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a b s t r a c t

Graphene oxide (GO) can be processed into carbon membranes with unique water permeability and
molecular selectivity. Metal-organic frameworks (MOFs) have been proposed as filler materials to
enhance water permeability of laminar GO-based carbon membranes. However, it remains unclear how
the enhancement arises. Herein, we combined experimental and molecular simulation studies to provide
critical insights into the water transport behaviors of GO/MOF composite membranes. The water
permeability enhancement was found to be directly correlated to the increase in the average interlayer
spacing between GO nanosheets. The simulation results indicate a slower water transport through
nanochannels in MOFs than in nanochannels formed by GO nanosheets. A small amount of MOF particles
only serves as a blockage in laminar GO membranes, suppressing their water permeability. In contrast, a
large amount of MOF particles increases the interlayer spacing between GO nanosheets and creates very
fast water transport stretches. Besides, some large gaps are formed between non-smooth MOF particles
and GO nanosheets, adding supplementary water channels to deliver higher water permeability. We
envision a shift in future research direction to exploit the selective adsorption capacity of MOFs other
than leveraging them as fast water transport channels to realize their potential water treatment
applications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to their unique one-atom-thick 2D structure and tunable
physicochemical properties, graphene materials represent a po-
tential candidate material in fabricating advanced carbon mem-
branes for separation applications, such as pervaporation, gas
separation, water treatment, and desalination [1e9]. In particular,
graphene oxide (GO) possesses excellent processability and sta-
bility in aqueous solutions [10e12], allowing facile assemblies into
laminar membranes with promising water permeability and
n).
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molecular selectivity properties [3,4,13,14]. The separation mech-
anism depends on a tortuous pathway created by the impermeable
lamellar GO nanosheets [15e18], which offer size-exclusion effects
through the interlayer spacing between the nanosheets. Besides,
selective interactions by the functional groups on the GO nano-
sheets may play a significant role [18e21]. From a membrane
perspective, the interlayer spacing between adjacent GO nano-
sheets serves as membrane pores, which critically influence the
separation performance of GO membranes [14,16,22,23]. Dried and
tightly packed GO membranes may have an interlayer spacing of
~0.3 nm similar to that of graphite, which would only allow a
monolayer of water vapor to permeate through [15]. In contrast,
hydrated and expanded GO membranes can possess significantly
larger interlayer spacing up to several nanometers [4,15,24], sug-
gesting that the interlayer spacing of GO membranes can be engi-
neered [15,25]. To date, a multitude of nanomaterials with different
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dimensions has been explored as nanospacers for this purpose
[26e31]. For example, the water permeability of GO membranes
intercalated with carbon dots was 9 times higher than that of
pristine GO membranes while retaining similar dye removing ef-
ficiency [26]. Multi-walled CNTs (MWCNTs) were also used as
spacers to prevent the collapse of nanochannels under pressure and
enhance the stability of GO membranes [27,28].

Metal-organic frameworks (MOFs) are crystalline materials
constructed from inorganic metal centers and organic ligands. They
are deemed attractive for separation applications because of their
adjustable and designable pore sizes and chemical functionalities,
which can provide selective solute transport [32]. MOFs have been
extensively studied for gas and organic mixture separation
[33e39], as well as water treatment applications. However, there
are only a few MOFs such as ZIF-8 (zeolitic imidazolate frame-
works) and UiO-66, which are water-stable and have shown good
selectivity towards alkali metal ions in water treatment
[24,25,37,38,40,41]. These early studies have reported that MOF-
intercalated GO membranes could achieve higher water perme-
ability without sacrificing their selectivity [24,25,37,38,40,41]. For
example, the water permeability of MOF (i.e. UiO-66) intercalated
reduced GO membranes was reported to be 15 times higher than
that of pristine reduced GOmembranes with a similar dye rejection
rate [30]. It has been proposed that the higher water permeability
can be attributed to additional water transport nanochannels
through intrinsic pores of MOF particles. However, these assump-
tions have yet to be confirmed.

