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The tribological properties between an AFM tip and a Au(111) surface in an aqueous
environment is influenced by an applied electrical potential. Using lateral force
microscopy, we measure the resulting friction force, while simultaneously applying
a pre-determined electrical potential on the Au surface via a three-electrode setup.
Applying a positive potential to the Au surface forms an interfacial water layer at the
Au/electrolyte interface, which sharply increases friction. However, when an anodic
potential is applied, lower friction forces are measured. The potential dependent friction
is observed on ultra-smooth gold surfaces as well as Au surfaces with larger roughness.
An increase in the ionic strength of the electrolyte is found to lower friction. The use of an
aqueous NaOH solution is found to lower the critical potential at which the friction sharply
increases. Normal force curves are also measured as a function of approach velocity. The
normal force linearly increases as the approach velocity increases in agreement with a
drainage model. These results provide valuable insight into the effect of applied electrical
potentials on the properties of water at charged surfaces and can potentially impact
a wide range of fields including tribology, micro-electro-mechanical systems (MEMS),
energy storage devices, fuel cells, and catalysis.

Keywords: nanotribology, interfacial (bound) water, electric field, hydrogen bonding, solid electrolyte
interface (SEI)

INTRODUCTION

The study of molecular interactions between surfaces and colloids has been of great interest (Hugel
and Seitz, 2001; Israelachvili, 2011; Balzer et al., 2013; Pashazanusi et al., 2017a) for several decades.
A significant number of studies have been conducted aiming to better understand the tribological
behavior of interfaces at the molecular scale (Mo et al., 2009; Schirmeisen and Schwarz, 2009;
Balzer et al.,, 2013; Pérez, 2014; Weymouth et al., 2014). However, there are still unexplained
phenomena and a clear understanding of nanoscale friction is yet to be achieved (Kim and Kim,
2009). AFM is a promising tool for acquiring diverse tribological information and understanding
underlying mechanisms (Meyer et al., 1989; Overney and Meyer, 1993; Carpick and Salmeron,
1997). The ability to control and manipulate the frictional properties of a system at the nanoscale
has resulted in numerous tribological studies (Park, 2011; Greiner et al., 2012; Gallagher et al,,
2016). Controlling small-scale friction during sliding has potential application in a variety of areas
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including nano/micro-electro-mechanical systems
(NEMS/MEMS) (Kim et al., 2007; Achanta and Celis, 2015).
The application of external stimuli, which enables reversible
modification of interfacial properties, is an effective strategy to
control and tune friction (Binggeli et al., 1993; Park et al., 2006;
Karuppiah et al., 2009). Particularly, application of the electrical
potential has been shown to influence the tribological behavior
at interfaces in various solutions (Labuda et al., 2011; Sweeney
et al., 2012; Strelcov et al., 2015).

Within a few nanometers away from an electrode surface,
water rearranges into a highly confined structure (Kim et al,
2003; Khan et al., 2010; Velasco-Velez et al., 2014), showing
unique physical properties different from those of bulk water
(Lee and Rossky, 1994; Toney et al., 1994; Dhinojwala and
Granick, 1997; Raviv and Klein, 2002). For instance, the effective
viscosity of water layers extended up to 5nm away from an
electrode surface has been found to increase dramatically upon
applying a positive potential (Antognozzi et al., 2001; Xie
et al., 2009; Guriyanova et al, 2011; Plausinaitis et al., 2014).
Guriyanova et al. (2011) reported that the effective viscosity
of water layers at positively charged electrode surfaces can be
on the order of 10%-107 larger compared to bulk water. The
influence of the highly ordered and confined water molecules
on frictional properties of an electrode in the presence of an
applied electrical potential have been the subject of several
studies (Valtiner et al., 2012; Dhopatkar et al., 2016; Pashazanusi
et al., 2017b). Dhopatkar et al. (2016) investigated the effect of
a highly confined “ice-like” water layer on the friction of two
surfactant coated surfaces sliding against each other. They found
that increasing the concentration of a cationic surfactant, which
absorbs as a monolayer on the shearing surfaces, lowered the
coefficient of friction (CoF). Valtiner et al. (2012) investigated
the potential dependent friction forces between a mica surface
and a gold electrode. They performed experiments measuring
the friction on a gold surface maintained at 0V vs. Ag/AgCl
and a positively charged gold surface (+0.4V vs. Ag/AgCl).
The latter surface exhibited higher kinetic friction compared
to the neutral gold surface. They attributed the increase in
friction to the formation of a viscous water layer at the positively
charged electrode. However, the increase in the friction was
relatively small because of the limited range of applied positive
potential. Based on these previous studies, it has been inferred
that water molecules can reorient in the presence of an applied
electric field which in turn can influence interfacial normal and
friction forces.

