
Contents lists available at ScienceDirect

Journal of Membrane Science

journal homepage: www.elsevier.com/locate/memsci

3D nanoporous crystals enabled 2D channels in graphene membrane with
enhanced water purification performance

Kecheng Guan, Di Zhao, Mengchen Zhang, Jie Shen, Guanyu Zhou, Gongping Liu⁎, Wanqin Jin⁎

State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing Tech University, 5 Xinmofan Road, Nanjing 210009, PR China

A R T I C L E I N F O

Keywords:
Graphene
Porous nanocrystals
Membranes
Water purification

A B S T R A C T

Two-dimensional (2D) materials have been received increasing attention in various fields such as physics,
material science, chemistry and engineering. In particular, the graphene-based membrane is an emerging subject
mainly due to the atomic thickness, simple processing and the compatibility with other materials. In the case of
water treatment, stable graphene-based laminar structures as well as high separation performance are pursued.
In this work, nanoporous crystals embedded graphene laminate membranes was reported for water purification.
Reduced graphene oxide (rGO) nanosheets obtained from a solution chemical process act as building blocks to
construct the 2D channels through a pressure-driven filtration process. By incorporating three-dimensional (3D)
nanoporous crystals with sub-nano sized aperture size into the 2D graphene laminates, both the inter-layer
spacing and numbers of nanofluidic channels are increased, leading to greatly-enhanced water separation per-
formance. The optimized 3D/2D membranes exhibit 15 times higher water permeability than that of the rGO
membrane with similar high dye retention rate. The significance of such 3D nanoporous structure and transport
mechanism through the 3D/2D membranes is systematically studied. This general approach of enhancing the
molecular transport through 2D nanofluidic channels proposed here may also find application in gas separation
and battery membranes.

1. Introduction

As graphene-based membranes have attracted broad interests for its
prospects to function in various processes including gas separation
[1–5], pervaporation [6–9], and water treatment such as desalination
and pressurized filtration [10–15]. The distinct properties of graphene
membrane are originated from the graphene-based two-dimensional
(2D) materials such as graphene oxide (GO) and chemically converted
graphene (CCG). Particularly, in the case of applying GO membranes in
an aqueous environment, chemical treatment is required due to the
inherent water dispersion behavior of GO. Chemical cross-linking [10],
bonding [16] or reduction of GO [17] is typically employed to enhance
the stability of GO sheets in aqueous media and to retain the laminar
structure in the meantime.

It is well proved that the main transport pathway through GO la-
minates is the 2D capillary network formed by face-to-face (van der
Waals’ force) and edge-to-edge (electrostatic repulsive force) aligned
GO sheets [18,19]. The interlayer spacing of laminates is adjustable
according to the oxygenated groups amount and the hydrated ratio of
GO. Chemical crosslinking or bonding of GO laminates usually expands
the spacing for the existence of linking agent while chemical reduction

tends to narrow the transporting way due to the loss of oxygenated
groups which contributes to the structural compaction. To optimize the
membrane structure, researchers have proposed several strategies that
can be summarized as a two-step procedure: chemical reduction and
enlarging laminar interlayer space. The reduction of GO can be handled
either before or after the membrane formation via solution chemical
processing (e.g., hydrazine reduction [20]) and in-situ reduction of GO
layer (e.g., HI reduction [18,21]), respectively. As to overcome the
permeability decline brought by chemical reduction, various kinds of
nanomaterials are naturally considered to act as spacers through GO
laminates. zero-dimensional (0D) or One-dimensional (1D) carbon
materials (carbon dots [22], carbon nanotubes [23–26]) and nanos-
trands [27] have been reported to be assembled into graphene mem-
brane to enhance the water permeability. However, these 0D or 1D
nano-spacers that only enlarge the transporting 2D channels through
graphene laminates may not afford more transporting ways due to their
solid property or limited-openings along the diffusion pathway.

The incorporating nanoporous crystals with three-dimensional (3D)
channels into the graphene laminates with 2D channels was assumed to
further promote the water permeation by introducing more nanofluidic
channels meanwhile enlarging the inter-layer spacing. The
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incorporated crystals within graphene laminates may raise the porosity.
Additionally, porous crystals are more favorable to this end for the
direct water transport through particles themselves, rendering a less
tortuous transporting path.

