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Reduction-Enhanced Water Flux through Layered

Graphene Oxide (GO) Membranes Stabilized with H3O
+

and OH− Ions†

Abhijit Gogoi,∗a,c Erik C. Neytsa,b and François M. Peetersc,d

Graphene oxide (GO) is one of the most promising candidates for next generation of atomically thin

membranes. Nevertheless, one of the major issues for real world application of GO membranes is

their undesirable swelling in an aqueous environment. Recently, we demonstrated that generation

of H3O+ and OH− ions (e.g., with an external electric field) in the interlayer gallery could impart

aqueous stability to the layered GO membranes1. This, however, compromises the water flux through

the membrane. In this study, we report on reducing the GO nanosheets as a solution to this issue.

With the reduction of the GO nanosheets, the water flux through the layered GO membrane initially

increases and then decreases again beyond a certain degree of reduction. Here, two key factors

are at play. Firstly, the instability of the H-bond network between water molecules and the GO

nanosheets, which increases the water flux. Secondly, the pore size reduction in the interlayer gallery

of the membranes, which decreases the water flux. We also observe a significant improvement in

the salt rejection of the membranes, due to the dissociation of water molecules in the interlayer

gallery. In particular, for the case of 10% water dissociation, the water flux through the membranes

can be enhanced without altering its selectivity. This is an encouraging observation as it breaks the

traditional tradeoff between water flux and salt rejection of a membrane.

1 Introduction

In the past decade, the rapid progress in the development of
two dimensional (2D) materials paves the way for the fabri-
cation of thin defect free films consisting of nanometer-thick
nanoflakes2–8. Some common 2D hydrophilic flakes such as
graphene oxide (GO), MXenes contain various functional groups
on the surface of the nanosheets which makes them excellent can-
didates for separation and purification applications9–14. Owing
to their atomic thickness, mechanical/chemical robustness, high
aspect ratio, easy film formation, and tunable structural design,
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they emerge as perfect contenders for the development of next-
generation membranes15–19.

In particular graphene oxide (GO), a derivative of graphene,
has been in focus for membrane applications owing to for ex-
ample the presence of abundant oxygen containing functional
groups, superior water flux, high selectivity, excellent fouling re-
sistance, easy scalability, and high aspect ratio20–27. In graphene
oxide (GO), the carbon atoms are organised in a tight mono-
layer honeycomb lattice with abundant oxygen-containing func-
tional groups, including for instance epoxy, hydroxyl and carboxyl
groups28. Owing to the presence of these functional groups, GO
sheets can easily be dispersed in water. Because of this, lay-
ered GO membranes can be easily prepared by using simple vac-
uum/pressure filtration29,30, dip-coating31, spin-coating32 and
rod-coating33 methods. Using these methods, GO nanosheets can
be layered into an interconnected nano-capillary structure. These
nano-capillaries or nanochannels act as selective barriers which
allow unimpeded water permeation while rejecting both impuri-
ties and salt ions34,35. Within these confined nanochannels, the
unoxidised (or pristine graphene) regions provide a nearly fric-
tionless region for transport of water, where the water molecules
exhibit large slip length36. The structure of this interlayer gallery
is crucial in determining the performance of layered GO mem-
branes in separation and purification applications37. This struc-
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ture can be altered for specific applications by controlling the de-
gree of oxidation38,39, size of the GO nanosheets, external pres-
sure regulation40, using crosslinkers41 or by cationic intercala-
tion to name a few. However, even after a decade of extensive
research, real world applications of layered GO membranes are
yet to be realized. One of the major challenges for the practi-
cal applicability of GO membranes is their inadequate stability
in aqueous environment42,43. A number of strategies have been
proposed to address this issue, including reduction of the GO
nanosheets44,45, the use of external cross-linkers46,47, physical
confinement of the GO layers48,49, and cation intercalation50–52.
In our previous work1, we demonstrated that layered GO mem-
branes can be stabilized in an aqueous environment by generating
H3O+ and OH− ions inside the interlayer gallery of the mem-
brane. These ions form clusters in the interlayer gallery and act
as physical binders between the GO nanosheets through hydrogen
bonding (H-bonding). Apart from stabilizing the GO laminates,
H3O+/OH− clusters also increase the salt rejection of the mem-
brane. However, the presence of these clusters also leads to a
decrease in the water flux through the membrane, as compared
to pristine layered GO membranes.

