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Understanding modulation of liquid molecule slippage along Interfacial order | and energy 1 v
graph.ene surfaceslls crucial for many promising apphc.atlol?s of two-dimensional S 6 OOCOJOQOC)
materials, such as in sensors, nanofluidic devices, and biological systems. Here, we (5 Q
use force measurements by atomic force microscopy (AFM) to directly measure b=0
hydrodynamic, solvation, and frictional forces along the graphene plane in seven
v

liquids. The results show that the greater slip lengths correlate with the interfacial |nterfacial order 1 and energy !

ordering of the liquid molecules, which suggests that the ordering of the liquid 000000

forming multiple layers promotes slip. This phenomenon appears to be more OO0

relevant than solely the wetting behavior of graphene or the solid—liquid mgggg NP
interaction energy, as traditionally assumed. Furthermore, the slip boundary Y
condition of the liquids along the graphene plane is sensitive to the substrate

underneath graphene, indicating that the underlying substrate affects graphene’s interaction with the liquid molecules.
Because interfacial slip can have prominent consequences on the pressure drop, on electrical and diffusive transport through
nanochannels, and on lubrication, this work can inspire innovation in many applications through the modulation of the
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substrate underneath graphene and of the interfacial ordering of the liquid.

slip, graphene, transition state, substrate-induced doping, friction, interfacial structure

he assumption of a no-slip boundary condition lies

near the heart of traditional fluid dynamics, where

making that assumption allows for the classical
mathematical description of fluid flow. As measurement
techniques gain increased resolution, and nanoscale systems
find popularity and growing applications, experimental
evidence and theory indicate that there is indeed slip at the
interface between many liquids and surfaces at the nanoscale.'
This slip condition is commonly quantified using the concept
of a slip length, b, which describes the distance away from the
assumed surface at which the fluid velocity profile reaches zero
(see the lower inset of Figure 1A). A positive slip length
indicates a nonzero, positive fluid velocity at the surface—i.e.,
the extrapolated profile reaches zero below the surface—
correlating with the decreased strength of interactions between
the surface and liquid molecules and an enhanced flow. The
slip length is affected by the structure and density of the liquid
at the interface, surface curvature or structure, and solid—liquid
interaction.” Interfacial slip affects flow in micro- and
nanomechanical/fluidic systems, lubrication, and confined
biological, industrial, and technological processes, such as the
flow of electrolytes in porous electrodes, particle aggregation,
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and sedimentation, making it not only of fundamental
relevance but also critical for applications.

One family of surfaces that has gained popularity toward the
end of foundational slip length studies is that of few-layer
carbonaceous materials. In particular, the ultrafast flow through
carbon nanotubes has been primarily attributed to a large slip
length,3 therefore creating interest in the fundamental drivers
of the slip phenomenon in carbonaceous systems. At around
the same time, graphene, a single atomic layer of hexagonally
bonded carbon, was isolated and became an intense focus of
study.” The electronic properties of graphene served as the
initial focus of investigation,” but its interactions with liquids
were also studied (see ref 6 for a recent thorough review of the
topic). Despite the rapid broadening of graphene research in
recent years, there is still a lack of molecular level
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Figure 1. Experimental approach to measuring slip length on prepared graphene surfaces. (A) Representative force profile for the
hydrodynamic drag force on a silica microsphere approaching a Gr/Cu surface as measured by AFM. Open blue circles are the measured
force in the ionic liquid EMIM FAP at an approach velocity of 10 um/s, and the solid black line is the fit to eq 2. The dashed black line
shows the theoretically expected force calculated using experimental conditions and a slip length of b = 0 nm. The fluid velocity profiles for a
generic Couette flow under partial-slip and no-slip conditions are shown in blue and black insets, respectively. The top-right inset is a
cartoon, not to scale, of the experimental approach in a generic liquid (empty circles). Graphene, the gray circles, is supported by a copper
substrate in this example. (B) Topography of annealed graphene on 285 nm thick SiO,, 100 nm thick Au, and Cu foil substrates measured by
AFM. RMS roughnesses of these samples were estimated to be 0.2, 0.3, and 0.45 nm, respectively. (C) Raman spectra of annealed graphene
on various substrates. Annealing on different substrates did not significantly change the intensity ratio between characteristic peaks of
graphene (e.g, D peak at 1350 cm™, G peak at 1595 cm™, and 2D peak at 2690 cm™).

understanding of its interaction with liquids. In fact, while
there are several simulation studies investigating the slip length
of graphene (along with its conformations) and its controlling
factors,” ™" very few studies have attempted to experimentally
quantify the slip length of a smooth graphene surface in any
liquid; those that have performed such measurements reported
a very wide range of potential slip lengths for the same
system.'” That wide range of slip length values was loosely
attributed to differences in surface charge and substrate effects
from variations between the different SiO, substrates used to
support graphene, but there has been little to no additional
experimental verification of the phenomenon since then. To
the best of the authors’ knowledge, experimental investigations
of the slip length in graphene systems have remained
inconclusive.

One goal of this work is to add to the experimental
knowledge of slip length in single-layer graphene systems,
specifically focusing on trends across liquids and on the
influence of the graphene’s support material, a characteristic of
2D materials.”"* We use the well-established method of colloid
probe atomic force microscopy (AFM)'*' to directly measure
the hydrodynamic force on a sphere approaching a flat
graphene surface, allowing a quantitative determination of the
slip length. These measurements are supplemented with
nanoscale friction-force measurements using AFM equipped
with a sharp tip, to quantify the molecular mobility of a liquid
near a surface through modeling based on Eyring’s transition
state theory. By combining these approaches, we expand on the
existing body of experimental slip length literature for graphene
and present an alternative framework for interpreting,
predicting, and controlling slip length.

