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Crosslinker-free  electrochemically-derived graphene oxide
membranes are found to beextraordinarily stable in aqueous
solutions and exhibit superior ionic sieving performance because of

their unique chemical structure.

Nanofiltration membranes have wide applications in numerous
fields, such as water purification, molecular separation,
desalination, controlled release and so on.13 Graphene oxide
(GO), a graphene derivative synthesized from the chemical
oxidation of graphite, is recently developed as promising two-
dimensional building blocks for nanofiltration membranes.*®
GO membranes have laminar structure in which the oxidized sp3
zones with carboxylic acid and hydroxyl groups act as spacer for
pristine graphitic sp2 zones to form nanoscale channel. 71 GO
membranes thus show high water permeability because of the
hydrophilic characteristics of sp3 zones and frictionless water
flow in sp3 zones.? 11 Meanwhile, the tuneable nanochannels in
the laminar structure can act as molecular sieves, affording GO
membranes with extraordinary separation properties, including
precise and ultrafast ion sieving!!13, and high-flux and high-
selectivity gas separation’- 8. However, GO membranes suffer
from low stability in agueous media.'* 1> When a GO membrane
is immersed in aqueous solution, the laminar structure is
susceptible to swell and disintegration under the repulsive
electrostatic forces caused by the negatively charged oxygen
groups.’* GO membranes have generally been considered
unsuitable for use in water unless they are cross-linked with
cations, macromolecules and polymers or by partial
reduction.15-20

Electrochemical oxidation of graphite is another promising
method to produce graphene oxide (EGO), which has attracted
increasing interest due to potentially scalable production and
more environmentally-friendly nature of the process.21-26
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Recently, various electrochemical oxidation methods have been
reported to produce EGO with increased oxidation degrees,
making it dispersible in water.2 23, 27 With the increased
processability, EGO presents a promising candidate to be
fabricated into hierarchical structures. However, previous
studies have focused mainly on the study of electrochemical
process and characterization of the produced EGO sheets at the
atomic scale. EGO sheets have rarely been assembled into
macroscale membranes that have a broad range of potential
applications, and knowledge gaps between the structure and
properties of the EGO membranes remain.

In this work, we fabricated crosslinker-free EGO membranes
which was found to exhibit extraordinary stability in aqueous
solution. The structural analysis showed a consistent interlayer
spacing and an ordered structure within the EGO membranes
after prolonged immersion in water. lonic sieving and water
permeation properties were tested, and EGO membrane
showed higher ionic rejections, alongside larger water flux, than
membranes comprised of chemically-derived graphene oxide
(CGO). The membranes from EGO also maintained their
structure and property stability during long periods of ionic
sieving. The structural and chemical characterization of EGO
was also undertaken to understand the relationship between
these properties.

EGO was prepared via electrochemical oxidation of graphite foil
by using a Tee-cell setup, similar to a previous report.22 The
electrochemical process involves three main stages: conversion
of graphite into a graphite intercalation compound (GIC),
oxidation of GIC into graphite oxide and finally, oxygen
evolution at the Pt electrode. In this study, graphite was
oxidized until the third stage was reached, by which complete
electro-oxidation to EGO would have been achieved.
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Figure 1 Top: EGO and CGO membranes with the same areal mass of 0.1 mg/cm2 (Scale
bar: 4 mm). Bottom: stability of EGO and CGO membrane immersed in neutral water
(pH=6.8).

Subsequently, the highly oxidized EGO was washed and
exfoliated into monolayer nanosheets in water to form stable
dispersion with concentration up to 4 mg mL?1. (see detailed
synthesis and characterizations of EGO in ESI-1, ESI-2 and Figure
$1-S5). EGO and CGO membranes were fabricated via vacuum
filtration of the EGO or CGO dispersion. Because polycarbonate
filter membranes were used as substrates, EGO and CGO
membranes are considered to be crosslinker-free without any
addition of external ions to strengthen the membranes forces.?>
After drying, free-standing EGO and CGO membranes with good
consistency and uniformity were obtained (Figure 1). The only
distinct difference in appearance of the two membranes is that
when the mass loading of the membrane is low (0.1 mg/cm?2),
the CGO membrane is more vyellowish, whilst the EGO
membrane has a brown colour.

