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Controllable ion transport by surface-charged
graphene oxide membrane

Mengchen Zhang!, Kecheng Guan', Yufan Ji', Gongping Liu', Wangin Jin! & Nanping Xu'

lon transport is crucial for biological systems and membrane-based technology. Atomic-thick
two-dimensional materials, especially graphene oxide (GO), have emerged as ideal building
blocks for developing synthetic membranes for ion transport. However, the exclusion of small
ions in a pressured filtration process remains a challenge for GO membranes. Here we report
manipulation of membrane surface charge to control ion transport through GO membranes.
The highly charged GO membrane surface repels high-valent co-ions owing to its high
interaction energy barrier while concomitantly restraining permeation of electrostatically
attracted low-valent counter-ions based on balancing overall solution charge. The deliberately
regulated surface-charged GO membranes demonstrate remarkable enhancement of ion
rejection with intrinsically high water permeance that exceeds the performance limits of
state-of-the-art nanofiltration membranes. This facile and scalable surface charge control
approach opens opportunities in selective ion transport for the fields of water transport,
biomimetic ion channels and biosensors, ion batteries and energy conversions.
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common natural phenomenon “like charges repel while

unlike charges attract” is the rule of ion transport that is

essential to our daily lifel. In biological membranes,
selectivity filter of an ion channel is enriched by charged residues,
which enable biological systems to achieve ultrahigh efficiency
while displaying selectivity for transmembrane ion transport?—4
These fascinating properties of biological membranes have
motivated researchers to exploit synthetic membranes with ionic
transport channels that have received particular attention in
the selective removal of salts from water to produce industrial
soft water and potable water>®. Graphene oxide (GO) membrane
is expected to share structural features with biological membrane
owing to its water-transport pathways through assembled
GO laminates, which has generated immense interest from the
scientific community to study its transport properties and

mechanisms’~!1, Computer simulations!> and self-diffusion
measurements!>14 have demonstrated that specific ions could
selectively permeate through GO membrane mainly based on
size sieving effect and interaction between ions and GO mem-
brane, while the high-throughput manufacture and industrial
implementation of these GO membranes need to be further
studied to validate their practicality and scalability. However,
in pressure-driven filtration processes, GO membranes generally
failed to selectively transport ions, mainly because their interlayer
spacing was too large to sieve ions especially when GO mem-
branes were swollen in water!>1, Numerous attempts to
modulate the interlayer spacing of GO membranes have been
undertaken by partial reduction!”, cross-linking!®, and building
multilayer architectures!®20, Precise tuning GO interlayer spacing
within subnanometer range is challenging?! and remains difficult
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Fig. 1 Design of surface-charged graphene oxide (GO) membrane. a Schemat

ic of the design of surface-charged GO membranes by coating

polyelectrolytes on the surface of GO laminates to realize controllable ion transport. Coating polycations such as polydiallyl dimethyl ammonium (PDDA),

polyethylene imine (PEI), and polyallylamine hydrochloride (PAH) led the GO

membrane to exclude AB,-type salts based on the positively charged

membrane surface, which exhibits a dominant electrostatic repulsion against divalent cations A2+, which is favored over electrostatic attraction with

monovalent anions B~; coating polyanions such as polystyrene sulfonate (PSS),

polyacrylic acid (PAA), and sodium alginate (SA) led the GO membrane to

exclude A,B-type salts based on the negatively charged membrane surface, which exhibits a dominant electrostatic repulsion against divalent anions B2—,
which is favored over electrostatic attraction with monovalent cations AT. b Schematic of the preparation of surface-charged GO membranes. GO
laminates were first prepared by filtrating GO aqueous suspension on a porous polyacrylonitrile (PAN) substrate via pressured-assisted
filtration-deposition method, followed by dip-coating a dilute polyelectrolyte solution on surface of pre-stacked GO laminates to form the surface-charged
GO membranes. ¢ Photograph of large-area surface-charged GO membrane (GO deposition amount of 5 mg with 0.1wt% PDDA polyelectrolyte surface
coating) with a diameter of 15 cm (effective area: ~180 cm2). d Scanning electron microscopic cross-sectional views of surface-charged GO membranes on
top of a porous PAN substrate (GO deposition amount of 0.5 mg with 0.1wt% PEI polyelectrolyte surface coating; membrane diameter of 4.7 cm with

