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Relaxation Times of lonic Liquids under Electrochemical
Conditions Probed by Friction Force Microscopy

Florian Hausen

lonic liquids (ILs) represent an important class of liquids considered for a
broad range of applications such as lubrication, catalysis, or as electrolytes in
batteries. It is well-known that in the case of charged surfaces, ILs form a
pronounced layer structure that can be easily triggered by an externally
applied electrode potential. Information about the time required to form a
stable interface under varying electrode potentials is of utmost importance in
many applications. For the first time, probing of relaxation times of ILs by
friction force microscopy is demonstrated. The friction force is extremely
sensitive to even subtle changes in the interfacial configuration of ILs. Various

e.g., as electrolytes or electrolyte ad-
ditives, the high reduction and oxida-
tion stability of ILs and thus, their
broad electrochemical window in com-
bination with a high conductivity are
of particular interest.’] It has been
shown in numerous experimental,®-1%]
and theoretical,**!?l publications that ILs
form a distinct structure of cation and an-
ion layers adjacent to electrified surfaces.
These unique structures form an expo-

relaxation processes with different time scales are observed. A significant
difference dependent on the direction of switching the applied potential, i.e.,
from a more cation-rich to a more anion-rich interface or vice versa, is found.
Furthermore, variations in height immediately after the potential step and the

presence of trace amounts of water are discussed as well.

1. Introduction

Ionic liquids (ILs) are room-temperature molten salts and repre-
sent an interesting class of liquids due to their remarkable prop-
erties, i.e., being nonvolatile and nonflammable.[' These liquids
have been considered for various applications ranging from sol-
vent chemistry and catalysis,?! to fuel cell,>* and energy storage
and conversion.>®! Especially in electrochemical applications,
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nentially decaying force profilel'}] and de-
pend strongly on the exact potential ap-
plied to the electrode.*** For many
applications in which different poten-
tials are applied at various times, e.g.,
in Datteries during charging and dis-
charging, supercapacitors or fuel cells in-
formation about the time required for
reorganization of these layers to form
a stable interface under alterable electrode potentials is of great
importance.

Pioneering works in unraveling the relaxation times of ionic
liquids as a function of applied potential have been utiliz-
ing current-based methods, such as electrochemical impedance
spectroscopy (EIS). Based on EIS, Roling et al. reported a fast and
slow process and analyzed the contribution of these processes to
the overall differential capacitance.['] Further studies have ex-
tended the methods to surface plasmon resonance (SPR) and
X-ray reflectivity investigations (XRR). Nishi et al. demonstrated
that there is an ultraslow relaxation in ILs by SPR and found varia-
tions depending of the direction of the potential step.['®] Reichert
et al. identified three remarkably different relaxation processes
of ionic liquids by EIS and XRR experiments.!'”] The authors at-
tributed those to cation and anion transport at time scales of a few
milliseconds, to orientation and vertical rearrangements at times
in the order of 100 ms and to lateral 2D-reorganization processes
of the layers, taking part in the order of tens of seconds.

To investigate the interfacial structure of an IL adjacent to a
charged surface, atomic force microscopy-based techniques are
well-established, especially force—distance curves.[#9131418] [n ad-
dition, Black et al. investigated the 3D structure of ILs on a
larger scale (100s of nm) based on force—distance curve mapping
on a carbon surface.l'”! Thereby, topological disordering is ob-
served. Elbourne et al. resolved the 3D structure of ILs near a
mica surface by amplitude-modulated AFM.[?°] Endres et al. ob-
served in electrochemical scanning tunneling microscopy (EC-
STM) studies very slow changes of the surface and attribute this
to slow reorientation processes of the ionic liquid.?!! Wen et al.
reported video-EC-STM experiments, verifying the reorientation

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Friction force microscopy maps and force separation profiles of Au(111) in [Py, 4,]JFAP at potentials of a) —2.0V, b) =1.5V, and c) —0.5 V versus
Pt-QRE and single force—separation profiles under these conditions, respectively. The color represents the friction force with darker colors corresponding
to lower values and brighter colors visualizing higher friction. The color scale is identical for all three images. The FFM maps are acquired with a normal
load of 11 nN and a scanning speed of 6 Hz. The simultaneously recorded height images are provided in Figure S1 (Supporting Information).

processes of the ionic liquid interface as a function of poten-
tial and find rapid dynamic fluctuations at grain boundaries and
defects.[?]

