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Slip length crossover on a graphene surface
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Using equilibrium and non-equilibrium molecular dynamics simulations, we study the flow of argon
fluid above the critical temperature in a planar nanochannel delimited by graphene walls. We observe
that, as a function of pressure, the slip length first decreases due to the decreasing mean free path
of gas molecules, reaches the minimum value when the pressure is close to the critical pressure, and
then increases with further increase in pressure. We demonstrate that the slip length increase at high
pressures is due to the fact that the viscosity of fluid increases much faster with pressure than the
friction coefficient between the fluid and the graphene. This behavior is clearly exhibited in the case
of graphene due to a very smooth potential landscape originating from a very high atomic density of
graphene planes. By contrast, on surfaces with lower atomic density, such as an (100) Au surface, the
slip length for high fluid pressures is essentially zero, regardless of the nature of interaction between
fluid and the solid wall. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916640]

. INTRODUCTION

Due to a high atomic surface density and high contact an-
gle, fluid flow on a graphene surface is characterized by a high
slip length.!~* A large slip length is favorable for the pressure-
driven transport of fluid in nanochannels and can significantly
enhance the efficiency of many nanofluidic applications such
as electrokinetic energy conversion in nanofluidic channels.?
The slip length of various liquids, such as water and liquid Ar,
on graphene has been investigated by numerous experiments
and simulations.>” Generally, a large slip length in the range
from ~10 nm to ~100 nm was found in both experiments and
simulations.

Kinetic theory predicts that the slip length of gases on
graphene (or any other surface for that matter) is proportional
to the molecular collision mean free path (MFP), which de-
creases with increasing pressure.'” Accordingly, the slip length
of a gas on graphene also decreases with increasing pressure.
Consequently, at high pressures, the MFP and the slip length
of gases could be as small as a nanometer. This value is much
smaller than that characterizing liquid flow on graphene. This
suggests that as a function of increasing pressure, when the
fluid transitions from the gas to liquid-like behavior, there is
a minimum slip length. However, molecular dynamics (MD)
simulations of the pressure dependence of the fluid slip on
the Au surface show that the slip length generally decreases
with increasing pressure and does not exhibit a minimum.!!
To elucidate this contradiction, we carry out equilibrium MD
(EMD) and non-equilibrium MD (NEMD) simulations of Ar
flow at various pressures in graphene nanochannels.
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Il. PRESSURE-DEPENDENT SLIP LENGTH
ON GRAPHENE

A. The MD model

The model system consists of a graphene nanochannel
filled with fluid Ar (see Fig. 1(a)). Each solid wall contains
three graphene atomic planes. The cross section area, A, of
the model system is Ly =5.23 nm by L, =5.23 nm, and
the distance between the two innermost graphene layers is
L, =10 nm. The periodic boundary conditions (PBCs) are
applied at x and y directions, and the atomic position in
the outer graphene planes is fixed. We model the C-C inter-
actions within graphene planes with the optimized Tersoff
potential.'? The Lennard-Jones (LJ) potential, with parame-
ters O = 3.41 A and e... = 2.39 meV,"? is applied between
carbon atoms belonging to the different graphene planes.
The LJ potential is also employed for Ar-Ar interactions
with parameters o apar = 3.41 A and Earar = 10.3 meV, 1
and for Ar-carbon interactions with parameters determined
by the Lorentz-Berthelot mixing rule. The cutoff distance is
2.50 ara; for all LJ interactions. In all MD simulations, we
use a velocity Verlet algorithm with multiple time step sizes
for the integration of the equations of motions.'> A time step
of 0.5 fs is used for in-plane carbon-carbon interactions, and
5 fs is used for all other interactions. To investigate how the
slip length on graphene varies with pressure, we gradually
change the density of fluid Ar in the graphene nanochannel.
All simulations are performed at a temperature of 150 K,
which is above the critical temperature to avoid complications
associated with the coexistence of two (liquid and vapor)
phases in the nanochannel.

