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Two dimensional graphene oxide (GO) has potential application in membrane separation owing to its unique structure and
physicochemical properties. In this study, the reduced graphene oxide (rGO) was synthesized from GO via hydrothermal
treatment at 160 °C for 1, 2, 3 and 4 h, and the rGO membranes were prepared on cellulose nitrate supporting membranes
by vacuum filtration. The structural change and chemical composition of GO were investigated using X-ray diffraction (XRD),
Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), field emission scanning electron microscopy (FESEM),
atomic force microscopy (AFM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) and
contact angle measurements. The result shows that uniformly intact rGO membranes with good hydrophobicity could be
achieved by adjusting the reduction degree of GO through changing the hydrothermal reaction time. The huge improvement
of the hydrophobic property of rGO could be attributed to the removal of the most the hydrophilic oxygen-containing
functional groups on the surface of GO. Additionally, the structure, chemical composition, and d-spacing of the GO can also
be controlled by adjusting the reduction time. This method holds great potential because it can be prepared in large quantities
at low cost, and suitable for applications in membrane technologies.
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Introduction and can be amenable to industrial-scale production with
low cost [15, 19-22].

Graphene, a single layer of sp>-bonded carbon atoms Currently, most GO is synthesized by chemical
arranged in a two-dimensional (2D) hexagonal lattice oxidation and exfoliation of pristine graphite using
has received considerable attention due to its excellent strong oxidizing agents. The structure of GO comprises
properties including electrical conductivity, thermal hydroxyl and epoxide functional groups on the basal
stability, large surface area and mechanical strength [1, plane and carbonyl and carboxyl groups at the sheet
2]. Due to this unique property, it is used in various edges, together with residual non-functionalized graphitic
different fields and applications such as sensors [3, 4], areas [23, 24]. Owing to the existence of the hydrophilic
batteries [5, 6], solar cells [7] and supercapacitors [8§], and negatively charged oxygen functional groups, GO
electrocatalytic [9] and photocatalytic [10] applications. can be easily dispersed in water and other organic
Graphene oxide (GO), a derivative of graphene, is also solvents to form well-dispersed aqueous GO colloids,
a promising material for various environmental appli- which provide a facile approach to assemble GO nano-
cations such as sorption [11], desalination [12], water/ sheets into thin laminar membranes [25, 26]. Additionally,
air purification [13], gas separation [14, 15], pervaporation the functional groups as well as structural defects are
[16], as well as for biomedical [17, 18] applications. introduced in the basal plane of GO sheets [27], which
Among those applications, the use of GO in membrane can provide primary passages for water transport in GO
application is particularly attractive because they are membranes [21,28,29]. It has been shown that the
easy to fabricate, mechanically and chemically robust, oxidized regions of GO act as spacer to provide relatively

