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Abstract

Over the past decade, graphene oxide (GO)
has emerged as a promising membrane ma-
terial with superior separation performance
and intriguing mechanical/chemical stability.
However, its practical implementation remains
very challenging primarily due to its undesir-
able swelling in aqueous environment. Here
we demonstrated that dissociation of water
molecules into H3O™ and OH™ ions inside the
interlayer gallery of layered GO membrane can
strongly affect its stability and performance.
We reveal that H;O™ and OH™ ions form clus-
ters inside the GO laminates that impede per-
meance of water and salt ions through the mem-
brane. Dynamics of those clusters is sensitive
to an external ac electric field, which can be
used to tailor the membrane performance. The
presence of H3O" and OH™ ions also leads to
increased stability of the hydrogen bond (H-
bond) network among the water molecules and
the GO layers, which further reduces water per-
meance through the membrane, while crucially
imparting stability to layered GO membrane
against undesirable swelling.

KEYWORDS: layered graphene-oxide mem-
brane, aqueous stability, HsOt and OH™ ions,
external electric field, molecular dynamics

1 Introduction

Over the last decade, there have been exten-
sive studies on graphene-based membranes such
as single and multi layered graphene,? carbon
nanotube (CNT)? and graphene oxide (GO),* ¢
which revealed their superior water flux with
intriguing mechanical and chemical stability.
Porous monolayer graphene was attributed
with water permeability several orders of mag-
nitude higher than conventional reverse os-
mosis (RO) membranes (=~ 2Lm~2h~tbar~1)"®
with exceptional salt rejection (almost 100%).
Unfortunately, industrial scale production of
atomically thin membranes and creating high-
density nanopores on them without affecting
the mechanical rigidity is technologically very
challenging. On the other hand, layered GO
membranes are highly scalable and are compat-
ible with presently available membrane-based
technologies. Consequently, they rapidly gain
enormous interest from the research commu-
nity.®** Driven by the extensive research over
the years, GO has emerged as a highly potent
alternative to conventional membrane materi-
als for a wide range of applications such as sea
water desalination,!>'6 water purification,'"!®
ion sieving,'®?" molecular separation,?!?2
sensing 2324
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While dried GO laminates are completely im-
permeable to gas and liquids®, the hydrated GO
laminates get rapidly intercalated by several
layers of water.%?® This can be attributed to
the strong interaction of the oxygen-containing
functional groups with water. ~ While this
phenomenon facilitates water transport, it of-
ten leads to swelling of layered GO mem-
branes in aqueous environment which can sig-
nificantly deteriorate its performance.?%?” Be-
cause of this, smaller ions (ions with hydrated
radii < 4.5 A) can easily pass through the lay-
ered GO membranes.*

In recent years, a number of strategies
have been suggested to address the issue of
undesirable aqueous swelling of layered GO
membrane or to tune its interlayer spacing.
These strategies include partial reduction of
the GO nanosheets,?®? using external cross-
linker for GO nanosheets,3%3! electrochemi-
cal oxidation,!” intercalating large nanomate-
rials,??33 nitrogen doping,®* physical confine-
ment of the GO laminates,?*35 chemical mod-
ifications and external pressure regulations36-37
etc. However, these strategies have certain
functional drawbacks which limits their use
in layered GO membranes for practical appli-
cations. For example, the partial reduction
of the GO nanosheets significantly lowers the
water flux. This also severely affects the sur-
face hydrophilicity and antifouling properties of
the membrane.3® Similarly, the use of external
cross-linkers and intercalating nanomaterials
may result in lower water flux® and some of
them show little rejection for smaller ions. 494!
Construction of these nanomaterials is also a
difficult task. Along with this, maintaining the
stability of these types of membranes and their
scalability is also quite challenging. 4?44