effective area of ~17.35 cm2). e Surface charge densities of surface-charged GO

membranes calculated from the measured membrane zeta potentials based

on Gouy-Chapman theory. Insets are molecular structures of the surface polyelectrolytes with ionized functional groups
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Fig. 2 lon transport mechanism of surface-charged graphene oxide (GO) membranes. a MgCl, permeability and H,O/MgCl, selectivity and b Na,SO,
permeability and H,0/Na,SO, selectivity of surface-charged GO membranes with various membrane zeta potentials obtained by streaming potential
measurements and surface charge densities calculated from Gouy-Chapman equation. Orange squares are MgCl, permeability and orange circles are
H,O/MgCl, selectivity; Green squares are Na,SO,4 permeability and green circles are H,O/ Na,SO, selectivity; Solid lines are best fits for the data. ¢, d Salt
permeability and water/salt selectivity of ¢ positively charged and d negatively charged GO membranes for MgCl,, MgSQO,4, and Na,SO,4 salts with varied
Zt/Z" (ratio of the valence of cation and anion) values. e-g Surface element integration model predictions of Derjaguin-Landau-Verwey-Overbeek
(DLVO) interaction energies between a charged ion and the charged membrane surface by adding Van der Waals attraction and electrostatic repulsion.
e Orange: net DLVO interaction energy (solid line), electrostatic repulsion (dashed line), and Van der Waals attraction (dotted line) between Mg2+ and the
GO-PDDA membrane; Yellow: net DLVO interaction energy (solid line), electrostatic repulsion (dashed line), and Van der Waals attraction (dotted line)
between Nat and the GO-PDDA membrane; f Navy: net DLVO interaction energy (solid line), electrostatic repulsion (dashed line), and Van der Waals
attraction (dotted line) between SO42~ and the GO-PSS membrane; Blue: net DLVO interaction energy (solid line), electrostatic repulsion (dashed line),
and Van der Waals attraction (dotted line) between CI~ and the GO-PSS membrane; g Navy: net DLVO interaction energy (solid line), electrostatic
repulsion (dashed line), and Van der Waals attraction (dotted line) between SO,2~ and the GO-PSS membrane; Green: net DLVO interaction energy (solid
line), electrostatic repulsion (dashed line), and Van der Waals attraction (dotted line) between SO,2~ and the GO membrane. h Calculation formulas and
schematic of the surface element integration (SEI) model in the calculation for DLVO interactions. Error bars represent standard deviations for three
measurements
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to achieve high salt rejection in a pressured filtration process,
which furthermore sacrifices the intrinsically fast water permea-
tion through the interlayer channels.

Herein, inspired by the charge interaction principle and the
function of biological ion channels, we demonstrate a strategy of
creating surface charges on GO membrane to realize controllable
ion transport without impeding water filtration though the GO
membrane. Tunable charges attached on the surface of pre-stacked
GO laminates exhibited dominant electrostatic repulsion against
doubly charged co-ions (with charge like the membrane surface
charge) while suppressing weak electrostatic attraction toward sin-
gly charged counter-ions (with charge unlike the membrane surface
charge). By simply manipulating the charge interactions between
the membrane surface and the ions in water, transport of ions from
typical AB,- or A,B-type salts can be prevented while the water
remains free to permeate through the membrane (Fig. 1a).

Results

Manipulation of GO membrane surface charge. First, we pre-
pared stabilized GO laminates using low O/C ratio (0.186) GO
materials on top of a porous surface hydrolyzed polyacrylonitrile
(h-PAN) substrate with strong interfacial adhesion??, followed by
the attachment of tunable surface charges via dip-coating an array
of selected polyelectrolytes (polycations: polydiallyl dimethyl
ammonium (PDDA), polyethylene imine (PEI), polyallylamine
hydrochloride (PAH); polyanions: polystyrene sulfonate (PSS),
polyacrylic acid (PAA), sodium alginate (SA)) on the surface of pre-
stacked GO laminates to create surface-charged GO membranes
(Fig. 1b and Supplementary Fig. 1). Representative photos of a
typical membrane and its morphology are displayed in Fig. 1c, d,
showing a uniform, large-area (~15cm in diameter) membrane
with a thin, defect-free charged GO layer of ~100 nm thickness
(Supplementary Figs 2 and 3). The as-prepared surface-charged GO
membrane preserved the laminar structure of the GO laminate
(Supplementary Fig. 4) with an ultrathin polyelectrolyte layer
(Supplementary Figs 5, 6 and Table 1) firmly integrated on the
surface via hydrogen binding and/or electrostatic attraction (Sup-
plementary Figs 7, 8 and 10a). X-ray photoelectron spectroscopy
(XPS; Supplementary Fig. 8) and infrared (IR; Supplementary
Fig. 9) spectra of surface-charged GO membranes showed newly
introduced functional groups on the GO membrane surface derived
from the top polyelectrolytes. Protonation of amine groups or
deprotonation of sulfonic/carboxyl/hydroxyl groups in water
accounted for the charge properties of the membrane surface, which
could be finely tuned by the intensity and amount of these ionizable
functional groups. As quantified by membrane surface charge
density?®, PDDA with stronger protonation than PEI and PAH
produced most positively charged GO-PDDA membrane with
surface charge density of +1.8 mCm~2; likewise, the most nega-
tively charged GO-PSS membrane with surface charge density of
—2.32mCm™2 resulted from the attached PSS with the highest
deprotonation than PAA and SA (Fig. le). An identical order of
membrane surface charge density with respect to the zeta potential
of the attached polyelectrolytes (Supplementary Fig. 10) suggests
that the charge properties of polyelectrolytes can be easily translated
onto GO membrane surface via a simple coating method.

