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ABSTRACT: The molecular-scale properties of the room temperature ionic liquid (RTIL) 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide, [Cymim*][T£,N], confined in nanometer-scale carbon pores have been investigated using
small-angle X-ray and neutron scattering and fully atomistic molecular dynamics simulations. [C,mim*][TE,N"] densities
significantly higher than that of the bulk fluid at the same temperature and pressure result from the strong affinity of the RTIL
cation with the carbon surface during the initial filling of slitlike, subnanometer micropores along the mesopore surfaces.
Subsequent filling of cylindrical ~8 nm mesopores in the mesoporous carbon matrix is accompanied by weak RTIL densification.
The relative size of the micropores compared to the ion dimension, and the strong interaction between the RTIL and the slit-like
micropore, disrupt the bulk RTIL structure. This results in a low-excluded volume, high-RTIL ion density configuration. The
observed interfacial phenomena are simulated using a molecular dynamics model consisting of a linear combination of mesopore
and micropore effects. These observations highlight the importance of including the effects of a porous substrate’s internal
surface morphology, especially roughness and microporosity, on the resulting electrolyte structural properties and performance in
electrical energy storage applications.

KEYWORDS: room temperature ionic liquid, mesoporous carbon, energy storage, interfacial structure, nanoconfinement

B INTRODUCTION performance. Commonly used classical electrochemical theories
describe ions in the dilute solution limit at continuous,
unstructured surfaces."*"> Yet it is unclear whether these
classical descriptions apply to RTIL electrolytes at the complex
surfaces of real electrode materials. The development of
mesoporous carbons with §ood electrode properties and highly
tunable morphologies,"®™"* combined with small-angle scatter-
ing and simulation studies, provides new insights into RTIL
structural properties at complex, nanotextured interfaces.

The molecular structure of many RTILs results from the
interplay of electrostatic and van der Waals forces of the polar
sites and the alkyl chains, respectively.'”>* Several computa-
tional studies have probed the structural and dynamic
properties of RTILs in contact with graphene/graphite
surfaces,”>™>° nanotubes, > slit pores,30’3’1 mesoporous
carbon,** and realistically modeled electrodes.®® These studies
found that RTILs are strongly attracted to graphite, forming a
dense sorption layer with ca. one nm thickness.”**>**3% The
graphite surface also induces strong interfacial layering of
RTILs. An approximately three-molecular-layer-thick®® inter-
facial layer is formed that has significantly slower dynamic
properties compared to the bulk. Atomic force microscopy
(AFM) and surface force apparatus (SFA) measurements,
combined with molecular dynamics (MD) simulation, have

One major challenge in meeting the demands of a technology-
driven global society is the ability to efficiently store energy and
make it available in low-cost, compact, high-power-density
platforms, for use in industrial and consumer applications in
devices ranging from portable electronics to electric vehicles.
Supercapacitors, also called electrical double-layer capacitors
(EDLCs), have attracted great interest for their high power
handling and long cycle life compared to batteries."”> However,
substantial improvements in their energy density, which largely
depend on the component materials’ voltage stability and
electrolyte-accessible surface area,” > are required to accelerate
their implementation.

The rational design of next-generation energy storage
devices, such as supercapacitors, requires a molecular-level
understanding of the structure and dynamics of the electrolyte
in the bulk phase and at the electrode interface where energy is
stored. Room-temperature ionic liquids (RTILs), which are
molten salts that remain in the liquid phase near room
temperature, have emerged as promising electrolytes due to
their extremely low vapor pressure, excellent thermal stability,
and high electrochemical stability at electrode potentials of up
to 4 V without decomposition.””® The ideal electrodes for
these systems have high electrical conductivity and surface area,
and easillg accessible paths for electrolytes to reach these
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been reviewed recently by Perkin.’’ The AFM studies
emphasize that the ion layering structure depends on surface
chemistry, temperature, surface charge and ion type, and that
this layering structure is at least an order of magnitude larger
than the single ion layer thickness. Dynamic SFA experiments
show increased viscosity, yet good lubrication at the interface.*”
Materials used as supercapacitor electrodes are composed of
high surface area carbon particles having internal pores and the
effects of confinement on the density, viscosity, and diffusion of
the electrolyte confined in nanopores are of great importance
for the development of energy storage devices.

This communication reports on the structural properties of
the RTIL [C,mim*][Tf,N"] confined in soft-templated
mesoporous carbon.'®"” For [C,mim*][TENT], thermophys-
ical properties have been studied,”® * the structure by X-ray
scattering has been obtained,""** and optimized potentials have
been developed® ™ to describe this liquid in the bulk state.
Because the bulk fluid properties are well-understood, its choice
in the current work forms a solid basis for exploring RTIL
properties at textured interfaces and under nanoscale confine-
ment. The template-synthesized porous carbon used in this
study consists of uniform cylindrical mesopores as well as small
micropores and has favorable electrical and structural properties
which allow fast ion and electron transport. Mesopores are
defined as pores with sizes between 2 and 50 nm, whereas
micropores are pores with sizes smaller than 2 nm.** Along
with other new carbon materials, this class of materials has
attracted interest as electrode materials for electrochemical
capacitors.16

To separate the geometric confinement effects from those of
the carbon surface on the RTIL structure, we performed
measurements on samples filled with various amounts of RTIL
inside the porous carbon matrix. Small-angle scattering provides
structural information about the ionic liquid and host
mesoporous matrix from the subnanometer to several hundred
nanometer length scales, and is used here to measure how
RTIL density changes within the porous network. The MD
simulations presented herein incorporate validated force
fields*”** into analogous physical models and are used to
verify the structural information from small angle scattering.
The observations contained in this study shed light on
understanding the properties of the RTIL—solid interface and
bear relevance to diverse applications involving the use of
RTILs in heterogeneous media such as nanoparticle synthesis,
hydrolysis, and flexible supercapacitor fabrication.”' ™

