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Slippage dynamics of confined water in graphene oxide capillaries
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The permeation of water between neighboring graphene oxide (GO) flakes, i.e., 2D nanochannels, are
investigated using a simple model for the GO membrane. We simulate the hydrophilic behavior of nanocapillaries
and study the effect of surface charge on the dynamical properties of water flow and the influence of Na* and
CI™ ions on water permeation. Our approach is based on extensive equilibrium molecular dynamics simulations
to obtain a better understanding of water permeation through charged nanochannels in the presence of ions. We
found significant change in the slippage dynamics of confined water such as a profound increase in viscosity/slip
length with increasing charges over the surface. The slip length decreases one order of magnitude (i.e., 1/30) with
increasing density of surface charge, while it increases by a factor of 2 with ion concentration. We found that com-
mensurability induced by nanoconfinement plays an important role on the intrinsic dynamical properties of water.
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I. INTRODUCTION

Nanocapillaries play an important role in the design of
materials for filtration and separation because of their unusual
fundamental behavior arising at the molecular scale [1,2].
Stacked graphene oxide (GO) sheets are the oxidized form of
hydrophilic graphene nanosheets with a high density of oxygen
containing functional groups (e.g., hydroxyl, carboxyl, car-
bonyl, and epoxy groups). Individual GO flakes are exfoliated
by dissolving GO in water with the help of ultrasonication
and bulk residues. The space between the neighboring GO
flakes creates 2D nanochannels that may allow water to pass
through while rejecting the flow of contaminants. The ultrafast
permeation of water through GO membranes has led to a large
interest in the development of nanofiltration membranes. Nair
et al. observed that a sub-micrometer-thick GO membrane
can be completely impermeable to liquids, vapors, and gases,
including helium, whereas it allows unimpeded permeation
of water [3]. This is very promising for water desalination and
gas selection applications, and for experimental and theoretical
studies of nanofluidics [4]. The nanoscale GO membranes can
be used to achieve accurate and tunable ion sieving [5].

Numerous studies based on molecular dynamics (MD)
simulations identified key factors that affect transport through
nanocapillaries [1,2,6]: the breakdown of uniform water den-
sity; the water-solid wall slip length which is found to be much
larger than capillary sizes; dynamical properties different from
bulk, etc. Despite recent progress, the molecular mechanisms
underlying the diffusion of water in charged porous media
(hydrophilic materials) and the interplay between the effects
of a charged surface and ions are not understood so far.

The behavior of Na® and Cl~ ions in bulk water or at
the interface of hydrophobic/hydrophilic media was widely
investigated in recent works [7]. However, a few studies
have addressed the effect of the concentration of ions on the
dynamical properties of water in charged nanocapillaries [8].
Determining the slip length of water permeating through GO
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membranes is urgently needed because it will be helpful to
understand the flow through nanocapillaries as mentioned in
recent experimental studies [3,4,9—12]. In fact, the slip length
(L = n/&) is a crucial parameter that determines water flow
within nanochannels. Despite many reports on the slip length
for hydrophobic surfaces [13], there are very few reports on
the slip length over hydrophilic surfaces or charged surfaces.
For instance Wei et al. reported two orders of magnitude
reduction of the slip length of water in the presence of
chemical functionalization and nanoconfinement in graphene
oxides [14].

Here, we study systemically the influence of ion concentra-
tion and surface charge on the dynamical properties of confined
water and elucidate the influence of capillary size. In particular,
a mixture of H,O, Na™, and Cl~ inside a nanocapillary made
of graphene layers will be investigated. We found a significant
change in the water slip length versus surface charge while the
ion concentration has much less influence on it. The charge
distribution over graphene sheets mimics the microscopic
nature of a GO membrane (see Appendix). The distributed
charge plays the role of functional groups in graphene oxide.
In the Appendix, we showed the consistency of this simple
model. In fact, such a model can be promising because it
ignores unnecessary details and reduces the complexity while
allowing us to reproduce the essential physical features. In
particular, commensurability effects result in clear oscillations
in the dynamical properties of confined water which highlight
the importance of accurate size control of the nanocapillaries.

