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The effect of non-idealities, namely pinhole defects and non-ideal lamellar stacking of nanosheets, on the
performance of size-differentiated graphene oxide (GO) laminates is investigated using equilibrium
molecular dynamics (MD) simulations. With the increase in sizes of the constituent GO nanosheets the
water permeability of the layered GO membranes decreases and salt rejection increases. But with the
inclusion of non-idealities the difference in water permeability between these membranes substantially
reduced. The pinholes on the GO nanosheets provide shorter routes for trans-sheet flow, thereby
increasing the water permeability of the membranes. The non-ideal stacking of the nanosheets without
pinhole defects results in slight reduction in water permeability because of blockage of permeation
pathways inside the membranes. However, with pinhole defects non-ideal stacking becomes favorable
for water permeation through the layered GO membranes; as this time the non-ideal stacking leads to
formation of voids inside the membranes, which act as routes for shorter permeation pathways. The
effect of these non-idealities is more significant for layered GO membranes composed of large GO
nanosheets. Although the water permeability through the layered GO membrane is greatly enhanced
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Introduction

Water scarcity is one of the most crucial challenges encountered
by today's human civilization. Although 71% of the earth's
surface is covered with water the amount of useable/accessible
water is very low (<0.3%). With the explosive growth of human
population and rapid industrialization the demand for useable
water is continuously increasing. This urges the research
community to look for efficient sea water desalination/water

“Department of Mechanical Engineering, Indian Institute of Technology, Guwahati,
Assam, India

*Department of Chemical Engineering, Indian Institute of Technology, Guwahati,
Assam, India. E-mail: anki.reddy@iitg.ac.in; Fax: +91 361 2582291; Tel: +91 361
258 3532

T Electronic supplementary information (ESI) available: A brief description of the
OPLS-AA force field, structure of GO nanosheets, hydrated layered GO membranes
with non-ideal lamellar stacking, salt permeation events through layered GO
membranes, trajectory of water molecules through layered GO membranes with
non-ideal lamellar stacking, trajectory of ions through the layered GO
membranes, distribution of permeation time and permeation velocity of the
water molecules through the layered GO membranes, spatial distribution of
water for the layered GO membranes with W = 0.0 A and W = 8.0 A, variation
of water flux with membrane thickness, effect of the number of pinhole defects
on the performance of the layered GO membrane, and effect of pinhole sizes on
the performance of the layered GO membrane. See DOI: 10.1039/c9na00235a

This journal is © The Royal Society of Chemistry 2019

purification techniques which can provide a long term solution
to this critical problem. Out of these techniques, membrane
based separation technology has emerged as one of the most
reliable and convenient approaches to counteract the global
water crisis."? In recent years nanoporous two-dimensional (2D)
materials such as graphene, graphene oxide (GO), and molyb-
denum disulfide have gained considerable research interest for
highly selective separation applications.*® GO is a chemical
derivative of graphite which is rich in oxygen containing func-
tional groups (hydroxyl, epoxy, carboxyl, etc.) and has exten-
sively been studied in recent years for membrane based
separation applications.’"” GO membranes preferentially have
a laminate structure with a nanometer scale interlayer
distance.'®?° The spacing inside the interlayer gallery of these
GO laminates acts as a nanocapillary through which water and
other molecules/ions can selectively permeate through.**-** The
functional groups and interlayer separation of a layered GO
membrane can aptly be tuned for specific separation
applications.>**”

Previous investigations on GO membranes attributed them
with extraordinary separation capability with high water flux
and mechanical strength.>®*®*** However, the behaviour or
mechanism of water flow through the lamellar structure of a GO
membrane is still not fully explored.®® The fast water
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permeation through the layered GO membrane was attributed
to the presence of unoxidized pristine graphene regions inside
the interlayer gallery of layered GO membranes.*' But extensive
experimental studies show that the area of unoxidized pristine
graphene regions present inside the interlayer gallery of layered
GO membranes is only about 16% of the total surface area and
they are highly scattered.**™** So it is very unlikely that the high
water permeability through layered GO membranes corre-
sponds to the frictionless interaction between the atomically
smooth, hydrophobic carbon structures alone. Recent atomistic
simulation studies also support this notion.***

