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Layer-by-layer graphene oxide (GO) membrane in principle has great potential in separating Li* from mono-
valent cations, which is achieved by their functionalized interlayer entrance. The edge effects on different
monovalent ions, however, are not fully understood. Therefore, molecular dynamics simulations were utilized in
this study to separately elucidate the filtration effects of three typical edge functional groups, which were
carboxyl (COOH), hydroxyl (OH), and hydrogen (H), on the LiCl, NaCl, and KCl solutions. The results revealed
that the water permeance was dominantly influenced by the steric size of edge functional groups. It could also be
affected by the ions blocked at the entrance. The drastic dehydration of the hydrated Na* and K* caused by the
OH edge required more energy that led to higher ion rejection. The compressed-dehydrated hydration shell,
which was tuned by the edge functional groups, introduced repulsion from Na™ and attraction from Li* on Cl~
when they were 3-5 A away from each other. It would be strategic to use all three edge functional groups to
retain NaCl in the retentate stream while allowing selective permeance of LiCl and the OH edge could addi-

tionally retain KCIL

1. Introduction

The demand for lithium-ion batteries is growing rapidly because of
the development of wearable equipment. Over sixty percent of lithium,
the most important component for lithium battery, is stored in naturally
available brine sources [1]. Since they are mixed with other ions in
solution, especially Na* and K, the separation and collection of Li™ is
difficult [2,3]. Therefore, any potential improvement in the separation
efficiency and selectivity of Li" from monovalent ions will directly
translate to reducing the production cost of the lithium-ion battery.

Conventional methods used for separating Lit out from brines
include precipitation, ion exchange, and liquid-liquid extraction. Those
methods need extra reactants and cannot be processed continuously [3].
As one of the most effective and environment-friendly separation
methods, membrane separation technology has been reported as a
suitable process for Li* recovery from brines [4]. Most of the reported
experiment trials on the ion separation hitherto only focused on the use

of conventional polymeric membranes. Their rejection ratio of mono-
valent ions, however, usually is higher than 85% and necessary to be
further decreased for industrial processing [5,6]. Compared to the
irregular channels of conventional polymeric membranes, uniform
channels of the layer-by-layer two-dimensional (2D) membrane theo-
retically could achieve better ion selectivity with higher separation ef-
ficiency [7]. Graphene oxide (GO) membrane is a type of 2D membrane
that could be easily synthesized and utilized [8,9]. It has good chemical
and mechanical stabilities, which make it possible for a wide variety of
industrial applications [10]. The narrow interlayer entrance of the GO
membrane, which consisted of functionalized edge and graphite surface,
was reported as the key feature in this 2D membrane that dominantly
contributes to the ion rejection. This functionalized entrance in coop-
eration with a low friction interlayer channel can hypothetically attain
good monovalent ion separation performance [9-11]. Through entrance
edge functionalization, which is nanosheet edge functionalization, the
GO membrane selectivity can be adjusted corresponding to the
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characteristics of the target components.

The development of layer-by-layer GO membranes for the ion sepa-
ration have been explored experimentally and numerically. Higher re-
jections of Mg?" and Ca?* could be experimentally achieved by surface
charging because of the relatively stronger electrostatic repulsion by the
membrane charge on the divalent ions than on the monovalent ions
[12-15]. Such electrostatic repulsion is not capable of separating Li*
from Na® or K'. Instead, adsorption and size exclusion are two main
mechanisms used for GO membrane design. Only a small number of
experimental reports are available in the literature indicates the critical
of channel size controlling [6,16-19]. Therefore, simulation work posed
to be an alternative to provide a basis to design a high Li* selectivity
membrane that could be synthesized in the future.