We then studied the stability of EGO and CGO membranes in
acidic (pH=1.5), neutral (pH=6.8) and basic (pH=10.5) aqueous
solutions. Figure 1 displays the photographs of EGO and CGO
membranes after immersion in neutral aqueous solution
(pH=6.8). Similar to the previous reports,’> CGO membranes
showed poor integrity in aqueous solutions, and cleaved into
pieces after one day of immersion due to the repulsion between
the negatively charged sheets (at neutral pH). After one week,
CGO membranes were almost completely disintegrated into the
aqueous solution. In comparison, EGO membranes were
structurally very stable for at least one week of testing. In acid
and base solutions (Figure $S6), EGO membranes also retained
their integrity without any evident cracking after one-week of
immersion.

The structural changes of EGO and CGO membrane in water
were studied via X-ray diffraction (XRD). As shown in Figure 2a
and 2b, both EGO and CGO membranes showed an initial peak
at around 12° in the dry state, corresponding to an interlayer
distance of about 0.74 nm. When EGO and CGO membranes
were immersed in water, their XRD peaks shifted to a smaller
20 value, indicating an increase in interlayer distance. The
changes in the interlayer distances of both the GO membranes
with respect to their immersion time are shown in Figure 2c.
Both CGO and EGO membranes showed an abrupt increase of
interlayer distance after immersion in water for 1 minute,
demonstrating their fast response to water. The interlayer
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distance of EGO membrane increased slightly from 1.12 nm to
1.17 nm after immersion in water for 1 hour, and remained
constant at 1.18 nm for the testing period of 7 days. With
regards to the CGO membrane, its interlayer distance
progressively increased with increased immersion time from
1.27 nm (1 minute) to 1.40 nm (1 day). This behaviour is similar
to previous reports where the interlayer distance of CGO
membrane displayed a continuous increase to ~6 nm due to the
intercalation of water molecules.'* Due to the limitations of XRD
technique, the CGO peak was not able to be detected after 1
day of immersion. The XRD pattern of EGO membranes
immersed for 7 days (Figure 2d) can be fitted with two
component peaks: GO-1 and GO-2, centred on about 9.1° and
7.6°, respectively, corresponding to interlayer distances of 0.92
nm and 1.16 nm, which represents one and two water
monolayers between GO sheets. The majority part of peak
comes from GO-2 peak, indicating a stable two-layer water
molecule structure within EGO membrane after immersion for
7 days (For detailed discussion about structural change with
immersion time of EGO and CGO membranes, see ESI-3 and
Figure S7-S8). This stable and consistent interlayer spacing of
EGO represents an equilibrated state that is most likely
determined by the interplay of attractive hydrogen bonding/sp?
domains and repulsive negative ion charges (e.g. carboxylic
acid).

GO membranes have been widely employed as promising
separation membranes for nanofiltration and desalination.28-30
lonic sieving and water permeation properties of EGO
membranes and CGO membranes were investigated. To
measure the permeation of Na*, a 0.1 M NaCl solution was used
in the feed compartment. The amounts of Na* ions permeated
through membranes with time were measured by monitoring
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Figure 2 XRD patterns for (a) CGO membranes and (b) EGO membranes at different
immersion times in water of neutral pH. (c) Interlayer spacing change with immersion
time. The shaded grey area is beyond the detection limit. XRD patterns with fitting
peaks: GO-1 (9.1°) and GO-2 (7.6°) for EGO membrane after immersion in neutral
water for 7 days.

the electrical conductivity change of permeate compartments.
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and CGO membranes. The grey area is below the detection limit. (c) Water flux through
EGO and CGO membranes at different mass loadings. (d) Na* permeation rate change
with permeation time.