B EXPERIMENTAL SECTION

Materials Synthesis and Preparation. The mesoporous carbon
(MC) was synthesized using a soft-templating synthesis method.'”'®
The MC was prepared by the self-assembly of resorcinol (Sigma-
Aldrich, 99%) and formaldehyde (Sigma-Aldrich, 37 wt %) in the
presence of triblock copolymer Pluronic F127 (EO;4s-PO7-EO
BASF) purchased from Sigma-Aldrich according to previously
reported recipes."®*® In a typical synthesis, approximately 1.1 g of
resorcinol and 1.1 g of Pluronic F127 were dissolved in 4.5 mL of
ethanol, 3.4 mL of water, and 1.1 mL of concentrated HCI (37 wt %).
To this, 1.3 mL of formaldehyde solution (37 wt %) was added and
the system was stirred until phase separation was observed. After
stirring for an additional 12 min, the suspensions were centrifuged at
9500 rpm for S min and the aqueous phases were discarded. The
isolated polymer-rich phases were quickly redispersed using minimal
amounts of ethanol with stirring followed by casting on Petri dishes.
Thin films were cured at room temperature overnight and at 80 °C for
24 h. The phenolic resin-triblock copolymer nanocomposites were
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finally carbonized at 400 °C for 2 h (1 °C/min heating rate) and 850
°C for 2 h in flowing nitrogen and using 2 °C/min as heating rate. The
MC was labeled MC-127 for the F127 triblock copolymer used to
prepare it. C;mim. Tf,N-D was prepared from C;mim.Br-D,; (Isotec
Stable Isotopes) via a modified anion exchange procedure®’ using
lithium bis(trifluoromethylsulfonyl) imide (3M) in D,O instead of
H,0.

To prepare the ionic liquid-MC composites, a 1.5 mol/L solution of
deuterated C4mim. Tf2N-D15 in deuterated methanol-D, (Alfa Aesar,
99.8% isotopic) was prepared. The amount of solution added to each
MC sample was calculated assuming a bulk density of 1.4904 g/cm®
for the ionic liquid, and to completely fill the micropores of the MC
material in addition to the different percentages of the mesopore
volumes. Sample mixing was performed using a combination of
magnetic stir bar in a sample vessel, followed by sonication at 60 °C
for 30 min. This mixing cycle was repeated three times before placing
the sample in a vacuum oven at 1 mbar and 70 °C for 48 h. The oven
temperature was lowered to 23 °C and samples were allowed to
equilibrate for several hours before filling the oven with argon gas to
achieve ambient pressure and an inert atmosphere for sample transfer
into the glovebag. In all small-angle scattering measurements, care was
taken to avoid introducing water adsorption from the atmosphere in
the bulk liquid and powder samples. Prior to loading into
measurement cells, the empty powder was dried under vacuum for
at least 24 h at 100 °C. All samples were loaded into measurement
cells under an argon atmosphere.

Gas Physisorption Characterization. Nitrogen adsorption
isotherms were measured for the empty porous matrix as well as the
RTIL-imbibed samples. Nitrogen adsorption isotherms were measured
at —196 °C using an Autosorb-1 gas sorption system manufactured by
the Quantachrome Corp. (Boynton Beach, FL). Before adsorption
measurements, the powders were degassed under vacuum (~1 X 107°
Pa) for 12—24 h at 110 °C.

CHN Elemental Analysis. Carbon, hydrogen, nitrogen (CHN)
analysis by combustion was also carried out to obtain an accurate
estimate of the ionic liquid to mesoporous carbon ratios for each MC-
127 powder imbibed with different RTIL amounts. The CHN analysis
measurements were performed by Elemental Analysis, Inc. (Lexington,
KY) using a 2400 Perkin-Elmer CHN Analyzer. The total mass
fractions of C, H, and N were obtained for each RTIL/MC-127
composite, as well as for the bulk RTIL. The carbon and nitrogen
ratios between the RTIL/MC-127 composites, the empty MC-127,
and the bulk RTIL were compared to obtain estimates of the mass
fraction of RTIL within each sample.

Small-Angle Scattering. Small-angle scattering intensity as a
function of momentum transfer, Q was collected for each sample (Q is
related to the d-spacing, scattering angle (26), and radiation
wavelength (1), via Q = 2x/d = 4zsin(6)/2). Small-angle X-ray
scattering (SAXS) measurements on the dry MC-127 sample and
samples with different pore loadings, S;, S, S;, and S, of
[C,mim"][Tf2N"] were carried out using the Anton Paar SAXSess
mc” instrument at the Center for Nanophase Materials Sciences at Oak
Ridge National Laboratory. The instrument uses a tube source
equipped with multilayer optics and tuned to the Cu ka wavelength.
Measurements were conducted at 20 kV and 50 mA. An image plate
was used to record the data. The powder samples were sealed in a
custom-made sample holder consisting of polyimide tubing, sealed at
both ends using HPLC tubing stainless steel fittings. Raw scattering
data corrections included normalization to the incident beam intensity
and sample attenuation by collecting counts behind the transparent
nickel beam stop, empty container background scattering subtraction,
dark current subtraction, and detector efficiency corrections. Water
scattering was used to calibrate all scattering intensities to absolute
units of differential scattering cross section per unit volume, I(Q) =(1/
V)dZ/dQ (cm™).

