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. L . 1. Introduction
The application of graphene-based membranes is hindered by their poor

stability under practical hydrodynamic conditions. Here, nanocarbon archi-
tectures are designed by intercalating surface-functionalized, small-diameter,
multi-walled carbon nanotubes (MWCNTSs) into reduced graphene oxide

Membrane-based separation plays a critical
role in meeting today’s water treatment
challenges!!! because of its numerous
advantages such as energy efficiency, cost

(rGO) sheets to create highly stable membranes with improved water perme-
ability and enhanced membrane selectivity. With the intercalation of 10 nm
diameter MWCNTs, the water permeability reaches 52.7 L m2 h~" bar™,
which is 4.8 times that of pristine rGO membrane and five to ten times
higher than most commercial nanofiltration membranes. The membrane also
attains almost 100% rejection for three organic dyes of different charges.
More importantly, the membrane can endure a turbulent hydrodynamic flow
with cross-flow rates up to 2000 mL min~' and a Reynolds number of 4667.
Physicochemical characterization reveals that the inner graphitic walls of the
MWCNTSs can serve as spacers, while nanoscale rGO foliates on the outer
walls interconnect with the assimilated rGO sheets to instill superior mem-
brane stability. In contrast, intercalating with single-walled nanotubes fails

to reproduce such stability. Overall, this nanoarchitectured design is highly
versatile in creating both graphene-rich and CNT-rich all-carbon membranes

effectiveness, and reduced carbon foot-
prints.? As such, constant efforts have been
placed on fabricating novel membranes
which can provide high throughput, high
selectivity, and good membrane stability.?!
Sp?-hybridized carbon nanomaterials, such
as graphene and carbon nanotubes (CNTs),
have shown great potential as membranes
for separation processes, owing to their
unique water transport propertiest! and
excellent molecular sieving capabilities.”]

In particular, graphene oxide (GO), with
its 2D structure and tunable nanopores or
nanochannels,®l has attracted the interest
of many researchers to fabricate GO based
novel membranes. However, the GO

membranes fabricated so far often suffer
from poor stability under practical hydro-
dynamic flow conditions”l because the
presence of hydrophilic oxygen-containing
functional groups and negative charges on
the GO sheets result in undesirable redis-
persion of the membranes when hydrated.®l To circumvent this
issue, a recent study has reported the chemical reduction of GO
membrane to reduced graphene oxide (rGO) membrane using
hydroiodic acid. Due to the removal of the oxygen-containing
functional groups from the GO sheets, rGO membrane has a
more compacted lamellar structure and exhibits much better
membrane stability in water.’!. Unfortunately, the water per-
meability of such membrane decreases drastically due to the
higher hydrodynamic resistance of the narrower interlayer
spacing between the rGO sheets.’% Another recent study has
also shown that multivalent cationic metal contaminants (pri-
marily AI** and Mn?"), which are unintentionally introduced
during GO membrane processing, can act as effectively cross-
linkers to improve the stability of the GO membrane in water.!!
Nevertheless, new methods are urgently needed to fabricate
graphene-based membranes with both high throughput and
membrane stability for realizing their practical applications.

In this work, we describe the development of all-carbon nano-
architectures comprising of rGO sheets and multi-walled carbon
nanotubes (MWCNTS) as high performance separation mem-
branes with superior stability. GO sheets were first amalgamated

with engineered nanochannels, and is regarded as a general approach in
obtaining stable membranes for realizing practical applications of graphene-
based membranes.
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with surface functionalized MWCNTS in different amounts and
the membranes were fabricated via a filtration process. The
ensuing membranes were then chemically reduced to create dif-
ferent all-carbon nanoarchitectures. By doing so, we take advan-
tage of the following synergistic effects. First, the intercalation
of MWCNTSs between adjacent rGO sheets can effectively inhibit
the restacking (or aggregation) of the rGO sheets and thus create
nanochannels for water transport. Second, the nanochannels cre-
ated can be engineered using MWCNTTs of different diameters so
as to retain the molecular sieving capability of the ensuing mem-
branes. Third, MWCNTs can also act as anchors to interact and
interconnect with the adjacent rGO sheets so as to reinforce the
membrane stability. The effects of MWCNT intercalation on the
water permeability and molecular sieving capability of the mem-
branes are then systematically studied together with the detailed
physicochemical characterization of these membranes. Most
importantly, the stability of these all-carbon nanoarchitectured
membranes is assessed for the first time by subjecting the mem-
branes to varying cross-flow rates of different hydrodynamic flow
conditions. This is in contrast to previous studies where mem-
brane stability was typically evaluated by just submerging the
membranes in stagnant water.l'?l In addition, the mechanistic
understanding of the membrane stability of these all-carbon
nanoarchitectured membranes is also elucidated.

