?! The hydra-
tion of ions across the pore and how it affects the ion
distribution have not been studied extensively.

With the above motivations, here we study the dis-
tribution of K* ions inside electrified slit-shaped mi-
cropores using MD simulations with an emphasis on
the role of ion hydration and ion—ion electrostatic in-
teractions on the ion distribution inside the pore. K*
ions were studied as they are frequently used in aque-
ous electrolyte-based ECs. The results obtained are then
used to construct a new model for EDLs in slit-shaped
micropores, which is shown to be capable of predicting
the anomalous enhancement of capacitance experi-
mentally observed in micropores.

RESULTS AND DISCUSSION

We investigated the distribution of water molecules
and K™ ions in electrified slit micropores with pore
widths (W) ranging from 9.36 to 14.7 A using MD simu-
lations. In each MD system, a slab of water and ion mix-
ture was enclosed between two charged single
graphene layers. The pore width is defined as the sepa-
ration between the center planes of the two graphene
layers. The coordinate system is chosen so thatz = 0
corresponds to the center plane of the lower wall. The
surface charge density (o) was fixed at —0.055 C/m?,
similar to that measured for microporous activated car-
bon electrodes immersed in aqueous electrolytes.*?
Only counterions (K™ ions) were included in the pores
because co-ions are essentially rejected from these
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Figure 1. (a) Concentration profiles of water and K* ions inside slit pores with

various widths. For clarity, the water concentration has been divi
tor of 30. The concentric circles denote the size of bare and hydr

ded by a fac-
ated K* ions.

The hemicircles in the leftmost figure denote the van der Waals radius of the

wall atom, and the dashed line denotes the effective boundary of

the lower wall.

(b) Hydration number of K* ions across slit pores with various widths. All slit

walls have the same surface charge density of ¢ = —0.055 C/m?.

highly charged micropores (or the number of the co-
ions is extremely small?°). Figure 1a shows the water
and K* ion concentration profiles in negatively charged
slit pores with various pore widths. The water distribu-
tion inside the slits changes as the width decreases:
three layers of water molecules can be identified in slits
with W > 10.7 A, while only two layers of water mol-
ecules develop in slits with W = 10.7 A. In the widest
slit studied (W = 14.7 A), the K* ion concentration pro-
file resembles that expected from the classical EDL
theories to some extent; i.e., counterions accumulate
in separate layers near each slit wall. However, in slits
between 10 and 14.7 A, K" ions accumulate primarily
in the central plane of the slits, in disagreement with the
classical EDL theories. Finally, in slits with W = 9.36 A,
the K* ion concentration profile shows one distinct
peak near each slit wall, again in qualitative agreement
with the classical EDL theories. However, K™ ions in each
peak adjacent to the slit wall is partly dehydrated as in-
ferred from the size of the K™ ion (shown as circle in Fig-
ure 1a) and from the water concentration distribution in
the slit. Therefore, the K* ions become contact-
adsorbed in slits with W = 9.36 A. The low-
concentration shoulders in larger pores are also associ-
ated with the contact-adsorbed K* ions, but unlike in
the smallest pore studied, their contributions to the
charge storage and to the micropore capacitance are
minor.

To understand the qualitatively different distribu-
tions of K ions in different slits, we note that the distri-
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Figure 2. Schematic diagrams of the five factors, as described in the
text, governing the distributions of the K* counterions in electrified
slit-shaped micropores: (a) the long-range electrostatic ion—ion re-
pulsion which drives ions toward the slit walls (factor 1) and the non-
electrostatic ion-slit wall attraction (factor 2), indicated by the red
and green double-headed arrows, respectively (color codes also ap-
plicable in the following); (b) the hydration of ions (factor 3), which
drives ions toward positions to maximize their interactions with the
hydration water molecules (the blue dashed circle indicates the pri-
mary hydration shell of one ion; compared to the ions in the slit cen-
ter, the ion near the slit wall has smaller number of hydration water
molecules); (c) the interaction between an ion’s hydration water mol-
ecules with their surrounding water molecules (factor 4); and (d) en-
tropic effects that drive the ordered distribution shown on the left
toward a uniform/disordered distribution on the right (factor 5).