Small-angle neutron scattering (SANS) measurements were
conducted at BL-6B (EQ-SANS), Spallation Neutron Source,
ORNL. Measurements were conducted in two configurations: (1)
1.3 m sample to detector distance (SDD), with wavelength band of
1.13—4.65 A; and (2) 4 m SDD, using frame-skipping mode, which
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simultaneously uses two wavelength bands, 2.61—5.61 A and 9.51—
12.91 A, to obtain a wide Q-range and sufficient overlap in Q between
configurations. Samples were loaded into 1 mm path length, 18 mm
diameter, quartz banjo cells. The beam size at the sample position was
defined by an aperture of 10 mm in diameter. Standard corrections for
background, detector efficiency, and intensity calibrations were
performed. A Vycor glass standard was used to place the data on an
absolute scale. For both SAXS and SANS measurements, the total
mass of each sample was recorded to obtain a value for the packing
density, and by combining with elemental analysis data for each
sample, the mesoporous carbon mass was extracted and used to
normalize the scattering data.

Invariant Calculation. The invariant was determined from Q = 0
to oo by extrapolating the unmeasured low-Q and high-Q regions of
the scattering using Guinier and Porod extrapolations,®® respectively.
First, the low-Q particle scattering and high-Q molecular scattering
contributions were subtracted. The Porod contribution due to the
powder grain scattering at low-Q (0.007—0.013 A™') was fit using a
Porod law, AQ?, and subtracted from the scattering data, leaving only
the forward scattering contribution of the mesophase. The forward
scattering was extrapolated to Q = 0 using the Guinier fit*® to data
from Q = 0.007 to 0.013 A™". At high Q (0.4—0.55 A™"), the scattering
was fit using AQF + B, where B is the approximately constant
scattering due to incoherent scattering and to the forward scattering of
the atomic scale structure factors in the composite. The factor B was
subtracted and the high-Q region was extrapolated using the Porod
law,>® with an exponent of 4 from Q = 0.55 A™! to co. The same Q
ranges were chosen for all sample calculations.

Modeling Setup. The mesopore was modeled by three-layer
carbon nanotubes (CNTs) with a 0.341 nm gap between neighboring
walls. To obtain the right number of ion pairs inside mesopore, we
connected the simulation to a RTIL reservoir which allowed the ions
freely enter or leave the mesopore. Then, the reservoir was removed to
leave the system containing the mesopore and RTILs inside. The
different mesopore loading fractions (fieo = 0.16, 0.42, 1.0) were
determined by removing the number of ions with respect to the total
number of ions in the full loading case. The micropore was modeled
by a slit of two walls separated by a 0.75 nm distance and each wall was
modeled by three-layer graphene sheet. To guarantee that ions can
automatically fill the pore, the slit-shaped micropore was connected
with a reservoir as well. MD simulations were performed in the
canonical ensemble using a user-modified version of MD package
GROMACS.*® Periodic boundary conditions were used in three
dimensions. The force fields for the electrode atoms (carbon) and ions
in [C,mim*][Tf,N”] were the modified Atomistic Polarizable
Potential for Liquids, Electrolytes and Polymers (APPLE&P)
developed by Borodin.*®!

The electrolyte temperature was maintained at 300 K using the
Berendsen thermostat. The electrostatic interactions were computed
using the PME method.*> Specifically, an FET grid spacing of 0.1 nm
and cubic interpolation for charge distribution were used to compute
the electrostatic interactions in reciprocal space. A cutoff distance of
1.1 nm was used in the calculation of electrostatic interactions in the
real space. The nonelectrostatic interactions were computed by direct
summation with a cutoff length of 1.1 nm. The LINCS algorithm®®
was used to maintain bond lengths in the C;mim* and Tf,N~ ions. To
achieve equilibration, the mesopore and micropore systems were each
first run for 6 and 12 ns, respectively, and then a 9 ns production run
was performed. Herein, the equilibrium state was determined by the
fact that the ion density obtained during different time intervals (e.g.,
0-3 nm, 3—6 nm, and 6—9 nm) after equilibrium changed very little.

The mean density pyp, (Figure 3) was calculated directly from the
number density (Figure 6) for the micropore and mesopores with f..
= 1.0 and 0.42. The first layer RTIL coverage in the mesopore with
fineso = 0.16 is incomplete and a correction to account for a void on the
mesopore surface was carried out to obtain the number density. It is
difficult to assess the magnitude of the void space because it depends
on detailed knowledge of the orientation and relative arrangement of
ions within the adsorbed layer and on the variation of the shape and
location of the void space over time. A series of simulations between
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Smeso = 0.16—0.42 show complete coverage at f ., & 0.3. Thus, the
density in the f,.,, = 0.16 simulation is scaled by 0.3/0.16, or 1.875, to
exclude the void in the first layer.