Recently, it was suggested that intercalat-
ing the GO laminates with cations such as
K+, Li*, Nat, Mg?t, Ca’t etc. could im-
part aqueous stability to layered GO mem-
branes against swelling. >4 They can also be
used to tune the interlayer spacing of layered
GO membranes. However, intercalating lay-
ered GO membranes with such cations is not
suited for water purification applications, as ex-
actly these cations deemed to be rejected from

the feed solution. However, following the same
idea, one can consider the generation of H;O
ions inside the interlayer gallery of layered GO
membranes under the influence of external elec-
tric field. Recently, Zhou et al.*" demonstrated
the idea of electrically controlled water perme-
ation through layered GO membranes with ex-
perimental and theoretical studies where they
reported the clustering of H3O1/OH™ ions in-
side the membrane. Applying an external elec-
tric field could also improve the performance of
graphene-based membranes. %849 In fact, in mi-
cro and nanoscale regime, fluid transport can be
effectively and easily controlled by the applica-
tion of an external electric field. Also, coupling
electric field to the conventional pressure driven
processes for separation and purification appli-
cations will provide additional degrees of free-
dom to effectively control the transport process.

In the present study, we have investigated the
performance of layered GO membranes under
the influence of an external electric field. As the
water molecules can get dissociated into H3O
and OH™ ions under the influence of an external
electric field, we consider the presence of H;O™
and OH™ ions inside the interlayer gallery of
layered GO membranes. We use molecular dy-
namics (MD) simulation to gain detailed atom-
istic insights into various factors. The effect of
the presence of H3Ot/OH™ ions and the ex-
ternal electric field on the water and salt dy-
namics is reported in detail in subsequent sec-
tions. These factors also significantly influence
the internal structure of a layered GO mem-
brane, which is a crucial parameter in deter-
mining its performance.

2 Methodology

To prepare the simulation setup for our MD
simulations, we first constructed the layered
GO membranes. For this, GO nanosheets of
two different sizes are constructed using Vi-
sual Molecular Dynamics (VMD)% and Avo-
gadro® as shown in Fig 1(a). The sizes of the
GO nanosheets are 39 x 48 A% and 31 x 48
A2 The chemical composition of the GO
nanosheets is C100;(OH);(COOH)(5.72°% In
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Figure 1: (a) GO nanosheet. (b) Typical functional groups on a GO nanosheet. (c) Layered GO
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Figure 2: Simulation setup. The feed solution of Nat and Cl~ ions is pressed through the layered
GO membrane, in the presence of an external electric field as depicted.

the GO nanosheets, the epoxy and hydroxyl in space to construct the layered GO membrane
groups are located on the basal plane while the  as shown in Fig. 1(c). In Fig. 1(c), the parame-
carboxyl groups are located at the edges®®°®  ters D, W and H are the geometric parameters
(Fig. 1(b)). These GO nanosheets are arranged of the membrane known as pore width, pore



offset distance and interlayer distance, respec-
tively. In the present study, the values of D,
W and H are 12 A, 8 A and 12 A, respectively.
To study the effect of H3O"/OH™ ions on the
performance of layered GO membranes, three
different cases of water dissociation are consid-
ered as follows:

e Pure: no water molecule is dissociated.

e 3%: 3% of the water molecules are dis-
sociated into H;O' and OH™ ions inside
the interlayer gallery of layered GO mem-
branes.

e 10%: 10% of the water molecules are dis-
sociated into HsO™ and OH™~ ions inside
the interlayer gallery of layered GO mem-
branes.

The membrane is first hydrated with an equi-
librated water box. The H3O"/OH~™ ions
are then randomly placed inside the interlayer
gallery of the hydrated layered GO membrane
and subsequently equilibrated at a constant
temperature of 300 K and at a constant pres-
sure of 1 atm. A 0.56 M aqueous NaCl solution
is considered as the feed solution to mimic the
sea water osmotic pressure (about 27 atm). It
contains 10* water molecules, 108 Na* ions and
108 Cl™ ions. The simulation setup is shown
in Fig. 2. A graphene piston is used to ap-
ply a transmembrane pressure P on the feed
solution, and E is the applied external electric
field. Both P and E are applied along —Z direc-
tion. We considered P as 50 MPa, which seems
quite large as compared to the transmembrane
pressure used in practical applications. How-
ever, in typical MD simulations it is a common
practice to use large transmembrane pressure
to get sufficient water permeation in the short
simulation time, mainly limited by the compu-
tational cost.®”® The external electric field E
used in this work is an oscillating ac field given
by E = Ejcos (wt — ¢). Here Ey is the ampli-
tude, w is the frequency, and ¢ is the phase at
the initial time step. The used value of Ej is
0.1 V/A which is seemingly high for real world
applications but is often used in MD simula-
tions to yield better signal-to-noise ratio.*® The

values of w and ¢ are 0.005 fs~! and 90°, re-
spectively. Simulations are performed for sole
reverse osmosis (RO) and reverse osmosis as-
sisted by an external electric field (RO+E). On
the permeate side, a graphene sheet is placed as
a reservoir wall which is fixed in space during
the course of the simulations.