RESULTS AND DISCUSSION

Single-layer graphene was used as-grown on the Cu foil (i.e.,
without etching and transfer, referred to as Gr/Cu) and
transferred to SiO, and Au substrates, labeled as Gr/Si and
Gr/Au, respectively. We describe the graphene—substrate
system with the nomenclature “Gr/x” indicating “single-layer
graphene supported by substrate x”. It is known that nanoscale
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roughness can have significant effects on the slip length."
Although the same sample surface could not be used for all
measurements, differences for Gr/Cu were mitigated by
cutting the samples from the same large sheet of as-grown
graphene. The root mean square (RMS) roughness as
determined by AFM imaging was found to be less than 3
nm for all samples, and care was taken to restrict measure-
ments to areas with a roughness smaller than ~1.8 nm.
Representative AFM images are shown in Figure 1B. Raman
spectra of graphene on various substrates in Figure 1C show
that the intensity ratio of characteristic graphene Raman peaks
(e.g, D at 1350 cm™), G at 1595 cm™}, 2D at 2690 cm™!) after
annealing was not dependent on the underlying substrates,
implying a similar quality of the graphene samples.

The hydrodynamic force on a silica microsphere was
measured as it approached the graphene surface. The
measurements on Gr/Cu were performed in seven different
liquids (a sucrose 60 wt % aqueous solution, ethylene glycol, a
silicone oil, and four ionic liquids) with different viscosity,
polarity, and charge (see properties in Table S1), chosen to
span a range of properties and to accommodate the sensitivity
of our instrument. One of the ionic liquids, 1-ethyl-3-
methylimidazolium tris(perfluoroethyl)trifluorophosphate (ab-
breviated as EMIM FAP) and the sucrose solution (60 wt %)
were also investigated on Gr/Au and Gr/Si. The silicon oxide
microspheres were manually glued to tipless AFM cantilevers.
While any sized sphere will work with this experimental
approach in theory, we found spheres with diameters of ~18
um to strike a reasonable balance between measurable drag
force and consistent sphere surface roughness. All slip length
data shown in the main body of the paper were collected using
the same microsphere and cantilever, but results were
reproducible using other spheres and cantilevers. The
measurements were performed at S approach velocities: 1, 3,
6, 10, and 20 pm/s on smooth regions of the graphene surfaces
based on AFM images.

The hydrodynamic force experienced by a sphere approach-
ing a flat surface in liquid fulfilling R >> D is given by Reynold’s
lubrication theory'®"’
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Figure 2. Measured slip lengths using a microsphere-equipped AFM cantilever. (A) Box and whisker plot of the slip length of 7 different
liquids on Gr/Cu for a 6 um/s approach velocity. Each box includes ~10 separate measurements at the same location. (B) Slip lengths for
the 60 wt % aqueous sucrose solution and EMIM FAP in contact with graphene supported by 3 different substrates. Each box includes ~10
separate measurements at the same location. (C) Slip length as a function of contact angle for each liquid, with the systems from part B
included. Vertical and horizontal error bars represent the standard deviation of at least 10 individual slip length and contact angle
measurements and are often too small to see. The dashed lines demonstrate the general increase of slip length with contact angle for a given
liquid. (D) Slip length as a function of calculated van der Waals interaction energy for each system. Note that the x-axis does not start at 0.
The legend in part D applies to part C as well. Values for reference measurements on silica surfaces are shown in Table S3 and Figure S1.
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where Fy4 is the hydrodynamic drag force, 7 is the liquid’s
dynamic viscosity, R is the sphere radius, D is the sphere’s
approach velocity, and D is the separation between the sphere
and the surface. This simplified expression is acceptable in our
experiments (R is 8.9 ym, and D < 0.8 pm), as proven in ref
18. While eq 1 assumes a slip length of 0, a modification that
accounts for a nonzero slip length was introduced by
Vinogradova'
6R*D
Fyy = ————f*

hyd D f (2)
where, for two surfaces of the same material (a chemically
symmetric system)"®™*°

(1 + B)m(l + Q) - 1]
6b D (3)

Positive values of b yield a hydrodynamic force experienced by
the microsphere lower than the nonslip boundary condition.
Negative b values reflect a change of sign of the fluid velocity
field near the solid.”" The presence of surface-adsorbed liquid
molecules that are effectively immobile and shift the location of
zero velocity above the surface has been associated with a
negative slip length (a stick length) as well.”>** In the
asymmetric systems composed of the silica colloid and the

D

* =
/ 3b
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graphene surface of this work, b is the average slip length of the
two surfaces; this is the approach generally used when
reporting slip lengths. We also used the less common method
described in ref 19 to estimate the individual slip length along
the graphene surface, b, using b and the individual slip length
on silica (b,) obtained in reference measurements with a silica
colloid approaching a naturally oxidized silicon wafer; see the
Methods section.

Figure 1A shows a representative measurement. The upper-
right inset is a cartoon depiction of the system. The expected
force profile as a function of distance described by eq 1 (when
b = 0) is shown with the dashed black line, while the force
measured by AFM is shown with open blue circles. The
measured data have been processed to ensure an accurate
location of the surface and to account for the viscous drag of
the cantilever (see the Methods section). The solid black line
gives the fit of eq 2, with b > 0 for EMIM FAP at 10 ym/s.

Slip Length Dependence on Liquid Properties. Figure
2A shows the slip length on Gr/Cu at V = 6 um/s. Each box
consists of approximately 10 individual slip length values
measured at the same point on the Gr/Cu surface. Based on
previous works,'® accounting precisely for the drag force on
the cantilever and the cantilever deflection and velocity are key
to reliably determine the slip length (see the Methods section
for a more detailed discussion). Slip lengths for the S selected
velocities are shown in Table S2 and Figure S1 in the SI. The
slip lengths in the investigated range of approach velocities do
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Figure 3. Structural force between graphene and an AFM tip in the liquids: EMIM TFSI on (A) Gr/Cu and (B) Gr/Si, EMIM FAP on (C)
Gr/Cu and (D) Gr/Si, (E) silicone oil on Gr/Cu, and (F) sucrose solution on Gr/Si. The thickness of the layers is A, and it is shown in the
diagrams to illustrate the liquid ordering. The measurements for ethylene glycol and sucrose solution on Gr/Cu demonstrate the presence of
layers for ethylene glycol and no layers for sucrose solution, but the force is strongly adhesive (not shown), which hinders a precise analysis
of the layer thickness. The results for ethylene glycol on Gr/Si illustrate the layering of this liquid very clearly (layer thickness A = 0.3 nm);

see Figure S6.

not depend on the approach velocity. In the main text, we
show data only for the 6 um/s approach velocity for the
purpose of comparison at a fixed condition.