B RESULTS AND DISCUSSION

Empty Mesoporous Carbon Structure. First, the pore
structure of MC-127"%"7 was characterized using both N, gas
adsorption and SAXS. The MC-127, which is obtained from the
carbonization of a polymer-templated phenolic resin, consists of
an array of uniform-size cylindrical mesopores, as well as
micropores distributed throughout the porous network.'® The
pore sizes, specific volume and surface area, and ratio of
micropores to mesopores are tunable depending on the
synthesis conditions. N, adsorption isotherm analysis provided
micropore and mesopore specific volumes and surface areas, as
well as the pore size. The micropore volume, v, = 0.045 cm?/g,
micropore surface area, S,; = 330 m?/g, and external surface
area, S,, = 9 m”/g, were all obtained using the as-plot method®*
using a nonporous carbon as a reference (v,; and S, were
calculated in the as-plot range of 0.75—1.00, and S, in the
range of 2.5—7.5). The total pore volume, vyor = 0.53 cm®/g,
was obtained from the total adsorbed volume at relative
pressure p/p, = 0.97 (single-point pore volume). The
mesopore width, wgs = 7.8 nm, was calculated using the
Barrett—Joyner—Halenda (BJH) algorithm for cylindrical pores
according to the improved Kruk-Jaroniec-Sayari (KJS)
method.®>*® The specific surface area, Sy = 440 m?/g, was
obtained by the Brunauer—Emmett—Teller (BET) method in
the relative pressure range of 0.05—0.20.° The v,,/vyor ratio is
0.085, with the remaining volume comprised by cylindrical
mesopores with an average diameter of 7.8 nm. The S /Sgpr
ratio shows that the external surface of the powder grain is a
minor contribution to the total surface area and that 98% of the
surface area in this material is in the internal pore structure.

Small-Angle Scattering. Small-angle scattering is useful in
that (1) it is not restricted to the study of simple model
geometries, (2) in many cases provides the necessary contrast
to study fluids under confinement, and (3) has high penetration
strength and is not limited by surface attenuation effects. As a
bulk structural probe, it also provides representative micro-
structural information over the entire sample instead of
sampling a small spatial region. SAXS and SANS are
complementary techni%ues for the characterization of complex
nanoporous materials.**~”® In SAXS, the interaction is with the
electron density, thus dependent on the atomic number of the
components of the system. On the other hand, in SANS the
interaction is with the nucleus, and thus sensitive to isotopic
substitution as well as light elements such as hydrogen. In the
empty porous carbon, the strength of the signal originates from
the contrast between the nanostructured carbon material and
the empty space in the pores. The change in scattering contrast
as RTIL is introduced into the porous system result in intensity
variations that are similar in magnitude for both SAXS and
SANS measurements; thus, SAXS results are primarily
presented with SANS providing additional independent
support of observations.

The empty mesoporous carbon SAXS data, labeled MC-127
(after the F127 polymer template), is shown in Figure I.
Several distinguishing features allow characterizing its porosity,
pore morphology, and pore surface characteristics. The peak at
Q=10.058 A™" corresponds to correlations between the uniform
size cylindrical mesopores.'”'® The scattering intensity I(Q)
follows a power law decay, I(Q) ~ Q7?, at low-Q_from 0.007 to
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Figure 1. SAXS curve of empty MC-127 nanoporous carbon. The
scattering exponents indicate rough (p = 3.54) and smooth (p = 4.0)
surfaces, and mass fractal (p = 2.84) scattering at different length
scales. The primary peak at Q = 0.058 A™! corresponds to pore—pore
correlations within the mesophase, while the scattering from 0.2 to 0.6
A~"is due to micropores decorating the mesopore surface. Inset: In(Q”
* I(Q)) vs.Q? plot, showing a modified Guinier analysis (solid line) fit,
indicating 7.25 A slit-like micropores.

0.013 A™". The exponent value p = 3.54 in this region
corresponds to a rough external surface for the mesoporous
micrometer-scale powder particle (values from 3 to 4
correspond to rough and smooth surfaces, respectively). The
scattering at Q values from 0.07—0.6 A~! contains information
about the surface morphology of the mesopore walls, including
the presence of micropores in the system. The intensity of
these features is proportional to the square of the scattering
length density (SLD) difference, Ap*, between the carbon and
the void space, i.e,, the empty pores.

Pore Structure. The pore structure of the mesoporous
carbon is characterized by (1) the pore volume fraction,
obtained from the scattering invariant from the normalized
intensity curve, I(Q), and applying the two-phase invariant
formula, (2) analyzing the power law dependence of the
scattering to characterize the pore wall morphology, (3) and
applying a modified Guinier analysis’"’*> to estimate the
geometry of micropores in this system.

The scattering invariant, Z, relates the scattered intensity,
I(Q), to the volume fraction, ¢, of a two phase system through
the following relation: Z = f8°QZI(Q_)dq =27%¢0,(1 — @,)(p¥ —
p¥)% This relation was used to calculate the volume fraction of

the carbon phase ¢, and the empty space 1 — @, from the
scattering of the empty MC-127. Here, (pF — p¥) is the
difference in the SLD between the two components. The
neutron SLD of phase j, p, was obtained from pj* =
ZY 1b,(pjN,)/(M;), where b, is the coherent scattering length
of the ith atom, N is the total number of atoms in the molecule
which comprises phase j, p; is the mass density, and M is the
molar mass. For carbon, N = 1, and for the RTIL phase
discussed later, N corresponds to all the atoms in the cation and
anion combined. To calculate the X-ray SLD, the b values in
the expression were replaced by Zr, where Z is the atomic
number of the ith atom and r, is the classical radius of the
electron. The total pore volume obtained from this calculation
is 0.53 cm?®/g; in agreement with the N, adsorption results
discussed previously. A narrow region from 0.073 to 0.1 A™! in
the dry MC-127 pattern exhibits a Q~* power law decrease in
the scattering intensity, following Porod’s law:>"* I(Q) =
2mAp*S;Q* (S; is the surface area between phases i and j).
The surface area calculated in this region in Figure 1 using
Porod’s law is 65 mz/g.