Ion transport behavior through surface-charged GO mem-
brane. To explore the roles of membrane surface charges, we
investigated ion transport behavior through the surface-charged GO
membranes by evaluating salt permeability and water/salt selectiv-
ity?3 in filtration measurements using the model of saline containing
MgCl, or Na,SO, (Fig. 2a, b). Tuning the membrane surface charge
from highly positive to highly negative, MgCl, permeability showed
a continuous increase while Na,SO, permeability showed an

approximately linear reduction. Consequently, extraordinarily high
H,O/MgCl, selectivity of 2.2x10°> was achieved in the highly
positively charged GO membrane (GO-PDDA), but it underwent an
exponential decay of more than an order of magnitude as the
membrane became negatively charged (GO-PSS). Conversely, the
relatively low H,0O/Na,SO, selectivity of the highly positively
charged GO membrane (GO-PDDA) was rapidly promoted by over
20-fold, reaching 5.4 x 10° as the membrane surface charge was
tuned to a highly negative value (GO-PSS). The exactly reverse
trends led to the hypothesis that a positively charged GO membrane
would tend to prevent transport of an AB, salt containing
the divalent cation (A%1), whereas a negatively charged GO mem-
brane would show a tendency to exclude A,B salt containing
the divalent anion (B2~). The permeation of salts appeared to be
dominated by electrostatic repulsion of the charged membrane
surface against high-valent co-ions, although there was also an
electrostatic attraction between membrane surface charges and a
low-valent counter-ion. Accordingly, we speculated that ion trans-
port through the surface-charged GO membrane is also related to
the ion valence, which might determine the electrostatic interactions
with the membrane surface as well. We therefore conducted a set of
filtrations by varying the valence ratio of cation and anion (Z/Z7)
of the salts (Fig. 2c, d). The results indicated that salts permeation
through the surface-charged GO membranes was closely dependent
on the valence ratio of cation and anion. For membrane surfaces
with positive charges (e.g., GO-PDDA) that repelled the cation while
attractingthe anion, salt permeation was suppressed as the Zt/Z~
changed from 2/1 to 1/2, leading to water/salt selectivity ranked in
the order of MgCl, > MgSO, > Na,SO,. In contrast, the relationship
between salt permeability and water/salt selectivity versus Zt/Z~
displayed the reverse order in negatively charged membranes (e.g.,
GO-PSS) where the cation was attracted while the anion
was repelled. There is a competition between electrostatic repulsion
of co-ions against the membrane surface and the electrostatic
attraction of counter-ions toward the membrane surface. In case of
either Zt/Z~ <1 (e.g., Na,SO,) for positively charged membranes or
ZY/Z7>1 (eg, MgCly) for negatively charged membranes, the
attraction of high-valent counter-ions could dominate over the
repulsion of low-valent co-ions, thereby facilitating the salt per-
meation through the membrane.

Interestingly, the NaCl transport behaviors were almost
unchanged with positively and negatively charged GO membrane
(Supplementary Fig. 11), owing to a balanced electrostatic
interaction with monovalent co-ions and counter-ions. The
variation of MgSO, permeability in positively and negatively
charged GO membranes reflects the additional size discrimination
effect on the ionic transport (detailed discussion can be found in the
note for Supplementary Fig. 11). In addition to the salt valence ratio
that controls ion transport based on the dominant electrostatic
exclusion effect in dilute salt solution, the salt concentration is
another factor affecting ion transport via an electrostatic screening
effect. MgCl, (or Na,SO,) permeability of the positively (or
negatively) charged GO membrane was enhanced by increasing
the salt concentration in the feed solution (Supplementary Fig. 12).
A GO membrane with a given surface charge density possesses a
certain capacity of repelling or attracting ions. Once excessive ions
have been introduced, e.g., feeding with a high salt concentration,
the charge screening effect would lessen the exclusion effect, which
ultimately contributes to the higher ion transport rate through the
membrane.

Ion transport mechanism through surface-charged GO mem-
brane. To support our hypothesis, we further examined the
underlying ion transport mechanism taking place in the surface-
charged GO membranes with the aid of theoretical arithmetic.
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Fig. 3 Membrane performance comparison. a Water permeance and MgCl, rejection of pristine graphene oxide (GO) and positively charged GO-PEI
membrane as a function of membrane thickness (GO deposition amounts of 0.1, 0.2, 0.5, 0.8, and 1.0 mg with 0.1wt% polyethylene imine (PEI) surface
coating) under 2 bar filtration at feed concentration of 50 ppm. b Water permeance and Na,SO, rejection of pristine GO and negatively charged GO-PAA
membrane as a function of membrane thickness (GO deposition amounts of 0.1, 0.2, 0.5, 0.8, and 1.0 mg with 0.1wt% polyacrylic acid (PAA) surface
coating) under 2 bar filtration at feed concentration of 50 ppm. Dashed lines: pristine GO membranes; solid lines: surface-charged GO membranes. Yellow
and green upward arrows indicate the remarkable improvements of surface-charged GO membranes in salt rejection. Error bars represent standard
deviations for three measurements. ¢ MgCl, rejection with water permeance of positively charged GO membranes (GO-PDDA marked as orange hexagon,
GO-PEI marked as orange up-triangle, GO-PAH marked as orange left-triangle, GO-PDDA in long time measurement marked as orange spotted hexagon,
TiO; intercalated GO-PDDA marked as orange star). d Na,SO,4 rejection with water permeance of negatively charged GO membranes (GO-SA marked as
green hexagon, GO-PAA marked as green up-triangle, GO-PSS marked as green left-triangle, GO-PSS in long time measurement marked as green spotted
hexagon, TiO, intercalated GO-PSS marked as green star) in this work, as well as comparison with two-dimensional-material membranes (marked as gray
squares), thin film nanocomposite (TFN) and/or thin film composite (TFC) membranes (marked as gray circles), and commercial polymeric nanofiltration
membranes (marked as gray regions, e.g., NF270, NFOO, NF200 membranes from Dow; DK, DL series of membranes from GE; ESNA series of membranes