The aim of this study is to investigate the applicability of fric-
tion force microscopy (FFM), an atomic force microscopy-based
technique, to study the relaxation times of ionic liquids in contact
with electrified gold surfaces as long-term processes have been
assigned to dynamic 2D lateral reorganization processes.!'”] In
FFM, the torsional response of the cantilever in contact with a
surface is recorded. FFM in ionic liquids under electrochemical
load has been pioneered by Sweeney et al. about a decade ago,
demonstrating the extremely high sensitivity of friction forces to
even subtle changes in the IL interface.[?’] The progress since
then has been excellently reviewed very recently.? Typically, vari-
ations in the friction value are induced by triangular variations of
the potential with time, i.e., cyclic voltammetry or information
are gathered at one fixed potential.

As typical electrochemical experiments can be performed in
FFM, chronoamperometric experiments are also feasible. How-
ever, and despite the fact of its importance for many appli-
cations, none of the above-mentioned work addresses the re-
laxation times of ionic liquids when varying the sign of the
applied potential. While the cation and anion transport pro-
cesses are too fast to be analyzed with common FFM tech-
nique, the relaxation times of the orientational and lateral
2D-reorganization processes are in a reasonable range to be
probed by FFM. Within this work, FFM as an imaging tech-
nique sensitive to lateral ordering is utilized for the first time
to investigate the relaxation time of an ionic liquid. The hy-
drophobic ionic liquid, namely, 1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl) trifluorophosphate ([Py, ,]JFAP) on Au(111)
is probed as a well-characterized model system. Force—separation
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profiles and the frictional behavior,['*!*23] as well as relaxation

time investigations,!'>!”] are published using this ionic liquid on
various substrates. In this work, the relaxation times observed by
FFM are compared with those from the current response during
the chronoamperometric experiments. In addition, the influence
of the switching direction of the potential, variations in height
upon switching, and the effect of trace amounts of water are dis-
cussed.

2. Results and Discussion

2.1. Characterization of the Frictional Sensitivity on the lonic
Liquid Interfacial Structure

To ensure that the interfacial structure of the ionic liquid adja-
cent to the electrified Au substrate is not influenced by variations
of the electrode’s structure, experiments are conducted on atom-
ically smooth single-crystalline gold surfaces. Figure 1 shows
FFM results for relatively large scans of 700 X 700 nm? at three
different potentials. Variations in the color correspond to differ-
ent friction values between the AFM tip and the ionic liquid layers
on the gold, with brighter colors corresponding to higher friction
values (Please note that the color scale for all three images is iden-
tical). Clearly, individual monoatomic steps, separating smooth
terraces of about 200 nm, and several small islands are visible on
the Au surface. The occurrence of islands is based on the lifting
of the reconstruction of the Au(111) crystal. In addition, typical
force—separation profiles for three applied potentials between —2
and —0.5 V are shown. Pronounced layering is found for —2 and
—1.5 V with more than eight layers. At —0.5 V especially the lay-
ers adjacent to the surface undergo variations. Although several
distinct layers are identified, the forces to push through those are
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Figure 2. a) High-resolution FFM map at —1.3 V and a normal load of 1 nN, revealing a periodicity of 0.3 nm. The inset shows a typical stick-slip
pattern as commonly observed for crystalline materials, and b) the respective force—separation profile. c) FFM map of the situations at —1.5 and +0.7 V,
recorded with an applied normal load of 2.3 nN. d) Force-separation profiles at the respective applied potentials. Both profiles were recorded at the
identical sample position. The curve at +0.7 V has been recorded with a waiting time of 2 min after the potential step. The corresponding height images

for (a) and (c) are provided in Figure S2 (Supporting Information).