In our previous work, we presented an exploratory study on
the effect of an applied potential on the friction force between
an AFM tip and a gold electrode surface over a wider range of
applied potentials (i.e., —0.6 to +-0.6 V vs. Ag) (Pashazanusi et al.,
2017b). We observed a reversible potential-dependent friction
behavior on a gold electrode surface as the surface potential was
increased. At ~+0.4V, a sharp increase in the friction forces
was observed. The CoF between an AFM tip and a gold surface
(see Figure 1) at the applied potential of +0.6 V was reported to
be 26 times higher than that at the applied potential of —0.6V.
The drastic change in the CoF was attributed to the formation
of an interfacial water layer (IWL) on a positively charged

electrode surface. However, there are several parameters in such
electrochemical systems including the electrolyte concentration
and composition that can possibly impact the properties and
formation of the IWL.

This work is an extension of our previous work and provides
a deeper understanding of how several experimental parameters
(i.e., surface roughness, salt composition, and concentration)
affect the tribological properties of a gold surface exposed
to an applied electrical potential in an aqueous electrolyte
solution. In addition, normal force measurements conducted at
various approach velocities further support our hypothesis of
the formation of a highly viscous water layer and are consistent
with hydrodynamic drainage theory. These results provide a
better understanding of the interactions between surfaces in the
presence of an applied potential and can have a transformative
impact in several areas of science including tribology, MEMs,
energy storage devices, fuel cells, and catalysis.

EXPERIMENTAL

Preparation of Gold Electrode

Fifteen millimeter mica disks (Highest Grade V1 AFM Mica
Disc) were purchased from Ted Pella, Inc. and utilized upon
cleaving by a fresh sharp blade. Using thermal evaporation
deposition (ATC Orion Sputtering System, AJA International,
Inc.), the freshly cleaved mica was coated with a 5nm Cr film,
acting as an adhesion layer, topped with a 100 nm gold film. A
uniform smooth gold film was obtained by maintaining a slow
deposition rate (1 A/s)anda high vacuum (~107°). The substrate
was allowed to cool down in the chamber before rinsing with
distilled water and drying in air. AFM was used to characterize
the surface roughness of the gold substrate (rms ~3.5 nm) based
on AFM images (Figure 2A).

Preparation of Ultra-Smooth Gold

Electrode
Atomically smooth gold surfaces were prepared using the mica
templating method (Chai and Klein, 2007). First, a 42 nm gold
film on mica was deposited in an electron-beam evaporation
system. A muscovite mica sheet of 10 cm in diameter and a few
100 pum thick were freshly cleaved before the deposition to avoid
any contamination. Second, pieces of 1.5 x 1.5 cm? step-free
regions of the gold-coated mica sheet were cut and silicon wafer
pieces were cut in squares of 1 x 1 cm?. A few 100 jum thick layer
of UV-curing glue (Norland 81) was applied on top of each clean
silicon wafers piece in a laminar flood hood environment before
carefully place the gold-coated mica pieces with the gold side
facing down on the glue. The UV glue was cured for at least 2 h.
Lastly, right before using the gold surface, the mica was peeled off
the gold.

In both thermal evaporation and E-beam evaporation devices,
a quartz crystal was used to calibrate, and control the deposition
rate and the film thickness.

In situ Electrochemistry-AFM
A 3-electrode electrochemical cell was used to track changes
in friction as a function of applied potential between the
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FIGURE 1 | Schematic illustration of the experimental setup used to

measure the friction force F between an AFM tip and a Au surface subject to
applied potentials. RE, WE, and CE refer to the reference, working, and
counter electrodes, respectively. D is the separation distance between the tip
and the electrode surface, V is the approach velocity, K is the spring constant,
and Ad is the deflection of the AFM tip cantilever, respectively. Eis the electric
field generated as a result of the applied potential.