B. The critical temperature and pressure

For reference, we determined the critical temperature and
pressure, 7 and P, of the model bulk fluid Ar. The simulation

©2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
http://dx.doi.org/10.1063/1.4916640
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:liangz3@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
mailto:keplip@rpi.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4916640&domain=pdf&date_stamp=2015-04-01

134701-2 Z. Liang and P. Keblinski J. Chem. Phys. 142, 134701 (2015)
‘ 20 m/s Vo o o 0 O O O O O O[S
. (b) Graphene-Ar (c=1.0) {140
-~ o
< 1130 ~
S0} <
2 e 1120 ~
°f — X 10
0 T
00 é “4 é é 10100 FIG. 1. (a) A snapshot of ﬂuiq Ar in
< (nm) a graphene nanochannel. Velocity and
temperature distributions of fluid Ar in
2 OO0 0O 0O 0O 0O O O O O 0O#=™M150 (b) a graphene channel and (c) a Au
channel at 150 K and 955 atm.
g 130 o
S 10f =
2 {120
5+
— Y™ J1o
o
% 2 4 6 8 1600
z (nm)

detail is described in our previous work.'® Briefly, we placed
a liquid slab of 2160 Ar atoms in the middle of a simulation
box which has a length of 19.2 nm and cross section area of
3.84nm X 3.84 nm. The box size is fixed during the simulation,
and PBCs are applied in all three directions. We equilibrated
the system at multiple temperatures varying from 85 K to
150 K using the Berendsen thermostat.!” Below Ty, the liquid
and vapor phases were both present in the same simulation
cell. Fig. 2 shows the density of saturated vapor and liquid
as a function of temperature. From the simulation, we find T,
=132 K and P, = 44 atm.

C. NEMD determination of slip length on graphene

Now, we turn to the NEMD simulation of Couette flow
between two graphene surfaces. The atomic density of fluid
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FIG. 2. The T vs. p phase diagram of bulk fluid Ar. The red dots show the
density of saturated vapor and saturated liquid at a given temperature. The

blue squares show the thermodynamic states of Ar in the simulation. The
insets are the RDF of fluid at different thermodynamic states.

Ar (as determined at the center of the nanochannel) is varied
from 0.66/nm?> to 19.8/nm?, with the six simulated state points
of fluid indicated in Fig. 2 (density at the critical point is
~7.6/nm?). To generate a Couette flow, the upper graphene
wall is moved in the x-direction at 20 m/s while the lower wall
is fixed. To avoid the artifacts associated with freezing wall
atoms and thermostating the fluid,>° the Berendsen thermo-
stat'’ is applied to the center graphene plane in each wall to
maintain the system at 150 K. For statistical averaging, the
fluid region is evenly divided into 10 bins in the z-direction to
monitor temperature and velocity. In all NEMD simulations,
10 ns is used to allow the system to reach a steady state,
and then 80 ns is used for data collection and averaging. The
fluid pressure is determined by F,/A, where F,, is the average
pressure force acting on the graphene surface by fluid.

The typical temperature and velocity profile for fluid flow
at 955 atm (the highest pressure in our simulation) is shown
in Fig. 1(b). The linear fit to the velocity data points gives
slip lengths on the top and bottom surfaces and an average
slip length of 11.9 £ 0.2 nm. The uncertainty is obtained by
analysis of four independent runs. It is also shown in Fig. 1(b)
that the fluid temperature is essentially a constant across the
channel. To ensure that the NEMD simulation is in the linear
response regime, we reduced the velocity of the upper wall to
10 m/s and we obtained essentially same slip length.

The slip length as a function of pressure is shown in
Fig. 3(a). According to Fig. 3(a), the minimum slip length of
1.5 + 0.3 nm is obtained at 44.5 atm which is very close to P,
= 44 atm. The radial distribution function (RDF) of a bulk fluid
at 150 K and 44 atm is shown in Fig. 2. This RDF exhibits an
onset of a second peak, which indicates a transition from the va-
por state to the supercritical fluid (structurally liquid-like) state.

At the vapor state, the slip length, Lg, can be evaluated
by10,18

Lsz/l(z_a'u)/av» (1)
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FIG. 3. Slip length as a function of pressure on (a) a graphene surface with
csf=1.0; (b) a graphene surface with cgs=0.7; (c) a Au surface with cse=1.0,
0.7 and 0.3.

where A is the molecular MFP and «, is the momentum accom-
modation coefficient of vapor molecules on graphene. As vapor
pressure increases, the adsorption coverage of fluid molecules
on graphene increases, which leads to the increase of a,."”
Meanwhile, A decreases with increasing pressure. Therefore,
according to Eq. (1), the decrease of slip length with increasing
pressure at the vapor state is expected, which is consistent with
our results in the low-pressure regime. Above Py, the fluid
is at the supercritical state and the slip length increases with
increasing pressure as shown in Fig. 3(a).

