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Unraveling the Atomistic Mechanisms Underlying Effective
Reverse Osmosis Filtration by Graphene Oxide Membranes

Shan Jiang, Lingli Huang, Honglin Chen, Jiong Zhao,* and Thuc Hue Ly*

The graphene oxide (GO) membrane displays promising potential in
efficiently filtering ions from water. However, the precise mechanism behind
its effectiveness remains elusive, particularly due to the lack of direct
experimental evidence at the atomic scale. To shed light on this matter,
state-of-the-art techniques are employed such as integrated differential phase
contrast-scanning transmission electron microscopy and electron energy loss
spectroscopy, combined with reverse osmosis (RO) filtration experiments
using GO membranes. The atomic-scale observations after the RO
experiments directly reveal the binding of various ions including Na*, K*,
Ca?*, and Fe3* to the defects, edges, and functional groups of GO. The
remarkable ion-sieving capabilities of GO membranes are confirmed, which
can be attributed to a synergistic interplay of size exclusion, electrostatic
interactions, cation—x, and other non-covalent interactions. Moreover, GO
membranes modified by external pressure and cation also demonstrated
further enhanced filtration performance for filtration. This study significantly
contributes by uncovering the atomic-scale mechanism responsible for ion
sieving in GO membranes. These findings not only enhance the fundamental
understanding but also hold substantial potential for the advancement of GO

initially demonstrated in the 1970s,
wherein clay-encapsulated GO mem-
branes were employed in RO filtration.[?]
Nevertheless, the potential use of GO
membranes for filtration is overshad-
owed by their relatively fragile instability,
especially when compared to robust
thin-film  composite  membranes,?!
which have been widely employed in
the filtration industry for decades.*]
Recently, researchers have renewed
their interest in GO materials, due to
their increased global production and
considerably lowered costs.l’! Following
the groundbreaking discovery of mono-
layer graphene in 2004, GO has once
again emerged as a promising member
of 2D materials, attracting signifi-
cant attention in academic research.l’]

GO is a chemically modified form
of graphene/graphite, produced by
the introduction of oxygen-containing

membranes in reverse osmosis (RO) filtration.

1. Introduction

GO has attracted significant attention in recent years as a highly
promising material for advanced filtration membranes due to
its excellent filtration performances, including high throughput,
fast transport rate, and outstanding chemical stability.!] Indeed,
the feasibility of water filtration utilizing GO membranes was

functional groups onto the graphene
lattice through oxidation processes.!”]
Functional groups, such as hydroxyl
(-OH), epoxy (-O-), and carboxyl
(-COOH) groups, are introduced in GO and disrupt the sp? hy-
bridization of carbon atoms. As a result, GO exhibits distinct
electrical, mechanical, and chemical properties when compared
to pristine graphene.’] The oxygen functional groups on GO
surfaces provide water solubility, enabling GO lamellar mem-
brane formation via vacuum, evaporation, or pressure-assisted
self-assembly techniques.”! The proposed mechanism of GO
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Figure 1. GO membrane for RO filtration. a) Schematic illustration of water transport and ion trapping in defects, edges, and functional groups in
channels of GO membrane during RO filtration. b) AFM topography of monolayer GO sheets on f-mica substrate. Scale bar 500 nm. c) High-resolution
iDPC-STEM image of monolayer GO with different types of defects. Scale bar 2 nm. d,e) Magnified iDPC-STEM images from marked box (lower and
upper) areas in (c), respectively. The inset shows FFT images from the same area in (c). Scale bar 500 pm.

membrane responsible for salt exclusion primarily involves size
sieving (interlayer filtration), Donnan exclusion (electrostatic re-
pulsion), and the adsorption of ions onto GO nanosheets through
cation—z interactions, 7—z interactions, or other non-covalent
interactions.!*")

Interlayer filtration is widely acknowledged as the predom-
inant mechanism utilized by GO-based membranes for the
selective separation of particles or molecules of varying sizes and
shapes.['!l The interlayer spacing of GO membranes can be ad-
justed by controlling the stacking arrangement of GO layers and
the density of functional groups, which selectively allows smaller
substances to pass through while blocking larger ones. Interlayer
sieving is also known to be dependent on the humidity of the
surrounding environment. The water permeation capacity of
stacked GO membranes used for nanofiltration may be notably
constrained by their inherent propensity to undergo swelling,
whereby water is absorbed into the GO channels, leading to an
expansion of the interlayer spacing.['?] In recent years, GO-based
composites have been widely used to overcome the swelling issue
such as GO/MOF composite,3] GO/metal oxide composite,!1*]
GO/polymer composite,[’’]  GO/cations composite,*! and
SO on.

Currently, the filtering mechanism of the GO membrane is
still a subject of debate, and there is a lack of direct experi-
mental evidence.l'”] While previous studies have primarily fo-
cused on interlayer sieving by tuning the interlayer spacing
of GO membrane, our study here highlights the critical role
played by the intralayer atomic defects (pores), edges, and func-
tional groups of GO in water filtration. Especially when con-
sidering smaller ions present in seawater, the expansion of the
interlayer spacing and damage in structure reduces the inter-
layer sieving capability and enhances the significance of basal
plane defects for overall sieving performance. Moreover, dur-
ing the RO process, the trapping of ions or ion clusters at
these nanometer-scale basal-plane defects or edge defects in
GO could obstruct the originally unimpeded or even barrier-
free ion penetration pathway, thereby enhancing the filtration
performances.
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2. Results and Discussion

