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Highly efficient quasi-static water desalination using
monolayer graphene oxide/titania hybrid laminates

Pengzhan Sun!, Qiao Chen!?2, Xinda Li3, He Liu?, Kunlin Wangl, Minlin Zhongl, Jinquan Weil, Dehai Wu?,

Renzhi Ma*, Takayoshi Sasaki* and Hongwei Zhu!?

By intercalating monolayer titania (TO) nanosheets into graphene oxide (GO) laminates with mild ultraviolet (UV) reduction, the
as-prepared RGO/TO hybrid membranes exhibit excellent water desalination performances. Without external hydrostatic
pressures, the ion permeations through the RGO/TO hybrid membranes can be reduced to <5% compared with the GO/TO
cases, while the water transmembrane permeations, which are measured using an isotope-labeling technique, can be retained up
to ~60%. The mechanism for the excellent water desalination performances of the RGO/TO hybrid laminates is discussed, which
indicates that the photoreduction of GO by TO is responsible for the effective rejection of ions, while the photoinduced
hydrophilic conversion of TO under UV irradiation is responsible for the well-retained water permeabilities. These excellent
properties make RGO/TO hybrid membranes favorable for practical water desalination.
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INTRODUCTION
Currently, water desalination is of crucial importance because of the
serious lack of clean and safe fresh water resources.”> The recently
developed graphene-based nanomaterials® may have the opportunity
to make a special contribution to the development of membrane-
based water desalination technology. Typically, defect-free monolayer
graphene film is impermeable to most gases and liquids in spite of its
single-atom layer thickness.* However, after introducing nanoscale
pores with various sizes, shapes and functionalities into the matrix, the
resulting nanoporous graphene membranes exhibit excellent selectivity
toward various gases and ions, which is favorable for gas separation
and water desalination.>”” Unfortunately, wafer-scale single-crystal
graphene membranes have not been produced thus far, and the
irregular nanopores introduced by the current immature techniques
cause significant stress concentrations in the matrix, which signifi-
cantly degrades the mechanical strength of the nanoporous graphene
membranes. These disadvantages limit the practical applications of
nanoporous graphene films in water desalination, and the investiga-
tions on this aspect currently rely mostly on simulations.®’
Conversely, graphene oxide (GO), which is synthesized using the
modified Hummers’ method,? is another promising graphene deriva-
tive and can potentially be used in practical industrial applications due
to its characteristics of low cost and ease of production on a large
scale.””13 Scientists are now exploring the potential applications of GO
in areas such as waste water treatment and water desalination. In view
of the structure of the single-layer GO sheet, it can be treated as
numerous sp’ graphitic nanoregions clustered on the sp® C-O

matrix.'*!> When large amounts of GO sheets are stacked together,
the strong interlayer hydrogen bonds hold them together to form a
freestanding laminate with sufficient mechanical strength for
manipulation.'® Within the laminate, the sp? graphitic clusters are
connected together across all the stacking layers to form a network of
nanocapillaries through which water can experience an ultrafast and
unimpeded transmembrane permeation while other liquids and gases
are completely blocked.!®!” Notably, due to the narrow dimension of
the nanocapillaries and the co-existence of sp? aromatic channels with
various oxygen functionalities, the GO membranes can afford excellent
selectivity toward various ions based on the molecular sieving effect!®
and diverse chemical interactions,'®~22 which is favorable for filtration
and separation. However, in regard to water desalination, as-
synthesized GO membranes cannot perform well at the current state
due to rapid ion flows.'820 For example, recent studies have revealed
that GO-based membranes can only afford a salt rejection of <40%
towards NaCl,?>?* which is fairly poor and far from practical. More
recently, Mi?> has proposed that for applications of GO membranes in
water desalination, the GO interlayer spacing within the laminates has
to be reduced to less than 0.7 nm to sieve the hydrated Na* ions
(hydrated radii: 0.36 nm) from water. However, previous results have
also demonstrated that if the interlayer spacing is reduced to < 0.6 nm,
the nanocapillaries cannot be filled, and water cannot permeate
through completely.!® Such a small tunable range remains a challenge
for the existing thermal and chemical reduction routes, and Nair
et al.'s demonstrated that with the reduction of the GO membranes,
the permeation of water is significantly weakened. If the GO
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membranes are reduced thoroughly, neither the water nor the ions can
permeate through, which results in impermeable barrier films;
furthermore, their abilities as water desalination membranes are
completely lost, as shown in the work of Su er al?® Therefore, a
new reduction method that can be precisely controlled should be
applied, and it is crucial to design GO-based membranes capable of
rejecting ions while preserving high water permeations.