2. Results and Discussion

2.1. Fabrication of All-Carbon Nanoarchitectured Membranes

We initially fabricated an ultrathin GO membrane via pressure-
assisted filtration and subsequently reduced it using 57 wt%
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HI acid to obtain a pristine rtGO membrane as illustrated in
Figure 1la. MWCNTs were then intercalated between the GO
sheets before the reduction step (Figure 1b) to create nano-
architectured membranes in order to mitigate the drop in
water permeability brought by the decreased in the interlayer
spacing due to the HI reduction.l*! The intercalated MWCNTs
can inhibit the restacking of the rGO sheets and create nano-
channels to facilitate water transport through the ultrathin rGO
membranes. Depending on the amount of MWCNTs interca-
lated, the morphology of these membranes can be easily tuned
into two different types, namely, graphene-rich and CNT-rich
nanoarchitectures (Figure 1b). This all-carbon nanoarchitecture
design arises from the following rationales. First, a pressure-
assisted filtration process can be employed to yield a tight GO
laminate with highly ordered microstructure as reported by
Tsou et al.1¥l Second, HI is chosen over other reducing agents
such as hydrazine as it helps to maintain structural integrity
of the GO laminate by providing a gentle chemical reduction
which produces water instead of CO and CO, gases. The water
is believed to travel along the capillaries between the GO sheets
without inflicting damage to the microstructure.l'% An alterna-
tive approach to minimize defects in the GO membrane is to
increase its thickness. However, two major drawbacks to this
approach are the exponential decrease in the water permeability
(Figure S1, Supporting Information) and the lack of improved
membrane stability as membrane thickness increased. As such,
we adopted this ultrathin membrane design to reduce hydrody-
namic resistance and made deliberate considerations over the
filtration process and the reducing agent to enhance the sta-
bility of the ultrathin membrane. Third, MWCNTs are chosen
to create the nanochannels for water transport in virtue of their
high aspect ratios, excellent strength, and smooth hydrophobic

CNT-rich nano-architecture

with superior stability

Figure 1. Schematic illustrations of the fabrication process leading to a) aultrathin rGO membranes and b) all-carbon nanoarchitectured membranes.
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Figure 2. a) Photography of the pristine rGO membrane showing the reflective metallic luster, FE-SEM images of the b) cross-sectional view and
c) surface morphology of the pristine rGO membrane, d) AFM image showing the topography of the pristine rtGO membrane. e) Photography of the
GO membrane showing less reflective luster. FE-SEM images of the f) cross-sectional and g) surface morphology of the GO membrane with more
wrinkles as highlighted by the white arrows, and h) AFM image showing the topography of the GO membrane.

graphitic walls.' Overall, all these factors come together
to ensure the formation of tight and stable all-carbon nano-
architectures with high water permeability and minimal struc-
tural defects.

As shown in Figure 2a, the as-prepared ultrathin pristine
rGO membrane exhibits a smooth surface with a mirror-like
finishing. This suggests that a highly ordered laminate struc-
ture is formed and the structural integrity is well preserved
during the reduction process. The rGO membrane is estimated
to be =55 + 3 nm in thickness (Figure 2b and Figure S2a,
Supporting Information) while the outer surface of the rGO
membrane appears smooth and reveals minimal wrinkles as
depicted by the field emission-scanning electron microscopic
(FE-SEM) and atomic force microscopic (AFM) images, respec-
tively (Figure 2c,d). In contrary, the as-prepared ultrathin GO
membrane lack the mirror-like finishing despite exhibiting a
smooth surface (Figure 2e). The GO membrane is also slightly
thicker at =90 + 5 nm (Figure 2f and Figure S2b, Supporting
Information) and reveals more wrinkles (Figure 2g,h). Due to
the presence of these wrinkles, the surface roughness of the
GO membrane is higher at 8.29 + 0.96 nm as compared to the
rGO membrane at 5.62 + 0.95 nm (Figure S2c,d, Supporting
Information). Such wrinkles in the GO membrane arise from
the hydrogen bonding between the hydrophilic functional
groups on the basal planes and edges of the GO sheets. This
hydrogen bonding affects how the convoluted GO sheets are
assembled and thus contributing to the wrinkles.'! On the
other hand, the removal of these hydrophilic groups during
the reduction process allows the rGO sheets to smoothen out
before restacking into a less wrinkled laminate structure.

Intercalation of MWCNTS into the membrane is then
explored by fabricating a series of nanoarchitectured mem-
branes consisting of 10, 30, 50, and 80 wt% MWCNTs. To
demonstrate that MWCNTs can create nanochannels of dif-
ferent sizes to facilitate water transport, MWCNTs of two diam-
eters, 10 and 50 nm (Figure S3, Supporting Information), are

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

utilized. The MWCNT intercalated membranes are designated
as tGO_xMWCNT(y) where x represents the wt% of MWCNTs
loaded and y represents the diameter of the MWCNT used.
For example, rGO_30MWCNT(10) denotes a membrane with
30 wt% MWCNT loading using 10 nm diameter MWCNTs. As
shown in Figure 3a—d, nanoarchitectured membranes of dif-
ferent MWCNT loadings all appear uniform and smooth with
their colors looking darker as the MWCNT loading increases.
At low MWCNT loadings (<50 wt%), the membranes reveal
a metallic gray luster (Figure 3a—c), but this luster disappears
for rGO_80MWCNT(10) (Figure 3d). These observations sug-
gest that the intercalated MWCNTs integrate well with the
rGO sheets, and the structural integrity stays intact after the
intercalation. However, the roughness of these membranes
increases as a result of the undulating outer surfaces caused
by the intercalated MWCNTs (Figure S4, Supporting Informa-
tion). The cross-sectional morphologies of these membranes
are also investigated via FE-SEM to elucidate their microstruc-
tures. As illustrated in Figure 3e-l, the MWCNTs are uniformly
intercalated regardless of the diameters of the MWCNTs used.
Further analysis of the FE-SEM images of rGO_10MWCNT(10)
to rGO_80MWCNT(10) shows an increase of the membrane
thickness from =64 + 2 to =1230 + 70 nm (Figure 3e-h). Such
a dramatic change in the thickness indicates that the interlayer
spacing between the rGO sheets has been immensely disrupted
by the intercalated MWCNTs. Interestingly, the change in thick-
ness of the membrane is not as radical when 50 nm diameter
MWCNTs are loaded. The thickness of rGO_10MWCNT(50) to
rGO_50MWCNT(50) is largely similar to their 10 nm MWCNT
counterparts (Figure 3i-k) except for rGO_80MWCNT(50)
which has a thickness of =570 + 18 nm (Figure 3l). This is
at least two times smaller than the membrane thickness of
rGO_80MWCNT(10). While this observation seems counter-
intuitive initially, it can be rationalized by studying the mass dif-
ference between the 10 and 50 nm diameter MWCNTs. Trans-
mission electron microscopic (TEM) analysis of the MWCNTs