The slip length varies dramatically depending on the liquid,
and ionic liquids have clearly higher slip lengths (b > 15 nm)
compared to other liquids (see the dashed line separating the
slip lengths of ionic and nonionic liquids). Figure 2B shows b
measured on graphene supported by three different sub-
strates—copper, SiO,, and gold—in two different liquids,
sucrose solution (green) and EMIM FAP (blue). The
influence of the substrate underneath graphene on the slip
length is significant for the two liquids.

Figure 2C shows the slip length vs contact angle 6
relationship; details regarding the contact angle measurements
can be found in the Methods section and the results in Figure
S2. The contact angle results from the equilibrium between the
interfacial energies (liquid—surface, surface—air, and liquid—
air) following Young’s equation, and hence, it is a measure of
solid—liquid interactions. It is immediately clear that the
measured slip lengths do not follow the reported wettability
trend for pure water of increasing slip length with increasing
contact angle.24 For example, negative slip lengths were
obtained for sucrose solutions on Gr/Cu (eg,, —1.5 £ 0.7 at 6
um/s, 6 = 75°), representing a condition of nonslip.
Experiments by Honig and Ducker’””*’ also showed no slip
of sucrose solutions on OH-terminated (hydrophilic) and
methyl-terminated silica glass (@ ~ 5—75°). Furthermore, the
good agreement of our reference measurements on hydrophilic
SiO, surfaces (Table S3 and Figure S1C,D) with these results
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supports that our experimental method and analysis are
precise. On graphite, this previous work obtained slip lengths
of the sucrose solution between 0 and S nm. However, it was
attributed to the presence of step edges on graphite that led to
a wrong estimation of the surface separation and thereby of the
slip length.”> We do not have step edges on single-layer
graphene, and hence, we do not believe that the obtained
values of the slip length are associated with a wrong surface
separation.

Although ethylene glycol and silicone oil wet graphene
better than the sucrose solution (6 = 59 and 0° for ethylene
glycol and silicone oil, respectively, compared to 75° for
sucrose solutions; Figure 2C), the slip lengths on Gr/Cu are
greater (5.2 and 11.5 nm, respectively), compared to those of
the sucrose solution, —1.5 nm. In the case of the four ionic
liquids, higher slip lengths are observed (between 15.3 + 0.7
and 17.8 + 1.4 nm) in a range of contact angles with Gr/Cu
ranging from 26.6 to 66.3°. Note that the same conclusions are
inferred from the asymmetric analysis (Figure S3): b, is a bit
higher than b for the ionic liquids, ethylene glycol, and silicone
oil and a bit smaller than b for the sucrose solution. This
emphasizes the nonslip condition for the sucrose solution,
while b, indicates slip in the order EMIM FAP > EMIM
bis(trifluoromethylsulfonyl)imide (TFSI) > 1-hexyl-3-methyl-
imidazolium (HMIM) TFSI > 1-butyl-3-methylimidazolium
(BMIM) TFSI > silicone oil > ethylene glycol.

Large slip lengths were found in simulations for a variety of
fluids including water, decane, and ethanol at the interface with
graphene.”® The simulation shows that the flow rates lie far
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Figure 4. Friction measurements and analysis for 60 wt % sucrose and EMIM FAP on Gr/Cu, Gr/Si, and Gr/Au. (A) Cartoon representing
Eyring’s shear assisted thermally activated slip theory. (B) Shear activation volume and (C) activation energy for sucrose solution and EMIM
FAP on Gr/Cu (circles), Gr/Au (diamonds), and Gr/Si (squares). Error bars are the standard deviation of 8 repeated scans. Panels D—F
show results for the sucrose solution (green), and panels G-I are for the ionic liquid (blue) upon loads of 2, S, 10, 15, and 20 nN (same
legend for all panels). Error bars are the standard deviation of 8 friction scans at the same location.

above what could be expected from the hydrodynamic no-slip
boundary condition, due to the existence of a depletion layer
that reduces friction on the carbon wall. By definition, the slip
length is given by b = 1/f;, where f is the graphene—liquid
friction coefficient. In equilibrium (t — o), fg is directly
proportional to the fluid density in contact with the wall, a
structure factor that reflects the liquid—solid commensurability
and the fluid—solid (interfacial) energy.” This relation
represents a true thermodynamic equilibrium, which might
not be achieved in experiments if the flow is fast. The
interfacial energy includes the contribution of van der Waals
(vdW) interactions. Our measurements of the electrical double
layer reveal a small surface charge of graphene (Figure S4 and
text in the SI), which can contribute to the solid—liquid
friction coefficient of the ionic liquids.”" Since the estimated
electrical contribution is negligible for the investigated ionic
liquids (<3%, Table S1), we consider only the contribution of
van der Waals interactions to fg as a first approximation. Note,
however, that the theory”' was not tested on highly
concentrated electrolytes like ionic liquids, and hence,
deviations are possible. By calculating the Hamaker constant
for self-interaction of each component and using mixing rules
for Hamaker constants,”’ the interaction energy due to vdW

interactions (W,4y) can be obtained for each Gr/substrate—
liquid system; calculations and assumed parameters are shown
in Table S4 and the text in the SI. Figure 2D shows the slip
length as a function of —W,4y; ie, a larger/more positive
number on the x-axis indicates a stronger interaction. Overall, a
larger slip length results from weaker interactions between the
liquid and surface. However, the interaction energy on its own
does not fully predict the slip length. There is also no relation
between the slip length and the viscosity or density of the
liquid (Figure SS). Although some experimental works have
shown a dependence between slip length and viscosity,”
theory shows®' that the influence of the viscosity drops out,
and hence, the lack of correlation between viscosities and slip
length shown in our results is not surprising.

Figure 2D shows that there is an obvious clustering of the
slip length corresponding to ionic liquids and nonionic liquids.
One key characteristic of ionic liquids is their interfacial
ordering or molecular layering.”” Molecular layering can be
resolved in measurements of the structural force with an AFM
tip (see the Methods section). Figure 3AB reveals the
prominent interfacial structure of EMIM FAP on graphene
(Gr/Cu and Gr/Si shown) measured over areas of 100 nm X
100 nm. A pronounced interfacial structure was also measured
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for EMIM TFSI on graphene (Figure 3C,D), and similar
results have been reported for other imidazolium ionic liquids
by others on graphene or graphite.’””" For the silicone oil
(Figure 3E), there were clear layers close to the surface of
graphene, also indicating the arrangement of the molecules on
the surface. A weak ordering was revealed for ethylene glycol
(Figure S6), while interfacial layering was not resolved for the
sucrose solution on Gr/Cu (not shown) and only very rarely
on Gr/Si (see Figure 3F). We note that these measurements
were taken in maps covering an area across the surface, at
multiple locations. Similar out-of-plane structures were
observed at all measurement locations, indicating the
homogeneity of the in-plane configuration of these systems.