II. MODEL AND METHODS

At the nanoscale a continuum-slip approach (based on
solving the Navier-Stokes equation) is insufficient. The con-
tinuum hypothesis breaks down when the length scale of
the nanofluidic system approaches the molecular scale. Since
fluids are composed of molecules, one option is to calculate dy-
namical properties by computing the motion of the molecules.
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Molecular dynamics (MD) simulations is a standard tool to
investigate nanofluidics at molecular scales because it enables
us to study molecular details of fluid flow (e.g., nanofluidics).
Our methodology and models are suitable to allow MD
simulations of nanoconfined water in the range of nanoseconds
and are reliable enough to reproduce the relevant effects related
to water permeation through nanocapillaries.

A. MD simulations

Using the large scale atomic/molecular massively parallel
simulator LAMMPS [15], we investigated the impact of
surface charges in the confining walls and ion hydration on
the dynamical properties (i.e., diffusion, viscosity, and friction
coefficient) of water confined inside graphene capillaries. Our
simulated system contains two layers of graphene each with
680 carbons, i.e., our configuration unit cell has dimensions
42 A(lx) x 43 A(ly). The number of water molecules varies
between 180 to 4640 depending on the interlayer separation
h, i.e., capillary size. In order to add ions to the system, every
two randomly selected H,O molecules are replaced by an Na™
and Cl™ ion, keeping the total net charge of the system zero.
The graphene layers were fixed at their positions. The SPC/E
model was employed to describe the water molecules [16].

The particles interact via Lennard-Jones (LJ) pair
potentials using ec = 0.071224 kcal mol~!, oc =3.41 A,
enat = 0.130019 kcal mol™!, oy =235 A, e =
0.100143 kecal mol™!, and oo = 4.40 A, and cross LJ
potential parameters were obtained by the Lorentz-Berthelot
combining rules [17,18].

The cutoff radius for the LJ potential was chosen at 10 A.
The NVT ensemble (Nose-Hoover thermostat) is used to keep
the temperature at 300 K. Periodic boundary conditions are
employed along x, y directions and the confinement was along
the z direction. The particle-particle particle-mesh method
was used to compute the long-range Coulomb interaction
with a relative accuracy of 10~*. Water bonds and angle was
fixed by the SHAKE algorithm [19]. In all cases, the total
density of water and ions was kept fixed at 1 g cm™ and a
timestep of 1 fs was chosen. After relaxing the system for
1 ns, the thermodynamical sampling was done for 5 ns to
ensure the smoothness of the correlation function and to realize
convergence to zero for large . The volume of the capillary
is defined by /,/, x (h — oc_o). Here oc_q is subtracted to
exclude the effective graphene interlayer distance of carbon-
oxygen, i.e., the excluded volume effect.

In order to explore the impact of surface charges, we mod-
eled the graphene oxide membrane by introducing excessive
charge on some carbon atoms. Accordingly, we randomly
assigned positive and negative charges (£e) to the atoms with
an average surface charge density of o; the total net charge
on each graphene layer was set to zero. We ensured that the
minimum distance between charges is 3 A. Figure 1(a) gives
a schematic view of the surface charge distribution over a
graphene sheet, and Figs. 1(b) and 1(c) show corresponding
top and side views where red and white colors refer to the
water molecules, and Nat and C1~ are shown by blue and cyan
balls which are trapped between the two graphene layers (gray
lines). The concentration of ions is given by n;/(n; + ny),

FIG. 1. The surface charge distribution over a graphene layer
(a). Top (b) and side (c) view snapshots of ions (cyan and blue
balls) mixture in water (red and white molecules) confined between
a graphene capillary (gray lines). Periodic boundary conditions are
employed in x and y directions and confinement was along the z axis.

where n; and n, refer to the number of ions and water
molecules, respectively.

The average number of neighboring water molecules at
radial distance r of an individual ion is evaluated by

n(r) = %/Org(r)47rr2dr , (1)

where N/ V is the total water density and g (r) is the appropriate
radial distribution function (RDF) between the ion and oxygen
atoms. We used n; and n, as the number of water molecules
within the first and second hydration shells, respectively.

