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ABSTRACT

The molecular-scale dynamic properties of the room temperature ionic liquid (RTIL)
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, or [Cymim*][Tf,N7],
confined in hierarchical microporous-mesoporous carbon, were investigated using neutron
spin echo (NSE) and molecular dynamics (MD) simulations. Both NSE and MD reveal pro-
nounced slowing of the overall collective dynamics, including the presence of an immobi-
lized fraction of RTIL at the pore wall, on the time scales of these approaches. A fraction of
the dynamics, corresponding to RTIL inside 0.75 nm micropores located along the meso-
pore surfaces, are faster than those of RTIL in direct contact with the walls of 5.8 nm and
7.8 nm cylindrical mesopores. This behavior is ascribed to the near-surface confined-ion
density fluctuations resulting from the ion-ion and ion-wall interactions between the
micropores and mesopores as well as their confinement geometries. Strong micropore-
RTIL interactions result in less-coordinated RTIL within the micropores than in the bulk
fluid. Increasing temperature from 296 K to 353 K reduces the immobilized RTIL fraction
and results in nearly an order of magnitude increase in the RTIL dynamics. The observed
interfacial phenomena underscore the importance of tailoring the surface properties of

E-mail addresses: banuelosjl@ornl.gov (J.L. Bafiuelos), gfeng@hust.edu.cn (G. Feng).
1 Present address: State Key Laboratory of Coal Combustion, School of Energy and Power Engineering, Huazhong University of Science

and Technology, Wuhan 430074, China.

2 Present address: Department of Chemistry, University of Puerto Rico, Rio Piedras Campus, San Juan 00931, Puerto Rico.
3 Present address: Jiilich Centre for Neutron Science JCNS, Outstation at MLZ, D-85747 Garching, Germany.
http://dx.doi.org/10.1016/j.carbon.2014.07.020
0008-6223/© 2014 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2014.07.020&domain=pdf
http://dx.doi.org/10.1016/j.carbon.2014.07.020
mailto:banuelosjl@ornl.gov
mailto:gfeng@hust.edu.cn
http://dx.doi.org/10.1016/j.carbon.2014.07.020
http://dx.doi.org/10.1016/j.carbon.2014.07.020
http://dx.doi.org/10.1016/j.carbon.2014.07.020
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

416 CARBON 78 (2014) 415-427

porous carbons to achieve desirable electrolyte dynamic behavior, since this impacts the
performance in applications such as electrical energy storage devices.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Porous carbon materials, in combination with room-
temperature ionic liquids (RTILs), have recently emerged as
promising materials for use in electrical energy storage
devices such as electric double layer capacitors (EDLCs). RTILs
have desirable properties such as low volatility, good electri-
cal conductivity, and high thermal and electrochemical
stability [1-3]. Most materials used as EDLC electrodes are
composed of high surface area carbon particles with internal
pores to improve the energy density of EDLCs [4-6]. Because
the high surface area of carbons used in EDLCs result from
their large volumes of internal micropores and mesopores,
compared to small external surface areas, the electrolytes
are essentially confined within the carbon particles. Confine-
ment has implications on the density, viscosity, and diffusion
of the electrolyte confined in pores compared to the bulk
liquid, of great importance for the development of energy
storage devices as well as in applications that involve control
of the RTIL-solid interface.

Although several studies using various experimental tech-
niques [2] and computational approaches have been under-
taken to understand bulk RTIL dynamics, the dynamics of
these fluids under conditions of nanoconfinement have not
been fully explored. Neutron spin echo (NSE) [7-10] and
molecular dynamics (MD) simulations [11] are powerful tech-
niques that can be combined and used to describe bulk and
confined RTIL dynamics. To date, MD methods have been
used to investigate the dynamics of confined RTILs in model
carbon slit-like pores and in cylindrical silica pores [12,13],
and experimentally by a combined NMR and MD study of
RTILs in cylindrical silica and carbon pores [14]. All of these
investigations reported bulk-like dynamics near the center
of large mesopores, while the dynamics near the pore surface
were much slower.

The behavior of RTIL electrolytes at the complex surfaces
of hierarchical porous materials, i.e., carbons, is influenced
by surface heterogeneities [14]. While an experimental
description of the surface heterogeneities and micropore
structures has not been addressed, the dynamics near such
complex surfaces cannot be explained using classical theo-
ries. Hence, recent work has focused on developing theories
to treat RTILs at solid-liquid interfaces [15,16]. Although
experimental support for RTIL properties at smooth, planar
interfaces continues to grow [17-19], studies of RTILs within
complex carbon surfaces have been missing. Such studies
have the potential to advance the theoretical efforts. Most
importantly, advances in MD simulations could help develop
an accurate model to explain the effects of carbon pore size
and geometry on the electrochemical performance of
carbon-based EDLCs using various electrolytes.

Previously, our small angle X-ray scattering (SAXS) and
neutron scattering (SANS) combined with MD studies [20]

have demonstrated the greater affinity of RTIL cations for
the surfaces of carbon pores within an RTIL monolayer. This
study provided a description of the impact of micropore
geometry on the structure of confined RTILs, without refer-
ence to the confined RTIL dynamics. In this direction, NSE is
a powerful tool for studying the dynamic properties of fluids
under nanoconfinement [21-26]. It allows measuring the
coherent dynamics arising from spatially-correlated groups
in the liquid structure. Time-dependence is obtained directly
in the normalized coherent intermediate scattering function
(CISF), S(Q, t)/S(Q, 0). Depending on a sample’s properties
and specific instrument configuration, NSE may probe
dynamics on time scales of a few picoseconds to several hun-
dred nanoseconds. A predicted CISF can be also be extracted
directly from the time-trajectories of individual atoms in an
MD simulation, by factoring in their coherent neutron scatter-
ing cross sections. Thus, NSE and MD, conducted on similar
systems, are ideally suited to both model validation and
atomic/molecular interpretation of the scattering from a
molecular ensemble. Neutrons are highly penetrating,
enabling information to be obtained for the entire sample vol-
ume irradiated. Since the matrix in a porous solid is relatively
immobile, except for molecular vibrations and lattice pho-
nons, only the pore-filling fluid contributes significantly to
changes in the CISF on nanosecond time scales. Furthermore,
through selective isotope substitutions, such as D for H,
which change the neutron scattering cross sections of specific
components of the system, individual species contributions
to the CISF can be isolated.