large interlayer distance to accommodate water molecules
while the non-oxidized regions of GO facilitate rapid
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GO nanosheets which allows the selective passage of
molecular or ionic [30-33]. For example, Chen et al.
reported that the interlayer d-spacing of GO membranes
plays a key role in their ion rejection performance [29].
Joshi et al. [19] and Nair et al. [20] demonstrated that
GO membrane (d-spacing of ~0.9 nm) allowed the pure
water to pass through, while hydrated ions with larger
radii than the water molecule are blocked. Meanwhile,
the GO membrane with a d-spacing smaller than 0.3
nm (in some reports 0.6 nm) not is favorable for water
or gas molecules to pass through [15, 34, 35]. By
adjusting the interlayer distance between the GO nano—
sheets through interlayer intercalation, a variety of GO
membranes could be produced to precisely separate the
target ions and molecules with specific sizes from the
bulk solution [21, 36]. However, pure GO membranes,
fabricated by solution filtration, are not suitable for
water treatment. These membranes are hydrophilic, and
they are easily damaged in aqueous medium due to
hydration and electrostatic repulsion of the negatively
charged oxygen-containing groups under hydration
conditions [37, 38]. In addition, the in-plane oxygen
functional groups can hinder the water transport in
graphene nanochannels by hydrogen bond interaction
[39]. Due to this, pure GO membranes usually exhibit
low water permeance. Therefore, the removal of oxygen
functional groups and control of the interlayer spacing
of 2D-GO materials are of great importance to the
separation performance of 2D lamellar membranes.
Recently, several methods have been proposed to
modify the structure and interlayer spacing of a stacked
GO film. For example, Huang et al. [40] showed that
the nanochannels in the GO-based membranes could be
modulated by adjusting the pH, salt concentration and
the applied pressure. By optimizing experimental
parameters, the as-prepared GO membranes exhibited a
high water permeance of 71 L m 2 h™! bar ' and rejection
over 85% for Evans blue. By changing the contents of
GO loading on the polysulfone membranes [41], the
performance of the GO membranes could be reached to
3+16 Lm ™2 h™! bar ' for pure water flux and a rejection
of 45+72% for sodium sulfate. Xu et al. [42] reported
that the attachment of TiO, on the GO surface resulted
in the increased interlayer spacing of GO-TiO, composite
membrane due to formation of special pores and nano-
channels in the membranes. These GO-TiO, membranes
showed outstanding rejection and adsorption capacities
of Methyl orange and Rhodamine B. On the other
hand, the structure and interlayer spacing of GO in the
form of a layer-stacked membrane can be modulated
by reduction methods, such as thermal annealing [43-
45], microwave radiation [46, 47], chemical [48, 49],
hydrothermal [50, 51], and photocatalytic reduction
[52-55]. Among them, hydrothermal reduction of GO
is a simple, low-cost, easy-operation and scalable process
and has a high potential for the large-scale fabrication
of rGO for membrane applications. Herein, we report a
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simple method to synthesize rGO by hydrothermal
reduction without using any reducing agent and prepare
rGO membranes on cellulose nitrate membranes by
vacuum filtration. In order to control the interlayer
spacing and properties of GO, the reduction degree of
GO nanosheets was modulated by adjusting the hydro-
thermal reaction time. The as-prepared materials were
firstly characterized by using various techniques such
as TEM, FESEM, AFM, XRD, Raman, FTIR and EDS.
Then, the influence of hydrothermal reaction time on
the hydrophility of rGO membranes was evaluated by
measuring the contact angle of the surface of the rGO
membranes.

Experimental Procedure

Synthesis of graphene oxide (GO)

GO nanosheets were prepared from graphite flakes
via a modification of Hummers’s method, study details
have been reported previously [56]. In brief, 1 gram of
graphite flakes, 12 mL of H;PO, (98%), and 46 mL of
H,SO, (98%) were stirred in an ice bath and kept at ~5
°C for 15 min, and then 12 gram of KMnOy, (98%) was
slowly added to the above mixture. The resulting mixture
was transferred to a 35 £ 5 °C water bath and stirred for
3 h, forming a thick paste. Next, distilled water (90
mL) was slowly dropped into the resulting paste to
dilute the mixture, and then the solution was stirred for
5 h while the temperature was raised to 90+ 5 °C.
Finally, 90 mL of distilled water was added, followed
by the slow addition of 10 mL H,O, (30%), turning the
color of the solution from dark brown to yellow. The
graphite oxide deposit was collected from the graphite
oxide suspension by high-speed centrifugation at 15,000
rpm for 30 min. The obtained graphite oxide was then
washed with 200 mL of HCl (5%), and repeatedly
washed with distilled water until the pH = 7. Then, the
final precipitates were redispersed in 500 mL of distilled
water with mild sonication for 7 h, producing a solution
of exfoliated GO nanosheets. To obtain uniform GO, a
low-speed centrifugation at 4,000 rpm was first used to
remove thick multilayer GO sheets until all the visible
particles were removed (3+5 min). Then the supernatant
was further centrifuged at 10,000 rpm for 30 min to
remove small GO pieces and water-soluble byproduct.