bution of counterions in electrified micropores free of
co-ions is governed by mainly five factors:>* (1) the
long-range electrostatic ion—ion repulsion, which al-
ways drives ions toward the two slit walls (Figure 2a),%*
(2) the nonelectrostatic ion-slit wall attractions that con-
sist of the van der Waals and steric interactions be-
tween ion and wall atoms (Figure 2a), (3) the hydration
of ions, which drives ions toward positions where they
maximize interactions with their hydration water mol-
ecules (Figure 2b), (4) the interactions between an ion’s
hydration water molecules and their surrounding wa-
ter molecules (Figure 2¢),?® and (5) entropic effects that
drive the ion and water inside the slit toward an uni-
form distribution (Figure 2d). These factors ensure that
the free energy of the entire system (ion and water) is
minimized at equilibrium. The significance of some of
these factors in controlling the EDL structure has been
recognized in the EDL literature. For example, electro-
static ion—ion repulsion and the entropy of ions are ac-
counted for in the classical EDL theories,” and recent
theoretical and modeling work confirms that ion hydra-
tion and nonelectrostatic ion—wall interactions cannot
be neglected in describing the EDL."* However, many
details of these factors remain unexplored. First, ion hy-
dration in electrified micropores remains poorly under-
stood. Prior EDL studies were performed within the
framework of a primitive model in which water is mod-
eled as Lennard-Jones (LJ) atoms,?® and thus, ion hydra-
tion is not modeled with sufficient details. This limita-
tion is avoided in the more recent atomistic studies of
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EDLs, but these studies deal with mesopores in which
water layers from opposing walls do not interact. This is
fundamentally different from the picture illustrated in
Figure 1."* The hydration of ions in cylindrical micro-
pores has been studied recently due to its relevance to
biological ion channels.??' However, how ion hydra-
tion across electrified slit pores varies as the slit shrinks,
which is critical for understanding the EDL capacitance
in micropores, has not been explored. Second, the en-
thalpic and entropic contributions of water to the free
energy of the system and their role in controlling the
EDL structure are often neglected. Several theoretical
models have been proposed to account for these
effects,?”?® but these theories have yet to be applied
to EDLs in micropores. Finally, the interplay and rela-
tive importance of the above-mentioned five factors in
determining the EDLs in micropores have yet to be ex-
plored. For example, it is unclear whether the ion—ion
electrostatic interactions or the ion hydration effects are
the most important factors to determine the ion distri-
bution in slit micropores. Below we show that these un-
explored aspects of the EDLs are critical for understand-
ing the different K* ion distributions in slits of different
widths.

We now examine the role of the above factors in de-
termining the K* ion concentration shown in Figure
1a. To examine the role of ion hydration effects, we
computed the number of hydration water molecules
(hydration number, Nyyq) for K ions across various slits
(Figure 1b). Following established conventions, the wa-
ter molecules belonging to the solvation shell of a given
ion are defined as those within rn,;; from the ion, where
I'min1 = 3.65 A corresponds to the first local minimum of
the K™ —water pair correlation function.?® In slits with
W = 14.7 A, as a K* ion moves away from the slit wall,
Nhyg increases sharply and reaches a maximum of 7.5 at
position 5.8 A from the slit wall, exactly where the K*
ion concentration peak is located. In slits with W = 10.7
and 12.03 A, Niyq increases monotonically from the slit
wall to the slit center, and the K* peak again is located
at a position where Ny, 4 is maximized. These results sug-
gest that the ion hydration effects play an important
role in determining the K* ion distribution in slit pores.
For wide pores (or open electrodes) in which accumula-
tion of ions occurs near each slit wall, the ion hydra-
tion effects are known to control the location of the
concentration peak of small cations.® For pore widths
in the 10— 14 A range, the ion hydration shells play an
even more decisive role in the qualitative breakdown of
the classical EDL picture; i.e., they force K* ions to form
a single layer midway between the slit walls. However, it
is interesting that, in pores with W = 9.36 A, the K*
ion distribution shows an abrupt transition, i.e., K™ ions
form distinct layers near each slit wall, although the ion
hydration effects should still drive them to the slit cen-
ter. The most straightforward reason for this transition is
that the electrostatic ion—ion repulsions dominate
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over the hydration effects for this pore since the
ion—ion repulsion strengthens as the slit width
decreases.