2.1. Preparation of GO Membrane for RO Experiment

The salt exclusion mechanisms in GO membrane involve various
processes, such as interlayer sieving, coupled with water trans-
port. In this process, water molecules gather in hydrophilic re-
gions and then enter hydrophobic 2D nanochannels within the
GO structure.”) This allows water molecules to permeate while
effectively blocking the dissolved solids, ions, and impurities,
thus enabling efficient water transport and separation in filtra-
tion processes (Figure 1a). In our experiment, to create the GO
membrane with sub-nanometer channels for RO filtration, the
monolayer GO sheets are first prepared through the modified
Hummers' method,”*®] and then the dispersed monolayer GO
sheets are stacked into continuous GO films (Figure S1, Support-
ing Information) through self-alignment under gravity by vac-
uum filtration, see Methods and Figure S2 (Supporting Informa-
tion) for details.['! Atomic force microscopy (AFM) topographic
image (Figure 1Db) reveals a thickness of ~0.7 nm for the mono-
layer GO on fluorphlogopite mica (f-mica) substrate, while the
macro-stacked GO membrane, consisting of numerous mono-
layers GO sheets, has a thickness of ~100 nm (Figure S3, Sup-
porting Information).

2.2. Atomic Structures of GO

The atomic structure of the membrane determines the filtration
capability. To gain insights into the atomic structure changes of
the GO membrane during the RO process, we use the mechanical
exfoliation method to obtain monolayer and few-layer GO flakes
directly from the GO membrane before and after the filtration
processes, respectively. The GO flakes are then transferred onto
a Quantifoil Au TEM grid (Figure S4, Supporting Information),
and a weak Ar-only plasma treatment is applied to remove the
hydrocarbon contaminants before TEM measurement. Raman
spectra in Figure S5 (Supporting Information) show that trans-
fer and Ar plasma treatment will not cause obvious changes to
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the GO samples that were used for TEM measurement, which
is specifically reflected in no changes in the intensity ratio of
Ip/1; (related defects) and I, /1 (related to functional groups)
in Table S1 (Supporting Information). Before this step, the resid-
ual salt solution on the surface of the wet membrane after the
RO experiment has been removed. To reduce the knock-on beam
damage and enhance the imaging contrast of light elements,
the low dose Cs-corrected iDPC-STEM technique,?®! is applied
to investigate the atomic structures of monolayer and few-layer
GO sheets during TEM characterization. It is worth emphasizing
that oxygen-containing functional groups cannot be directly ob-
tained in high-resolution STEM images due to their ultra-beam-
sensitive nature. For a typical atomic scale STEM image in our
experiment, an electron dose of 5 x 105 e~ A2 is applied for
each image to ensure sufficient image contrast for such mono-
atomic-layer samples. At such electron density level, the oxygen
atoms are easily removed during beam irradiation as evidenced
by Figures S6 and S7 (Supporting Information).

The atomic structure of GO is heterogeneous and mainly com-
posed of aromatic graphitic islands, constituted of unoxidized
condensed benzene rings, and oxidized sp* carbon atom regions
with aliphatic six-membered rings (Figure 1c). The chemical
composition and size of these domains depend on the degree of
oxidation. Beam-sensitive functional groups in GO are removed
under beam irradiation,?!! which makes the percentage of O ele-
ment ranging from 43.25% to 6.18% (Figure S8 and Table S2,
Supporting Information), leaving a graphene-like structure in
most of the regions of GO basal plane, and oxygen doping only
can be observed in a few areas, as shown in Figure S9 (Support-
ing Information). For monolayer GO, the high-resolution iDPC-
STEM image in Figure 1c displays highly inhomogeneous struc-
tures. As the degree of oxidation increases, the diffraction spots
of hexagonal graphene significantly decrease (Figure 1d,e), and
Fast Fourier Transform (FFT) analysis also reveals the intensity
of amorphous rings increases in different regions from Figure 1c.
Correspondingly, the intensity of diffraction spots associated with
graphene structure diminishes gradually. The amorphous region
exhibits a much broader variation, with in-plane projections of
bond lengths ranging from 1.36 to 1.73 A, and bond angles vary
between 82° and 152° as shown in Figure S10 (Supporting In-
formation). This stands in sharp contrast to graphene, where the
bond lengths are centered at ~1.4 A and bond angles ~120° with
only small variations attributed to image aberration errors. Crys-
talline graphene is projected to reach its breaking point at de-
formations of just under 1.6 A and 135°.122 Consequently, amor-
phous GO is different from graphene and would be inherently
stable.

Moreover, various-sized pore defects (marked by green circles
in Figure 1c) which are released during the aggressive oxidation
and sheet exfoliation, make the intralayer structure of GO
sheets become intricate and variable. Furthermore, small GO
nanosheets (marked by a green arrow) resulting from the frag-
mentation of other layers also make the structure of GO compli-
cated. The Raman spectrum of pristine GO sheets in Figure S10
(Supporting Information) exhibits characteristic G bands
(1588 cm™) originating from the planar vibrations of carbon
atoms, along with D bands (~1352 cm™) associated with struc-
tural defects.[’] Additionally, following beam irradiation, an
enhancement in the intensity of the 2D peak can be associated
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with a reduction of oxygen-containing functional groups within
the basal plane. Conversely, a shift towards lower wavenumbers
(from 2688 to 2654 cm™) of the 2D peak is indicative of an
increase in the degree of reduction.?*] The full width at half
maximum (FWHM) of the 2D peak shows a climb from 84.35
cm! to 120.22 cm™! which is due to new defects (Figure S13,
Supporting Information) caused by the beam damage during
irradiation. Typically, GO has a carbon/oxygen (C/O) ratio of
1.5-2.5 and can be produced by different chemical methods.!?*!
However, in high-resolution STEM images, we can only find
some doping oxygen elements with low density (0.04 + 0.01 nm
~2) in the GO lattice (Figure S9, Supporting Information) in
high-resolution STEM images. The EDS result shows there
is ~6% oxygen left after beam irradiation. During TEM mea-
surement, most of the O atoms turn into gaseous molecules
and are removed from the TEM techniques, while the other
O atoms combine with C atoms and become amorphous and
indistinguishable.