from Hydranautics). For references, see Supplementary Tables 2 and 3 in detail

The repulsive force of the charged membrane surface against co-
ions can be reflected by the interaction energy between ions and
the membrane surface (Fig. 2e and Supplementary Fig. 13), which
was calculated by using the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory?»2> that involves estimation of Van der
Woaals and electrostatic double-layer interaction energies. Van der
Waals attraction was determined using Hamaker’s microscopic
approach, and electrostatic repulsion was derived from the
solution of Poisson-Boltzmann equation. We employed a surface
element integration (SEI) model for the DLVO interaction cal-
culation (Fig. 2f), which considers the total interaction energy
between an ion and the membrane surface by integrating the
interaction energy per unit area. We compared the net DLVO
interaction energy curves (Fig. 2e-g) for (i) the highly positively
charged GO-PDDA membrane against divalent co-ions Mg2+
versus monovalent Na™T; (ii) the highly negatively charged GO-
PSS membrane against divalent co-ions SO4*~ versus monovalent
Cl; and (iii) the highly negatively charged GO-PSS membrane
versus the negatively charged pristine GO membrane against
SO,%~. Surprisingly, the charged membrane surface exhibited a

great interaction energy barrier for high-valent co-ion transport
that exponentially decayed for the low-valent co-ion either in the
positive charge case (i) or the negatively charge case (ii). It is
reasonable to assume that the attraction of the charged mem-
brane surface for the counter-ions would follow the same rule.
Thus these results demonstrate the possibility of controlling the
ion transport through a designed surface-charged membrane
aimed at a given type of salt. For example, for a given AB,-type
salt, a positively charged membrane would be expected to exhibit
a much higher force in repulsion to A%+ than in attraction to B~,
thereby tending to repel A%t co-ions from the membrane. To
balance the charge in solution, B~ counter-ions would be
simultaneously excluded. This accounts for the fact that the
observed AB,-type salt (e.g., MgCl,) permeability is several folds
lower than that of A,B-type salt (e.g., Na,SO,) in positively
charged GO membranes. Similarly, A,B-type salt (e.g., Na,SO,)
permeation is restricted by negatively charged GO membranes. In
addition, apparently, increasing the interaction energy barrier by
enhancing the surface charge density in case (iii) is efficient to
improve the exclusion toward salts containing divalent co-ions.
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Therefore, a membrane with highly positive charges exhibits a
restraint of the transport of MgCl,, whereas a membrane with
highly negative charges generates a significant energy barrier for
the transport of Na,SO,.

Nanofiltration performance of surface-charged GO membrane.
The controllable ion transport achieved in surface-charged GO
membranes encouraged us to apply them in nanofiltration. The
charged GO membranes with highly tunable exclusion against
divalent salts while allowing free permeation of monovalent salts
(Supplementary Fig. 14) perfectly fit the spectrum of the nanofil-
tration process, which is used to remove polyvalent salts while
reserving beneficial mineral salts in applications such as the pro-
duction of potable water>®. Nanofiltration is also regarded as a
loose-structure and low-pressure alternative to reverse osmosis for
high-throughput and low-energy desalination applications?®. We
measured the separation performance of pristine GO and surface-
charged GO membranes in the nanofiltration process (Fig. 3a, b).
The pristine GO membranes allowed fast water transport but failed
to sieve salts out of water with a sharp permeation cut-off of
hydrated radii ~4.7 A (Supplementary Fig. 15), which was deter-
mined by the intrinsic interlayer distance for GO laminates that
swell in water!®2127, In real water treatment applications, appro-
priate permeability (water permeance) as well as enhanced selec-
tivity (salt rejection) are critically required for high efficiency of
desalination processes?®. Remarkable improvement in salts rejection
was stimulated by altering the surface charges of the GO mem-
brane. The positively charged GO-PEI membrane exhibited MgCl,
rejection up to ~95%, which is 2.3 times higher than that of the
optimized GO membrane (~42%). Similarly, the highest Na,SO,
rejection of ~86% for the pristine GO membrane could be further
increased to ~96% in the negatively charged GO-PAA membrane.
Noting that a critical thickness of GO membrane (~100 nm in our
case) is needed to provide an ultra-smooth and defect-free platform
for the uniform deposition of polyelectrolyte layer, and thus well-
distributed surface charges can be achieved to perform effective
electrostatic exclusion function for the membrane. Notably, the
water permeance had almost no decrease in these surface-charged
GO membranes, indicating that fast water permeation channels
within the GO laminates are well preserved. By contrast, the use of
conventional hybrid approaches, such as layer-by-layer or mixed
matrix to incorporate polyelectrolytes into GO laminates, severely
compromised these fast water transport channels, resulting in 4-5
times lower water permeance than the pristine GO membrane with
similar membrane thickness (Supplementary Figs 16-18).