In this paper, NSE and MD simulation studies are used to
investigate the dynamics of the RTIL 1-butyl-3-methylimida-
zolium Dbis(trifluoromethylsulfonyl)imide ([Csmim*][TfoN7])
inside hierarchical microporous-mesoporous carbons [6,27].
This study provides molecular-level information of dynamics
at an interface and inside micropores, an area that currently
lacks sufficient experimental investigation in the EDLC com-
munity. The purpose of this study is to study the properties
of the interfacial fluid in an electrode material whose hierar-
chical structure makes it a good supercapacitor material. It is
extremely difficult to study an interface if the sublayers far
from the surface are still present. By preparing samples in
which the degree of filling of the porous substrate is con-
trolled, specific regions of interest were isolated for interroga-
tion by the NSE technique. In this paper, we describe the RTIL
dynamics inside of micropores, which are completely filled in
our system, as well as the RTIL dynamics at a mesopore
interface.

Because the [Comim*][Tf,N"] bulk-phase thermophysical
[28-30] and structural [31,32] properties have been investi-
gated and optimized potentials have been developed [33,34],
its choice provides a solid basis for exploring RTIL properties
under pore confinement. Two porous soft-templated carbons
with uniform cylindrical mesopores were used: one with
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5.8 nm-size mesopores and the other containing both 7.8 nm-
size mesopores as well as 0.75nm slit-shaped micropores
(IUPAC defines mesopores as having sizes between 2nm
and 50 nm while micropores have sizes <2nm [35]). This
class of carbon materials has attracted interest for use as
electrodes in EDLCs [6] due to their hierarchical structure of
micropores and mesopores that allow fast electron and ion
transport. The MD simulations presented herein incorporate
validated force fields [36,37] into an analogous physical model
(which combines mesopore and micropore effects on RTIL
dynamics) and are used to verify and help explain the dynam-
ics measured from NSE.

2. Experimental section
2.1.  Materials synthesis and preparation

The complete sample synthesis and preparation methods, as
well as structural characterization by nitrogen adsorption and
small angle X-ray scattering (SAXS) analysis, for the current
system are discussed in detail in our previous work [20]. A
summary is provided below. The mesoporous carbon (MC)
was synthesized using a soft-templating synthesis method
[27,38]. This consisted of the self-assembly of resorcinol
(Sigma-Aldrich, 99%) and formaldehyde (Sigma-Aldrich,
37 wt.%) in the presence of triblock copolymer Pluronic F127
(EO106-PO70-EO106, BASF) for the 7.8 nm mesoporous carbon
(labeled MC-127), and Pluronic F87 for the 5.8 nm mesoporous
carbon (labeled MC-87), and purchased from Sigma-Aldrich
according to previously reported recipes [38-39]. Cymim.Tf,
N-D;s was prepared from Csmim.Br-D;s (Isotec Stable Iso-
topes) via a modified anion exchange procedure [40] using
lithium bis(trifluoromethylsulfonyl)imide (3M) in D,0 instead
of H,0. To prepare the ionic liquid-MC composites calculated
amounts of RTIL corresponding to the different pore loadings
were mixed with deuterated methanol-D, (Alfa Aesar, 99.8%
isotopic). Because one goal is to study pure RTIL in confine-
ment, the initial solvent was intentionally evaporated leaving
behind only RTIL. Samples were mixed and dried at high tem-
perature and under vacuum using a protocol described else-
where [20]. Prior to loading into measurement cells, the
samples were placed under vacuum for at least 24h at
80 °C. All samples were loaded into measurement cells under
an argon atmosphere.

Nitrogen adsorption isotherms were measured for the
empty porous carbons as well as the RTIL-carbon nanocom-
posite samples. The pore size, total pore volume, and micro-
pore volume obtained from N, adsorption analysis are given
in Table 1. Small angle X-ray scattering (SAXS) data analysis
[20] of the empty MC-127 yielded slit-shaped micropores with
a size of 0.75 nm for micropore morphology and size. We do
not specify a depth for several reasons. First the observed
phenomena highly depend on the width and total surface
area in contact with the RTIL. Second, in the real system,
the micropores that form during the carbonization process
vary in the depth to which they permeate the mesopore walls,
and in some cases may even form interconnections with adja-
cent mesopores. In this system, it is difficult to determine the
depth of the slit-pores using gas adsorption and small angle
scattering techniques. For this reason, we define the system
in terms of the values given in Table 1, and the corresponding
micropore to mesopore ratios. The micropore-mesopore in
the MD model is constructed in a similar way as described
in the modeling setup section below. The RTIL total pore vol-
ume filling fraction, v, shown in Table 1 was obtained from
SAXS analysis of RTIL-carbon nanocomposite samples,
labeled Ss, S,, and Ss. For example, vy = 0.5 for sample S; corre-
sponds to half of the total carbon pore volume being filled
with RTIL. One unexpected finding during the preparation of
the experimental system was the degree of densification
[20] in the micropores (the original experiment was designed
to measure samples with more evenly-spaced filling amounts
assuming bulk density, including a completely filled sample;
vr =1, however, was not measured in this study). Nevertheless
a good representation of micropore-filled, and two mesopore
surface coverages was still achieved.

We demonstrated that most of the RTIL in sample S; is
contained in the micropores of the mesoporous carbon and
that subsequent filling of the pore volume in samples S, and
Sz takes place in the mesopores of MC-127 [20]. Carbon,
hydrogen, nitrogen (CHN) elemental analysis by combustion
was carried out to obtain an accurate estimate of the RTIL/
MC-127 composition for samples S;, S5, and S; and the result-
ing mass fractions are shown in Table 1 (column e). The
changes in the scattering data agree with the expected com-
positional changes in the carbon particle as the micropore/
mesopores filled with RTIL, indicating that the RTIL was found
inside the pores, and at a high density (Table 1, column f), as

Table 1 — Empty mesoporous carbon and RTIL/MGC-127 structural parameters obtained from N, adsorption, SAXS, and CHN
elemental analysis.

Sample 2 Pore size (nm) ° Viotar (cm>/g) € Vinicro (cm>/g) Sample 4y € RTIL/MC-127 (g/g) F ppore/ Poukc
MC-87 5.8 0.46 0.12 Sy 0.08 0.180 3.55
MC-127 7.8 0.53 0.045 Sy 0.2 0.256 2.19

S3 0.5 0.355 1.4
@ Pore width calculated according to the improved KJS method [41,42] using statistical film thickness for nonporous reference carbon material.
b

c

d

Micropore volume calculated in the «s-plot [43] range of 0.75-1.00.

RTIL total pore volume filling ratio.
e

Single point pore volume from adsorption isotherms at relative pressure p/po ~ 0.98.