In general, although we try to reduce the beam effect during
STEM measurement, it is important to note that GO undergoes
an inevitable reduction process, resulting in the loss of its origi-
nal oxygen-containing functional groups. Despite this reduction,
the high-resolution STEM images we acquired still retain distin-
guishable features, such as amorphous regions and graphene-
like areas, enabling us to discern between high-oxidation and
low-oxidation regions in the pristine GO sample.

2.3. The Structural Changes of GO Membranes after RO
Filtration

GO membrane exhibits insufficient stability in RO experiments.
Figure 2a illustrates the changes in GO nanochannels during
pressure-driven filtration experiments. The expansion of inter-
layer spacing arises not only from the filling of nanochannels
by water but also from damage to the 2D channels, particu-
larly at the hydrophilic gate, which is the gap between the edges
of two neighboring GO nanosheets or defects within the GO
structure.[?l iDPC-STEM images (Figure 2b,c) reveal the forma-
tion of folding, distortion, and damage in monolayer and bilayer
GO flakes derived from the filtration process, locally creating
three-layered carbon atomic structures, which are discerned by
the intensity in line profiles (Figure 2d). Such physical damage
has compromised the GO membrane filtration capability. XRD
spectrum (Figure 2e) also reveals interlayer spacing of wet GO
membrane expands with filtration cycles. After removing the wa-
ter from the GO channels, achieved by storing the membrane in
a drying box at room temperature overnight, the XRD spectrum
reveals that the interlayer spacing of the dry GO membrane in-
creases from d = 0.769 nm before filtration to d’ = 0.829 nm af-
ter RO filtration. This is primarily a result of the inherent folding
and wrinkles of GO layers instead of the swelling issue, which is
a common phenomenon in 2D materials from external force.!¢]
These structural changes in atomic scale reduce the salt rejec-
tion (Na*) from 13.62 + 2.5% (first cycle) to 3.6 + 1.6% (sec-
ond cycle) with a slight change in water permeance (from 5.62 +
0.81 to 5.2 + 1.34 L bar™! h™! m™2), as shown in Figure 2f. Be-
sides, in repeated filtration experiments on the same pristine GO
membrane, the results show that as time increases, the pristine
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Figure 2. Structural deformation of GO under pressure-driven filtration a) Schematic illustration of structural changes of GO by salt water under external
pressure. b) and c) iDPC-STEM images of folding and ripping of GO sheets after RO filtration. Scale bar 1 nm. d) Line profiles of intensity as a function of
position showing layer thickness variation along the arrows in b). ) XRD measurement of GO membrane after two-cycle RO process. f) Water permeance
and salt rejection of GO membrane of two-cycle RO process. Means (M) with error bars for three cases: N = 3, and the bars also show standard deviation
(SD).

GO membrane gradually loses its screening effect on salt (Na*)  of individual GO sheets. Besides, we also confirm that these sam-
cations, as shown in Figure S11 (Supporting Information). This  pleshave similar defect density and oxygen-containing functional
highlights the gradual impact of repeated usage in the RO filtra-  groups by comparing the I,/I; and I,;/I; ratios as shown in
tion process on the structure of the GO membrane. Figure S12 and Table S3 (Supporting Information).
The GO membranes are sealed in a commercial dead-end fil-
tration system with an effective membrane area of 7.5 cm? for
2.4. RO Filtration for GO Membranes via External Pressure the pure water permeation and salt rejection tests, as shown in
Figure 3d. The results of the RO experiment are in Figure 3e, and
To further compare the impact of structural changes on GO fil-  we found with the increase of external pressure, a climb of salt
tration efficiency, we test the RO filtration performance of differ-  rejection can be found while at the same time, the water perme-
ent GO membranes mainly composed of monolayer GO sheets  ance showed a decreasing trend. Certain investigations have in-
with different sizes. The GO membranes are deposited on acom-  dicated that increased feed pressure contributes to the improved
mercial AAO substrate to measure the water and salt transport  salt rejection in GO membranes within the narrowed transport
behaviors toward Na* solution at a concentration of 2000 parts  channels.['¢¢]
per million (ppm). The GO membrane on AAO support demon- The channel spacing for wet GO membrane at different ex-
strates sufficient mechanical strength to sustain pressures at 2-  ternal pressure is measured by a reported method as shown in
40 bar. Different GO membranes which are composed of mono-  Figure S14 (Supporting Information). The interlayer spacing of
layer GO nanosheets with different sizes are made from various  the original GO film without external pressure in the wet state
GO liquid dispersions. The GO dispersions are separated into ~ was measured from the XRD, while the interlayer spacing of the
three groups using high-speed centrifugation (refer to the meth- ~ wet GO under pressure was calculated based on its total thick-
ods section). Monolayer GO dispersions are selected based on  ness, as described by Figure S14 (Supporting Information). Un-
the histogram of data distribution results and AFM topography  der external pressure 2—40 bar swelling of the wet GO membrane
analysis (Figure 3a—c). The GO membranes are named based on  in the vertical direction is inhibited, resulting in a smaller chan-
the particle size of the individual monolayer GO sheets. Differ-  nel (interlayer) spacing ranging from 0.85 (1.19) to 0.66 (1.00)
ent GO membranes are named GO_0.5, GO_1.0, and GO_2.0, nm, as shown in Figure 3f. Correspondingly, in our filtration ex-
respectively, where the number means the average size (unit: um)  periments, we observed the highest salt rejection, reaching ~25%
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Figure 3. RO experiment of GO membrane with varying sizes of individual units at different external pressures. a—c) Histogram analysis of size and
coverage distribution of different monolayer GO nanosheets with a particle size of a) 0.1-0.5 um; b) 0.1-1 um and c) 0.1-2 um, respectively. Inset images
are AFM topography images related to a), b), and c), respectively. Scale bar T um. d) Schematic illustration of the dead-end RO system for the filtration
experiment. e) Water permeance and salt rejection of GO membranes with different flake sizes (unit: um) under different external pressures. f) Channel
spacing of GO membrane under different external pressures. Means (M) with error bars for three cases: N = 3, and the bars also show standard deviation