Synthesis of rGO and preparation of rGO membranes

The obtained aqueous GO suspension was reduced to
rGO colloid by hydrothermal method without using
any reducing agent. At first, 125 mL of the as-prepared
GO suspension (~1 mg GO/mL) was transferred into a
200-mL Teflon-lined stainless-steel autoclave and sealed.
Then, the autoclave was put into an oven, heated at 160
°C for 1 h, 2 h, 3 h and 4 h, respectively; and cooled
naturally in air, producing black rGO precipitates.
These black precipitates were isolated from solution by
centrifugation. The as-synthesized rGO were marked as
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rGO1, rGO2, rGO3 and rGO4 corresponding to the
hydrothermal time of 1 h, 2 h, 3h and 4 h. Finally, rGO
membranes were fabricated on cellulose nitrate (Filter
diameter: 47 mm, pore size: 0.45 um, Part No: 7184-
004, Whatman International Ltd, England) supporting
membranes with a suitable volume of the rGO dispersion
by vacuum filtration. After drying in air, these membranes
were saved in a vacuum furnace at 40 °C. The thickness
of the rGO membrane can easily controlled by adjusting
the volume of rGO dispersion.

Characterization

The phase identification and structural characterization
of synthesized samples were performed by X-ray
diffraction using a Bruker D8 Advanced diffractometer
(Rigaku, Tokyo, Japan) with CuKa radiation (A =
1.54178 A, 40 kv, 200 mA). The surface morphology
and compositions of GO and rGO materials were char-
acterized by using a field-emission scanning electron
microscope (FESEM, Hitachi S-4800 FESEM, Tokyo,
Japan) operated at an accelerating voltage of 10 kV,
equipped with an energy dispersion X-ray spectroscopy
analyzer (EDS). Transmission electron microscope
(TEM) images were obtained on a JEOL JEM-2010
transmission electron microscope (JEOL Ltd., Tokyo,
Japan) with an accelerating voltage of 200 kV. Atomic
force microscopy (AFM, XE-100) was carried out to
observe the surface roughness and line profile. The
Raman spectra were measured using a Jasco Laser
Raman Spectrophotometer NRS-3000 Series, with an
excitation laser wavelength of 532 nm, at a power
density of 2.9 mW-cm™. The FTIR spectra (500-4000
cm™') were taken using a Nicolet IR100 FTIR spec-

trometer. The contact angle of the rGO membranes was
measured to examine its hydrophilicity by a contact
angle tester (KSV CAMI101, KSV Instruments Ltd,
Helsinki, Finland).

Results and Discussion

The surface morphology and structural characteristics
of the GO nanosheets have been investigated by SEM
and TEM. Fig. 1(a, ¢ & b) shows the SEM images of
graphite oxide and GO sheets, respectively. The SEM
image of graphite oxide reveals that the material has a
layered morphology and consists of the individual GO
sheets closely associated with each other forming a
three-dimensional network structure, as shown in Fig.
1(a). Therefore, ultrasonic treatment is required for full
separation of layers [57]. It was reported that a single-
layer or a few-layer GO could be achieved after
dispersing in water, in which the thickness of a mono-
layer was measured to be 0.8-0.9 nm [56, 58]. From
the Fig. 1(b), it is clear that after sonication of graphite
oxide, few and/or multilayer GO sheets are produced.
The high-resolution SEM image of GO (Fig. 1c) clearly
exhibits the few-layer of graphitic carbon with typical
wrinkled behavior [59-61]. The edges of GO sheets
slightly curved due to surface tension and/or the presence
of oxygen-containing functional groups on its surfaces
and edges. Fig. 1(d) indicates the TEM image of GO
sheets with lateral dimensions ranging from several of
micrometers to tens of micrometers. Transparent sheets
of a single or few layers of GO with typical wrinkled
and crumpled behaviour was observed.

