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ABSTRACT: Here we report the bias-evolution of the electrical double layer
structure of an ionic liquid on highly ordered pyrolytic graphite measured by
atomic force microscopy. We observe reconfiguration under applied bias and the
orientational transitions in the Stern layer. The synergy between molecular
dynamics simulation and experiment provides a comprehensive picture of structural
phenomena and long and short-range interactions, which improves our
understanding of the mechanism of charge storage on a molecular level.
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force—distance curve

he structure and properties of solid—liquid interfaces

directly underpin the multitude of phenomena in virtually
all areas of scientific inquiry ranging from energy storage and
conversion systems, biology, to geophysics and geochemistry.
These interfaces will affect the lifetimes and stability of
batteries, erosion, and corrosion, and many other phenomena.
In many cases, the associated mechanisms include the static
properties of interfaces, as well as dynamic transport through
solid and liquid phases, and electrochemical properties and
reactivity, resulting in systems of extreme complexity. However,
several broad classes of systems are controlled purely by the
structure and dynamics of the electrical double layers (EDL)
and the reversible ionic dynamics within.

The paragon of such systems are electrochemical capacitors
(ECs) which are capable of very high power density (10 kW
kg™') able to fully charge or discharge in seconds, and as such
play an important role in the field of energy storage."”
Compared to batteries, the energy density of ECs is much
lower and therefore much effort is directed toward improving
the energy density of ECs.>~” One strategy is to use ionic liquid
(IL) electrolytes, which increase the operational voltage (V),
thereby increasing the stored energy (E) according to the
equation E = 1/2CV?, where C is capacitance.

For EC applications, highly porous carbon-based materials
are typically used as the electrode material with ions from the
electrolyte adsorbing and arranging at the carbon surface to
form the EDL and balance the electrode charge. The
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capacitance of ECs is controlled by the EDL structure and
the effective pore area, whereas power density is controlled by
ionic transport in complex micro/mesoporous systems. The
latter has been studied using electrochemical dilatometry for
ionic liquids.10 However, the structure of the EDL on a
molecular level and its evolution with bias has been elusive.
While significant progress has been achieved based on surface
force apparatus,'' ™'* scattering,'®"” and computational meth-
ods,'*7** lateral inhomogeneities of surfaces necessitate
spatially resolved methods for local exploration of EDL
structure and dynamics. Atomic force microscopy (AFM)
force spectroscopy is a technique capable of performing local
characterization of the EDL. AFM has been used to probe the
structure of various ionic liquids at different interfaces (mica,
silica, Au(111) and graphite) by performing force distance
(FD) curves.>™ Although the role of bias was reported for
ionic layering on Au,*** the effect of electrode potential has
not been investigated for carbon-based materials.>* Inves-
tigation of the effect of potential on the structure of ionic
liquids at carbon interfaces is highly desirable since it will relate
to the performance of carbon based ECs using IL electrolytes.

Here we report the bias-evolution of the EDL structure of an
ionic liquid on highly ordered pyrolytic graphite (HOPG) as a
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model system for carbon-based electrodes for ECs. AFM force
spectroscopy is used to measure the ion layering at the
electrode surface. One focus of this paper is the statistical
reproducibility of the measured FD curves, which is typically
neglected in other studies.”® Matching the experimental data
with molecular dynamic (MD) simulations allows us to resolve
steric effects. Under bias, we observe the reconstruction of the
Stern layer that consists of a reorientation of molecules as
evident from MD simulations. In all cases, we observe an
excellent agreement between the AFM experiment and MD
simulations that allows us to characterize different aspects of
the EDL in ionic liquids.

As a model system to explore the structure and properties of
the EDL for EC electrodes as a function of applied bias, we
have chosen [Emim*][Tf,N"] on HOPG. Figure la shows a
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Figure 1. Details of single force—distance curves. (a) Single approach
and retract curve showing multiple ion layers. (b) Single force
separation plot of curve shown in (a), and 2D histogram of S0
consecutively measured force curves (c).

characteristic force distance curve. During the tip approach,
discontinuities (steps) in the force distance curve can be clearly
seen before the sample surface is reached (this is when no steps
appear even at high forces). These steps are formed by the
interaction of the AFM tip and the ion layers at the electrode
surface. There may also be ion layers formed at the tip apex,
however previous results reported for aqueous systems are
controversial.**** An experimental study examining different
tip and surface chemistries found structuring at the tip apex
does not play a role the measured force—distance curves and
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suggests that the high local curvature of the AFM tip prevents
this structuring.>* On the other hand, theoretical results predict
that water layers are present on the AFM tip and resulting force
profiles are a result of merging water layers on the AFM tip and
surface.>® Additional theoretical work has shown that the radius
of the tip affects the amplitude of the forces measured but not
the step sizes.**>® The effects of potential ion layers at the tip
apex in jonic liquids are unknown at this point and are being
further investigated.