The performance of a layered GO membrane also depends
on the size of the constituent GO nanosheets. With the increase
in the size of the GO nanosheets the water permeability of the
layered GO membrane decreases and its salt rejection
increases.***”* Very recently it was reported that with the
inclusion of non-idealities in layered GO membranes, there is
substantial reduction in the difference in water permeability of
the size-differentiated GO laminates by the experimental and
simulation (using finite element analysis) study of Saraswat
et al.*® The two major factors (or non-idealities) contributing to
this scenario are

e Pinhole defects on the constituent GO nanosheets: pinhole
defects located on the GO nanosheets can play a pivotal role in
water permeation through layered GO membranes by providing
a shorter route for trans-sheet flow.?*?>%°

e Imperfect stacking of the GO nanosheets: the ideal (or
perfect) lamellar stacking of GO nanosheets in layered GO
membranes may not be possible in practical scenarios. This
may lead to the presence of voids and disordered micro-struc-
tures in the layered GO membrane which can serve as alternate
permeation pathways/blockages inside the layered GO
membrane.21,30,37,41,42

So, to get an meticulous insight into the water permeability
of the layered GO membrane, the consideration of these non-
idealities is very much crucial. However in most of the previ-
ously reported atomistic simulations on GO membranes, these
non-idealities were not taken into consideration.***”*¢ In the
present study we investigate the effect of these non-idealities on
the performance of the layered GO membrane using equilib-
rium molecular dynamics (MD) simulations. The effect of the
non-ideality (i.e. pinhole defect or non-ideal lamellar stacking
or both) on the size-differentiated GO laminates has also been
investigated in detail. To model the size-differentiated GO
laminates three different configurations of layered GO
membranes are considered which differ in the pore offset
distance (W). A larger value of W indicates layered GO
membranes composed of GO nanosheets of larger lateral
dimensions and vice versa.***”*° For each of the three
membrane configurations (which differ in the value of W) four
different scenarios have been studied to get a comparative
estimation of the effect of the non-idealities on the performance
of layered GO membranes. The four different scenarios are as
follows: (a) no pinhole defects and the nanosheets are ideally
stacked together, (b) no pinhole defects with non-ideal lamellar
stacking, (c) pinhole defects but the nanosheets are ideally
stacked together, and (d) pinhole defects with non-ideal
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lamellar stacking. MD simulations prove to be a handy tool in
this aspect as it provides a consistent way to make a compara-
tive study on the effect of these non-idealities on the perfor-
mance of layered GO membranes.

Methodology
Membrane construction

The chemical composition of the GO nanosheets considered in
the present study is C,,0,(OH),(COOH), 5 (ref. 47 and 48) where
the hydroxyl and epoxy functional groups are located on the
basal plane of the GO nanosheets and the carboxyl functional
groups are located on the edges. With this chemical composi-
tion, GO nanosheets of different sizes are constructed using the
Visual Molecular Dynamics (VMD) package.*® A representative
image of the GO nanosheets is shown in Fig. Sla of the ESL}
The sizes of the GO nanosheets are 23.0 x 49.0 A%, 31.0 x 49.0
A2,39.0 x 49.0 A% and 47.0 x 49.0 A%. These GO nanosheets are
arranged in space to construct the layered GO membrane as
shown in Fig. 1a.

The membrane shown in Fig. 1a is the most ideal one to be
considered where there are no pinhole defects on the GO
nanosheets and the GO nanosheets are ideally (or perfectly)
aligned i.e. an ideal lamellar structure (IL). As can be seen from
Fig. 1a, for a layered GO membrane there are 3 basic geometric
parameters; D, W and H which are termed the pore width, pore
offset distance and interlayer distance, respectively. In this
study we consider three different values of W, viz., 0.0 A 8.0A
and 24.0 A. A layered GO membrane with W = 0.0 A resembles
a GO membrane composed of GO nanosheets of smaller lateral
dimensions, a GO membrane with W = 8.0 A resembles
a membrane composed of GO nanosheets of medium lateral
dimensions and a membrane with W = 24.0 A resembles
a membrane composed of GO nanosheets of large lateral
dimensions.***”** In the present study the values of D and H are
the same for all the membrane configurations which are 7.0 x
49.0 A% and 10.0 A, respectively.>3637395

For the construction of layered GO membranes with pinhole
defects, GO nanosheets which contain pinholes (or pores) on
the basal plane are constructed as shown in Fig. 1b. The effec-
tive diameter of these pinhole defects is 5.0 A.** The edges of
these pinhole defects are functionalized with hydroxyl
groups.**® The number of pores in each GO nanosheet are
considered in such a way that each layer of the GO membrane
contains 12 such pores (or pinholes). This is the case of
maximum possible pinhole defects present in a single layer of
the GO membrane in the timescale of the present simulation
study as shown in Fig. 1c.