Adv. Funct. Mater. 2015, 25, 7348-7359



'a\
M“h\)iié

www.MaterialsViews.com

Graphene-rich nano-architecture
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Figure 3. a—d) Photographies and e—h) cross-sectional FE-SEM images of the all-carbon nanoarchitectured membranes with 10 nm diameter MWCNTs
intercalated; i—l) cross-sectional FE-SEM images of the all-carbon nanoarchitectured membranes with 50 nm diameter MWCNTs intercalated.

(n > 100) reveals that the inner diameter of the 50 nm diameter
MWCNTs is similar to that of the 10 nm MWCNTs and thus
the number of graphitic walls possessed by the 50 nm diameter
MWCNTs is significantly more (Figure S3, Supporting Infor-
mation). By estimating the number of walls and conducting
a simple calculation (Supporting Information),'®! the mass of
a 50 nm diameter MWCNT is found to be at least 15 times
heavier than a 10 nm MWCNT. This means that, for the same
mass of MWCNTs loaded, the number of 50 nm diameter
MWCNTs intercalated into the rGO membrane is significantly
lower than that of the 10 nm MWCNTS, resulting in a weaker
disruption of the interlayer spacing between the rGO sheets.
This, in turn, induces a tighter membrane packing density and
hence a smaller membrane thickness of rGO_80MWCNT(50).
Such a phenomenon is only observable when the MWCNT
loading exceeds 50 wt%, which suggests that the architecture of
the membrane changes beyond this loading. As such, we term
these two architectures as graphene-rich and CNT-rich when
the MWCNT loadings are below and above 50 wt%, respectively
(Figure 3).

2.2. Separation Performances of All-Carbon Nanoarchitectured
Membranes

The water permeability (L m™2 h7!) of the respective mem-
branes are evaluated under 1 bar pressure and represented
as water permeability coefficients (L m= h™! bar™!) while the
separation performances of these membranes are assessed
using three different organic dye solutions, namely, meth-
ylene blue (MB), acid orange 7 (AO7), and rhodamine B (RhB).
MB (319.85 g mol™) is a positively charged molecule with a

Adv. Funct. Mater. 2015, 25, 7348-7359
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dimension of 1.6 x 0.8 nm while AO7 (350.32 g mol™) has a
similar dimension (1.6 x 1.0 nm) but negatively charged.!'”]
RhB (479.02 g mol™) is an electroneutral molecule with a larger
dimension of 1.8 x 1.4 nm.I'8l These solutes are deliberately
chosen due to their different charges and various molecular
weights so that a comprehensive understanding of the sieving
mechanism can be made. The results are summarized in
Figure 4.

As shown in Figure 4a, the water permeability coefficients of
the nanoarchitectured membranes are found to increase with
higher MWCNT loadings. Consequently, the hydrodynamic
resistances of these membranes decrease as the MWCNT
loading increases (Figure S5, Supporting Information), taking
into account that the resistance brought by the rGO sheets is the
same given the same amount of rGO used in every membrane.
These results suggest that MWCNTs have successfully created
the nanochannels among the rGO sheets for water transport.
To further validate this finding, the water permeability coeffi-
cients of the nanoarchitectured membranes intercalated with
50 nm diameter MWCNTS are compared against their 10 nm
MWCNT counterparts. The water permeability coefficients of
those membranes with 50 nm diameter MWCNTs are higher
than their 10 nm MWCNT counterparts at every MWCNT
loading except for the MWCNT loading at 80 wt% (Figure 4a).
These results are in good agreement with those recently
reported in the literature.l'?>!9 At the MWCNT loading of
80 wt%, the nanoarchitecture changes from graphene-rich
to CNTrich and thus an opposite trend is observed with
rGO_80MWCNT(50) having a water permeability coefficient
lower than that of rtGO_80MWCNT(10). To further explain for
this difference, the membrane density of the nanoarchitectured
membranes was explored. The density of these membranes
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Figure 4. Separation performances showing a) water permeability coefficients and the b—d) rejection rates of MB, AO7, and RhB, respectively, for GO,

rGO, and all-carbon nanoarchitectured membranes.

exhibits a linear decreasing trend up to 50 wt% MWCNT
loading, with rGO_10MWCNT(50) to rGO_50MWCNT(50)
having smaller densities as compared to their 10 nm MWCNT
counterparts. However, at the 80 wt% MWCNT loading, the
membrane density of rGO_80MWNCT(10) increases margin-
ally while that of rGO_80MWCNT(50) increases significantly
(Figure S6, Supporting Information), for the same reasons
which have already been discussed in Section 2.1. This obser-
vation suggests that the nanoarchitecture of the rGO mem-
brane with 80 wt% MWCNT loading is evidently different
from the other rGO membranes of lower MWCNT loadings. It
also shows that, for each distinct type of nanoarchitecture, the
membrane density is inversely proportionate to the water per-
meability coefficient where a higher membrane density results
in a lower water permeability coefficient and vice versa. In
this regard, it is thus noteworthy to mention that such a shift
in the nanoarchitecture as MWCNT loading increases is not
only evident from the membrane morphology but also clearly
manifested in the water permeability of the membrane and its
microstructural parameter such as membrane density. Overall,
intercalation of MWCNTs into rGO sheets has resulted in an
increment of water permeability with rGO_80MWCNT(10)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

having a permeability up to 4.8 times that of the pristine rGO
membrane.