Hence, this work aims to explore the effect of MOF intercalation
and elucidate how water transport behaviors vary in lamellar GO-
based carbon membranes. We selected two zirconium-based
MOFs, i.e. MIL-140A and UiO-66, considering their structural
morphology, pore sizes, hydrophilicity, and chemical stability,
which originated from the strong bonding between the high valent
Zr(IV) ions and carboxylates [40,42]. GO/MOF composite mem-
branes were fabricated by a typical filtration method. The effect of
MOF intercalation on the water permeability was experimentally
studied in tandem with water transport simulations in nano-
channels of MOFs or between GO nanosheets with different inter-
layer spacing using molecular dynamic (MD) simulations. Our
results reveal that water transport in nanochannels of MOFs is
much slower than in nanochannels between GO nanosheets and
provide unique insights into the effects of MOF-based nanoscale
spacers in GO membranes for water treatment.

2. Experimental section

2.1. Materials

GO aqueous dispersion (Graphenea, 2.5wt% highly concen-
trated GO) was first diluted using deionized water as a stock so-
lution at the concentration of 0.5mg/mL. Polycarbonate (PC)
membranes (Millipore, 0.2 mm pore size, 47mm diameter) were
used as the membrane substrates. Zirconium (IV) chloride (ZrCl4,
Sigma-Aldrich, >99.5%) and 1,4-benzenedicarboxylic acid (H2bdc,
Sigma-Aldrich, 98%), Acetic acid (Univar Ajax Finechem, 99.9%) and
N, N0- dimethylformamide (DMF, Univar Ajax Finechem, >99.5%)
were used as received without further purification.

2.2. Synthesis of MOFs

MIL-140A was synthesized by a microwave-assisted method
[43]. Briefly, 0.25mmol ZrCl4 was mixed with 0.5mmol H2bdc
before adding 0.04mL (0.7mmol) of acetic acid and 2.5mL of DMF.
The mixture was heated to 220 �C in 2min under magnetic stirring
in a microwave oven (Anton Paar Monowave 300) and then held at
220 �C for 15min before cooled to 55 �C in 2min. The resulting solid
precipitates were collected by vacuum filtration and then washed
by DMF and acetone several times. Subsequently, the solid mate-
rials were solvent exchanged with methanol using a Soxhlet
washing procedure for 12 h before being dried in a vacuum oven.
An acetic-acid mediated solvothermal-method was used to syn-
thesize UiO-66 [42]. Briefly, 0.25mmol of ZrCl4 was mixed with
0.25mmol H2bdc before adding 1.75mmol (0.1mL) of acetic acid
and 2.5mL of DMF. The mixture was sonicated for 10min to obtain
a clear solution. Subsequently, the clear solution was heated at
120 �C in a hydrothermal autoclave and kept at the temperature for
16 h. The resulting solid precipitates were collected by vacuum
filtration. Dried powders were obtained using the same purification
procedure as used for MIL-140A.

2.3. Membrane fabrication

The GO/MOF composite membranes were fabricated by
pressure-assisted filtration. A diluted aqueous GO dispersion
(0.005mgmL �1, 40mL) was first prepared from the GO stock so-
lution and bath-sonicated for 30min. Next, aqueous MOF disper-
sions were prepared by dispersing different amounts of MIL-140A
or UiO-66 (ranging from 10, 20, 30 to 50wt%) in 10mL deionized
water using bath sonication at 25 �C for 30min. TheMOF dispersion
was added into the 40mL GO dispersion under stirring at the room
temperature for 30min to form GO/MOF mixtures. The GO/MOF
mixture was filtrated on a PC membrane (17.35 cm2 area) under
1 bar pressure using a dead-end filtration cell (Sterlitech, HP4750).
GO membranes were also prepared as a control. 40mL of diluted
aqueous GO dispersion was filtered without MOFs. It should be
noted that the mass loading of GO on all membranes was kept the
same at 0.2mg. Once the filtration completed, the as-prepared
membranes were immediately dried by an Ar gas flow at 1 bar
pressure in the dead-end filtration cell.

2.4. Evaluation of water permeability

The water permeability was measured using a dead-end filtra-
tion cell under an applied pressure (1 bar) in Ar gas. The mem-
branes were first compressed for 30min under 1 bar, and then the
permeate was collected in 5min and weighed using a digital bal-
ance. The pure water permeability (PWP) was calculated according
to Eq. (1):

PWP ¼ V
tADP

(1)

where V (L) is the volume of the permeate collected, t (h) is the
permeation time, A (m2) is the effective membrane surface area
(8.04 cm2) and DP (bar) is the 1 bar pressure applied to the
membrane.