The membranes thus constructed are then hydrated in
a water box of size 77.0 x 49.0 x 58.0 A®> which contains 6300
water molecules. The water molecules within 2.0 A of GO
nanosheets are removed. Then energy minimization is per-
formed on this hydrated membrane. After energy minimization
the hydrated membrane is equilibrated for 10.0 ns at
a temperature of 300.0 K and 1.0 atm pressure (NPT ensemble).
During this equilibration run the GO nanosheets are con-
strained with a force constant of 1.0 kcal mol * A~ to maintain

This journal is © The Royal Society of Chemistry 2019
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(a) Layered GO membrane with ideal lamellar stacking and no pinhole defects. (b) GO nanosheet with pinhole defects. (c) Top view of

a single layer of a layered GO membrane with pinhole defects considered in the present study. The green color represents hydrogen atoms, the
black color represents oxygen atoms and the cyan color represents carbon atoms.

the ideal lamellar structure of the layered GO membrane. All the
simulations reported in the present study are performed with
the NAMD?* package using OPLS-AA force field parameters®*
with a time step of 1.0 fs. The water molecules are modeled with
the TIP3P water model®® and their bond lengths are constrained
using the SETTLE algorithm.*® The van der Waals interactions
are computed using the Lennard-Jones potential with a cut off
distance of 12.0 A. The long range electrostatic interactions are
computed using the Particle Mesh Ewald (PME) method.”” For

This journal is © The Royal Society of Chemistry 2019

controlling the pressure, a modified Nosé-Hoover method is
used where the barostat oscillation time and damping factors
were both set to 0.3 ps. Temperature is controlled by using
Langevin dynamics with a damping factor of 5 ps ™.

We also considered layered GO membrane configurations
where the GO nanosheets are not perfectly stacked together (GO
nanosheets are not perfectly parallel to each other or a non-ideal
lamellar structure) for both the cases, ie., without pinhole
defects and with pinhole defects.

Nanoscale Adv., 2019, 1, 3023-3035 | 3025
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To construct non-ideal lamellar stacked hydrated GO
membranes, during the 10.0 ns equilibration of the membranes
(both with and without pinhole defects) only the GO nanosheets
at the two ends (i.e., top and bottom) are constrained. All other
GO nanosheets in between the top and bottom GO layers are
allowed to move freely during this equilibration run. This gives
a non ideal lamellar stacked hydrated GO membrane either
with pinhole defects or without pinhole defects as shown in
Fig. S2-S7 of the ESL{ The geometric configurations of the
layered GO membranes considered in the present study and
their corresponding abbreviations are tabulated in Table 1

The atomistic simulation has an advantage in this aspect as
we can maintain consistency in the preparation of the layered
GO membrane with non-ideal lamellar stacking. In the present
study the non-ideal lamellar stacked GO membranes are
prepared using the same procedure in a deterministic way using
MD simulations, in which the GO nanosheets (except at the top
and bottom layers of the membrane) of the layered GO
membranes are allowed to move freely in the 10.0 ns NPT
equilibration run as mentioned earlier. This provides a consis-
tent way to investigate the effect of pinhole defects and non-
ideal lamellar stacking of GO nanosheets on the performance of
the layered GO membrane along with the pore offset distance
W. In other words, we will be able to investigate, how significant
are the effects of pinhole defects and non-ideal lamellar stack-
ing on the performance of the layered GO membrane as the size
of the constituent GO nanosheets (or W) of the membrane
increases/decreases.

Simulation system and methodology

After the construction of the hydrated membranes, each of
them is sandwiched between two equilibrated NaCl solutions
(10 000 water molecules with 108 NaCl molecules, 0.56 M
solution) to construct the simulation system as shown in Fig. 2.
The simulation system is first energy minimized and then
equilibrated at a temperature of 300.0 K and 1.0 atm pressure
(NPT ensemble) for 1.0 ns. Finally the production run is carried
out at a constant temperature of 300.0 K (NVT ensemble) for 40

Table 1 Geometric configurations of the layered GO membranes
considered in this study and their corresponding abbreviations