Under this background, monolayer titania (Tiyg;0,, simplified as
TO) nanosheets,?”? another new type of two-dimensional nanoma-
terial that is prepared by delaminating layered titanates into their
molecular single sheets,>>*° are designed to intercalate into the GO
sheets to form hybrid membranes for potential applications in water
desalination based on the following reasons: (i) under ultraviolet (UV)
irradiation, the GO can be mildly reduced to RGO by the photo-
catalytic properties of the TO, which is a controllable process without
the use of high temperatures and harsh chemical agents;**? (ii) under
UV irradiation, the efficient photoinduced hydrophilic conversion of
the TO nanosheets within the laminates enables the adsorption of
more water molecules into and through the membranes;*>-3* and
(iii) the intercalation of the TO nanosheets into the GO layers may
have an important role in adjusting the interlayer spacing. These
characteristics of the TO nanosheets may thus help settle the contra-
diction between ion rejection and water permeation. Therefore, in this
study, the GO/TO hybrid laminates were prepared using a facile
vacuum-filtration method. After UV reduction, the water desalination
properties of the RGO/TO hybrid membranes were investigated using
a novel isotope-labeling technique.

EXPERIMENTAL PROCEDURE

Preparation of GO(RGO)/TO hybrid membranes

The GO flakes were synthesized using the modified Hummers’ method starting
from natural graphite and were then exposed to concentrated sulfuric acids,
sodium nitrite and potassium permanganate.® The TO nanosheets were
synthesized by chemically delaminating layered titanates based on our previous
study.?>* After the synthesis procedures, the as-prepared GO and TO sheets
were redispersed in water using sonication to form colloidal aqueous solutions
(0.1 mgml~! for GO and 0.08 mgml~! for TO), mixed in equivalent volumes
(25ml for each) and vacuum-filtered with cellulose microfilters (80% in
porosity, 220 nm in pore diameter). The concentration of the TO solution was
further varied to investigate the effects of the TO contents within the hybrid
laminates on the water desalination performances. Then, the as-prepared GO/
TO membranes were dried in air at 55 °C for 24 h before being used to enhance
the adhesion between the membranes and the microfilters. Finally, they were
exposed to UV irradiation (ZF7-C, 6 W, 254 and 365 nm) for various periods.

Permeation experiments

The ion permeation experiments were performed using a homemade apparatus,
as indicated in Supplementary Figure Sla. Briefly, a plastic plate with a leak hole
(5mm in diameter) in the center separated the source reservoir from the drain
reservoir. A piece of the GO/TO hybrid membrane with the cellulose
microfilter underneath was sealed with double-faced copper tape onto the leak
hole. The copper tape was also introduced with the same-sized aperture (5 mm
in diameter) so that the membrane could directly contact the source and
drain solutions and facilitate ion transmembrane permeations (Supplementary
Figure S1a). In the permeation experiments, 90 ml of a 0.1-mol 1~ ! salt solution
and deionized water was injected into the source and drain vessels, respectively,
at the same speed. To avoid possible concentration gradients, mild magnetic
stirrings were applied to both the source and the drain solutions, as indicated in
Supplementary Figure S1b. During the ion permeation process, equivalent
amounts (0.5 ml) of the source and drain solutions were removed at regular
intervals (30 min) to avoid external hydrostatic pressures across the membrane,
and the drain solutions were exposed to an atomic emission spectroscopy for
accurate cation concentrations.
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D,0-labeled ion permeation experiments