Interfacial layering results from the geometric constraint
provided by a smooth surface on molecules of the same size;
thus, having a mixture of water and sucrose molecules often
disturbs the molecular order. The more prominent interfacial
structure in ionic liquids is due to strong ion—ion correlations
that are absent in the other liquids.”” The observed correlation
between interfacial ordering and slip is consistent with the
finding by molecular dynamic simulations that a significant
decrease in interfacial friction stems from such a layered
structure.”® As shown in the simulations, these layers influence
each other and build stable domains of parallel aligned “blocks”
that impact the structure factor at the interface and thus
decrease the liquid/graphene commensurability. Based on this,
we propose that the different slip length of the investigated
liquids reflects not only the different solid—liquid interaction
but also the interfacial ordering of the liquids.

Slip Length Dependence on Substrate Underneath
Graphene. Figure 2B shows the slip length for the 60 wt %
sucrose solution and EMIM FAP in contact with Gr/Cu, Gr/
Au, and Gr/Si at an approach velocity of 6 pm/s; results for
other velocities are shown in Figure S1B in the SI. Here, we
varied graphene’s doging level by changing the substrate
underlying graphene:"’ n-doping on Cu, p-doping on Au, and
weak p-doping on SiO,>® which alters the wettability of
graphene due to doping-induced modulation of the charge
carrier density of graphene and dispersion (attractive) forces
between liquid molecules and graphene.'” Figure 2B shows
that the slip length for EMIM FAP is sensitive to the substrate,
and the smallest values are obtained on Gr/Si. In the case of
sucrose solution, the slip length is largest on Gr/Si, and hence,
we observe a reverse influence of the substrates on the slip
length. van der Waals interactions cannot predict the subtle
variation of the slip length in response to the substrate
underneath graphene (Figure 2D). However, the increase of
the slip length reflects the increase of the contact angle for each
of the liquids (Figure 2C, see dashed lines).

Transition State Theory and Friction-Force Measure-
ments. In the spirit of Eyring’s transition state theory, we
consider the slip at the solid—liquid interface as a thermally
activated rate process facilitated by the shear force. Eyring
developed a mathematical model for activated processes, which
was adapted later to describe the viscosity of liquids.”**> The
model considers that the motion of a molecule is restricted by
the barriers due to its neighbors yielding an activation energy
(E,), and these are overcome by the applied shear stress and
the random thermal fluctuations, while the height of the barrier
increases with applied pressure. For this process to happen on
a surface, vacancies or defects must exist, which occur due to
diffusion of the liquid molecules from the surface to the bulk.
The average time for the molecule to pass across the barrier

(the rate of hopping, 1) is the Boltzmann factor multiplied by
the effective vibration frequency of the molecule v, i.e.

V' =y, exp(—(E, + PQ — 7¢))/kT)

where 7 is the shear stress applied on the molecule and ¢ the
shear activation volume (the corresponding length 4 along the
slip direction is shown in Figure 4A). Q is the pressure
activation volume; the physical interpretation of this parameter
is still debated and, hence, is not discussed here, but it is
necessary to unambiguously determine E,. If we consider a
periodic series of these barriers separated by a distance a and
allow transitions in both directions, the slip velocity V is thus
the rate of hopping multiplied by the number of vacancies and
the length of the hop (distance between barriers) a

V, = 2y,a exp(—(E, + PQ)/kT) sinh(z¢h/kT) (4a)
This simplifies to
V, = 8 exp(—(E, + PQ — ) /KT) (4b)

with vga = 8y, and 7¢p/kT > 1. The lattice constant of
graphene is 2.46 A, which is taken here as 4, and the vibrational
frequency of the liquid molecules v, is taken in the range 10"'—
108 7% e.g, the interionic vibrational frequency of ionic
liquids can be as small as ~6 x 10" s71%¢ and for water, the
vibrational (librational) frequency is ~2 x 10" s71.%

Pioneering simulations have demonstrated that this rate
process, and specifically V,, determines the slip length of the
confined fluid molecules between two glates upon shear; those
simulations ignored the influence of 7.” % Here, we assume that
the slip of the seven liquids on graphene is a thermally
activated process and that it can be promoted by the applied
shear. Because hydrodynamic-force measurements cannot be
easily modeled due to the varying shear stress and pressure
during the approach of the sphere, we determine the
characteristics of the rate process, E,, Q, and ¢ in friction-
force measurements.

We chose two liquids, 60 wt % aqueous sucrose and EMIM
FAP, to perform friction measurements on Gr/Au, Gr/Cu, and
Gr/Si. To measure friction, a sharp AFM tip was approached
to the surface in liquid and slid back and forth over a small
(100 nm) line at varying loads and sliding speeds V; (see the
Methods section). The measured lateral force represents the
force required for the tip to slide while a thin film of liquid
molecules remains trapped between the smooth surface and
the tip, a phenomenon called hydration lubrication.’ At least
three measurements per substrate and liquid were carried out,
and at least two different substrates of each kind were
investigated to verify the reproducibility of the data. Figure
4D—1I illustrates the influence of both the substrate underneath
graphene and the liquid on friction.

In the sliding experiments with the AFM tip, we do not
observe the velocity of the rate-controlling process V; but the
sliding velocity V;. Hence, the friction force Fy is given by’

F = phatre & In(V, /Vy)
¢ ¢ ()
where V; is a reference velocity beyond which the thermal
activation process vanishes, and A is the contact area between
the tip and graphene.