Geometric configuration of the membrane

Membrane abbreviations W (&) Pinhole defects Lamellar stacking
0-NP-IL 0.0 No Ideal
0-NP-nIL 0.0 No Non-ideal
0-P-IL 0.0 Yes Ideal
0-P-nIL 0.0 Yes Non-ideal
8-NP-IL 8.0 No Ideal
8-NP-nIL 8.0 No Non-ideal
8-P-IL 8.0 Yes Ideal
8-P-nIL 8.0 Yes Non-ideal
24-NP-IL 24.0 No Ideal
24-NP-nIL 24.0 No Non-ideal
24-P-IL 24.0 Yes Ideal
24-P-nIL 24.0  Yes Non-ideal
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ns with a time step of 1.0 fs. The GO nanosheets are constrained
to their initial positions with a force constant of 1.0 kcal mol ™"
A~? in both the equilibration and production run. Periodic
boundary conditions (PBC) are applied in all the three inde-
pendent directions (i.e., X, Y, and Z) and simulation data are
stored every 20 ps for post-processing.

Results and discussion

Using equilibrium MD simulations the water permeation events
through the layered GO membranes of different geometric
configurations are computed. When a water molecule crosses
the top layer of the GO membrane then a water permeation
event in the +Z direction is counted. Similarly, when a water
molecule crosses the bottom layer of the membrane, a water
permeation event in the —Z direction is counted. The water
permeation events for a membrane is the sum of water
permeation events in the +Z direction and —Z direction. Using
the same procedure the salt permeation events of the layered
GO membranes are computed.

Typically for a membrane, the water permeability is reported
in terms of water flux. However in the present study there is no
net driving force on the water molecules as it is an equilibrium
MD simulation. So we compare the water permeability of
different membrane configurations in terms of water perme-
ation events. On the same note it is worth mentioning that the
water flux reported from atomistic simulations (Gai et al. re-
ported 28.1 Lem > h™* Gogoi et al. reported 8.55 Lem ™ >h ™37
and Liu et al. reported 14.36 L cm~> h™" (ref. 58)) are very high
(up to a few orders of magnitude) as compared to experimental
observations (Hu and Mi reported 8.0-27.6 L cm > h™ 25 and
Huang et al. reported 71.0 Lem™ > h ™" (ref. 59)). This is primarily
due to the difference in thickness of the membranes considered
in the atomistic simulations and experiments.®® In atomistic
simulations the thickness of the membranes are in the order of
a few nm because of the limitations of computational resources.
On the other hand in experiments the thickness of the
membranes ranges from hundreds of nm to a few um. As the
water flux through a membrane is inversely proportional to the
membrane thickness,*>* to get an analogy between the water
flux obtained in atomistic simulations and those of experi-
mental observations we need to go for proper scaling of the
membrane thickness in simulations with regard to the experi-
ments. The variations of water flux with membrane thickness in
regard to the present equilibrium MD simulations are reported
in the ESI (Fig. S20 and Table S27).

As depicted in Fig. 3 with the increase in W of the layered GO
membrane the water permeability decreases irrespective of the
presence of pinhole defects and non-ideal lamellar stack-
ing.***”** However, with the inclusion of non-idealities the
difference in water permeability between these membranes
substantially reduced. This suggests that with the inclusion of
the non-idealities the effect of nanosheet sizes on the perfor-
mance of the layered GO membrane becomes less significant.
To get an idea about the effect of individual non-idealities on
the water permeability through layered GO membranes with

This journal is © The Royal Society of Chemistry 2019
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Fig. 2

(a) Hydrated membrane (8-NP-IL configuration). (b) NaCl solution. (c) Simulation setup. The green color represents hydrogen atoms, the

black color represents oxygen atoms, the cyan color represents carbon atoms, the blue color represents Cl™ ions, and the yellow color

represents Na* ions.

different values of W, we calculated the water permeability
ratios as tabulated in Table 2.

In Table 2, 4 different cases (Case-1, Case-2, Case-3 and Case-
4) are reported. Case-1 (Fig. 3a) is the scenario of the most ideal
layered GO membrane which is free from any pinhole defects
and the nanosheets are stacked in parallel with each other. In
Case-2 (Fig. 3b), only non-ideal stacking of GO nanosheets is
considered. In this case the difference in water permeability
between the layered GO membranes with different values of W
increases slightly as compared to that in Case-1. In Case-3
(Fig. 3c) only pinhole defects are considered. As we can see, with
the inclusion of pinhole defects the difference in water
permeability between the membranes reduces substantially.