From 0.1 to 0.3 A™', the scattering decays with a power law
of 2.84 (Figure 1), corresponding to scattering characteristic of
a mass fractal (values of less than 3 correspond to mass
fractals).”>~"” The interaction between the phenolic resin and
triblock copolymer template during annealing, and the
rearrangement of carbon atoms during carbonization imprint
a complex morphology at the pore surface. This gives rise to the
compact mass fractal scattering in this region. A second Porod
region with a scattering exponent of 4 is found in the micropore
range for Q values 0.38—0.55 AL, Fitting of the Porod law in
this region yields a surface area of 320 m*/g, in close agreement
with the micropore surface area of 330 m*/g, obtained from N,
gas adsorption. The best fit of a modified Guinier analysis,”"”*
conducted in the 0.22—0.54 A~ range, yields a 7.25 A slitlike
pore as a characteristic size scale and morphology for the
microporosity (Figure 1, inset). The range of this fit covers the
dominant features of the scattering from the micropore form
factor, including the Porod scattering from the micropore
surface; this range also shows a scattering intensity decrease
with RTIL loading (discussed later), indicative of micropore
filling. Fits to spherical and cylindrical objects yielded poor fits
and the result for sheetlike forms yielded the most applicable
model with a Q,,,, R, value of 1.14. This is within the required
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Figure 2. (a) SAXS plots of empty MC-127 and RTIL-imbibed mesoporous carbon samples (S1, S2, S3, S4). (b) I(Q)Q* vs Q, SAXS (O) and
SANS(A), plots comparing dry mesoporous carbon (black) with the low loading, S1, sample (orange). The SAXS difference curve () highlights
the location (black line is a Gaussian fit centered at Q = 0.102 A™") of the dense RTIL layer. At Q > 0.6 A™", the scattering is the result of dry carbon

and ionic liquid molecular-scale structure.
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limit of QR < 1.3 in order for the analysis to be applicable.
The significant amount of microporosity (8.5%) in the carbon
host is a factor to consider in the analysis of the organization of
ionic liquids near the surface as will be discussed.

RTIL Structure in Pores. The effect of filling the carbon
nanopores with RTIL on the regions of the scattering profile
corresponding to cylindrical mesopore-mesopore correlations,
mesopore surface scattering, and micropores decorating the
mesopore surfaces, is discussed below. Details of the MC-127/
[C,mim*][Tf,N"] sample preparation are given in the
Experimental Section. The samples were prepared by mixing
empty MC-127 with deuterated methanol solutions containing
measured amounts of fully deuterated (98% isotope purity)
[C4mim*][Tf,N~] corresponding to varying levels of total pore
volume filling. Following mixing, the samples were placed
under vacuum at 1 mbar and at 70 °C for at least 48 h to
remove the solvent. All sample preparation and handling was
performed under an inert atmosphere to avoid moisture
contamination. SAXS data for the RTIL-imbibed samples, as
well as the empty substrate, are plotted in Figure 2a. The
samples are labeled S}, S, S;, and S, and each correspond to a
RTIL volume filling fraction, frry, of 0.08, 0.2, 0.5, and 0.96,
respectively (details of frry are shown in the following
section).

The I(Q) of the RTIL-loaded samples exhibits changes in
several Q regions. At low Q, between 0.008 and 0.014 A™, the
variations in I(Q) reflect the changes in the overall composition
of the porous particle as it is filled with RTIL. The decrease in
I(Q) at values near the primary peak at 0.058 A~ is due to
mesopore filling. Pore surface wetting, micropore saturation,
and the presence of densification of RTIL ions at the surface
leave signature contributions in I(Q) in the Q range of 0.07—
0.6 A™". The variation in I(Q) and in the mean pore density
(discussed later) as fryy is varied clearly shows that RTIL is
covering the pore surfaces uniformly rather than completely
filling some pores and leaving other pore surfaces unsaturated.

Evidence of attractive interactions between the RTIL and
carbon surface is found by comparison of the empty and S,
sample small-angle scattering data, shown in Figure 2b. The
SAXS and SANS scattering data, displayed in the Kratky (I(Q)
Q* vs Q) representation, highlight the high-Q region of the
measured profile. Both data sets show little intensity change in
the mesopore center—center correlations at Q = 0.058 A~
upon loading with 0.18 g/g (RTIL/MC-127). This shows that
the average SLD in the mesopore has not changed much.
However, the region from 0.2—0.6 A™! shows diminished
intensity, indicative of pore surface wetting and micropore
saturation with RTIL. Once this surface is saturated, the
intensity in this Q range does not change as RTIL filling
increases; only small intensity increases occur for Q > 0.4 A~
due to the structure of the RTIL itself. An additional broad
correlation emerges noted by an increase in intensity over the
range 0.07—0.18 A~" with a maximum at approximately 0.1 A™".
The periodicity of this extra correlation, obtained by fitting a
Gaussian function to the difference curve of the dry and RTIL-
loaded samples, is approximately 6 nm. The presence of a
similar additional correlation has been observed in studies of
phase separation in binary mixtures under nanoconfinement’®
and attributed to the formation of a sorption phase at the pore
surface. In both cases, the additional correlation arises because
of the presence of a near-surface phase within the ordered
porous medium. The SLD of the near-surface phase is very
different from the SLD of the phase near the center of the pore,
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and this gives rise to the additional correlation, albeit by
different mechanisms in each case.

The RTIL jons in the micropores create a region of high SLD
contrast with the void space at the center of the mesopore. This
increases the visibility of the MC-127’s higher-order reflections.
The higher order reflections are observed as slight modulations
on the broad correlation noted previously, at approximately
0.11 and 0.153 A™". The positions of these weak reflections
agree with overlapping (110) and (200) reflections at 0.11 A~
and with the (210) reflection at 0.153 A™' of a p6/mm
symmetry mesophase (Figure 2b). Hence, the contrast between
the RTIL-filled micropores along the carbon surface and the
empty space at the center of the pore permits a more clear
identification of the long-range ordering of the mesopores in
the substrate. Given the periodicity of the pore—pore
correlation at Q = 0.058 A™', the periodicity of the broad
correlation at Q = 0.1 A™', and the observed variation in
scattered intensity between MC-127 and S,, the broad
correlation in the S; sample is described as a dense phase
with a maximum density along the inner surface of the
mesopore wall.