2.5. Material characterization

The morphology of MIL-140A and UiO-66 was examined by a
field emission SEM (Zeiss, Ultra Plus). The surface elemental com-
positions were determined by energy-dispersive X-ray spectros-
copy (EDS). The crystallinity of MOF particles and the d-spacing of
GO/MOF composite membranes were determined by X-ray
diffraction (XRD) on XRD diffractometer (PANalytical X'pert Pro)
equipped with a solid-state detector (40 kV, 30mA, 1� divergence
and anti-scatter slits, and 0.3mm receiver and detector slits) and a
Cu-Ka (l¼ 1.5406 Å) X-ray source. The N2 physisorption isotherms
were measured using a surface characterization analyzer (Micro-
meritics, 3Flex). 100mg of powder samples were loaded into a glass
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analysis tube and outgassed for 12 h under vacuum at 120 �C before
measurement. N2 adsorption and desorption isotherms were ob-
tained at 77 K. The specific surface area was calculated using the
BrunauereEmmetteTeller (BET) method and the pore size distri-
bution was calculated based on the density functional theory (DFT)
model. The chemical characteristics of GOwere investigated using a
Raman spectrometer (Renishaw, inVia Reflex) equipped with a
785 nm laser. The lateral dimension of GO nanosheets was exam-
ined by atomic force microscope (AFM, Asylum Research, MFP-3D)
in the AC mode. The water contact angle of the membranes was
measured using a drop shape analyzer (Kr}uss, DSA 25).
2.6. Computational methods

Structural models of water in GO, MIL-140A and UiO-66 chan-
nels is illustrated in Fig.1. GOmodel consists of C atoms forming the
2D carbon framework, and surface carboxyl, carbonyl, and hydroxyl
groups. The density of surface functional groups is set as the same
Fig. 1. MD simulation models of water transport in nanochannels formed by (a) GO, (bed) M
water transports along different directions in nanochannels of MOFs: (bed) the direction 1,
O, and H atoms are in cyan, grey, red and white color, respectively. The axis indicator of (bef)
obtain clearer figures. (A colour version of this figure can be viewed online.)
as their concentration on GO nanosheets used in this study as
determined by XPS (Fig. S1 in the SI). nCOOH/nC¼ 0.07, nC¼O/
nC¼ 0.09, and nOH/nC¼ 0.43, respectively, where nCOOH, nC¼O, nOH,
and nC are the number of carboxyl, carbonyl, and hydroxyl groups,
and carbon atoms in the GO model, respectively. MIL-140A is
formed by zirconium oxide chains units linked by terephthalate
linkers leading to a pore diameter of 3.2 Å and has a chemical for-
mula of [ZrO(O2CC6H4CO2)]. It contains triangular-shaped pore
channels (Fig. 1bed) [44]. UiO-66 (Fig. 1eef) consists of Zr6O4(OH)4
clusters as inorganic subunits, which are each 12-fold bridged to
other nodes via the benzene 1,4-dicarboxylate linker, resulting in
triangular windows with a size of 6 Å. These windows connect two
types of cages (octahedral: 11 Å Ø; tetrahedral: 8 Å Ø) [45].