To investigate the water transport behaviors through the GO(RGO)/TO hybrid
membranes during ion permeations, the source solutions were labeled with
deuterium oxide (D,0) tracers. The permeation behavior of D,O was used to
extrapolate that of water. In the experiments, 100 ml of 0.1 mol1~! NaCl at
50 wt% of the D,O solution and deionized water was injected into the source
and drain reservoirs, respectively. During the permeation processes, 0.5 ml of
the source and drain solutions was removed every 2 h, and the drain solutions
were exposed to an Fourier transform infrared (FTIR) and atomic emission
spectroscopy for accurate concentrations of the D,O and Na* ions.

Characterizations

As-synthesized GO and TO flakes were characterized using atomic force
microscopy (Agilent 5100, Santa Clara, CA, USA). The as-prepared GO/TO
hybrid membranes were characterized using an optical microscope (ZEISS,
Axio Scope.Al, Oberkochen, Germany), X-ray photoelectron spectroscopy
(Ulvac-Phi, PHI Quantera SXM, AlKa, Kanagawa, Japan) and X-ray diffraction
(Siemens, 08DISCOVER, 4=0.15405 nm, Munich, Germany). During the ion
permeation experiments, the concentrations of the cations in the drain
solutions were measured using atomic emission spectroscopy (Thermo Fisher
Scientific, IRIS Intrepid II, Waltham, MA, USA), and the concentrations of the
D,0 tracers in the drains were measured using FTIR spectroscopy (Thermo
Fisher Scientific, Nicolet 6700FTIR).

RESULTS AND DISCUSSION

GO flakes were synthesized using the modified Hummers’ method
starting from natural graphite,® whereas the monolayer TO nanosheets
were prepared by a chemical exfoliation of layered titanates based on
our previous method.?*3? Figures 1a and b provide the atomic force
microscopy characterizations of the as-synthesized GO and TO flakes,
respectively, which reveal that the GO and TO sheets are single
layered. After using sonication to dissolve these two types of flakes in
water to form colloidal aqueous solutions (for example, 0.1 mgml~!
for GO, 0.08 mg ml~! for TO, Figures 1c and d), they were mixed in
equivalent volumes (25 ml, Figure le) followed by vacuum-filtration
to form uniform GO/TO hybrid membranes (Figure 1f). In an
aqueous solution, the ionization of the oxygen-containing functional
groups charges the GO flakes negatively; due to the presence of Ti
vacancies (Tigg;0,), the as-synthesized TO nanosheets are also
negatively charged. Therefore, mixing these two types of flakes
together in water should give rise to a stable aqueous suspension,
without obvious aggregation, and further result in the formation of
uniform GO/TO hybrid laminates by vacuum-filtration, as indicated
in Figures le and f. For the as-prepared GO/TO membranes, electron—
hole pairs will be generated in TO nanosheets under UV irradiation.
Then, the electrons will be captured by the GO and lead to a further
reduction in the GO sheets, as illustrated in Figure 1g. This
photocatalytic reduction procedure is mild and controllable and can
be used to tune the internal structure of the GO/TO membranes.
Figure 1h presents the photographs of the GO/TO membranes after
UV irradiation for various degrees. The figure reveals that the color of
the hybrid membrane gradually changes from brown to black with UV
irradiation, which indicates the gradual reduction of the GO within
the hybrid laminates. Using these GO(RGO)/TO membranes, the ion
transmembrane transport properties were investigated, as sketched in
Figure 1i.