In this work, therefore, 3D nanoporous crystals as spacers to par-
tially expand the interlayer of reduced graphene oxide (rGO) stacks was
proposed to enhance the water permeability at the same time preserve
the retention rate for water pollutants. Here UiO-66 was selected as a
typical spacer to be embedded in the graphene laminates. UiO-66 is a
new kind of zirconium based nanoporous metal-organic frameworks
(MOFs), in which each zirconium center is connected to 12 benzene-1,
4-dicarboxylate linkers [28]. Recent work has demonstrated that a
continuous UiO-66 membrane has the potential for water desalination
based on size-selective diffusion [29]. The tetrahedral cavity, octahe-
dral cavity and triangular aperture (~0.9, ~1.1 and ~0.6 nm, respec-
tively) of the UiO-66 are all larger than the size of a water molecule
(0.32 nm). Hence water can freely pass through the 3D nanocrystals
while solutes (e.g., organic dyes) were rejected when solution filtrated
through main 2D channels of stacked graphene-based membranes.
Another 3D nanoporous spacer demonstrated here is Prussian blue (PB),
a prototype of mixed-valence transition metal hexacyanoferrates having
central pathways with a pore size of ~0.4 nm.

2. Experimental section

2.1. rGO preparation

Graphene oxide was synthesized by a typical modified Hummers
method [30,31]. A certain amount of GO was dispersed into deionized
water via sonication and centrifugation. The solution chemical route
was adopted to reduce GO through a hydrothermal process To obtain
rGO (reduced graphene oxide) with the existence of aqueous ammonia
solution and L-ascorbic acid (LAA). Utilizing such method, rGO can be
dispersed well in water for next step processing. A detailed typical
process was described as following: GO powder was dispersed into
water to obtain GO solution with the concentration of 0.1 mg/ml. Then
10 ml of such solution and 0.01 g LAA were added into the autoclave.
After that, ammonia solution was added to the above solution to adjust
pH to the value of ~10. The autoclave was heated under 95 °C for
30 min after vigorous shaking. Thus, rGO solution was obtained when
the hydrothermal process ended.

2.2. Synthesis of UiO-66 nanocrystals

ZrCl4 (4.49 mmol, 1.06 g), Terephthalic acid (4.49 mmol, 0.67 g),
5 ml formic acid were dissolved in 50 ml DMF and then heated in an
autoclave under 120 °C for 24 h. Then the obtained suspension was
centrifuged at 8000 rpm for 10 min to attain white powders. At last,
above powders were immersed in methanol for solvent exchange for
three days and activated under vacuum at 100 °C. Powders without
solvent exchange and activation were also prepared for the reference.

2.3. Synthesis of Prussian blue nanoparticles

Two solutions were prepared before the synthesis process. solution
A, 0.01 M K4[Fe(CN)6] + 0.1 M KCl + 0.1 M HCl, and solution B,
0.01 M FeCl3 + 0.1 M KCl + 0.1 M HCl. An injection pump was used to
inject above two solutions into a beaker with heating and stirring for
homogeneous reaction. The beaker contained distilled water before the
reaction. After the reaction process, the obtained suspension was cen-
trifuged to attain PB powders.

2.4. Membrane fabrication

rGO membranes and UiO-66-rGO membranes were prepared by
pressurized filtration method. A typical membrane preparation process

was described as following: 1.5 g as-prepared rGO solution was mixed
with a certain amount of UiO-66 nanocrystal aqueous suspension. Then
this suspension was diluted by deionized water and after stirring and
sonicating, homogeneous suspension was obtained. Polycarbonate filter
membrane (Millipore, pore size of 200 nm) was used as substrate to
filtrate suspension under the pressure of 1 bar. Notably, it was not en-
sured that the nanocrystals were embedded into the every interlayer of
graphene laminates although stable and homogeneous suspensions used
here were prerequisites. Nevertheless, this did not affect the study of
the filtration performances by graphene membranes embedded with
varied nanocrystal amount. Preparation of PB-rGO membrane, GO or
rGO membrane was similar to the procedure above. PC filter membrane
was selected as the support for graphene membrane due to its smooth
surface and low transport resistance.