AFM tip and the gold surface. The potential range was
limited so as to prevent the oxidation of gold. A Au
substrate, Pt mesh, and Ag wire served as the working,
counter, and reference electrode, respectively. Electrochemical
experiments were performed in different concentrations of
aqueous NaCl (ie., 1, 10mM, 0.1, and 1 M) to investigate the
effect of salt concentration on friction forces. To explore the
influence of ions on the potential-dependent friction, 0.1 M
aqueous NaOH was used as an alternative electrolyte. In
order to confirm that the electrochemical setup in the AFM
experiments was reliable, similar electrochemical experiments
were performed using a conventional PTFE electrochemical cell
(Oguntoye et al., 2017).

Friction Measurements Using AFM

Friction forces were measured using atomic force microscopy
(AFM) (Dimension Icon, Bruker) in lateral force friction (LFM)
mode. An AFM probe (NTESP, Bruker) with a sharp tip
(estimated radius 10 nm, height 15 um, spring constant K. =
34 N/m) was used for the friction measurements on the gold
substrates. Additionally, an AFM colloidal probe (CP-NCH-SiO-
D, sQube, estimated diameter 10 pm, spring constant K. = 37
N/m) was used to measure force curves (i.e., normal forces as a
function of separation distance between the colloidal probe and
the gold surface).

The normal spring constant of the cantilever was calibrated by
using the thermal tune technique in air and liquid. The lateral (or
torsional) spring constant kt of the cantilever was obtained by
using the following equation: k7 = Gwt3(3h%1) where G, w, t, |

are the shear modulus, width, thickness, length of the cantilever,
respectively, and & is tip height (Cannara et al., 2006). The
normal sensitivity of the cantilever was obtained via measuring
the slope of the vertical voltage signal vs. distance curve (Palacio
and Bhushan, 2010). The lateral sensitivity of the cantilever was
calculated by averaging the initial slope of the friction loop, in
which the lateral voltage signal is plotted vs. lateral distance, in
both forward and backward scan directions (Liu et al., 1996;
Cain et al., 2000).

Friction was measured by recording the lateral deflection of
the cantilever as the tip scanned the surface perpendicular to
long axis of the cantilever (scan size of 500 nm and speed of
1 um s!) while the electrical potential of the gold surface was
varied. A method previously proposed in the literature (Schwarz
et al., 1996) was used to convert the lateral voltage signal into
quantitative friction forces. Friction loops were recorded from
the same location.

Normal Force Measurement Using AFM

Atomic force microscopy Ramp mode was used to record normal
forces vs. separation distance as a tip approaches the gold
substrate followed by jumping into contact and then separates
and retracts from the surface. To study the effect of the approach
velocity on the normal force interactions, force-distance curves
were obtained for approaching velocities of 50, 100, 200, 500,
and 900 nm/s. A 200nm ramp scan size was used in these
experiments. The “Ramp mode” consists of the tip moving
toward the surface at a pre-determined velocity until contact is
achieved followed by separation at the same velocity. The total
displacement, i.e., ramp size (which is correlated to the separation
distance between the tip and the surface) can also be varied.

RESULTS AND DISCUSSION

Based on prior literature presented in the introduction and
our past work (Pashazanusi et al., 2017b), we hypothesize that
the underlying and dominant mechanism that modulates the
friction force is hydrogen bonding between oriented IWLs and
also between the IWLs and the AFM tip (and/or the hydration
layer on the AFM tip). The results we present do not provide
a direct evidence of the formation of IWLs, however they
do support our hypothesis. Below we present our results and
provide a discussion of the results with the assumption that
hydrogen bonding is the underlying interaction that dominates
this phenomenon. Our assumption is further supported by recent
work which reproduced our results and further demonstrated
that the ability of the tip to experience hydrogen bonding (i.e.,
a hydrophilic silicon oxide tip capable of hydrogen bonding
showed a change in friction as a function of applied potential
while a hydrophobic polystyrene tip not capable of hydrogen
bonding did not experience any change in friction as a function
of the applied potential) affected the friction forces (Li et al.,
2018). Figure 2A shows the friction force between a sharp AFM
tip and a gold surface as a function of the applied normal load
under four different conditions: (i) on dry gold, (ii) on gold
under aqueous conditions with no applied potential [i.e., open
circuit potential (OCP)], (iii) on gold under aqueous conditions
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FIGURE 2 | Plots of the friction force vs. normal load for dry, open circuit, and applied potentials of —0.6 and +0.6V between a sharp AFM tip and (A) a gold surface
formed by sputtering (B) an ultra-smooth Au surface formed by e-beam deposition. The images to the right are AFM height images of the corresponding gold
surfaces. A scan size of 500 nm and scan speed of 1 pm. s~ was used for friction measurements.