Next, the separation performances of these membranes
were evaluated. As illustrated in Figure 4b—d, the rGO mem-
brane shows significant improvement in the rejection rates as
compared to the GO membrane. With just an ultrathin rGO
membrane, the rejections of the three dye solutes can gener-
ally reach rates above 95%. When 10 nm diameter MWCNTs
are intercalated, the rejection rates further exceed that of the
pristine rGO membrane, indicating that the 10 nm interca-
lated MWCNTs integrate well with the rGO sheets. For its
50 nm MWCNT counterparts, the rejection rates of these dye
solutes increase slightly at low MWCNT loadings (up to 30
wt%) before dipping at higher MWCNT loadings (Figure 4b—d).
Such a trend is consistent with those reported in the literature
which suggests the generation of more pathways for the dye
solutes to permeate due to a greater amount of 50 nm diam-
eter MWCNTs loaded.") To further demonstrate that the mem-
brane selectivity arises from the synergism of the rGO sheets
and the intercalated MWCNTS, the separation performance of
a pure reduced MWCNTs membrane was evaluated. Unsurpris-
ingly, the pure reduced MWCNTs membrane exhibits a poor

Adv. Funct. Mater. 2015, 25, 7348-7359
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selectivity with dye solute rejection rates between 5% and 20%,
despite having a much higher water permeability coefficient of
2234 1+ 63 L m™2 h™! bar™! (Table S1, Supporting Information).
Based on this account, as with 10 nm diameter MWCNTs, it is
conclusive that the seamless assimilation of MWCNTs into the
rGO sheets has successfully created nanochannels to enhance
water permeability and yet provide effective molecular sieving
for larger solutes.

2.3. Physicochemical Characterization of Membranes and Their
Separation Mechanism

In an effort to provide plausible explanations to the above
membrane separation performance results, various charac-
terizations were carried out on the membranes. The chemical
states of the membranes are first examined using Raman
and Fourier transformed-infrared (FT-IR) spectroscopy. As
shown in Figure 5a, the Raman intensity ratio of the D to G
band (Ip/Ig) increases from 1.2 to 1.6 when GO is reduced
to rGO membrane. This confirms a successful restoration of
sp® carbons in the GO membrane to sp? carbons in the rGO
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membrane by the HI reduction.l?! The increased Ip/I ratio of
1.7 observed in the spectra of both rGO_80MWCNT(10) and
rGO_80MWCNT(50) and the presence of the 2D bands also
indicate effective restoration to give more graphitic sp? carbons
in both the rGO sheets and the intercalated MWCNTs.2! These
findings can be corroborated by the FT-IR results (Figure 5b).
The oxygen-containing functional groups on the GO spectrum
assigned as C=0 (1720 cm™!), C-OH (1404 c¢m™), and C-O
(1062 cm™) stretching vibrations[??l are absent from the rGO
spectrum, implying their removal during the reduction pro-
cess. On the other hand, the extent of reduction is limited for
the MWCNTSs given the sharp OH stretching vibrations in the
region of 3500-3800 cm™" due to free hydroxyl groups/?}! pre-
sent in both oxidized and reduced MWCNTs. Coupled with the
presence of the C-O (1062 cm™), asymmetric and symmetric
CH, (2902 and 2980 cm™) stretching vibrations in the spectra
of rGO_80MWCNT(10) and rGO_80MWCNT(50), we evidently
infer the successful reduction of GO to rGO sheets while the
intercalated MWCNTs remain largely hydrophilic in these
membranes. As a result, the water contact angles of the nano-
architectured membranes decrease with increasing MWCNT
loadings as demonstrated in Figure 5c. The X-ray diffraction

b) 2980112902 T1062
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Figure 5. Physicochemical characterization as elucidated by a) Raman spectrum using a 785 nm laser, b) ATR FT-IR spectrum, c) water contact angles
of the membranes at different MWCNT loadings, and d) XRD patterns of the membranes at wet and dry states.
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(XRD) patterns (Figure 5d) were also analyzed to understand
changes in the interlayer spacing of these membranes. A 26
shift in the (002) peak of the GO membrane from 10.8° to 9.1°
(corresponding to an increase in interlayer spacing from 0.82 to
0.97 nm) suggests that the GO membrane is highly hydrophilic
and is susceptible to swelling when wetted.?) However, upon
successful HI reduction, a broad peak that appears at 24.3°
(corresponding to an interlayer spacing of 0.36 nm), as a result
of the removal of oxygen-containing functional groups!* which
induces partial restacking of the exfoliated rGO sheets,[?! does
not produce the same shift when wetted. We attribute this to the
hydrophobicity of the rGO sheets (Figure 5c) and the reduced
interlayer spacing which restricts water intercalation. When
80 wt% MWCNTs are loaded, the broad peak disappears and
instead MWCNTs peaks appear at 26.2° and 40.7° which cor-
respond to the (002) and (100) planes of the hexagonal graphitic
structures of MWCNTS, respectively.?”} This implies that the
MWCNTs have been effectively intercalated and inhibited the
restacking of the rGO sheets during the reduction process.?°!

