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ABSTRACT: Nanopores in graphene-based membranes have
shown great potential in enabling highly eﬃcient water
desalination. The eﬀective engineering of these membranes
necessitates a fundamental understanding of how the physical
structure and chemical details of their nanopores govern their
desalination performance. Using molecular dynamics simulations, we investigate how the ionization of the functional
groups along the perimeter of the nanopores in single-layer
graphene oxide membranes aﬀects water transport and salt
leakage. Moderate ionization enhances water transport and
leads to higher salt leakage. With further ionization of the
functionalization groups, water ﬂux through the pore is
reduced while the salt leakage shows little change. The
signiﬁcant role of functionalization groups’ ionization in modulating the water ﬂux and salt leakage through the nanopores is
attributed to the diﬀerent organizations of water molecules and ions in and near the pore as the pore becomes charged due to
ionization.

1. INTRODUCTION
The scarcity of fresh water for agricultural, industrial, and
human use is a great and growing challenge faced by the
society.1,2 Given the abundance of salt water in seas and
aquifers, this challenge can be addressed by purifying salt water
using economical processes. Enabled by continuous technological improvements, desalinating salt water to produce fresh
water has achieved signiﬁcant success in recent decades.3,4 In
particular, membrane desalination through reverse osmosis
(RO) has advanced signiﬁcantly and now accounts for over
50% of the installed desalination capacity worldwide.3 However,
RO is still a rather energy intensive process, and there remains a
great need to develop membranes with high ﬂux and superior
selectivity.2 A new generation of nanoporous materials can
potentially exceed the performance of the classical RO
membranes.5−9 For example, by engineering the pores in
these materials with size comparable to water molecules, water
ﬂux can be enhanced while maintaining excellent salt rejection.
Recently, single-layer graphene-based membranes showed
great potential in desalination due to their atomically thin
structure and good chemical stability.7,10−21 Although the
application of these membranes in practical RO operations has
yet to materialize, it has been established that the intrinsic/
engineered nanopores on graphene’s surface provide selective
molecular transport.22 The water and salt transport through
these membranes are generally governed by the size and
chemistry of the pores in the functionalized or pristine
graphene. At a pore diameter of 5.5 Å, permeation of water
is allowed and salt ions are eﬀectively rejected.23 Further
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increasing the pore size, however, diminishes salt rejection. In
addition to their size, the chemistry of the pores, e.g.,
hydrophobicity, can be leveraged to control the desalination
performance of graphene-based membranes.12,24 For example,
nanopores whose edge atoms are terminated by nitrogen and
ﬂuorine can act as ionic sieves with high selectivity.25
Functionalizing the edge of some pores with hydroxyl group
can double the water ﬂux through them.12 While enhancing
water ﬂux may not dramatically improve the RO performance
due to the thermodynamics limits associated with salt removal,
such enhancement is often encouraging because it helps achieve
high throughput desalination of water. Other functionalization
schemes have also been shown to enable high rejection rate of
heavy metal ions and transition-metal ions26,27 and to more
eﬀectively exclude chloride ions.28
While previous works provide useful insights into how size
and chemistry of the nanopores in graphene-based membranes
aﬀect their desalination performance, some issues remain open.
Graphene oxide (GO) membranes often contain rich surface
functional groups such as the hydroxyl and carboxyl groups.
Ionization of these groups can cause the GO membrane to
carry net charge. In particular, deprotonation of the carboxyl
groups at mild pH leads to buildup of negative charges on the
GO layer.29,30 How ionization of the functionalization groups
of GO membrane aﬀects their desalination is not yet clear. On
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Figure 1. The molecular system used for studying desalination by GO membranes. (a) A side view of the simulation system. The GO membrane has
a single nanopore at its center, and six atoms at the perimeter of its pore are functionalized using carboxyl groups. The golden (blue) spheres denote
the Na+ (Cl−) ions in the salt water. The dashed lines denote the simulation box, which is periodic in all three directions and measures 4.20 × 4.12
nm2 in the xy-plane. (b) Zoom-in views of the nanopores in the GO membrane. The red, cyan, and white spheres denote the oxygen, carbon, and
hydrogen atoms, respectively. The carboxyl groups are highlighted as van der Waals spheres. Deprotonation of 0, 3, and 6 of the carboxyl groups
results in a net charge of 0, −3e, and −6e for each pore, respectively. (c) A cutout view of the pore in the GO membrane. A water molecule/ion
inside the dashed box (0.4 nm thick) is considered to be within the pore.