The force from the approach curve in Figure la was plotted
versus the tip—sample separation (Figure 1b), which is the
relevant variable for analyzing the distances between different
ionic liquid layers. The first ion layer is approximately 0.37 nm
away from the electrode surface. Subsequent ion layers were
determined to be approximately 0.7 nm away from each other.
Taking into account that the dimensions of the ions are 0.85 X
0.55 X 0.28 nm® and 1.09 X 0.51 X 0.47 nm?> for [Emim*] and
[TE,N], respectively,” it is possible that the measured ion
layer size of 0.7 nm could consist of a single ion or a cation—
anion pair. Previous work shows that the ions are removed as
ion pairs, allowing the system to maintain electroneutral-
ity. 12715273132

In order to investigate the statistical significance of the
spacing of the measured ion layers, the two-dimensional (2D)
histograms were calculated using S0 measured force distance
curves (Figure 1c). The color represents the probability that a
point is in the specified sector of the force separation plot. It
can be clearly seen that the force separation curves are very
reproducible, since the measurements are performed slowly
enough to allow reformation of the ion layers between
subsequent force curves.

To investigate the change of the ion layering in the EDL
when the sample is biased, 1 V and —1 V are applied between
sample and conductive tip holder, which is grounded, and in
contact with the ionic liquid. For future investigations the
authors are developing a three electrode setup to allow for
more precise control of the electrode potential. Figure 2 shows
the comparison of the extracted 2D histograms of the unbiased
and biased HOPG. It can be seen that there are additional ion
layers measurable for the biased electrode which are marked in
Figure 2 with red arrows. These layers were not visible in the
unbiased sample and show only a very low probability. On the
right side of Figure 2, data points of the force separation curves
with a probability of 50% and higher are shown. We note that
the mentioned extra ion layers for the biased electrodes are not
present, which means less than 50% of the measured force
distance curves show these ion layers. This emphasizes the
importance of measuring enough force—distance curves to
perform statistical data analysis. However, the first ion layer
closest to the electrode surface can be measured very
reproducibly for both the unbiased and biased electrodes. For
the unbiased case, the first ion layer has a broader distribution
compared to the biased cases and consists of two separated
sample-ion spacings of 0.3 nm and 0.5 nm. The distance of this
ion layer from the sample surface drops for the unbiased
sample, to 0.31 nm for 1 V bias and to 0.26 nm for —1 V bias.
The measurement of the distance between the ion layers and
the sample surface provides direct insight into the charge
storage mechanism.

In order to understand the measured steps in the force
distance curves and relate them to the ion layering, MD
simulations were performed to calculate the cation and anion
ordering on graphene surfaces under different voltages. Details

dx.doi.org/10.1021/nl4031083 | Nano Lett. 2013, 13, 5954—5960



Nano Letters

15
a Probability >50% Probability
1.0 1m0 0.34nm l1o
0.5 unbiased 5 |‘_O.54nm 0.5
0.0 ; .
b B s 0.0
05 '
b 5
) 1.5
z 10 1.0 &
= 3
2 0.0 oo 2
c 15 1.5
1.0 L1.0
0.26nm
0.5 10.5
0.0 0.0
05 . -0.5
2 30 1 2 3

Tip-sample separation [nm] Tip-sample separation [nm]

Figure 2. Force-separation plots for unbiased and biased sample. (a)
Two-dimensional force separation histogram of SO consecutively
measured force curves (left) and extracted force separation curves with
at least S0% probability (right). (b) Two-dimensional force separation
histogram of 80 curves and >50% probability points for an applied bias
of 1 Vand (c) —1 V extracted from 90 force separation curves. The
red arrows denote extra steps in the force separation curve for the
biased HOPG.

of the simulation can be found in the methods section. Figure 3
shows the ion density distribution as a function of distance
from the electrode surface for a potential range of about —2 to
2V for [Emim*] (Figure 3a) and [Tf,N~] (Figure 3b).

The simulation revealed that the EDL consists of a layered
structure of cation and anions with cations being closest to the
biased surface for negative potentials and anions for positive
potentials. The ion density is highest closest to the surface and
drops moving further from the surface. The layering of cations
and anions was found within 1.5—-3 nm from the electrified
surfaces under a potential range of about —2 to 2 V which

matches the observed layering distance in the force distance
curves.