Based on the attractive salts exclusion capability derived from
surface charges of the GO membrane, we further improved the
water permeance (from ~15 to ~56 L m~2h~1lbar~!) without
substantially reducing salts rejection by intercalating nanoparti-
cles into the surface-charged GO laminate (Supplementary
Figures 19 and 20)282°. This promising result suggests that the
surface charge control approach could also allow an independent
optimization of GO nanochannels to further boost water
transport. In addition, the attachment of polyelectrolytes allows
regulation of the surface hydrophilicity of the GO membrane to
better tune the sorption behavior of water or other components in
the feed (Supplementary Fig. 21), which can contribute to
accelerated water permeation (Supplementary Fig. 22). Distinct
from existing GO-based membranes with carefully tuned
transport channels that often suffer a trade-off between salt
rejection and water permeance, our surface-charged GO mem-
brane have achieved remarkable advancement in salts rejection
without compromising fast water permeance. The rationally
designed surface-charged GO membranes exhibit MgCl, rejection
of 93.2% with water permeance of 51.2L m~2h~!bar~! and

Na,SO, rejection of 93.9% with water permeance of 56.8 L m—2
h~!bar~!, which are far beyond the performance limits of GO
membranes (Fig. 3¢, d). Such excellent performance is superior to
that of most state-of-the-art nanofiltration membranes including
two-dimensional (2D)-material membranes (marked as squares),
thin film nanocomposite and/or thin film composite membranes
(marked as circles), and commercial polymeric nanofiltration
membranes (marked as gray regions) (Tables S1 and S2). Also,
the surface-charged GO membranes with controllable ion
transport properties clearly overcome the salt permeability and
water/salt selectivity trade-off observed for many polymeric
membranes (Supplementary Fig. 23)30.

We also employed our surface-charged GO membranes under
aggressive high-pressure and long-term operation conditions that
reflect the practical stability and feasibility of these membranes.
Promisingly, we observed that the separation performance of our
surface-charged GO membranes remained almost stable over the
high pressure of 6 bar and the long period of 120 h (Supplemen-
tary Fig. 24). Moreover, we demonstrated scalability of the facile
surface charge controlling strategy by fabricating a 15 cm-
diameter surface-charged GO membrane via the same approach
whose effective area (176.7 cm?) is 10-60 times larger than the
reported GO-based membranes (Supplementary Table 4). Four
small pieces of membranes incised from different locations of the
large membrane exhibited desirable salt retention capability with
water permeance of ~10.5L m~2h~!bar~! and MgCl, rejection
of ~90% (Supplementary Fig. 25).

In summary, our work demonstrates a methodology for
manipulation of surface charge to realize controllable ion
transport through a GO membrane, in which desirable electro-
static interactions with charged ions were successfully created and
finely tailored by the attachment of ionizable functional groups
with various protonation/deprotonation abilities on the surface of
pre-stacked GO laminates. The proposed ion transport mechan-
ism clarified the controlling factors of the interaction energy
barrier that arose between charged ions and the charged
membrane surface. Surface polyelectrolyte layer with tunable
charge properties offered desirable interactions with charged ions
to control the ionic transport, meanwhile underlaying GO
laminate with 2D graphene capillaries provided fast water
transport nanochannels. By rational design of the membrane
surface charge and the transport channels, the resulting surface-
charged GO membranes exhibited outstanding rejection of salts
and ultrahigh water permeance in a nanofiltration process, whose
performance was far beyond the performance limit of state-of-
the-art nanofiltration membranes. The approach of tuning
surface charges to control ion transport, demonstrated here,
establishes a platform that could be of interest in a variety of
applications, such as water transport, studies of biomimetic ion
channels and biosensors, ion batteries, and energy conversions.

Methods

Membrane preparations. GO powder was prepared by modified Hummer’s
method and then was dissolved in deionized water followed by ultrasonication for
30 min to obtain stable and homogeneous GO aqueous suspension. GO mem-
branes were prepared by a pressure-assisted filtration-deposition method. The
sheet-flat PAN ultrafiltration membrane with a molecular weight cut-off of
100,000 Da was used as substrate. GO nanosheets in the aqueous suspension
uniformly deposit on the substrate to form well-assembled GO laminates under the
pressure of 2 bar using a self-designed filtration device. The GO membranes with
different thickness were obtained by depositing different amounts (0.1, 0.2, 0.5, 0.8
and 1.0 mg) of GO nanosheets.

The surface-charged GO membranes were further prepared by a simple dip-
coating method. PDDA, PEI, PAH, PSS, PAA, and SA are selected on basis of their
different charge intensity and water sorption ability. The polyelectrolyte coating
concentrations can be easily tuned (0.05, 0.1, 0.2, 0.3 wt%). Specifically, 0.1 wt%
polyelectrolyte aqueous solutions were poured into the device and kept still for 30 min
before being poured out. The final membranes were rinsed with deionized water and
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dried at room temperature. The resultant membranes were referred to as GO-PDDA,
GO-PEL GO-PAH, GO-PSS, GO-PAA, and GO-SA membranes, respectively.

Membrane characterizations. The membrane surface morphologies and mem-
brane thicknesses were imaged and measured by field-emission scanning electron
microscope (54800, Hitachi, Japan) at a voltage of 5kV and current of 10 pA. The
membranes surface phase and height profiles with roughness data were measured
by atomic force microscopy (XE-100 Park SYSTEMS, Korea) in the range of 5 x
5 um? operated in the non-contact mode.