B. Dynamical coefficients

Here we highlight the important details in the calcula-
tion of dynamical properties in the presence of confinement.
There are two principal methods to explore the dynamical
properties using equilibrium molecular dynamics simulations:
direct method based on the Einstein relation—mean square
approaches—and integrating the auto-correlation function
(ACF) over time [20]. In the long time limit, these two methods
are equivalent

1 Co .
lim 5-[G(0) ~ GO = / (Glto)Gto + D)ud
—>0o0 0
@

where G(¢) is any dynamical variable related to some particular
transport coefficient, G () is the corresponding time derivative,
and (), represents a canonical averaging. In fact, different
transport properties can be evaluated using one of these two
equivalent expressions.

Components of the diffusion coefficient D,, where o =
X, Yy, Z, can be determined by inserting the position G(t) =
r%(t) and velocity G(t) = v¥(¢) into Eq. (2). As a result, D,
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can be calculated using

1 o o 2
([r@) = r*(O1);

lim —
t—o00 2t

/0 (v @)v* (o + 1))g )idt 3

Dy

where (); denotes averaging over all atoms [8,21]. Bulk
diffusion coefficient (D) is computed as the average over all the
components of D, in Eq. (3). In the present study, we calculated
the diffusion constants using the mean square displacement
method taking one sample per 10 fs for the linear regression.

Similarly, the (shear) viscosity n can be determined from
the Green-Kubo (GK) formula [22-24] that is based on the
stress tensor ACF. It can be directly obtained from Eq. (2) by
using

G =y mir“ v’ 1),

- 1
— ] - a. B 4
G(t) = V Pyy(t) = E{ mivjv; + 5 ?# Ferl, @

which gives

2
. I 1 o o
Nap = lim - KBTZ[Z’""(”' O’ (1)=r; (O)viﬂ(O))} :

1
V [e.¢]

= KT J, (Pog(to) Pug(to + 1)) dt, (5)
where nqg, V, T, Kg, m; are viscosity tensor component,
volume, temperature, Boltzmann constant, and atomic mass
of particle i, respectively [20]. The summations are taken over
all atoms, and F; and r}; represent the specified component of
the force and distance between ith and jth atoms, respectively.
The expression P,g is defined as the microscopic stress tensor
in the form of the virial equation [25]. The viscosity of bulk
water is subsequently evaluated from averaging over the time
ACEF of the off diagonal components of this symmetric tensor
that include three possible o8 permutations (¢ # 8 = x, y, 2)
aiming to reduce the statistical error [26]. We use the GK
method to calculate the viscosity [Eq. (5)]. There are also
other alternatives using either equilibrium or nonequilibrium
MD simulations which have some technical limitations. For
instance, using the nonequilibrium approach, the obtained
viscosity was found to be highly sensitive to the velocity
profile of the flowing water molecules [6,27]. The stress
tensor components in our simulations were calculated using
the LAMMPS routines [15].

Transport properties in the presence of confinement, due to
inhomogeneities of density, induced by the graphene capillary
are not equal along the lateral (x and y) and the perpen-
dicular (z) directions. When the confinement is removed, all
corresponding components converge to their bulk values. In
the presence of confinement, the diffusion coefficient, D,
along the perpendicular direction is insignificant, i.e., D, <
D,, D,. Here we report the lateral diffusion coefficient, i.e.,
the diffusion coefficient for the confined system is given by
D = (D + Dy)/2.

In order to calculate the viscosity, we define two different
components as follows

Nxy, Nz = %(nxz + nyz)v (6)

where 7., and 5, are the in-plane (along the channel) and
lateral shear (perpendicular to the channel) viscosities, respec-
tively [28]. We will show that both ., and 7, are affected by the
confinement and 7, < 7,,. Since the viscosity is a collective
property rather than a property of a single molecule, we would
expect that the corresponding numerical results using Eq. (5)
are less accurate as compared to the diffusion coefficient [§]
due to the lack of extra atomic averaging ( ); present in Eq. (3).
In MD simulations, an accurate calculation of the ACF tail is
very demanding when evaluating the viscosity, hence we used
the upper limit of 1 ps in Eq. (5) taking one sample per 2 fs [17].