directions, and the box length in the transmembrane direction
(z direction) is 12 nm. Initially, both the salt and fresh water
slabs have a thickness of 4 nm, and the salt water has an ion
concentration of 2 M. This high salinity helps us obtain good
statistics for ion transport through the membrane. We also
perform simulations using 1 M salt water and ﬁnd that the
general trend of water and salt transport does not change (see
Figures S1 and S2). We note the high salinity of the salt water
adopted here is relevant to some practical applications, e.g., the
desalination of ﬂuids returned from gas wells to ground after
hydraulic fracturing operations.32
The GO layer contains hydroxyl groups on its entire surface,
and the overall O/C ratio is ∼35%. One nanopore is created at
the center of the GO layer by removing selected carbon atoms.
Six carboxyl groups are then uniformly functionalized on the
edge of the pore. To model ionized carboxyl groups, the
hydrogen atoms of the groups are removed. These treatments
are consistent with the fact that GO layers contain mostly
hydroxyl groups and carboxyl groups.33,34 and the carboxylic
groups on GO’s edge are more easily deprotonated under
typical pHs.29 Two pores with nominal diameters of 0.68 and
1.12 nm and the same carboxyl group distribution are
considered. The nominal pore diameter is determined as the
separation between the carbon atoms of the pair of carboxyl
groups positioned diagonally on the pore’s perimeter.
Following the nomenclature for defected graphene used by
the Karnik group, which names pores with diﬀerent sizes by
considering the number of graphene rings removed or partially
opened when the pores are created,35 the small (large) pore
used here can be named as P-19 (P-49). The number of ionized
carboxyl groups varies among 0, 3, and 6, resulting in 0, −3e,
and −6e charges on the pore (see Figure 1b). When the

the experiment side, previous studies have suggested (though
not rigorously proved) that ion selectivity in some graphene
membranes was likely due to the negative charge from the
ionized functionalization groups.31 On the theory and
simulation side, the eﬀect of ionization of GO membranes’
functionalization groups on their desalination has not been
examined yet, but useful insight is available from some related
studies. In a seminar simulation work, the Striolo group showed
that diﬀerent functionalization groups at the pore edge (hence
diﬀerent distribution of partial charges near the pore) can
greatly aﬀect the free energy landscape for ion transport across
the pores.28 Thus, it is safe to assume that the net charge of the
nanopores in GO membrane can aﬀect their water and ion
transport characteristics and, consequently, the desalination
performance of the membrane.
In this work, we aim to investigate how ionization of the
functionalization groups at the edge of nanopores in GO
membranes aﬀects the desalination behavior of these pores.
The rest of the article is organized as follows. We explain the
simulation system and methods in section 2. We then present
the simulation results on the eﬀects of deprotonation of the
carboxyl groups of the nanopores on the water ﬂux and salt
leakage through the pores and clarify the molecular physics
behind these eﬀects in section 3. Finally, conclusions are drawn
in section 4.

2. SIMULATION DETAILS
Figure 1a shows the setup of the simulation system. The system
consists of a slab of NaCl solution (salt water) and a slab of
fresh water separated by a single-layer GO membrane located at
z = 0. Two rigid pistons are used to control the pressure of the
salt water and fresh water. The system is periodic in all three
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Figure 2. The accumulative number of water molecules ﬁltered through nanopores with diﬀerent size and charge and the corresponding water ﬂux.
(a) Small nanopores with a nominal diameter of 0.68 nm. (b) Large nanopore with a nominal diameter of 1.12 nm. A pressure diﬀerence of 100 and
50 MPa between the salt and fresh water is used to drive the water transport through the small and large nanopore, respectively.