D. EMD determination of slip length on graphene

To understand the increase of slip length with increasing
pressure in the supercritical region, we carry out EMD simula-
tions and calculate the slip length using the relation Lg = n/x,
where 7 is the fluid viscosity and « is the Navier friction coef-
ficient.”’ For Newtonian fluids, the shear stress is proportional
to n and the shear stress exerted on the solid surface is by
definition proportional to x.*2° Since the shear stress has to be
the same within the fluid and at the interface, the slip boundary
condition is defined via kvg = 17(dvx/dz)|wan, Where v is the slip
velocity. From this and the slip length definition, it follows
that Ly = /x. The fact that the slip length is proportional to
the viscosity can be intuitively understood via following. The
slip length is the thickness of the fluid over which the velocity

J. Chem. Phys. 142, 134701 (2015)

change is the same as the velocity discontinuity at the interface.
Since, at a given shear stress, the velocity gradient is inversely
proportional to the viscosity, the slip length is proportional to
the viscosity.

The friction coefficient k can be determined by the Green-
Kubo relation for the force autocorrelation function?!-2?

o=z | a0 R o). @

where kp is the Boltzmann constant and F; is the force acting
on the solid by the fluid in the x-direction (in plane). In EMD
simulation, both upper and lower walls are stationary by fixing
the position of atoms in the outer planes of two graphene walls,
and data from 10 ns runs are used to evaluate the correlation
function of force.

Fig. 4(a) shows the force autocorrelation function and its
running integral for the fluid at the highest simulated pressure.
The friction coefficient x is obtained from the plateau of the
running integral. Similarly, the viscosity n can be obtained
from the running integral of the shear-stress correlation func-
tion in a bulk fluid.>>** Fig. 3(a) shows that the slip length
predicted by EMD simulations has a good agreement with
those from NEMD simulations.

The EMD results show that from P, =44 atm to P
= 955 atm, the viscosity 7 increases ~10 times and the friction
coefficient x increases by 65%. This is illustrated in Fig. 4(b)
and it clearly demonstrates that the increase of slip length with
increasing pressure in the supercritical region is due to the
fact that the viscosity of the fluid increases much faster with
pressure than does the friction coefficient.

To further understand the variation of the friction coeffi-
cient with pressure in the supercritical region, we analyze our
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FIG. 4. (a) EMD simulation results of the autocorrelation function of shear
force between graphene and fluid Ar and the running integral of the force
correlation function. The simulation is performed at 150 K and 955 atm.
(b) The viscosity n and friction coefficient k¥ as a function of pressure. The
uncertainty is smaller than the symbol size. The lines are used to guide the
eye.
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results using the approximate relationship?>2¢

_ Silg) 7
2D||kBT 0

Equation (3) demonstrates the role of various microscopic
factors affecting the friction coefficient. In particular, p(z) is the
fluid density profile near the wall and ¢ is the first reciprocal
lattice vector of the graphene plane crystal structure in the flow
direction. On a graphene surface, go = 27/a, where a = 4.26 A
is the lattice constant of graphene in the x-direction. S(go)
and D) are the structure factor and the collective diffusion
coefficient that measure the fluid response to the corrugated
potential of the surface.

S1(go) and Dy are computed from the correlations of den-
sity fluctuations in the first fluid layer near the wall,?>

(050 (1) pgy (0))
N

dzp(2) V2 (2). (3)

Sy (qo,t) = = 8)1(q0) P, “)

N
where pg, () = 3 e'90%i () js a summation over all fluid atoms
=1

in the first layerjand N is the average number of fluid atoms in
the first layer. We define the fluid region less than oA, away
from the surface as the first fluid layer. At each state point,
EMD runs are carried out for 200 ps to determine the density
correlation function. Fig. 5(a) shows the density correlation
function of fluid Ar on graphene at the highest simulated pres-
sure (955 atm). The correlation function in Fig. 5(a) exhibits an
exponential decay with time as expected. The value of Sy(go,)
at r = 0 gives S)(qo) = 0.44. An exponential fit to the initial
2.5 ps gives go’D) = 1.05 ps~!, thus D| = 4.82 x 107 m?/s.
Another quantity to be evaluated in Eq. (3) is Vj(z), the
amplitude of variation of solid-fluid interaction potential at a
given z-plane. To determine V;(z) at each z-plane, we calculate