The ion permeation experiments were conducted using a home-
made permeation apparatus, as shown in Supplementary Figure Sla. A
piece of the GO(RGO)/TO membrane with the cellulose microfilter
underneath was sealed with double-sided copper tape onto the leak
hole (5 mm in diameter) that separated the source reservoir from the
drain reservoir. It should be noted that the cellulose microfilters
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Figure 1 AFM characterizations of as-synthesized (a) graphene oxide (GO) and (b) titania (TO) nanosheets. Photographs of (c) 0.1 mgmi~! GO,
(d) 0.08mgml~! TO and (e) GO/TO hybrid solutions mixed in equivalent volumes and (f) GO/TO hybrid membranes prepared by vacuum-filtration.
(g) Schematic diagram for the reduction of GO by TO within the hybrid membranes under ultraviolet (UV) irradiation. (h) Photographs of the GO/TO
membranes after UV irradiation. (i) Schematic diagram for the water desalination process using RGO/TO hybrid membranes.

underneath were not detached from the hybrid membranes because
the polymeric substrates could provide a valuable mechanical strength
enhancement for the GO/TO membranes. The continuity and
intactness of the membranes were checked before and after the
permeation experiments using an optical microscope to ensure the
validity of the runs. Initially, 90 ml of a 0.1-mol 1 ~! NaCl solution and
deionized water was injected into the source and drain vessels,
respectively. Mild magnetic stirrings were applied to both the source
and the drain solutions to avoid possible concentration gradients, as
indicated in Supplementary Figure S1b. During the ion permeation
process, equivalent amounts (0.5 ml) of the source and drain solutions
were removed at regular intervals (30 min) to avoid external hydro-
static pressures across the membrane, and the drain solutions were
exposed to an atomic emission spectroscopy for accurate cation
concentrations, which were subsequently plotted as a function of time
to reflect the permeation behaviors of the source ions through the
GO/TO hybrid laminates with various extents of UV reduction, as
indicated in Figure 2.

First, 25ml of 0.1 mgml~! GO and 0.08 mgml~! TO solutions
were mixed together and vacuum-filtrated to form the GO/TO hybrid
membranes (named as ‘GO0.1/T00.08’). After undergoing UV
irradiation for 0—4 days, the Na* ion permeations through these
membranes are plotted in Figure 2a, and the ion permeation rates can
be extracted, as indicated in Figure 2b. The results indicate that with
UV reduction, the permeabilities of the Na™ ions are reduced sharply.

For the membrane after 3-day UV irradiation, the ion rejection can be
up to >95% compared with the unirradiated case, which is favorable
for water desalination. However, with further doses of irradiation, the
ion permeability is gradually enhanced, which can be attributed to the
introduction of extra defects in the GO flakes under longer periods of
UV irradiation that facilitate ion permeations.’® Similar phenomena
have also been found from the transmembrane permeations of the
MgCl, and Na,SO, sources, as presented in Supplementary Figure S2.
Next, the ratio of the TO nanosheets within the membranes was
further varied to investigate its effect on the ion rejection performance.
In this respect, 25ml of 0.lmgml~! GO and 0.04mgml~!
TO (GO0.1/T00.04) and 25 ml of 0.1 mgml~! GO and 0.16 mgml ™!
TO (GO0.1/TO0.16) were mixed and vacuum-filtrated to form GO/
TO membranes with various TO contents. The Na* ion permeations
and the corresponding permeation rates through these two types of
hybrid laminates after progressive UV reduction are provided in
Figures 2c—f. The figures reveal that the ion permeations exhibit
similar change tendencies compared with that of GO0.1/T00.08; that
is, with UV irradiation, the ion permeations decrease sharply at first
and then increase slightly. However, the ion rejection performance of
GO0.1/TO0.08 is clearly better than that of GOO0.1/TO0.04 and
GO0.1/TO0.16. For the GO0.1/TO0.04 membranes, the number of
TO nanosheets within the membranes is insufficient for the full
reduction of the GO flakes under the same dose of UV irradiation.
However, for the GOO0.1/TO0.16 membranes, the number of TO
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Figure 2 Transmembrane permeations of 0.1 mol1~! NaCl sources and corresponding permeation rates of (a, b) GO0.1/T00.08, (c, d) GO0.1/T00.04 and
(e, f) GOO.1/TO0.16 membranes. GO, graphene oxide; TO, titania; UV, ultraviolet.