First, we are going to explore the ion layering for the
unbiased HOPG surface, that is, at the point of zero charge
(PZC). Figure 4ab displays the anion and cation density
distribution together with the experimental data from Figure 2a
(>50% probability) for the unbiased electrode, respectively.
From the MD simulation, it can be seen that the first ion layer
closest to the sample surface (<0.65 nm) consists of two
densely spaced cation and anion layers at approximately 0.3 nm
and 0.5 nm away from the electrode surface. The double peak
in the first anion layer matches the observed double step in the
experimental data very well (Figure 4a). The position of the
anion layers predicted by MD further from the electrode
surface also show good agreement with the measured ion layer
positions obtained from experiment. Comparing the exper-
imental data with the cation density curves (Figure 4b), a layer
is only detected where the first cation layer occurs whereas
further away from the surface there is no measurable ion layer
at the positions of the cations predicted by MD simulations.
Therefore, we can conclude that the measured ion—ion spacing
of 0.7 nm (Figure 1c) is formed by an ion pair, which is
consistent with previous results'>~'>?7313

The two maxima in the first ion layer of the ion density
curves represent ions of different orientations. The first anion
layer at about 0.3 nm consists of ions with a solid angle close to
90° oriented parallel to the surface (Figure 4c), whereas at 0.5
nm, the angle becomes 0 and 180° (perpendicular to the
surface). The same is true for the cations (Figure 4d) which
show a 0 and 180° orientation at 0.3 nm (parallel) and 90° at
0.5 nm (perpendicular). This observation suggests that it is
possible to differentiate between two different ion orientations
in the first ion layer closest to the electrode surface by
performing AFM force spectroscopy.

Beyond this first ion layer, the cations and anions show a
layered structure and the ion orientation becomes random as
for the IL bulk properties. According to MD, the spacing of the
anion and cation layers away from the electrode surface is
primarily determined by the ion coupling and ion size whereas
the distance between the electrode surface and the first ion
layer is mainly determined by the ion size, orientation, and van
der Waals forces between ions and electrode.

Once a bias is applied to the electrode, Coulombic
interactions dominate the interaction between ions and
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Figure 3. Cation and anion density from MD as function of applied potential. Number density profiles of cations (a) and anions (b) near the
electrode surface as a function of applied potential. The potential of zero charge (PZC) is indicated as a red line.
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Figure 4. Comparison of experiment and MD at PZC. Comparison of the anion (a) and cation (b) MD density distribution and the experimental
data from Figure 2a (>50% probability) at the PZC. Ion orientation in the first ion layer described as a double peak in the ion density distribution for

anions (c) and cations (d).

a

é 0 1 /.-..-l-l-wtv_v_v_v_v_v_v_v_‘

® -

§ __-100;

=3re}

§ £ 200/

= = —=— Van der Waals (PZC)

g -3004 —e— Van der Waals (1V)

o) Coulomb (1V)

5 00 05 10 15 20
Distance [nm]

c MD distance [nm]

—— Cation 50

Force [nN]

Separation [nm]

b
0.25
0.20/ TN @ 1V Emim™ @ -1V
>
£ 0.159 o
g 01 At || I
o 0.054
0.00-/\ J\
0 30 60 90 120 150 180
Angle 6 [deg]
d MD distance [nm]
£ £
- E
> & 2
® o [
c [&] c
3 9 3
c w ey
Q 2
a
= =

Separation [nm]

Figure 5. Comparison of experiment and MD for biased sample. (a) MD calculation of the ion—electrode interaction at PZC and 1 V bias applied to
the electrode. (b) Orientation of the cation and anion layer closest to the electrode surface for —1 and 1 V, respectively (see Figure 4 for the
illustration of the angle describing ion orientation). Comparison of experimental force separation curves under bias as 2D histogram with MD
simulations of cation and anion positions for positive (c) and negative potentials (d). The white line denotes the position of the electrode surface.

electrode (Figure Sa), which changes the structure of the EDL.
This affects mainly the very first ion layer, which contains
predominantly cations for —1 V bias and anions for 1 V bias.
The ions are almost oriented parallel to the electrode surface
(Figure Sb) and the MD density profile shows only one peak in
the near electrode region <0.6 nm. Figure Sc,d displays the
comparison of the 2D histogram of the force separation curves
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for the biased HOPG surfaces overlaid with the simulation-
predicted ion density curves for cations and anions. For the
positively biased HOPG electrode (Figure Sc), the ion layer
closest to the surface matches the calculated position of the first
anion layer. The experimentally determined spacing from the
electrode surface is 0.31 nm (Figure 2b), which matches the
calculation with 0.32 nm. The following anion layer further
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away from the surface matches the experimental values as well.
As in the unbiased case, only the anion layers are detected
consistent with the ions being removed as ion pairs. For a bias
of —1 V, the first layer is a cation layer that balances the
negative surface charge, and force—spectroscopy measurements
are able to detect this strongly bound cation layer (Figure 5d).
Here, the calculated distance between electrode surface and
cations is 0.29 nm versus 0.26 nm determined experimentally
(Figure 2c). The distance of cations from the electrode surface
at —1 V is closer than the anion layer for 1 V bias. The next ion
layer measured reproducibly coincides with an anion layer
position at 1.25 nm. A low-probability peak in the force
spectroscopy profile appears at ca. 0.75 nm that does not
correspond well to the position of the second anion layer (0.51
nm) or cation layer (0.87 nm) predicted from MD. It is
possible that the presence of the AFM tip or potential ion layers
surrounding the AFM tip disturb the intermediate ion layers
(layers 2—3) at the HOPG surface causing a discrepancy
between the MD simulations and force—spectroscopy measure-
ments, however, this effect was not observed for the unbiased
or positively biased surface. Further investigations are needed
to clarify the origin of the described discrepancy.