To elucidate whether the electrostatic ion—ion re-
pulsion is indeed responsible for the formation of sepa-
rate counterion layer near each wall instead of a single
layer in the center of the 9.36 A pore, it is desirable to
compare the difference in electrostatic ion—ion interac-
tion energy in the two different ion configurations.
However, since the ion distribution is obtained in only
one of these configurations, such a comparison is diffi-
cult to perform. Here we adopted a different approach;
i.e., we performed PB and MD simulations with differ-
ent surface charge densities o to probe the role of elec-
trostatic ion—ion repulsion. If the electrostatic ion—ion
repulsion dominates the ion distribution, as o increases,
the counterion concentration near the slit wall will in-
crease more quickly than o. For example, Figure 3a
shows that, as o increases from —0.007 to —0.055 C/m?,
the maximum ion concentration in the slit scaled by
|o], i.e., Cmax/|0|, increases by a factor of 3.5 times, ac-
cording to the classical PB simulations which contain
mainly the electrostatic ion—ion repulsion. However,
Figure 3b shows that for the same range of o, MD simu-
lations gave cnay/|o| values that are nearly indepen-
dent of o. More importantly, at ¢ = —0.007 C/m?, our
MD system contains only one K™ ion in each simulation
box; thus the electrostatic ion—ion repulsion does not
even exist in such an MD system. These results indicate
that the electrostatic ion—ion repulsion is not the rea-
son for the contact-adsorption of K* ions on the slit wall
in slits with W = 9.36 A.

Since entropic effects are unlikely to cause the dis-
tinct K™ ion peaks near slit walls,>*® we next examine
whether nonelectrostatic ion—electrode interactions
and interactions between hydration water molecules
(i.e., factors 2 and 4 above, see Figure 2) dominate over
the ion hydration effects so that K* ions prefer to be-
come contact-adsorbed on the slit wall than accumu-
late in the slit center to maximize their hydration.
Specifically, we calculate factors 2, 3, and 4 for the K*
ions contact-adsorbed on the slit wall and located at the
slit center in slits with W = 9.36 A. To understand the in-
terplay between these factors in larger pores, the same
calculations were also performed in a slit with W =
12.03 A. In all calculations, for an ion located at each po-
sition, we computed the interaction energy between
the ion and its hydration water molecules or wall at-
oms, i.e., Enyg and Eion—wai. We also computed Eyyater—waten
the average interaction energy between each of an
ion’s hydration water molecules with its primary coordi-
nation water molecules (i.e., those water molecules
within ryini from the hydration water molecule being
examined, where rmin; = 3.30 A is the first local mini-
mum of the water—water pair correlation function).?®
The results are summarized in Table 1. In the slit with W
= 9.36 A, we observe that, as a contact-adsorbed K*
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Figure 3. Variation of counterion (K* ion) concentration scaled by the slit
wall charge density (cion/|o|) in 9.36 A-wide slits with different surface charge
densities. (a) Prediction by the PB equation. The closest approach of the K*
ion to the slit wall was taken as 3.3 A. The solution dielectric constant was
taken as 3.33, the same as the result of fitting the sandwich capacitor model
(in Figures 4 and 5) to the capacitance data obtained from micropores im-
mersed in 6 M KOH electrolytes.® (b) Prediction by the MD simulations.

ion moves to the slit center, E,yq decreases by 51.7 kJ/
mol. This is consistent with the increase of Npyq shown
in Figure 1b and indicates that the ion hydration effects
favor the accumulation of ions in the slit center. At the
same time, Eion—wan increases by 2.07 kJ/mol, which fa-
vors the contact-adsorption of K* ions. To test the sig-
nificance of this effect, we performed a simulation in
which the energy well depth, ex+_yai, of the Lennard-
Jones potential describing the nonelectrostatic
ion—wall interactions was reduced to 1/3 of its original
value with all other interaction parameters unchanged.
The K* ion concentration profile in the new simulation
was similar to that shown in Figure 1a, indicating that
the contribution of the nonelectrostatic ion—wall inter-
actions to the contact-adsorption of K* ion on the slit
wall is modest. In the same slit, Table 1 also shows that,
as a contact-adsorbed K* ion moves to the slit center,
the average coordination number of its hydration wa-
ter molecules reduces from 4.29 to 3.96 and the aver-
age interaction energy between each of the ion’s hydra-
tion water molecules with its primary coordination
water molecules increases by 5.5 kJ/mol. These results
indicate that as a contact-adsorbed K* ion moves to the
slit center, although it attracts more water molecules to-
ward it to become better hydrated (thus lowering the
system energy), it also causes its hydration water mol-
ecules to interact with fewer water molecules and
therefore to weaken these interactions (thus increas-
ing the system energy).