(SD).

at 40 bar when the channel spacing is #0.66 nm, which is less
than most of the hydrated cations in our filtration experiment
(Figure 3f). The relative lower salt rejection at this pressure is
due to the mechanical deformation along the edges of GO layers,
as we mentioned in the last section. As the feeding pressure in-
creases, the water permeance increases, causing more severe me-
chanical deformation and damaging the slip path among the lay-
ers of the GO membrane, which is manifested in the increase in
the interlayer spacing of the GO film in the dry state (Figure S15,
Supporting Information). While the deformation will not keep
increasing the interlayer spacing of GO in dry stage when the
pressure is over 10 bar as we found that the expansion of the
channel spacing in dry stage is similar at 10-40 bar. It shows
that increased pressure also helps the GO membrane maintain
its atomic structure when the pressure is over 10 bar.

It is important to note that GO membranes composed of
monolayer GO of varying sizes exhibit distinct performance
(Figure 3e). Specifically, at 2-5 bar, the GO_0.5 membrane
demonstrates the highest salt (Na*) rejection, while at 10-40 bar,
GO_2.0 showed the best performance. TEM characterizations
were conducted on the exfoliated monolayer GO samples after
filtration, revealing that under low external pressure, edge defor-
mation is considerably smaller compared to that at high pressure
(Figure S16). Statistics in the Table S4 and Figure S17 (Support-
ing Information) show that at low pressure (2 bar), it is more con-
ducive to capture ions at the holes and edges, while at high pres-
sure (40 bar), the opposite trend is found. At 2 bar, a chain of some
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2400323 (5 of 11)

Na* ions was observed in the edge and pores of monolayer GO
sheets, affirming their ability to adsorb and trap cations under
weak feed pressure. However, the adsorption capacity of oxygen-
containing functional groups was found to be suppressed at such
pressure. In contrast, under high pressure, the interlayer spac-
ing decreased, bringing the upper and lower GO sheets closer. A
large number of Na* cations were found in the area with a high
density of functional groups at 40 bar.

Due to the rapid water flux (Figure S18, Supporting Informa-
tion) and edge deformation at 10-40 bar, the binding capacity for
cations at edges and holes was reduced compared to that at 2—
5 bar. In addition, the deformation of edges is limited in restrict-
ing the passage of Na* cations (Figure S19, Supporting Informa-
tion). Consequently, the salt rejection of the GO membrane with
a smaller monolayer unit (GO_0.5) was observed to be lower than
that of the larger layer GO membrane at 10-40 bar, attributable to
its numerous edge deformation. Therefore, increasing the exter-
nal pressure reduces the interlayer spacing and simultaneously
enhances the trapping of ions by functional groups in the in-
tralayer of GO, but at the same time weakens the confinement
effect of GO defects and edges on cations.

To further explore the ion-sieving capabilities of the GO mem-
brane, we also tested the RO experiment with different salt so-
lutions (K*, Ca?*, and Fe*!), as shown in Figure S20 (Sup-
porting Information). The trend behavior of K* ions with GO
membrane is similar to that of Na* cations. High-valent cations
are less affected by the channel spacing, and increasing the
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Figure 4. TEM characterization of metal ions on GO basal plane (Azure-Na, blue-K, cyan-Ca, and purple-Fe). High-resolution iDPC-STEM images of
a) Na* b) K* c) Ca?* d) Fe**ions on GO basal plane. Scale bar 500 pm. e—h) Atomic scale EEL spectra of Na, K, Ca, and Fe element on GO basal plane

corresponding to a—d), respectively.

pressure does not significantly change their salt rejection. In
particular, for Fe3* ions, the ion selectivity of the GO membrane
is notlimited by swelling in water even at 2 bar, because of the rel-
atively large hydrated radius and stronger interactions. Besides,
for divalent cations (Ca?") and trivalent ions (Fe**) in this exper-
iment, not only is the salt rejection much higher than those of
monovalent ions, but it also exhibits a noticeable increase with
GO membranes with larger monolayer units at all the external
pressure used (Figure S19, Supporting Information). In addition,
unlike monovalent cations, the GO_2.0 membrane always main-
tained the highest salt rejection to Ca?* ions and Fe** ions, which
is not related to the external pressure. The relatively strong in-
teraction between divalent and trivalent ions and the functional
groups, pores, and edges of the GO membrane makes the selec-
tivity of the GO membrane much stronger than that of monova-
lent ions. It is surprising that for the GO_0.5 membrane com-
posed of a smaller monolayer of GO sheets, the ion sieving ca-
pacity for Ca?* and Fe?* is always smaller than the GO_2.0 mem-
brane. The three types of GO membranes differ only in the par-
ticle size of the monolayer GO samples they constitute, but the
defect density and oxidation degree are the same (Figure S10 and
Table S3, Supporting Information). XRD measurement also re-
vealed that the performance is not related to the interlayer spac-
ing (Figure S21, Supporting Information). The difference related
to ion trapping is only reflected in the difference in the size of the
three types of GO membranes. TEM analysis shows that, unlike
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monovalent ions, Ca** ions and Fe** ions will aggregate along the
edges of GO to form clusters, which will destroy the structure of
the edges (Figure S22, Supporting Information). Therefore, the
GO_0.5 membrane with longer edges exhibits weaker ion selec-
tivity than the GO_2.0 membrane. Our experiments show that
the structural deformation of GO edges is one of the reasons that
affect the filtration performance, making the edges of GO unable
to capture ions in the RO process.