RTIL mesoporous carbon composite mass ratios obtained from CHN analysis.

f Experimentally-obtained [20] ratio of RTIL density in pores to the bulk state.
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opposed to the outer surface or intergrain macrospaces of the
carbon powder.

2.2.  Small angle neutron scattering

Small angle neutron scattering (SANS) measurements of the
fully deuterated RTIL were conducted at BL-6B (EQ-SANS),
Spallation Neutron Source (SNS), Oak Ridge National Labora-
tory (ORNL). SANS intensity as a function of momentum
transfer, Q, was collected (Q is related to the d-spacing (d),
scattering angle (26), and radiation wavelength (2), by the rela-
tion: Q =2rn/d = 4rsin(0)/4). The SANS data for the deuter-
ated ionic liquid was placed on an absolute scale using two
methods: (1) By using a standard reference sample (Vycor)
and (2) by enforcing the extrapolated forward scattering to
the isothermal compressibility limit with the expression
resulting from kinetic and fluctuation theory [44,45] S(0) = kg
Tpnyr, Where kg is Boltzmann’s constant, T is the absolute
temperature, py is the molecule number density, and yr is
the isothermal compressibility. We used yr=0.526 GPa~" at
room temperature from references [34,46]. Both methods
yielded similar normalized scattering curves.

2.3.  Neutron spin echo experiment

The neutron spin echo experiment carried out at the NIST
Center for Neutron Research (NCNR) was performed using
the spectrometer located at the end position of NG-5. The
incoming neutron wavelength was set to 5 A using a velocity
selector, with a AA/A~ 20%. In this configuration the instru-
ment can achieve a maximum Fourier time of 10.0 ns, how-
ever, due to limited beam time allocated, the measurements
were performed up to a maximum of 1 ns. Polarized diffrac-
tion measurements were carried out at the beginning of the
experiment for the bulk ionic liquid and the mesoporous car-
bon imbibed with RTIL to determine their relative scattering
strengths and choose a Q value where the liquid to carbon
coherent signal ratio would be high. The background scatter-
ing was subtracted after proper normalization for the volume
fraction and transmission factors (to account for self-
shielding). A measurement performed on the bulk glassy
ionic liquid at 10 K, where the dynamics in the nanosecond
timescale are frozen, was used as the experimentally deter-
mined instrument resolution. The DAVE software package
[47] was used to reduce the NIST NSE data.

A second NSE experiment was performed on the NSE spec-
trometer (BL-15) at the SNS, ORNL. Since the SNS NSE instru-
ment is contained in a magnetically shielded, wedge-shaped
instrument hall [48], measurements were carried out in the
long instrument configuration to allow the secondary flight
path to rotate to large angles and allow measurements at high
Q values; measurements were carried out with a 4.1-6.5 A
wavelength band and at two positions corresponding to aver-
age Qs of 0.76 A~*and 1.4 A~. A TiZr calibration standard was
used as the experimentally-determined instrument resolu-
tion. Measurements were performed using both the “shorty”
and standard configuration to cover the 0.002-16 ns range.
Since the SNS NSE is a time-of-flight (TOF) instrument, it is
possible to bin the data into shorter Q-bins and obtain decay
time as a function of Q.

2.4.  Modeling setup

Before the confined RTILs were simulated, we performed MD
simulations of bulk [Csmim™*][Tf,N7]) in the isobaric—isother-
mal ensemble at a pressure of 1atm and temperatures of
275K, 300K and 350 K. The obtained bulk properties of RTILs
provided a baseline for the setup of the simulation of RTILs
inside micropores and mesopores. The mesopore (Fig. 1)
was modeled by three-layer concentric carbon nanotubes
(CNTs) with a 0.341 nm gap between neighboring walls and
an inner diameter that matched the experimentally obtained
mesopore diameter. The micropore (see zoomed image in
Fig. 1) was modeled by a slit of two walls separated by a
0.75 nm distance and each wall was modeled by a three-layer
graphene sheet also with a 0.341 nm gap between neighbor-
ing graphene layers. The CNT-made mesopore is 6.1 nm in
length and the slit-shaped micropore has a length of 6.1 nm.

To obtain the right number of ion pairs inside the meso-
pore, the modeled cylindrical pore was connected to an RTIL
reservoir of ~6.6 nm in thickness that allowed the ions to
freely enter or leave the mesopore. Then, only the RTIL ion
pairs inside the pore were statistically counted in an equilib-
rium simulation system. Note that to get rid of edge effects
from the connection between pore and reservoir, a 1.0 nm-
long pore entrance was excluded when counting the ion pairs.
Then, the reservoir was removed to leave a simplified system
containing the CNTs and RTIL inside, and the periodic bound-
ary condition was applied in the direction along the CNT axis
(i.e., the cylindrical mesopore was infinitely long in theory).
This simplification of the mesopore system by removing the
RTIL reservoir helped save considerable computational
resources. For example, at 300K, the system with an RTIL
reservoir has 1204 ion pairs while there are only 294 ion pairs
in the simplified MD system consisting of a cylindrical
mesopore with a diameter of 5.8nm and length of 6.1 nm.
Similarly, the slit-shaped micropore was also connected to a
reservoir of ~8.0 nm in thickness. In this case, at 300 K, there

freso= 042 freey=0.16

micropore

mesopore

y >
[ ] C4mim*M>
J

i

y
BTN ‘#i'*’ﬁ;,‘

Fig. 1 - Schematic of the mesoporous-microporous system.
The mesopore filling fractions vyeso = 0.16 and 0.42,
denoted by the dashed line, were used to calculate S; meso
and S3 meso, While filled RTIL-micropores (zoomed image)
were used to obtain Spicro. The total ion density and relative
number of RTIL ions in mesopores compared to in
micropores were calibrated using the results of our previous
structural investigation [20].
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are about 186 ion pairs in the RTIL reservoir compared to
about 24 ion pairs inside the 0.75nm-sized micropore
(excluding the 1.0 nm-long entrance). The different mesopore
loading fractions Umeso, Were determined by removing the
number of ions with respect to the total number of ions in
the full loading case in order to achieve the same mass frac-
tion as in the experimental system. For example, the number
of ion pairs in the pore loading of 16% and 42% is 47 and 123,
respectively. Further details of the simulation setup are pro-
vided in our previous work [20]. The MD-obtained composite
CISFs, Sy,mp shown in Fig. 3, were obtained from the RTIL
mass-normalized linear combination of MD-obtained RTIL
dynamics in the micropores and mesopores. MD simulations
were carried out on micropores completely filled with RTIL
and at mesopore filling fractions, Umeso, 0f 0.16 and 0.42, and
CISFS Smicro, S2,meso, @ad S3 meso Were obtained, respectively.