Summarizing the above discussions on the role of
electrostatic ion—ion repulsion and nonelectrostatic
ion—wall attraction, we conclude that, for slit with W

. . ~ . AN
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TABLE 1. Properties of K* lons Located at Different Positions Inside Slit Pores and the Properties of Their Hydration
Water Molecules

in slit with W = 9.36 A in slit with W = 12.03 A
2z =3.304 2z = 4684 7, =3.304 7, = 6.024
interaction energy between a K™ ions and its hydration water (kJ/mol) —294.4 —346.1 —296 —336.1
nonelectrostatic (LJ) ion—wall interaction energy (kJ/mol) —74 —5.4 —6.6 —-20
coordination no. of K™ ion’s hydration water 43 4.0 42 45
interaction energy between each of K™ ion’s hydration water molecules with its —37.6 —321 —35.1 —425

coordination water (kJ/mol)

= 9.36 A, the enthalpic effects associated with the inter- It is noteworthy that the computed Enya for K* at the
actions between hydration water molecules and their pore center for the 12.03 A slit is close to the experi-

coordinate water dominate over the ion hydration ef- mental value of K* in aqueous solution (331.8—338.1
fects and play a critical role in causing the contact- kJ/mol).?’
adsorption of K* ions on the slit wall. Similar analysis To further understand the origins of the opposite

of Table 1's data for slit with W = 12.03 A indicates that  role of these enthalpic effects on affecting the K* distri-
these enthalpic effects act together with the ion hydra-  bution in slits with different widths, we computed the
tion effects to drive the K* ions from the slit wall to the  distribution of water around K* ions located at the

slit center. Although the E;y,—wan difference works above two positions in the two slit pores. Parts a and b
against this explanation, it is only a minor effect for K*.  of Figure 4 show the concentration distribution (shown

across slit pore (A)
across slit pore (A)

0 2 4 6 8 10 4 6 8
radial distance from ion (A) radial distance from ion (A)

across slit pore (A)
across slit pore (A)

[ 2 4 6 8

2 4 6
radial distance from ion (A) radial distance from ion (A)

Figure 4. Distribution of water molecules around a K* ion located at different positions in slit pores (shown as different colors)
and the coordination number of these water molecules (shown as contour lines): (a) K* located at z = 6.03 A inside a 12.03 A-wide
slit pore; (b) K* located at z = 3.30 A inside a 12.03 A-wide slit pore; (c) K* located at z = 4.68 A inside a 9.36 A-wide slit pore;
(d) K* located at z = 3.30 A inside a 9.36 A-wide slit pore.
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with different colors) of water molecules around K*
ions contact-adsorbed on the slit wall and located at
the slit center for a slit with W = 12.03 A. The number
of coordination water molecules for the water mol-
ecules located at different positions from the K* ion is
also shown in the same figure as contour lines. We ob-
serve that, when a K* ion is located at the slit center, its
hydration water molecules are distributed near its
equator and north/south poles. The hydration water
molecules near its equator have a coordination num-
ber of 5—5.5, and those near its north/south poles have
a coordination number of 3.5—4. As the K* ion be-
comes contact-adsorbed on the slit wall, its hydration
water molecules accumulate mainly near its equator,
and their coordination number is ~3.5. This different
solvation of the hydration water molecules of K* ion by
other water molecules is consistent with that shown in
Table 1 and is a result of the geometrical confinement
and the layering of water inside the slit. Specifically,
when a K* ion is located in the slit center, there is
enough space above/below it to accommodate a wa-
ter layer between its north/south pole and the slit wall,
and the hydration water molecules located there are
not well solvated since there is no water above/below
them. On the other hand, the hydration water mol-
ecules near the K* ion’s equatorial plane are well sol-
vated. When a K* ion is contact-adsorbed on the wall
of the same slit, its hydration water molecules accumu-
late primarily near its equator because water concentra-
tion there is higher due to the layering of water shown
in Figure 1a. Similar to the hydration water molecules
near the north/south pole of the K* ions located at the
slit center, these hydration water molecules are not well
solvated. Overall, in slits with W = 12.03 A, the solva-
tion of K* ion’s hydration water molecules is better
when the K* ions are located in the slit center than
when the K* ion is contact-adsorbed. Parts c and d of
Figure 4 show the concentration distribution of water
molecules around K* ions contact-adsorbed on the slit
wall and located at the slit center for slit with W = 9.36
A and their coordination number. When a K* ion is lo-
cated in the center of this slit, essentially all its hydration
water molecules are distributed near its north and
south poles and are not well hydrated (average coordi-
nation no. 3.5—4). As the ion becomes contact-
adsorbed on the wall, a large fraction of its hydration
water molecules is distributed near its equator and it is
not well hydrated (average coordination no. ~4). How-
ever, because the gap between the K* ion and slit wall
is wide enough, some of its hydration molecules are dis-
tributed near its north pole and have an average coor-
dination number of 4—4.5 due to the high water con-
centration near the upper slit wall. Therefore, in a slit
with W = 9.36 A, the solvation of K™ ion’s hydration wa-
ter improves when the ion becomes contact-adsorbed.
The above results indicate that, under slit surface
charge density relevant to ECs based on microporous
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carbon electrodes, K* ions will form a single layer mid-
way between the opposing slit walls in slit pores be-
tween 10 and 14.7 A wide. Since the micropore capaci-
tance has been measured experimentally, it is desirable
to compute the slit pore capacitance directly using MD
simulations. A key difficulty associated with the present
models for slit pores is that all charges are localized at
different points determined by the atomic nuclei in-
stead of being distributed continuously in the space ac-
cording to the electron densities. This problem needs
to be addressed to accurately predict the pore capaci-
tance in pores where opposing pore surfaces share
ions."" To circumvent this difficulty, here we propose a
sandwich capacitance model to describe the capaci-
tance of slit-shaped micropores and fit the experimen-
tal capacitance values of microporous carbons.