To perform the MD simulations, NAMD
2.14% package is used with OPLS-AA force
field parameters.%! Water molecules are mod-
eled using the SPC water model.% The bond
lengths of the water molecules are constrained
using SETTLE algorithm.% The van der Waals
interactions are computed using Lennard-Jones
potential with a cut-off distance of 12 A. For
the computation of the long range electro-
static interactions, Particle mesh Ewald (PME)
method® is used.

Each of the simulation system is first energy
minimized and then subsequently equilibrated
for 2 ns at a constant temperature of 300 K and
at a constant pressure of 1 atm. For controlling
the pressure, modified Nosé-Hoover method is
used with a barostat oscillation time and damp-
ing factor of 0.3 ps. Temperature is controlled
using Langevin dynamics with a damping fac-
tor of 5 ps~!. Finally, production runs are per-
formed for 20 ns at a constant temperature of
300 K. During the production runs, the GO
nanosheets (except at the top and bottom of
the membrane) are constrained in the XY plane
while they are free to move along the Z direc-
tion. The corner C atoms of the GO nanosheets
located at the top and bottom of the membrane
are fixed in space, so that membrane boundaries
can be clearly distinguished. Periodic boundary
conditions (PBC) are applied along all the di-
rections. Along Z direction, an empty space
(vacuum) of 50 A in length is applied both at
the top and bottom of the simulation system.
For each of the simulation system, 3 indepen-
dent simulations are performed, each with dif-
ferent initial configurations. The results are
then averaged over these 3 independent simu-
lations.
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Figure 3: (a) Rate of water permeance through layered GO membranes. (b) Intermittent H-bond
lifetime between water molecules and the GO nanosheets.

3 Results and discussion

From our MD simulations, first we computed
the water permeance through the layered GO
membranes. We start from the number of water
molecules which permeate through the mem-
brane from the feed solution to the permeate
side (Ngp). Although the net driving force is
along the —Z direction, i.e. from the feed solu-
tion to the permeate side, because of the ther-
mal motions, a few water molecules have found
their way from the permeate side to the feed
solution (Npg). The water permeance is then
calculated as the difference between Npp and
Npr (i.e. water permeance = Npp — Npp).
Fig. 3(a) shows the rate of water permeance
through layered GO membranes for different
cases. It is observed that water permeance is
highest for the Pure case followed by the cases
of 3% and 10% water dissociation. This ob-
servation is in accordance with the observation
reported by Zhou et al.*” As in Ref. 47, we
also observed that H;O" /OH™ ions form clus-
ters inside the interlayer gallery of layered GO
membranes which impedes the water perme-
ation through the membranes. This cluster-
ing can be attributed to the strong hydrogen
bonding (H-bond) between H3O1/OH™ ions as

shown in Fig. S1 of the supporting information.
For the 10% case, this clustering is more promi-
nent which leads to the lowest water permeance.
However, we observed that apart from this clus-
tering of H3O1T/OH™ ions, there is another sig-
nificant cause of this difference in water perme-
ance, which is the stability of the H-bond be-
tween water molecules and the GO nanosheets.
Also, it is found that the external electric field
influences the water permeance through layered
GO membranes for each of the cases indepen-
dently (i.e. Pure, 3% and 10%). This will be
discussed in the subsequent section.