carboxyl groups were ionized, 3 or 6 cations are added to the
salt water side to maintain the electroneutrality of the whole
system. The OPLS-AA force ﬁelds are used for the GOs.28,34,36
The rigid SPC/E model is used for the water molecules.37
Generally, polarizable force ﬁelds aﬀord more accurate
prediction of the solvation and dynamics of ions. Because of
their very high computational cost, nonpolarizable force ﬁelds
are adopted. This may reduce the accuracy of predicting water/
ion transport.38 However, some recent work suggests that such
inaccuracy may not be signiﬁcant at graphene−water
interfaces.39 The force ﬁelds for the Na+ and Cl− ions are
adopted from ref 28.
MD simulations are performed using the Gromacs package.40
The LINCS algorithm is used to constrain all bonds.41 A NVT
ensemble with the velocity-rescale thermostat at 300 K is
implemented.42 A global cutoﬀ 1.2 nm is used for computing
the Lennard-Jones potential, and the particle mesh Ewald
(PME) method43 is used to calculate the electrostatic
interactions. A large vacuum space is placed outside of the
two pistons and their periodical images, and the slab-PME
method44 is used to compute the electrostatic interactions so as
to eﬀectively model a 2D system that is periodic only in the GO
membrane plane (i.e., xy-plane). All carbon atoms in the GO
membrane are ﬁxed throughout the simulation. Eliminating the
ﬂexibility of the pore’s atoms may reduce the water ﬂux.
Nevertheless, we note that all functionalization groups along
the pore’s edge, which aﬀect water transport more signiﬁcantly
than the carbon atoms, can still stretch and bend in our
simulations. Therefore, the rigidity of the graphene sheet
should not greatly aﬀect the computed water ﬂux.
Initially, the system is equilibrated while ﬁxing the water
molecules inside the pore (thus, salt water and fresh water sides
are separated). Zero pressure is applied on both pistons, whose
atoms are only allowed to move in the z-direction. After
equilibration for 10 ns, 10−25 conﬁgurations are generated and
nonequilibrium runs of 5−10 ns are performed. During these
nonequilibrium runs, all water molecules and ions are allowed
to move freely and the pressure on the piston at the salt water
side (P1) is increased to drive water transport through the
pores. The pressure on the piston at the fresh water side is ﬁxed
at P2 = 0. Each simulation is repeated 10−25 times with
independent initial conﬁgurations to obtain good statistics for
water and ion transport.
To compute the water and ion ﬂux through the pores
accurately, we adopt a method similar to that for computing ion
transport through single nanopores.45 Speciﬁcally, the number
of ﬁltered water molecules or leaked ions is computed using

Nf (t ) = ⟨n(t ) − n(0)⟩

(1)

where n(t) is the accumulative number of water molecules or
ions passing through the pore and ⟨...⟩ denotes the ensemble
average.

3. RESULTS AND DISCUSSION
3.1. Water Flux. To drive the water transport through the
GO pores, a large pressure P1 and a zero pressure P2 are applied
on the left and right pistons shown in Figure 1a, respectively.
For the small pores (nominal diameter: 0.68 nm), a P1 of 100
MPa is used; for the large pores (nominal diameter: 1.12 nm), a
P1 of 50 MPa is used. A higher P1 is used for the small pores
because of the larger resistance for water transport in these
pores. The high pressure used is necessary to achieve notable
water ﬂux within the time scale accessible by MD simulations
and is similar to those used in prior simulation studies.7,12,26 We
also conduct simulations with P1 = 50 MPa for the small pores
and P1 = 20 MPa for the large pores and ﬁnd the obtained
water and salt transport characteristics are similar to the results
presented below (see Figure S3).
Figure 2 shows the water transport behavior of all the pores.
We observe that the number of ﬁltered water molecules Nf(t)
increases linearly with time and depends on the pore charge.
We also compute the water ﬂux through pore by linear
regression of Nf(t). For the small pores, as their charge changes
from q = 0 to q = −3e, the water ﬂux more than doubles.
However, as their charge changes further to q = −6e, the water
ﬂux becomes even smaller than that at q = 0. Similar eﬀects of
pore charge on the water ﬂux are also observed for the large
pores, albeit to a lesser extent. These results indicate that
ionization of the pores’ functional groups aﬀects the water ﬂux
through pores: moderate ionization greatly enhances water ﬂux
but too strong ionization can diminish the water ﬂux, and the
strength of these eﬀects depends strongly on the pore size.
The increase of water ﬂux as the pore charge changes from q
= 0 to −3e can be attributed to the increased “eﬀective” pore
size. To probe the eﬀective size of the pores, we calculate the
lateral distribution of water molecules within a 0.4 nm thick
slab centered on each pore (see the dashed box in Figure 1c;
water molecules within this slab are considered to be inside the
pore hereafter). Figure 3 shows the xy-plane density map of
water inside the small pores, and the carboxyl groups on the
pores’ edge are also highlighted. The water distribution is
similar for pores with diﬀerent charges; e.g., six high-density
sites, which provide a gateway for water transport through the
pore, are observed near the carboxyl groups (some are ionized)
at the pore edge. As the pore becomes more negatively charged,
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Figure 3. The xy-plane distribution of water molecules inside the small
pore with a nominal diameter of 0.68 nm. The pore’s net charge is q =
0, −3e, and −6e in the three panels. The carboxyl groups (neutral and
ionized) along the pore’s perimeter are shown as van der Waals
spheres (hydrogen, oxygen, and carbon atoms are in white, red, and
cyan color, respectively).