This journal is © The Royal Society of Chemistry 2019

The scenario of Case-4 (Fig. 3d) is an interesting one where
pinhole defects and non-ideal lamellar stacking are considered
together. When both pinhole defects and non-ideal lamellar
stacking are considered, the difference in water permeability
reduces as compared to the ideal case (Case-1). However, in the
scenario of Case-3, the ratio of water permeability between the
layered GO membrane composed of small nanosheets and
layered GO membrane composed of large nanosheets is
2.56 : 1.0, but for Case 4, this ratio is 3.17 : 1.0. On the other
hand the ratio of water permeability between the layered GO
membrane composed of medium sized nanosheets and layered
GO membrane composed of large nanosheets is 1.65 : 1.0 for
Case-3 and 1.50 : 1.0 for Case 4. So, for the former case the ratio

Nanoscale Adv., 2019, 1, 3023-3035 | 3027
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Fig. 3 Water permeation events for different membrane configurations. (a) No pinholes and ideal lamellar stacking. (b) No pinholes and non-
ideal lamellar stacking. (c) Pinholes and ideal lamellar stacking. (d) Pinholes and non-ideal lamellar stacking.

is increasing and for the latter case the ratio is decreasing. This is also dependent on the sizes of the constituent GO nano-
suggests that the effectiveness of pinhole defects and non-ideal sheets. However, it is pretty much clear that with the inclusion
lamellar stacking on the performance of layered GO membrane of non-idealities in the layered GO membranes the difference in

Table 2 Ratio of water permeability between layered GO membranes with a particular non-ideality and different values of W

Case Geometric conditions Membranes Water permeability ratio
Case-1 No pinholes and with ideal lamellar stacking (Fig. 3a) (0-NP-IL) : (8-NP-IL) : (24-NP-IL) 16.47 : 8.27 : 1.0

Case-2 No pinholes and with non-ideal lamellar stacking (Fig. 3b) (0-NP-nIL) : (8-NP-nIL) : (24-NP-nIL) 19.31:8.50: 1.0

Case-3 With pinholes and with ideal lamellar stacking (Fig. 3c) (0-P-IL) : (8-P-IL) : (24-P-IL) 2.56:1.65:1.0

Case-4 With pinholes and with non-ideal lamellar stacking (Fig. 3d) (0-P-nIL) : (8-P-nIL) : (24-P-nIL) 3.17:1.50: 1.0

3028 | Nanoscale Adv., 2019, 1, 3023-3035 This journal is © The Royal Society of Chemistry 2019
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water permeability between layered GO membranes of different
sheet sizes reduces to a much lower value (the ratio comes down
to about 3.0 from about 16.0) which is in accordance with the
experimental observation of Saraswat et al.*

We also compare the effect of the non-idealities on the water
permeability through layered GO membranes with a particular
value of W. Fig. 4 shows the effect of non-idealities on the water
permeability through layered GO membranes for a particular
value of W. To compare the effect of different non-idealities on
the water permeability through layered GO membranes with
a particular value of W, the water permeability ratios are
computed as shown in Table 3.

View Article Online
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The non-ideal lamellar stacking leads to a decrease in water
permeability, whereas the presence of pinhole defects increases
the water permeability through a layered GO membrane for any
value of Was observed in Cases A, B and C. Also the effect of these
non-idealities becomes more significant as W (or sizes of GO
nanosheets) increases. Noticeably, the pinhole defects increase
the water permeability by almost 9.0 times as compared to the
ideal one for W = 24.0 A (Table 3). Again, when both pinhole
defects and non-ideal lamellar stacking are introduced into the
GO membrane the water permeability increases. This increase is
more significant for W = 24.0 A followed by W = 0.0 A and W =
8.0 A. These observations clearly suggest that the effect of non-
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Fig. 4 Effect of non-idealities on the water permeability through layered GO membranes: (a) W = 0.0 A, (b) W =8.0 A, and (c) W = 24.0 A.
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Table 3 Ratio of water permeability between layered GO membranes with different non-idealities and a particular value of W

Case w Membranes Water permeability ratio
Case-A 0.0 (Fig. 4a) (0-NP-IL) : (0-NP-nIL) : (0-P-IL) : (0-P-nIL) 1.0:0.99:1.39: 1.95
Case-B 8.0 (Fig. 4b) (8-NP-IL) : (8-NP-nIL) : (8-P-IL) : (8-P-nIL) 1.0:0.87:1.78: 1.84
Case-C 24.0 (Fig. 4c) (24-NP-IL) : (24-NP-nIL) : (24-P-IL) : (24-P-nIL) 1.0: 0.85: 8.93 : 10.11

idealities is more prominent for layered GO membranes as compared to the ideal one. On the other hand for layered GO
composed of nanosheets of large lateral dimensions where these membranes composed of medium and small nanosheets this
non-idealities increase the water permeability by almost 10 times  increase is only about 2 fold (Cases A and B).