3. Results and discussion
3.1. Experiment 1: Full pore filling

Two separate neutron spin echo experiments were carried
out. In the first experiment, bulk alkyl chain-deuterated
[Camim™*][TfrN7], and the same liquid confined in 5.8 nm
pores, herein referred to as ILayy and MC5.8-IL,yy, Tespectively,
were measured at the NIST NSE spectrometer [49]. In order
to distinguish the geometric confinement effects from those
of the carbon surface on the RTIL dynamic properties, the sec-
ond NSE experiment probed RTIL dynamics as a function of
pore volume filling fraction vy inside 7.8 nm pores. Fully deu-
terated [Camim*][Tf,N ], herein referred to as ILgeqt, Was used
and the measurements were carried out at the SNS NSE spec-
trometer [48]. To the best of our knowledge, this is the first
study to use NSE to probe the dynamics of an ionic liquid con-
fined in a hierarchical porous carbon.

The diffraction profiles of ILgey: (Mmeasured on SNS BL-6B
[50]) and MC5.8-ILa1y1 are shown in Fig. 2a. The bulk structure
shows two broad peaks near 0.8 A~! and 1.4 A~%; these fea-
tures have been discussed previously [32,51]. Low-Q scattering
from the pore structure of the MC5.8-IL,yy,1 composite for
Q<1A?! (Fig. 2a) introduced a high background signal that
made NSE measurements at 0.8 A~! unfeasible during this
experiment’s beam time. NSE measurements were carried
out on ILaiy at 275K and MGC5.8-IL,iky1 at 275K and 300K,
each at Q=14 At (Fig. 2b). The CISF of ILgeu: collected at
296 K is also shown in Fig. 2b. The bulk dynamics were fit with
the expression

_f
SrriL :fe © (1)

Fits of Eq. (1) for the bulk RTILs are shown in Fig. 2b. A short-
time decay component faster than the minimum observation
time, tmin, iS present and results in a measured Sgr. at tmin
that is less than unity. The origin of the fast relaxation pro-
cess cannot be identified with certainty solely on the basis
of the available data. However, it could arise from fast confor-
mational changes, e.g. of the alkyl chains, and motions within
the first neighbors shell which are sufficient to partially
reduce the correlation between the structures originating
the coherent signal. These dynamical processes do not

T
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0.1
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Fig. 2 - (a) Diffraction measurement of ILge,: and MC5.8-
IL.y1 showing the bulk RTIL structural peaks and high
background at low-Q, respectively. (b) Coherent
intermediate scattering functions obtained from NSE
(symbols) and MD (solid lines) for alkyl chain-deuterated
bulk [Camim*|[Tf;N] (ILany) at 275 K, fully deuterated RTIL
(ILgeur) at 296 K and IL,iy1 confined in 5.8 nm carbon pores
(MC5.8-IL,ky1) at 275 K and 300 K. All CISFs were collected at
Q=1.4 A%, The dashed lines are fits to the data using the
expression for Sgry, given in Eq. (1). Here and throughout the
paper, error bars represent one standard deviation. (A color
version of this figure can be viewed online.)

involve movements large enough, compared to the experi-
mental observation scale (~1/Q), to cause the CISF to decay
to zero. The motions in the fast relaxation process are also
likely correlated with single-particle ballistic and sub-diffu-
sive dynamic regimes [12,52-54], since these depend on the
distance to nearest neighbor molecules and occur on similar
time scales. The stretching exponent, = 0.59, obtained from
fitting Eq. (1) to the RTIL data at 275K and 296 X, is indicative
of dynamics that involve more than one decay component in
the primary relaxation time scale . At Q = 1.4 A~%, § encapsu-
lates the complex interactions between the cation head
groups, alkyl chains, and anions, and provides an average
decay time (r). The mean relaxation time (r) is given by
©=2T(}), where I'(}) = [;* x#Dex*dx. The (1) from fits of the
bulk data in Fig. 2c are given in Fig. 3c and discussed later.

The confined RTIL CISFs shown in Fig. 2 may be described
in terms of three components: (1) the bulk-like RTIL dynam-
ics, Sgrm, (2) a slow, pore surface-immobilized RTIL compo-
nent, Simmob(Q, t), and (3) a constant elastic background due
to the carbon matrix, F.(Q). The experimental CISF was fit
with the function,

SgriL+c = Srri. + B (2)

with Sprp given by Eq. (1) and B given by B = Simmob(Q,
t) + F.(Q). The Simmob(Q, t) describes dynamics more than an
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Fig. 3 - (a) Coherent intermediate scattering functions
(CISFs) for S, at 296 K and 353 K. NSE data is shown along
with the fit of Eq. (2) with individual dynamic components
highlighted. (b) Plot of RTIL dynamic components f and
Simmob VS- pore-filling fraction vy at 296 K, and 353 K for
samples Sy, S, and S;. The dashed lines are guides to the
eye. (c) NSE mean relaxation times (r) obtained atQ=1.4A !
for the bulk RTIL and at loadings (v;) of 0.08, 0.2 and 0.5.

order of magnitude slower than the bulk-like dynamics. Such
dynamics generally lay beyond the time window accessible in
the current experiments and therefore appear as effectively
immobile components to the present experiment.

The MD-obtained CISFs for the bulk, Sgri. mp, and the RTIL/
carbon composite, SgriL+cmp, are shown in Fig. 2, and a simu-
lation snapshot is shown in Fig. 2b. Similar to the experimen-
tal CISF, Sgri+cmp 1S given by Sgriiicmp = Sssmp + B. Here,
Ss.g,mp is the simulated CISF of RTIL confined in 5.8 nm pores.
Full relaxation of the RTIL dynamics should result in a CISF
which decays to a constant value, or plateau, corresponding
to the carbon elastic background F,(Q) at high Fourier times.
Our observations, on the other hand, reveal the presence of
a component with long decays beyond the maximum mea-
surement time, tmayx, Of the current experiment. Thus, the
RTIL plateau region is not well-resolved and B is treated as a
constant. For comparison, water confined in vermiculite clay
decays to a plateau by 1 ns at 303 K, and at 280 K still shows a
decay in the self-intermediate scattering function even at 2 ns
[22]. Thus, it is reasonable to expect that the more viscous
RTIL fluid will decay over longer times near surfaces. Indeed,
increasing the temperature from 275K to 300K caused a
faster decay in the CISF of the confined RTIL: B decreased from
0.4 to 0.25. The decrease in B shows that the Simmob(Q, t) com-
ponent of the long Fourier time signal is due to RTIL dynamics

whose full relaxation occurs beyond tmax. Analysis of higher
temperature (353 K) data in the second experiment, discussed
later, estimates Simmob(Q, t) to be on the 100-ns time scale.