Molecular dynamic simulations were carried out using the
LAMMPS code [46,47], with a time step of 0.8 fs at room tempera-
ture. Periodic boundary conditions were applied in all directions.
The dimension of the simulation boxes for GO, MIL-140A, and UiO-
66 (including two simulation cells) is 50� 23� 30 Å, 61� 23� 24
IL-140A, and (eef) UiO-66. Pressures are applied along þ x axis in all simulations. (bef)
2, 3 of MIL-140A, respectively; and (eef) the direction 1, 2 of UiO-66, respectively. Zr, C,
is shown in the bottom right corner. Water molecules are not shown in MOF models to
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Å, 61� 21� 29 Å and 61� 21� 21 Å, respectively. The rigid TIP4P
model was used for water molecules58. All-atom optimized po-
tentials for liquid simulations (OPLS-AA) force field were used in all
simulation [48,49]. The LJ parameters and atomic partial charges of
MIL-140A and UiO-66 were taken from the universal force field
(UFF) and the DREIDING force field [50,51] and density function
theory [52], respectively. The long-range electrostatic forces were
computed with the P3Mmethod. For all pairwise LJ terms, Lorentz-
Berthelot mixing rule was applied. The cut-off distance in the LJ
potential was set to 2.5 s. In all simulations, to reduce the
computational cost, we assumed all the membrane atoms were
held rigid. The potential parameters of atoms are listed in the
Supporting Information. Non-equilibrium molecular dynamics
(NEMD) simulations in canonical ensemble (NVT) were used to
record simulation data after the structure relaxation in the NVT
ensemble. Nos�e�Hoover thermostats were applied to water mol-
ecules. To obtain meaningful statistics, for each set of parameters, 8
independent simulations were performed for a sufficiently long
time (8 ns). In all simulations, theMOFs were assumed to be rigid in
order to oppose the applied external force and prevent them from
drifting [53,54]. Hydraulic pressure was applied by directly adding
forces to water molecules. We first obtained 2D water density
profiles and velocity profiles in GO or MOF channels. Next, their 2D
mass flux rate profiles were obtained by combing water density
profiles and velocity profiles. The areal average of mass flux rates in
GO or MOF channels was then calculated as the water permeability
rate in each channel.
3. Results and discussion

3.1. Fabrication of GO/MOF composite membranes

Commercial GO solutions were used to fabricate laminar GO
membranes. Within the GO membranes, two types of MOFs (MIL-
140A and UiO-66) with distinctive morphologies served as the
intercalated spacers. MIL-140A has a plate-like structure, while
UiO-66 has a spherical structure. They were synthesized as
described in the experimental section [42,43]. The composite
membranes were fabricated by a pressure-assisted filtration
Fig. 2. Schematic illustration of the fabrication of GO/MOF composite membranes by the pr
together with their structural illustrations). (A colour version of this figure can be viewed
method (Fig. 2), which is well-known for producing GO laminates
with a highly ordered microstructure [27,31,55]. MIL-140A or UiO-
66 solutions were first mixed with diluted GO dispersion in MOF to
GO weight ratios of 0.1, 0.2, 0.3 and 0.5. The mixtures were then
filtered on a polycarbonate (PC) membrane substrate under 1 bar of
Ar gas to yield GO/MOF composite membranes (denoted as GO/
MOFex, where x refers to the weight ratio between MOF and GO).

The crystallinity of synthesized MOF particles was characterized
by XRD, their XRD profiles (Fig. 3a) consistent with those reported
in previous studies [42,43]. The morphology of MOF particles was
examined by scanning electron microscope (SEM). Fig. 3b shows
that MIL-140A exhibits a plate-like structure with a plate thickness
of 60e70 nm and a lateral dimension of ~0.8e2 mm. In contrast,
UiO-66 is spherical with a particle size of 60e70 nm (Fig. 3c). The
BrunauereEmmetteTeller (BET) specific surface areas of MIL-140A
and UiO-66 are 449.2 and 1210.4m2/g, respectively, as measured by
N2 physisorption (Fig. S2 in the Supplementary data, SD). The pore
size distribution analysis indicates that the pores of UiO-66 are in
the range of 0.8e1.6 nm, and MIL-140A exhibits a pore size of
0.9 nm. As shown in Fig. S3 in the SD, GO nanosheets used in this
study have a mean lateral dimension of ~2 mm, which is much
larger than that for individual UiO-66 particles andmanyMIL-140A
particles. The Raman spectrum (Fig. S4 in the SD) shows an intense
D band, indicating defective graphitic structures and thus the ex-
istence of abundant surface functional groups on GO nanosheets. In
order to obtain reliable results, all the GO solutions were prepared
with the same treatment to ensure the consistency of the physi-
cochemical properties of GO solutions used in each membrane.

SEM also examined the fabricated GO/MOF composite mem-
branes. Fig. 4a shows the surface of the PC substrates, with pores of
about 0.2 mm. Fig. 4b illustrates the surface morphology of a GO
membrane, revealing wrinkles which can be attributed to the
hydrogen bonds between hydrophilic groups on the basal planes
and edges of GO nanosheets [56e58]. The top views of GO/MIL-
140Ae0.5 and GO/UiO-66e0.5 membranes are shown in Fig. 4c and
d, respectively. The plate-like structure of the MIL-140A and the
spherical structure of the UiO-66 are visible under the GO layer. In
addition to wrinkles originating from the GO nanosheets, more
wrinkles can be observed around MOF particles. These wrinkles
essure assisted filtration method (photos of GO/MOF composite membranes are shown
online.)