It can be seen in Figure 3a that Na* ions concentration in
permeate compartments increase with time for both EGO and
CGO membranes. Specifically, EGO shows much reduced
amounts of Na* ions permeating through the membrane,
compared with CGO. In addition to the Na*ions permeation, the
permeations rates of Mg2*, MB and RB through the membranes
were also tested, with the results shown in Figure 3b. Evidently,
the permeation rate shows a significant decrease above a
hydrated radius of about 4.5 A, which is in good agreement with
the previous research.’® MB and RB molecules show extremely
low permeation, and no permeation was detected for both EGO
and CGO membranes. As for ions, the EGO membrane showed
about 8 times lower permeation rates for Na* and Mg?*, than
observed in CGO membranes. Despite higher rejections forions,
the water flux of EGO membranes was not reduced. As shown
in Figure 3c, the water flux of EGO membranes is even much
higher than that of CGO membranes at different mass loadings.
The stabilities of EGO and CGO membranes in the ionic sieving
process were also examined by measuring the permeation rate
of Na* with prolonged permeation for up to 24 hours, as shown
in Figure 3d. The permeation rate of CGO membrane showed a
significant increase over the first 3 hours, due to a strong
increase of interlayer spacing when CGO membrane was
swollen within the aqueous solution. It subsequently showed a
more gradual increase during the next 21 hours, which is caused
by a continuously increasing interlayer distance within the CGO
membranes. In contrast, the ion permeation rate showed a
slight increase in the first two hours and kept constant for at
least 24 hours, demonstrating its stable structure in aqueous
solution. Similarly, in pressure-driven filtration, EGO
membranes also showed higher rejection for the ions and
molecules while kept higher permeance (ESI-4 and Figure S9),
which further illustrates the better stability of EGO membranes
than CGO membranes. Such combination makes EGO
membranes a promising candidate to be used in water-based
applications, such as ion sieving or desalination.
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To understand the high stability and superior ionic sieving of
EGO membranes, the structure and chemical groups of EGO
have been characterized by Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS). The differences in structures
and chemical groups of CGO and EGO can provide insights to
their different stability in aqueous solution. Figure 4a, b show
Raman spectra of EGO and CGO in the first-order region from
1000 cm to 1900 cm* with fitted D peak, G peak and D"’ peak.
The main parameters of the peaks are displayed in Table 1.
From Raman analysis (see more details in ESI-5), EGO exhibits
much larger aromatic domain size (11.4 nm) than CGO (1.3 nm),
which goes to show that EGO has a more ordered and crystalline
structure. When the membrane is immersed in aqueous
solutions, the interactions of the aromatic domains will assist
the membranes to retain a more ordered structure, with a well-
maintained interlayer distance. This balanced hydrophobic and
hydrophilic interactions within the EGO membrane has
contributed to its high stability in water and good ionic sieving
properties. Moreover, the larger aromatic region of EGO can
also explain its greater water flux according to the model
proposed by Joshi et al'l which proposed that water shows
frictionless flow in the pristine graphene regions. In addition,
EGO contains smaller percentage of carboxylic acid groups (3.5
%) than CGO (8.4 %) from XPS spectra shown in Figure 4c, d (see
more details in ESI-5). It is well known that carboxylic acid
groups can be easily ionized in aqueous solution, especially in
alkaline solution, and can lead to electrostatic repulsive forces
between graphene oxide sheets. This will cause an increase in
the interlayer spacing between graphene oxide sheets, which
leads to poor structural stability of laminated GO membranes.
Hydroxyl groups, conversely, can form attractive hydrogen
bonding between the sheets. Therefore, apart from the larger
aromatic domains,
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Figure 4 Raman spectrum of (a) EGO and (b) CGO in the first order region (1000 cm™ —
1900 cm™). X-ray photoelectron (XPS) spectra of (c) EGO and (d) CGO in the C1s region
(281-292eV).
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Table 1 Comparison of the main peak parameters in Raman spectra for CGO and EGO

FWHM (cm-1)

D G ID/1G La (nm) ID”’/1G
EGO 92.9 57.4 0.99 11.4 0.06
CGO 126.1 69.1 0.98 1.3 0.15

lower carboxylic acid and higher hydroxyl content of EGO also
contribute to the membrane stability in water.

In conclusion, we fabricated crosslinker-free EGO membranes
with unexpected structural stability in water. The interlayer
distance between the hydrated EGO sheets was found to be
very consistent (at 1.18 nm) after prolonged immersion in water
or even being subjected to vigorous shaking. Furthermore, EGO
membrane exhibited superior ionic sieving and water filtration
performance than CGO membranes, with a much higher
stability, ionic rejection and water flux. The high stability and
good ionic sieving performance of EGO membranes are ascribed
to the large aromatic domain size and low carboxylic acid
content of EGO sheets. Given that GO-based membrane is being
actively explored for a broad range of water treatment
applications, the extraordinary stability of EGO membranes in
aqueous solutions will be of great interest and significance to
both the scientific and industrial communities.
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