2.5. Atomic Structures of Trapped Cations on GO after RO
Experiments

To gain a thorough understanding of the interplay between
ions and GO membranes during RO filtration, we conducted
STEM analysis on the post-filtration monolayer and few-layer GO
nanosheets by mechanical exfoliation. Shown in Figure 4a—d, we
find Na*, K*, Ca?* and Fe’*ions on the basal plane of mono-
layer GO, the element types for these absorbed atoms on GO are
confirmed by EEL spectra results (Figure 4e,f). In these images,
the ions are embedded in a disordered carbon lattice, which is
different from the typical six-membered rings of graphene. The
amorphous structure originates from the reduction of functional
groups in GO, whereas the presence of impurity cations makes
these structures more unstable during measurement. These ions
are surrounded by 3-4 carbon atoms, with distances ranging
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from 1.3 to 2.3 A, and angles varying between 46° and 150° as
shown in Figure 4. Besides, it shows the statistical results for
single ions combined with GO plane in Table S5 (Supporting In-
formation), showing the bond lengths and angles. However, for
clusters containing more than one ion, it is challenging to pro-
vide comprehensive statistical analyses due to the numerous pos-
sible structural configurations. The complexity arises from the
various arrangements and orientations of ions within the cluster,
leading to a wide range of potential bond distances and angles.
The cations are captured by charged groups from electrostatic
interaction and other kinds of weak interaction, like cation-z
bonding.?”] In contrast, the graphene-like regions have difficulty
in adsorbing ions due to relatively weak interaction (Figure S23,
Supporting Information). It matches the slip theory,[?®! saline wa-
ter flows quickly in the non-oxidation zone of the GO layers, while
the oxygen-rich area hinders this rapid flow due to strong inter-
actions so that the cations are easy to be captured. Furthermore,
in comparison to monovalent ions, divalent and trivalent ions
are more readily trapped by oxygen functional groups in the in-
tralayer of GO by their stronger interactions. In our filtration ex-
periments for the same concentration salt solutions, a few Na*
and K* ions can be found in TEM images, while Ca?* and Fe’*
ions exhibit higher adsorption properties and even formed ion
clusters (Figures S24 and S25, Supporting Information). Con-
versely, monolayer GO with uniformly distributed single cation
is observed when feeding different concentration salt solutions
(Figure S26, Supporting Information).

For ultrathin membranes made up of monolayer GO
nanosheets, the primary pathways for transporting substances
are the edges of the GO nanosheets and the pores on their sur-
faces ranging from 0.5 to 3 nm (Figure S27, Supporting Informa-
tion). These pathways are crucial for determining which particles
can pass through the membrane and which ones are blocked.!*!
In our STEM images, we observed pores of varying sizes dis-
tributed throughout the GO (Figure 2a). The edges of pores also
can capture ions shown in Figures S28 and S29 (Supporting In-
formation). The edges of pores lack a specific structure and do not
appear as clean zigzag or armchair boundaries as graphene, with
the majority of them being in an amorphous state. Although the
diameter of some pores is much larger than that of the cations
and their hydration radius, the adsorption at the edges is primar-
ily guided by stronger z-z interactions near the edges of these
pores, along with stronger hydrogen bonding interactions be-
tween carboxyl groups and cations.>]

The adsorption of cations by the edges of macropores as ob-
served suggests that ions can also be captured at the edges of
the GO layer. In the case of Ca** and Fe** ions, the presence
of ion clusters is noticed along the layer’s edges. A substantial
quantity of clusters is observed in the region where curling or
deformation has taken place (Figure S22, Supporting Informa-
tion). This phenomenon elucidates why the structure of the GO
membrane is destroyed, especially the deformation along the
edges (Figure 2), whereas the salt rejection of Ca** and Fe** ions
remains relatively high (Figure S20, Supporting Information).
These complex structures are more conducive to the adsorption
of large amounts of ion clusters. Previous studies on nanofil-
tration using GO membranes have emphasized the control of
subnanometer-sized pores, interlayer distribution, or the role of
charge repulsion.®!l Our study demonstrates that the ion rejec-
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tion reactions in the RO process are complex, confirming that
they are driven by intricate interactions rather than a simple ef-
fect. High-resolution STEM images provide direct experimental
evidence that the structures of GO, particularly the pore defects,
functional groups, and ion-ion interactions, can all influence the
filtration performance of GO membranes.