substantially reduced compared to the more negative potentials.
In addition, for applied potentials of —1.5 and —0.5 V, the ob-
served layers appear nonvertical. This effect is regularly reported
in literature and attributed to a decrease in stiffness of the layers
as a function of distance from the charged substrate.[*%1*] This
reflects a slightly compressible structure and is often observed
for intermediate charged surfaces, such as mica,®! or less strong
applied potentials.[*14]

In contrast to the severe variation of the friction force as a func-
tion of potential, indicated by the change in color, the underlying
Au surface structure remains unchanged throughout the exper-
iment and exhibits the same features in all FFM maps. Impor-
tantly, it is concluded that variations in the applied electrode po-
tential have no significant impact on the Au substrate within the
stability window of the ionic liquid. In addition, the presence of
significant amounts of water is excluded as this would strongly
influence the number of observed layers of the ionic liquid.!?>?¢]
Therefore, by using single-crystal surfaces and focusing FFM
maps on atomically smooth terraces, the interfacial structure is
well resolved.

2.2. Determination of the Charge State of the Gold Surface at
—1.5 and +0.7 V versus Pt-QRE
It is important to understand the charging state of the Au sub-

strate for the potentials applied in the relaxation time measure-
ments. Figure 2a shows a high-resolution FFM map of 3.8 x 3.8
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nm? at an applied electrode potential of —1.3 V. A clear atomic
lattice corrugation is detected, exhibiting a typical stick-slip pat-
tern for atomic-scale FFM as shown in the inset. High-resolution
maps of ionic liquids adsorbed on charged surfaces have been
reported in literature. Elbourne et al. reported high-resolution
images of the innermost and first-near surface interfacial layers
of five different ionic liquids on negatively charged mica.?’ The
authors reveal ordered structures, however, not comparable with
high-resolution images of solid crystalline surfaces. Ebeling et al.
also report high-resolution images of the IL propylammonium
nitrate on HOPG.[?”] However, the reported images have been
obtained in dynamic AFM modes, whereas in this work FFM has
been employed, in which the direct interaction between the AFM
tip and the ionic liquid layers are much higher. Hence, it is un-
likely that the obtained structure is representing the IL. An alter-
native explanation to the possibility that the periodicity is caused
by a strongly adsorbed IL layer is, that the AFM tip at this poten-
tial might penetrate all layers down to the gold substrate. The ob-
tained periodicity of about 0.3 nm is also reminiscent of what has
been reported for Au(111) in an aqueous electrolyte.[?®! This argu-
ment might be further supported by the force—separation profile
depicted in Figure 2b. Two layers of 0.5 and 0.3 nm thickness
are found at small separations. Hayes et al. studied the same sys-
tem and report dimensions of 0.35 nm for the cation and 0.5 nm
for the anion."* Those values are very close to the observed 0.3
and 0.5 nm layer shown in Figure 2b at an applied potential of
—1.3 V. Although the low forces needed to push through indi-
cate that there could be additional layers,[! separated anion and
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Figure 3. a) FFM map during the potential switch from —1.5 V (lower part) to +0.7 V (upper part) at a normal load of 9.7 nN and a scanning speed
of 4.8 Hz. The color corresponds to the friction force and reveals a higher friction at +0.7 V compared to —1.5 V. Note the short drastic increase in
friction immediately after the potential step at about half of the image. b) The extracted friction information from (a) as well as the corresponding
applied potential as a function of scan distance or time. c) The simultaneously recorded temporal evolution of the current. The corresponding voltage

and height maps are provided in Figure S3 (Supporting Information).

cation dimensions are typically not observed for layers at larger
separations.[®1314 In agreement with these observations, the
steps at larger separation in the force-separation curve shown in
Figure 2b are about 0.8 nm apart, closely corresponding to the
dimension of an ion pair of 0.9 nm.['*]

The situation changes when more negative or more positive
potentials are applied as shown in Figure 2c: In the upper half
of the 14 X 14 nm? image a potential of +0.7 V is applied to
the electrode and an amorphous structure with increased fric-
tion (brighter color) is seen. At an applied potential of —1.5 V
as recorded in the lower half of the image, the surface structure
changes significantly, exhibiting a smoother appearance with
less clusters, but overall lower friction. Both structures are sepa-
rated by some scan lines exhibiting a strongly decreased friction
(darker color).