with a —0.6 V vs. Ag potential, and (iv) on gold under aqueous
conditions with a +0.6 V vs. Ag potential. The friction force
increases linearly with load in agreement with Amontons’ law
for all conditions. The CoF between the AFM tip and the gold
surface under dry conditions is found to be ~0.51 which is in
a similar range to previously reported values in the literatures
(Antler, 1963). Under aqueous NaCl solution conditions and
without applying a potential, the gold surface inherently gains
a slight negative charge of —0.12'V (Pashazanusi et al., 2017b)
and the CoF is lowered to 0.17. Under these conditions, the
aqueous salt solution serves as a boundary lubricant thereby
reducing the interaction between the AFM tip and the Au surface.
Hydrogen bonding between the AFM tip and the IWL is still
present. By applying a negative potential on the Au surface,
the number of broken hydrogen bonds increases (Velasco-
Velez et al., 2014; Pashazanusi et al., 2017b), which in turn
decreases the attractive interaction between the tip and the
IWLs. Thus, under aqueous conditions with a —0.6 V applied

potential, water behaves as a more effective boundary lubricant
and lowers the friction further, resulting in a CoF of 0.11. Upon
applying a positive potential, e.g., +0.6V, hydrogen bonding
becomes more effective, resulting in water molecules next to
the Au surface reorganizing into a nanostructured fluid and
interacting strongly, again through hydrogen bonding, with the
AFM tip. The formation of highly oriented water molecules
is also expected to increase the IWL thickness, which will be
discussed later. Under these conditions, the IWL no longer
acts as an effective boundary lubricant, and results in a high
CoF of 2.62.

The same experiment was conducted on an ultra-smooth
gold surface to verify if the roughness of the gold surface
affected the formation of the IWL. The ultra-smooth gold surface
had an rms value of 0.2nm (see Figure 2B) compared to the
gold surfaces formed by sputtering with an rms of 3.3nm.
Figure 2B shows a plot of friction force on the ultra-smooth gold
surface vs. applied normal load under the same aforementioned
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FIGURE 3 | Bar chart of the average friction force on ultra-smooth gold in
electrolytes of various salt concentrations under open circuit and applied
potentials of —0.6 and +0.6 V. Error bars indicate standard deviations from 10

repeats. The normal load is 2.5 wN.

conditions. Under dry conditions, the CoF on the ultra-smooth
gold surface was 0.26. Ultra-smooth gold contains smaller and
fewer asperities thereby resulting in lower friction forces. Under
aqueous conditions and an OCP, the CoF is measured as 0.15.
At the potential of —0.6V, the coefficient the friction decreases
to 0.09. At the potential of the +0.6 V, the CoF is again observed
to be high (CoF = 1.9). Although the value of coefficient of the
friction on the ultra-smooth gold surface is smaller than that
observed on the gold sputtered surface, the trend of the change
in friction as a function of the applied load and potential is
similar. Both gold substrates exhibit high CoF values when a
positive potential is applied but low CoF values when a negative
potential is applied. Based on these results, and to avoid any
influence of surface roughness, all future experiments described
below were conducted on ultra-smooth Au surfaces. Based on
our previous work (Pashazanusi et al., 2017b), we do not expect
any damage to the gold surface under the normal loads used in
this study.

Figure 3 displays the effect of electrolyte concentration on the
friction forces on ultra-smooth gold under aqueous conditions
and an (i) OCP, (ii) applied potential of —0.6V, and (iii)
applied potential of +0.6V. The friction experiments were
performed in electrolytes with concentrations of 1, 10 mM,
0.1, and 1 M. At a potential of —0.6V, low friction values
were obtained for all concentrations. Similarly, under aqueous
conditions and no applied potential, the friction forces were
similar for all concentrations. However, a decrease in friction was
observed with an increase in electrolyte ionic strength at positive
potentials. At an applied potential of 0.6V, the friction force is
~7.56 = 0.3 uN in a 1 mM electrolyte compared to 4.38 £ 0.1
WN in a 1M electrolyte. We attribute this decrease in friction
to a similar mechanism that is involved in the freezing point
depression of water in the presence of salt. In the latter case,
salt ions disrupt the equilibrium of water molecules entering

I NaCl
5| [ NaOH i

Friction Force (uN)

-0.6 V vs. Ag

0.6 Vvs. Ag

0.1 M NaCl

Friction Force (LN)