Crosslinked rGO or UiO-66-rGO membrane was fabricated by fil-
trating diamine (ethylenediamine) aqueous solution and rGO or UiO-
66-rGO suspension simultaneously (for example, an aqueous suspension
containing 2.5 μl diamine, 0.15 mg GO and 0.15 mg UiO-66 nanocrys-
tals was prepared to fabricate crosslinked UiO-66-rGO precursor
membrane with embedding amount ratio of 1) through the PC filter.
After the filtration process, the fresh membrane sample was thermally
treated at 80 °C for 1 h to carry out the chemical crosslinking process.
The as-prepared membrane sample was stored in a desiccator at room
temperature. Cross-linked membranes were evaluated by cross-flow
filtration.

2.5. Measurement of separation performance

All feed dye aqueous solutions were with the concentration of
10 ppm. A home-made dead-end stirring cell or a cross-flow cell was
used to evaluate the retention performance of various membrane
samples. Data collecting procedure was carried out one hour after the
beginning of membrane evaluation to exclude dye-adsorbing and wait
for the permeability compaction [25]. Pure water flux was calculated
with the equation below:

=
× ×

J V
A p t (1)

where V (L) is collected water volume in the permeate side, A (m2) is
effective membrane area, p (bar) is applied pressure and t (h) is op-
eration time. Thus, water flux J can be calculated.

The concentration of due solutions on the feed side and permeate
side are characterized by UV–vis spectra. Retention rate is calculated
using the equation below:

= − ×R
c
c

1 100%p

f (2)

where cp and cf is the dye concentration on the permeate side and feed
side, respectively. Thus, the retention rate R is calculated accordingly.

2.6. Characterizations

The morphologies and energy dispersive spectroscopy (EDS) ana-
lysis of the membrane or nanocrystal samples were revealed by field
emission scanning electron microscope (FESEM, S4800, Hitachi,
Japan). Transmission electron microscope (JEM-2100F, Japan Electron
Optics Laboratory Co., LTD, Japan) was used to characterize the na-
nocrystals. The roughness data of membrane surface at the range of 10
× 10 µm and the height profiles of rGO nansoheets were obtained from
atomic force microscope (AFM, Bruker Dimension Icon, Germany and
XE-100, Park SYSTEMS, Korea) characterizations. The quartz crystal
microbalance technique (QCM200 Quartz Crystal Microbalance,
Stanford Research Systems, Inc.) was used to measure the sorption
ability. Water contact angles were examined by a contact angle drop-
meter (A100P, MAIST Vision Inspection &Measurement Co., Ltd.). X-
ray diffraction (XRD, Bruker D8 Advance, Germany) was performed at
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room temperature in the range of 5° ≤ 2θ ≤ 40° with the increment of
0.02° per second. X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250, USA) was recorded to analyze the containing elements
in samples. Raman spectroscopy (LabRAM HR, HORIBA, France) was
carried out with 514 nm wavelength incident laser light in the range of
1000–2000 cm−1. UV–Visible Spectrophotometer (UV–vis, Perkin
Elma, Lambda 950, USA) were characterized to analyze suspension
properties and dye concentration. Adsorption experiments of the UiO-
66 nanocrystals were carried out by ASAP 2460 with CO2 (298 K) and
N2 (77 K). BET surface areas were calculated from the N2 isotherms at
77 K. Zeta potential analysis (Zetasizer Nano ZS90, Malvern, UK) is
carried to characterize the nanocrystal suspension (0.1 mg/ml).
Electrochemical impedance spectroscopy (EIS) measurements were
performed in the presence of a stationary 5 mM K3[Fe(CN)6]/K4[Fe
(CN)6] (1:1) mixture as a redox probe in 0.1 M KCl solution with the
frequency changed from 0.1 Hz to 1000 kHz and signal amplitude of
5 mV.