The difference in monovalent ion hydration shells is the basic sepa-
ration mechanism used for simulation design. This difference consists of
the interaction between the water molecules of the hydration shells, and
the interaction between the water molecules and ions. As a case in point,
talking Lit, Na®, and K™ as a comparison basis for Li" separation, the
dehydration energy of one water molecule follows the trend of hydrated
Li"> hydrated Na*> hydrated K*, while the hydration radius follows
the trend of hydrated Li* < hydrated Na® < hydrated K™ [20-26]. More
energy is required when the ions need to dehydrate more that would
result in lower ion permeance and better rejection. Summarized from
the simulation works of porous GO membranes, pore size [27-31], and
edge functionalization [30-33]have been reported as two dominant
parameters that contribute to the separation of monovalent ions.
Although the layer-by-layer GO membrane is easier to be prepared on a
large scale, the numerical investigation on their monovalent ion sepa-
ration performance is very limited. The effects of the edge functional
groups on ion selectivity in a structure layer-by-layer GO membrane,
which had significant impacts on the porous membrane, have never
been examined before. Therefore, the effects of edge functional groups
of the layer-by-layer GO membrane on the ion selectivity will be pursued
in this current works.

To fill the gap in knowledge and find a strategy for selecting out Li*
from other monovalent cations, i.e. Na* and K, layer-by-layer GO
membranes, whose nanosheets were only edge functionalized by COOH,
OH, and H respectively, were studied in this work. LiCl, NaCl, and KCl
were separately processed for investigation with enhanced membrane
edge effects. Membrane rejection performance and ion accumulation
were analysed for identifying the influence of edge functionalization on
the ion separation. In addition, a novel influence caused by the inter-
action between the compressed hydrated counter ions was also dis-
cussed to elucidate the ion entering competition at the long narrow
functionalized entrance. This analysis expands the boundary of cation
only analysis, which could undoubtedly simplify and highlight the key
differences in separation but neglects any possible of the anions in
affecting the separation process [27-29]. To the best of our knowledge,
this part has never been discussed in other work.

2. Methodology

Four simulation models were used in this work that included equi-
librium and non-equilibrium simulations ran by the large-scale atomic/
molecular massively parallel simulator (LAMMPS) [34]. The overall
membrane performance, the interaction between hydrated ions in bulk
water, inside the interlayer channels, and under the influence of
different edge functional groups were separately illustrated. Models
were all solvated by the simple point charge (SPC) water molecules that
applied with the SHAKE algorithm [35,36]. A time step of 2 fs and a
temperature of 300 K were chosen for simulation. The Lennard-Jones
(LJ) potential was cut-off at 9 A and mixed with the Lorentz-Berthelot
mixing roles (Table A1) [22,24,37-40]. Kspce_styple Particle-Particle
and Particle-Mesh Method (PPPM) solver was used for calculating the
long-range electrostatic interaction. All simulation system was extended
by the periodic boundary condition in all axis. This extension in the x
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and y-axis enlarged the membrane while the boundary in the z-axis was
set far away from the membrane to keep the system in equilibrium.

2.1. Nanosheet structures

All-atom GO nanosheet models were built and charged through
VEGA_ZZ 3.11 [41,42]. Three typical edge functional groups — COOH,
OH, and H that are possible to be at the edge of nanosheet according to
reported experimental observation-were individually linked at all edge
carbons of the graphite nanosheets [43,44]. The orientation of the edge
functional groups was randomly set. No surface functional group was
utilized for simplifying the model. Functionalized nanosheets were
relaxed to achieve its natural configurations corresponding to the nu-
merical parameters used.