The XRD diffraction pattern of graphite flake, GO

Fig. 1. SEM images of graphite oxide (a); (b) Medium and (c) High resolution SEM images of GO sheets. (d) TEM image of GO sheets.
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and rGO along with JCPDS data were shown in Fig. 2.
For the pristine graphite sample, there are peaks at 20
of ~26.45°, 42.22° and 44.38°, which could be indexed
to the characteristic peaks (002), (100) and (101) plane
reflections of graphite (JCPDS No. 41-1487, 3.3756
A). The (002) sharp peak at 20 = 26.45°, corresponding
to an interlayer distance (d-spacing) of about 0.336 nm,
which is the typical interlayer spacing of stacked graphene
sheets in pristine graphite [56]. After the oxidation and
exfoliation processes, the dominant diffraction peak
shifted to a lower angle of 20 = 10.25° (corresponding
to the (002) planes of GO), indicating that the graphite
was mostly well-oxidized and exfoliated into few-
layered GO sheets. The d-spacing of GO is calculated
to be ~ 0.866 nm, which is much higher compared with
the pristine graphite (~0.336 nm). According to the
previous studies, an increase in interlayer spacing is
mainly attributed to the intercalation with water and the
presence of a large number of oxygen-containing func-
tional groups on the basal plane of the graphene sheet
[62-65]. After 1-h hydrothermal treatment (rGO1), the
dominant peak slightly shifted towards a higher angle
(26 = 11.45°), showing the decrease in the d-spacing
(0.776 nm). Meanwhile, a relatively weak and broad
shoulder was observed at 20 = 22.3°, corresponding to
an interlayer distance of 0.398 nm. This suggests that
the reduction has taken place within 1 h; and thus, the
decreasing of d-spacing occurred due to the removal of
oxygen groups during the reduction process [66]. After
a 2-h hydrothermal reduction (rGO2), the intensity of
the shoulder peak (26 = 22.9° d-spacing of 0.396 nm)
becomes more pronounced. However, a weak GO peak
still can be observed (20 = 13.7°, d-spacing of 0.650 nm),
indicating the coexistence of tGO and GO or incompletion
of GO reduction. After 3-h reduction (rGO3), the GO
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peak disappeared and left a broad rGO peak on the
spectrum with a d-spacing of 0.370 nm (20 = 24.0°).
Also, the absence of the characteristic diffraction peak
at 20 = 10.25° indicates that a large amount of functional
groups has been removed during reduction process.
The rGO peak position remains almost the same up to
a reduction time of 4 h (20 = 24.7°, d-spacing of 0.368
nm). However, the intensity of the rGO peak increases,
which can be attributed to restacking or overlapping of
rGO sheets [67].

Different from the XRD peak positions (that depends
upon interlayer spacing), the peak width is highly
dependent on size of graphitic domains existing inside
the macroscopic graphene materials. Generally, the
average crystallite width (D) is calculated by using
classical Debye-Scherrer equation [68]:

__K4
peosé

where is the full width at half maximum height (FWHM)
expressed in radians; is half diffraction angle; cos value
is in radians; is the wavelength of the incident X-ray
(=0.154 nm); and K is a constant related to crystalline
shape, normally taken as 0.89 for spherical crystals
with cubic unit cells.

Table 1 depicted the result of the average crystalline
size that were available in graphite, GO and rGO
samples. It has been found that the average crystallite
size significantly reduces in GO (~ 8.76 nm) compared
with that of graphite (25.5 nm). From the result, it could
be concluded that the present method was efficient to
separate the graphite into individual GO sheets. For the
rGO samples, it has been observed that the average
crystallite size continuously decreases with increasing
hydrothermal time and reaches the lowest value of 2.80
nm at hydrothermal time of 4 h. This may be due to the
shrinking of graphitic domains (i.e., disruption of graphitic