The zeta potential of polyelectrolyte aqueous solutions (0.1 mgmL~!, pH 7)
were investigated by Zeta potential analyzer (Zetasizer Nano ZS90, Malvern, UK).
The surface charge properties of membranes were analyzed by a SurPASS
electrokinetic analyzer (Anton Paar GmbH, Austria) through streaming potential
measurements. A 0.001 M KCI solution was used to measure the zeta potential of
the membrane initially under neutral pH. After that, the pH of the solution
increased gradually to pH 11 and then decreased to pH 2.6 by autotitration with
0.1 M HCI and 0.1 M NaOH solutions, respectively.

Fourier transform IR (AVATAR-FT-IR-360, Thermo Nicolet, USA) spectra of
membranes in the range of 4000-750 cm~! were displayed to characterized the
surface functionalized groups. XPS (Thermo ESCALAB 250, USA) was employed
to determine the surface chemistry of membranes. The crystal phases of the
samples were examined by X-ray diffraction (model D8 Advance, Bruker) with Cu
Ka radiation to further calculate the d-spacing of the membranes.

A spectroscopic ellipsometer (Compete EASEM-2000 U, J. A. Woollam) with the
wavelength ranged from 250 to 1000 nm at an incident angle of 70° was applied to
measure the thickness of the polyelectrolyte layers coated on the surface of Si wafers.
The B spline model was used to fit data. More than four spots on the surface of Si
wafer were selected and the average value was reported for the thickness.

The quartz crystal microbalance technique (QCM200 Quartz Crystal
Microbalance, Stanford Research Systems, Inc.) was used to evaluate the water
sorption ability of polyelectrolytes. The polyelectrolyte layer was coated onto a
gold-coated quartz sensor, and air with certain humidity was driven into the QCM
chamber with dynamic weight data recorded. The surface hydrophilicity of
membranes was evaluated by detecting the static water contact angle at room
temperature using a contact angle measurement system (Drop Shape Analyzer-
DSA100, Kruss, Germany).

Salts concentrations in feed and permeate solutions were obtained using
electrical conductivity (FE38-Standard, METTLER TOLEDO, Switzerland).

Calculation of membrane surface charge density. The membrane charge density
(06, mCm™2) is calculated by membrane zeta potential according to
Gouy-Chapman equation’! as follows:

. F&
sinh (m)
F§
2RT

)

o= —exk

1
where k! = (;&TC)Z is Debye length, £ (mV) is membrane zeta potential obtained
through streaming potential measurements, R = 8.3145 ] mol~! K~ is gas con-

stant, F = 96485 C mol~! is Faraday constant, T =298 K is absolute temperature,

and € = 6.933x 1071 Fm™! is permittivity.

Membrane performance measurements. Membrane performance is tested using
nanofiltration process under 2 bar by a self-designed filtration device at room
temperature. The effective area of the membranes is 17.35 cm2. The water per-
meance (J, Lm~2h~!bar~!) was measured with deionized water, and the salt
rejection (R, %) was determined using salts (i.e., MgCl,, Na,SOy4, NaCl) in the form
of 50 ppm aqueous solutions. Each data was obtained by a new membrane sample,
and at least three membranes were tested to validate the reproducibility. The
membranes were first conditioned under nanofiltration operation for 2 h before
collecting permeate samples. During the filtration process, we recycled the per-
meation into the feed tank to maintain a stable salt concentration in the feed.
Water permeance and salt rejection are calculated as follows:

\4
]7A><t><P

C,
R= (1 - l) x 100% (3)
¥

where V is the volume of permeate collected (L), A is the membrane effective area
(m2), t is the permeation time (h), P is the applied pressure (bar), and ¢p and c¢ are
the concentrations of the permeate and feed solution, respectively.

The transport of water and salt through membranes was described in terms of the
solution-diffusion model?3. The water flux, Jw (g cm~2s~1), can be expressed as
follows:

@)

D Dy Cy Civp
= (G = C) == (1 @

where Dy (cm?s™1) is the average water diffusion coefficient in the membrane; L

(cm) is the thickness of the membrane; and Cj ; and Ciy ; (g cm—3) are water
concentration in the membrane on the feed and permeate side, respectively. On
account of the pressure and osmotic pressure difference between the feed and
permeate sides of the membrane, Eq. (4) is often written as follows:

DywCyr V
Jw = L RT

where V' (cm3 mol~1) is the partial molar volume of water, which is typically well
approximated by the molar volume of pure water when the water uptake varies little
with salt concentration over the salt concentration range of interest; R (83.1 cm? bar
mol~!1 K—1) is the gas constant, T (K) is the absolute temperature; AP (bar) is the
pressure difference across the membrane, and An (bar) is the osmotic pressure
difference across the membrane.
The water partition (or solubility) coefficient, Kyy, is defined as the ratio of
water concentration in the membrane to that in the contiguous solution:
Civ
Ky = —— 6
Y= Cor (6)

For relatively dilute solutions, Cyy r is approximately equal to the density of pure
water, pw (g cm~3). Combining Egs. (5) and (6) yields:

(AP — Ar) (5)