2.2. Filtration system for separating ions from water molecules

Based on the simulation results of our previous work, membrane
structure that has a narrow interlayer channel (space size was deter-
mined by the distance between two carbon atoms from two adjacent
layers of the membrane) and wide hub space (space size was determined
by the distance between two closest atoms from two adjacent nanosheets
in the same layer of the membrane) could achieve decent separation
performance in a balance of high ion selectivity and high water per-
meance [45]. This type of membrane structure was used here to study
the edge effect of GO nanosheet on different ions (Fig. 1a) by duplicating
the edge functionalized nanosheets (size at around 28 x 44 10\2) and
placing them orderly as layer-by-layer membranes (Fig. 1a). The inter-
layer distance was 8 A because the G-COOH membrane was not
permeable to ions with 7 A interlayer distance. Since the hub width was
suggested to have very little influence on ions among different kinds of
edges when the width was 7 A and a wide hub space was more realistic
than a narrow one, 12 A hub width was used in this work for long
interlayer channels and wide hub spaces [45]. Two impermeable
nanosheets were placed on the top and the bottom of the system where
were 60 A and 20 A away from the membrane, respectively (represented
by the blue square in Fig. 1a, the bottom nanosheet is hidden in the
figure for simplification). The boundary of the z-axis was set to be far
away from the impermeable nanosheets. For simplifying the comparison
of edge effects and accelerating the stabilizing process of filtration, the
same concentration at 0.5 mol/L of LiCl, NaCl, KCl (around 190 ions
were solvated by around 9850 water molecules as feed solution. Those
numbers were slightly different when treated by different membranes),
or pure water filled the space between the membrane and the top
impermeable nanosheet. In the meantime, pure water molecules filled
the membrane and the penetrant reservoir (around 3520 water mole-
cules trapped by the membrane and the bottom impermeable nanosheet,
numbers were slightly different when solvating different membranes).

System equilibrium was achieved by setting the membrane as fixed
throughout the whole simulation. The movable impermeable nano-
sheets, water molecules, and ions were relaxed in the canonical
ensemble (NVT) at 300 K with a time step at 2 fs for 0.5 ns to equilibrium
the system. The hydraulic pressure used for the overall performance was
mimicked by pushing the atoms of the top impermeable nanosheet
downward along the z axis with a 3 kcal/(moleA) force every 10 steps.
The atoms of the bottom impermeable nanosheet were pushed upward
along the z axis with a 0.01 kcal/(moleA) force every 10 steps to keep
the penetrant reservoir in equilibrium. The transmembrane pressure was
1091 MPa on the G-COOH membrane, 1028 MPa on the G-OH mem-
brane, and 969.7 MPa on the G-H membrane when pure water was
treated (Table A2). The pressure could be slightly different when
different solutions were treated by the membrane because of the
blockage of ions. The filtration processes stopped before running out of
the feed solution, which was varied from 2.5 ns to 4.5 ns. The overall
filtration performance of each solution and each membrane was
repeated three times for obtaining the average value.
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Fig. 1. Simulation models. (a) Filtration system for sieving ions out of water molecules. The location of an interlayer channel is represented by a purple rectangle, a
hub space is illustrated as a yellow rectangle, and interlayer entrances are represented by red rectangles. (b-c) Models for calculating the PMF when ions are in (b) the
bulk water or (c) inside interlayer channels whose d = 8 A or d = 10 A. (d) Model for simulating the RDF of the ion hydration shells inside the edge functionalized
membranes. Locations include in the middle of hub space-yellow, at the interlayer entrance-red, and inside the interlayer channels-purple. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

The number of penetrant water molecules and ions was counted and
plotted. The slope of number to time was defined as molecule per-
meance. Membrane selectivity was defined as the ratio of ion permeance
to water permeance. The ion permeance ratio was defined as the ratio of
two ion permeance that were separately treated by the same type of
membrane. The ion concentration map showed the ion distribution in-
side the membranes on the yz surface. It was averaged from 100 ps. The
entrance ion concentration maps and its permeance number maps were
collected from the xz surface and averaged from the solution in thickness
at5 A. They were collected over 1 ns from the G-COOH, G-OH, and G-H
membranes, respectively. The membrane permeance number showed
the number of same types of ions that had ever stopped at different lo-
cations at the entrances.

2.3. The potential of mean force (PMF)

When calculating the PMF, one cation was set fixed in the vicinity
(surrounded) of water molecules (Fig. 1b) or in the middle of the
interlayer channels with a width d of 8 or 10 A (Fig. 1c). The 8 A
interlayer distance was meant for reproducing a similar degree of ion
dehydration and hydration shell flattening in the membrane structure,
while the 10 A distance was meant for comparison. One Cl~ was origi-
nally put 10 A away from the target cation. Metadynamics simulation of
a harmonic biasing method was ran in the isothermal-isobaric (NPT)
ensemble at 1 atm with window width at 0.2 A and moving restraints
towards the cation at 1 A/ns [46].