The lifetime of the H-bond is calculated from
the long time decay of the following autocorre-
lation function:%

< h”<t0) hij(tO + t) >
pot (1)
~ exp{— 1},
Tk

Ck(t) =



where

1 If there is a H-bond between
molecules i and j at times tg
and ¢, and the bond has not

i(t) been broken for any period
longer than t*;
0 Otherwise.
The limiting cases t* = 0 and t* = oo, cor-

respond to continuous (C.(t)) and intermit-
tent (Cj(t)) H-bond autocorrelation function,
respectively (k = ¢ for continuous and k = ¢
for intermittent H-bond autocorrelation func-
tions). Considering the complexity of the sim-
ulation system, in the present study, we con-
sider the lifetime of H-bond computed from the
intermittent H-bond autocorrelation function
(7:). However, the qualitative trend for the con-
tinuous H-bond autocorrelation would be the
same. Fig. 3(b) shows the H-bond lifetime be-
tween water molecules and the GO nanosheets.
For the 10% case, the H-bond between water
molecules and the GO nanosheets are most sta-
ble (or strong) followed by the 3% case and the
Pure case. This is also observed from the H-
bond dynamics reported in the supporting in-
formation (Figs. S2-S4). Because of this stable
H-bond between water molecules and the GO
nanosheets, there is lowest permeation of water
molecules for the 10% case followed by the 3%
and Pure cases as observed in Fig. 3(a). Notice
that the external electric field has very little im-
pact on the H-bond lifetime between the water
molecules and the GO nanosheets, as can be
seen from Fig. 3(b).

The difference in the stability of H-bond be-
tween water molecules and the GO nanosheets
for different cases can be attributed to the wa-
ter orientational relaxation dynamics (Ce). It
gives an idea about how fast water molecules
are rotating/changing directions. A fast decay
of C, signifies that the water molecules are ro-
tating/changing directions rapidly. Ce is a time
correlation function calculated as follows: %

Co =< B|e(ty) &ty +1)] >  (2)

where € is the unit vector along the dipole vec-

tor and P; is the second-order Legendre poly-
nomial. Figures 4(a) and 4(b) show the water
orientational relaxation dynamics (C,) inside
the interlayer gallery of layered GO membranes
for the RO and RO+E cases, respectively. It
is observed that the presence of H3Ot/OH~
ions significantly affects C, inside the inter-
layer gallery of layered GO membranes. With
the presence of H3OT/OH™ ions, the water
molecules rotate/change directions very slowly,
which facilitates stronger (or more stable) H-
bond network between water molecules and GO
nanosheets. This slow rotation of the water
molecules is caused by the clustering of the
H307/OH™ ions and interactions of the water
molecules with H;O" /OH™ ions as reported in
the supporting information (Fig. S5). This ef-
fect is more prominent for the 10% case followed
by the 3% and Pure cases. It is also observed
that the external electric field used in this study
has very little influence on C,g, as shown in Fig.
S6 of the supporting information. However, an
electric field with significantly higher frequency
does influence C,, as shown in Figs. S15, S16
and S17 of the supporting information.

The external electric field and the presence
of H3O1/OH™ ions also significantly influence
the internal structure of the layered GO mem-
brane. To investigate this, we computed the
pore size distribution (PSD) of the mem-
brane. However, it should be noted that PSD
is not directly related to W (Fig. 1(c)), al-
though the terminology looks similar. W is a
geometric parameter of the membrane, while
PSD shows how much vacant space (or voids)
are available inside a membrane for the wa-
ter /ions/impurities to permeate through. Here,
PSD is calculated using the method proposed
by Bhattacharya and Gubbins.%” Pore size at a
given point of a model structure can be defined
as the largest sphere that encompasses the given
point without overlapping the neighboring wall
atoms. For the calculation of PSD, first a cu-
mulative histogram C'(D) is constructed, where
C(D) represents the probability of finding a
point inside the model structure with a pore
size larger than or equal to D. Then PSD is
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Figure 4: Water orientational relaxation dynamics (C,) inside the interlayer gallery of layered
GO membranes, in cases of (a) RO, and (b) RO4E for different degree of dissociations of water

molecules.

calculated as

dc(D)
D (3)

PSD(D) = —

Figs. 5(a) and 5(b) show the C'(D) for RO
and RO+4E cases, respectively. Similarly, Figs.
5(c) and 5(d) show the PSD for these re-
spective cases. Notice that the presence of
H30%/OH™ ions leads to a decrease in pore
sizes both in the lower and the upper ranges
of the pore size distribution. However, it leads
to an increase in the pore size in the middle
range. The decrease in the larger pore size
of layered GO membranes in the presence of
H30%/OH™ ions signifies that these ions can
arrest swelling of layered GO membranes in
aqueous environment. This finding can clearly
be attributed to the stronger H-bond between
the water molecules and the GO nanosheets in
the presence of H3O1t/OH™ ions. The effect of
H-bonding is evident from the fact that the wa-
ter molecules located close to the H;O™/OH~
ions form stronger H-bond with GO nanosheets
as compared to water molecules located away
from the H;O"/OH™ ions as shown in Fig. 6.