these sites are drawn closer to the carboxyl groups. In fact,
when the pore charge reaches q = −6e, an extra high-density
site appears at the pore center. Meanwhile, the number of water
molecules at these high-density sites increases; e.g., the total
number of water molecules inside the pore increases from 5.82
to 6.87 and 8.00 as pore charge changes from 0 to −3e and −6e.
Clearly, by drawing water molecules closer to the pore edge and
accommodating more water molecules in the pore, ionization
of the pore’s carboxyl groups eﬀectively enlarges the pore. This
pore widening eﬀect originates from the stronger electrostatic
interactions of water molecules with the COO− group (dipole−
charge interactions) than with the COOH group (dipole−
dipole interactions) and helps explain why water ﬂux is higher
through the q = −3e pore than through the neutral pore. This
enhancement is consistent with the reports that water ﬂux
through graphene pores can be enhanced by increasing the
water−pore interactions via functionalization of the pores’
pristine edge.46,47 Our results suggest that ionization of the
functionalization groups already on the pore’s edge can be
another strategy for controlling the water−pore interactions
and thus the water ﬂux.
The above pore widening eﬀect, however, cannot explain
why the water ﬂux decreases below that for neutral pores when
the pore charge changes from q = −3e to −6e. To understand
this unexpected behavior, we analyze the distribution and the
energetics of water molecules across the pore through separate
equilibrium simulations. Speciﬁcally, we perform simulations
with the same salt water on both sides of the membrane and
zero pressure on both pistons. Figure 4a shows the onedimensional (1D) water density distribution along the pore axis
(see Figure 4a inset). Because the functionalized groups at the
pore edge are not exactly symmetrically distributed with respect
to the horizontal plane of the pore (z = 0), the water density
proﬁle is not precisely symmetrical with respect to this plane.
Here, to facilitate discussion and to improve statistics, the water
density proﬁle through the pores is symmetrized with respect to
the pores’ horizontal plane. Figure 4a shows that as the pore
becomes more negatively charged, the water density within 0.2
nm from the pore’s horizontal plane increases, and this is
consistent with that observed from the xy-plane water density
map inside the pores (see Figure 3).
From the distribution of water molecules in Figure 4a, we
can extract their 1D potential of mean force (PMF) through
the pores using PMF(z) = −kBT ln ρ(z)/ρ0, where T is the
temperature, kB is the Boltzmann constant, and ρ0 is the water
density at position far from the pore where the PMF is taken as
zero. While the 1D PMF thus calculated does not fully capture
the three-dimensional pathway and free energy landscape for
water permeation, it does provide a semiquantitative under-

Figure 4. Distribution and energetics of water molecules across
nanopores with a nominal diameter of 0.68 nm. (a) The onedimensional (1D) density proﬁles of water molecules along the axis of
pores with q = 0, −3e, and −6e. Only water molecules within a radius
of 0.34 nm (labeled by the dashed box in the inset) from the pore axis
are considered. The GO membrane is located at z = 0. (b) The 1D
potential of mean force (PMF) proﬁles of water molecules along the
axis of pores with diﬀerent charges. The major energy barriers for
water molecules to translocate the pore (ϕ1) and to approach the pore
from bulk or leave the pore toward bulk (ϕ2) are labeled by the dashed
lines.