nanosheets is surplus, and the efficient photoinduced hydrophilic
conversion of the TO under UV irradiation allows more ions and
water molecules to transport into and through the hybrid membranes.
These reasons may thus explain the poor ion rejection performances
of GOO0.1/T0O0.04 and GOO0.1/T00.16 compared with the case of the
GO0.1/T0O0.08 membranes. Notably, for the pristine GO/TO hybrid
laminates, the Na* ion permeations gradually increase with the TO
contents in spite of the increase in the membrane thicknesses
(Supplementary Figure S3). This result indicates that the more
hydrophilic TO nanosheets within the membranes can adsorb more
electrolytes into and through the membranes and further tune the
mass transport properties of the GO/TO hybrids.

The topographies of GOO0.1, GO0.1/T0O0.04, GO0.1/TO0.08 and
GO0.1/TO0.16 were characterized using dark-field optical microscopy,
as indicated in Figure 3. Figures 3a—c reveal that with a gradual
increase in the TO content within the membranes, the number of
wrinkles on the surfaces gradually decreases. Notably, for GOO0.1/
TO0.08 (Figure 3c), few wrinkles can be observed on the surfaces.
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However, with a further increase in the TO content, small wrinkles
begin to reemerge. Combined with the ion permeation results in
Figure 2, it can be concluded that the topographies of the hybrid
laminates also affect the salt rejection performances: the flatter the
membranes, the better salt rejection performances that can be
obtained. Therefore, for the following experiments, unless otherwise
specified, all water desalination experiments were conducted with
GO0.1/T0O0.08 hybrid laminates.

Next, the structure evolution of the GO/TO hybrid membranes
under progressive UV irradiation was monitored using an X-ray
photoelectron spectroscopy, as indicated in Figure 4. Figures 4a—c
reveal that with UV irradiation, the amount of oxygen functionalities
decrease continuously, which leads to a gradual reduction of the GO
flakes within the membranes. In contrast, for the Ti2p spectra
provided in Figure 4d, the peaks located at ~458.7 and ~464.5¢eV,
corresponding to the formation of the Ti*" chemical state, do not shift
with UV irradiation, which indicates the negligible structural distor-
tion of the TO nanosheets during the photoreduction of the adjacent
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Figure 3 Dark-field optical images of (a) GOO.1, (b) GO0.1/T00.04, (c) GO0.1/T00.08 and (d) GOO0.1/T00.16. GO, graphene oxide; TO, titania.

GO flakes.*® Furthermore, the changes in the interlayer spacing of the
GO/TO hybrid membranes under UV irradiation were recorded using
X-ray diffraction, as indicated in Figure 5. In the dry state, it is
interesting to note that the interlayer spacing of the GO/TO laminates
remains nearly unchanged with UV irradiation (Figure 5a). Generally,
when the GO/TO samples are exposed to UV, the GO flakes within
the membranes will be gradually reduced, which leads to a decrease in
the interlayer spacing. However, due to the efficient photoinduced
hydrophilic transformation of the TO nanosheets under UV irradia-
tion, more water molecules will be intercalated in the membranes, and
the average interlayer spacing will be retained, as illustrated in
Figure 1g. In contrast, in regard to the fully wet state (Figure 5b),
during the first 1-day UV irradiation, the interlayer spacing of the
hybrid membrane remains nearly constant and is comparable to the
dry states. However, with further irradiation of UV light, the interlayer
spacing in the wet state has a sudden enhancement from ~0.95 to
~1.22 nm. These results are encouraging because under UV irradia-
tion, the as-reduced RGO/TO membranes exhibit excellent ion
rejection performances (Figures 2a and b) while the TO sheets within
the membranes become superhydrophilic33; furthermore, the inter-
layer spacing is enhanced, which allows more water molecules to
transport into and through the hybrid membranes and may lead to the
preservation of the relatively high water transmembrane
permeation rates.