The dashed lines represent the fits of eq S to the
experimental results in Figure 4D—I. The logarithmic depend-
ence of friction on Vi shown in Figure 4D—I supports the
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validity of this model. We determined V;, = 40 m/s for water in
temperature-dependent friction-force measurements*' and
assume V, to be of the same order of magnitude for the
sucrose solution. For the ionic liquid, the interionic vibrational
frequency is smaller than that of water, so we reduced V; to 0.4
m/s. The fits to the experimental results provide ¢, E,, and Q.
According to the model, friction increases with an increase of
E, and Q and a decrease of the shear activation volume ¢. E,,
Q, and ¢ relate to the lateral motion of liquid molecules along
the graphene surface from the perspective of the transition
state theory. Figure 4B,C shows that the thermal activation
energy and the shear-activation volume E, and ¢ are sensitive
to the substrate underneath graphene and to the liquid. Here, it
is proposed that they provide a molecular lens through which
to understand the slip characteristics of the liquids and the
influence of the substrate underneath §raphene.

MD simulations by Martini et al."” have introduced two
types of slip at the molecular scale. At low shear forces,
individual atoms hop through the energy landscape along the
surface from one equilibrium position to another according to
Arrhenius dynamics: a phenomenon called defect slip and
described via a simplified Eyring’s transition state theory. High
shear forces lead to a transition to global slip, where the
transition state vanishes, and the molecules move in a
collective fashion, all molecules slipping downstream at the
same speed. The stress conditions in our measurements are
consistent with the molecular mechanism of defect slip
introduced in ref 42, which supports the application of the
transition state theory.

Our conceptual framework for slip on smooth graphene is
thus based on transition state theory. In Vinogradova’s model,
the slip length is given as V,/,. For a given approach velocity V
and surface separation, D, y, = V/D is the same for all the
liquids, and hence, the slip length should be proportional to
the slip velocity b o V, = 9, exp(—(E, + PQ — 7¢)/kT), where
8 is a constant for each liquid. The pressure and the shear
stress change upon the approach of the colloid to the surface
and along the radial direction, meaning that a quantitative
comparison is not possible. We thus compare in Figure SA the
experimentally measured slip length with the calculated value
of V,/9, at the radial position of the maximum shear rate at the
graphene surface, r, = (2RD/ 3)/%¢ several D-values are taken
to test this relation at r,.

The inset in Figure SA shows that the measured slip length
decreases roughly exponentially with E, for the two liquids.
This is due to the small magnitude and negligible effect of the
applied work by the shear force (¢ at ry) and the pressure
(PoQ at ry) in the hydrodynamic-force measurements, so that
the activation energy plays the key role in dictating slip. This
can be understood as a variation of the energy landscape of the
graphene/liquid interface and of the transition state of the
liquid molecules induced by the substrate underneath
graphene for each liquid. The metal substrates inducing a
higher degree of doping have thus a prominent influence on
the slip velocity, but the polarity of doping (p- or n-type)
seems to be less relevant. Strikingly, the influence of the doping
on the activation energy is very different for the two
investigated liquids; assuming Gr/Si as a “reference” activation
energy due to its weak doping, the activation energy
significantly increases for the ionic liquid on Gr/Au and
further on Gr/Cu, whereas it decreases for the sucrose
solution, more on Gr/Cu compared to Gr/Au. It is known that
graphene interacts with charged and uncharged molecules in
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Figure 5. Relation between slip, interfacial order, and transition
state theory. (A) Comparison between the measured slip length in
hydrodynamic-force measurements for sucrose solution and
EMIM FAP on the three substrates, and an estimated slip (dotted
line) based on the transition state theory, using the parameters
determined in friction-force measurements (E,, ¢, and Q). The
inset shows the estimated activation energy E, which is the
parameter that dominates the slip under the stress conditions of
the hydrodynamic-force measurements. Slip length values are the
average of ~10 measurements at 6 ym/s, and error bars are the
standard deviation. (B, C) Cartoon of the proposed mechanism
dictating slip along graphene: the order/disorder of the liquid as
well as the solid—liquid interaction energy, both factors
influencing the activation energy E,. (B) Representation of a
liquid that does not exhibit prominent interfacial layering, e.g., the
sucrose solution (a mixture of molecules of different size) and is
characterized by high solid—liquid interaction energy; (C)
representation of a molecular liquid that forms well-ordered layers
at the interface with graphene and is characterized by moderately
weak solid—liquid interactions.

its close vicinity via the delocalized 7-electrons, and hence,
molecular adsorption is sensitive to graphene doping.*>** The
adsorption strength of the liquid molecules to the surface
affects the depletion layer and thereby contributes to the
friction coefficient and the slip process. Although we do not
have a clear explanation for this different behavior yet, our
results suggest that n- and p-doping effects on the slip of
uncharged (sucrose/water) and charged and strongly corre-
lated molecules (IL anions and cations) could be significantly
different.

Experiments and simulations estimate slip lengths for water
in carbon nanotubes (CNTs) of sub-10 nm diameter from
about 1 up to 1400 nm.**® Simulations and theoretical
works”* have proposed that the slip length is a very sensitive
probe of water depletion at carbonaceous surfaces with contact
angles between 40° and 150°, with b ~ §* (6 is the depletion
layer thickness). This depletion layer is most often justified by
the small liquid—graphene (van der Waals) interaction energy
and thereby by the low interfacial friction coeflicient. This
explains why the static contact angle is typically used as a
representative of the influence of the solid—liquid interfacial
energy on slip of water on surfaces of different wettabilities.
Despite this, we reinforce that the commonly reported
relationship for pure water™ is inadequate for our systems
with polar, nonpolar, and ionic liquids on graphene supported
by different substrates (Figure 2C,D).

Simulations also clarify that the liquid/solid friction
coeflicient depends not only on the solid—liquid interactions
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but also on the interfacial structure of the liquid, the
smoothness of the surface, and the resulting incommensur-
ability between the liquid and the solid surface.'’ The
curvature-related incommensurability between water and the
inner surface of CNTs leads to a decrease of the structure
factor and thereby to a relevant decrease of the friction
coeflicient, which, indeed, explains the ultrafast flow of water.
It is also shown that the prominent interfacial layering of
decane and ethanol at the interface with flat graphene is
responsible for the significant slip.”® This suggests that the
molecular layering resolved for the ionic liquids and the
silicone oil at the graphene/liquid interface is related to their
greater slip lengths compared to the sucrose solution and even
ethylene glycol. According to the proposed model, the
activation energy quantifies the various influencing factors on
the friction coefficient.