RTIL Mean Pore Density. Calculating the invariant directly
from scattering data provides a route to estimate the volume
fraction of different phases in a material and is used here to
calculate the mean density of RTIL in the porous system. An
advantage of using the invarjant is that it does not assume
specific shapes to the components involved. Also, because the
mass fractions are well-known from the sample preparation and
composition analysis, the RTIL density under confinement may
be calculated without further assumptions. The invariant of a
three phase system has been derived by Wu”® and considers the
relative volume fractions ¢; and SLDs p;* of each phase: Z =
22[p(pF = p3) + 0:205(0F — pE)* + 0r003(pF — p$)’] It
is used here to treat the MC-127/RTIL system, where the
subscripts 1, 2, and 3 correspond to the carbon, void, and RTIL
phases, respectively. The normalized volume in terms of the
volume fractions is expressed as @, + @, + 3 = 1 and the RTIL
mass density in terms of the SLD is given by p; = ((p¥)/(p{))
(pis is the bulk RTIL SLD value). The three expressions above,
combined with the relation between the invariant and scattering
intensity introduced earlier, were used to calculate the volume
fraction, ¢;, of the RTIL phase under confinement.

The density of the RTIL phase confined in the porous
network is discussed below. The mean RTIL density with
respect to the bulk density is defined as poe/Ppur- The RTIL
filling fraction is defined as frrp = @3/(1 — @), ie, the
normalized volume fraction of RTIL divided by the normalized
total pore space. ¢; and p,,. are obtained directly from the
scattering analysis. The normalized total pore space, 1 — ¢,
corresponds to vpor = 0.53 cm®/g from the characterization of
the empty MC-127 discussed earlier. Figure 3 shows ppo.e/Ppuik
vs frry obtained from the analysis of the experimental data; it
is labeled pgaxs to distinguish it from the simulation data
(discussed later). The fgry values obtained for samples Sy, S,,
S; and S, are 0.08, 0.2, 0.5, and 0.96, respectively. The large
increase at frpry = 0.08, is primarily due to the local
intermolecular packing of ions in the micropores, as supported
by observations from scattering of the S; sample (discussed in
the previous section). The nitrogen adsorption analysis
(discussed later) shows that 91% of the pore space is accessible
to N, adsorption in the S; sample. The adsorption isotherms
also show that most of the micropore volume is inaccessible in
the S; sample due to RTIL filling. The densification is partly
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Figure 3. Plot of pyoe/Pouk VS frri Experimentally measured RTIL
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micropore and each mesopore loading. The average mean density,
Prpave (¥) obtained as linear combination of the CMD-modeled
micropore and mesopore RTIL densities. For the micropore, pyp ave =
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due to the micropores’ ability to disrupt the bulk ion
coordination structure as will be later discussed. This is an
interfacial phenomenon and cannot be taken as a statement on
the compressibility of an RTIL in the bulk state.

Particle Composition Changes. The increase in intensity
at low-Q values (0.008—0.014 A~ in Figure 2 and Figure 4) as
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Figure 4. (a) SAXS and (b) SANS low-Q part of scattering data. The
variations in intensity as a function of pore loading result from the
scattering contrast difference between average scattering length density
of the RTIL-filled carbon particle and air. Symbols are experimental
data and lines are fits using a Porod model that uses the contrast
between the RTIL/MC-127 composite particle and air Apj:_,, for both
(a) X-rays and (b) neutrons. The variations in low-Q intensity agree
with the expected change in contrast due to the change in composition
as a function of RTIL filling.

a function of RTIL filling is due to the changing composition of
the nanoporous carbon particle and its resulting scattering
contrast with the air interface. The carbon, empty space, and
RTIL volume fractions, ®; and densities, Py obtained in the
previous section were used to calculate an average particle SLD:

p;k = qocarbonpzl;rbon + q)airp;‘;r + goRTH_pf{kTILI where pj* is the X—ray
or neutron scattering length density of each component. The
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SLD for air is defined to be zero in this case because of its low
interaction cross-section. A Porod model, I(Q) = A(Ap};"_a)2
Q% in which A is a constant, Ap{, = p — p,;, and p is the
scattering exponent, reproduces both the SAXS and SANS
experimental data, as shown in Figure 4. The scattering
between the RTIL/MC-127 composite and air interface causes
increased scattering with RTIL filling. Overfilled samples, on
the other hand, introduce excess RTIL outside the particle
surface, decreasing the composite’s contrast and the scattering
intensity at low-Q values; Figure S1 in the Supporting
Information shows the effect of overfilling to 140% and 210%
of the amount used in sample S, The low-Q intensity
continues to decrease as excess RTIL replaces the empty space
in macropores between the powder particles. However, if RTIL
is added beyond the limit when the pore system becomes full,
the intensity at the primary peak no longer decreases and
remains constant since RTIL is no longer entering the pores. S,
and the two overfilled samples showed approximately the same
intensity at the primary peak position. The increase in intensity
at the lowest Q values can thus be attributed to changes in
particle’s composition as the porous network fills with RTIL.
Nitrogen Adsorption of RTIL/MC_,,; Composites.
Nitrogen adsorption isotherms were obtained for samples
S,—S; and compared with MC-127, and are shown in Figure Sa.
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Figure S. (a) N, adsorption isotherms for the empty MC-127
nanoporous carbon and samples S,, S,, and S; showing the decrease in
N, uptake and hysteresis behavior. (b) Relative adsorption isotherm
(normalized by the monolayer capacity obtained from the BET
equation) in the low pressure range, shows modification of the pore
surface upon RTIL loading. Both a and b are normalized by the total
sample mass.