Friction coefficient between solid/fluid interface is obtained
by linear response theory and the Mori-Zwanzig formalism
based on the force auto-correlation function [17,29].

1
© SKgT

here S stands for interfacial area and F* refers to the total
force for each of the lateral components (o = x, y) acting on
the solid due to the fluid. In our simulations, the friction factor
& was obtained by averaging over the lateral components and
the two graphene surfaces.

Then, from the definition of viscosity, we can also define
the relevant components for the slip length of water confined
between graphene oxide layers as

e M
w= L P ®)
Where, the z component has a significant contribution to the
water flow through the nanocapillaries. The slip length is the
distance into the surface at which the tangent to the fluid
velocity becomes zero in a field driven flow. It characterizes the
degree of interfacial friction which depends on the molecular
structure of the surface and the fluid. For a given driving force,
it defines the slip velocity over the surface and a rough estimate
of the Navier slip length is given by 1/§.

:, /0 (F*(10)F (1 + )y )

L

III. SURFACE CHARGE EFFECTS

Nanoconfinement changes the intrinsic properties of water
and the interfacial coefficients. Here, we report results for
the variation of the diffusion coefficient, viscosity, friction
coefficient, and slip length with the height of the channel (/)
for pure water confined between charged graphene surfaces.

A. Diffusion coefficient

In general, confinement suppresses the diffusion coeffi-
cient [30]. We found that the diffusion coefficient oscillates
as a function of the thickness of the water layer due to
commensurability effects [6]. In Fig. 2, we show the variation
of D versus h in semilog scale for graphene sheets with three
different surface charge densities, 0 =0, 0.1, and 1 e nm~—2.
These densities correspond to typical charge densities observed
over carbon and hexagonal boron nitride nanotubes [31,32].
When there is no surface charge, the calculated diffusion

coefficient oscillates for small /. A sudden drop in D (about
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FIG. 2. The variation of the diffusion coefficient with respect to
the graphene capillaries gap in semilog scale for different surface
charge densities of o = 0, 0.1, and 1 e nm~2. The commensurability
of confined water (dashed vertical lines) leads to oscillatory variations
in diffusion coefficient for & < 20 A.

two orders of magnitude) was found for & = 7.0 A which is
attributed to a 2D solidification of water at commensuration of
the water molecule sizes and the channel gap distance [6,33].
The exact value of the slid size depends slightly on the
particular used force field. In contrast to Ref. [8], here we found
that the diffusion coefficient oscillates and is very sensitive
to the height of the channel which is consistent with our
previous work [6]. The horizontal dash-dotted line in Fig. 2
corresponds to our calculated diffusion coefficient for bulk
water, i.e., 2.83 cm? s~!, which is in good agreement with
previous reports 2.79-3.02 cm? s~! [34]. In the presence of
surface charges,e.g.,o0 = le nm 2, the water molecules near
the surface of the confining walls are bonded to the charged
sites causing D to decrease, and it reduces the amplitude of
the oscillations. Comparison between the diffusion coefficient
of neutral and charged surfaces reveals that the surface charge

increases the water diffusion for 4 ~ 8 A while it decreases
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beyond this threshold. As one naturally expects, by increasing
h, the diffusion coefficient very quickly approaches the bulk
value.

B. Viscosity

In Fig. 3, we depict the variation of 7., and n, [Eq. (6)] with
the height of the channel. The dash-dotted line represents our
computed 7 for bulk water 6.6 x 10~* Pa s which agrees with
the reported value of 6.72 x 10~ Pa s obtained using the same
SPC/E model [23]. In the absence of surface charges, we found
that in-plane viscosity 7,, shows similar oscillations at small
separation distances which is consistent with our previous
work [6], see Fig. 3(a). Interestingly, we found a maximum of
Nxy at 7.0 A which corresponds to the minimum in D (Fig. 2).
The lateral component of viscosity 7, is insignificant for small
gap distances and it drastically increases when confinement is
gradually removed, see Fig. 3(b), except for 0 =1 e nm~2,
The latter is due to the stronger adhesion between water
and the charged surface and it is larger than the bulk value.
For instance, at h = 15 A we found o=~ plo=1"and
the ratios nl*="/nl"=% = 55 and »lo=011/nlo=01 = 11 which
shows that surface charges strongly enhance n,. Moreover, the
two viscosity components decrease in the presence of surface
charges which indicates that the interaction with the surface
has a larger effect than confinement. Our results indicate that
adding surface charges increases the viscosity components at
small separation distance while they approach the bulk value
for large h.