We emphasize that the behavior of sucrose solutions and
pure water may be different, and hence, our results do not
contradict the reported ultrafast slip of water along graphene.’
In fact, our previous work demonstrated the prominent
molecular layering of water and of NaCl and KCI solution
on Gr/Si,*" which supports the larger slip length for water
compared to sucrose solutions. Furthermore, the activation
energy is similar to that estimated for EMIM FAP (23 kT for
water and 20 kT for 10 mM NaCl on Gr/Si compared to 23
kT for EMIM FAP), while the shear activation volume is much
larger (2—4 nm? for water vs 0.7 nm® for the ionic liquid), both
supporting a large slip length of the water molecules along the
graphene interface.

In summary, measurements across liquids with varied proper-
ties support the relevance of interfacial ordering in determining
slip characteristics. This suggests that liquid structure, like
interfacial layers, promotes slip, and this phenomenon appears
to be as relevant as the solid—liquid interaction energy. We
have also shown that the slip boundary condition along the
graphene plane of two liquids, an ionic liquid with a high
charge density and an aqueous solution with sucrose, is
sensitive to the substrate underneath graphene. Our model
describes the slip behavior via a transition state theory and
quantifies the effect of the substrate underneath graphene via
the thermal activation energy for slip. Much higher shear forces
than those applied in our experiments could lead to a vanishing
transition state and a different slip behavior. Since interfacial
slip can have prominent consequences on the pressure drop,
on electrical and diffusive transport through nanochannels, and
on friction, this work is expected to be relevant to many
applications. In particular, systems incorporating both induced
shear and nanoconfinement (such as liquid phase sensors or
membranes) will need to be designed with slip in mind as they
see increased use. Furthermore, it may be possible to actively
tune the slip behavior as the doping of graphene can be
dynamically modulated via electrical bias. We also note that
environmental effects (i.c., substrate effects) are likely not only
observed to be influential for graphene but also important to all
2D materials (and therefore their slip properties), but the
extent and importance of the effect will need to be verified.

Materials. Seven liquids were investigated: aqueous sucrose 60 wt
% solution (sucrose from MP Biomedical and Millipore Milli-Q
ultrapurified water), ethylene glycol (Fisher Scientific), silicone oil

(100 cSt, Sigma-Aldrich, Inc.), 1-ethyl-3-methylimidazolium tris-
(pentafluoroethyl)trifluorophosphate (abbreviated EMIM FAP,
Merck kGaA, >98% purity), 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (EMIM TESI, Iolitec Ionic Liquid
Technologies GmbH, 99% purity), 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (BMIM TFS], Iolitec Ionic Liquid
Technologies GmbH, 99% purity), and 1-hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (HMIM TFS], Iolitec Ionic Liquid
Technologies GmbH, 99% purity). Liquid properties are shown in
Table S1.

The liquids (except silicone oil, EMIM FAP, HMIM TFS], and
BMIM TESI due to their higher viscosities) were filtered using a 0.2
um PTEE filter. The ethylene glycol and silicone oil were stored
under standard conditions and used as received from the supplier.
Sucrose solutions were prepared to be 60% sucrose by weight (wt %),
using ultrapure water purified by a Millipore Milli-Q_purification
system. The solution was stored under refrigeration before use, with a
stirring/temperature equilibration period immediately before each
use. All ionic liquids were stored in a vacuum desiccator, with small
quantities taken out and dried before measurement in a vacuum oven
at 50 °C for 24+ hours.

Viscosities for all liquids were taken from the literature (see
references in Table S1). Since viscosity can change with temperature,
and our AFM system does not have in situ temperature monitoring,
the assumed values may have some error. However, the solution
temperature immediately before and after completion of an
experiment was consistently measured to be between 25 and 26 °C.
The reported viscosity at 25 °C produced generally good fits to the
measured data.

Graphene Synthesis, Transfer, and Characterization. Mono-
layer graphene was synthesized by low-pressure chemical vapor
deposition (CVD). A 25 um thick Cu foil (MTI Corporation,
Richmond, CA) was cleaned by soaking in acetic acid (Fisher
Scientific) and a deionized (DI) water bath and rinsing with acetone
and isopropyl alcohol. The air-dried Cu foil was then placed on a
quartz boat and put inside of a CVD tube furnace (Rocky Mountain
Vacuum Tech, Inc., Aurora, CO). The detailed CVD synthesis is
described in an earlier report.** Briefly, the Cu foil was first annealed
at 1050 °C for 30 min with flowing H, gas. Then, graphene was
grown by flowing CH, and H, for 2 min at 1050 °C, followed by
cooling under an Ar atmosphere. Poly(methyl methacrylate)
(PMMA) (950A2, MicroChem, Westborough, MA) was spin-coated
on as-grown graphene at 6000 rpm for 30 s and baked on a hot plate
at 110 °C for 2 min, while graphene on the backside of the Cu foil was
removed by oxygen plasma (pressure = 150 mTorr, power = S00 W,
time = S s) (Diener GmbH). We etched out Cu foil by floating
PMMA/Gr/Cu on the copper etchant (sodium persulfate solution
(Sigma-Aldrich, St. Louis, MO)) and transferred PMMA/Gr on a DI
water bath several times to remove residual ions on the graphene
surface. Afterward, PMMA/Gr was transferred to target substrates,
dried in ambient conditions, and finally immersed in an acetone bath
to remove the PMMA layer. Thermal annealing of graphene on
various substrates was performed at 400—450 °C for 3—7 h under an
Ar/H, atmosphere to eliminate residual polymers*’ and bubbles and
water trapped between the graphene layer and the substrate.

Three different types of substrates (SiO,, Au, Cu) were prepared in
this study. Metallic substrates were prepared by depositing 100 nm
Au/3 nm Cr or 200 nm Cu on a 300 nm thick thermal oxide Si wafer
(UniversityWafer, South Boston, MA) using a thermal evaporator
(Nano36, Kurt J. Lesker, Jefferson Hills, PA) or e-beam evaporator
(FC-2000, Temescal, Livermore, CA), respectively. Raman spectros-
copy (Nanophoton Raman 11) was performed on the annealed
graphene on different substrates with 532 nm excitation.

The RMS roughness as determined by AFM imaging (Cypher,
Asylum Research, Goleta, CA) was found to be less than 3 nm for all
samples, and care was taken to restrict measurements to areas with a
roughness smaller than ~1.8 nm. If the slip length is smaller than the
combined (contact) roughness (<3 nm), this indicates no slip.