The obtained force-separation profiles for these potentials are
illustrated in Figure 2d. The overall appearance resembles ear-
lier investigations on the interfacial structure of ionic liquids
by AFM.I8%1 Importantly, a variation at small separations from
the gold electrode is revealed for applied potentials of —1.5 and
+0.7 V. As the dimension of these layers do not fit to the ion
pair size, it is concluded that this layer is composed of anions
or cations, depending on the potential, and that these inner
layers cannot be penetrated by the AFM tip. This agrees with
many force curves of various systems and is extensively doc-
umented in literature.*1%1314] The friction force map and the
force—separation curves shown in Figure 2¢,d also illustrate the
strong correlation between the interfacial structure of ionic lig-
uids and the obtained friction. While recording the individual
friction values for different numbers of layers is difficult in AFM,
such an experiment was performed by a surface force balance.!*’!
The authors find individual friction values directly depending on
the number of layers between the tribopair. A discussion about
variations in height upon switching the potential is provided in
Section 2.4. However, for this study it is important to verify the
different charging of the Au surface, concomitant with a reori-
entation of the IL structure upon switching of the potential. The
relaxation behavior of the IL under these conditions is analyzed
in more detail from FFM maps as shown in Figure 2c and simul-
taneously recorded current profiles in the following Section 2.3.
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2.3. Relaxation Behavior of [Py, ,]JFAP on Au(111) as Revealed by
FFM

In this section, the relaxation process of the IL is investigated in
more detail and as a function of normal load. As earlier work
already reported a strong anisotropic behavior depending on the
direction of the applied potential step, the results of this work
are separately presented and then discussed jointly.'® The FFM
maps are 14 X 14 nm? in size to ensure homogeneous conditions
with respect to roughness and interfacial layers.

In Figure 3, FFM maps and extracted profiles for the step from
an applied electrode potential of —1.5 to +0.7 V is exemplarily
shown for a normal load of 9.7 nN. The FFM map is character-
ized by an intermediate high friction signal (bright color), as de-
picted in Figure 3a. This is analyzed in more detail by plotting the
frictional data as a function of distance and thus, as a function of
time, as shown in Figure 3b. In addition, the respective voltage
is shown. The simultaneously recorded temporal evolvement of
the current is provided in Figure 3c.

The friction exhibits a low value of 1 nN at an applied nor-
mal load of 9.7 nN in the lower part of the image presented in
Figure 3a, corresponding to the first ~25 s of the image. Imme-
diately with the change in the applied potential the friction is sig-
nificantly increased and stabilizes after a short peak at a value of
~3.5 nN after some seconds. At the same time the current that is
recorded from the entire Au surface in contact with the IL exhibits
the expected exponential decay based on capacitive currents. As
indicated in Figure 4 the relaxation time of the friction force is
defined as the time until the friction has been stabilized after the
potential jump. In the case of a capacitive current the exponential
curve is fitted according to the formula

p=A-en i)

From an electrochemical perspective this corresponds to an
RC circuit problem and is derived from the general equation for
the charge on a capacitor as a function of potential.*% Since the
current decay has been found to be rather slow after this potential
step, the current and friction (cf. Figure 4a) recorded in the sub-
sequent FFM image was added to the data to obtain a reasonable
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Figure 4. a) Definition of 7, and z_ for the potential step from —1.5 to +0.7 V. b) Graphical visualization of . and 7, for various normal loads. Note: The
electrochemical data are recorded from the entire Au surface, while friction data represents the local situation. The shaded areas are meant as guides
to the eye. c) Subsequent FFM data for —1.5 V and +0.7 V as a function of normal load. Each data point is the average of the inner part of a FFM frame
of 14 x 14 nm?, recorded with a scanning speed of 4.8 Hz. The applied potential is switched between upward and downward facing triangles, i.e., after
four consecutive scans. The normal load is increased after four consecutive scans, two at each potential.

fit. The same experiment as shown in Figure 3 was conducted
and analyzed for normal loads between 1.9 and 16.5 nN. Qualita-
tively, similar results are found for all normal loads applied and
the results are provided in Table S1 (Supporting Information) and
Figure 4b.