standing of the energetics for water transport through the pore.
As shown in Figure 4b, for a water molecule to migrate from
the bulk water from one side of the membrane to that at the
other side, it must overcome three key energy barriers
regardless of the charge on the pore: one barrier with a height
of ϕ1 as it crosses the pore’s horizontal plane and two barriers
with a height of ϕ2 as it reaches the pore from the bulk water
(or vice versa). As the pore charge changes from 0 to −3e, the
energy barrier ϕ1 is reduced from 2.1kBT to 1.1kBT and ϕ2 is
reduced from 1.5kBT to 0.8kBT. Therefore, water molecules
translocating the q = −3e pore has to overcome smaller energy
barriers comparing to that for the q = 0 pore. Thus, the
enhanced water ﬂux at q = −3e pore than the neutral pore is
also expected from the energetics of water transport across the
pore.
As the pore charge changes from −3e to −6e, the height of
the energy barrier ϕ1 decreases from 1.1kBT to 0.5kBT; the
height of the energy barrier ϕ2, however, increases from 0.8kBT
to 1.3kBT. In addition, further away from the membrane, the
PMF is more corrugated for the pore with q = −6e when
compared with the pore with q = −3e. Therefore, the transport
of water molecules through the pore with q = −6e is
energetically less favorable than that through the pore with q
= −3e, thus helping explain the decrease of water ﬂux as pore
charge changes from q = −3e to −6e. However, the energy
barriers for water transport through the pore with q = −6e are
smaller than through the pore with q = 0. This suggests that the
small water ﬂux through the pore with q = −6e pore cannot be
explained based on the energetics of water transport alone.
Here we postulate that the dynamics of water in the pore is
slowed down as the pore charge increases and the water ﬂux
through the pore with q = −6e is smaller than other pores
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reaches 0.1 at t = 1.01 ns. However, in pores with q = −6e,
CR(t) decays much more slowly and is 0.24 at t = 4 ns,
indicating that once a water molecule enters this pore, it stays
inside much longer than in pores with q = 0 and −6e. The
much longer residence time in pores with q = −6e is not mainly
caused by higher energy barriers for water inside the pore to
leave the pore but by the slower dynamics of water inside the
highly charged pores. As shown in Figure 4b, water escaping a
pore must overcome an energy barrier ϕ2 and ϕ2 is close for
pores with q = 0 (ϕ2 = 1.5kBT) and pores with q = −6e (ϕ2 =
1.3kBT). Since the escape rate of a water molecules from a pore
is controlled primarily by the energy landscape for its escape
and its mobility, the latter result suggests that the much longer
residence time of water molecules inside pores with q = −6e
than with q = 0 is caused by the slower dynamics of water
molecules inside the highly charged pore. Such slower dynamic
of the water molecules in the highly charged pores helps explain
why the water ﬂux through pores with q = −6e is smaller than
that through pores with q = 0 even though the energy barriers
for water translocation are higher for pores with q = 0.
The slower dynamics of water molecules inside pores with q
= −6e than pores with q = 0 and −3e is closely related to their
molecular organization inside the highly charged pores. As a
pore becomes more negatively charged, the number of water
molecules inside it increases and these water molecules
approach the carboxyl groups on the pore’s edge more closely
(see Figure 3). Inside the pore, water molecules form more
ordered structure in the q = −6e pore than in the q = 0 and q =
−3e pores as evident from the angle distribution of dipole
moment of the water molecules inside the pore (see Figure S4).
In addition, in pores with q = −6e, water molecules form strong
hydrogen bonds with the COO− groups (some water molecules
can even form hydrogen bonds with two COO− groups
simultaneously, see Figure 5b), which results in highly stabilized
water structure in the pore and consequently slow water
dynamics.
In the above calculations, the salt concentration in the
feeding solution (2 M) is much higher than common salt water
such as seawater. The higher salt concentration leads to a
higher osmotic pressure, and thus it requires higher pressure to
drive the RO process. In addition, the elevated ion
concentration in the feeding solution can also aﬀect water
ﬂux through other mechanisms. For example, in our simulations
of water transport through the 1.12 nm wide pores at a pressure
diﬀerence of 50 MPa, when the salt concentration in the
feeding solution increases from 1 to 2 M, the driving force for
RO decreases ∼10% due to the increased osmotic pressure.

because the dynamics of water is slowed down the most in this
pore.
Directly quantifying the dynamics of water inside the GO
pores is diﬃcult because the pore is thin and there exists
signiﬁcant local gradient of PMF through the pore. Here we use
an indirect method for inferring the dynamics of water
molecules inside pores from equilibrium simulations with the
same salt water on both sides of the membrane and zero
pressure on both pistons. We deﬁne an occupancy
autocorrelation function for water molecules inside the pore
C R (t ) = ⟨PR (t )PR (0)⟩/⟨PR (0)2 ⟩