0 L L 1 L 1 L 1 n 1 L 1 L 1

(9]
&

[ 0.1 MNaOH

Friction Force (UN)

Applied Potential (V vs. Ag)

FIGURE 4 | (A) Bar chart of the friction force on ultra-smooth gold surface in
an aqueous 0.1 M NaCl solution (black) and an aqueous 0.1 M NaOH solution
(red). Plot of the friction force as a function of the applied potential in the range
of =0.6 to +0.6V in (B) aqueous NaCl solution and (C) aqueous NaOH
solution. Error bars indicate standard deviations from five repeats. The normal
load is 2.5 wN.
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and leaving the solid state (i.e., ice). A similar mechanism is
proposed to explain the decrease in friction forces with increasing
salt concentration. The presence of salt disrupts the hydrogen
bonding between the AFM tip surface and the IWLs thereby
reducing friction.

To understand the effect of the electrolyte anion on the
friction forces, friction experiments were performed using 0.1 M
NaOH as an electrolyte instead of 0.1 M NaCl. Figure 4A shows
the friction forces on positively and negatively charged Au
surfaces using NaOH compared to NaCl. At a potential of —0.6'V,
the friction force is similar for both NaOH (red column) and
NaCl (black column) electrolytes. At the potential of 4-0.6 V, the
friction is observed to be higher in a NaCl electrolyte solution
compared to a NaOH electrolyte solution. Figure 4B exhibits
a plot of friction forces as a function of applied potential on
an ultra-smooth gold surface using NaCl as the electrolyte. At
the applied potential of —0.6V, the friction is at its lowest
value. As the applied potential increases to +0.2'V, the friction
gradually increases. Further increase in the applied potential (i.e.,
> +0.2V) leads to a sharp increase in the friction force. In our
previous work, we demonstrated that the potential range of —0.6
to 4+0.6 V, where main changes in friction forces occur, is free
of any Faradaic process including gold oxidation (Pashazanusi
et al., 2017b). The friction of the ultra-smooth gold drastically
increases from a value of 0.2 uN (at —0.6 V) to 5.2 wN (at
+0.6 V) corresponding to an increase in friction by a factor
of 26. The sharp changes in the friction can be explained
by the dependency of the shear viscosity of interfacial water
(which is dependent on the number of hydrogen bonds) at the
gold interface. These results suggest that the reorientation of
water molecules at the interface forms a highly viscous IWL at
the positively charged gold surface, which increases the shear
viscosity, thereby increasing friction. However, at the negatively
charged surface, the shear viscosity of water next to the gold
surface becomes smaller due to lower number of hydrogen bonds,
resulting in a decrease in friction.

Figure 4C shows data for the same experiment as above with
the exception of substituting NaCl with NaOH as the electrolyte.
The friction is again observed to be at the lowest at a potential of
—0.6V, followed by a gradual increase in friction as the potential
increases. Similarly, a sharp rise in friction is found over the
range of 0 to +0.2 V. The friction then levels off as the applied
potential is increased to +0.6 V. The critical potential, where the
drastic change in friction is observed, shifts to a lower value when
NaOH is used as the electrolyte. The observed shift in the critical
potential can be attributed to differences between the inhibition
of the hydrogen bond formation by CI~ ions compared to OH™
ions. Because of the self-ionization of water (i.e., HO + H,0 <
H30" 4+ OH™), the addition of OH™ (i.e., the increase in pH as
a result of using NaOH) is not expected to significantly disrupt
hydrogen bonding or the formation of a viscous IWL. However,
CI™ ions disrupt hydrogen bond formation, which manifests as
requiring a higher positive potential (or driving force) to form
the viscous IWL. The difference in the equilibrium potential
between a Ag wire in 0.1 M NaOH compared to 0.1 M NaCl was
measured and found to be negligible. Therefore, the difference
in tribological behavior between the two different electrolyte

systems cannot be attributed to the reference electrode. Another
feature that is apparent when comparing Figures 4B,C is the fact
the friction force levels at a value of 4.3 wN in the case of using
NaOH compared to a still increasing value beyond 5 wN in the
case of using NaCl, at high positive potentials. The latter would

U= 0CP

0.20

=
o

F/R (N/m)

o o o
IS o £y

Force (LN)

o
o

)
o

o

el
Slope= 8.0 x10*"
,,//

#

o

200 400 600

Velocity (nm/s)