2.4. The ion radius of function (RDF) inside the membranes

The membrane was numerically immersed in the SPC water mole-
cules. Depending on the cases, one Li*, Na*, K*, and Cl~ ions were then
positioned inside the edge functionalized membranes, which included:
in the middle of the hub, inside the interlayer channel, and at the
entrance. Locations at the entrance were chosen according to the ion
concentration. The simulation was run in NPT at 1 atm for 2 ns for
calculating their RDFs with water molecules [47].

3. Results and discussions
3.1. Overadll ion selectivity with different edge functional groups
LiCl, NaCl, and KCl were numerically treated by the G-COOH, G-OH,

and G-H membranes to evaluate their selective performance, respec-
tively. The G-COOH and G-H membranes had similar performance in
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Fig. 2. Separation performances of membranes whose nanosheets were edge
functionalized by the COOH, OH, and H. (a) Membrane selectivity of total ion
to water, (b) water permeance, and (c) total ion permeance. Red lines highlight
the difference between the three kinds of solutions. Membrane performances
were calculated from the data plotted in Fig.Al. Separate selectivity f(cation)/f
(water) and f(Cl-)/f(water) are shown in Fig. A2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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which both had a relatively higher rejection of NaCl and higher per-
meance on LiCl and KCl (Fig. 2a). Although the G-COOH and G-H
membranes had different water permeance characteristics (Fig. 2b, the
former restricted water permeance when LiCl solution was treated,
while the latter promoted the water permeance when KCl solution was
treated), their trends of ion/water selectivity followed that of the ab-
solute ion permeance (Fig. 2a and c). In contrast, the G-OH membrane
showed different behaviour. Its ion permeance trend was LiCl > NaCl >
KCl (Fig. 2c). Water permeance was not affected by the ion blockage at
the OH entrance and therefore the ion/water selectivity followed the
same trend as the total ion permeance. (Fig. 2a and c).

Based on this, it appeared that the G-COOH and G-H membranes can
be used to separate out NaCl from other monovalent ions (at least the
two ions evaluated here) by retaining NaCl in the retentate stream. In
contrast, the G-OH membrane will be more suited to separate out LiCl
from other ions by allowing selective permeance of LiCl. As alluded in
the discussion so far, these ion separation characteristics are a combined
effect of (1) the effect of ions on water permeance under different edge
functional groups; and (2) the ion permeance under different edge
functional groups. Although the ion separation characteristic is denoted
by the ion/water permeance ratio, this inherent behaviour will be
augmented by the water permeance rate. Therefore, in the following
sections, we will attempt to elucidate the reason behind the trends
observed for these two characteristics.

3.2. Effects of edge functional groups and the type of monovalent ions on
the water permeance

As a basis for this discussion, the filtration of pure water was firstly
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taken as a reference. The water permeance takes the following trend of
G-COOH < G-OH < G-H membranes (Fig. 3a). This trend corresponds to
the difference in the effective entrance area (into the hub space of the
membrane layers) as affected by the geometric size of the steric structure
of the edge functional groups (Fig. 3b—e, for more discussion about the
edge effects on water permeance, please see Refs. [38,45]).

The introduction of ions in the solution overall reduced the water
permeance rate across the three types of edge functional membranes
(Figs. 2b and 3a). This is due to the accumulation of the hydrated ions in
the vicinity of the interlayer entrance (Fig. 3f-h, the red area in the
contour plots show the locations of ion accumulation) which effectively
limits the space available for free water transport. We will call this the
hydrated ion blocking mechanism. Building upon this mechanism, the
presence of ions further led to a few unique augmentations in the water
permeance behaviour: (1) minimization of the difference in water per-
meance between the G-OH and G-H membranes despite the significant
differences in their effective geometrical area for transport; (2) selective
decrement of the water permeance across the G-COOH membrane in the
presence of Li" ions; and (3) selective increment of the water permeance
across the G-H membrane in the presence of K' ions.