Contamination and Reproducibility. While special care was
taking during fabrication to produce clean, uncontaminated graphene
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using standard methods like annealing, it has been reported that
ambient hydrocarbons may preferentially adsorb to graphene surfaces
exposed to air’® and alter its surface properties. Hydrocarbon
adsorption may happen within 10s of minutes of exposure to air,
and some adsorbates can remain even after annealing, particularly
compounds containing aromatic rings that can match graphene’s
lattice structure. In the present study, we attempted to mitigate
ambient contamination by storing all samples in a vacuum desiccator
after postfabrication and annealing, or after opening the vacuum-
sealed shipping packaging in the case of graphene used as-grown on
copper foil. Samples were kept under vacuum until immediately
before measurement and were immersed in the liquid of interest
immediately after removal from the desiccator. Even strictly adhering
to these precautions, hydrocarbon contamination is still possible.
Furthermore, adsorption of waterborne contaminants on graphene is
also possible.”" Thus, all measurements were replicated at more than
one location on a given sample, and measurements were repeated
across different samples to ensure reproducibility of the measure-
ments. We found good agreement between samples prepared at
different times, prepared using different methods, and stored in the
vacuum desiccator for different lengths of time, indicating that
contamination did not play a major role in influencing the results.

Colloidal Probe Preparation. Monodisperse silica microspheres
(20 pm diameter, microParticles GmbH) were used for the
hydrodynamic-force measurements. Spheres of this size were found
to strike a reasonable balance between surface quality (roughness/
uniformity) and a diameter of the correct size to measure forces
within the sensitivity of our AFM across a range of viscosities. The
microspheres were stored in DI solution until preparation and then
transferred to freshly cleaved mica in droplet form. While waiting for
the droplet to evaporate, the spring constants of the tipless cantilevers
(k) were determined using the thermal calibration method.> Using
an optical microscope, a micromanipulator, and an etched tungsten
wire, a small amount of epoxy (J-B Weld Steel Reinforced Epoxy, J-B
Weld Company) was placed at the end of each cantilever. A separate
etched tungsten wire was used immediately afterward to pick up
individual microspheres and place them on top of the epoxy. The
system was then left to set for at least 24 h before use.

While surface imperfections are noticeable on some spheres using
an optical microscope, the surface quality and sphere size cannot be
accurately determined until after gluing is complete. These were
quantified using both scanning electron microscopy (SEM) and
inverted imaging using an AFM.>®> We found that spheres can vary
widely in terms of roughness and imperfections, while diameters are
more consistent but still vary slightly. To help mitigate these issues
and simplify the comparison across systems, we used the same sphere
for all hydrodynamic-force measurements. Both imaging methods
gave a sphere radius of ~8.9 um, and inverted imaging gave a
roughness of 322.8 pm for a 100 X 100 nm” area close to the contact.

Hydrodynamic-Force Measurements and Analysis. The JPK
Nanowizard atomic force microscope (Bruker Nano GmbH, JPK
BioAFM) located in an acoustic chamber was used throughout this
study. For the sucrose solution, ethylene glycol, and silicone oil, the
samples were fixed in a homemade fluid-cell with 2 mL of solution,
with the cell covered by a membrane to minimize evaporation. The IL
measurements were performed in a ~0.2 mL droplet of IL in a sealed
cell with an ultra-high-purity dry nitrogen atmosphere. All systems
were equilibrated for at least 1 h before the measurements started.
Hydrodynamic-force measurements used a tipless cantilever with
spring constant k ~ 0.334 N/m (Mikromasch USA, HQ:CSC37/
tipless). Silica microspheres were glued to the tipless cantilevers using
a micromanipulator, as described above. Prior to the force
measurements, several 25 ym X 25 pm regions were imaged in
contact mode after equilibration to ensure that measurements were
performed far away from defects and boundaries.

Hydrodynamic-force measurements were carried out by quickly
driving the as-prepared colloid probe toward the investigated surface.
The approach started from a distance as far from the surface as
permitted in our AFM system (~6.5 um), with data being collected
for ~3 pm from the surface. Most AFM systems exhibit a virtual

deflection resulting from instrumental errors; this is usually accounted
for by assuming that some range far from the surface is influenced
only by this virtual deflection, fitting a linear equation to the range,
and subtracting the result from the entire curve. This approach is
complicated in our measurements where the tip experiences an
acceleration very far from the surface (see Figure S7), while it is
influenced non-negligibly by the hydrodynamic force at closer
distances. We attempted to account for the virtual deflection using
the slope at multiple surface separations between ~1.4 and 2.8 um
and found that, with our analysis approach, described later, there is a
negligible difference in the resulting slip length.

Another key aspect for the reliable determination of the slip length
is the proper determination of the cantilever sensitivity (the deflection
in nm per volts on the photodetector). This has been described in
detail in ref 14. Briefly, a large sphere in contact with a hard surface
slides slightly while it is pressed on the surface. The small friction
force contributes to the normal deflection and causes a hysteresis
between approach and retraction. As a result, the apparent hard wall
differs between approach and retraction during the calibration of the
cantilever sensitivity—neither gives the true sensitivity, with the real
value being approximately the average of the two. Using the average,
though, does not give the true contact point either in the approach or
in the retraction. For the analysis of the slip length, we used the
individual sensitivity value, resulting in a precise determination of the
contact point and of the surface separation. Adjusting the sensitivity
to the single value, however, changes the distance at which a force
seemingly occurs, affecting the force profile itself. We found that the
effect of the sensitivity (average vs single value) on the slip length is
similar to the standard deviation of the measurements, with both
giving good quality fits, and hence, it is an acceptable approach
(Figure S8).

The force balance during the approach of the cantilever to the
surface is given by

Fy(£) + Fi() + Ey(t) + E(t) = 0

where Fj, is the hydrodynamic force, F, the measured spring force (F
= k-x, x being the normal deflection), F, the viscous drag of the
cantilever, and F, the total surface force. The latter results from van
der Waals, electrostatic (for the ionic liquids and aqueous solutions),
and solvation forces and is only relevant at separations D < 30 nm.
The force balance was solved at separations larger than 30 nm, where
the surface force is zero to a good approximation (F, ~ 0).
Furthermore, R > D, which allows applying Reynold’s lubrication
theory (eqs 2 and 3) to calculate the hydrodynamic force F, i.e., to
eliminate the effect of higher-order terms at larger separations as
described by Brenner’s model.'"®*® To determine the hydrodynamic
force, the instantaneous velocity of the colloid D was used, which
differs from the piezo velocity. At surface separations smaller than
~30 nm, the hydrodynamic force suggested an increase in slip length;
ie., the hydrodynamic force F, was smaller than predicted with the
fitted slip length.