0.368 nm
ka\ stacked ordering) and formation of more grain boundaries
0.370 nm rGO4 or lateral defects, which may take place due to removal
_ _ of oxygen functional groups and/or expulsion of graphene
_~rG03 layers from domains upon reduction.
0.650 nm . . o
0.396 nm Raman spectroscopy is a widely used tool for analyzing
3 \—/M the structural changes of carbon-based materials (graphene,
L 0.776 nm rGO, GO, etc), such as disorder and structural defect,
% defect density, and doping levels [69, 70]. Two remarkable
£ 0.398 nm rGO1
S| de=0.866 nm . . .
5 Table 1. Various physical parameters of graphite, GO and rGO
samples obtained from XRD results
GO
Py 9330w Sample 2 d-spacing D (average crystalline
Graphite name (degree) (nm) width, nm)
2 ] Graphite 26.45° 0.336 25.5
g JCPDS-41-1487 GO 10.25° 0.866 876
T . 1GO1 11.45° 0.776 7.65
10 2 (D% iﬂe] 40 50 rGO2 22.90° 0.650 3.38
. . rGO3 24.0° 0.370 2.85
Fig. 2. XRD patterns of the graphite, GO, rGO1, rGO2, rGO3, and {GO4 24700 0,368 280

rGO4 samples.
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features have been frequently observed in the Raman
spectra of carbon-based materials, namely the G-band
(~1,582 cm™) and the D-band (~1,330-1,450 cm™,
depending on laser wavelength). The G-band is attributed
to the first-order scattering of the E,, mode of sp*-
carbon domains at the Brillouin zone center, whereas
the D-band arises from a breathing mode k-point phonons
of A, symmetry and is related to the sp’-hybridzed,
structural defects, grain boundaries, carbon amorphous
and/or edge planes [71-73]. Fig. 3 shows the Raman
spectra of the GO, rGO1, rGO2, rGO3 and rGO4
samples. It is observed that all spectra have a similar
shape and they exhibit two dominant Raman peaks
(~1,331-1,341 cm™) and (~1,579-1,585 cm™"), which
correspond to the well-documented D and G bands,
respectively [74]. Generally, a smaller intensity ratio of
the D and G bands (Ip/Ig) in a Raman spectrum can be
assigned to lower concentration of defects and disorders
(e.g. wrinkle, fold, pore and edge) in the carbonous
materials, smaller fraction of sp’/sp*-bonded carbon,
and/or larger size in-plane graphitic crystallite sp? domains
[71,72,75,76]. In comparison with the D (~ 1,358
em™) and G (~ 1,582 cm™) bands of starting graphite
material [56], the observed G-band of GO is broadened
and shifted to ~ 1,583 cm™! whilst the D-band at ~ 1,331
cm™! becomes more prominent, denoting the destruction
of sp® conjugated system and formation of structural
defects in the carbon lattices due to harsh oxidation by
strong acids during the synthesis process. Remarkably,
the Ip/Ig intensity ratio of GO (~ 0.97) increases com-
pared to that of graphite (~0.11) [56], which further
suggests an increase of defects and disorders, but along
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Fig. 3. Raman spectra of the GO, rGO1, rGO2, rGO3 and rGO4
samples.