In general, the G-H membrane exhibited a higher accumulation of
ions (more space occupied) in the vicinity of the H entrance to the
interlayer region when compared to the OH entrance (Fig. 3f and g). One
can argue that inherently, the entrance space of the G-H membrane was
larger due to the smaller steric structure of the H atom. If we compare
the cross-section area occupied by the hydrated ions (represented by the
geometrically available Cl™ transport area in Fig. 4a and c) relative to
the effective geometrically available area of water molecules (Fig. 3b),
the G-H and G-OH membranes exhibited similar ratios of 43% and 42%,

Fig. 3. (a) Water permeance of edge functionalized
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respectively. Therefore, this expresses that the ion blocking mechanism accumulated within the central region of the hub space whereas the
effectively negated the differences in the inherent water permeance accumulation of the Li* and Na™ with relatively smaller hydrated sizes
characteristics between the two edge functionalized membranes. stretched into the narrow entry region of the interlayer channel (Fig. 3f
From examining the ion concentration map for the G-H membrane and Fig. A7). Therefore, in effect, the presence of K led to relatively
(Fig. 3f), the hydrophobic H edge did not attract ions by pulling their lesser hydrated ion blocking and higher water permeance.
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Dehydration Processes inside the G-OH-membrane

Fig. 5. Ion dehydration processes inside the edge functionalized membranes. (a, c, e) Ion coordination numbers and (b, d, f) radius of the first hydration shells when
ions inside the (a-b) G-H, (c-d) G-OH, and (e-f) G-COOH membranes. (g—j) Screenshots of the hydrated ions inside the G-OH membrane. The screenshots of the
hydrated ions inside the G-H and G-COOH membranes are shown in Fig. A8.
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introduced significant tortuosity into the nanosheet configuration by
their large geometric steric structure for ion transport (Fig. 3e). This
hydrophilic edge consists of hydroxyl and carbonyl groups that could
strongly attract ions by pulling their hydrated shells. The size of the
hydrated Li" is smaller than Na™ and K (Fig. A7). This led to a higher
accumulation of Lit and stronger hydrated ion blocking (Fig. 3h).
Hence, selectively lower water permeance could be observed (Fig. 2b).
Such selective accumulation of ions in the vicinity of the entrance of the
interlayer channels was not observed inside the G-OH membrane
because of its medium level in the geometric entrance size and hydro-
philicity (Fig. 3g).

3.3. Effects of edge functional groups on the ion permeance

We will now attempt to elucidate how the different edge functional
groups affected and resulted in the inherent ion selectivity trend shown
in Fig. 2c. The specific trends are (1) the G-OH membrane shows a
decreasing trend in ion permeance with Li* > Na™ > K", and (2) the G-
COOH and G-H membranes show similar permeance between Li" and K"
but exhibit a selective dip in permeance of Na™.

Ion dehydration is one main mechanism that has been widely re-
ported to affect selective ion permeance [20,27,48]. Exploring this po-
tential mechanism, ion coordination numbers, and radius of the
respective hydration shells of the ions as they move from the hub space
to the interlayer channel, are analysed (Fig. 5). Due to the small size of
the hydrated Li" ion (Fig. A7 and Fig. A8), there was very minimal
dehydration as it moves across the membrane structure for all three
functionalized membranes evaluated. This explains the relatively higher
ion permeance of Li" observed in the overall filtration processes
(Fig. 2¢).

Nevertheless, the hydrated Na™ and K ions experience significant
dehydration and their respective dehydration behaviour was affected by
the edge functional groups (Fig. 5). In the G-OH membrane, there was a
sudden step of dehydration as the ions moved into the entrance of the
interlayer channel. Na* averagely lost 1.7 water molecules while K*
averagely lost 2.1 water molecules. As the ions moved through the
interlayer channel, however, no more dehydration was detected
(Fig. 5¢). For the G-COOH and G-H membranes, such a drastic step of
dehydration was not observed. It was replaced with a progressive two-
step dehydration behaviour and each step of them lost averagely less
than 1.2 water molecules (Fig. 5a and e).