(2)

where PR(t) is a binary function that is equal to 1 if a water
molecule in the pore at time 0 is also found at time t and is
equal to 0 otherwise. ⟨...⟩ denotes the ensemble average. From
the decay of CR(t) with time, we can infer the residence time of
water molecules in the pore and thus their dynamics indirectly.
Figure 5a shows the CR(t) computed for water molecules inside

Figure 5. Structure and dynamics of water molecules inside pores. (a)
The occupancy autocorrelation function of water molecules in pores
with a nominal diameter of 0.68 nm and diﬀerent charges. A water
molecule occupies the pore if it is within the dashed box labeled in the
inset. (b) A snapshot of the water molecules in the small pore
(nominal diameter: 0.68 nm) with q = −6e. The COO− groups are
shown as van der Waals spheres, with color coding same as that in
Figure 1. The red dashed lines denote the hydrogen bonds formed
between water molecules and between water molecules and the COO−
groups. Geometrical criteria (dO−O ≤ 0.35 nm and ∠HOH ≤ 30°) are
used for hydrogen bonding analysis.48

small pores with diﬀerent charges. For pores with q = 0, CR(t)
decays to 0.1 at t = 1.56 ns, suggesting that water molecules
inside the pore readily leave the pore and thus are highly
mobile. In pores with q = −3e, CR(t) decays slightly slower and

Figure 6. Evolution of the number of ions leaked through large pores (nominal diameter: 1.12 nm) with net charge q = 0, −3e, and −6e. The dashed
lines denote linear regression at time larger than 2 ns. A pressure diﬀerence of 50 MPa between the salt and fresh water sides is used to drive the
water transport.
13416
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Our simulations, however, showed that the water ﬂux decreases
by 33 ± 3%, 21 ± 7%, and 16 ± 6% for pores with charge of q =
0, −3e, and −6e, respectively. The more signiﬁcant decrease of
water ﬂux revealed in our simulations is likely caused by the
slower dynamics of water molecules in solutions with higher
salt concentrations.
3.2. Salt Leakage. The leakage of salt ions through GO
pores is another important aspect of their desalination
performance. While pores must exceed certain critical diameter
to allow water transport, they must also be narrow enough to
hinder the leakage of salt ions. For the small pores with a
nominal diameter of 0.68 nm, no salt leakage is observed with
the pressures applied here during our MD simulations. For
large pores with a nominal diameter of 1.12 nm, leakage of Na+
and Cl− ions is observed during our simulation. Because large
pores inevitably exist in practical GO membranes, it is useful to
study how salt leaks through these pores in detail.
Figure 6 shows the accumulative leakage of Na+ and Cl− ions
through the 1.12 nm wide pore with diﬀerent charges when P1
− P2 = 50 MPa. When the pore is neutral, the leakage of Na+
and Cl− ions is indistinguishable within statistical uncertainty.
When the pore is negatively charged, initially, the Cl− (Na+)
ions leak through the pore slower (faster) because the Cl−
(Na+) ions are repelled from (attracted to) the negatively
charged pores. However, at large time, the leakage rate of Na+
and Cl− ions becomes the same, and the diﬀerence between the
number of Na+ and Cl− ions leaked through the pore stabilizes
at ∼1.5e and ∼3e for the pore with q = −3e and −6e,
respectively. The former is simply a consequence of the fact
that the net electrical current is zero in the present system. The
latter is consistent with the observation that the pore charge is
equally balanced by ions at the GO membrane’s two sides (see
Figure S5). Using the linear regression of the ion leakage data
in Figure 6, the salt leakage rate jion (i.e., the pairs of Na+/Cl−
ions leaked through the pore per unit time) is determined as jion
= 0.24, 0.71, and 0.70 ns−1 for pores with q = 0, −3e, and −6e,
respectively. Thus, jion increases sharply as the pore’s charge
changes from 0 to −3e but changes little as the pore charge
changes further to −6e.
The evolution of jion in pores with their charges is closely
correlated with the evolution of ion occupancy in these pores.
Because ions in a pore provide gateways for ion transport
through the pore, higher occupancy of ions inside the pore
facilitates the ion leakage through it. Table 1 shows the number