The initial drastic increase in friction is not related to the re-
laxation time of the current decay as observed in the chronoam-
perometric data and visualized in Figure 4b. Note that the elec-
trochemical information is recorded from the entire Au surface
in contact with IL, whereas the friction data are obtained from a
small area of 14 X 14 nm? to avoid topographical contributions.
Information about the relaxation times is gathered by extracting
profiles as illustrated in Figure 4a. The origin of z_ is the capac-
itive current flowing to account for the reorientation of the ionic
liquid adjacent to the electrode. Roling et al. found a fast capac-
itive process in the order of 0.5 ms that cannot be detected by
FFM.I"] In addition, the authors describe a slower capacitive pro-
cess based on charge redistributions within the IL layers adjacent
to the electrode that occurs in the range of seconds. While the re-
laxation time 7. is found to be rather long with about 10 s in this
work, the friction seems to be stabilized much faster after ~2-3
s. However, due to the slow relaxation of the current response to
the potential step, the subsequently recorded FFM maps are an-
alyzed in detail as well and shown in Figure 4c. Each data point
corresponds to a full FFM map of 14 X 14 nm? and upward facing
triangles correspond to friction at +0.7 V. Between two images,
the normal load has been increased as shown in green. Focusing
on the friction at +0.7 V, it is found that each subsequent FFM
map exhibits higher friction values than the maps before. In ad-
dition, the effect of the normal load increase is seen. However,
this illustrates that friction is not stabilized after =, but increases
linearly with time over very long periods. Even in the fourth con-
secutive FFM map, recorded more than 5 min after the potential
step, the friction has not reached a steady state.

In comparison, the situation is more complex after a poten-
tial step from +0.7 to —1.5 V as shown by the downward facing
triangles in Figure 4c. For normal loads below 6 nN the subse-
quent FFM map exhibits a very similar friction than the previous
map. The increase after two data points is due to the increase
of normal load, accompanied with a higher friction value as re-
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ported earlier.[2*] Albeit less clearly than for the potential step to
+0.7 V, for loads higher than 6 nN the subsequent FFM map for
the potential step to —1.5 V also show a reduced friction in sub-
sequent images, indicating that the steady state is not reached. A
more detailed view on the potential step from +0.7 to —1.5 V is
shown in Figure 5. Similar to the results presented before, fric-
tion undergoes a strong change immediately after the potential
step, indicated by the darker appearance in Figure 5a. However,
in contrast to the former experiment, friction decays exponen-
tially. A more detailed view on the temporal evolvement of the
friction in Figure 4c reveals that the initial decaying process is
much faster than in the case of the potential step from —1.5 to
+0.7 V.

