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Manipulation of Contact Angle Hysteresis at Electrified Ionic Liquid-Solid Interfaces
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Room-temperature ionic liquids (RTILs) are intriguing fluids that have drawn much attention in
applications ranging from tribology and catalysis to energy storage. With strong electrostatic interaction
between ions, their interfacial behaviors can be modulated by controlling energetics of the electrified
interface. In this work, we report atomic-force-microscope measurements of contact angle hysteresis
(CAH) of a circular contact line formed on a micron-sized fiber, which is coated with a thin layer of
conductive film and intersects an RTIL-air interface. The measured CAH shows a distinct change by
increasing the voltage U applied on the fiber surface. Molecular dynamics simulations were performed to
illustrate variations of the solidlike layer in the RTIL adsorbed at the electrified interface. The integrated
experiments and computations demonstrate a new mechanism to manipulate the CAH by rearrangement of
interfacial layers of RTILs induced by the surface energetics.
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Room-temperature ionic liquids (RTILs) are unique
electrolytes that consist purely of ions with large molecular
size and strong ion-ion correlation. They have drawn much
attention in a wide range of fields, from tribology and
catalysis to energy storage, owing to their unique physical,
chemical, and electrochemical properties [1-4]. They are
also potentially a type of “active” liquids whose interfacial
behaviors can be modulated by surface energetics and
confinements [5—9]. Despite intensive research over recent
decades, they have not reached their full potential in
commercial batteries or supercapacitors, due to the lack
of fundamental understanding of the molecular structure
and fluid dynamics near electrified interfaces. Quantitative
tools are needed to investigate their novel interfacial
phenomena, which cannot be easily achieved with conven-
tional liquids or dilute electrolytes, and gain new insights
into their unique response to external mechanical and
electrical cues.

One of the outstanding problems in interfacial dynamics
is contact angle hysteresis (CAH) [10-14]. The pinning of
three-phase contact line (CL) causes the contact angle
between fluid interface and solid surface to depend on the
direction of liquid motion, with advancing contact angle 6,
being larger than receding angle 0,, resulting in a CAH,

Fj, =y(cos0, —cos@,), (1)

where y is the liquid-air interfacial tension. CAH is known
to be very sensitive to surface defects resulting from
physical roughness and/or chemical inhomogeneity.
Recent studies demonstrate that CAH can be affected
by modifications of the solid-liquid interface such as

0031-9007/24/ 132(4)/044002(6)

044002-1

reconstruction of polymer surfaces, adsorption and desorp-
tion of molecules, or formation of the electrical double
layer [15—17]. Although considerable progress has been
made recently in controlling the wettability of various solid
surfaces [18,19], little is known on how to control the CAH
of fluid interfaces moving on interested ambient solid
surfaces [12,13], especially in the low velocity regime
where the CAH is not attributed to inertial or viscous
effects. Fully utilizing the molecular rearrangement of
RTILs at electrified interfaces [20] would be a rational
choice to this end.

In this Letter, we report a systematic study on the CAH
of an RTIL over an electrified metallic surface. By tuning
the voltage applied on the solid surface, it is found that
CAH undergoes a change from almost zero to a large finite
value, which is induced by variations of the solidlike layer
(SLL) in the RTIL adsorbed at the electrified interface. In
addition, our experiment demonstrates the capability of
using CAH in capillary scale to detect molecular-scale
adsorption and arrangement at electrified surfaces.

In the experiment, we use a recently developed “long-
needle” atomic force microscope (AFM) [21-24] to
directly measure the capillary force acting on a CL. As
shown in Fig. 1, the long needle is made of a thin glass fiber
coated by a layer of platinum (Pt) of thickness 20 nm [see
Supplemental Material (SM) for more details [25] ] and is
immersed through a liquid-air interface, at which a circular
CL is formed on the fiber surface. 1-ethyl-3-methylimida-
zolium acetate ([EMIM][OAc]) is used as the RTIL and
held in a metal cell. The choice of [EMIM][OACc] is because
it is one of the well-known RTILs [32] with a relatively
large contact angle [33], and the large and asymmetric ions
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FIG. 1. (a) Sketch of the AFM-based capillary force apparatus

at a liquid-air interface. The Pt-coated hanging fiber and the metal
cell work as two electrodes and the RTIL is filled in between.
(b) Optical image of the RTIL meniscus in the vicinity of a
vertical fiber with a diameter d = 3.5 pm. Red dots indicate the
meniscus profile. The coordinate system for image analysis and
simulations is shown.

of imidazolium-based RTILs are essential for manipulating
the CAH. The entire probe and cell are sealed by a closed
fluid chamber to minimize evaporation and water adsorp-
tion. The fiber can move upward or downward through the
liquid surface at a constant speed v and one can accurately
measure the capillary force acting on the CL by AFM,

fi = —rdycosé;, (2)

in advancing (fiber moves downward, i = a) and receding
(fiber moves upward, i = r) directions. Here, zd is the
contact line length, y(~47 mN/m for EMIM][OAc] at
20°C) is the surface tension, and 6; is the contact angle.
The sign of f; is defined as f; < 0 for §; < 90°.