800

= 50 nm/s
=== 100 nm/s
200 nm/s
= 500 nm/s
== 900 nm/s

1000 7

20

30

Separation (nm)

40

B o025 T , .
U=-0.6 Vvs. Ag
0.35
0:20 0.30 7
o 02 Slope= 3 xw/o;‘//
1 2 020 e
E 0.15 8 o1s P e 1
= ; 2 o010 .
\Z_/ 0.05 e
X 010 14 0.00 ey . . ’ ]
o t 0 200 400 600 800 1000
Velocity (nm/s)
= 50 nm/s
0.05 s 100 NM/s. g
200 nm/s
== 500 nm/s
== 900 nm/s
0.00
1 1 |
0 10 20 30 40
Separation (nm)
c 025 T T T
U= +0.6 Vvs. Ag -
0.20 08+ Slope=1.1x 1oﬁ)’ﬂ
- -
= e
5 o8 -
~o015 8 o4 el
= [ o 1 E
e £ o
> 02 o
= e
0.0
g 0.10 0 200 400 600 800 1000 J
[Ty Velocity (nm/s)
= 50 nm/s
0.05 === 100 nm/s i
200 nm/s
== 500 nm/s
== 900 nm/s
0.00 >

L
20

30

Separation (nm)

40

FIGURE 5 | Normal force curves recorded between a colloidal AFM probe and
an ultra-smooth gold electrode surface at the various tip approach velocities in
0.1 M NaCl as the electrolyte at (A) open circuit potential, (B) —0.6V, and (C)

+0.6V. The inset plots correspond to force vs. velocity data at a specific
separation distance (denoted by the dashed lines).
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imply that the AFM tip experiences stronger interactions with the
IWL in the presence of NaCl compared to NaOH. We attribute
this difference to the fact that at a high pH (i.e., in the presence
of 0.1 M NaOH), the hydroxyl groups present on the AFM tip
are de-pronated, thereby yielding a larger negative charge on the
AFM tip (Tourinho et al.,, 2002). As a result, hydrogen bonding
is disrupted (similar to when a negative potential is applied to a
gold surface) at the IWL/AFM tip interface, which results in a
decrease in the magnitude of the friction force.

Figure 5 shows the effect of the approach velocity on the
normal force between a colloidal AFM tip probe and an ultra-
smooth gold substrate. Experiments were performed under open
circuit, an applied potential of —0.6 V, and an applied potential
of +0.6'V, using approach velocities of 50, 100, 200, 500, and
900 nm/s in 0.1 M NaCl. A repulsive force regime is observed
in the force curves under both open circuit and the applied
potential of +0.6 V conditions (Figures 5A,C, respectively) that
can be attributed to the presence of a highly viscous TWL.
Under these conditions, a noticeable difference in the forces
curves is observed specifically with the onset of the repulsive
force. Under the applied potential of —0.6V, the repulsive force
is negligible at the small velocities, which is consistent with
our previous work (Pashazanusi et al., 2017b). However, upon
increasing the velocity to 900 nm/s, a small repulsive force
regime appears in the force curves (Figure 5B). The classical
hydrodynamic drainage model F = 6mnR?V/D, where 1 is the
effective viscosity, R is the tip radius, V is the approach velocity,
and D is the separation distance between the tip and surface
(Feibelman, 2004) predicts a linear dependence of the force F
with increasing velocity. The insets in Figure 5 show plots of
the normal force as a function of the approach velocity. The
forces are reported at separation distances of 2, 4, and 5.5 (dotted
lines) and obtained from the force curves in Figure 5. These
specific separation distances were chosen for our analysis based
on when a repulsive force became significant in the force curves.
In all three cases, a linear dependence between the normal
force and the approach velocity was obtained which further
supports the formation of a highly viscous IWL. Electrical double
layer forces are negligible in our system due to the high ionic
strength of the electrolyte (i.e., 0.1 M NaCl resulting in a Debye
length of ~1nm) (Israelachvili, 2011). A linear regression of
the normal force vs. approach velocity data yields a slope that
correlates with the viscosity at a constant separation distance. The
linear plotted graph under applied potential of +-0.6 V condition
exhibits the highest slope, thereby the highest viscosity. We
note that the approach velocity in the hydrodynamic drainage
model is the instantaneous velocity which cannot be directly
measured with AFM (due to the deflection of the cantilever),
however, we assume that the instantaneous velocity is close to
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