Fig. 3. (a) XRD spectra and SEM images of (b) MIL-140A and (c) UiO-66. The inserts in (bec) show their corresponding enlarged SEM images. (A colour version of this figure can be
viewed online.)

Fig. 4. SEM images of the top views of (a) the polycarbonate membrane substrate, (b) GO, (c) GO/MIL-140Ae0.5, and (d) GO/UiO-66e0.5 membranes. SEM images of the cross-
sectional views of (e) GO (the scale bar in the inserted image is at 1 mm), (f) GO/MIL-140Ae0.5, and (g) GO/UiO-66 membranes (the scale bars in (e, f, and g) are at 200 nm).
SEM images and the corresponding EDS mappings of (h) GO/MIL-140Ae0.5 and (i) GO/UiO-66e0.5 membranes. (A colour version of this figure can be viewed online.)
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spread out evenly over the entire membrane surface. Their even
distribution over the entire membrane surface suggests that the
embeddedMOF particles exhibit minor aggregations (Fig. 4c and d).
The cross-sectional membrane morphologies are shown in
Fig. 4eeg. The GO membrane contains densely stacked GO nano-
sheets with a thickness of 200 nm. Surprisingly, GO/MIL-140Ae0.5
and GO/UiO-66e0.5 membranes demonstrate similar thickness
despite MOF particles intercalation. This suggests moderate alter-
ations to the interlayer distance between GO nanosheets.

EDS analyzed the surface elemental composition of GO/MOF
membranes. Fig. 4h and i show that the C and O elements are
distributed uniformly on the membrane surfaces. The Zr mappings
corroborate the presence of MIL-140A and UiO-66 particles. The
hydrophilicity of the GO/MOF composite membrane surfaces was
quantified by measuring their water contact angles. Fig. S5 in the
SD shows a minor decrease in the contact angle of the GO/MOF
composite membranes with an increase in the MOF to GO mass
ratio, indicating similar surface hydrophilicity to that of the GO
membrane. These characterizations demonstrate uniform interac-
tion of the MOF particles without compromising the structural
integrity of the GO membranes.
3.2. Water permeability of GO/MOF composite membranes

Water permeability (L m �2 h �1) of GO and GO/MOF composite
membranes was measured under 1 bar applied pressure as
described in the experimental session, with results presented as
their water permeability coefficients (L m �2 h �1 bar �1). At least
three separatemeasurements were performed for everymembrane
to obtain reliable results. It should be noted that water transport
here is under the pressure-driven permeation mode. The role of
capillary pressures is minor because there are no phase changes on
the permeate side under the pressure-driven permeation mode
[59,60]. Therefore, the water permeation should only depend on
the applied hydraulic pressure. As shown in Fig. 5, pristine GO
membranes have a water permeability coefficient of 7.8 Lm �2 h
�1 bar �1. With the addition of MIL-140A, the water permeability
coefficient of GO/MIL-140Ae0.1 decreases to 4.9 Lm �2 h �1 bar �1

before elevating with increasing mass loading of MIL-140A. GO/
MIL-140Ae0.3 exhibits a similar water permeability coefficient to
that of GO membranes, while the water permeability of GO/MIL-
140Ae0.5 increases to 14.8 Lm �2 h �1 bar �1, which is a 90%
Fig. 5. Water permeability coefficients of GO and GO/MOF (MIL-140A or UiO-66)
composite membranes with different MOF/GO ratios. The mass of GO in all mem-
branes is the same. (A colour version of this figure can be viewed online.)
enhancement over the GO membranes. On the other hand, the
water permeability coefficients of GO/UiO-66e0.1 and GO/UiO-
66e0.2 are similar to that of GO membranes. GO/UiO-66e0.3 and
GO/UiO-66e0.5 have water permeability coefficients of 14.9 and
15.0 Lm �2 h �1 bar �1, respectively, which are about two times the
value of GOmembrane. A noteworthy observation is a slight drop in
water permeability coefficients of GO/MIL-140Ae0.1 and GO/MIL-
140Ae0.2, which is missing in GO/UiO-66e0.1 and GO/UiO-66e0.2.