3.2.  Experiment 2: Partial pore filling

In the second NSE experiment, the influence of the pore sur-
face morphology on the RTIL dynamics was investigated in
more detail by carrying out measurements as a function of
ILgeyt total pore volume filling fraction (vg. The porous carbon
consists of 7.8 nm cylindrical mesopores and 0.75 nm slit-like
micropores which comprise 8.5% of the total pore volume and
decorate the mesopore surfaces. Samples labeled as S;, S,,
and Ss, corresponding to vf's of 0.08, 0.2, and 0.5, respectively,
were all measured at (296 + 0.1) K, and at (353 + 0.2) K for sam-
ples S; and S,. Most of the ILge,: in sample S; is located inside
the micropores and along the mesopore walls. One advantage
of this approach is the ability to experimentally delineate the
dynamics near the mesopore center, where bulk-like dynam-
ics are found, from the dynamics at the complex surface. The
sample preparation and structural analysis are described in
detail in our previous work [20]. Higher Fourier times than
in the first experiment were accessible due to higher counting
statistics and the use of a fully deuterated RTIL.

The confined RTIL CISFs were fit with Eq. (2) with Simmob(Q,
t) treated as a constant Siy,meb. We now consider the relative
contribution of each confined RTIL component, namely f
(the amplitude of the primary component given in Eq. (1))
and Simmob, ON the CISE. Fig. 3a shows the fit of Eq. (2) to sam-
ple S, NSE data and highlights the contribution of each Sgrir.c
component at 296 K and 353 K. At 296 K, the primary relaxa-
tion contains a fast decay component that occurs primarily
att < tmin. As temperature is increased to 353 K, the fast decay
occurs completely outside the experiment’s time window
resulting in a lower CISF value at tpyi,. As the temperature is
raised from 296 K to 353 K, t clearly shifts to lower decay times
(Fig. 3c). The Simmob dynamics at 296 K are too slow for an esti-
mate of the time scale. However, if at 353 K the immobile
component is explicitly defined as = Simmob(Q,t) =
fimmope™¥/fmmeb) @ time constant timmeb = 130 + 50 ns for sam-
ples S; and S, can be estimated by fitting Eq. (2) to the NSE
data; the significant error is due to the measurement’s
cut-off at long times.

All NSE data in Fig. 4 were fit with Eq. (2). The relative con-
tributions of the RTIL dynamic components f and Simmob, as Us
and temperature are varied, are shown in Fig. 3b, where f' = f/
(f + Simmob) and S oo = Simmob/(f + Simmob)- Fig. 32 and b show
that a fraction of the RTIL is released from the immobile
phase (Simmob) and contributes to the dynamics of the bulk-
like phase (f), noted by the decrease in Simmob and increase
in f for sample S,. A similar trend is found for S; (Fig. 3b,
Fig. 4). The changes in the RTIL primary relaxation (f compo-
nent), and in the surface-immobilized RTIL dynamics (Simmob
component), share an inverse relationship as a function of
pore filling, i.e., at low loading, most RTIL dynamics are due
to RTIL-pore wall interactions, whereas at high loadings a
larger fraction of the dynamics exhibit bulk-like behavior.

The MD simulations are able to reproduce the CISFs of the
confined ionic liquid, S, up as a function of v (n = 1-3 for each
sample) and temperature. The CISFs were calculated by the
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Fig. 4 - CISFs for fully deuterated RTIL samples S;, S,, and S5
confined in microporous-mesoporous carbon (7.8 nm
mesopores). Samples S; and S, were measured at
Q=1.4 A and at 296 K and 353 K (top two plots). Sample S;
was measured at 296 K and at 0.76 A~* and 1.4 A *(bottom
plot). Experimental values are indicated by symbols and
simulation results (S, up) With solid lines. An overall
slowing of interparticle dynamics is found in the confined
samples. The insets on the right-hand-side are snapshots of
the simulations used to generate the CISFs. The left inset in
the bottom plot shows the length scale of the fluctuations
probed at the two measured Q-values; cations are shown in
red and anions in blue.

software nMOLDYN [55] based on MD-obtained trajectories.
The S, mp shown in Fig. 4 are the RTIL mass-normalized linear
combination of CISFs in the micropores and mesopores. To
simplify the simulation system, the dynamics in the microp-
ores and in the mesopores were modeled separately. Simula-
tions of completely filled 7.5 A slit-like micropores and of
cylindrical mesopores partially filled with RTIL were carried
out to obtain Smicro, S2meso aNd Szmeso, respectively.
Additional details are contained in the Experimental Section.
The CISFs were combined to obtain S,up as follows:
SnMD = Mo Smicro + My mesoSnmeso + Fr ., Normalized such that
the total mass ml ;. + M) .o = 1. For n=1, the expression
simplifies t0 S;mp = Smicro + Fy,- At the lower loadings (S; and
S,), small amplitude oscillations with a period of ~0.018 ns
are present in the simulated CISFs due to the lower
averaging statistics from the micropore component. The

micropore/mesopore mass fractions of each S, mp plotted in
Fig. 4 were chosen to match the experimental mass fractions
in order to give the proper weight to the CISF components and
adequately represent the composite CISFs. Diffraction data
was used to obtain the background term, F, at Q=14 A 'in
the modeled CISFs.