Figure 2 shows typical hysteresis loops of f; and
corresponding 6; as a function of traveling distance s when
the fiber is first pushed downward (advancing —) and then
is pulled upward (receding <) through an RTIL-air inter-
face. The initial loop measured during the first dipping
event (black curve) is shown in Fig. 2(a). It consists of a
sharp change of f on the left and right sides of the loop due
to stretching of the liquid-air interface pinned on the fiber
surface. When CL depins, it begins a stick-slip motion with
the measured f fluctuating around a mean value f; on the
top and bottom of the loop. The large difference between
the advancing capillary force f, (top) and the receding one
f» (bottom) presents an obvious CAH, F, = (f, — f;)/#d,
for the RTIL on bare Pt surface. The following CAH loop
measured with the same section of the fiber has a huge
reduction (s < s’) during the second dipping (red curve).
Until the fiber is pushed downward further (s > s’) where
the RTIL-air interface meets the bare, never-wetted Pt
surface, the measured f and O increase with the travel
distance s again. Figure 2(a) indicates that the RTIL is able
to modify wetting properties and CAH of the bare
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FIG. 2. (a) Variations of the measured capillary force f and
corresponding @ as a function of traveling distance s during the
first (black) and second (red) dips. Each hysteresis loop is mea-
sured when the fiber is first pushed downward (advancing —,
solid line) and then pulled upward (receding <, dashed line)
through an RTIL-air interface. Sketches on the right show
experimental conditions. The shaded area on the fiber denotes
prewetted surface with a SLL. 5" denotes the position that divides
bare Pt surface and SLL covered surface. (b) Measured hysteresis
loops for different voltages U = 0.0 V (blue), 2.0 V (red), and
3.0 V (black) applied on the fiber surface. The measurements are
made at a fixed fiber speed v = 5 pm/s and with a fiber diameter
d=1.5 pm.

Pt surface. Successive CAH loops measured with the same
section of the fiber are reproducible after the first dip, so
our following measurements are made with a fiber fully
prewetted by the RTIL.

Figure 2(b) shows a set of CAH loops measured at
different voltages U applied on the fiber surface. It is seen
that the advancing force (solid lines) increases with the
applied voltage U, while the receding force (dashed lines)
does not show a strong dependency on U. Therefore, the
resulting CAH of this electrified interface depends on U.
With a further increase in the voltage range applied on the
probe, random large spikes appear in measured force loops
when U >4V or U< -1V (see Fig. S4 in SM [25]),
indicating that electrochemical reaction occurs on the fiber
surface. To avoid the electrochemical reaction, we conduct
experiments within the measured stable electrochemical
window (~4 V) in the current study.

Figure 3(a) shows the change of advancing and receding
capillary force per unit length and contact angle as a
function of voltage U with four different fiber diameters d.
The four sets of data for d collapse onto common curves
within experimental uncertainties and show a change of
wetting behavior at U ~ 2.0 V. When the applied voltage
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FIG. 3. (a) Measured capillary force per unit length f/zd and
the corresponding 0 as a function of the applied voltage U during
advancing (solid symbols) and receding (open symbols) proc-
esses. Four fibers with different diameters d are used in the
experiment. Results from optical measurement [Fig. 3(b)] and
MD simulations [Figs. 4(e) and 4(f)] are also shown. Error bars
indicate standard deviations of the measurements at different
positions on fiber. The dashed line indicates the threshold
voltage. (b) Variations of the meniscus profile at different
voltages U applied on the fiber in advancing (solid symbols)
and receding (open symbols) directions measured by optical
images [Fig. 1(b)]. The lines are fittings to Eq. (S1) in SM [25]
with 0; as the fitting parameter. (c) Measured CAH (F}) as a
function of U with different probes. (d) F;, measured with
increasing or decreasing U.

U < 2V, the advancing capillary force is almost equal to
the receding one and thus there is little or negligible
hysteresis (see Fig. S2 in SM [25]). For U > 2.0 V, the
advancing capillary force deviates from the receding one
with a change of contact angle of about 30°. Figures 3(c)
and 3(d) further show the magnitude of CAH (F}) as a
function of U. It is seen that the change is sharp and the
threshold voltage has a slight shift when F;, is measured
with decreasing the applied voltage U. This threshold
voltage shift is also observed when RTIL is taken as a
liquid gate [7]. The CAH and threshold voltage do not
depend on speeds » of the fiber investigated in the range
of 0.5-100 pm/s.

