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ABSTRACT: We studied the potential and time-dependent changes in the
electric double layer (EDL) structure of an imidazolium-based room
temperature ionic liquid (RTIL) electrolyte at an epitaxial graphene (EG)
surface. We used in situ X-ray reflectivity (XR) to determine the EDL structure

ensity

at static potentials, during cyclic voltammetry (CV) and potential step |E N
F

measurements. The static potential structures were also investigated with fully ~ |&

atomistic molecular dynamics (MD) simulations. Combined XR and MD X o

results show that the EDL structure has alternating anion/cation layers within
the first nanometer of the interface and that these structures are distinct at the
most positive and negative static potentials (1.0 and —0.4 V, respectively)
applied in this study. The dynamical response of the EDL to potential steps has a slow component (>10 s) and the RTIL
structure shows hysteresis during CV scans (e.g, at 100 mV/s scan rate). Our results reveal that both the slow kinetics and
hysteresis are due to the reorganization of the distinct EDL structures found at the extreme potentials.

1. INTRODUCTION integrated with theoretical and computational methods.*”>*
Only a few X-ray studies of RTIL/charged interfaces have been
reported.>*>* One of the main observations from these
measurements is the presence of strong cation—anion layering
near charged interfaces. Also, the first RTIL layer of

Electrical double layer capacitors (EDLCs) with room
temperature jonic liquid (RTIL) electrolytes and carbon
electrodes are promising candidates for energy storage devices
with high power density and long cycle life.' > A fundamental

understanding of RTIL-based EDLCs requires a well-defined [bmimj [TfZN_] at the neutral EG and the negatively c}'lar.ged
relationship between the nanoscale interfacial structure and the ‘r(nuscov1te” m1ca32surfaces was found to form a distinct
applied electrochemical conditions. RTIL/electrode interfaces adsorl:ggd layer,. as suggesteq by AFM force curve measure-
have become the subject of various theoretical," ® computa- ments.” Interestingly, no density enhancement was ;)Observed
tional,”™™ and experimental®?® studies. Multiple recent for the first adsorbed RTIL layer at a sapphire surface,” whose
experiments have revealed an unexpectedly slow RTIL charge was not intrinsic but assumed to be induced by the X-
response’’ > as well as hysteretic behavior> ™" in differential ray radiation, suggesting that this system may not be
capacitance (DC) measurements. Hysteresis in the DC- representative of RTILs at charged electrodes.
potential data was first observed in electrochemical impedance We use epitaxial graphene (EG) as a model electrode for the
spectroscopy (EIS)?>™> experiments. Sum frequency gener- electrolyte—carbon interface. It is atomically flat and therefore
ation (SFG),”” surface plasmon resonance (SPR),"” and is ideally suited for XR measurements. Furthermore, graphene
surface-enhanced infrared absorption spectroscopy (SEIRAS)* based electrodes have been suggested as an alternative to
measurements also showed hysteretic effects at RTIL/electrode porous carbon materials for supercapacitor applications because
interfaces. Similarly, slow capacitive processes were discovered of their low resistivity.*"*!
in EIS"*™*' and confirmed by SPR measurements.'” Clearly, a In this manuscript, we present in situ X-ray scattering
more direct understanding of the actual, real time, interfacial experiments that probe the static and dynamic interfacial
RTIL structure under electrochemical control is needed. structures of [Comim”][TE,NT] ionic liquid at EG electrodes
In situ X-ray reflectivity (XR) is a powerful, contact-free
method to study liquid—solid interfaces.** > It probes the Received: November 11, 2013
interfacial structures of both the liquid and the solid directly, Revised:  December 6, 2013
with subnanometer structural resolution, especially when Published: December 10, 2013
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Figure 1. (a) Scattering geometry of the in situ specular XR measurement as a function of the vertical momentum transfer (g = k; — k;) is depicted
with an MD simulation snapshot. (b) Molecular models of [Tf,N~] and [Cymim*] ions.