C. Friction coefficient

We further calculated the friction coefficient for confined
water using Eq. (7). The results are shown in Fig. 4 for three
typical charge surface densities. Our calculated £ for pure
water (2.3 x 10* N's m™3) over neutral surfaces is close to the
recently reported value of 2.0 x 10*Nsm™3 forkh = 50 A [17].
The surface charge enhances the water/graphene interfacial
attraction, and as a result, the friction coefficient & increases
with up to two orders of magnitude. A noticeable oscillatory
behavior can also be seen forc = 0 and even o = 0.1 e nm 2.
For small £, the friction o increases very strongly which is due

10t 1 ______ o8 _ (b
100 4
3 o=1
% 107"
€ 100 g
< 3
| 100 ‘-W
S E 0=0.1
Z 107! 4
N E
S 10 A
10° 1
101 4 —— bulk 0=0
=

10 15 20 25 30
h (A)

FIG. 3. The variation of the components of viscosity (a) 7., and (b) 1, as a function of the graphene capillary gap distance in semilog scale
for different surface charge densities, i.e.,o = 0,0.1, and 1 e nm~2. The dash-dotted line refers to the viscosity of bulk water (6.72 x 10~* Pas).

The vertical dashed lines indicate the commensurate distances.
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FIG. 4. The variation of the frictional coefficient £ as a function
of the graphene capillary gap distance in semilog scale for different
surface charge densitiesof 0 = 0,0.1,and 1 e nm 2. The dash-dotted
line represents the reported & (2.0 x 10* Ns m™3) for h = 50 A [17].

to the stronger adhesion between water and the charged sur-
faces. For a given h = 15 A, we can compare the frictional co-
efficient for different surface charges, i.e., £[°=11/£[0=01 = 24
and £[°=0-11/£10=01 — 6 5 indicating the hydrophilicity of GO
surfaces. It is also interesting to note that the larger the surface
charge density, the less pronounced are the commensurability
effects. The larger difference £1°=0"11 — £l0=01 35 compared to
glo=1 — glo=011 shows the strong impact of functional groups
(over GO) on the interfacial friction coefficient.

IV. EFFECTS OF IONS

To investigate the effect of solvation we consider as an
example Na™ and C1~ ions and study its effect on the dynamical
properties of confined water. In agreement with previous
works [35], we found that adding ions linearly decreases the
diffusion coefficient while it increases the viscosity regardless

Na* hydration

150
a — 84
125 —( ) —— 104
—— 204
100 —— bulk
ZE 5k
c — =
] o]
50 - @ G
% 2
L ~N
25
0 1 1 1 1 1 1

of confinement. This can be attributed to the hydration effect of
ions which decreases the mobility and suppresses the dynamics
of the water molecules. Hydration is a crucial phenomenon
in the water filtration process which is altered by nanosize
confinement [7]. In Figs. 5(a) and 5(b), we plot the average
number of water molecules n(r) [Eq. (1)] near Na*/Cl~ ions
atradial distance r for few confinement distances: bulk, 7 = 8,
10, 20 A. The number of H,O at the first (n;) and second
(n,) hydration shells are listed in Table I. It is seen that n; is
not affected by & except for CI™ at the very small slid size
of 8 A which is due to its relatively large effective atomic
radius. Notice that confinement reduces drastically the number
of water molecules in the second hydration shell (with about
a factor of 2) which is an important parameter for water/ion
permeation through GO capillaries [5].