water inside the pore is low. We found that a Na+ ion inside the
neutral pore loses ∼25% of its hydration water molecules
compared to ∼10% for the Cl− ion. Therefore, it is energetically
less favorable to insert a Na+ ion into the neutral pore than the
Cl− ions and Na+ ions are the minority ion inside the pore. In
this case, ion exclusion due to the dehydration barrier caused by
small pore size plays a key role in determining the ion
occupancy in the pore (and consequently the salt leakage
through the pore).49 In charged pores, Cl− ions are the
minority ion since they are repelled from the pores by the
negative pore charge. Here, co-ion exclusion due to the
electrostatic repulsion by the charged functional groups plays a
key role in determining the ion occupancy in the pore.49 Table
1 shows that the occupancy of the minority Cl− ions in pores
with q = −3e is much higher than the occupancy of the
minority Na+ ions in the neutral pores, which leads to the
higher jion in the pores with q = −3e. When the pore is more
negatively charged, the occupancy of the minority Cl− ions
increases marginally, and thus jion is comparable with that
through pores with q = −3e. These observations are initially
unexpected. According to the mean-ﬁeld theories for electrical
double layers, the co-ion concentration within a few Debye
lengths from a highly charged object is much lower than that in
bulk electrolytes and decreases as the charge on the object
increases.50 For electrolytes with monovalent ions, their Debye
length is given by λD = ϵkBT /2e 2c∞ , where ϵ and c∞ are the
their dielectric permittivity and bulk concentration, respectively.
Here, the salt water at the GO membrane’s feed side has a
concentration of 2 M, hence a Debye length of 0.2 nm. Because
the pore carries a large charge density (∼−0.8e/nm per unit
length of the perimeter for the pores with q = −3e), Cl− ions
are largely repelled from the pore (water accessible radius: ∼0.5
nm) and the occupancy of Cl− ions inside the pore should
decrease as the pore charge changes from −3e to −6e, in
contrast to the marginal increase shown in Table 1.
To understand the high Cl− ion occupancy in pores with q =
−6e, we examine the distribution of Na+ and Cl− ions in and
around the pores in detail. Figure 7a shows the ion density

Table 1. Occupancy of Salt Ions in the Large Pore (Nominal
Diameter: 1.12 nm) with Diﬀerent Chargesa
pore charge q
+

Na ion
Cl− ion

0

−3e

−6e

0.11
0.79

0.95
0.50

3.49
0.61

Figure 7. (a) Distribution of Na+ ions (upper panel) and Cl− ions
(lower panel) inside and near a large pore with q = −6e. z = 0 and r =
0 denote the pore’s horizontal plane and vertical axis, respectively. (b)
Radial density distribution of Cl− ions around the Na+ ions inside the
large pore with diﬀerent charge q and in bulk 2 M NaCl solution.

a

An ion is considered to occupy the pore if it is within the dashed box
shown in Figure 1c.

of Na+ and Cl− ions inside the pores studied in Figure 6
(similar to water molecules, ions within 0.2 nm from the pore’s
horizontal plane are taken as inside the pore; see the dashed
box in Figure 1c). Because the leakage of a cation through any
pore must be balanced by the leakage of an anion and vice
versa, jion is controlled primarily by the leakage of the minority
ions inside the pore. In neutral pores, Na+ ions are the minority
ion. When conﬁned inside a neutral pore, an ion tends to lose
part of its hydration water molecules because the density of