Because nitrogen is not miscible with this class of ionic
liquids,* the N, accessible volumes obtained from adsorption
data analysis of the RTIL-filled samples provide a useful
comparison®' with the void space volumes obtained from the
scattering data. The RTIL/MC-127 composite mass-normal-
ized isotherms are all type IV with H1 hysteresis loops
characteristic of samples with large mesopores.” In the latter,
the capillary condensation steps do not shift much with respect
to each other, although broadening of the condensation steps
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Figure 6. (a) Structural model showing the mesopore and micropore components in the MC-127 system. (b—d) Simulation snapshots (top) and ion
density distributions (bottom) for [C,mim"][Tf,N~] inside mesopores with pore loadings 1.0, 0.42, and 0.16, respectively. (e) Simulation snapshot
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considerably increases with respect to the empty MC-127. The
N, adsorbed volume for S, after normalizing to the carbon
mass, is 91% of the value measured for MC-127. This is close to
the 92% empty pore space obtained from the scattering
analysis. No N,-accessible pore volume was measurable for the
sample with the highest filling, S,, consistent with complete
pore-filling. The N, accessible volumes for S, and S; were
reduced with RTIL filling. The values for S, and S; were 0.336
and 0.146 cm®/g o, compared to the void space values of
0.425 and 0.266 cm’/gpon obtained from the scattering
analysis. At low RTIL loading (in S;), N, is able to access much
of the mesopore volume, yet in S, and S; the increased RTIL
volume likely blocks some of the mesopore openings which is
manifested by the disagreement between the measured N,
accessible volumes and the empty phase volumes obtained from
the scattering analysis.

The vertical axis on the relative adsorption plot (Figure Sb)
shows that N, forms a monolayer of gas (when relative
adsorption = 1) on the empty MC-127 at slightly lower relative
pressure than for the composites with IL. This means that the
empty MC-127 has a higher adsorgtion capacity and
consequently more hydrophilic surface®”® than the composites
(N, is hydrophilic). For these composites, regardless of amount
of ionic liquid added, the mesopore surfaces are clearly
modified. Most of the RTIL adsorption to the carbon surface
occurs in the S; sample because the largest change in relative
adsorption occurs between the MC-127 and S, isotherms,
followed by minor changes in the S, and S; isotherms in the
low relative pressure region.

Several experimental observations were used to determine
the organization of the RTIL within S; and are summarized
below. From N, adsorption: (1) empty MC-127 vpop is
composed of 8.5% micropores and 91.5% mesopores, (2) the
N,-accessible volume in the S; sample is 91% of vygr, and (3)
the relative adsorption in the micropore region shows the
greatest change between the MC-127 and S, data. The
following were observed from scattering: (1) decreased
intensity in the micropore region due to RTIL filling with the
strongest changes between MC-127 and Sy, (2) the presence of
an additional correlation due to dense RTIL layer formation in
Sy, and (3) frrn = 0.08 with poo./ppuc > 3 for S;. These
experimental observations show that most of the RTIL in the S;
sample is found within the micropore volume. Then,

subsequent filling to higher frry proceeds primarily through
the filling of mesopores in MC-127. The information from
small-angle scattering, combined with adsorption data, provided
constraints to build a sensible model using classical molecular
dynamics simulation.

CMD Simulation. The experimentally obtained pore sizes
for the carbon matrix were used as inputs to generate an
analogous confining system consisting of mesopores and
micropores (Figure 6) in the fully atomistic molecular
dynamics (CMD) simulations. To simplify the simulation
system, the micropore and mesopore were modeled separately.
The micropore was considered to have full RTIL filling, while
the mesopores each have a different RTIL pore volume fraction
Smesor The fi . were chosen such that the normalized total
RTIL filling fractions, frry = Vi + finesoVimesor a€ close to the
experimental fpry.

Here, vy = vi/vror = 0.085 is the normalized micropore
volume obtained from gas adsorption analysis and v}, = Vieso/
vror = 1 — vy is the normalized mesopore volume. Mesopore
Smeso values of 0.16, 0.42, and 1.0 were chosen in the simulation
and correspond to fpyry values of 023, 0.47, and 1.0,
respectively.

The mesopore was modeled by three-layer carbon nanotubes
(CNTs) with a 0.341 nm gap between neighboring layers, with
the diameter of the innermost tube matching the exper-
imentally measured mesopore diameter. Micropores were
modeled by a nanoslit pore consisting of two three-layer
graphene walls separated by a 0.75 nm distance. The three-
carbon-layer set up for both the mesopore and slit-shaped
micropore models is used to more closely resemble the
interaction between RTIL and a pore, instead of a nanotube or
single graphene sheet.The simulation snapshots and resulting
ion number density distributions (about the center of mass
(COM)) for each f,,, are given in Figure 6b—d, as well as for
the completely filled micropore (Figure Ge).