3. Results and discussion

3.1. Pure GO and rGO Membrane

A schematic of water transport pathways through the proposed
graphene membrane is shown in Fig. 1 by using UiO-66 as a typical
spacer. Firstly the pristine GO and rGO membranes were studied for the
acquirements of basic properties and some fabrication parameters. As
GO sheets are hydrophilic, the problem of GO membrane swelling and
redispersion in aqueous solution cannot be overlooked. The rejection of
a typical kind of dye molecule, rhodamine B (RhB), was low for GO
membranes. Other works also reported this phenomenon and the
moderate retention performance (roughly 50~80%) of GO membrane is
reasonable. With the purpose of stability strengthening as well as per-
formance enhancement, the reduction of GO thus was carried out as an
essential step for the following study. Here, GO was reduced to obtain
rGO based on a solution chemical process [32,33], after which process
rGO was dispersed much well in such aqueous solution. The dispersing
behavior is of great significance since the desired membrane structure
was directly formed by a filtration method. rGO suspension turned to be
black, differed from the brown color of GO suspension.

To characterize the properties and to validate the successful re-
duction, a series of characterizations were carried out including UV–vis
spectroscopy, Raman spectroscopy, XRD and XPS analysis (Fig. 2). In
UV–vis spectra, the absorption peak in ~230 nm of GO was red-shifted

to ~260 nm for the restored electronic conjugation. Also, the overall
stronger absorption intensity of rGO also implied that the aromatic
structure of graphene is recovered. The typical D and G band of carbon
materials in Raman spectra also can reveal the variation of electronic
conjunction state. rGO possessed a higher D/G intensity value, which is
consistent with the other common effective reduction results. In the
XRD patterns, rGO showed up a broad peak around 2θ = 25° while GO
showed a sharp peak at the position of 2θ = 11°. According to Bragg's
law, rGO thus owned a narrowed interlayer spacing compared to GO.
These results agreed well with literature [20,32] which have been
proved to be a thorough reduction. Although rGO prepared by con-
ventional process is not able to suspend in water, in this solution-based
method, the attachment of reduction agent on graphene plane can help
to keep rGO sheets repulsive to each other. Therefore, the as-prepared
rGO is ready to be applied in following processing and laminar mem-
brane construction via the flow filtration method.

The morphological changes was firstly observed between the as-
prepared GO and rGO membranes. rGO membrane reveals a flattened
surface morphology in comparison with GO membrane as seen from
SEM images in Fig. 3a, b. More apparent surficial fluctuations on GO
membranes were observed mostly attributed to the nanosheets folding
effect during filtration assembly, and abundant oxygenated groups of
GO as well as the accordingly larger interlayer spacing. The XPS spectra
(Fig. 2e, f) show a massive loss of C-O groups which were originated
from the hydroxyl and epoxy groups at the plane of GO sheets. An
apparent morphological change was characterized by atomic force
microscope in AFM images (Fig. 3c, d). The depth profiles of AFM
images indicate the weakened wrinkles on rGO membrane. Moreover,
the overall surface roughness of rGO membrane also decreased in a half
which indicated a smoother morphology with less edge-to-edge wrin-
kles.

As shown in Fig. 3e-f, reduced water permeability of rGO mem-
branes compared with GO membranes was observed due to the more
compact structure induced by the loss of oxygenated groups and hy-
drophilicity. Membranes with increased rGO loadings resulted in a
continuous drop of water permeability but possessed higher retention
rate than GO membranes. It was hypothesized that the introduction of
3D nanoporous crystals would effectively enhance the water perme-
ability through graphene-based laminates. To determine the proper
loading amount for retention test, RhB was selected as the model pol-
lutant for the sake of its relatively small molecular dimension (less than
2 nm) and electroneutral property to exclude electrostatic effect during
filtration. According to our tests, rGO membranes with loading amount

Fig. 1. Schematics of water transport through (a) nanocrystals
embedded rGO laminates, (b) stacked rGO sheets and (c) nano-
porous crystal.
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larger than 0.5 g/m2 shows distinct high retention rate (> 95%). Here
the loading amount of 0.75 g/m2 is selected in this work to guarantee
the high pollutants-removal ability.