In this study, we propose a solution to this effect which involves
the reduction of the GO nanosheets. The reduction of the GO
nanosheets significantly increases the water flux of the GO mem-
branes stabilized by the H3O+/OH− ions, with very little changes
(or no changes in some cases) in its selectivity. We performed
large scale molecular dynamics (MD) simulations to obtain a de-
tailed atomistic insight into the permeation processes through the
GO membranes. The performance of these membranes is assessed
for various degrees of reduction of the GO nanosheets. In the
following sections, we explain the methodology adopted, present
the results and discussion, and finally the conclusions drawn from
this study.

2 Methodology

In this study, large scale MD simulations are performed to in-
vestigate the performance of layered GO membranes for various
degrees of reduction. First, GO nanosheets are constructed us-
ing Visual Molecular Dynamics (VMD)53 and Avogadro54 soft-
ware packages. The chemical composition of the GO nanosheet
is C10O(OH)(COOH)0.5

55. Hydroxyl and epoxy groups are lo-
cated on the basal plane of the GO nanosheet while the car-
boxylic groups are located at the edges. The structure of the
GO nanosheet is shown in Fig. S2a of the supporting informa-
tion. In this study, 5 different degrees of reduction of the GO
nanosheets are considered, viz. 0% (i.e., pristine GO), 10%, 30%,
50%, and 70% reduction. The reduced GO nanosheets are pre-
pared by decreasing the number of oxygen containing functional
groups on successive reduction. The amount of oxygen containing
functional groups on the GO nanosheets corresponding to respec-
tive degree of reduction is reported in Table S3 of the supporting
information. Layered GO membranes are then constructed using
these nanosheets. The structural and geometric parameters of the
membrane are provided in the supporting information (Fig. S2b).
As reported in our previous study1, we here also consider three
different cases of water dissociation inside the interlayer gallery

of layered GO membranes, viz. “Pure”, “3%” and “10%”. “Pure”
refers to the case where no water molecule is dissociated inside
the interlayer gallery. “3%” and “10%” refer to the cases where
3% and 10% of the water molecules, respectively, are dissociated
into H3O+ and OH− ions inside the interlayer gallery of the lay-
ered GO membranes. Before the construction of the simulation
setup, membranes are hydrated with an equilibrated water box
and the H3O+/OH− ions are randomly placed inside the inter-
layer gallery of the membranes. These hydrated membranes are
then equilibrated at 300 K and 1 atm pressure. To mimic the sea
water osmotic pressure (about 27 atm), a 0.56 M aqueous NaCl
solution is considered as the feed solution. This feed solution con-
tains 104 water molecules, 108 Na+ ions, and 108 Cl− ions. The
simulation setup is shown in Fig. 1. A transmembrane pressure
(P) of 50 MPa is applied across the membrane using a graphene
piston. As the water molecules can be dissociated into H3O+

and OH− ions under the influence of external electric field56, we
consider the presence of an external electric field (E) along the
direction of transmembrane pressure in our simulations. The os-
cillating AC electric field is given as E = E0 cos(ωt − ϕ) where E0


= 0.1 V

Å



is the amplitude, ω
(

= 0.005 fs−1
)

is the frequency

and ϕ (= 90°) is the phase at the initial time step. On the perme-
ate side, a fixed graphene sheet is placed which acts as a reservoir
wall. We considered 2 different cases for the simulations. In the
first case, simulations are performed only for the reverse osmosis
(RO) process while in the second case, apart from RO, an external
electric field is additionally considered along the direction of the
transmembrane pressure (RO+E).

All MD simulations reported here are performed with NAMD
2.1457 using the OPLS-AA force field parameters58. The water
molecules are modeled with the SPC/E water model where the
bond lengths of the water molecules are constrained using the
SETTLE algorithm59. The van der Waals interactions are com-
puted using a Lennard-Jones potential with a cut-off distance of
12.0 Å. For the computation of long range electrostatic interac-
tions, the Particle mesh Ewald (PME) method60 is used.