Force distance curves were presented to measure the ion
layering of [Emim*][Tf,N”] in the EDL on HOPG.
Subnanometer ion layer spacings were extracted after statistical
analysis of the force distance curves and compared with ion
density calculations using MD simulations. By combining the
information from the force distance curves and the MD
simulation, we gain a comprehensive picture of the structure of
the EDL formed at unbiased and biased HOPG electrodes. The
MD simulation provides the ion density and distance between
ion layers and charged surface that can be verified
experimentally. This is the first time AFM force spectroscopy
and MD were combined to characterize the EDL, and excellent
agreement between the two methods was observed. In the
future, it is desirable to perform these measurements in an
electrochemically defined environment with a counter and
reference electrode that will allow the comparison of ion
layering and the macroscopic capacitance.

Comparison of experimental data with MD simulations
allowed for the assignment of the measured ion layers to either
cation or anion layers. At the PZC, the first ion layer closest to
the surface consists of cations and anions in two different
distinct ion orientations parallel and perpendicular to the
electrode surface. Both of these molecular orientations can be
detected experimentally with AFM force spectroscopy. The ion
arrangement in the layer closest to the surface at +1 V is quite
different from that at PZC through the addition of Coulombic
forces between ion and electrode. This results in a preferred ion
orientation paralle]l to the electrode surface. Here, the
calculated ion—electrode distance matches the distances
extracted from the force distance curves. Beyond ~1.0 nm,
the charge on the electrode is almost completely screened,
which implies that the charged electrode primarily affects the
ions within 1.0 nm. Beyond the first ion layer, the ions show a
layered structure without a preferred orientation and a
characteristic anion—anion and cation—cation spacing of
around 0.7 nm similar to the bulk properties of the IL. This
work opens the pathway to study the EDL in electrochemically
relevant systems for electrochemical capacitor applications
where all aspects of the EDL can be investigated. This will help
to further understand and improve charge storage mechanism
for multiple applications.

5958

Materials and Methods. Experimental Section. Measure-
ments were conducted on freshly cleaved HOPG. A room-
temperature ionic liquid electrolyte (1-ethyl-3methyl-imidazo-
lium bis(trifluoromethanesulfonyl)imide ([Emim*][Tf,N"])
was used in this study.>

Force distance curves were measured on a Cypher AFM
from Asylum Research (Santa Barbara, CA) in a droplet of IL
on HOPG. Scan rates were between 0.1 and 0.3 Hz. All
experiments were done using an uncoated silicon nitride tip
with a spring constant, k, of 0.38 N/m. A cable was connected
to the HOPG sample to apply the electrical bias between the
sample and the tip. In order to compare all curves and account
for drift, the curves were aligned along the y-axis to be at zero
force far away from the sample. In addition, the curves were
shifted along the x-axis so that the retract branch of all force
separation curves overlaid.

Simulation. The cation and anion distribution as function of
potential on a carbon-based electrode was calculated using
molecular dynamics (MD) simulations. The electrode was
modeled by three layers of graphene sheets with an area of 4.26
X 4.18 nm* and a gap of 0.34 nm between each two layers. To
generate the applied potential, the partial charge was uniformly
distributed among the carbon atoms of two inner planar
graphene sheets in contact with electrolyte. Simulations were
performed in the NVT ensemble using a customized MD code
based on the Gromacs software.** The electrolyte temperature
was maintained at 300 K using the Berendsen thermostat. The
electrostatic interactions were computed using the PME
method.*' Specifically, an FFT 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 algorithm42 was used to maintain
bond lengths in the Emim* and TL,N™ ions. To reach
equilibrium, the simulation was first run for 6 ns and then a
9 ns production run was performed.

The potential drop, ¢pp;, between the electrode surface and
the bulk IL was obtained using our previous techniques.” Since
the potential of zero charge (PZC) is not zero for all simulation
systems, Vgp = ¢gp, — PZC was considered as the potential
applied on each EDL for convenience.*** The ion number
density profile was computed by binning method,*® and the
ion-electrode interaction potential was calculated based on van
der Waals interaction and Coulombic interaction with a cutoff
distance of 1.1 nm.*'
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