On the basis of the insight obtained from the above
MD simulations, we derive a capacitance formula for a
sandwich capacitor formed by a layer of counterions lo-
cated exactly midway between two electrodes with
the same polarity and separated by a pore width of 2b
(Figure 5). Because the opposing electrodes share the
net charge of the counterions, one can approximate
the slit capacitor as two capacitors in parallel as shown
in Figure 5b. The total capacitance Gy of the system
shown in Figure 5b can thus be computed as

C

tot

2, (1)

where C; is the capacitance of a single capacitor consist-
ing of one electrode and one side of the counterions.
Since the electric field lines effectively terminate at the
electron cloud of the ions, C; can be computed using
the parallel-plate capacitor model

C, = g A/dg (2)

where g, is the electrolyte dielectric constant, g, the per-
mittivity of a vacuum, A the surface area of the elec-
trode, and deg the effective separation between the
electrode surface and the counterions. Counterions are
not simply point charges, and the ionic radii are deter-
mined by the location of the charge densities."” We
stress that the corrections of charge separation by the
locations of charge densities are extremely important in
producing a reliable capacitance model, especially for
micropores. Based on Figure 5b, de is equal to (b — ay),
just as described in the EWCC model. However, the
present model is derived for parallel plates; i.e., curva-
ture is null. Therefore, the area-normalized total capaci-
tance of the system shown in Figure 5 is obtained as

Coot/2A = CJA = g£,/(b — ay) @3)

As can be seen in Figure 6, for the microporous acti-
vated carbon electrodes immersed in 6 M KOH electro-
lyte solution, the area-normalized capacitance has been
found to increase from ~6 to ~12 wF/cm? as the mean
pore size of the electrode decreases from 14.5 to 10.6
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Figure 5. (a) Schematic of a sandwich capacitor formed by a layer
of counterions located exactly midway between two electrodes
with the same polarity and separated by W = 2b. (b) The equiva-
lent system shown with the electric field lines. The locations of the
dashed lines indicate the effective ion radius a, of the counterions,
which is dictated by the spread of electron cloud (ref 11). The effec-
tive separation between the electrode surface and the counterions
is deff.