under applied potentials and during cyclic voltammetry and
potential step measurements. Parallel classical molecular
dynamics (MD) simulations were performed to obtain
molecular-scale information about RTIL—graphene interface
structures under different static potentials. Figure la shows an
illustration of the specular XR geometry with a snapshot from
an actual MD simulation. The results reveal potential
dependent hysteresis in CV scans and a slow process during
potential steps that are associated with reorganization of the
interfacial RTIL structure, and suggest that both hysteresis and
slow process may be originating from the same mechanism.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. In Situ X-ray Scattering Experiments. A custom-
made transmission sample cell, similar to a previously described
design,*” with a Pt counter electrode and a Pt pseudo reference
electrode was controlled by Gamry Reference-600 potentiostat.
A 10 X 3 X 0.5 mm?® sample, used as a working electrode, was
contacted from both ends of the surface by two connectors
insulated by Kel-F shells. The sample thickness along the
incident X-ray beam direction was 3 mm. X-ray scattering
experiments were conducted at Sectors 33-IDD, 12-IDD, and
6-IDB of Advanced Photon Source. The monochromatic X-ray
photon energy was 20 keV (1 = 0.62 A) and the incidence
beam dimensions were set to ~80 um vertically and ~1 mm
horizontally. The specular XR signal was measured as a
function of vertical momentum transfer q = k; — k, = (47/4)
sin(260/2) (Figure 1a). Details of similar liquid—solid interface
X-ray scattering experiments had been published previ-
ously. 32334

2.2. Epitaxial Graphene Growth. 6H (0001) SiC wafers
(n-doped) were purchased form Cree Inc. Epitaxial graphene
was grown on Si-terminated faces by thermal decomposition in
an MTI GSL1700X tube furnace under argon environment**
(600—900 mbar) at 1550 °C.

2.3. 1-Methyl-3-nonylimidazolium Bis-
(trifluoromethanesulfonyl)imide [Comim*][Tf,N~] RTIL
Synthesis. A 250 mL round-bottom flask was charged with
125 mL of ethyl acetate, 0.20 mol of 1-methyl-imidazole (Sigma
Aldrich), and 0.20 mol of 1-bromononane (Sigma Aldrich).
The solution was stirred under argon for 72 h. The organic
liquid phase formed was separated and thoroughly washed with
ethyl acetate and reacted with an aqueous solution having 1
equiv of lithium bis(trifluoromethanesulfonyl)imide (3 M).
The system was washed with ethyl acetate and water several
times, and the aqueous phase was discarded after each wash.
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The organic phase was dried with magnesium sulfate, filtered,
and the solvent was removed using a rotary evaporator for 1 h
at room temperature and 1 h at 80 °C. The obtained product
was finally kept in a freeze drier for several days yielding a
viscous colorless liquid.

2.4. MD Simulations. We performed classical molecular
dynamics (MD) simulations to obtain the molecular-scale
information of interfaces between ILs and the neutral/charged
graphene electrodes. The simulation was set by ILs enclosed
between two electrodes with opposite charges, and each
electrode was modeled as three static layers of graphene sheets.
Small partial charges were placed on a plane 0.07 nm away from
the geometrical plane of electrode surface (contacting with ILs)
to produce a surface charge density () ranging from 0.00 +
0.01 to +0.15 C/m2* The plane on which the surface charge is
located is considered as the surface of the electrode and the
lower plane is chosen as z = 0 for the coordinate system. The
size of electrode vertical to z-direction is about 5.54 X 5.66
nm? and the separation between the opposing electrode
surfaces was set as 8.0 nm to ensure the electrolyte with a bulk-
like behavior adopted in the central portion of the system.
Periodic boundary conditions were applied in the directions
parallel to the electrodes and the simulation box size in z-
direction was fixed to a value four times larger than the
separation between the two electrodes. The force fields for the
ions and the electrode atoms (carbon) were taken from ref 47.

Simulations were performed in the NVT ensemble using a
customized MD code based on the GROMACS software.*’
The electrolyte temperature was maintained at 333 K using the
Berendsen thermostat. The electrostatic interactions were
computed using the PME method.*® Specifically, an FFT grid
spacing of 0.10 nm and cubic interpolation for charge
distribution were used to compute the electrostatic interactions
in reciprocal space. A cutoff distance of 1.2 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 12 nm. The LINCS
algorithm® was used to maintain the bond length of the
[Comim*] and [Tf,N~] ions. Each simulation was started at
1000 K, and the simulation temperature was decreased
gradually to 333 K in 6 ns. Following the annealing, the
system was simulated at 333 K for 9 ns to reach equilibrium.
Finally, a 9 ns production run was performed to collect the
data. The potential drop across each EDL was obtained by
computing the potential distribution between electrodes using
the method in ref 9.
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3. RESULTS AND DISCUSSION