Based on this observation, when moving across the G-OH membrane,
the hydrated Na* and K™ experienced relatively more significant energy
barrier resistance when compared to the hydrated Li'. It resulted in
significantly lower Na and K* permeance than Li* (Fig. 2¢). Such an
energy barrier mechanism has also been widely reported by other works
as a key mechanism for ion permeance selectivity [20,27,48]. For the
G-COOH and the G-H membrane, however, the energy barrier resistance
could not explain the selectivity trend observed: within the range of
fluctuations observed, Li* and K™ have similar permeance values while
there was a significant dip in permeance for the Na™. Building on top of
the dehydration mechanism discussed, there may be two possibilities
leading to this discrepancy: either (1) the progressive two-step dehy-
dration did not result in significant energy barrier relative to the high
pressure ‘pushing’ environment, or (2) there was any additional mech-
anism at play leading to a decrease in the permeance of Na™. The former
possibility which negates the possible contribution of dehydration en-
ergy barrier on ion selectivity also implies that there is an additional
mechanism leading to the significant dip in Na™ permeance.

To ascertain these two possibilities, we further examined another
characteristic observed on the ion hydration shell: its shape was com-
pressed and deviated from a spherical structure into a ring shape at the
narrow interlayer channel (Fig. 5g—j). For the evaluation purpose, we
reproduced the dehydrated ion hydration shells with simplified models
that compressed the hydrated ions through two graphite nanosheets
(Fig. 1b and c). When the interlayer distance was set at 10 10\, water
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molecules surrounding the ions were of a semi-spherical doughnut shape
(Fig. 6a—d). The ions did not experience dehydration, but their coordi-
nation numbers were slightly increased by the high-water density on the
surface of the graphite nanosheets (Fig. 6e). When the interlayer dis-
tance was decreased to 8 A that was the same as the edge functionalized
membranes, the water molecules surrounding the cations formed a ring
structure. The volumes of the hydrated shells were about half as before,
but their radius was barely changed while the coordination numbers
were only slightly reduced. The water densities of the compressed hy-
drated shells were therefore increased (Fig. 6). A similar high-density
hydration shell could also be obtained when ions were inside the func-
tionalized membranes (Fig. 5).

Looking from the top view of the ring-shape hydration shells, water
molecules showed a clear orientation around the ions (Fig. 6a-d). The
negatively charged oxygen atoms of the water molecules pointed to-
wards the cations while the positively charged hydrogen atoms of the
water molecules pointed towards the Cl™. Because of their larger sizes in
volume than ions, those flattened high-density hydration shells
enhanced the influence of surroundings on the ions. Especially, they also
tuned the effects between the vicinity counter ions that had similar
‘hydrated jackets” which were affected by variety of dehydration de-
grees at different locations inside the functionalized membranes.

PMF analysis of an approaching Cl™ inside the graphite interlayer
channel help to study the effect of the flattened hydration shell with
structured water molecules on the cation-anion interaction. In the un-
restricted non-compressed condition, as a Cl~ approaches a Li*, the
anion will be slightly attracted between 3.5 and 4.5 A followed by
repulsion at about 3.0 A (Fig. 6g). Nevertheless, the compressed hy-
dration shell ‘pushed’ the repulsion region further out to about 3.8 A.In
the meantime, it enhanced the attraction delineated by the significantly
lower energy between 3.8 and 4.5 A. This unique attraction region may
promote Cl~ permeance, which will further enhance the Li™ and there-
fore increase the overall LiCl permeance through the electrostatic
interaction caused by the asymmetric ion distribution across the func-
tionalized membranes (Fig. 2 and Fig. A1l). The phenomenon of the
electrostatic interaction caused by the asymmetric ion distribution
across the functionalized membranes please refer [45].