The relation of the RTIL dynamics with diffusion-type pro-
cesses was investigated by analyzing the dependence of the
inverse of the characteristic decay time 1/(r) with Q. The ILgeut
and S; SNS NSE data were collected with enough statistics to
allow re-binning the data by neutron time-of-flight and pro-
vide a Q-range of 0.685-1.603 A~%. A linear dependence in a
1/(z) vs. Q* plot is indicative of simple diffusion, i.e.,

1/(x) = DerQ?, (3)

and the slope of the line gives the effective diffusion coeffi-
cient. For the bulk liquid, the decay times follow this behavior,
yet a subtle de Gennes narrowing [56] (i.e., slower decay times
in the Q region corresponding a liquid’s structural peak) is
observed near the low-Q peak (Fig. 5). A fit of Eq. (3) over the
full Q-range for the bulk gives Deg = (2.56 + 0.17) - 10~ ** m?/s
(Fig. 5), which is close to the published C;mim* NMR diffusion
value [14] of (2.5+0.2)-10 " m?%s and (2.3+0.2)- 10" m?%s
from the current MD simulations. The effective diffusion
coefficients for IL4ey: and S; were calculated by fitting Eq. (3)
to (r) values obtained near the first structural peak at
Q=0.76 A~! and near the second peak at Q=1.4 A~* (Fig. 5).
Diow-q, Obtained near Q=0.76 A=, corresponds primarily to
long-range cation-cation, chain—chain, and anion-anion fluc-
tuations, whereas Dpjgh-q, Obtained near 1.4 Afi, corresponds
primarily to short-range to cation-anion, cation-cation, and
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Fig. 5 - The slope of the 1/(r) vs. Q° plot gives the effective
diffusion coefficient. (a) (©) Bulk and (») S3 sample data
collected at 296 K on the SNS NSE spectrometer. Dashed
lines: Fit of diffusion equation using all data points. Solid
lines: Fit using low-Q decay data. Dotted line: Fit using high-
Q decay data. The diffusion coefficients obtained from each
of the fits is shown in the inset. (b) Scattering profile for the
deuterated bulk RTIL. Slight de Gennes narrowing is
observed from comparison of 1/(r) with the structural peak
positions. (A color version of this figure can be viewed
online.)
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Fig. 6 - (a) The total and partial neutron-weighed bulk RTIL structure factors, S(Q) and S,4(Q), in the S(Q) — 1 representation.
The modeled total S(Q) is very similar to the measured curve in Fig. 2a (b) Close-up of the structure factors near the 1.4 A™?
peak where most NSE measurements were conducted. The plot shows that the cation-anion and the cation-cation S,4(Q)

contribute the most to the peak at 1.4 A%, followed by the tail-tail S.5(Q) and very little for the anion-anion S,4(Q). (A color

version of this figure can be viewed online.)

chain—chain fluctuations [2,51,57]. Fig. 6 shows the total and
partial neutron-weighted bulk RTIL structure factors which
illustrate the RTIL structural components responsible for the
observed dynamics. The similar slope in the 1/(z) vs. Q? plot
near Q=1.4 A%, for the bulk and S, samples indicates small
sensitivity of (r) to confinement; Dpigh.q slows to 68% of
the bulk value with confinement. The dynamics, however,
are more sensitive to confinement at lower Q, and
Diow-q decreases to 23% of the bulk value. Although the inten-
sity I(Q) of the Q = 1.4 A~* peak is higher than the Q =0.76 A~*
peak, de Gennes narrowing is not visible and the higher diffu-
sion values at high-Q suggest that other motions accelerate
the high-Q dynamics.

The observed behavior is described as follows. At high-Q,
the signal is primarily due to nearest-neighbor anion-cation
correlations and results from the cumulative effect of only
the nearest neighbors (Fig. 6) resulting in S; dynamics at
high-Q which resemble those of the bulk liquid. At lower Q,
the dynamics result from the cumulative effect of interac-
tions with a larger number of constituents over larger length
scales [57]. Such length scales begin to approach the size of
the confinement and are therefore more easily perturbed by
nanoconfinement. A molecular dynamics simulation of
[Camim*][Tf,N7] [30] shows that the self-intermediate scattering
function decays faster than the CISF at similar Q. This
supports our observation that the collective motions in both
Q-regions are not entirely of a diffusive nature, but instead
are coupled with other types of motions.

We previously mentioned that some of the measured
dynamics are likely correlated with ballistic and sub-diffusive
dynamic regimes since these also occur at time and length
scales similar to that probed in this experiment. These
regimes and their connection with the confined RTIL must
be considered. The motion of an ion at short distances before
it senses its neighbors is known as the ballistic regime, occur-
ring in the first few picoseconds, and has faster dynamics
than the other regimes. Next, the dynamics slow down due
to the ions being temporarily trapped in cages formed by

neighboring molecules; this is known as the subdiffusive
regime. At longer times, as the ions escape the molecular
cages in which they are found, the ions transition to the dif-
fusive regime [12]. The slope of the mean squared displace-
ment (MSD) vs. time plot should be linear and may be used
to calculate the diffusion coefficient in this regime. The
one-dimensional MSD vs. time in the range of 1-3ns, for
example as shown in Fig. 7b, was used to calculate the diffu-
sion coefficients (Fig. 7c) of all the simulated systems.

The (z) values in Fig. 3c, show longer decay times for the
confined samples compared to the bulk at 296 K. Interestingly,
the (r) decay for S; is faster than for S,. In comparison, the dif-
fusion coefficients of the individually MD modeled compo-
nents in Fig. 7c, i.e., RTIL in the bulk phase, in micropores,
and in mesopores, show that the dynamic component of RTIL
inside the micropores is faster than RTIL interacting with the
mesopore walls, yet still lower than the bulk liquid. This fol-
lows the trend observed for the (r) values. The MD-derived
diffusion coefficients (Fig. 7c) show that at 16% mesopore
loading, the average diffusion is slower than at 42% mesopore
loading due to the higher fraction of RTIL near the wall. How-
ever, the diffusion coefficient of RTIL in the micropores is
higher than in the partially filled mesopores. Diffusion values
from MD calculated at 300 K and 350 K are shown for the bulk
RTIL and each confinement simulation in Fig. 7c.

Comparison of S3 meso With Smicro Shows that Spicro initially
decays faster but has a long decay component that is slower
than that of Sz meso (Fig. 7a). The CISF at the minimum time
for the micropore begins at a lower level than the mesopore
CISF, which means there are molecular rearrangements
occurring at faster time scales than the resolution of the sim-
ulation. If these motions were captured, both the micropore
and mesopore CISFs would begin at S(Q, t)/S(Q, 0) = 1. The CIS-
Fs decay across the time window yet do not decay to zero at
the highest calculated times in either case. This means there
is a component in the RTIL dynamics that extends well
beyond the maximum time of the simulation and is not
adequately represented. To help find the source of the slow
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Fig. 7 - (a) CISFs of RTIL inside micropores at 296 K with (blue) and without (green) the RTIL-wall interactions present. S; meso
(black) is shown for comparison. (b) One-dimensional (parallel to the pore wall) mean square displacement (MSD) vs. time
plot of bulk RTIL and RTIL in a micropore and mesopore (Umeso = 0.42) at 296 K. The dotted lines indicate the range over which
the diffusion was calculated. (c) Comparison of RTIL diffusion coefficients. Values shown are MD results for the bulk,
mesopore (42% and 16% loadings), and micropore (full loading), at two different temperatures.