3.1. Static Potential Measurements. The X-ray reflec-
tivity (XR) data (ie, specular reflectivity as a function of
momentum transfer, q) at —0.4 and 1.0 V fixed potentials and
the best fits obtained by model dependent analysis are shown in
Figure 2a. The broad peak at g ~ 1.8 A™" is a signature of few-
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Figure 2. (a) XR data (symbols) and best fits (lines), at potentials of
—0.4 and 1.0 V, based on a distorted layered liquid (DLL) model with
two distinct adsorbed layers. The —0.4 V data are scaled by a decade
for clarity. The inset shows the reflectivity curves multiplied by g*
without any scaling. (b, c) Derived electron density profiles (EDPs)
for [Cymim*][Tf,N~], at —0.4 and 1.0 V static potentials, respectively,
as a function of height (z) from the EG surface, compared to those
obtained independently from MD simulations.

layer graphene, and does not change with the applied potential,
revealing that the graphene structure is stable against electrical
polarization. However, the minimum near q = 0.3 A™' becomes
more pronounced at higher potential (Figure 2a, inset). These
data were understood with a structural model that uses two
separate Gaussian layers close to the EG surface to simulate
adsorbed layers and a distorted layered liquid (DLL) model***°
to describe the diffuse RTIL layers.

The derived RTIL electron density profiles (EDPs; Figure
2b,c) show that the changes near g = 0.3 A1 are, indeed,
caused mostly by structural changes in the adsorbed layer
(expressed with two Gaussian peaks in the model structure). As
depicted in Figure 2b,c, the total EDPs obtained by MD are
validated through their correspondence with the XR results in
terms of the positions and relative occupancies of the adsorbed
RTIL layers, and provide additional information about the
cation/anion ordering. The width of the first adsorbed layer at
—0.4 V (~3.5 A; Figure 2b) show that the imidazolium rings of
the cation as well as the alkyl tails prefer to lie parallel to the
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graphene surface. On the other hand, the anions may have two
different orientations in the first adsorbed layer at 1.0 V and
cause multiple sharp peaks in the EDP (Figure 2c). The anion—
cation layered structures we observe at —0.4 and 1.0 V are
consistent with the previous measurements of a similar type of
RTIL ([bmim*][T;N"]) on uncharged graphene and
negatively charged mica.** Our MD results also suggest that
the first adsorbed layer overscreens* the surface charge and
attracts counterions to the second layer. These two distinct
layered structures suggest that extensive reorganization is likely
required in the potential-driven evolution between these two
extreme potential structures.

These extreme potential structures provide a context for
understanding the nature of ion—ion correlations in RTILs,
which have been the subject of discussion recently.'*>"** The
derived density profiles are in good agreement with our
previous XR results of RTIL structures at the charged
muscovite surface, which show the presence of overcompensa-
tion of the surface charge and which was found to be consistent
with theoretical predictions by Bazant et al.* In contrast,
Gebbie et al,,'* using a surface force apparatus, suggested that
RTILs behave like dilute electrolytes with less than 0.1%
dissociated ion concentrations at room temperature. However,
the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory
they used to model their experimental data assumes a constant
dielectric constant throughout the liquid, which is unlikely
within the first nanometer of the charged interface. In fact,
Gebbie et al. acknowledge that DLVO theory cannot be
sufficient to describe that region. The first nanometer of the
interfacial region is where our XR method is most sensitive and
in very good agreement with MD results. Therefore, further
studies that cover both regions are required.

3.2. Cyclic Voltammetry and Potential Step Measure-
ments. Real-time XR data during CV scans (Figure 3a) were
measured in the time-domain, R(q,t), for multiple cycles with
the detector and sample at fixed g,,. The intensity variation with
time at g, = 0.3 Al during a CV measurement at 100 mV/s
rate is shown in Figure 3b. This time scan shows an oscillatory
intensity variation with a regular periodicity each of which
corresponds to one CV cycle. The presented reproducibility of
the data indicates that the process is reversible and the system
was stable under the X-ray beam during the relevant time
scales.

The voltage dependence of the EDL structure was probed by
R(V) curves at fixed q values. Figure 3c shows an example at g,
= 0.3 A™". Since the reflectivity directly probes the interfacial
structure, the presence of a path-dependent signal strength in
these data directly reveals hysteresis in the interfacial RTIL
structure during potential cycling, consistent with previous
EIS,* SFG,”” SPR,” and SERIAS*® measurements on metal
electrodes. It has been suggested that a slower scan rate reduces
the magnitude in hysteresis in differential capacitance versus
potential curves measured by EIS.** To test this hypothesis, we
repeated the same measurements but at a slower scan rate (S
mV/s). Interestingly, the hysteresis became more pronounced
at this slower rate (Figure 3c).