Similar Cl™ repulsion regions caused by the hydration shells of the
Na™ and K were also observed (Fig. 6g). Under the compression at the
8 A interlayer channel, the enhancement of the repulsion region was
more significant for Na™ than K*, which was delineated by the higher
energy barrier (Fig. 6g). This higher energy barrier caused by the
compressed dehydrated hydration shell around the Na™ makes the hy-
drated Cl~ harder to approach, which will further reduce the Na™ and
therefore decrease the overall NaCl permeance through the electrostatic
interaction caused by the asymmetric ion distribution across the func-
tionalized membranes (Fig. 2).

The effects between the hydrated cations and Cl~ summarized from
the simplified models through the ion movability at the functionalized
entrance were visualized. According to the value of permeance number
(the number of same types of different ions), the functionalized en-
trances were calculated and compared as geometrically available ion
transport areas and efficiently ion transport areas (Fig. 4). The
geometrically available ion transport area includes all locations where
ions had ever been. Its permeance number was larger than 0, which
means the ions’ dehydration energy at that location could be overcome
by the current hydraulic pressure. The efficient ion transport area is part
of the geometrically available ion transport area. It includes all locations
where the permeance number was larger than 2. This area was sensi-
tively affected by the vicinity counter ions because it exhibited the lo-
cations of high ion permeance when they were surrounded by counter
ions, which were attracted by their electrostatic interaction, and
competing to enter the tiny functionalized entrance.

The geometrically available K* transport area was lower than the
other cations at the OH entrance (Fig. 4c). Because it requires higher
energy to achieve the drastic dehydration at the OH entrance, the area it



R. Qiu et al. Journal of Membrane Science 620 (2021) 118892
(a) Li* I (b) Na* ... 1 (0 K eeeee ) (@) cr .
8 cocerecees A | geececesce A | gesssssess 4 1| pesssssess A ’
2 | » 7% \ > P » o ¢ | an D g s
S v N V. 1N v, 7 v
[} I 1 1
g m' o K\ hiadny, I Gamtanio, 1 o<
c | 1 Lo 1 Segy 1 o
) 2 A 1N I =
1 1 1
o 1 & 1 SHE 1
832« N O RO : e
FS s el R H,0
9 ¥ ¢+ ok
,§ 2o :$',Z 41(e ){; 3_} In Bulk Water
£8&7 o ~H o ) ol
-g § ) :: Cd :l .g 4 .
SZs iz ! 8_ of
5 Bl e 23
3 ; : £
: U L = In Interlayer
L ® Channel
B = WS o2 .
@ NN ShY g = e
ot [ < Mo T o 4F
5S¢ = T B |EIsA = [ @& ] W aeeea 104
"‘5 g o 4 = U 2 Li+
8 E3 o :I : :\ ElOA = Lit — Na* 3@('!"“
2T ] I E ‘ i
T > = | : b —
&5 [EE] BEgl Pkl L) [Esuk 8 : , . .
Li* Na* K* cr 2 3 5 6

Fig. 6. (a-d) Screenshots of hydrated ions of 1 step and collected trajectories of every 2 ps for 2 ns. (e) Ion coordination numbers and (f) radius of the first hydration
shells in the bulk, 8 A and 10 A interlayer channels. (g) PMF when a Cl~ was pulled towards to a cation when they were in the bulk water (represented by the solid
lines) or inside the interlayer channels whose d = 8 A (represented by the crossed dash lines) or d = 10 A (represented by the dash lines). RDFs between ions and
water molecules in the bulk or inside the interlayer channels are shown in Fig. A9.

could reach under the current hydraulic pressure was limited. Therefore,
the G-OH membrane had lower KCl permeance (Fig. 2c). Similar
decrement in the geometrically available Na + transport area at the OH
entrance was not observed for fewer water molecules it dehydrated
(Figs. 4c and 5c).