Figure 5c shows the simultaneously recorded current response
to the potential step, exhibiting a typical exponential decay as ex-
pected as discussed earlier. 7. is calculated by fitting the obtained
current signal by Equation (1). 7, represents the time until the
friction starts to decay exponentially as indicated in Figure 6a.
The exact values obtained for all applied normal loads are pro-
vided in Table S2 (Supporting Information). As the electrochem-
ical data are obtained from the entire crystal surface in contact
with the IL, and as it cannot be influenced by the normal load,
a constant value 7. is expected, as depicted in Figure 6b. The
less scatter compared to the values summarized in Table S1 (Sup-
porting Information) and shown in Figure 4b is caused by better
fits to the exponential decay for this potential step from +0.7 to
—1.5 V. Interestingly, the relaxation time r_ is with 2-3 s much
shorter in this case, indicating that the reorganization of a more
cationic layer adjacent to the charged Au(111) surface is faster
than the respective anionic layer. This effect might be attributed
to the size of the ions as the cations are significantly smaller than
the bulkier anions. The relaxation time 7, is comparable to the
values obtained for the potential step from - 1.5 V t0 0.7 V. In con-
trast, the observed exponential decay of the friction with a relax-
ation time of 7,, obtained by an exponential fit according to Equa-
tion (1) of the friction force is less expected. Although Smith et al.
demonstrated by using a surface force balance (SFB) that friction
can differ for one applied normal load if the number of layers
between the tribopair vary,!*! only a stepwise change in friction
would be reasonable. Hence, intralayer reorientation of IL ions
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Figure 5. a) FFM map during the potential switch from +0.7 V (upper part) to —1.5 V (lower part) at a normal load of 11.9 nN and a scanning speed of
4.8 Hz. The color corresponds to the friction force and reveals a higher friction at +0.7 V compared to —1.5 V as already seen in Figure 4c. Note the short
drastic decrease in friction immediately after the potential step at about half of the image. b) The extracted friction information from the center of (a) as
well as the corresponding applied potential as a function of scan distance or time. c) The simultaneously recorded temporal evolution of the current.
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Figure 6. a) Definition of Ty, 7, and , for the potential step from +0.7 to —1.5 V. b) Graphical visualization of 74, 7,, and 7. Note: The electrochemical
data are recorded from the entire Au surface, while friction data represent the local situation. c) Absolute current value at Ty, as defined in (a).

are more reasonable to explain the observed trend. Interlayer ion
exchange on the other hand is a slower process and might be ac-
countable for the slower relaxation process.!'®! Obtained values
for 7, as shown in Figure 6b and summarized in Table S2 (Sup-
porting Information) and are rather scattering. Such an effect was
also discussed by Reichert et al. who attributed it to ion—electrode
interactions and reorganization of substrate-adsorbed cations.!”]
Both aspects would clearly induce heterogeneities that may cause
variations in the local glide plane.l"] The broad distribution of 7,
might be attributed to such effects. However, variations in the
distance between the AFM tip and the electrode immediately af-
ter the potential step as it will be discussed in Section 2.4 makes
a substrate-related interaction less likely compared to changes in
the intralayer structural rearrangement.

An interesting observation is illustrated in Figure 6¢: when an-
alyzing the absolute current value at T, i.e., after 7, as defined in
Figure 6a, a constant value for all measurements, despite varia-
tions in the normal load, is found for each direction of the poten-
tial step. This indicates that the electronic and frictional processes
are related to each other. It is assumed that at this stage the rather
quick inner layer reorientation is completed, and a constant sur-
face charge is established. This might also be the reason why the
7, values are very similar, independent of the direction of the po-
tential step.
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2.4. Variation of Height during the Potential Steps

During the recording of the FFM maps as depicted in Figures 3a
and 5a, the height of the tip is simultaneously recorded. The re-
spective images are provided in Figures S3 and S4 (Supporting
Information). Figure 7 illustrates the result: for the different po-
tential steps, different variations in height, i.e., the number of IL
layers between the tip and surface, are observed as a function of
normal load.

For the potential step from —1.5 to 0.7 V as depicted in
Figures 3 and 4, no change in the height and thus, in the num-
ber of layers between scanning tip and Au surface, is observed,
except for small variations of about 0.5 nm at the highest applied
normal loads. In contrary, for the potential step from +0.7 to
—1.5 V as illustrated in Figures 5 and 6, severe changes up
to 2 nm are found for intermediate and high normal loads.
This clearly shows that the obtained data for this step relates to
different number of layers. Importantly, such an effect would
have severe consequences for applications of ILs as lubricants in
systems with different potentials. FFM experiments in ILs that
are performed during continuous changes of the potential are
only capable to measure relative changes in height and it remains
undetermined if the tip indeed scans on the innermost IL layer
directly adjacent to the charged surface or not. Typically, a change

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 7. Variation in the height channel of the FFM upon changing the applied potential as a function of normal load. a) For increasing normal loads,
b) while decreasing the normal load. For the potential step from —1.5 to +0.7 V almost no change in height is found, except for the highest applied
normal loads, whereas the height is significantly affected by a potential step from +0.7 to —1.5 V. The information of each data point has been extracted
from the height images recorded simultaneously with the data and provided in Figures S3 and S4 (Supporting Information), as well as in Tables S1 and