The distributions, py, show the alternating cation—anion
structure in the mesopore (Figure 6b—d), with the cation closer
to the wall than the anion in all three cases. The f .., = 1.0 case
shows a highly ordered structure near the pore wall, indicated
by sharp peaks and large local densities. At further distances,
the density as a function of distance from the electrode surface
fluctuates near the bulk density. Though affected significantly as
Jmeso 18 reduced, the distributions are the net result of the RTIL
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interacting with the pore wall and with itself. Confinement in
subnanometer pores eliminates the alternating cation—anion
structure normal to the pore wall®® as shown in Figure 6e for
RTIL in the 0.75 nm micropore. The resulting cation and anion
distributions both show a higher-density maximum near the
pore center.

Interestingly, the RTIL/micropore interaction potential,
computed by the van der Waals interaction potential between
ions and atoms of the carbon pore in the MD simulation, is 247
kJ/mol, which is higher than the standard molar enthalpy of
vaporization which experiments and simulations estimate to be
between 136 and 174 kJ/mol**~®° for this RTIL. This energy is
due to a contact ion pair transitioning from the liquid phase to
the gas phase. Also, the cation—anion bond strength calculated
for a single ion pair, is 305 kJ/mol.*” Comparison of these three
energies suggests that the micropore interaction is strong
enough to modify the RTIL ion coordination structure,
resulting in a high RTIL density due to the packing of ions
that are less coordinated inside the micropores than in the bulk
phase.

The micropore-confined RTIL number density, p,, shows a
higher density than the mesopore-confined RTIL. The p, were
integrated over the occupied volume to obtain pye/pPpur for
each simulation. The p,o./ppux for the three RTIL-filled
mesopores and micropore (in Figure 6b—e), are labeled pjp
and plotted vs the corresponding frry in Figure 3. The
micropore pyp is similar to the experimental result; about 3
times higher than the bulk density value. The mean density,
PMD,wve due to the combined effect of RTIL in the smooth
cylindrical mesopores and in the micropores was calculated at
each f ... The volumes vy, and v},.,, were used as weights to
determine Py ... for comparison with the psaxs experimental
results. This density is given by

’ A ’ ’
pMD,ave - (VmipMD(mi) +fmeso I}mes'i”OMD(meSO))
/(v +

Here, pyp(mi) ad Prm(meso) are the pyp inside the micropores
and mesopores at the corresponding filling fractions f,.,. For
the micropore, Pypawe = PMD(mi) The Pipave obtained by
combining the simulations shown in Figure 6b—d with Figure
6e are shown in Figure 3 (*) and plotted vs fryy. The
simulations, which were carried out at similar frpy as the
experiment, show agreement in ppo.e/Ppux When the combined
effect of both micropores and mesopores on the RTIL density
are included.

These results are consistent with X-ray reflectivity results®®
from graphene in contact with bulk RTIL, which show local
density fluctuations at the interface that are significantly higher
than local fluctuations in the bulk liquid pair distribution
function.*” Comparison of surface structure results from X-ray
reflectivity® and SFA® measurements with bulk structural
properties*’ can help rationalize the current findings. X-ray
reflectivity measurements have shown that the distance
between the first density peak in the RTIL distribution
perpendicular to a graphene surface is 3.2 A, and SFA
measurements have observed that a monolayer of cations is
found within 3 A from a mica surface.*” For comparison, the
first peak in the cation—anion radial distribution function for
the bulk liquid is at 5.9 A, with a local density fluctuation of
almost twice the bulk value.*” This demonstrates that the
association with the surface is stronger than with neighboring
ions and the average ion-wall distance is shorter than the ion—

meso)
f meso Vmeso

1151

ion distance caused by electrostatic attraction. This shorter
correlation distance, coupled with the reduced volume resulting
from this specific micropore width, effectively truncates the ion
density distribution that would otherwise exist at a single wall,
thus resulting in a measured and simulated density which is
significantly higher than the bulk value. The mean density
values for samples S, S,, S;, and S,, when averaged over the
total pore volume, all display a higher density than the bulk.
This effect is most noticeable at the lower RTIL fppy values
because they are more heavily weighed by the high RTIL
density within the slitlike micropores.

B CONCLUSION

The ability to extract quantitative information on the structure
of room temperature ionic liquid (RTIL) electrolytes confined
inside structurally complex carbon electrode porous materials
has been demonstrated in the current work. The model
developed, in which the measured properties may be described
as a linear combination of mesopore and micropore effects,
allow the molecular dynamics simulation to help describe the
density of [C,mim*] [Tf,N~] inside a complex substrate. The
density increase inside the micropores is due to the strong
attraction of the ions to the surface, and to the relative size of
the micropore compared to the ion dimensions. The typical
cation—anion correlation distance in the bulk fluid is almost
twice the ion—pore wall distance. Because the micropore
dimension matches very closely the dimensions of the RTIL
ions, there is minimal excluded volume in the filled micropore.
Another effect of the close proximity of the slit pore walls is the
high interaction potential with the RTIL, which is strong
enough to modify the RTIL ion coordination structure,
resulting in less coordinated ions inside the micropores than
in the bulk fluid. The results presented herein are unique to
interfacial phenomena and cannot be taken as a statement on
the compressibility of a bulk RTIL fluid. Rather, the high
densities correspond to the packing of ion pairs inside
subnanometer pores. The two confining environments, namely
the carbon mesopores and micropores, should also have a
significant effect on the dynamic properties of this RTIL and
further investigations in this area are warranted. This work
provides experimental verification to recent work aimed at
understanding ion/pore size/geometric effects in carbon
supercapacitor systems,’>”° and at describing the complex
features of RTILs near surfaces, including the extent to which
RTIL dissociation may occur.”’~** This work highlights the
importance of including the porous substrate’s surface
morphology, especially roughness and microporosity, in the
characterization of the structural effects on the properties of
RTILs for use in energy storage applications.
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