From all these characterization results, we deduce that
the intercalated MWCNTs stay hydrophilic and continue to
create effective nanochannels after the HI reduction process
by allowing favorable water access through their hydrophilic
sites!8] and faster water permeation through the enlarged inter-
layer spacing between the rGO sheets.[*l As a result, the water
permeability coefficients increase with increasing MWCNT
loadings (Figure 4a). When 50 nm diameter MWCNTs are
intercalated, this interlayer spacing between the rGO sheets is
widened to a larger extent and thus permitting greater water
permeation through the graphene-rich nanoarchitectured
membranes.["’)

On the other hand, the removal of oxygen-containing func-
tional groups during the reduction process which induces
restacking of the rGO sheets has rendered the pristine rGO
membrane less negative electrostatic charges?® and a narrower
interlayer spacing.l*“1% Based on these conclusions and consid-
ering negligible dye adsorption rates by the respective mem-
branes (Table S2, Supporting Information), we propose size
exclusion as the dominant sieving mechanism for the retention
of the dye solutes in the pristine rGO membrane.?’l As verified
by Figure 4b,c, the similar MB and AO7 rejection rates (=95%)
of the rGO membrane suggest that Donnan (charge) exclusion
is not the predominant mechanism given that different charges
on solutes of similar molecular weights do not seem to have an
effect on their rejection rates. In fact, the slightly higher rejec-
tion rate (97.3%) of the electroneutral RhB solutes of higher
molecular weight (Figure 4d) validated this deduction. These
results thus demonstrate that the pristine rtGO membrane has
a molecular weight cutoff between the range of 200 to 2000 Da
which classifies it as a nanofiltration (NF) membrane.12230
Microstructural defects created during the restacking of the
rGO sheets dismiss the possibility of absolute exclusion of the
dye solutes which theoretically should be anticipated given a rel-
atively smaller interlayer spacing of 0.36 nm between the rGO
sheets as compared to the larger dimensions of the solutes.!

The exact same trends in the rejection rates are also observed
when MWCNTs are intercalated. Rejection rates of MB, AO7,
and RhB, respectively, increase to 99.8%, 99.4%, and 100%
for rGO_80MWCNT(10) and 96.3%, 97.7%, and 99.2% for

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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rGO_30MWCNT(50) as depicted in Figure 4b-d. The increase
in the rejection rates of the higher molecular weight RhB
solutes again brought us to the same conclusion that size as
opposed to Donnan exclusion is the predominant sieving
mechanism. More evidence to support this conclusion is also
demonstrated through the pore size distributions of these
membranes (Figure S7, Supporting Information). Assuming
that the interlayer spacing between the rGO sheets is equiva-
lent to a cylindrical pore with a circular cross-section, the mean
pore diameters of rGO_10MWCNT(10) to rGO_80MWCNT(10)
are found to be around 0.96 nm while their 50 nm MWCNT
counterparts show an increasing mean diameter from 1.10 to
1.29 nm with increasing MWCNT loadings (Figure S7b,c, Sup-
porting Information). This means that the all-carbon nanoarchi-
tectured membranes can effectively block out the evaluated
dye solutes which are larger in dimensions. In addition, the
highly tapered pore size distribution of rGO_80MWCNT(10),
in contrast to the broader distributions of the other nanoarchi-
tectured membranes, accounts for the higher membrane selec-
tivity of rGO_80MWCNT(10). As a result of these two factors,
rGO_80MWCNT(10) can achieve almost 100% rejection rates
which is unattainable at the same wt% loading when 50 nm
diameter MWCNTs are loaded instead.

Essentially, the characterization and separation perfor-
mance results have shown that the water permeability of the
membrane is dependent on its membrane density while
the membrane selectivity is closely related to the diameter of
the MWCNTs loaded. With this understanding, synergism
can then be fostered through assimilating a high loading of
MWCNTs into the rGO sheets to immensely disrupt the inter-
layer spacing and create nanochannels to facilitate water per-
meation while the employment of small diameter MWCNTs
to constrict these nanochannels effectively leads to smaller
membrane pore size that can enhance size exclusion effect and
hence the membrane selectivity.

2.4. Stability of Membranes and the Mechanism

Membrane stability was systematically studied under various
cross-flow conditions using the ultrathin pristine rGO mem-
brane and a representative from each type of the nanoarchitec-
ture, namely, rtGO_80MWCNT(10) and rGO_SOMWCNT(10).
The membranes, with an effective surface area of 4.5 cm?, are
first potted into an in-house made cross-flow testing cell before
subjected to cross-flow rates of 500, 1000, and 2000 mL min~!
to evaluate their stability. These cross-flow rates are equivalent
to cross-flow velocities of 0.55, 1.11, and 2.22 m s™* and Reyn-
olds numbers (R,) of 1167, 2333, and 4667, respectively. The
rates are chosen to create varying flow conditions ranging from
laminar, transition to turbulent flow. Ultrathin GO membrane
with the same GO loading as the pristine rGO membrane
is also subjected to cross-flow rates up to 500 mL min! as a
control.