Fig. 5 Trajectory of permeating water molecules through layered GO membranes with ideal lamellar stacking: (@) 0-NP-IL, (b) 0-P-IL, (c) 8-NP-

IL, (d) 8-P-IL, (e) 24-NP-IL, and (f) 24-P-IL.
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Similar to water permeability, the salt rejection of the layered
GO membrane is reported in terms of salt (ion) permeation
events. With the increase in W the salt rejection ability of the
layered GO membrane increases irrespective of the presence of
non-idealities as shown in Table S1 of the ESI.{ However, unlike
water permeability the variation in salt rejection of the
membranes, because of the presence of non-idealities, is <2%,
at least in the timescale of the present simulation study. More
encouragingly, the salt rejection of layered GO membranes
composed of large nanosheets (W = 24.0 A) is always 100%
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irrespective of the presence of non-idealities although its water
permeability increases by almost 10 times because of the pres-
ence of non-idealities.

Fig. 5 shows the trajectories of permeating water molecules
inside the layered GO membranes where the GO nanosheets are
ideally stacked with and without pinhole defects. As W (or the
size of the GO nanosheets) increases, in the absence of non-
idealities the permeating water molecules have to follow
a circuitous, lateral pathway around individual sheets to
permeate through the membrane (Fig. 5a, c and e). This reduces
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Fig. 6 Distribution of the distance traversed by the permeating water molecules through the layered GO membranes. (a) No pinholes and ideal
lamellar stacking. (b) No pinholes and non-ideal lamellar stacking. (c) Pinholes and ideal lamellar stacking. (d) Pinholes and non-ideal lamellar

stacking.
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the permeability of the layered GO membrane as W
increases.***”*® However, with the inclusion of pinhole defects
on the layered GO membranes, the permeating water molecules
find shorter pathways for trans-sheet flow (Fig. 5b, d and f)
which in turn increases the water permeability of the
membranes. This effect is more significant for the layered GO
membrane composed of large nanosheets i.e. with a higher
value of W. The trajectories of permeating water molecules
inside layered GO membranes with non-ideal lamellar stacking
are shown in Fig. S8-510.1 The trajectories of the permeating
ions through the layered GO membranes are depicted in
Fig. S11-S15.1

Fig. 6 depicts the distribution of the distance traversed by
the permeating water molecules through the layered GO
membranes. To calculate the distance traversed by the
permeating water molecules through the layered GO
membranes, first a list of all the permeating water molecules is
extracted from the simulation data. Then the positions of each
of these permeating water molecules are recorded every 20 ps.

View Article Online

Paper

From these data we calculated the distance travelled by each of
the permeating water molecules from the moment it enters
inside the membrane to the moment it completely permeated
through the membrane. The distance travelled by one water
molecule in a single step is the difference between its current
position and its immediate previous position. With the
decrease in W, the majority of the permeating water molecules
traverse a shorter distance while permeating through the
membrane irrespective of the presence of non-idealities. This
observation is in accordance with the observations shown in
Fig. 3 and 5. The distribution of the permeation time and
permeation velocity of the water molecules also follow the
same trend as the permeation distance which are reported in
the ESI (Fig. S16 and S177).

Fig. 7 shows the spatial distribution of water in the layered
GO membranes with W= 24.0 A. With no pinhole defects on the
GO nanosheets and with ideal lamellar stacking, the water
molecules have to follow a “zig-zag” pathway inside the
membrane to permeate through (Fig. 7a). With the increase in