Along with higher water flux, the ability of a
membrane to reject undesirable impurities/ions
is also important. Typically, a good quality
membrane should have high water flux with
low salt/impurity permeability (i.e. high re-
jection). However, there is a trade-off between
these two qualities depending on specific ap-
plications. Considering the limited timescale of
the MD simulations, it is challenging to get sta-
tistically noise-free sampling of the ion perme-
ation through the membranes. So, to compare
the rejection ability (or ion permeance) of dif-
ferent layered GO membranes, we consider the
amount of ions that are intercalated inside the
membrane during the course of the simulation.
Figs. 7(a) and 7(b) show the observed rate of
ion intercalation inside layered GO membranes
for CI~ and Na™ ions, respectively. With the
increase in the water dissociation, layered GO
membrane become more impermeable to both
Cl~ and Na™ ions as can be seen from Figs.
7(a) and 7(b), respectively. This can be at-
tributed to the clustering of H;O"/OH™ ions
inside the membrane. Along with this, sta-
bility of H-bond between the water molecules
and the GO nanosheets also influences the per-
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Figure 5: (a), (b) C(D) and (c), (d) PSD for layered GO membranes. (a), (¢) for RO and (b), (d)

for RO-+E case.

meability of Na™ and Cl~ ions. With the in-
crease in the number of H;O1/OH™ ions, the
H-bonding between the GO nanosheets and the
water molecules located in the hydration shell of
Na*/Cl™ ions become more stable (Fig. S10).
As a consequence, Na® /Cl™ ions find it difficult
to permeate inside the membrane. With the
application of external electric field, the perme-
ability of Cl~ ions through layered GO mem-
branes increases. This is due to the fact that
the external electric field is applied along the

—Z direction i.e. from the feed solution to the
permeate side, which assists the permeation of
Cl™ ions. On the other hand, the permeabil-
ity of Na*t ions through the layered GO mem-
branes follows the trend as dictated by the ap-
plied direction of external electric field for the
Pure and 3% cases. On the contrary, for the
10% case, application of external electric field
leads to the increase in the permeation of Na™
ions, to be explained in what follows.

As observed in Fig. 3(a), for the Pure case,
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water permeance through layered GO mem-
brane is slightly higher in the presence of exter-
nal electric field. This is due to the fact that the
application of external electric field increases
the pore sizes of the membrane as shown in Fig.
8. Under the influence of the external electric
field, the GO nanosheets fluctuate more and

pores become effectively larger. This increase
in fluctuations of the GO nanosheets is caused
by the presence of partial positive and nega-
tive charges on the GO nanosheets owing to the
presence of the oxygen containing functional
groups. Along with this, the directional move-
ment of the Na®™ and Cl~ ions under the influ-
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ence of external electric field also contributes
to the fluctuations of the GO nanosheets. To
get an quantitative estimate of the increase in
the pore sizes we computed the area under the
PSD curve. The area under the PSD curve
represents the probability of finding a pore size
within that region. However, it should also be
noted that with reference to Eq. 3, the area un-
der the PSD curve between 2 points D and D,
is simply C(D;) — C(D3). For Fig. 8(b), the
area under the curve for RO is 4% lower than
RO+E. For the 3% water dissociation case, the
water permeance decreases with the application
of an external electric field (Fig. 3(a)). To get
further insight into this, we need to calculate
C(D) and PSD considering the clustering of
H30%/OH™ ions. Figs. 9(a) and 9(b) show the
C(D) and PSD, respectively, for the 3% case
considering the clustering of H;O%/OH™ ions.
From Fig. 9, it can be seen that the applica-
tion of external electric field decreases the num-
ber of larger pores (> 8 A) for the membrane.
Here again, to get a quantitative idea, we cal-
culated the area under the curve of Fig. 9(b)
for pore sizes > 8 A. For the RO process, the
area under the curve of Fig. 9(b) for pore sizes
> 8 A is 23% larger than for RO4E process.
In contrast to the 3% case, with the applica-

10

tion of external electric field, water permeance
through layered GO membrane increases for the
10% case. As can be seen from Fig. 10, for
the case of 10% water dissociation, there is an
overall increase in the number of larger pores
(> 7.5 A) for layered GO membrane under the
influence of external electric field. For the RO
process, the area under the curve of Fig. 10(b)
for pore sizes > 7.5 A is 16% lower than for the
RO+E process!