As demonstrated in Video S1 (Supporting Information),
the pristine rGO membranes, rGO_80MWCNT(10) and
rGO_50MWCNT(10), exhibit excellent stability when sub-
jected to different flow conditions. These membranes were
initially evaluated under a moderate 500 mL min™' cross-flow

Adv. Funct. Mater. 2015, 25, 7348-7359



el
Mt oS
www.MaterialsViews.com

rate which created a laminar flow that exerted a shear stress
of 0.98 N m~ on the surfaces of the membranes (Supporting
Information). The membranes managed the flow and stress
well without incurring any visible damage as they were com-
pressed. Air bubbles were intermittently allowed in to provide
an indication of the cross-flow rates. Next, the membranes were
subjected to higher cross-flow rates of 1000 and 2000 mL min™.
Similarly, the membranes handled the change in the fluid
dynamics with ease as the flow transited from laminar to tran-
sitional and finally to turbulent. Stronger shear stress due to
the increased cross-flow rates further compressed the mem-
branes. As the turbulent flow and shear stress were allevi-
ated by returning the cross-flow rate back to 40 mL min7},
all the membranes loosened up without a glitch as shown in
Figure 6a—f. To further validate such membrane stability, a long
term stability evaluation is performed on rGO_80MWCNT(10).
The membrane displayed excellent durability when subjected
to a cross-flow rate of 500 mL min~! over a duration of 24 h.
No compromise on the integrity of the membrane was visible

before after

Re=

Figure 6. Photos showing the membrane

of the GO membrane is being compromised.
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integrity of the a,b)
¢,d) rGO_80MWCNT(10), e,f) rGO_50MWCNT(10), and g,h) GO membranes before and after
cross-flow evaluations at different R,. The black arrows indicate the regions where the integrity
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after the evaluation (Figure S8, Supporting Information), which
again demonstrated the excellent membrane stability.

To highlight the disparity in the membrane stability, an
ultrathin GO membrane is put to the test. As revealed in Video
S2 (Supporting Information), the GO membrane started to
peel off from the polycarbonate (PC) substrate at a relatively
low cross-flow rate of 100 mL min~!. This rate is equivalent to
a cross-flow velocity of 0.11 m s7! and a R, of 233. At a higher
cross-flow rate of 500 mL min~!, fragmented GO platelets were
also found to be carried away by the cross-flow. These obser-
vations suggest that the ultrathin GO membrane is highly
unstable and is incapable of withstanding a shear stress as low
as 0.2 N m~2. We attribute this to its hydrophilicity which allows
the oxygen-containing functional groups on the GO sheets to
form strong hydrogen bonding with the water shearing on the
membrane surface.®! As a result, the shear stress is able to
rupture the GO membrane as shown in Figure 6g,h.

On the basis of these experimental results, a mechanism
is then proposed to explain for the good membrane stability
of the pristine rGO and the nanoarchitec-
tured membranes. As already discussed,
oxygen-containing functional groups on the
GO membrane induce hydrophilic interac-
tions with water and make the membrane
susceptible to water intercalation. Therefore,
our strategy revolves around the removal of
these oxygen-containing functional groups
in the pristine rGO membrane, which not
only makes its surface hydrophobic but
increases the van der Waals attractions
and w7 stacking interactions between the
rGO sheets.[*32] As a result, the interlayer
spacing between the rGO sheets decreases,
preventing water intercalation and thus
swelling and redispersion of the pristine rGO
membrane. Explanations as such have been
widely accepted as the reasons for rGO sta-
bility in water.®%11]

We believe that this same mechanism can
be extended for the nanoarchitectured mem-
branes. Before that, let us recall an impor-
tant protocol during the processing of the
MWCNTs. The MWCNTs have undergone
surface functionalization using nitric acid
oxidation for 4 h and tip-sonication at 60%
amplitude for 1 h prior to membrane fabrica-
tion. The strong sonication process not only
shortened the lengths of the MWCNTs[]
but at the same time thinned the MWCNTs
through exfoliating the oxidized but defec-
tive outer walls.’4 Judging from the
chemical states of the oxidized MWCNTs
(Figure 5b) and the analysis of the TEM
images (Figure 7ab), we believe that the
observed fragments anchored on the surfaces
of the oxidized MWCNTs after tip-sonication
are in fact nanoscale GO foliates. Similar
observations have also been reported in pre-
vious reports.3#3°1 As such, we propose that

pristine rGO,
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Figure 7. TEM images of the a) 10 nm and b) 50 nm diameter MWCNTs after tip-sonication. The circles in white highlight the presence of rGO foliates.
c) Pictorial representation illustrating the van der Waals attractions and -7 stacking interactions between the assimilated rGO sheets and the inner

graphitic wall of the MWCNTSs via the rGO foliates.

these nanoscale GO foliates on the MWCNTs get reduced into
rGO foliates by HI reduction and induce strong van der Waals
attractions and 7-7 stacking interactions®?! between the assimi-
lated rGO sheets and the inner graphitic walls of the MWCNTs
(Figure 7c). The excellent stability observed in the nanoarchitec-
tured membranes is a result of such strong interactions.

As an attestation to the above reasoning, 80 wt% single-
walled carbon nanotubes (SWCNTs) intercalated rGO mem-
brane was fabricated to study its membrane stability. The
same processing protocols were applied on the SWCNTs to
ensure an unbiased comparative study. Unsurprisingly, the
rGO_80SWCNT membrane did not exhibit the outstanding
membrane stability as its rGO_80MWCNT(10) counterpart.
The rGO_80SWCNT membrane appears highly porous with
water intercalating rapidly into the membrane when exposed to
water. Consequently, this causes the membrane to rupture in
less than a minute of exposure as captured in Video S3 (Sup-
porting Information). Such an observation provides an impor-
tant implication concerning the mechanistic understanding of
the nanoarchitectured membranes. The intercalated MWCNTs
emerge to anchor themselves onto the assimilated rGO sheets
through the rGO foliates via strong van der Waals attractions
and 7 stacking interactions which is similar to the CNT vein
supports as proposed by Lin et al.**" and the “rebar graphene”
as proposed by Yan et al.?? Without the support from the inner
graphitic walls of the MWCNTs, the nanoarchitecture quickly
collapses in water just like in rGO_80SWCNT. In essence, by

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leveraging on the inner graphitic walls of the MWCNTs as
spacers and using the nanoscale rGO foliates to extend toward
assimilated rGO sheets via strong interactions, membrane sta-
bility can be instilled from within the nanoarchitectured mem-
branes. Such membrane stability is considered superior when
compared to those reported in the literature (Table S3, Sup-
porting Information).