Before performing the production runs, the systems are first
energy minimized and subsequently equilibrated for 2 ns at a
constant temperature of 300 K and 1 atm pressure. Pressure is
controlled using modified Nosé-Hoover method with a barostat
oscillation time and damping factor of 0.3 ps. For controlling the
temperature, Langevin dynamics is used with a damping factor
of 5 ps−1. After equilibration, the production runs are performed
for 20 ns at a constant temperature of 300 K. During the course of
the production runs, the interior GO nanosheets are constrained
in the XY plane and are only allowed to move along the Z direc-
tion. The corner carbon atoms of the GO nanosheets at the top
and bottom boundary of the membrane are fixed in space during
the production run in order to clearly distinguish the membrane
boundaries. Along the Z direction, a vacuum of 50 Å in length is
applied on both sides of the simulated system. Periodic boundary
conditions (PBC) are applied in all directions. For each simulated
case, three independent simulations are performed with differ-
ent initial configurations, and the results are averaged over these
three independent simulations.
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Fig. 1 Simulation setup. The feed solution is pressed through the layered GO membrane towards the permeate side with a transmembrane pressure

P. An external electric field E is applied along the direction of the transmembrane pressure.

3 Results and discussion

Fig. 2 Water flux through the layered GO membranes.

Typically, a good quality membrane should allow for a high wa-
ter flux in combination with a high salt rejection. Fig. 2 shows
the water flux through layered GO membranes for various de-
grees of reduction. As the water dissociation inside the interlayer
gallery increases, the water permeance through the membrane
decreases because of two reasons1: (a) formation of H3O+/OH−

clusters and (b) increased stability of the H-bond network be-
tween water molecules and GO nanosheets. In Fig. 2, it is ob-
served that the water flux through the membranes increases as

the degree of reduction of the GO nanosheets increases from 0
to 50 %. With a further increase in reduction, a decrease in the
water flux is observed. This can be explained as follows. When
the degree of reduction of the GO nanosheets initially increases,
the layered GO membranes become more hydrophobic. Conse-
quently, the H-bonding network between the water molecules and
the GO nanosheets become less stable and water molecules per-
meate more easily through the membrane, thus increasing the
water flux through the membrane. To compare the stability of the
H-bonding network, we computed the following auto-correlation
function61,62:

C(t) =
< ηij( t)ηij(0) >

ηij(0)2
∼= exp{−

t

τi
} (1)

where

ηij( t) =























1 If there is a H bond between molecules i
and j at times 0 and t and the bond has
not been broken for any period longer
than t∗

0 Otherwise

The limiting cases t∗ = 0 and t∗ = ∞ correspond to the contin-
uous (CC(t)) and intermittent (CI(t)) H-bond auto-correlation
functions respectively. Considering the time scale and complexity
of the simulated systems, we consider intermittent H-bond auto-
correlation functions (CI(t)) in the present study. The lifetime
of H-bonds (τi) between water molecules and GO nanosheets for
different degrees of reduction of the GO nanosheets is shown in
Fig. 3. For all cases of water dissociation considered (i.e. pure
water, 3% dissociation and 10 % dissociation), the H-bonding
network between the water molecules and the GO nanosheets
becomes weaker with the reduction of the GO nanosheets. Con-
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(a) (c)(b)

Fig. 3 H-bond lifetime between water molecules and GO nanosheets with different degree of reduction: (a) Pure, (b) 3% case, and (c) 10% case.

sequently, the water molecules can more easily permeate through
the membranes, resulting in an increase in the water flux. In Fig.
3, it is also observed that with the increase in the dissociation of
water molecules inside the interlayer gallery, the H-bonding net-
work between the water molecules and the GO nanosheets be-
comes stronger. This is because of the clustering of H3O+/OH−

ions inside the interlayer gallery1.
The decrease in stability of the H-bonding network between

water molecules and GO nanosheets with the reduction of the GO
nanosheets can be attributed to changes in the water orientational
relaxation dynamics Ce inside the interlayer gallery. Ce can be
calculated using the following auto-correlation function for the
water dipole:63,64

Ce =< L2[ u⃗( t0) · u⃗( t0 + t) ] > (2)

where, L2 is the second-order Legendre polynomial and u⃗ is the
unit vector along the dipole vector. A rapid decay of Ce indicates
that water molecules are rapidly rotating, and vice versa. Fig. 4
shows the temporal evolution of Ce for the water molecules in-
side the interlayer gallery of layered GO membranes for the RO

process. The value of Ce is 1 at time (t) = 063,64. However, in
Fig. 4, the value of Ce = 1 corresponding to t = 0 is not shown for
better clarity. With an increase in the degree of reduction of the
GO nanosheets, the water molecules inside the interlayer gallery
tend to rotate more rapidly. Because of this increase in fluctua-
tions, the H-bonding network between the water molecules and
GO nanosheets becomes weaker. In Fig. 4, it is also observed that
the temporal decay of Ce slows down with the increase in the dis-
sociation of water molecules in the interlayer gallery. This can be
attributed to the formation of clusters of H3O+/OH− ions1. The
temporal evolution of Ce for the RO+E process is reported in the
supporting information (Fig. S3).