0.6
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FIG. 5. (a) The density correlation function of fluid in the first layer near
the graphene at 955 atm, and (b) the density distribution p(z) and V; near
graphene surface at 955 atm.
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the solid-fluid interaction potential as a function of x and
y coordinates and find the maximum potential, V,.x(z), and
the minimum potential, Vi,i,(z). Vi(z) is computed by (Vyax(z)
— Vinin(2))/2. Fig. 5(b) shows the fluid density distribution p(z)
and V(z) near the graphene surface at the highest simulated
pressure. The same method is applied to calculate Sy(go), Dy,
p(z), and Vi(z) at lower pressures. The simulation results are
summarized in Table L.

As the pressure increases from 44 atm to 955 atm, Table I
results show that Sy(qo)/D) is essentially pressure indepen-
dent, while the integral [ dzp(z)V,?(z) is almost doubled. The
results from Eq. (3) indicate that the increase of friction coef-
ficient with increasing pressure is mainly due to the stronger
layering of fluid (increase of p(z)) near the wall at higher
pressures. At the same time, however, the viscosity increases
by a factor of ten, leading to an overall slip length increase.

From Table I, we can see that the theoretical model based
on Eq. (3), which is a simple approximation of Eq. (2), predicts
a reasonable trend of slip length as a function of increasing
pressure and provides a fundamental understanding of the slip
length crossover on graphene. However, it cannot be used for
quantitative predictions of slip length.

E. Slip length on Au as a comparison

To place the slip length pressure dependence on graphene
in perspective, we carry out similar MD simulations of slip
flow in a Au nanochannel. Each Au wall is formed by a three-
layered FCC (100) plane solid Au with a cross section area of
5.3 nm X 5.3 nm. The embedded-atom-method (EAM) poten-
tial?” is used for Au-Au interactions. The LJ potential, which
is widely used for non-bonded interactions between fluid and
solid surfaces,>*?%-3 is employed for Au-Ar interactions. The
interaction parameters are the same as those for Ar-Ar interac-
tions. All other settings are the same as those in the simulation
of slip flow on graphene.

The velocity profile of a Couette flow in the Au channel at
the highest simulated pressure is shown in Fig. 1(c). The result
shows the slip length is essentially zero. The NEMD simulation
results of slip length on Au as a function of pressure are shown
in Fig. 3(c). In the vapor state, the slip length on Au decreases
with increasing pressure as expected. In the supercritical state,
however, no evident increase of slip length with pressure is
observed.

To understand this behavior, we again turn to Eq. (3).
The EMD simulation results which are summarized in Ta-
ble II show that from 44 atm to 955 atm, S(¢go)/ D) increases
by 29%, the integral [ dzp(z)ViX(z) increases by 128%, and
accordingly, the friction coefficient k is almost tripled on a Au
surface. As the viscosity of fluid 7 increases much faster with
the increasing pressure than the friction coefficient x in the
simulated supercritical states, the relation Ly = 1/« predicts an
increase of slip length by a factor of 4. Such an increase is not
evident in Fig. 3(c) because the surface density of Au is much
smaller than graphene, which leads to a significantly larger
surface potential corrugation'-® and negligible slip lengths.