Comparing with representative results across the recent lit-
erature, rGO_80MWCNT(10) has exhibited comparable water
permeability and excellent dye rejection capability. In fact, the
water permeability of rGO_80MWCNT(10) is at least twice that
of previously reported rGO membranes with similar rejection
capabilities (Table 1) and five to ten times higher than most
commercial NF membranes.l'#3¢ The superior stability fur-
nished by the pristine rGO and rGO_80MWCNT(10) mem-
branes also offers a greater competitive advantage over other
graphene-based membranes with higher water permeability,*”]
when it comes to commercial separation applications which
utilize cross-flow filtration to mitigate concentration polariza-
tion.*® The membrane stability of such graphene-based mem-
branes is often not reported or generally evaluated in unrep-
resentative hydrodynamic conditions such as submerging in
stagnant water. In comparison, our studies have demonstrated
the feasibility of employing nanoarchitectured membranes in
cross-flow filtration by engineering the membrane stability
through MWCNT intercalation. Considering that the costs of
mass producing GO and MWCNTs will continue to drop with

Adv. Funct. Mater. 2015, 25, 7348-7359
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Table 1. Performance and membrane stability of ultrathin pristine rGO and all-carbon nanoarchitectured membranes together with several repre- |
sentative results from recently published works. CCG: chemically converted graphene; PNIPAM: poly(N-isopropylacrylamide); NME: nitrocellulose (-
mixed ester; PC: polycarbonate; CDs: carbon quantum dots (1-3.5 kDa); MCE: mixed cellulose ester; PVDF: polyvinylidene fluoride; DY: direct yellow; -~
EB: evans blue; MO: methyl orange; N.A.: not applicable. =
v
Graphene-based membrane Fabrication method Feed system Water permeability coefficient ~ Rejection Membrane stability Ref. >
[Lm=2 h™" bar™] [%] =
Corrugated CCG Vacuum filtration 0.01x 1073 m DY 45 67 N.A. [37a] ~
PNIPAM/CCG (3:1)/NME Pressure-assisted RhB 152 70 Stable in water for a [12]
filtration month without leakage
of PNIPAM
GO/PC Vacuum filtration 15x10°°m EB Al 85 N.A. [18]
Nanostrand channeled GO/PC  Vacuum filtration 15%107°m EB 695 83.5 N.A. [18]
CDs-GO/MCE Vacuum filtration 10 ppm MB 408-434 99.5 N.A. [37b]
10 ppm MO 99.2
10 ppm RhB 99.7
MWCNTs-refluxed GO/PVDF Vacuum filtration 0.05 gL' MO 11.33 96.1 Stable under 450 rpm [19]
0.02 X107 m DY 99.8 stirring during
performance evaluation
Base-refluxed rGO/PVDF Vacuum filtration 0.02x 1073 m MB 21.8 99.2 Stable in water for at least [12a]
0.02 % 10- m RhB 5 78 0.5 year without visible
change
Ultrathin pristine rtGO/PC Pressure-assisted 0.01 gL' MB Al 95.2 Stable under 4667 R, this work
filtration 0.03 % 10°3 v AO7 955 cross-flow evaluation
0.02 x 107 m RhB 97.3
rGO_80MWCNT (10)/PC Pressure-assisted 0.01 gL' MB 52.7 99.8 Stable under 4667 R,
filtration 0.03 X 10-3 m AO7 99.4 cross-flow evaluation and
withstand 1167 R,
0.02 x 107 m RhB 100

cross-flow for at least 24 h

the development of better and cheaper scale-up methods,% we
are confident that our all-carbon nanoarchitectured membranes
will be able to find their places in niche separation applications.

3. Conclusion

All-carbon nanoarchitectured membranes were demonstrated
with high water permeability, excellent organic dye rejection
rates, and superior membrane stability. By loading small diam-
eter MWCNTs (10 nm diameter) in the rGO membranes, the
microstructures of the nanoarchitectures can be easily tuned
from a graphene-rich type to a CNT-rich type. As a result
of this intercalation of MWCNTs, the rGO membrane with
80 wt% MWCNT loading exhibited a water permeability which
is 4.8 times higher than that of the pristine rGO membrane. In
addition, this membrane provided a better size exclusion effect,
with almost 100% rejection rates for three types of organic dyes
of different charges. Furthermore, our unprecedented study on
the membrane stability has revealed exceptional stability of the
all-carbon nanoarchitectured membranes when subjected to a
turbulent cross-flow hydrodynamic condition of 2000 mL min~!
and Reynolds number of 4667. Mechanistic understanding
suggests that the van der Waals attractions and - stacking
interactions between the assimilated rGO sheets and the
nanoscale rGO foliates on the intercalated MWCNT anchors
have successfully engineered such membrane stability. These

Adv. Funct. Mater. 2015, 25, 7348-7359
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results have demonstrated the effectiveness of our strategy to
use MWCNTs as spacers to create nanochannels which selec-
tively facilitate water transport and as anchors to instill the
membrane with superior stability for water purification. In gen-
eral, this nanoarchitecture design is highly versatile in creating
both graphene-rich and CNT-rich all-carbon membranes with
engineered nanochannels and superior membrane stability for
realizing practical separation applications of graphene-based
membranes.