3.2. Nanocrystals embedded rGO membranes

The stable membrane precursor solutions including rGO suspension
and UiO-66 suspension are significant for fabricating integrated laminar
graphene-based membranes. rGO nanosheets revealed a typical lateral
size of 1–2 µm and UiO-66 was synthesized with the particle size of
around 20–30 nm (Fig. 4a, b) via a typical procedure in previous work
[34]. Due to the atomic-thin thickness and much larger lateral size

property of graphene nanosheets, layered structure of graphene lami-
nates could not be disrupted by much smaller nanoparticles through
filtration directed assembly process. rGO nanosheets tend to stack
horizontally sheet by sheet following the direction of filtration and also
cover some nanocrystals during this process. Compared with other solid
nanomaterials, the nanoporous structure of UiO-66 is expected to afford
additional transport channels as it exhibited excellent transport prop-
erties for either gas or water molecules [35,36].

As to stimulate the water transport through rGO membranes, UiO-
66 embedded rGO membranes were fabricated with a typical layer
thickness of less than 300 nm (Fig. 4c). The surface view of membrane
was shown in Fig. 4d. The XRD characteristic peak of rGO in UiO-66-

Fig. 2. (a) Optical images of GO and rGO aqueous suspension; (b) UV–vis spectra of GO and rGO aqueous suspension; (c) Raman spectra of GO and rGO; (d) XRD spectra of GO and rGO;
XPS spectra of (e) GO and (f) rGO.
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rGO membrane sample shows a slight shift to lower two theta values
(Fig. 4e), which may be possibly attributed to the enlarged interlayer
space of graphene laminates. Zr3d scan of membrane sample in XPS
spectra also revealed the existence of UiO-66-rGO nanocrystals in rGO
laminates (Fig. 4f). Meanwhile, elements distribution was also revealed
by EDS. Zr, C and O were distributed uniformly in the tested area as
seen from Fig. 5.

3.3. Transport properties of nanocrystal-rGO membranes

The intercalation amount of UiO-66 was evaluated to observe its
effects on membrane separation performance. The membrane samples
were designated as UiO-66-rGO-x, in which ‘x’ means the weight ratio
of UiO-66 to rGO. A series of experiments were carried out with the ‘x’
values of 0.3, 0.7, 1 and 1.3. Water permeability was continuously
raised up as more UiO-66 nanocrystals was embedded between rGO

stacks (Fig. 6a). For one reason, UiO-66 was successfully embedded into
the interlayer of rGO stacks to expand the channel and reduce the water
transporting resistance. XRD analysis (Fig. 4e) suggests that the inter-
layer spacing of rGO membrane was enlarged by incorporating UiO-66
nanocrystals into the graphene laminates, while the inter-layer spacing
of UiO-66-rGO membranes was not further enlarged by increasing the
UiO-66 loading. It reveals that the increase of UiO-66 loading improved
the embedding density of UiO-66 nanocrystals on the graphene na-
nosheets rather than further enlarging the interlayer spacing. For an-
other reason, porous UiO-66 nanocrystals may provide faster water
transport channels, leading to the higher permeability. Typical UV–vis
spectra of feed RhB solution and collected permeates by UiO-66-rGO-
0.7 membrane are shown in Fig. 6b. The RhB retention rates were
all> 90% (except the ~89% retention rate for UiO-66-rGO-1.3 mem-
brane) for these membrane samples with varied embedding amount.

Fig. 3. SEM, AFM images and filtration performance of (a, c, e) GO and (b, d, f) rGO membranes, respectively.
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3.4. Role of 3D porous nanocrystal

To overcome the redispersion of GO in water solution, GO mem-
brane was reduced. The resulting rGO membrane became much more
hydrophobic than GO membrane, as indicated by the surface contact
angle increasing from 32° to 93°. Nevertheless, the addition of nano-
crystals overcome this reduction-induced hydrophobicity. As shown in
Fig. 7a, the contact angle of rGO membrane surface was gradually
declined from 93° to 55° with increasing the UiO-66 contents in the
membrane. QCM (Quartz Crystal Microbalance) was utilized to monitor
the water sorption behavior of rGO and UiO-66-rGO (Fig. 7b). Better
hydrophilicity of UiO-66-rGO was further confirmed.