On the basis of the above results, the permeations of the source
water through the GO/TO hybrids after UV irradiation for 0 and
3 days were studied using an isotope-labeling technique, as illustrated
in Figure 6a. Measuring the water transmembrane permeations under
zero external hydrostatic pressure is challenging because no macro-
scopic or microscopic differences between the sources and the drains
can be detected. Therefore, 50 wt% D,O was utilized as a tracer to
label the 0.1-moll~! NaCl source solution, and the permeation
behavior of the D,O through the GO(RGO)/TO hybrid membrane
was investigated to extrapolate that of water. To measure the
concentration of the D,O in the drain solutions, FTIR spectroscopy
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was used. Figure 6b presents a typical FTIR spectrum for a 50 wt%
D,O solution. In the case of liquid H,O, the extension vibration
modes (v; and v3) overlap together to form a peak at ~3440cm™!,
and the angular vibration mode v, is located at ~1645cm™!. In
contrast, in the case of D,O, due to the slightly larger mass of
deuterium, the peak corresponding to the extension vibration modes
(v)" and v3') shifts to ~2540 cm ™~ !, and the peak corresponding to the
angular vibration mode v," shifts to ~1210 cm ™1, as indicated in
Figure 6b. Therefore, based on the intensity of the peak located at
~2540 cm ™!, which is first baselined and normalized with the peak
located at ~ 3440 cm !, the D,O concentration in the drains can be
calculated based on our recent study: A=0.01983 ¢, where A is the
absorption intensity at ~2540 cm ™~ ! and ¢, is the mass concentration
of D,0.%” For the permeation of 0.1 mol 1~ ! NaCl solution containing
50wt% D,0O, it should be noted that in Figure 6¢, the water
permeation through the RGO/TO hybrid membrane after 3-day UV
irradiation is just slightly reduced compared with that of the pristine
case. The water fluxes through these two types of membranes were
extracted in Supplementary Figure S4a, and the water diffusion
coefficients (normalized by the thickness of GO(RGO)/TO hybrid
membranes, Dy/I) were calculated according to Fick’s first law,
which is applicable due to the tiny change in the drain concentration
compared with the source (<5%): Dyater/I = J/Ac, where ] is the water
flux and Ac is the concentration gradient across the membrane.
As presented in Figure 6d, after UV reduction for 3 days, the water
diffusion coefficients through the RGO/TO hybrid membranes can be
retained up to ~60% compared with the unreduced case, which
demonstrates the excellent water permeability of the RGO/TO
membranes. However, as indicated in Figure 6e, the ion permeation
can be blocked almost entirely after the 3-day UV reduction, which
demonstrates the excellent salt rejection ability of the RGO/TO
membranes. The ion fluxes through the hybrid laminates after UV
irradiation for 0 and 3 days were further calculated in Supplementary
Figure S4b; based on these, the ion diffusion coefficients were
obtained, as presented in Figure 6f. This figure reveals that the salt
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NPG Asia Materials



Highly efficient quasi-static water desalination
P Sun et al

[e)]

—=—0day
——C-C (sp”)
——C-OH
epoxyflether
——C=0
——0=C-0H

Ci1s

Intensity (a. u.)

286 288 290

Binding energy (eV)

284

282 292

—=—5days
——C-C (sp”)
—— C-OH
—— epoxyfether
——C=0

——0=C-OH

Intensity (a. u.)

Intensity (a. u.)
. N
5

T T T
286 288 290

Binding energy (eV)

T
282 284 292

b
C1s —=— 2 days

——C-C (sp?)
——C-OH

o —— epoxylether

5

8

ey

@

=]

0]

£

282 284 286 288 290 292
Binding energy (eV)
d

455 460 465
Binding energy (eV)

450 470

Figure 4 C 1s X-ray photoelectron spectroscopy (XPS) spectra of GO0.1/T00.08 membranes after ultraviolet (UV) irradiation for (a) O days, (b) 2 days and
(c) 5 days. (d) Ti2p XPS spectra of GO0.1/T00.08 membranes after UV irradiation for 0-5 days. GO, graphene oxide; TO, titania.

a

Dry state

Intensity (a. u.)