AS This pore size range is in rough agreement with
that found by our MD simulations where fully hydrated
K" ions accumulate primarily in the central plane of
the slit pores. Using the sandwich capacitance model
given by eq 3, we were able to fit the experimental data
with an R? value of 0.926, reproducing the experimen-
tal trend and giving two fitting parameters of &, = 3.33
+ 0.57 and g, = 2.65 * 0.54 A. That the ¢, value is
larger than the vacuum value of unity implies that the
electrolyte ions are hydrated in the pore width range
studied, which is supported by Figure 1a. The ¢, value
is smaller than those in the Helmholtz layer near iso-
lated electrodes (typically less than 10)? and may origi-
nate from the extreme confinement of water in the
micropores.>>33 Even with the standard error of 0.54 A
considered, the g, value is not in very good agreement
with the ion radius of K* (1.38 A).3>* A similar fit realized
using the EWCC model yields a R? value of 0.921 as
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Figure 6. Experimental data (solid dots) in ref 6 of mi-
croporous activated carbon electrode materials ina 6 M
aqueous KOH electrolyte fit with the sandwich capacitance
model (solid curve) shown in eq 3.

METHODS

The MD simulations were performed using a customized
version of MD package Gromacs.>* For each electrified slit
pore, we placed small partial charges on a plane at a posi-
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well. However, in this case, ao (1.64 A) is found to be
much closer to the ionic radius of K*. This indicates that
confinement effects (use of ag explicitly) are key in a
qualitative description of the capacitance behavior for
small pores (i.e., sharp increase with decreasing width),
as is described in detail here. However, our fits also in-
dicate that curvature effects are very important for a
quantitative description of the capacitance value, espe-
cially when pore geometry is closer to that of a cylin-
der rather than that of a slit.

CONCLUSION

In summary, we have studied the distribution of K*
ions in electrified slit-shaped micropores with pore
widths ranging from 9.36 to 14.7 A using MD simula-
tions. We have examined in detail the five main factors
that govern the distribution of K* ions in electrified mi-
cropores: (1) the long-range electrostatic ion—ion re-
pulsion, which always drives ions toward the two slit
walls, (2) the nonelectrostatic ion-slit wall attractions, (3)
the hydration of ions, which drives ions toward posi-
tions where they maximize interactions with their hy-
dration water molecules, (4) the interactions between
an ion’s hydration water molecules and their surround-
ing water molecules, and (5) entropic effects that drive
the ion and water inside the slit toward an uniform dis-
tribution. The highlight of our results is that K* ions
form a well-hydrated single layer in the center of nega-
tively charged slit pores with pore width between 10
and 14.7 A. Such an ion distribution differs qualitatively
from the prediction by the classical EDL theories and is
caused primarily by the ion hydration effects. In slits
with a width of 9.36 A, the K* ions form separate lay-
ers near each slit wall. We found that the electrostatic
ion—ion repulsion plays only a minor role in such a tran-
sition. Instead, the enthalpic effects associated with
the interactions between the hydration water mol-
ecules of the K* ion with their surrounding water mol-
ecules were found to lead to this interesting behavior.
Based on the K" ion distribution observed in electrified
slits with 10 A < W < 14.7 A, we proposed a sandwich
model to predict the scaling of the slit pore capacitance
as a function of its pore width. This model is shown to
be capable of predicting the anomalous enhancement
of capacitance that has been experimentally observed
in micropores with similar widths. However, curvature
effects are indispensable for a quantitative description
of the experimental capacitance values, further imply-
ing that the microporous carbons in ref 6 have a local
pore geometry that are closer to a cylinder shape rather
than that of a slit.

tion 0.7 A away from the slit surface to produce the desired
surface charge density.>® The number of K* ions inside the

slits was chosen to ensure the overall electroneutrality of the
system.?® To obtain an MD system in which the chemical po-
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tential of water molecules inside the slit is equal to that in
bulk solution, we first connected the slit to a large water bath
with one end exposed to vacuum and performed NVT simu-
lations (T = 300 K) for 3—10 ns for the water molecules inside
the slit to allow for complete equilibration. During these
simulations, “ghost” gate atoms, which do not interact with
water molecules, were placed at the entrance/exit of the slit
pore to prevent K* from leaving the slit. Next, the water bath
was removed, and periodical boundary conditions were en-
forced in all three directions. To remove the periodicity in the
direction normal to the slit wall, the simulation box size in
this direction was extended to be 5 times that of the slit
width, and the slab-PME method was used to compute the
electrostatic interactions. The simulations were performed
for 100 ns, and the trajectories were saved every 10 ps for
analysis. The force fields for water and K* ions was taken from
ref 29 and the force field for carbon atoms were taken from
the sp? carbon of the force fields in ref 37. Other simulation
details can be found in ref 13.
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