with a decrease in average size of sp’ domain in the
exfoliated GO. The Ip/Ig ratio increased to 1.03 after
the hydrothermal reduction for 0.5 h, suggesting that
more structural defects were introduced during the
process. In this reduction step, although the oxygen-
containing functional groups are partially reduced to
recover the conjugated graphite network, the vacant
lattice sites formed by the removal in the form of CO
or CO, during oxidation remain unchanged. Most
studies report that GO has an Ip/Ig value of lower than
1, and rGO has a value higher than 1 [73, 77-79]. This
feature is usually explained as a decrease in the average
size but an increase in the number of sp? domains during
the reduction [73, 77]. Otherwise, the incomplete re-
storation of sp® defects after reduction reactions also
could lead to Ip/Ig ratio increase [80]. Notably, the
intensity of D-band not only represents the defects of
graphene, but also the edges, more exposed edges
increase the Ip/Ig ratio [81]. In the present study, the Ip/
I ratio of GO was 0.97 and that of rGO1 was 1.01,
which is good agreement with most chemical reduction
reports. With increasing the hydrothermal reduction
time from 0.5 to 4 h, the Ip/Ig value of rGO gradually
increases from 1.01 to 1.18, indicating that average size
of all sp? clusters were decreased due to lots of smaller
sp> domains are generated and the disorder degree and
defects in rGO increase [82]. It is reported that the Ip/
I value remains almost unchanged when hydrothermal
reduction time exceed ~ 610 h, which indicates that
the number of sp? carbon domains, disorder degree and
defects of rGO have no obvious change with increasing
the hydrothermal reduction time [58].

Fig. 4 shows the FTIR spectra of GO, rGO1, rGO2,
rGO3, and rGO4 samples. The FTIR spectrum of GO
exhibits a strong and broad band at ~ 3,400 cm™', which
is due to the stretching vibration O—H groups of water
molecules adsorbed on GO. The absorption band value
of ~1,616 cm™ is attributed to the aromatic C=C stretching

rGO4
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Fig. 4. FTIR spectra of GO, rGO1, rGO2, rGO3, and rGO4
samples.
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vibration of the carbon domains [83]. The oxygen-
containing functional groups of GO described by value
of ~ 1,716, 1,389, 1,223 and 1,042, corresponding to the
carbonyl C=0, carboxyl COO-, epoxy C-O and alkoxy
C-OH stretching vibrations [83, 84]. This result clearly
indicates that a large number of functional groups were
introduced into carbon frameworks upon oxidation.
After the hydrothermal treatment for 0.5 h, the charac-
teristic absorption peaks responsible for the oxygen
functional groups were significantly reduced in intensity,
indicating the removal of the functional groups. With
an increase hydrothermal treatment time, the intensity
of the peaks gradually decreases. Especially the hydro-
thermal treatment for more than 3 h, the peaks are
almost completely removed from the surface of GO.

The composition of the rGO nanosheets is determined
by energy-dispersive X-ray (EDX) spectroscopy ex-
periment, as is shown in Fig. 5. As a result, C and O
elements were identified, the atomic percentage (at.%)
of each element was calculated from the spectra, and
the result was summarized in Table 2. The effective
hydrothermal reduction is clear because the content of
oxygen (O) atom of rGO decreases compared with GO.
The oxygen content decreased in the tGO samples in
the order of GO > rGO1 > rGO2 > rGO3 > rGO4,
suggesting the effectiveness of removal of the oxygen-
functional groups upon on reduction of the exfoliated
GO sheets.

Depending on the oxidation conditions, GO may

Fig. 5. The energy-dispersive X-ray (EDX) of the rGO samples.