The reduction of the GO nanosheets and the clustering of the
H3O+/OH− ions also influences the structure of the layered GO
membranes. To obtain a quantitative estimate, we computed a
parameter C(D), using the method proposed by Bhattacharya and
Gubbins65, where C(D) represents the probability of finding a

point inside the model structure with a pore size larger than or
equal to D. Fig. 5 shows the C(D) for layered GO membranes in
the RO process. As can be seen from this figure, pore sizes inside
the interlayer gallery of layered GO membranes decrease with in-
crease in the degree of reduction of the GO nanosheets. This is
because of the decrease in the interlayer spacing between the GO
laminates. Indeed, this will reduce the water permeance through
the layered GO membranes. However, as observed in Fig. 2, wa-
ter permeance increases as the GO nanosheets are reduced from
0 to 50%. Here, the decrease in the stability of H-bonding net-
work between water molecules and GO nanosheets is the dom-
inating factor over the decrease in the pore sizes. With further
reduction of the GO nanosheets, the decrease in pore size of the
membrane become the dominating factor over the instability of
the H-bonding network. Consequently, the water flux through
the layered GO membrane decreases as the GO nanosheets are
reduced beyond 50% as observed in Fig. 2. However, this effect
is less significant with the dissociation of water molecules inside
the interlayer gallery of the membranes. C(D) for layered GO
membranes for the RO+E process is reported in Fig. S4 of the
supporting information.

Fig. 2 also shows the effect of the external electric field on the
water permeance through the membranes. For the pure water
case and the 10% water dissociation cases, the external electric
field improves the water flux through the membranes, while for
the 3% case, the water flux is seen to decrease. As reported in Fig.
S5 of the supporting information, the pore size of the layered GO
membrane increase for the pure water case with the application
of external electric field. This can be attributed to the fluctuations
of the GO nanosheets and directional motion of the ions under the
influence of the external electric field1. Because of this increase
in pore sizes, the water flux through the membrane increases.
The influence of the external electric field for the 3% and 10%
water dissociation cases are completely different. For the 3% case,
the external electric field reduces the pore size of the membrane
(Fig. S6), while for the 10% water dissociation case, the external
electric field increases the pore size of the membrane (Fig. S7).
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(a) (c)(b)

Fig. 4 Water orientational relaxation dynamics Ce inside the interlayer gallery of layered GO membranes for the RO process: (a) Pure, (b) 3% case,

and (c) 10% case.

(a) (b) (c)

Fig. 5 C(D) for layered GO membranes for the RO process: (a) Pure, (b) 3% case, and (c) 10% case. C(D) represents the probability of finding a

point inside the membrane with a pore size larger than or equal to D

This difference in the behaviour of electric field for the 3% and
10% water dissociation cases can be attributed to the diffusivity of
the H3O+/OH− ions under the influence of the external electric
field1. As observed in Figs. S8 and S9, H3O+/OH− ions become
more diffusive under the influence of external electric field for the
3% case as compared to the 10% case. Because of this, the size of
the H3O+/OH− clusters reduce, which results in the decrease of
the number of larger pores for the RO+E process as observed in
Fig. S6. On the other hand, the effect of the external electric field
on the diffusivity of H3O+/OH− ions for the 10% case is almost
negligible. This is because of the formation of larger clusters for
the 10% water dissociation case which results in a more compact
arrangement of H3O+/OH− clusters inside the interlayer gallery.
However, the pore sizes inside the interlayer gallery of layered
GO membrane increase under the influence of external electric
field for the 10% water dissociation cases (Fig. S7), due to the
fluctuations of the GO nanosheets1.