Fig. 7 Spatial distribution of water for layered GO membranes with W = 24.0 A. (a) 24-NP-IL, (b) 24-NP-nlL, (c) 24-P-IL, and (d) 24-P-niL.
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the size of the GO nanosheets the length of this “zig-zag”
pathway inside the membrane increases, which leads to lower
water permeability through the membrane. With the consider-
ation of non-ideal lamellar stacking alone (i.e., no pinhole
defects) the water permeability of the layered GO membrane
slightly decreases because of the blockage of water permeation
pathways inside the membrane®” (Fig. 7b). On the other hand
with the consideration of pinhole defects alone (i.e. the GO
layers are still ideally aligned), the water molecules find shorter
pathways for trans-sheet flow inside the membrane (Fig. 7c).
This increases the water permeability of the layered GO
membranes. The water permeation through the layered GO
membranes increases further with the consideration of pinhole
defects along with non-ideal lamellar stacking (Fig. 7d). In this
scenario the behaviour of non-ideal stacking of GO nanosheets
is different from the scenario where there are no pinhole defects
present on the GO nanosheets. The non-ideal stacking of GO
nanosheets leads to alternative pathways*>*** for water
permeation inside the membrane when pinhole defects are
present. So, along with the pinhole defects which provide
shorter pathways for trans-sheet flow, the voids which are
created due to non-ideal stacking of nanosheets also come into
play in determining the water permeability through the layered
GO membranes. Due to this the highest water permeability is
observed when both the non-idealities (i.e. pinhole defects and
non-ideal lamellar stacking) coexist in the layered GO
membranes. The spatial distribution of water for layered GO
membranes with W= 0.0 A and W = 8.0 A is reported in the ESI
(Fig. S18 and S19%).

Conclusions

In this present study the effect of non-idealities namely
pinhole defects and non-ideal lamellar stacking of GO nano-
sheets on the performance of layered GO membranes is
investigated through atomistic simulations. The layered GO
membranes composed of smaller GO nanosheets (or a smaller
value of W) show higher water permeability and lower salt
rejection as compared to the layered GO membrane composed
of larger GO nanosheets (or a larger value of W). However the
difference in water permeability between these layered GO
membranes reduces to a much lower value (the ratio reduces to
around 3 times from around 16 times) with the inclusion of
non-idealities in the layered GO membranes. The effect of
these non-idealities is more prominent with layered GO
membranes of larger sheet sizes. Due to the presence of non-
idealities the water permeability increases by around 10 times
for the GO membrane with W = 24.0 A, whereas for GO
membranes with W = 0.0 A and 8.0 A the water permeability
increases by only around 2 times. Although, the presence of
non-idealities increases the water permeability the corre-
sponding variation in salt rejection is negligible (<2%). More
encouragingly, the salt rejection of the layered GO membrane
with W = 24.0 A remains at 100% irrespective of the presence
of non-idealities.

The effect of individual non-idealities on the performance of
the GO membranes has also been investigated. The consideration

This journal is © The Royal Society of Chemistry 2019
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of pinhole defects alone (i.e. GO nanosheets are still ideally
aligned) in the layered GO membrane increases the water
permeability through the membrane. The pinhole defects present
on the GO nanosheets provide shorter pathways to the water
molecules for trans-sheet flow. This increases the water perme-
ability through the layered GO membranes. When non-ideal
lamellar stacking of GO nanosheets is considered alone (i.e. no
pinhole defects on the GO nanosheets) in the layered GO
membranes, the water permeation through the membranes
slightly decreases. The reason behind this is the blockage of
permeation pathways inside the layered GO membrane because of
the non-ideal stacking of the GO nanosheets. However with the
presence of pinhole defects the effect of non-ideal nanosheet
stacking becomes favourable to water permeation as this time the
non-ideal stacking leads to formation of voids inside the
membrane which act as alternate pathways for water permeation
through the membrane. Because of this, maximum water
permeation is observed through the layered GO membranes when
both pinhole defects and non-ideal lamellar stacking coexist in
the membrane.

Nevertheless, the size of the GO nanosheets still plays an
important role in determining the performance of a layered GO
membrane, although the ratio of water permeability between
layered GO membranes composed of smaller nanosheets to that
of membranes composed of larger nanosheets reduces to about
3 fold from about 16 fold with the inclusion of non-idealities.

This study provides some useful insights into the perfor-
mance of the layered GO membrane taking into account the
non-idealities that may be crucial to a pragmatic layered GO
membrane. However, it would be interesting to investigate the
effect of these non-idealities in a non-equilibrium osmotic
environment (forward osmosis, reverse osmosis, etc.). The
performance of the layered GO membrane with varying sizes of
pinhole defects also would be interesting to investigate. We
hope that the observations reported in the present study would
encourage further research in the practical applicability of
layered GO membranes in sea water desalination, water purifi-
cation, fuel cells and other membrane applications.
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