Table 2. The atomic concentration of the GO and rGO nano-

sheets
Samplename C (%) O (%) S (%) Na(%) Si(%)
GO 63.49 3497 1.03 - 0.50
rGO1 65.84 3325 0.91 - -
rGO2 66.92  32.16 0.92 - -
rGO3 68.50  29.89 0.83 0.48 -
rGO4 72.76  25.93 0.84 0.27 -
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consists of variable amounts of oxygen-containing
functional groups, such as carbonyl C=O, carboxyl
COO-, epoxy C-O and alkoxy C-OH groups [64, 85].
Due to the existence of these functional groups, GO is
very hydrophilic and soluble in aqueous media. If these
functional groups are reduced, the GO can be changed
back to its original form (i.e., graphite) [77, 86]. This
makes GO nanosheets in rGO relatively hydrophobic.
By reducing the functional groups of GO in the mem-
branes, it is possible to obtain films that consist of a
highly hydrophobic graphene nanosheets. The graphene
nanolayers in rGO will act as impermeable obstacles
[87, 88] that provide longer diffusion paths across the
membrane film, resulting in enhanced barrier properties.
Thus, the surface property of rGO membranes is very
importance for the device fabrication. In the present
study, some the hydrophilic groups such as carbonyl,
carboxyl, epoxy and alkoxy groups on the surface of
GO sheets are partially removed and converted to rGO
during the hydrothermal treatment, which affects the
hydrophilicity of the rGO membranes [89, 90]. Generally,
the hydrophilicity of membranes is closely associated
with the water permeantion performance in water
separation. Therefore, contact angle measurements were
conducted to analyze the surface hydrophilicity of the
membrane and the results are shown in Fig. 6. The
digital images of the GO, rGO1 and rGO2 membranes
are shown on the top of Fig. 6 and the corresponding
contact angle of GO, rGO1 and rGO2 membranes,
respectively (Bottom). The pure GO film is hydrophilic
and the contact angle is ~45° without any hydrothermal
treatment. Generally, the smaller contact angle is con-
sistent with a more hydrophilic material. After the hydro-
thermal treatment, the contact angle of rGO membranes
increases to ~ 54° and ~ 66° corresponding to hydro-
thermal reduction time of 1 and 2 h. The improvement
of the hydrophobic property is attributed to the removal
of the most the hydrophilic oxygen containing functional
groups. However, the contact angle of the rGO2 mem-
branes is still less than 90°, confirming that the rGO2
membranes are partially reduced after hydrothermal
reduction, which is good agreement with the XRD and
FTIR results. Based on this, it can be inferred that the
residual oxygen-containing functional groups maintain
a certain hydrophilicity of the rGO membranes, a
similar result was observed by Fan et al. [91]. At the
same time, it should be noted that vacancy defects in
the surface can effectively reduce the interfacial interac-
tions and weaken the wetting properties. Li et al. [92]
studied the wetting and interfacial properties of water
on the defective graphene. They found that the droplet
contact angle is sensitive to a single-vacancy defect. As
confirmed by the Raman result above, the disorder
degree and defects of rGO increased after hydrothermal
treatment. This could be ascribed to the removal of
oxygen-containing groups of GO during reduction
process. As a result, the increase of contact angle may
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Fig. 6. Digital images of the GO, rGO1 and rGO2 membranes (Top); and the contact angle of GO, rGO1 and rGO2 membranes, respectively
(Bottom).

Fig. 7. (a) Digital image of the various rGO1 membranes fabricated with different thickness of the rGO1 layer (i.e., the membrane was
prepared from 1, 2, 3 and 4 mL of rGO1 solution), SEM images of its (b) surface and the (c) cross-sectional morphology of the rGO1-4mL
membrane. Cross-sectional SEM images of rGO2 membranes fabricated at the different the volume of the rGO2 nanosheet solution: (d) 3
mL, (¢) 4 mL and (f) 5 mL. The double arrows mark the position where the membrane thickness was measured.



432

be caused by the increase of structural defects on rGO
sheets.