4. Experimental Section

Materials: GO was synthesized from graphite powder (Bay Carbon,
Michigan) via a modified Hummers and Offeman’s method as described
in our previous work."% The prepared GO solution was then diluted
to a stock solution with concentration of 6.5 mg mL™" for membrane
fabrication. As received MWCNTs (10 nm: Cnano Technology Ltd. and
50 nm: Cheap Tubes Inc.) and SWCNTs (AP-SWCNT: Carbon Solution
Inc.) were first functionalized by refluxing in 69.0% HNO; (Sigma-
Aldrich) for 4 h. The detailed functionalization procedure can be found
in the literature.l33]

Membranes Fabrication: To fabricate the all-carbon nanoarchitectured
membranes, a diluted GO solution (0.1 mg mL™") was first prepared
from the stock and subjected to bath-sonication for 30 min to exfoliate
the GO. 20 mg of each type of CNTs were dispersed in 100 mL deionized
water (DI H,0) via tip-sonication (Sonics-VCX130) at 5 °C for 1 h to
give well-dispersed CNTs solutions (0.2 mg mL™"). These GO and
CNTs solutions were immediately used for membrane fabrication after
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sonication. 0.222, 0.857, 2, and 4 mL of the MWCNTs (10 nm diameter)
solutions were correspondingly added into 4 mL of GO solution and
then subjected to pressure-assisted filtration at 1 bar pressure on PC
membranes (0.2 um pore size, 47 mm diameter, Millipore) using an
in-house made dead-end filtration device to yield membranes containing
10, 30, 50, and 80 wt% MWCNTs, respectively. The same procedure
was repeated using MWCNTs (50 nm diameter) to produce 10, 30,
50, and 80 wt% GO_MWCNTs membranes and SWCNTs to produce
80 wt% GO_SWCNTs membrane. To prepare ultrathin GO membrane
as a control, 4 mL of the GO solution was likewise filtered without
addition of CNTs. The GO loading on all these membranes were kept
the same at 0.35 g m~ to ensure the same hydrodynamic resistance
from the sheets for comparative studies. The as-prepared membranes
were then dried in a drying chamber with temperature and humidity
controlled at 35 °C and 40%, respectively, for 24 h. For the preparation
of pristine rGO membrane and the nanoarchitectured membranes, the
dried membranes were treated with 57 wt% HI (Sigma-Aldrich) vapor at
90 °C for 2-5 min depending on the thickness of the membranes which
changed with different wt% of the CNTs added. The reduced membranes
were stable to water and thus they were washed with running DI H,O
thrice after the reduction process to remove any excess HI. These
cleaned membranes were air-dried and stored under room temperature
for evaluation of separation performances.

Evaluations of Separation Performance: The pure water permeability
and separation evaluations were performed using an in-house made
dead-end filtration device with an applied pressure of 1 bar driven by
nitrogen gas. As reported in the literature, the water permeability usually
stabilizes after 0.5 to 1 h of compaction.[?%<l Thus, all of the reported
water permeability coefficients of the membranes were obtained after 1 h
of compaction in DI H,O at a pressure of 1 bar. Three different aqueous
dye solutions, MB, AO7, and RhB, obtained from Sigma-Aldrich, were
utilized to evaluate the membranes separation properties at a pressure
of 1 bar. The mean pore diameter and pore size distributions of the
membranes were determined using a Levenberg-Marquardt equation
and a two-parameter log-normal distribution function as described
elsewhere in the literature.l*0241 The effective membrane area for all
these evaluations was 11.34 cm?. Detailed calculation methods are
provided in the Supporting Information.

Characterization: A UV-Vis spectrometer (UV-1800, Shimadzu)
was used to quantify the concentrations of the dyes in the retentate,
permeate, and feed solutions to obtain the separation performances
of the membranes. The membranes surface and cross-sectional
morphologies were imaged using a field emission-scanning electron
microscope, FE-SEM (JSM-6701F, JEOL), at 5 kV while the morphology
and structural integrity of the MWCNTs were characterized using a
transmission electron microscope, TEM (JEM-1400, JEOL), at 80 kV. The
surface morphology, roughness, height profile of the GO and pristine
rGO membranes, and the lateral dimensions of the GO sheets
(Figure S9, Supporting Information) were also elucidated via atomic
force microscopy, AFM (MFP-3D, Asylum Research) in the AC mode.
An attenuated total reflection Fourier transformed-infrared, ATR FT-IR
(IR Prestige-21, Shimadzu) spectrometer was employed to study the
surface functional groups of the membranes and the MWCNTs before
and after reduction. The microstructural integrity of the membranes was
investigated using Raman spectroscopy (Renishaw) equipped with a
785 nm laser source while the XRD patterns of the membranes in wet
and dry states were obtained using an X-ray diffractometer (D2 Phaser,
Bruker) equipped with a Cu K, radiation source. A goniometer (OCA,
DataPhysics, GmbH) was used to measure the water contact angles of
the membranes before and after reduction.

Membrane Stability Evaluation: Membrane stability was studied under
various cross-flow rates using an in-house made membrane cross-flow
testing cell. A peristaltic pump (Masterflex L/S, Cole Parmer) was utilized
to pump DI H,O into the cell at a cross-flow rate ranging from 40 to
2000 mL min~". The pristine rGO and nanoarchitectured membranes
were initially subjected 40 mL min~' cross-flow rate before the rates were
increased to 500, 1000, and 2000 mL min~' for a duration of 10 min at
every rate. For the GO membrane, the highest cross-flow rate evaluated
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was 500 mL min~'. These cross-flow rates were quantified into Reynolds
number, R, (see the Supporting Information), to assess membrane
stability under different flow conditions. The effective membrane area for
these stability evaluations was 4.5 cm?.

Supporting Information

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