We found that the presence of ions reduces the frictional
coefficient. Figure 6 shows the variation of £ with separation
distance h for three different ion concentrations, i.e., 0, 1,
and 5%. The dash-dotted line represents the reported & (2.0 x
10* Nsm~?) for h = 50 A [17]. At large & the suppression of
the friction due to the presence of ions is clear. For example, for
15 A the decrease of £ with ion concentration is £13%] /g[purel —
0.69 and &£[1%1/glpurel — .91, The reason is that when ions
are present, they are surrounded by water molecules because
of the hydration effect. As a result, the water molecules
will contribute less to water-surface interactions. Moreover,
we obtained similar fluctuations in the friction coefficient at
small /# due to the previously discussed commensurability
effects.

V. CONCLUSIONS AND DISCUSSION

Our MD simulations revealed that the intrinsic dynamical
properties of water strongly depends on the commensurability
of water molecules encapsulated in graphene oxide capillaries.
More importantly, the transport parameters exhibit oscillatory
variations particularly when the confinement is less than
20 A. At such commensurate states, confined water forms
distinct layers which occurs at specific gap distances [6]. We
found that almost all dynamical properties are affected by
this commensurability effect. Table II quantifies the diffusion,

Cl~ hydration

150
125 -( b)
100

75

n(r)

50 -

FIG. 5. The variation of the average number of water molecules n(r) from Na* (a) and C1~ (b) ions calculated by using Eq. (1) as a function
of radial distance r for difference graphene interlayer distances. The two vertical dashed lines indicate the first and second hydration shells
which are obtained from appropriate RDFs between ions and oxygen atoms of the water molecules.

074004-5



H. G. KALASHAMI, M. NEEK-AMAL, AND F. M. PEETERS

PHYSICAL REVIEW MATERIALS 2, 074004 (2018)

TABLE I. The number of water molecules in the first and second
hydration shell which are accumulated around Na™ and C1~ ions, see
Figs. 5(a) and 5(b), for different confinement.

Ion 8 A 10 A 20 A bulk

ny n; ny n; ny ny n ny

CI™ 6.5 123 82 169 82 243 82 267
Nat 5.7 123 57 169 57 242 57 245

viscosities, frictional coefficient, and slip lengths for several
selected confinement distances. It is important to note that all
extrema occurs at the same interlayer distances that support the
fact that commensurability underlies the oscillatory behaviors.
The underlined red (double underlined blue) colored numbers
represent the local maximum (minimum) in their correspond-
ing figures. Here we considered only pure water without
surface charges. By increasing the slid size commensurability
disappears gradually and the results coincide with the bulk
values.

The density profile along the confinement direction (z axis)
is shown in Fig. 7 to demonstrate the commensurability. The
graphs are shifted for different interlayer distances and the col-
ored zones refer to the specific number of water layer. The red
colors (6.1, 8.3, and 12.1 A) represent the commensurate states
with a distinct number of water layers, and the blue colors (7.0,
10.1, and 14.1 A) refer to the state just before a new layer of
water forms. Interestingly, the colored density profiles corre-
spond to the extrema in the values of dynamical properties, see
Table II. Moreover, the number of intra(inter)hydrogen bonds
of the layers is an additional quantity that gives us similar
information on the commensurability effect.

We calculate the slip lengths for all the above discussed
cases using Eq. (8). The slip length is the distance at which

10!
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FIG. 6. The friction coefficient £ as a function of nanocapil-
lary distance for pure water, 1%, and 5% ion concentrations. The
dash-dotted line represents the reported £ (2.0 x 10* N s m~>) for
h=50AT17].

TABLE II. Dynamical properties, i.e., diffusion, viscosities, fric-
tional coefficient, and slip lengths for several selected confinement
distances exhibiting oscillatory behaviors induced by the commen-
surability effect. The underlined gray (double underlined black)
colored numbers represent the local maximum (minimum) values.
For simplicity, we only consider pure water without surface charges.