Intensity (a. u.)

i
: P
M

! s-prepared

~0.94 + 0.01 nm

T T y T T T I
6 8 10 12 14
26 (Cu Ka)

b

Wet state

i 5 days

ows L tsinenc 2
f i \ uv

]

~1.22 nmtju

As-prepared
I % T & 1 2

4 6 8 10 12 14
26 (Cu Ka)

~0.95 nm
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rejection for the 3-day UV reduction case can be up to ~95%
compared with the unreduced case. These results indicate that the
RGO/TO membranes exhibit excellent salt rejection performances
while the high water permeation abilities can be retained, which is
favorable for water desalination.

Finally, the mechanism for the excellent desalination and water
permeation capabilities of the RGO/TO hybrid membranes is dis-
cussed, as illustrated in Figure 1g. By preparing the GO/TO
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membranes by vacuum-filtrating their hybrid solutions, the GO and
TO sheets can be well intercalated into each other to form a uniform
lamellar structure, as demonstrated by our previous study®* and
presented in Figures 1f, g and 5. During the UV irradiation of the
GO/TO laminates, the GO flakes within the membranes can be
reduced mildly to RGO due to the excellent photocatalytic properties
of the TO nanosheets (Figures 1h and 4). The amount of oxygen-
containing functional groups decorated on the GO surfaces is
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gradually reduced (Figure 4), which results in a decrease in the local
interlayer spacing between the GO flakes and a narrowing of the sp?
graphitic nanocapillaries within the laminates,'® as illustrated in
Figure 1g. These effects may result in an efficient ion rejection of the
RGO/TO membranes (Figure 2; Supplementary Figure S2). However,
due to the excellent photoinduced hydrophilic conversion of the TO
nanosheets under UV irradiation, the wettability of the hybrid
membranes is not weakened based on our previous results,3>3* and
the interlayer spacing can be even enhanced in the wet state (Figure 5).
More importantly, the superhydrophilic TO nanosheets intercalated
within the membranes can adsorb more water molecules into the
membranes and facilitate water transmembrane permeations, which
leads to the preservation of the relatively high water permeabilities.

CONCLUSION
In summary, by intercalating the monolayer TO nanosheets into the
GO laminates with mild UV irradiation, excellent water desalination

performances can be achieved. For the GO0.1/T00.08 hybrid mem-
branes, after 3-day UV irradiation, the salt rejection can be up to 95%
compared with the pristine case, whereas the water permeation can be
retained to ~ 60%. The mechanism for the excellent water desalination
properties of the RGO/TO membranes is discussed, which indicates
that the photoreduction of the GO by TO under UV irradiation is
responsible for the efficient salt rejection, whereas the photoinduced
hydrophilic transformation of the TO nanosheets within the mem-
branes is responsible for the preservation of the relatively high water
permeabilities. These excellent properties provide the RGO/TO hybrid
membranes with great potential for practical water desalination.
However, there is still a long way to go to achieve their use in
practical large-scale applications. For example, although the current
RGO/TO hybrid membranes with cellulose microfilters underneath
are robust enough for direct manipulation, the mechanical strength of
the membranes should be further enhanced to resist high pressures.
Fortunately, several promising methods have been recently proposed
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to enhance the mechanical properties of the GO membranes on a large
scale, which can also be applied to enhance the mechanical strength of
the GO/TO membranes, such as chemical cross-linking
by metal ions’® and electron-irradiation-induced reinforcement.>
Currently, all the experiments are conducted without external high
pressures, which are required in practical water desalination applica-
tions to enhance the water flux. Moreover, the long time stability of
RGO/TO membranes in aqueous environments remains unclear. The
efforts on these aspects are in progress and will appear elsewhere in the
future. To conclude, the RGO/TO hybrid membranes exhibit excellent
salt rejection performances while their relatively high water perme-
ability can be preserved. The results presented in this study may thus
lay a foundation for the use of RGO/TO membranes in practical water
desalination applications.
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