distribution as a function of radial and axial distance from the
pore center. As expected, a signiﬁcant amount of Na+ ions is
accumulated near the pore’s perimeter to screen COO− groups’
charge. However, many Cl− ions accumulate in the central
portion of the pore, despite the electrostatic repulsion by the
COO− groups (similar distribution is observed for pores with q
= −3e, see Figure S6). The accumulation of Cl− ions in the
pore’s center is attributed to the strong correlations between
13417
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Na+ and Cl− ions, which are neglected in the mean-ﬁeld
theories for electrical double layers. To show this, we computed
the distribution of Na+ ions around the Cl− ions inside the pore
(see Figure 7b). Figure 7b shows that Cl− ions are
“coordinated” by Na+ ions both in bulk electrolytes and inside
the pore. The coordination of Cl− ions by Na+ ions is enhanced
when the pore becomes more negatively charged, mostly
because more Na+ ions are brought near the pore when the
pore’s charge changes from −3e to −6e. Such an improved
coordination compensates the enhanced repulsion by the
COO− groups, and thus the occupancy of Cl− ions inside the
pore changes little.
In the above discussion, the salt concentration in the feed
solution is 2 M, which is much higher than that in seawater and
brackish water. The elevated salt concentration used in our
simulations leads to weaker electrostatic repulsion of co-ion
from pore (due to enhanced screening of electrostatic
interactions by ions) and stronger ion−ion correlations than
those in seawater. Since weaker electrostatic repulsion and
weaker ion−ion correlations both tend to increase the
occupancy of co-ions in charged pores, we expect the leakage
of ions through the pore exposed to seawater to be less severe
than that predicted in our simulations. Nevertheless, the eﬀect
of pore charge on the salt leakage should not change
qualitatively for seawater because seawater itself is highly
concentrated (its Debye length is only 22% and 45% smaller
than that of the 1 and 2 M salt water used here). For brackish
water with low ion concentration (say ∼0.1 M), the
conclusions obtained here may need to be reassessed through
systematic studies.
So far, we have focused on the absolute rate of salt leakage. In
practice, the salt rejection rate is considered an important
metric in evaluating the performance of reverse osmosis
membranes. We thus calculate the salt rejection rate using
the salt leakage rate and the corresponding water ﬂux obtained
above. For the small pores, the salt rejection rate is 100%. For
the large pore with a nominal diameter of 1.12 nm, when the
desalination is driven by a pressure diﬀerence of 50 MPa, the
salt rejection rates are 76%, 42%, and 22% for pore charges of 0,
−3e, and −6e, respectively. Therefore, ionizing the carboxyl
groups of the large pores considered here compromises their
salt rejection rate, especially if the level of ionization is high.
Since modest ionization of the carboxyl groups actually
increases the water ﬂux, this result suggests that one should
consider the trade-oﬀ between the water ﬂux and salt rejection
rate when assessing the eﬀect of ionization on the performance
of GO membranes.

salt leakage through the pores comparing to neutral pores by
increasing the occupancy of ions inside the pore. As the degree
of ionization increases, the occupancy of the co-ions does not
decrease as expected from classical mean-ﬁeld theories but
increase slightly; thus, salt leakage does not change greatly for
the pores studied here. The unexpected increase of co-ion
occupancy inside the pores with the increasing pore charge is
attributed to the strong correlations between counterions and
co-ions.
GO membranes carry numerous functionalization groups and
can become charged due to the ionization of these
functionalization groups. The ionization of these groups is
controlled by the operation conditions of the membrane, most
importantly the pH of its feed solution. Our study thus suggests
that the operation conditions (especially the pH) can have a
signiﬁcant eﬀect on the membrane’s desalination performance,
and attention should be paid to such conditions when
designing/selecting membranes for a target desalination
application. This necessarily complicates membrane design/
selection; e.g., the ﬁnding that increasing ionization of the
functionalization group leads to decreased salt rejection rate but
nonmonotonic variation of water ﬂux suggests that the trade-oﬀ
between water ﬂux and salt rejection rate must be considered.
However, this ﬁnding also suggests that ionization of the
functionalization groups can potentially be leveraged to develop
better GO membranes. In particular, although enhancing water
ﬂux may not dramatically improve the performance of these
membranes due to the thermodynamics limits associated with
salt removal, increased water ﬂux can be very useful when high
throughput is needed in desalination operations.
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4. CONCLUSIONS
In summary, we investigate how the nanopore structure and
chemistry aﬀect the desalination behavior of single-layer GO
membranes. We show that ionizing the functionalization groups
on nanopores’ perimeter aﬀects both the water ﬂux and salt
leakage through the nanopore and the eﬀect depends on the
degree of ionization and the size of the pore. Modest ionization
lowers the energy barrier for water translocation through the
pores and thus enhances the water ﬂux. Severe ionization,
however, reduces the water ﬂux because the dynamics of water
molecules inside the pores is slowed down by the strong
interactions between ionized functionalization groups and
water molecules. These eﬀects are pronounced for pores with
a nominal diameter of 0.68 nm but weak for pores with a
nominal diameter of 1.12 nm. Generally, ionization enhances
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