h (A) 61 70 83 101 121 141 202
D(10-5em?s~') 2.3 0.005 2.0 0.03 23 0.14 24
Ney (107 Pas) 86 155 83 10 74 88 74
7. (10~ Pass) o o 004 13
§(0°Nsm™) 45 05 14 30 31 36 27
L., (A) 195 24457 59 377 150 250 263
L. (A) 027 295 140 48

the linearly extrapolated velocity reaches a no-slip condition.
Figure 8(a) shows the two components of the slip length, L,
and L., for different surface charge densities o as a function
of the slid size. When o = 0 and for large &, our obtained slip
lengths for L, (250 A)and L . (200 A)are comparable with the
reported values of 290 A [17] (dash-dotted line) for bulk water
over graphene. Note that in recent studies [14,17], a constant

pure water
N——er——— "\ 16.14
NDNheor——__\. 15.04
~4 Iayersw 14.1 A
N "\ 13.0 4
o N~ A\ 12.14
= ~3 layers N~ N 11.2 A
ég IS\ 10.1 4
> N\ 9.84
g 2 layers M 8.3 A
[ NN 8.0 A
= JAZAN 75 A
I\ 734
N\ 7.04
1 layer JAN 6.6 A
j\ 6.1A
I T (N I | NN N (N N N T Y I N | 1 1
-10 =5 0 5 10

z (A)

FIG. 7. Density profile of oxygen atoms along the confinement
direction (z axis) for pure water without surface charges. The graphs
are shifted for the different interlayer distances and the colored zones
refer to the numbers of water layer. The red color (6.1, 8.3, and 12.1 A)
represent the commensurate states with distinct water layers, and the
blue colors (7.0, 10.1, and 14.1 /f\) refer to the state just before a new
water layer forms.

074004-6



SLIPPAGE DYNAMICS OF CONFINED WATER IN ...

PHYSICAL REVIEW MATERIALS 2, 074004 (2018)

(a) 102

10!

102

10!

slip length (4)

103
10!

PRI 1 TN N TN N AN Y N B B B B |

10 15 20 25 30
h (A)

(b)
103

10!

103

10!

slip length (4)

103
10!

|
|
|
0
o T
TN TN TN N YT T T T T O T O |

10 15 20 25 30

FIG. 8. Components of the slip length L,, and L, for different surface charge densities of o = 0, 0.1, and 1 e nm~2 (a) and for pure

water, 1%, and 5% ion concentrations (b). The dash-dotted line indicates the reported hydrodynamic slip length (280 A) fora gap distance of

30 A [17].

bulk viscosity was assumed in the calculation of the slip length
even for small gap distance, i.e., 1 < 30 A. If we use the bulk
viscosity (6.72 x 10~* Pa s) in the numerator of the slip length
equation namely n/& without taking into account the impact
of confinement, we found L = 285 A which is in agreement
with their reported slip length. In order to find a #-dependent
slip length, we include the effects of confinement to both
viscosity and friction coefficient. We found that L, fluctuates
particularly at small ., however, L, is much smaller at small
distances, i.e., h < 15 10\, while it rapidly increases to the bulk
value, see Fig. 8. In the presence of surface charges, slip lengths
drastically reduce due to the fact that water molecules bind to
the graphene surfaces. This is qualitatively in agreement with
the experimental results for GO with oxygen groups [36]. It
was also reported that a GO with 20% oxygen groups has
a slip length of two orders of magnitude smaller than that
over a graphene sheet which is comparable with our results
shown in Fig. 7(a) [36,37]. In fact water permeability through
a GO membrane is very complicated, for instance the water
permeating through nanochannels made of GO is controlled by
the size, structure, and distribution of pores as well as the length
of the channels [36]. We argue that when water is confined in
a nanocapillary with Angstrom scale size, the major influence
on the slip length is due to L, while L is much more sensitive
to channel height.

The slip length components for different ion concentrations
of Nat/CI~ 0, 1, 5% are shown in Fig. 8(b) which reveal
only a small influence of the presence of ions. The effect is
considerable for large concentration if we compare the two top
panels of Fig. 8(b) with the bottom one. Recently, Abraham
et al. [5] studied the importance of the size of ions and its
corresponding hydration. They found that water molecules
stabilize ions by forming concentric hydration shells such that
when an ion enters a channel some water molecules must be
removed from the hydration shell leading to the effect that if
ions are weakly bound by water molecules, they can easier
enter into nanochannels. Here, we did not study the entrance
barrier of the channels, instead we focused on the dynamical
properties and resistance against diffusion of the ions inside the
channel. Therefore, our results represented in Fig. 8(b) are not

directly comparable with experimental results [5]. However,
it is seen that by increasing the concentration of ions the slip
length slightly decreases and the sensitivity of the hydration
shell to the channel size is shown in Figs. 5(a) and 5(b), which
are consistent with recent experiments [5,38]. It would also
be interesting to note that GO membrane spacings can be
controlled by certain type of cations (e.g., K™) which can
efficiently and selectively exclude permeation of other cations
that have larger hydrated volumes [38].