At the G-H and G-COOH entrances, Na" and K progressively
dehydrated (Fig. 5a and e). H edge was the smallest functional group
leading to the largest entrance area (Fig. 3b). It allowed more water
molecules to be positioned in the vicinity adjacent to the ions. Thus, the
hydrated ions could lose water progressively at the H entrance. The OH
and COOH edges were larger than the H edge that reduced the entrance
area (Fig. 3b). Nanosheets were twisted when they were edge func-
tionalized by the OH or COOH functional groups (Fig. 3c-e). Because of
the repulsion and larger size of the COOH functional groups, the COOH
entrance was significantly enlarged at some locations by the tortuosity
introduced by the COOH functional groups. This enlargement was less
by the OH for smaller volumetric size, which meant that a higher degree
of dehydration is required for the passing of the ion. Consequently, the
hydrophilic of the G-COOH was incapable of forcing a sudden step of
dehydration, and progressive dehydration was only observed inside the
G-H and G-COOH membranes (Fig. 3c and e). This two-step dehydration
process did not require high dehydration energy and could be easily
overcome by the hydraulic pressure. Therefore, they had similar
geometrically available ion transport areas as Li", which was barely
dehydrated at the entrances (Fig. 4a and e).

The geometrically available Cl™ transport area was the same when
different solutions were processed by same type of membranes (Fig. 4a,
¢, and e). Nevertheless, the efficient Cl™ transport area, which was
sensitively affected by the environments, was changed when different
cations presented vicinity (Fig. 4b, d, and f). Inside the G-COOH and G-H
membranes, the efficiently Cl™ transport area was reduced when the
NaCl solution was treated (Fig. 4b and f). This decrease exhibited the
repulsion caused by their compressed hydration shells (Fig. 6g). Inside
the G-OH membrane, the efficiently CI™ transport was improved when
the LiCl was treated. This increase showing the attraction between the
hydrated Li* and the hydrated Cl~ at the long narrow OH entrance

(Figs. 4d and 6g). More evidence supporting this attraction can be
observed from the higher Cl™ concentrate on inside the G-OH and G-
COOH interlayer channels when Li* was presented (Fig. A4). Those
additional attraction and repulsion acted by the hydrated cations on the
Cl™ could promote and reduce the CI~ permeance, respectively, which
would further promote and reduce the cation and therefore influence the
overall ion permeance by the electrostatic interaction caused by the
asymmetric charge distribution of the draw and penetrant reservoirs
[45].

Because of the complex configuration of the functionalized en-
trances, the geometrically available ion transport area and the effective
ion transport area may not fully explain all trends. This visualized evi-
dence, however, could directly support our discussion on the differences
in the drastic and the progressive dehydration energy, as well as the
interaction tuned by the compressed hydrated shells under the influence
of edge functional groups.

4. Conclusion

In this work, the effects of three typical edge functional groups —
COOH, OH, and H are compared on the layer-by-layer edge function-
alized membranes selectivity when separately treating the LiCl, NaCl,
and KCl solutions. A figure summarized the contribution of the three
kinds of edge functional groups is shown in Fig. 7. The entrances of
membrane interlayer channels are the main rejection location. The
water permeance is dominantly determined by the steric size of the edge
functional groups whereas it could be changed by the blockage of
different ions at the interlayer entrance. The two-step progressive ion
dehydration requires less dehydration energy than the drastic dehy-
dration. The repulsion of the hydrated Na* on the hydrated Cl~ reduces
the overall permeance of NaCl ion and results in higher NaCl rejections
of the G-COOH and G-H membranes (Fig. 7a and c). The drastic dehy-
dration of K" and Na™ results in lower KCI and NaCl permeance of the G-
OH membrane. Meanwhile, the attraction of the hydrated Li* on the
hydrated Cl~ promotes the LiCl permeance of the G-OH membrane.
Therefore, the G-OH membrane shows higher LiCl permeance than other
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solutions (Fig. 7b). Consequently, all kinds of functionalized edges have
the potential to permeate LiCl by rejecting NaCl, while the OH edge
might help to reject KCI additionally. A strategy summarized from this
work is beneficial for future development: the COOH, OH, and H edges
have the potential in sieving Li" out of Na™ while OH edge is more
recommended when the solution has high K™ concentration.
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