The above observed different behavior of the
3% and the 10% cases under external elec-
tric field can be attributed to the dynamics of
H307/OH™ ions. As one can see from Figs.
11(a) and 11(b), under the influence of exter-
nal electric field, the H;O*/OH™ ions become
more diffusive for the case of 3% water disso-
ciation. This could also be observed in the
dynamics of the H3O"/OH™ ions for the 3%
case as reported in the supporting information
(Figs. S11 and S12). Because of this, the size
of the clusters reduces and consequently, the
number of larger pores for RO+E decreases as
compared to RO. On the other hand, the ef-
fect of external electric field on the diffusivity
of H30%/OH™ ions is almost negligible for the
10% case, as can be seen from Figs. 11(a) and
11(b). The dynamics of the H3O*/OH™ ions for
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the 10% case also reveals the same (Figs. S13
and S14 of the supporting information). This
is due to the fact that for the 10% case, the
H30%/OH™ ions form larger clusters, lacking
space for motion inside the interlayer gallery of
the layered GO membranes. However, the elec-
tric field causes an overall increase in the larger
pore sizes (> 7.5 A) in the layered GO mem-
branes because of the fluctuations of the GO
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nanosheets. This causes more water permeance
for the 10% case under the influence of external
electric field. Also, because of the smaller size
of the Na™ ion compared to the Cl~ ions, this
increase in the larger pore sizes also affects the
intercalation of Na™ ions inside the membrane
- as seen in Fig. 7(b). With the application of
external electric field, more Na™ ions get inter-
calated inside the membrane for the 10% case,
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even though the external electric field is applied
along the —Z direction (i.e. from feed solution
to the permeate side).

4 Conclusions

We analyzed in detail, the performance of lay-
ered GO membrane under the influence of
an external oscillating electric field, consider-
ing a modest amount of dissociation of water
molecules into H3OT/OH™ ions. The dissoci-
ation of water molecules inside the interlayer
gallery of layered GO membrane decreases the
water permeance through the membrane. Here,
two factors play important role: 1) cluster-
ing of H3O"/OH™ ions, and 2) increase in the
stability of the H-bond network between wa-
ter molecules and the GO nanosheets in the
presence of H;O"/OH™ ions. The clustering
of H3O7/OH™ ions also impedes the perme-
ation of salt ions through the layered GO mem-
branes. We attribute the increase in the stabil-
ity of H-bond network between water molecules
and the GO nanosheets to the slow water ori-
entational relaxation dynamics (C,) inside the
interlayer gallery of the membranes in the pres-
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ence of HOT/OH™ ions. Encouragingly, it is
observed that the H;O1/OH™ ions impart sta-
bility to layered GO membranes in aqueous en-
vironment. This stems from the fact that wa-
ter molecules located close to the H3OT/OH™
ions form stronger (or more stable) H-bond
network with the GO nanosheets as compared
to the water molecules located away from the
H3;0%/OH~ ions. This binding of the GO
nanosheets becomes stronger as more water
molecules get dissociated into H;O"/OH™ ions.

We further revealed that the dynamics of
the H3OT/OH™ ions also influences the per-
formance of the layered GO membranes. For
small concentration of H;O"/OH™ ions (or low
dissociation of water molecules), their dynam-
ics is significantly affected by the external elec-
tric field, which in turn affects the performance
of the membrane. As a continuation of this
study, it is important to investigate the perfor-
mance of the layered GO membrane under the
influence of external electric field with different
frequencies, amplitudes and applied directions.
Along with this, GO nanosheets with different
degree of partial reductions also could be con-
sidered. With such an outlook, the observations



reported in the present work provide significant
insights into the construction and tailoring of
pragmatic GO membranes for various applica-
tions.
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