To reveal the role of 3D porous nanocrystal in water transport,

unactivated UiO-66 (labelled as unUiO-66) crystals was prepared where
the guest solvent in synthesis, N, N-Dimethylformamide (DMF) mole-
cules were not removed from the cavity of crystals, leading to a much
less porous structure indicated by BET analysis (Fig. 7c). These crystals
were used to prepare membrane samples through a similar procedure as
to validate the contribution of 3D nanopores of crystals in the water
transport. These unUiO-66 crystals were embedded into rGO laminates
(unUiO-66-rGO-1) and the water permeability was only the half of UiO-
66-rGO-1 membrane with same embedding amount (but still almost 6
times higher than rGO membrane, Fig. 7d; RhB retention rate of the
unUiO-66-rGO-1 membrane was around 91.50%). The result clearly
indicates that the 3D nanoporous structure of crystal could further fa-
cilitate the water transport through graphene laminates rather than

Fig. 4. (a) Optical image of rGO suspension and AFM image of rGO sheets; (b) optical image of UiO-66 suspension and TEM image of UiO-66 nanocrystals; (c) cross-section SEM image of
UiO-66-rGO membrane; (d) SEM morphological image of UiO-66 embedded graphene membrane (inset image is a curved membrane sample picked by a tweezer); (e) XRD spectra of rGO
and UiO-66-rGO membranes; (f) XPS Zr3d scan of UiO-66-rGO membrane.
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only enlarging the stacked interlayers. To prove the great permeability
contribution brought by 3D nanoporous crystals, the water sorption
property of unUiO-66-rGO and UiO-66-rGO was compared (Fig. 7b).
UiO-66-rGO possessed roughly 1.7 times higher sorption than unUiO-
66-rGO seen from the QCM sorption amount at 10,000 s. The higher
water permeability in UiO-66-rGO can be attributed to the additional
water transport pathways of 3D porous nanocrystals contributing to
faster mass transfer than the pristine interlayer channels of rGO.

3.5. Dye retention performance

A specific dye retention mechanism had been studied in literature
which generally concluded that the molecular sieving rather than ad-
sorption behavior of GO membrane was the dominant effect during the
filtration process [17,24]. Similarly, from our experimental results,
higher intercalation amount of UiO-66 was not helpful for the en-
hancement of retention rate. In contrast, taking UiO-66-rGO-0.7 and

Fig. 5. SEM image and relevant EDX images of UiO-66-rGO membrane.

Fig. 6. (a) Filtration performance of UiO-66-rGO membranes with different embedding amount; (b) UV–vis spectra of feed and permeate samples by a UiO-66-rGO-0.7 membrane.
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UiO-66-rGO-1.3 as two representative samples (Fig. 8), the water per-
meability was elevated (from ~14 to ~33 L m−2 h−1 bar−1) while dye
retention rate dropped (From ~99% to ~89%) when the intercalation
amount ratio was increased from 0.7 to 1.3. The retention rate remains
almost constant during the filtration processes. If the pure water was
mainly obtained from the dye adsorption of UiO-66 frameworks, the
increasing amount of UiO-66 would help to improve the dye retention
rate, which indirectly reveals that sieving effect of GO interlayers was
the dominant mechanism for dye retention and the embedding of na-
nocrystals accounted for the increased water permeability.

The retention of other dyes including positively charged methylene
blue (MB) and negatively charged titan yellow (TY) was also tested. TY

possessed larger molecular size than RhB while MB is smaller. For UiO-
66-rGO-1 membrane, the retention rates of MB and TY are also greater
than 90% (Table 1). These results are attributed to dye molecular size as
well as electrostatic effect between dye molecules and membranes. A
comparison with other works is listed in Table 2 for reference. Among
recently published works, basically creating more transport channels
were able to enhance the separation performance of graphene-based
membrane. In this work, nanoporous crystals were embedded to create
more and faster transport channels for the transport of water molecules
in graphene-based membrane. High water permeability with compar-
able dye retention was achieved in the developed UiO-66-rGO mem-
branes.