Py pwV Py M
Jur :T‘“‘;W—T(Apfm) =W (AP~ am) = AP~ AT)  (7)
where A is the effective membrane permeance to water, and Pyy is the membrane
permeability to water. As indicated in Eq. (7), A is related to water permeability Py
as follows:
According to the solution-diffusion model, the salt flux through membrane, Js
(gem~2571), can be given as:
P, P
Js :f (CS,F - Csr) :TS
where P (cm?s~1) is the salt permeability; Csr and Csp (gcm3) are the salt
concentrations in the solution on the feed and permeate sides of the membrane,
respectively, and ACs is the salt concentration difference. It worth noticing that our
focus is on salt and water transport properties through the membrane, so the
concentration polarization is not considered. In addition, B= Pg/L is the reported
salt flux. ACs and A7 are typically related as Amr = ACsRT.
The capability of the membrane to remove salt from a feed solution is often
characterized in terms of salt rejection, R (%), which can be presented as follows
within the context of the solution-diffusion model:

(P /Ps)(V/PT)(AP — Am)

ACg = BAC ©)

(A/B)(AP — An)

= = % = 100%
1+ (Py /Ps)(V/PT)(AP — An) *T1r (A/B)(AP—Am)
(10)
Consequently, water permeability and salt permeability can be expressed as follows:
Py = Ky Dy (11)
Pg = KDy (12)

The ideal water/salt selectivity, atyys, is defined as the ratio of water permeability to
salt permeability:

Py _Ky Dy

“W/s=P—S— K Dy (13)

where Ky /Kg is the water/salt solubility selectivity, and Dyy/Ds is the water/salt
diffusivity selectivity.

Calculation of DLVO interaction. The DLVO interactions between charged ions
and surface-charged GO membranes are calculated using the SEI technique?%. The
SEI technique considers the total interaction energy between hydrated ion and
planar membrane surface by integrating the interaction energy per unit area:

U(D) = / / E(h)dA

Here U is the interaction energy between hydrated ion and membrane surface, D is
the closest distance between them, E is the interaction energy per unit area between
ion and membrane surface separated by a distance h, and dA is the projected
differential surface area of the ion.

To provide a facile description of the mathematical formulation, the analysis
presented here employs a cylindrical coordinate system, and the expression for the
interaction energy becomes:

(14)

U(D) ://E(h)rdrde (15)
h=D+a—Va>—12 (16)
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where a is radius of the hydrated ion and h is the vertical distance between a
circular arc (differential surface area r dr df)) of hydrated ion and the point on the
membrane surface directly below it.

In this study, we use the DLVO interaction energy per unit area between hydrated
ion and membrane surface obtained by adding the Hamaker expression for the van
der Waals interaction and the constant potential electrostatic double-layer interaction
energy expression. The total DLVO interaction energy per unit area is thus given as:

Epiyvo(h) = Eypy (k) + Egpy (h) = — %

17
+5 {(V’f + V/%,,)(l — cothxh) + LA (17)

sinh kh

Here Ay is Hamaker constant, € is dielectric constant of solvent, ¢, is dielectric
permittivity of vacuum, v is surface potential of hydrated ions, y,, is surface
potential of surface-charged GO membrane, and « is the inverse Debye screening
length, respectively.

The surface potential of hydrated ions is calculated according to Coulomb’s law
as follows:

q
" dmer (18)
where v is surface potential of hydrated ion, q is the charge of the ion (which
equals to 1.602 x 10~1° C for monovalent ions such as Na™ and Cl~, and 3.204 x
1019 C for divalent ions such as Mg?* and SO427), € is dielectric constant, and r is
the hydration radius of hydrated ions (which is 0.358, 0.332, 0.428, and 0.379 nm
for Nat, Cl-, Mg?*, and SO,2~, respectively®?).

¥

Data availability

The source data underlying Figs. 1d, e, 2a—g, and 3a—d are provided as a Source Data file.
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 26 October 2018 Accepted: 4 March 2019
Published online: 19 March 2019

References

1. Hille, B. Ion Channels of Excitable Membranes (Sinauer, Sunderland, MA, 2001).

2. Hinds, B. J. et al. Aligned multiwalled carbon nanotube membranes. Science
303, 62-65 (2004).

3. Fornasiero, F. et al. Ion exclusion by sub 2-nm carbon nanotube pores. Proc.
Natl. Acad. Sci. USA. 105, 17250-17255 (2008).

4. Tunuguntla, R. H. et al. Enhanced water permeability and tunable ion selectivity
in subnanometer carbon nanotube porins. Science 357, 792-796 (2017).

5. Shannon, M. A. et al. Science and technology for water purification in the
coming decades. Nature 452, 301-310 (2008).

6. Elimelech, M. & Phillip, W. A. The future of seawater desalination: energy,
technology, and the environment. Science 333, 712-717 (2011).

7. Nair, R. R. et al. Unimpeded permeation of water through helium-leak-tight
graphene-based membranes. Science 335, 442-444 (2012).

8. Liu, G, Jin, W. & Xu, N. Graphene-based membranes. Chem. Soc. Rev. 44,
5016-5030 (2015).

9. Saraswat, V. et al. Invariance of water permeance through size-differentiated
graphene oxide laminates. ACS Nano 12, 7855-7865 (2018).

10. Wei, N,, Peng, X. & Xu, Z. Breakdown of fast water transport in graphene
oxides. Phys. Rev. E 89, 012113 (2014).

11. Devanathan, R. et al. Molecular dynamics simulations reveal that water
diffusion between graphene oxide layers is slow. Sci. Rep. 6, 29484 (2016).