Apart from water flux, the ability of a membrane to reject im-
purities and ions is also very important in determining its per-
formance. In our study, the salt rejection is calculated using the
following formula

Salt rejection =
NIFeed − NIPermeate

NIFeed
× 100(%) (3)

where NIFeed is the number of ions in the feed solution and
NIPermeate is the number of ions in the permeate side. In Fig.
6, we report the salt rejection of the layered GO membranes con-
sidered in this study. The dissociation of water molecules inside
the interlayer gallery of layered GO membranes significantly im-
proves the salt rejection of the membranes. For the pure water
case, the external electric field reduces the Cl− rejection while
it increases the Na+ rejection. This is because of the directional
movement of the Cl− and Na+ ions under the influence of the
external electric field. Also, the rejection of the Cl− and Na+
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(a) (b)

Fig. 6 Salt rejection of layered GO membranes: (a) Cl− ion rejection, and (b) Na+ ion rejection.

ions initially decreases with the reduction of GO nanosheets and
then increases after 50% reduction. This is due to the correlated
movement of these ions with the water flux. Cl− and Na+ ions
move through the membrane as hydrated ions. Therefore, for the
pure water case, the increase in the water flux also results in the
decrease of the Cl−/Na+ rejection and vice versa.

For the case of 3% water dissociation, the external electric field
has no effect on the Cl− (Na+) ion rejection up to 30% (10%)
reduction of the GO nanosheets. This is because of the forma-
tion of H3O+/OH− clusters inside the membrane. These clusters
reduce the mobility of the Cl−/Na+ ions and hence their perme-
ance through the membrane. However, with further reduction of
the GO nanosheets, the decreasing stability of H-bonding network
between water molecules and GO nanosheets become a dominant
factor. Consequently, beyond 30% reduction, the rejection of Cl−

ion decreases with the application of external electric field (Fig.
6a). The electric field is applied along the direction of transmem-
brane pressure which favours the permeation of Cl− ions through
the membrane from feed side to permeate side. On the contrary,
the electric field reduces the permeation of the Na+ ions through
the membrane from feed side to permeate side. Because of this,
after 10% reduction, the rejection of Na+ ions increases with the
application of external electric field (Fig. 6b). For the case of
10% water dissociation, the H3O+/OH− cluster sizes are much
larger and hence, they are much more densely packed inside the
interlayer gallery of layered GO membranes. Because of this, no
Cl− or Na+ ion permeates through the layered GO membranes,
i.e., 100% rejection of Cl− and Na+ ions is observed. This is
an encouraging observation considering the typical tradeoff be-
tween water flux and salt rejection of a membrane. Indeed, in
our study we observe an increase in the water flux of the mem-
brane by reduction of the GO nanosheet (Fig. 2) without altering
its selectivity (Fig. 6).

4 Conclusions

We performed large scale atomistic simulations in order to obtain
detailed insights into the performance of layered GO membranes
stabilized by H3O+/OH− ions. A major issue for H3O+/OH−-
stabilized layered GO membrane is the significant decrease in the
water flux1. In this study, we showed that this problem can be
resolved by reducing the GO nanosheets. Based on the parame-
ters considered in this study, we observed that water flux through
the layered GO membrane increases as the GO nanosheets are
reduced from 0 to 50%. With further reduction of the GO
nanosheets, the water flux decreases. Here, two factors are of
importance. The first is the decrease in the stability of H-bonding
network between water molecules and GO nanosheets, which
contributes to an increase in the water flux. The second factor is
the reduction in the pore sizes inside the interlayer gallery of the
membrane, which results in a decrease in the water flux. For the
initial reduction (0 to 50%) of the GO nanosheets the fist factor
is dominant, effectively leading to an observed increased water
flux through the membranes. With further reduction of the GO
nanosheets (beyond 50%), the second factor becomes dominant,
resulting in a decrease in the water flux. We also observed ex-
cellent salt rejection for all the membranes (> 92%) considered
in this study. In particular, for the case of 10% water dissocia-
tion, 100% salt rejection is observed for all studied cases. This
is quite an encouraging observation considering that the water
flux through the membrane can be increased without altering its
selectivity. It would be interesting to further investigate the per-
formance of these membranes with different feed solutions and
with varying properties of the external electric field.

With regard to the observations reported in this study, one of
the major challenges would be to dissociate water molecules into
H3O+ and OH− ions in a practical desalination system. On this
note Zhou et al.56, experimentally demonstrated the dissociation
of water molecules into H3O+ and OH− ions with the application
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of an external electric field. However, to realized this in practical
water purification and desalination units, more experimentation
needs to be done. Another interesting aspect would be to investi-
gate this separation process with forward osmosis (FO) which will
eliminate the need of external transmembrane pressure and po-
tentially be cost effective. In that regard, different combinations
of draw and feed solutions could also be experimented.
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