2.6. Cation-Absorbed GO Membranes

After RO filtration, there is a certain concentration of cations left
in the channels of the GO membrane, and these ions interact
with the GO layers to form a relatively stable structure follow-
ing the filtration experiment. This interaction generates a high
energy barrier, effectively discouraging the retention of cations
in filtration.3?! To elucidate the mechanism of GO membranes
based on ion repulsion, we introduced different types of cations
(K*, Ca?*, and Fe**) to modify the pristine GO_2.0 membrane
(see methods). We find that the Fe’* coated GO_2.0 membrane
(GO_Fe) shows the highest salt (Na*) rejection rate up to 22.5 +
2.76% at 10 bar, which is nearly two times higher than the pris-
tine GO_2.0 membrane, as shown in Figure 5a. The ion selectiv-
ity exhibited by the GO_cation membrane is not related to the
interlayer spacing, because GO_K* has the smallest interlayer
spacing (Figure 5b) while it showed the lowest salt rejection com-
pared to others. The GO_Fe membrane also exhibits durability
and will not reduce the salt rejection rate multiple times, as evi-
denced in Figure 5c. Besides, we also find the performance of the
GO_Fe membrane is related to the membrane thickness. With an
increase of thickness from 100 to 400 nm, the salt rejection shows
a climb up from ~82% to ~98% for Fe** and from 23% to ~30%
for Na*, as shown in Figure S30 (Supporting Information).
Cations impact the GO membrane through non-covalent
cation-z interactions with aromatic rings on GO sheets and in-
teractions with oxygen-containing functional groups.®! Figure 4
and Figure S27 (Supporting Information) display that cations are
trapped in the area with functional groups and defects. These
cations remain stable during RO filtration and help to reject other
cations getting into the GO channels (Figure 5d). These Fe** ions
improve the performance of the membrane via electrostatic re-
pulsion and cooperate with the adsorption of ions by the func-
tional groups and defects are present in the GO membrane. Af-
ter filtration with feeding with 2000 ppm NaCl solution, we still
can find the presence of Fe** ions at the edge of the pores and in-
side the channels of adjacent GO layers (Figure 5e,f; Figure S31,
Supporting Information). Besides, the EDS results in Figure 5g
and Table S6 (Supporting Information) also reveal the atomic ra-
tio changes of Fe** ions before and after the filtration experiment
is less than 0.1%. It is proved that there are many more Fe** ions
present in the GO_Fe membrane than those lost. To explore the
changes in GO structure after filtration, Raman characterization
was introduced, as shown in Figure 5h and Table S7 (Support-
ing Information). Compared to pristine GO without cation mod-
ification in Figure S10 (Supporting Information), the intensity
of D peaks (I/I;) shows an increase from 1.15 to 1.23, which
is related to the increase of defects during RO filtration steps.
There is more edge deformation and pores are generated dur-
ing pressure-driven RO steps. The intensity of 2D peaks (I,5/I;)
remains stable at 0.06, which demonstrates that there are no

© 2024 The Author(s). Small Methods published by Wiley-VCH GmbH

85UBD17 SUOWIWOD dANERID 3|cedl|dde au) Aq peusenob ae sajo1e O ‘88N JO SaINJ 104 AReiq1T 8UIIUO AB|IM UO (SUONIPUOD-PUR-SUBIWD" A3 | 1M AR 1[Bu1UO//SHNY) SUORIPUOD PUe SWi 18U 885 *[5202/20/€0] Uo A%iqi8uljuo A81IM ‘INOH ON NH ALISYIAINN DINHOLATOd ONOX ONOH AQ £28007202 PILS/Z00T OT/10p/L00 A8 | 1M Ase.q i puljuo//sdiy woiy papeojumod ‘T ‘G202 ‘80969962


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Interlayer spacing
1.48 1.10 0.

www.small-methods.com

99

a b ' ' C 475
-~ —G0.20 =] €
460 : i GO K - l l I I =
45 R ) GO_Ca o ~—~] A ——% 00"
S i —] = £ core | Swof | I . ) i,
g 1 - 45~ = - = =
2 l j 2 | 2. {4553
930 £ d S 151 <
Z 1 ! ¥ E. j < l___—l I I 1 &
o 1 {302 e T 1 3%
- T = =X =g 1 l 1 1 s
—- T = — 4
S5 {‘ £ E . & ¥ ,
e e 15; £ A 5] ERSES
1 2 4- -
0 ; . i 0 L : ; 0 T T T T 0
GO_K GO_Ca GO_Fe 8 10 Ist 3rd _ 6th 9th
2-theta(degree) Cycle times
! g f
"""" Path I
e
I*Q ---------- Path II
; ————————————————— Path Il
I
— N 0 -----
Monolayer  lon Block GO pores Water path
GO
g 16K Before h_ G Band Before RO 1
| 3 D Band 1591.23 -~ Before RO
~ ] 1855196 :! E ———Afler RO
= E ¥
< | OK 4 2D Band % |
E’ ] FeK : 2680.10 £
Z ] ; i . H E
2 ——— After &1 ~—— After RO =
= Z 113529 59247 'E
= =y s
i 3 2677.18 g
z . 7z |
xd &
T T _1 T T T T T T T T T T 1
0 1350 1800 2250 2700 N 9 10 11 12 13 1415

4 6
Energy(keV)

Raman shift(cm™)

2-Theta(degree) A

Figure 5. Filtration experiment of GO membrane via cation modification. a) Filtration performance of GO_cation membranes. b) XRD measurement of
different GO_cation membranes in a wet state. ¢) Duration test of water flux and salt rejection of GO_Fe membrane. d) Schematic illustration of Na*
ion blocked by Fe3* at different regions in GO_Fe membrane. e) iDPC-STEM images of several Fe3* ions trapped in edges of a bilayer GO after RO.
Scale bar 500 pm. f) iDPC-STEM images of several Fe3* ions trapped in interlayer channels (spacing) of a bilayer GO after RO. Scale bar 500 pm. g) EDS
spectra of GO_Fe membrane before and after RO. h) Raman spectra of GO_Fe membrane before and after RO. i) XRD spectrum of GO_Fe membrane
before and after RO at wet state. Means (M) with error bars for three cases: N = 3, and the bars also show standard deviation (SD).