12. Tanugi, D. C. & Grossman, J. C. Water desalination across nanoporous
graphene. Nano Lett. 12, 3602-3608 (2012).

13. Joshi, R. K. et al. Precise and ultrafast molecular sieving through graphene
oxide membranes. Science 343, 752-754 (2014).

14. Sun, P. et al. Selective ion penetration of graphene oxide membranes. ACS
Nano 7, 428-437 (2012).

15. Hu, M. & Mi, B. Enabling graphene oxide nanosheets as water separation
membranes. Environ. Sci. Technol. 47, 3715-3723 (2013).

16. Zheng, S. et al. Swelling of graphene oxide membranes in aqueous solution:
characterization of interlayer spacing and insight into water transport
mechanisms. ACS Nano 11, 6440-6450 (2017).

17. Mi, B. Graphene oxide membranes for ionic and molecular sieving. Science
343, 740 (2014).

18. Hung, W. S. et al. Cross-linking with diamine monomers to prepare
composite graphene oxide-framework membranes with varying d-spacing.
Chem. Mater. 26, 2983-2990 (2014).

19. Zhao, Y. et al. Formation of morphologically confined nanospaces via self-
assembly of graphene and nanospheres for selective separation of lithium. J.
Mater. Chem. A 6, 18859-18864 (2018).

20. Zhao, Y. et al. Tunable nanoscale interlayer of graphene with symmetrical
polyelectrolyte multilayer architecture for lithium extraction. Adv. Mater.
Interfaces 5, 1701449 (2018).

21. Chen, L. et al. Ton sieving in graphene oxide membranes via cationic control of
interlayer spacing. Nature 550, 415-418 (2017).

22. Zhang, M. et al. Effect of substrate on formation and nanofiltration performance
of graphene oxide membranes. . Membr. Sci. 574, 196-204 (2019).

23. Geise, G. M. et al. Water permeability and water/salt selectivity tradeoff in
polymers for desalination. . Membr. Sci. 369, 130-138 (2011).

24. Bhattacharjee, S. & Elimelech, M. Surface element integration: a novel
technique for evaluation of DLVO interaction between a particle and a flat
plate. J. Colloid Interface Sci. 193, 273-285 (1997).

25. Hoek, E. M. V. et al. Effect of membrane surface roughness on colloid-
membrane DLVO interactions. Langmuir 19, 4836-4847 (2003).

26. Mohammad, A. W. et al. Nanofiltration membranes review: recent advances
and future prospects. Desalination 356, 226-254 (2015).

27. Yang, Q. et al. Ultrathin graphene-based membrane with precise molecular
sieving and ultrafast solvent permeation. Nat. Mater. 16, 1198 (2017).

28. Werber, J. R. et al. The critical need for increased selectivity, not increased
water permeability, for desalination membranes. Environ. Sci. Technol. Lett. 3,
112-120 (2016).

29. Zhang, M. et al. Nanoparticles@ rGO membrane enabling highly enhanced
water permeability and structural stability with preserved selectivity. AICKE J.
63, 5054-5063 (2017).

30. Park, H. B. et al. Maximizing the right stuff: the trade-off between membrane
permeability and selectivity. Science 356, eaab0530 (2017).

31. Bowen, W. R. & Cao, X. W. Electrokinetic effects in membrane pores and the
determination of zeta-potential. J. Membr. Sci. 140, 267-273 (1998).

32. Tansel, B. et al. Significance of hydrated radius and hydration shells on ionic
permeability during nanofiltration in dead end and cross flow modes. Sep.
Purif. Technol. 51, 40-47 (2006).

Acknowledgements

This work was financially supported by the National Natural Science Foundation of
China (grant nos. 21490585, 21776125, and 51861135203), the Innovative Research
Team Program by the Ministry of Education of China (grant no. IRT17R54), and the
Topnotch Academic Programs Project of Jiangsu Higher Education Institutions (TAPP).
We thank Shipeng Sun for offering commercial NF membrane samples and Andrew
Livingston, Bill Koros and Ho Bum Park for helpful discussions.

Author contributions

W.J. and G.L. conceived the idea. W.J,, G.L. and M.Z. designed the experiments and
wrote the manuscript. M.Z. performed the experiments. M.Z., K.G. and Y J. prepared the
data graphs. M.Z,, K.G., Y.J,, G.L., W.J. and N.X. discussed the results and commented on
the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09286-8.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Shen Jiangnan,
Anthony Straub, and the other anonymous reviewers for their contribution to the peer
review of this work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribu-
BY

tion 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

8 | (2019)10:1253 | https://doi.org/10.1038/541467-019-09286-8 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-09286-8
https://doi.org/10.1038/s41467-019-09286-8
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Controllable ion transport by surface-charged graphene oxide membrane
	Results
	Manipulation of GO membrane surface charge
	Ion transport behavior through surface-charged GO membrane
	Ion transport mechanism through surface-charged GO membrane
	Nanofiltration performance of surface-charged GO membrane

	Methods
	Membrane preparations
	Membrane characterizations
	Calculation of membrane surface charge density
	Membrane performance measurements
	Calculation of DLVO interaction

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