Fig. 6 shows the variation of solid-fluid interaction poten-
tial measured at a z-plane located at the position of the first
peak of fluid density near the wall. According to Fig. 6, the
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TABLE 1. The simulation results as a function of pressure. p in the second column represents the density of fluid
at the center of the channel. L, is the slip length obtained using the friction coefficient calculated by Eq. (3) in
the paper.
P(atm) p(mm™) n(uPas) Siqe)  Dym?/s)  [dzpVi?(I*/m?)  Lsp (nm)  Lgngmp (nm)
44.5 3.24 14 0.71 8.4x107° 1.25x 10724 0.55 1.5+025
86.1 8.48 28 0.77 6.8x107° 1.55x 10724 0.66 2.6+ 0.41
210.1 14.25 63 0.62 6.8x107° 1.64x 10724 1.74 5.6 = 0.60
954.5 19.47 153 0.44 4.8x107° 2.46x 1072 2.81 11.9 +£0.20
TABLE II. Same as Table I except that these are the simulation results for fluid Ar on Au.
P (atm) p (nm™3) N (uPas) Si(qo) Dy (m?/s) fdsz.2 (32/m?) Lgn (nm) Ly Ngmp (nm)
445 3.24 14 1.42  5.1x107° 2.97x1072 0.0007  —0.45 +0.20
86.1 8.48 28 1.44  4.1x107° 3.30x 1072 0.0010  —0.25+0.10
210.1 14.25 63 1.44  3.3x107° 3.98x 10722 0.0015 0.10 £ 0.10
954.5 19.47 153 .11 3.1x107° 6.80x 10722 0.0026 0.13+0.10
i TN shown in Fig. 3(b) that the slip length of fluid Ar on graphene
300k // \\ is signiﬁcantly enhanced and the minimum slip length is still
i / \ Au obtained at the pressure close to P;.
i / \ To see an evident slip of flow on Au, we further reduce Cyt
-400F // \\ x for Au-Ar interactions to 0.3. The NEMD simulation results in
-/ v amA Fig. 3(c) show that the slip length essentially goes down with
Q—SOO [ / \\ | increasing pressure in the supercritical region. For Cg = 0.3,
- [/ \ the solid-fluid attraction force is extremely small, which leads
{2 - \\ / to a strong density depletion near the wall at low pressures.
N -600F \ / At the highest simulated pressure, a strong layering of fluid at
- \\ // the wall is observed. Similar phenomena were also observed in
700F Graphene N / previous MD simulations.!' The significant difference in p(z)
Y Hx/ Seo 7 makes the integral [ dzp(z)V(z) increase by a factor of 22
i 0 136 A ':D from the lowest pressure to the highest pressure in the simu-
-800r —= < lated supercritical states. For Ci = 0.3, therefore, the friction
T S ey coeflicient k increases faster with increasing pressure than the
0 1 2 o 4 viscosity 77, which results in a decrease of slip length with
X (A) increasing pressure.

FIG. 6. The surface potential distribution in the x-direction (flow direction)
on a graphene surface and a Au surface. The surface potential is obtained in a
z-plane located at the position of first density peak of fluid near the wall. The
two potential distributions shown in the figure are obtained along the lines
indicated in the two insets.

amplitude of the potential variation, Vj, on a Au surface is
more than 10 times greater than that on a graphene surface.
According to Eq. (3), the much greater V| on Au surface leads
to a significantly larger friction coefficient, and thus essentially
zero slip length is obtained at all the simulated supercritical
states. It is shown in Table II that the Ly from NEMD simula-
tions is comparable to the magnitude of its uncertainty, which
makes increase of Ly with pressure not evident.

To observe a clear pressure dependence of the slip length
on Au, we reduce the coarseness of the potential surface on Au
by multiplying the attractive part of the LJ potential for solid-
fluid interactions by a factor Cgt. For Cg = 0.7, the slip length
at all the simulated states is enhanced as shown in Fig. 3(c). In
the supercritical region, however, the slip lengths are still too
small to see a clear pressure dependence. As a comparison, we
also set Cy = 0.7 for solid-fluid interactions on graphene. It is

lll. SUMMARY AND CONCLUSIONS

In summary, we studied the dependence of the slip length
of supercritical argon fluid on graphene as a function of pres-
sure. Using both equilibrium and non-equilibrium molecular
dynamics simulations, we found, consistently, that the slip
length first decreases with increasing pressure at the vapor state
due to the reduced mean free path of vapor molecules, and
then increases with increasing pressure because the viscosity
of fluid increases much faster with increasing pressure than
the friction coefficient. The minimum slip length is obtained
at the pressure close to the critical pressure, when the structure
of the fluid transitions from gas to liquid-like, which coincides
with an onset of a rapid fluid viscosity increase with increasing
pressure.

Although the presence of the minimum slip length is quite
general, however, on most surfaces at the high pressure regime,
the slip length is very small, and from a practical consideration,
it is equal to zero (no-slip boundary conditions). We demon-
strated that this is the case even for an atomistically smooth
gold surface. The high atomic surface density of graphene
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leads to a very smooth energy landscape associated in-plane
slip. Therefore, in this case, the surface friction is very low and
weakly pressure dependent. These characteristics expose the
role of increasing fluid viscosity at high pressures leading to a
significant slip length increase.
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