To further verify variations of the measured f by AFM
are due to changes of contact angle on the electrified fiber
surface, we take optical microscope images of the RTIL
meniscus in the vicinity of a vertical Pt-coated fiber, as
shown in Fig. 1(b), in which red dots are used to mark the
meniscus profile. Figure 3(b) shows normalized profiles of
the RTIL meniscus near the fiber at different U in
advancing and receding directions. Indeed, the profile,
especially the height of the meniscus, changes with U.
The corresponding contact angles 0; are obtained by fitting
the meniscus shape [25,34,35] and are shown in Fig. 3(a).

Despite limited spatial resolution along with relatively large
experimental uncertainties in data extrapolation from opti-
cal images, the trend of 6; as a function of U is consistent
with that from AFM measurements. Compared with optical
microscopy, the AFM-based capillary force apparatus
directly measures interfacial forces modulated by U and
captures dynamical hysteresis in the ultimate inner scale of
a moving CL.

To understand the mechanism for manipulation of CAH
at electrified RTIL-solid interface, molecular dynamics
(MD) simulations are performed to investigate variations
of molecular structures and interactions at the electrified
interface between Pt and RTIL. More details about simu-
lations are given in SM [25]. Figure 4(a) shows snapshots
from MD simulations with ions in the two layers above
Pt at U=0.0 and 2.7 V, while Fig. 4(b) gives the
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FIG. 4. (a) Snapshots from MD simulations showing ions in the
two layers above Pt at U = 0.0 V (top) and 2.7 V (bottom).
(b) Number density distribution of cation (black) and anion (red)
as a function of distance x away from the Pt surface at U = 0.0
and 2.7 V. (c) Calculated interaction energy per unit area E
between different regions as a function of U. The dashed line
indicates the threshold voltage. (d) Energy in different subdo-
mains shows enhanced fluctuations in the two layers at 2.7 V. The
dashed line indicates the mean value E,,, of E; in the two layers
at 2.7 V. Inset shows the sketch of a pinning potential. (e) Snap-
shots from three-phase simulations showing 6; and CAH at
electrified surface U = 2 V (bottom). (f) Variations of € in three-
phase simulations show hysteresis loops for different U similarly
to Fig. 2(b). The red arrow indicates the frame shown in (e), and
the corresponding 6 is plotted in Fig. 3(a).
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corresponding distributions of cation and anion number
densities. With an increase of U, rearrangement of ions
takes place near the interface. For example, a double peak
distribution of the anion number density appears in the first
layer, as shown in Fig. 4(b), indicating that part of the
anions prefer to bind with the highly charged Pt surface,
while the others prefer to bind with cations. More anions
migrate to the positive charged surface (Fig. S9 in SM [25])
and more cations are tilted [Fig. 4(a) herein and Fig. S8 in
SM [25]). Meanwhile, 2D pair correlation functions for
ions in the first layer above Pt (Fig. S7 [25]) show this layer
has solidlike behaviors, and ions in the layer have small
diffusion coefficients (D =~ 0.018 pm?/s), which is about
15 times smaller than that in the bulk of the system.
Experimental evidence based on AFM in situ imaging
[5,36] and 3D mapping [37,38] techniques also demon-
strates the U-dependent layered structures at RTIL-solid
interfaces. Overall, the interfacial structures are rearranged
and become more heterogeneous at U = 2.7 V, which
facilitates forming pinning sites to result in CAH.

The rearrangement of ions also causes variations of
interaction energies. We calculate the interaction energies
per unit area E by summing up pairwise Lennard-Jones and
Coulombic potentials between ions in different regions,
which are then divided by the cross-section (y-z plane) area
of the simulation system, as shown in Fig. 4(c). It is found
that the absolute value of E between Pt atoms and the first
layer in the RTIL (0 < x < 0.5 nm) is always larger than
that between the first layer and ions above (x > 0.5 nm) for
different applied U considered in the experiment.
Therefore, the RTIL is preferentially adsorbed on the Pt
surface and forms a SLL once it touches Pt. This explains
the reduction of CAH after the first dipping, as shown in
Fig. 2(a), due to an adsorption of SLL on the Pt surface, and
the RTIL-air interface tends to wet this SLL formed by
itself. In contrast, E in the two layers above Pt shows a
crossover at U ~ 2 V. The absolute value of E between the
Pt atoms and the two layers (0 < x < 0.9 nm) increases
with U, while E between the two layers and the bulk liquid
(x > 0.9 nm) remains nearly constant (electrostatic inter-
action is screened by SLL), which leads to the crossover
and indicates that the two layers tend to be adsorbed on the
solid surface at U > 2 V. Their energy difference AE at
U ~ 2 V is of the order of ~0.10 J/m2, which is about the
same order as the adhesion energy y(14 cos6)~
0.08 J/m? [13,39] measured from our AFM experiment,
where the equilibrium contact angle 0, is taken 6, ~ 30°
as a reference state, since 6, does not change much
in different conditions. This threshold U ~2 V also agrees
with the voltage causing a change of CAH as shown
in Fig. 3.