relaxation, the micropore CISF was calculated without the
RTIL-wall interactions and Smicrono walls Was obtained, which
includes only confined RTIL-RTIL interactions in the micro-
pore. The dynamics of Spicrono wails, 0Ccurring predominantly
along the plane of the slit pore, shows dynamics that decay
faster than the total Smicro and S3meso (Fig: 73). Smicrono walls
provides a glimpse that the slow relaxation is primarily
associated with the RTIL-wall interactions, but even in this
case the CISF does not decay to zero, though it does decay
to a value lower than S meso-

The differences between the 3 curves may be explained by
considering that a higher fraction of RTIL is in contact with
the pore walls in the micropore case than in the mesopore
case, and that as a consequence a higher fraction of the RTIL
dynamics in the Spcro CISF will correspond to RTIL-wall inter-
actions. If the RTIL-wall interactions are removed, then the
simulated Smicrono wans decays faster in the micropore case.
Also, comparison of the experimental tabulated () in
Fig. 3c, shows that the primary relaxation component of the
CISF decays faster in the micropore case. Fig. 7(a-c) empha-
sizes that the collective motions of the RTIL are complex
and information over longer and shorter time scales, as well
as over a wider temperature range, are necessary to observe
how/to what extent the dynamics represented by the CISF
couple with diffusion. Based on the current information, the
diffusion calculated from the selected region in the MSD plot
does not account for the slow relaxation due to RTIL-wall
interactions, though it does show some correlation with the
(r) of the primary relaxation component. We attribute this
behavior to the resulting nearest neighbor-scale local struc-
ture of the confined RTIL both along perpendicular and paral-
lel paths to the pore wall as discussed below in the following
paragraph.

To shed light on the dynamics that depend on the organi-
zation of nearest neighbor molecules, the structure of ions
within the modeled micropore and mesopore was explored

H
o

T T T T

1 Micro- anion Vmeso anion
pore —— cation =0.16 cation

w
o

Vmeso anion

=0.42 _.— cation|

p., (number/nm®)
N
o

=10}

; \(ﬂ%

0.35 0.40 0.45 0.50 0. 55 0.50
Distance from electrode (nm)

Fig. 8 - (a) Ion density distributions for each MD-modeled
component. The alternating cation-anion structure is
clearly in the mesopore case, with less overlap in the
layering and higher local density in the Umeso = 0.16 case,
indicating a more rigid ordered structure than vy,es, = 0.42.
In the micropores, only a monolayer forms in the narrow
pore such that the ions in the two-dimensional ion
distribution are equidistant from the pore walls in the
direction perpendicular to the walls. (A color version of this
figure can be viewed online.)

both perpendicular to and along the pore walls. Fig. 8 shows
the RTIL cation and anion density for each of the three mod-
eled systems as a function of the distance from the pore wall.
Only a high density monolayer of RTIL may be accommodated
within the slit micropore. In this case, both cations and
anions are found to be equidistant from the pore walls.
Within the mesopore, the RTIL adopts an alternating layered
structure with cations found in the innermost layer. The
ordering perpendicular to the surface is stronger in the
Umeso = 0.16 case than the Upeso =0.42 case. This is due to
the strong influence of the pore wall on the RTIL structure
atlow loading. As more RTIL is added, the bulk-like fluid helps
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Fig. 9 - RTIL ion density along the pore wall direction. (a) The cation and anion density distributions along the length of the
modeled slitlike micropore show a highly localized ion configuration, i.e. sharp maxima and clear co-ion separation with
average separation of <1 nm. (b) and (c) Cross sectional view of the distributions through the modeled cylindrical mesopore at
pore volume loadings vmeso = 16% (b) and 42% (c). The alternating ion structure perpendicular to the pore wall, plotted in
Fig. 8a, is visible. Strong cation adsorption in (b) results in cation density maxima along the pore wall that are separated by
~1 nm; the anion ordering follows a similar pattern in the next layer away from the wall. In (c), the competition between pore
wall and intrinsic bulk interactions reduces the cation and anion sharp maxima along the wall and smears the distribution
more evenly throughout the layers compared to in (b). The strong micropore wall-RTIL interaction that gives rise to the highly
localized ions in (a) also reduces bulk-like interactions and allows some dynamic processes to occur faster than in the

mesopore-confined (b and c) case.

to counter the influence of the surface and the density fluctu-
ations are minimized.

Differences in the strength of the interaction potentials of
RTIL ions with the mesopore walls (—154 kJ/mol) compared to
with the micropore walls (—247 kJ/mol) contribute to the
resulting RTIL structure within each confinement environ-
ment, which in turn affects the observed dynamics. The inter-
action potentials are obtained by calculating the net potential
energy at the ions’ equilibrium position between an ion pair
and the carbon atoms of the pore wall. The considerably lar-
ger energy in the micropore case, then, is a consequence of
having an additional wall in close proximity to the ions. A
comparison of these interaction potentials with studies of
the cohesive energy of [Csmim™*][Tf,N"] helps to explain the
faster short-range motions inside the micropore. Estimates
of the standard molar enthalpy of vaporization for this RTIL
are between 136 kJ/mol and 174 kJ/mol [58], and due to a con-
tact ion pair transitioning from the liquid phase to the gas
phase. The cation-anion bond strength calculated for a single
ion pair, however, is 305 kJ/mol [59]. These results suggest
that (1) in the case of the bulk, mesopore-, and micropore-
confined RTIL structures, all ions remain coordinated with
at least their close-contact counterions, (2) the RTIL-
micropore interaction disrupts the bulk RTIL structure to a
greater extent than the RTIL-mesopore interaction, and (3)
that the measured dynamics in S; are due to ions that are less
coordinated than ions at the mesopore surface. The following
analysis of the RTIL density fluctuations along the direction of
the pore walls clearly illustrates these three points and helps
explain the differences in the observed behavior between the
different confinement environments.