Following the approach developed by Neto’s group to determine
the slip length,'® we modeled the drag force as a function of the piezo
driving velocity V and an effective drag length of the cantilever L,
according to Fy = —6mnL.V. The separation between colloid and
surface is D = x + z, z being the piezo position and x the deflection of
the cantilever. The corresponding instantaneous velocity is D = & + 2.
Solving the force balance for the deflection of the cantilever x” at the
time step t' = t + At gives

. 6nnR*(z + x’)fx( D’) 67nL.z

k(x' +2') b k

with the cantilever velocity (x’) and the separation D’ calculated still

at t. The separation between colloid and substrate surface is then

actualized at t + At with x" and 2/, and the slip function f* is then

determined at t + At, as well. The cantilever velocity can then be
calculated at ¢t + At as
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o At 6mR*% f*(g’) _ 6mLgz Normal-Force Measurements. Normal-force measurements
& = 2 k(x'+z') b k were performed with AFM cantilevers with k ~ 0.45—0.7 N/m with
At 6mR* D’ sharp tips (R = 20 nm) as well as silica colloids (R = 2.5 ym) glued to

)

which enables the calculation of D and the hydrodynamic force using
eq 2 and the spring force. Because the magnitude of F; is small and
remains constant with separation, it affects only the spring force at
large separations where Fy 4 is still negligible, while Fy 4 increases as
the colloid is closer to the surface. This disentanglement of the two
forces enables us to determine L, ~ 90 um for the investigated
cantilever type. The system of equations has only one unknown
parameter, b, that is determined by minimizing the sum of the
residuals squared when comparing the calculated and measured spring
force at each time step. The range of D between 30 nm and 1.4 um
was ultimately chosen for the fit of the model to the experimental
results. We noticed that, as the velocity of approach V increased to 10
and 20 pm, the deviation of the model from the experimental results
became often more significant (<75 nm). We do not have an
explanation for these trends yet. We also performed control
measurements of the slip length on silica surfaces for the sucrose
solution using stiffer cantilevers (spring constant = 1.108 N/m), and
the slip lengths were in good agreement with those reported here,
which gives us confidence that our results are reliable in the selected
range of approach velocities.

A final aspect to account for is the chemical asymmetry of the
systems since a silica sphere approaches a graphene surface, and the
slip boundary condition may be different on each surface. Equation 3
assumes chemical symmetry, i.e., that the two surfaces have the same
slip boundary condition." It is, however, common practice to use eq 3
to determine an average slip length b in asymmetric systems,”>*>>*
and hence, we have followed this approach in the paper. In addition to
this, we carried out reference measurements on a cleaned, naturally
oxidized silicon wafer in the 7 liquids using the same silica probe,
representing a chemically symmetric system. These results allow us to
find the slip lengths of the liquids on a silica surface (b,). With the
value of b,, we used the approach described in ref 19 to estimate the
slip length along graphene (b;). Here, the computed f* with the
average b according to eq 3 is equated to the following expression for
asymmetric systems:

(D0
2 + k(x’+z’)f (b

«_ 2AD 2D ((B+D)(B—A)l(1+£)
fr= BC C-B B i D
_ (c+D)(C-4) ln(l N g)]
c? D

where A=b,(2+k),B=2b;2 +k+ (1 +k+k»)%),C=2b,(2 +k—
(1 + k+K*)%), and k = b,/b, — 1. In this way, b, can be determined
for each liquid (Figure S3).

Friction-Force Measurements. Friction-force measurements
used sharp-tip cantilevers with normal spring constants k ~ 0.3—0.5
N/m (Mikromasch USA, HQ:CSC37). The lateral sensitivities were
determined in each liquid based on the method described in ref 55.
Friction-force measurements were performed by repeatedly sliding a
sharp AFM tip across a 100 nm line (~8 traces and retraces for a
single data point) on the graphene surface, measuring the lateral force
acting on the tip during the process; the friction force is given as the
half of the difference between trace and retrace lateral forces. A new
tip was used for each experiment since we have observed that results
become less reliable as the tip becomes blunted. The tips used in the
experiments shown here have a radius R of ~97 + 2 nm, as
determined by scanning electron microscopy imaging. The reprodu-
cibility of the experiments was confirmed by replica experiments with
different tips. Considering that the drift of our instrument is ~2 nm
per 1 h and that the slowest scan takes ~1 s (2 s for trace and retrace),
the drift can be considered to have a negligible effect, and so the tip
slides along the same line. The small error bars that give the friction
force averaged over ~8 friction loops support that the properties of
graphene do not gradually change during the sliding process.
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tipless cantilevers. The sharp tip was used to measure the short-range
structural forces in the seven liquids on Gr/Cu and Gr/Si, whereas
the colloid is more sensitive to long-range surface forces and was used
to obtain information about the electrical double layer in aqueous
solutions. The same procedures were followed to calibrate the tips as
described earlier.

After 1 h of equilibration in each liquid at 25 °C, normal forces
were measured. Prior to the force measurements, several regions were
imaged in contact mode after equilibration in liquid to select relatively
large areas (~S pym X S um) far away from defects and boundaries.
Force—separation curves were collected at an approach speed of 20
nm s~

Contact Angle Measurements. Contact angles were measured
using a Ramé-Hart Model 250 contact angle goniometer. Images of
the measurements and their contact angles are shown in Figure S2.
Samples and liquids were carried in a vacuum desiccator to a separate
building where the goniometer was located. Samples were placed on
the goniometer stage after leveling the stage and calibrating the pixel
size. The camera was then focused on the front edge of the sample,
and a ~10 pL drop of liquid was manually placed on the surface using
a micropipette. The goniometer software was used to capture the
images and calculate the contact angles. Each reported contact angle
is the average of 10 measurements taken over 10 s, and the
uncertainty is the standard deviation of those measurements.
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