Finally, we conclude that the concentration of ions does not
dramatically change the slip length (this is relevant for recent
experiments where the effects of ions with different hydrated
diameters were found to be minimal [7]) while surface charges
on the graphene surface and commensurability induced by
confinement have a profound influence on the dynamical
properties. The significant variation of the slip length with
respect to the microscopic details of nanocapillaries and
the complexity of the problem shows that more studies are
needed (see Appendix). Our predictions of large slip lengths
for water flow through charged nanocapillaries and in the
presence of ions provide an important contribution to the field
of nanofluidics and gives more insights on the underlying
physics.
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APPENDIX

We performed several extra MD simulations in order to
validate how close our simple model, based on surface charges,
is to describe more real graphene oxide nanocapillaries. For
comparative reason, we simulated two systems, one with
excessive surface charges and the other containing functional
groups, i.e., epoxy (O-) and hydroxyl (OH-) using a similar
setup as discussed in the model and method sections of the
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FIG. 9. Side view snapshot of water and graphene oxide nanocapillary containing epoxy and hydroxyl functional groups implemented by
OPLS potentials (a). For comparative reason, the diffusion coefficient, as a typical dynamical property, is obtained for pure water (b) and water
with 5% ion concentration (c) using our surface charges model and OPLS. Both results are very close supporting the use of our charge surface
model (blue bottom scale) to describe the impact of functional groups (red top scale) over GO surface. The scale Dy refers to the diffusion
factor of pristine graphene, and the average capillary interlayer distance is 1 nm.

main text. The O- and OH- groups are randomly added to
both sides of the graphene sheets, and they are not allowed
to diffuse during simulations. We assumed that the functional
groups have at least a radial distance of 3 A. We introduce
the ratio np/n¢, where np and n¢ stand for the number of
oxide sites and carbon atoms, respectively [see Fig. 9(a)], in
order to make a link with the synthesis of graphene oxide
reported in experiments [39]. The same SPC/E model [16]
employed for water molecules and optimized potentials for
liquid simulations (OPLS) has been used for the functional
groups that contains bonds, angles, dihedrals, and nonbonded
interactions [40]. The water-GO interaction was described
by LJ 6-12 and Coulomb pair potentials [40]. Furthermore,
the adaptive intermolecular reactive empirical bond order
(AIREBO) potential was used for the graphene layers [41]. The
graphene oxide layers are free to move with average separation

distance of 1 nm, and the total density of 1 g cm™> of water
was obtained after relaxing the system.
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InFigs. 9(b) and 9(c), we depict the variation of the diffusion
coefficient of pure water and 5% concentrations as a function
of np/nc for graphene oxide (red top scale) and compared
it with those obtained from varying surface charge density o
(blue bottom scale). The results are very close which justifies
the use of our more simple model in this work. As a result,
replacing functional groups with charges over the graphene
surface is a physically meaningful simplification in modeling
and simulating the dynamical properties of water inside GO
membranes.

Figures 10(a) and 10(b) show a comparison of the corre-
sponding density profiles of pure water and water with 5% ion
concentration along the confinement direction for the excessive
surface charge model (solid blue lines) and the OPLS model
(dashed red lines). The results indicate that both are almost the
same and commensurability exists in the latter model albeit it
is a little suppressed due to the presence of functional groups
between the surface and water.
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FIG. 10. Corresponding density profiles of oxygen atoms in water along the confinement direction (z axis) of pure water (a) and 5% ion
concentration (b) are evaluated from the surface charge density model (solid blue lines) and the model with functional groups coverage (dashed
red lines). The graphs for each surface charge density (functionals) are shifted.
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