S2 (Supporting Information).

in friction as a function of potential at the same normal load
is explained by structural motives, such as different lubricating
properties of anion and cations of the IL.?331 The observation
made here could add an alternative explanation that the number
of layers between the tribopairs are changing with the applied
potential even if the normal load is not varied.[?”! To answer this
question, experiments with absolute distance control, like in SFB,
should be performed. However, the change in height might be a
result of electrostatic interactions between the tip and the change
of the net charge at the Au surface.??! Since the tip is made of
highly doped silicon to avoid a charge accumulation such an
effect is unlikely to occur in highly conductive ILs. The situation
is expected to change when insulating cantilevers are used.

2.5. Relaxation Behavior of a Hydrophilic IL

Trace amounts of water are known to alter the dynamics and in-
terfacial structure of ionic liquids adjacent to charged surfaces
strongly, as demonstrated experimentally,[2>3334 and by molec-
ular dynamics simulations.[?’] Fayer reviewed the dynamics and
structure of various ILs and with respect to the water content.l*!
To proof the hypothesis that the slow relaxation time z, and
the even slower relaxation observed after a potential step to pos-
itive voltages (cf. Figure 4c) is related to the individual inter-
facial structure of the ionic liquid, an experiment in 1-etyhl-
3-methylimidazolium trifluoromethanesulfonate, [EMIm][OT{],
containing about 200 ppm H,O was conducted. The applied po-
tentials of —1.5 and +1.5 V have been determined based on the
obtained frictogram, i.e., the joint representation of electrochem-
ical cyclic voltammetry and local friction data, as illustrated in
Figure 8a. The CV is reminiscent of that for an Au(111) crystal
in aqueous environment, exhibiting oxidation peaks and a clear
reduction peak. At +1.5 V friction is clearly increased in the ox-
idative regime. In contrast, at —0.5 V the surface is expected to be
reduced and the friction is low.

Figure 8b illustrates the slow relaxation behavior of the fric-
tion in the hydrophilic IL by subsequent recording of individual
FFM maps in analogy to Figure 4c, where the same experiment
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for [Py, ,]JFAP is shown. In stark contrast to the hydrophobic IL,
the friction in [EMIm][OTf] stabilizes within one FFM image. As
expected from typical FFM experiments friction increases when
the normal load is raised.?}! Figure 8c shows that at —0.5 V the
Au(111) substrate is resolved by FFM, in agreement with a less
rigid interfacial structure as illustrated in Figure 8d. Hence, a
clear influence of the rigidity of the interfacial structure on the
slow relaxation time is considered likely. Furthermore, the clear
deviations between the hydrophobic and hydrophilic ionic liquid
illustrate the heterogeneous behavior of different ILs.

3. Conclusion

In summary, the relaxation time of a hydrophobic ionic liquid,
namely, [Py, ,]JFAP, has been investigated by combined electro-
chemical and friction force microscopy experiments for the first
time. Two different relaxation times, 7, and 7,, are observed with
respect to the friction force. 7, is rather independent of the direc-
tion of the potential step between —1.5 and +0.7 V or vice versa
and in the order of 2-3 s, as shown in Figures 4b and 6b. 7, on
the other hand strongly depends on the direction of the potential
step. For the step from —1.5 to +0.7 V, a slight increase is indi-
cated in Figure 4a; however, from Figure 4c it is verified that even
after minutes no steady state has been reached. In contrast, for
the step from +0.7 to —1.5 V, Figure 6a shows a clear exponen-
tial decay of the friction force after T, with relaxation times of 7,
between 6 and 10 s. Thus, an anisotropic response of the lateral
forces upon switching the potential is found in agreement with
earlier reports.l'®l The striking dependence of the observed fric-
tion behavior on the direction of the potential step is assigned to
differences in the interfacial layer structure as a function of po-
tential. Figure 2d verifies clear variations and a more robust and
pronounced structure at —1.5 V compared to +0.7 V.