changes in oxygen-containing during filtration. The FWHM of
2D peaks shows a climb from 84.35 to 90.95 cm™!, which is
caused by introducing doping Fe** cations when feeding FeCl,
solution in RO. After filtration, the FWHW of the GO_Fe mem-
brane shows a little drop from 90.95 to 88.46 cm™! which is due
to some of the doping Fe** ions being excluded by the water flux.
While the intensity of the D and G peaks remains stable, it cor-
responds to the absence of any additional defects and oxygen-
containing groups generated during filtration. Furthermore, as
evidenced by the XRD result in Figure 5i, we also confirm that
Fe3* helps to inhibit swelling and the interlayer spacing shows
no changes before and after filtration.

For the enhanced filtration performance, Na* or other cations
are blocked by Fe** cations at 1) 2D interlayer channels (func-
tional group), 2) surface defects (pores), and 3) hydrophilic gate,
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which are confirmed in the STEM images in Figure 5e,f and
Figure S31 (Supporting Information). The stable Fe** adsorbed
in this area via cation-z interaction helps to reject the cations to
get into the GO channels. These Fe** ions are fixed at the above
three positions and form a stable structure with the GO film un-
der external pressure. Additionally, when considering that the
dispersed single Fe’* ions gradually agglomerate along the de-
formation of the GO edges under a pressure-driven filtration ex-
periment, it is impossible to block the passage of Na* cations in
some areas and hinders the capacity trade-off for ion and water
sieving. In such cases, ion sieving primarily occurs within the
lateral transmission process of the 2D channel and the longitudi-
nal transmission through the defects (pores) in the GO_Fe mem-
brane. It is worth noting that the selectivity of the GO_Fe mem-
brane is also related to the number of Fe** ions in the channels,
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and gradually becomes saturated as the Fe3* ion concentration
increases in the RO step, as shown in Figure S32 (Supporting In-
formation). In this case, it does not mean that Fe** ions occupy
all binding sites, while overall it is in an adsorption equilibrium
state.*] Most of the Fe’* ions embedded in the GO lattice re-
main stable and will not be lost as the filtration proceeds. It must
be emphasized that the ion screening mechanism here is mainly
based on electrostatic repulsion.

Further experiments also demonstrate that a GO membrane
with fewer exposed edges and larger monolayer GO sheets ex-
hibits improved salt rejection (Figure S33, Supporting Informa-
tion). This finding suggests that ion sieving is restricted at the
edges of two adjacent GO layers. Additionally, we produced a
mild-heating reduced GO_Fe (MrGO_Fe) film through a mild
annealing process(see from method), which maintains a stable
interlayer spacing to further resist swelling and obtain a higher
salt rejection at ~65%, as shown in Figures S34 and S35 (Sup-
porting Information). It is proved that the seawater filtration per-
formance of GO-based membrane can be further enhanced by in-
troducing various interactions which include size effect, charge
effect, and other weak interactions. This study provides valuable
insights into process tuning and insertion of GO membranes,
offering direct experimental evidence for the GO membrane fil-
tration mechanism.

3. Conclusion

In summary, our study focuses on analyzing the ion-sieving
mechanism of GO using advanced TEM techniques, specifically
iDPC-STEM, in conjunction with RO filtration experiments of
GO membranes. Through our investigation, we discovered the
ion-capturing abilities of various components within GO chan-
nels. We found that functional groups of GO, edges between ad-
jacent GO layers, and pores on the intralayer of monolayer GO
sheets possess the capability to capture cations such as Na*, K*,
Ca%*, and Fe**. Notably, we emphasize the role of edges and de-
fects (pores) in the GO film, which effectively block the passage of
ions after swelling. Notably we observed that GO membranes via
external pressure regulation or modified with high-valent cations
demonstrate enhanced salt rejection performance compared to
both the same and low-valent cations. This finding highlights
the potential of cation modification in improving the filtration
performance of GO membranes.The results provide valuable in-
sights into process tuning, and ion sieving and insertion of GO
membranes. We anticipate that our research will establish a solid
groundwork for the advancement of cutting-edge filtration tech-
nologies.

4. Experimental Section

STEM Imaging: The STEM images were acquired using a state-of-the-
art Spectra 300 microscope (FEI, USA), which features a double-Cs correc-
tor, an acceleration voltage of 80kV, and a low beam current of 10-20 pA
to minimize sample damage. The atom-resolution images were recorded
with 1024 x 1024 pixels for a field of view of 15-21.2 nm and dwell time of
10 um per pixel using the annular dark field detector for HAADF-STEM
images and segmented annular dark field detector for iDPC-STEM im-
ages. Each high-resolution atomic image was only exposed to beam irradi-
ation when captured to avoid excessive beam damage and multiple scans.
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The convergence angle was set at 29.9 mrad, and the camera length is
145 cm, which resulted in a 40-200 mrad collection angle for HADDF and
9-38 mrad for iDPC-STEM. Post-acquisition processing techniques such
as band-pass filtering and inverse fast Fourier transformation were em-
ployed to enhance image visibility and improve the quality of the images.
EEL spectra were recorded using the Gatan Continuum K3, which com-
prises 1024 channels with a dispersion rate of 0.25 eV per channel, and
the convergence angle is adjusted to 21.4 mrad with the smallest 29 cm
camera length. The electron beam was focused on the angstrom level. Ad-
ditionally, the single exposure time is 0.1s, and the total acquisition time
is 1s to avoid beam damage. The EDS data are obtained using the Super-X
detector with a data collection period of 30 s.