The digital images in Fig. 7(a) shows the surface
properties of the membranes fabricated with different
thickness of the rGOI1 layer. It was observed that the
color of the rGO membranes turned gradually from
drak-yellow to black when the membrane thickness
was increased. Fig. 7(b & c¢) shows the SEM image of
the surface morphology and cross-section structure of
the rGO1 membrane, respectively. As shown in Fig.
7(b), the wrinkles are visible on the surface, which
likely show the edges of the rGO nanosheets [93]. The
planar surface of the membrane is actually not flat with
a network of wrinkles well-distributed over the whole
surface. In fact, this kind of surface morphology could
be expected in the rGO membrane since the individual
rGO flakes present in solution are of random irregular
shape and size, in contrast to the parent graphite oxide
[94]. Therefore, deposition of these flakes over each
other into a multilayered film will inevitably lead to
overlaps and deformation of the flake shape [95]. The
rGO film is continuous and stable, no obvious defects
are visible, which is generally favourable for water
treatment applications. From Fig. 7(c), it was clearly seen
that multiple layers of rGO are visible. Furthermore, the
observed rGO nanosheets had a laminate structure and
were stacked layer by layer, which could supports the
sieving mechanism of rGO membranes [21]. Fig. 7(d-f)
show cross-sectional SEM images of rGO2 membranes
fabricated with the different the volume of the rGO2
solution. It was observed that the membrane thickness
was estimated to be ~ 1.75, 1.97 and 2.21 pm, which
corresponds to the volume of the 3, 4, and 5 mL of
rGO2 solution. Such different thicknesses of membrane
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were made by changing the volume of the rGO solution.
Similar results were found in the literatures [96], in
which the authors prepared the pure GO membranes by
filtration in a vacuum condition and showed that the
thickness, pore size and the d-spacing between GO
nanosheets is tunable.

Because of the presence hydrophilitic and negatively
charged oxygen functional groups, GO can be well
dispersed in pure water without aggregation. These
advantages make vacuum/pressure-assisted method
suitable for producing multilayered GO membranes.
The vacuum filtration method filters a certain amount
of a GO solution through the support layer [97-99], in
which GO nanosheets are deposited together almost
parallel to the support layer, including nanofiltration,
microfiltration and ultrafiltration membranes on the
large-scale. Typically, the thickness vacuum-assisted GO
membranes can be readily controlled by changing the
volume or concentration of the GO dispersions used.
This process usually does not affect the physiochemical
properties of GO since interactions between the
adjacent GO sheets include electrostatic, repulsion, van
der Waals attractive forces and hydrogen bonding. The
GO membranes fabricated by vacuum filtration method
have shown a highly ordered laminar structure with
low surface roughness [100]. Additionally, the desired
channel structure of GO membranes can be achieved
by adjusting the deposition rate of GO, which results in
the high rejection and flux in separation process [101].

The surface roughness of the rGO2 membrane was
analyzed by AFM in a non-contact mode at room
temperature. Fig. 8(a & b) show the 2D and 3D surface
morphology of rGO2 membrane with scale bar of 7 m,
respectively. It can be clearly observed that the rGO

Ra{rm) Rk LT
16899 1966 8.963

Fig. 8. (2) Two- and (b) three dimensional AFM images of the rGO2 membrane.



Effect of hydrothermal time on the structure and property of graphene oxide membrane 433

sheets randomly stacked and overlapped one another to
produce a continuous thin film with long and broad
wrinkles/folds. Such films had a large amount of struc-
tural disorders, which is typical of the film synthesized
by using the solution-based process. The red-line
(bottom of Fig. 8a) indicates the location of the height
profile of the film. It was found that the root-mean-
square roughness of the film surface (R,) was estimated
to be about 3+4 nm, indicating that the film have quite
smooth surface regardless of the formation of the
wrinkles and folds across the film surface.

Conclusions

In this study, we have prepared GO nanosheet from
graphite by chemical oxidation and exfoliation. Then,
rGO was synthesized from GO through hydrothermal
method at 160 °C for 1-4 h, and the rGO membranes
were produced on cellulose nitrate membrane via vacuum
filtration. The morphology, structure and chemical com-
position of the as-prepared samples were examined by
SEM, TEM, Raman, FTIR, XRD, AFM, and EDS
measurements. The result indicates that chemical com-
position, d-spacing and surface morphology of GO
could be adjusted by changing hydrothermal time. In
addition, the rGO membranes with good hydrophobicity
could be obtained by controlling reduction of GO by
adjusting reaction time. The improvement of the hydro-
phobic property of the rGO is assigned to the removal
of the hydrophilic functional groups on the GO surface.
The increasing contact angle of rGO membranes with
the hydrothermal time can be attributed to the increase
of structural defects on rGO sheets.
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