The faster relaxation process 7, is assigned to inner layer reor-
ganization processes, while intralayer structural rearrangements
of IL ions are responsible for the slower relaxation time 7,. The
latter is more severe for the potential step from +0.7 to —1.5 V as
unveiled by the variations in height and extended z, times. This
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Figure 8. a) Frictogram, i.e., the joint representation of electrochemical cyclic voltammetry and friction data, for [EMIm][OTf] at a normal load of 5.9
nN and a scan speed of 6 Hz, revealing a strong dependence of friction on the applied electrode potential. b) Subsequent FFM data for [EMIm][OTf] on
Au(111) at —0.5 and +1.5 V as a function of normal load. Each data point is the average of the inner part of a FFM frame of 7 x 7 nm? recorded with
42 nm s~ After four consecutive FFM maps, two for each applied potential, the normal load has been increased. The graph resembles that in Figure 4c,
where the behavior of the hydrophilic IL is shown. c) High-resolution lateral force map of the Au(111) substrate at —0.5 V, revealing a crystalline atomic
corrugation. Inset: stick-slip behavior at the position indicated by the white line. The corresponding height image is provided in Figure S5 (Supporting
Information). d) Force—separation profile exhibiting a reduced number of interfacial layers and low forces to penetrate through.

is further supported as a more pronounced interfacial structure
is obtained at —1.5 V as illustrated in Figure 2d.

FFM represents a new technique for precise measurements of
relaxation times in ionic liquids that are related to lateral reorga-
nization as well as vertical rearrangement. This research opens a
better understanding of variations in ionic liquid interface struc-
ture und relaxation as a function of applied potentials and has
important implications in energy storage, catalysis, and fuel cells
if ILs are employed as electrolytes. Future work should include
studies of various ILs of different viscosity!**! and with different
amounts of water. Especially the relaxation times probed by FFM
for the strong structural transition from monolayer to bilayers of
interest.[*] In addition, more potential ranges and variations of
the substrate should be investigated.

4. Experimental Section

The hydrophobic ionic liquid [Py, 4]JFAP (custom ultrapure synthesis by
Merck, Germany, all impurities below 10 ppm) was received from the En-
dres group, Technical University of Clausthal, Germany, and was measured
on an Au(111) substrate (Mateck, Germany). The hydrophilic ionic liquid
[EMIm][OTf] was received from loLiTec (Heilbronn, Germany) in 99.5%
quality. Before each experiment, the Au(111) crystal was prepared by an-
nealing in a butane flame for 1 min and cooling to room temperature
for ~2 h. All measurements were performed at room temperature. The
setup also comprises a home-built electrochemical cell. Friction data were
recorded by an Agilent 5500 AFM with built-in potentiostat. Cantilevers
with sharp tips with a tip radius of curvature below 10 nm and a nominal
normal spring constant of 0.2 N m~! were used (PPP-Cont, Nanosensors)
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and individually calibrated for normal and torsional spring constants fol-
lowing the Sader method.37] Each image contains 256 x 256 data points.
Each data point shown in Figures 3b, 4a, 5b, and 6a was calculated as
an average of 128 data points from each scan line from the inner part
of the FFM map. Counter and reference electrodes were made of plat-
inum wires. All potentials throughout the manuscript were quoted ver-
sus Pt-Quasi-reference electrode. To enhance the frictional sensitivity, the
feedback gains were set to very low values. Friction was calculated as the
difference between the lateral deflection of the cantilever in trace and re-
trace direction divided by two.[?®] To avoid errors based on the turning
of the cantilever, only the inner part of the FFM maps was used. Excep-
tions are the FFM maps shown in Figures 1, 2a, and 8c. To not lose the
high resolution of the step edges or the substrate by a slight drift between
trace and retrace scan, the mean value of a single retrace scan line was
subtracted from each data point in trace direction in these cases. Force—
distance curves received by the AFM contain must be converted to force—
separation profiles for a direct reading of the distances by subtracting the
compliance of the cantilever. This was done according to a procedure de-
scribed by Senden.[38]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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