Raman Measurement: A Renishaw confocal Raman spectrometer was
employed, equipped with a x50 objective lens with ~500 nm spot size.
To enhance the Raman signal-to-noise ratio, the samples were transferred
onto f-mica substrates before analysis. Raman scan is performed with two
accumulations of 105s.

Topographic Measurement: Topographic imaging was carried out us-
ing an AFM5300E system (Hitachi, Japan). To ensure minimal surface de-
formation during the topography observation, a Si-DF3-P2 cantilever (Hi-
tachi, Japan) is employed, which had an estimated tip curvature of 10 nm.
This cantilever was operated in tapping mode to acquire the topographic
images.

Scanning Electron Microscope (SEM) Imaging:  The cross-section of the
GO membrane on the AAO membrane was visualized using an environ-
mentally controlled Quattro ESEM (Thermo Scientific, USA) at 10 kV ac-
celerated voltages. Before imaging, a thin layer of Au film was sputtered
onto the sample surface to minimize the charging effect which can cause
distortions in the resulting images. Although GO samples may generate
fragments smaller than the size of AAO pore during ultrasonication pro-
cess. As the vacuum filtration preparation progresses, the AAO pores grad-
ually get filled with larger flakes of GO, which will prevent the smaller GO
fragments from passing through the pores of the bottom GO channels.
Instead, they gradually stack up, leading to an extension in the vacuum
filtration preparation time.

Analysis of the Interlayer Spacing: X-ray diffraction (XRD) measure-
ments were carried out using a SmartLab 9 kW — Advance diffractometer
(Rigaku, USA) equipped with Cu Ka radiation (A = 1.5406 A). The mea-
surements were conducted in the 20 range of 5° to 30°, with a small step
size of 0.02° and a fast-recording rate of 0.1 s. The interlayer spacing is
calculated by Bragg’s equation. It is expressed as Equation (1):

ni = 2dsin (6) M

where n is the order of diffraction, 4 is the wavelength of the incident ra-
diation, d is the spacing between the crystal planes, and @ is the angle
between the incident radiation and the planes.

Preparation of GO Membrane: The GO membrane production cost is
estimated ca. $5 per gram for a 0.628 m? GO membrane with 100 nm thick-
ness. Aqueous suspension of GO was prepared by dispersing micrometer-
sized GO flakes (purchased from Tanfeng Graphene Technology Co., Ltd.,
China) in distilled water using probe sonication for 1 h. GO dispersions
containing different particle sizes were prepared by centrifugation. For in-
stance, the preparation of the GO_0.5 membrane involved the centrifuga-
tion of a pristine GO dispersion in a high-speed centrifuge (10 000 rpm)
for 10 min. Subsequently, the supernatant was carefully collected, and any
remaining precipitation was removed. The collected precipitate was then
measured to determine the total mass of the membrane. It was found that
the GO membrane with a thickness of 100 nm requires 2 mg of GO materi-
als. The centrifuge speed for GO_1.0 ranged from 5000 to 10 000 rpm and
GO_2.0 is less than 5000 rpm. Next, a freestanding GO membrane was
produced by vacuum filtering through a 47 mm diameter alumina mem-
brane (Millipore, USA) filter with a pore size of 0.2 um.

Preparation of GO_Cation Membrane: The cation-coated membrane
was prepared by immersing the pristine GO_2.0 membrane into a 50 mL
solution containing different types of salts at a concentration of 2000 ppm.
Subsequently, an external pressure of 10 bar was applied for the reverse
osmosis (RO) experiment until the water flux and salt rejection reached a
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relatively stable state. Following the experiment, the surface salt solution
was removed by rinsing the membrane three times with deionized water.

Preparation of rGO_Cation Membrane: The cation-coated reduced GO
membrane was prepared by a reported method,[**] by putting the GO_Fe
membrane into an oven for 24 h at 80 °C at air condition. A mild-heating
reduced GO (MrGO) membrane was prepared by putting the GO mem-
brane in the same condition.

RO Filtrations Experiments:  Filtration tests were conducted using an
HP4750X dead-end stirred cell (Sterlitech, USA), which was pressurized
with Argon gas. Before RO, the membrane was sealed in the cell with ul-
trapure water at 5 bar overnight. The membranes were tested with deion-
ized water or 2000 ppm of different salt solutions (NaCl, KCI, CaCl, and
FeCl; were used here, Sigma-Aldrich, USA) at a constant pressure of 10 bar
to determine their relative flux. The permeate flux (J) is calculated using
Equation (2):

__9
AXT

J @
where Q represents the total permeate volume collected during the fil-
tration time (T), while A denotes the effective cross-sectional area of the
membrane in the filtration cell, measured in square meters (m?). Mag-
netic stirring was employed to prevent concentration polarization effects.
High-accuracy determination of the concentrations of ions, which diffuse
through the membranes and enter the permeate compartment, is carried
out using ion chromatography (IC) techniques and ion meter.

Statistical Analysis: In this study, all filtration experiments were per-
formed in triplicate for each sample and analyzed with three technical repli-
cates. The data is presented as mean values + standard deviation. All the
TEM images were filtered with bandpass filter to reduce noise. The statis-
tical data on TEM images were obtained from no less than 50 images. All
linear maps were created using Originlab software, and the STEM image
spacing was measured using GMS 3 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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