We have modeled CAH as an additional force required to
overcome the energy barrier E, between pinning and
depinning states [22,23]. This barrier occurs due to the

variations in interfacial structures and energetics when U
exceeds the threshold voltage. The value of Ej, ~ f.1/2b,
where f. is the critical force acting on the pinning site
to overcome the barrier, 1 is a typical pinning size, and
b=3/2 for a generic linear-cubic potential [22,40].
To estimate E;, the simulation system is equally divided
along the z direction into multiple subdomains, with a
width 4 = 1.16 nm about twice the length of individual
molecules [37]. Figure 4(d) shows typical energy E; in
different subdomains (ith). It is found that E; varies
significantly for ions in the two layers at 2.7 V, and the
mean spatial fluctuation SE ~0.19 J/m? is calculated
by averaging O0F = E; — E .,y Over all subdomains and
frames [25]. Then, we obtain E, ~ 19.5k, T, with f, ~ 6E.
This E,, is very close to the capillary energy E,. ~ 18.7kgT
estimated by a generic theory for CAH [10,16],

E. = y2*[(cos 0, —cosy)/20,)* In(zd/2),  (3)

with all parameters directly from AFM experiments.
Furthermore, for a given E.~FE, induced by surface
energetics, Eq. (3) predicts the hysteresis F),/y = cos0, —
cos 6, decreases slightly as fiber diameter d increases,
which is consistent with our experimental observation in
Fig. 3(c). Therefore, we attribute the change of CAH to the
variations in solid-liquid interfacial structures induced by
the applied voltage, which gives rise to energy barriers that
cost more dissipation when CL moves along the charged
surface.

To further validate the integrated results from experi-
ments and computations, we develop a three-phase simu-
lation system for the RTIL meniscus between two parallel
plates and measure CAH therein, as shown in Fig. 4(e). The
plates move at a speed u = 0.1 m/s with a capillary
number Ca = un/y ~ 0.3, which lies in the low-velocity
regime and where surface tension still dominates as in our
experiment. Figure 4(f) shows variations of 6 at the
advancing and receding CLs. We observe similar behavior
in the hysteresis loops for different U, as compared to the
experimental results [Fig. 2(b)]. Our MD simulations
provide detailed information on surface energetics and
enable one to have a quantitative understanding of the
threshold voltage, adhesion energy, and energy barrier
obtained from experimental data, based on the generic
theory of wetting and CAH.

We expect the above features are also applicable to
other imidazolium-based RTILs and charged surfaces. In
the experiment, we also conducted measurements with
other methylimidazolium-based RTILs on a Pt surface and
[EMIM][OAc] on Au surface (see Fig. S5 in SM [25]). It is
found that the U-dependent CAH emerges as expected
while the threshold voltage and magnitude of the CAH are
more sensitive to the RTIL type than metallic surface.
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Finally, we discuss the fundamental differences between
the conventional electrowetting of RTILs [41-43] and our
study. First, electrowetting is the decrease in 6 by applying
a voltage drop between a droplet and a dielectric-covered
electrode, whereas we find an increase in 6, and CAH
when the RTIL is directly placed on the electrode. Because
the dielectric layer acts as a capacitor in the electrowetting
system, solid-liquid interfacial energy is reduced and 6
decreases as voltage increases. In contrast, Fig. 4(c) shows
an increase of the interaction energy between the RTIL and
the solid surface due to strong ion-ion correlation in the
RTIL and electrostatic interaction between ions and the
charged surface [44,45]. Second, a relatively large driving
voltage (~50-200 V) is needed to achieve the electro-
wetting, except that an ultralow voltage electrowetting was
reported for RTILs on an octadecyltrichlorosilane-coated
silicon wafer [46]. In our study, a low voltage (U ~2 V) is
needed to modify interfacial structures, which is desirable
for applications in microfluidics and nanotechnology.
Third, electrowetting does not change the true contact
angle but changes the curvature of the droplet and apparent
0, which are typically tens of microns to millimeters away
from the contact region of three phases [47]. For our
micron-sized needle AFM, it directly measures the capil-
lary force acting on a CL; therefore, the variation of 6;
[Eq. (2)] is in the immediate vicinity of the contact line,
where molecular interactions between the liquid and the
solid are important.
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