Amine functionalized UiO-66 crystals (UiO-66-NH2) were also syn-
thesized and had been embedded into the rGO laminates to observe the
membrane performance. Since the UiO-66-NH2 exhibited electrostatic
attraction with rGO sheets [as proved by zeta potential (ZP) analysis,
the ZP values of UiO-66 and UiO-66-NH2 suspensions are −0.03
± 0.002 mV, +11.95 ± 0.15 mV, respectively], the assembled UiO-66-
NH2-rGO membrane would be more compact. A membrane sample of
UiO-66-NH2-rGO-0.7 was fabricated accordingly. The RhB retention
rate (98.36%) was comparable to that of the UiO-66-rGO-0.7 sample,

Fig. 7. (a) water contact angles of different membrane samples; (b) sorption ability of different membrane samples monitored by QCM; (c) BET analysis of activated and unactivated UiO-
66 nanocrystals; (d) water permeability of different membrane samples.

Fig. 8. Filtration performances of UiO-66-rGO-0.7 and −1.3 membranes during water
recovering process.

Table 1
A summary of various dye-retention performances by UiO-66-rGO-1 membrane sample.

Dye molecule Retention rate
(100%)

Molecular
weight (g/mol)

Molecular
dimension
(nm×nm)

charge

RhB 95.0 479.0 1.7×1.4 Neutral
TY 98.5 695.7 3.0×1.4 Negative
MB 98.7 319.9 1.6×0.8 Positive
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and the water permeability was compromised as expected (from 14.38
to 10.80 L m2 h−1 bar−1). This was attributed to the 3D nanoporous
crystals enabled channels which overcome the resistance of electro-
static attraction. Although the amine modified nanocrystals possessed a
positive ZP value, the major part of the nanocrystals embedded mem-
branes is still comprised from negatively charged rGO (Fig. 9). There-
fore, dye retention behaviors of UiO-66-NH2-rGO and UiO-66-rGO
samples were similar. From above experimental works, size effect seems
more important than electrostatics during dye retention process
through graphene membrane.

3.6. Universality and stability

To demonstrate the universality of the 3D nanoporous crystals
embedded 2D graphene channels approach, UiO-66 nanocrystals was

substituted with PB nanocrystals. PB owns central pathways with the
diameter of ~0.4 nm, and the particle size of the as-synthesized PB
nanocrystals is around 50 nm (Fig. 10a). As expected, water perme-
ability of rGO membrane was greatly improved with increasing the PB
nanocrystals intercalation amount in the PB-rGO membranes, while
RhB dye removal efficiency were well above 90% (Fig. 10b). It suggests
that the membrane properties or performances can be easily regulated
by embedding versatile nanocrystals with various characteristics.

To further validate the permeability improvement brought by 3D
nanoporous crystals, UiO-66 nanocrystals were embedded into cross-
linked rGO membranes that would exhibit high stability due to the
interlocked rGO sheets leading an integrated laminar structure. In this
study, UiO-66-rGO-1 membrane was chemically cross-linked with dia-
mine [38] as proved by XPS spectra (Fig. 11a, b). Compared with the
spectra of rGO (Fig. 2f), the cross-linked membrane revealed a higher C-
O or C-N peak intensity, which was resulted from the nucleophilic
substitution reaction amine opened epoxy groups and formed new
covalent bonds linking C-OH and C-N groups. The cross-linked UiO-66-
rGO membrane exhibited water permeability of ~15 L m2 h−1 bar−1,
which is more than 10 times higher than cross-linked rGO membrane,
Fig. 11b). In addition, the cross-flow filtration was carried out to
evaluate the cross-linked membranes. Both cross-linked rGO and cross-
linked UiO-66-rGO membrane showed stable retention performance
during the operation period (Fig. 11d). The lower retention rate was
possibly resulted from the diamine which further enlarged the capillary
pores compared to the UiO-66-rGO membrane. Regardless, embedding
nanoporous crystals was proved to be efficient approach to enhance the
water permeability for different types of graphene-based membranes.

4. Conclusions

In summary, 3D nanoporous crystals embedded rGO membranes
with 2D channels were fabricated and employed for pressure-driven
water filtration. The water purification performance of UiO-66-rGO
membranes and PB-rGO membranes was finely regulated by varying the
intercalation amount of these nanocrystals, while excessive embedding
resulted in incompatible structure and destroyed the sieving effect of
rGO membrane. It was demonstrated that high retention rate of organic
dyes and greatly-improved water permeability could be realized by
nanoporous crystals intercalation. The proposed 3D nanoporous crys-
tals enabling 2D graphene channels approach may be extended to other
membrane fabrication and separation processes.
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