The R(V) signal does not change significantly below 0 V,
which is consistent with our XR measurements at this potential
(not shown) that produce an XR curve that is, within
experimental error, identical to the one measured at —0.4 V
(Figure 2b). Principally, the imidazolium rings of cations
(Figure 1b) are attracted to the graphene surface via 7—7x
interactions even when no potential is applied. Therefore,
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Figure 3. (a) CV data collected simultaneously with the XR
measurements at 100 mV/s scan rate with S mV steps. (b) Real-
time oscillations of the XR intensity at ¢ = 0.3 A™' during a CV scan.
(c) Real-time reflectivity data from (b) are plotted against the applied
potential (a similar curve obtained at 5 mV/s rate is also shown for
comparison).

applying a negative potential cannot bring more cations closer
to the surface.

Potential step measurements were conducted to determine
the number of processes and their rates during the transition of
the EDL structure. Starting at one extreme voltage (1 or —0.4
V), the potential was switched (at t) to the other extreme
potential (Figure 4). The time-dependent intensity (measured
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Figure 4. Potential step measurements at t,, measured at g = 0.3 A™".
The applied potential is switched between two extreme potentials:
—0.4to 1V (red) or 1 to —0.4 V (blue).

at g = 0.3 A™") probes the structural changes in real time. The
results show that the interfacial structure evolves by at least two
different processes. We used a double exponential function to
represent the fast and the slow relaxations. The fast process
happens much quicker than our time resolution for X-ray
measurements (~ 1 s). However, the slow process has a time
constant (7) of around 10 s (much longer than the ~5 ms RC
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constant of the system) and can be determined unambiguously.
The observation of these long relaxation time constants is
consistent with those from the recent spectroscopy studies'”*
of other ionic liquids on metal electrodes. However, in contrast
to the spectroscopy measurements, these time constants do not
show a significant dependence on the step direction.

Our results are directly relevant to test various hypotheses in
the literature about the origin of slow processes and hysteresis
effects at the RTIL/electrode interface. It has been suggested
that the slow processes are associated with the potential-
dependent changes of the electrode surface structure.”*~>* This
interpretation was possible because the working electrodes used
in previous studies were metals (Pt or Au)'7207372653 that are
known to exhibit surface reconstruction above a critical surface
charge.>® However, the graphene used here is extremely stable
and no surface reconstructions are known or expected. These
results therefore suggest that the observed hysteresis is a
property of the ionic liquids at the interfaces. A second
hypothesis is that molecular conformations are responsible,'’
but as we described in the previous section, the static EDPs
(Figure 2b,c) show that a change in the EDL layering structure
is required as the potential changed from negative to positive or
vice versa. Therefore the observed slow response cannot be
explained by only rotation of molecules within a layer.

The observed hysteresis during potential cycling (Figure 3c)
and the slow potential step kinetics (Figure 4) appear to be a
result of steric hindrance during RTIL reorganization. These
results suggest that an effective energy barrier between the two
distinct structures at extreme potentials leads to an inherently
slow response to the potential changes. Similar models have
been suggested®® to explain the observed hysteresis in
spectroscopy measurements. It is apparent that the temporal
response of the RTIL structure is inherently slow (~seconds).
However, the nature of this apparent barrier and the associated
mechanism for reorganization require further investigation.

4. CONCLUSION

The EDL structure of a room temperature ionic liquid at a
charged epitaxial graphene interface was understood using in
situ X-ray reflectivity and MD simulations. The static potential
measurements show two distinct layered structures at the most
positive (1.0 V) and negative potentials (—0.4 V). The
combined simulation-experiment approach provides a clear
picture of the static potential EDL structure, with separated
anion/cation layers. Real-time measurements show that the
average interfacial structure responds to the applied potential
slowly (>10 s) and in a path-dependent manner, as manifested
by structural hysteresis. These behaviors probably originate
from the distinct, layered interfacial structures at high and low
potentials and reveal the relationships between the molecular
interfacial structures and macroscopic properties of the RTILs,
which are crucial to design RTILs with specific properties.
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