In mesopores, RTIL ions are adsorbed to the surface, but
still have significant coordination with the bulk-like fluid

found away from the wall. We know from our previous study
that diffusion along paths parallel to the cylinder surface is
slower for paths closer to the pore wall than to the pore center
[14]. Other studies have shown that the diffusion perpendicu-
lar to the pore wall is slower than parallel because the ions
must traverse dense cation and anion layers [12]. The stron-
ger the ordering, i.e., the higher the difference between den-
sity minima and maxima, the more difficult it is for the ions
to penetrate the layers, and they are confined to cages formed
by neighboring molecules for a longer time. Fig. 9 shows RTIL
density fluctuations along the pore walls; the cation and
anion densities are plotted along the length and width of
the micropore (Fig. 9 a) and as cross-sections perpendicular
to the mesopore cylinder axis (Fig. 9 b and c).

In the Umeso = 0.42 system (Fig. 9c), the cation and anion
densities along the each respective layer show minimal
change, indicating that RTIL motions along the layers encoun-
ter a relatively uniform resistance similar to the bulk liquid,
but overall slower than the bulk due to the higher average
ion density. In the Upeso = 0.16 system (Fig. 9b) the RTIL is less
coordinated, mesopore surface effects dominate the RTIL
structure and pronounced density maxima separated by
~1nm create barriers for diffusion along the layer direction.
The density distributions, however, are spread out along the
layer and minima between the high density regions are still
observed. In the micropore (Fig. 9a), the RTIL is highly localized
and co-ions are separated by <1 nm. Strong RTIL wall attrac-
tion, enhanced screening due to second wall at close proxim-
ity, a reduced excluded volume, and reduced coordination
with the bulk structure all contribute to the resulting ion con-
figuration. Fig. 9a shows that some RTIL ions are separated
from other ions, forming islands. While long-range diffusion
may be hindered by the presence of high density RTIL barriers,
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the short length scale motions occurring within the neighbor
molecule cages occur faster because the ions are less coordi-
nated with other ions. This allows fluctuations in the average
cation-anion separation and tail-tail conformational changes
to occur unhindered by bulk interactions. We note that a
recent computational study compared calculated self-diffu-
sion of ionic liquid ions in charged narrow pores with that
observed near charged planar surfaces and found that acceler-
ated diffusion occurs to a higher extent in narrow pores [60]. In
this study, they reasoned that it is because counter ions near
charged surfaces are still bound to many co-ions in adjacent
layers, and such binding disappears when ions form a
monolayer inside a narrow pore. This reasoning is in line with
the observations in this investigation.

4, Conclusion

This study provides molecular-level information of RTIL
dynamics at an interface and inside micropores, an area that
currently lacks sufficient experimental investigation in the
EDLC community. The purpose of this study was to investi-
gate the properties of the interfacial fluid in an electrode
material whose hierarchical structure makes it a promising
candidate for supercapacitor applications. One success of this
study was to experimentally decouple the RTIL dynamics
inside of micropores, which are completely filled in our sys-
tem, from the better understood dynamics within a meso-
pore. The molecular-scale data we present provides a
glimpse of the complex interactions at play and demonstrate
the difficulty in defining all of the dynamics with a single
parameter like diffusion.

Neutron spin echo spectroscopy and atomistic simulations
were used in the current work to obtain quantitative informa-
tion on the dynamics of RTIL electrolytes confined inside
complex carbon electrode materials. The simple model, in
which the measured properties were described as a linear
combination of cylindrical mesopore and slit-like micropore
effects, allows the molecular dynamics simulation to help
describe RTIL [Cymim*][Tf,N"] dynamics inside a complex
substrate. The confined RTIL exhibits fast relaxations occur-
ring at times shorter than the current investigation, a primary
relaxation component with time scales similar to the bulk,
and a slow relaxation due to RTIL-pore wall interactions with
a characteristic time scale several orders of magnitude
slower. The MD simulations find agreement with the NSE data
only after considering the micropore effects. It was found that
a significant fraction of RTIL interacts with the pore walls and
is effectively immobilized, with long relaxation times outside
the current measurement’s range, yet estimated to be on the
100 ns timescale at high temperature.

This work shows that both the influence of the bulk fluid
and the RTIL-wall interactions must be considered and the
overall motions of the ions will be the net result of both
effects. While the dynamics near a smooth mesopore carbon
surface are slower than in the bulk phase, this study finds that
some RTIL ions inside of micropores with ideal flat walls are
less coordinated than those in the bulk liquid and exhibit fas-
ter collective motions on length scales of the ion separation
than RTIL at the mesopore surface (RTIL at a mesopore wall

is still in contact with bulk-like RTIL). Recent work has dis-
cussed the complex dynamic features of RTILs at interfaces,
including the extent to which RTIL dissociation may occur
[61-63]. The experiment and modeling approach presented
in this work offers new information on the dynamics of RTIL
confined in two distinct pore geometries. This work has
shown that confined RTIL dynamics depend on the confining
geometry, temperature affects to what extent RTIL is immobi-
lized at the surface, and RTIL density fluctuations affect col-
lective ion motions along perpendicular and parallel paths to
the confining surfaces in similar ways. These fluctuations
slow down long-range diffusion, but allow faster motions on
the length scale of the ion separation distance.

The current observations may shed light on how high elec-
trical double layer capacitance [64] is achieved in hierarchical
microporous-mesoporous carbons for use in energy storage
devices [6]. Though it is true that the micropores offer high
surface area for energy storage and materials are typically
designed with open mesoporous “highways” for efficient ion
transport, not much is known about the dynamics of ions in
micropores, that is, pores whose dimensions nearly match
the size of the RTIL molecules. It is conceivable that other
micropore sizes could allow more bulk-like interactions and
that the fast micropore motions would be slower than in
the mesopore. One emerging observation in the EDLC com-
munity is that capacitance exhibits oscillatory behavior as a
function of pore-size, when the pores are less than to several
ion diameters in size. Establishing a connection between this
observation and the mobility of ions in pores of similar
dimensions may help explain why desirable properties in
supercapacitors are obtained when pore size is chosen care-
fully with respect to a given electrolyte [65], and is an area
that requires further study. It has been recently shown that
fast charging of micropores is a process aided by fast ion dif-
fusion (by an order of magnitude compared to bulk), that
charging is accelerated by collective modes, and that charging
is highly dependent on the geometry and chemistry of the
system [60]. Similar to our observations, the behavior was
ascribed to lower level of coordination with the bulk fluid
when the RTIL is confined in micropores. An in-depth system-
atic study would be necessary to understand the relation
between the current work and these recent findings, but both
suggest a re-evaluation of the nanopore-scale factors respon-
sible for EDLC behavior.

Disclaimer

The full description of the procedures used in this paper
requires the identification of certain commercial products
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in no way be construed as indicating that such products or
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or that they are necessarily the best materials, instruments,
software or suppliers for the purposes described.
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