We also measured the molecular sieving capacity of these
membranes. As shown in Fig. S6 in the SD, they demonstrated a
rejection rate in the range of 68e81% for methylene blue (MBþ)
dyes, which is similar to a recently reported study [27]. To further
increase their rejection rates, the membranes can be reduced to
yield rGO/MOF composite membranes. For example, we also pre-
pared a rGO/MIL-140e0.5 membrane with an elevated MBþ

rejection rate of 95%. However, this increase in the rejection rate
was accompanied by a decrease in water permeability coefficient
from 3.2 to 0.2 Lm�2 h�1 bar�1. Since the main purpose of this
study is to elucidate the roles of MOFs in enhancing water
permeability of GO membranes, we focused our efforts on GO/MOF
composite membranes other than improving their rejection
performances.

To understand the water permeability coefficients, XRD was
applied to investigate the average interlayer spacing of the GO/MOF
composite membranes. Fig. 6 shows the GO characteristic peak at
2q¼ 10.44�, which corresponds to an interlayer spacing of 0.85 nm.
For GO/MIL-140A, the same peak, however, gradually shifts to a
lower angle with an increase in MIL-140A weight fraction, sug-
gesting that the corresponding interlayer spacing of GO/MIL-
140Ae0.5 increases to 0.92 nm. A similar peak-shifting trend can be
observed on GO/UiO-66 composite membranes. The corresponding
interlayer spacing of GO/UiO-66 composite membranes increases
from 0.85 to 0.92 nm when the weight ratio of UiO-66 to GO in-
creases from 0.1 to 0.5. These observations suggest that inter-
calating MOF nanoparticles can modulate the interlayer spacing of
GO nanosheets and a larger interlayer spacing can be created with
an increase in the loading of MOF particles. It is noteworthy to
mention that the MOF intercalated GO membranes remain rela-
tively stable inwater during our water permeability measurements.
Fig. S7 in the SD shows the XRD patterns of GO/UiO-66-0.5 and GO/
MIL-140A-0.5 and composite membranes before and after water
permeability measurements. Peaks corresponding to the interlayer
spacing show insignificant changes upon exposure to water. We
speculated that multivalent cationic metal ions remained in GO
nanosheets and ion residues from MOF particles may have helped
to partially crosslink GO nanosheets to improve their stability in
water [61].

3.3. MD simulations of water transport in nanochannels

MD simulations of water transport in nanochannels formed by
GO, MIL-140A, and UiO-66 are illustrated in Fig. 1. The model in
Fig. 1a shows a nanochannel formed by two parallel GO nanosheets
consisting of surface carboxyl (COOH), carbonyl (C¼O) and hy-
droxyl (OH) functional groups. The concentrations of these three
types of functional groups are set to the same molecular ratios as
determined by X-ray photoelectron spectroscopy (XPS) of the GO
nanosheets used in this study (Fig. S1, SD). Specifically, nCOOH/
nC¼ 0.07, nC¼O/nC¼ 0.09, and nOH/nC¼ 0.43, where nCOOH, nC¼O,
nOH, and nC are the number of carboxyl, carbonyl, and hydroxyl
groups, and carbon atoms in the GO model, respectively. MIL-140A
is formed by zirconium oxide (ZrO2) chains units linked by ben-
zene-1,4-dicarboxylate linkers. Hence, it contains triangular-
shaped pore channels of diameter 3.2 Å with a chemical formula
of [ZrO(O2CC6H4CO2)] [44]. On the other hand, UiO-66 (Fig. 1e and



Fig. 6. XRD patterns of GO, GO/MIL-140A and GO/UiO-66 composite membranes with different MOF weight ratios. The calculated average interlayer distances between GO
nanosheets are marked near XRD peaks. Peaks at 2q¼ 7.56� belong to MIL-140A and UiO-66 crystals. (A colour version of this figure can be viewed online.)
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f) consists of Zr6O4(OH)4 clusters as inorganic subunits with ben-
zene-1,4-dicarboxylate linkers. This results in triangular windows
of size 6 Å connected to two types of cage (octahedral: 11 Å Ø;
tetrahedral: 8 Å Ø) [45]. MIL-140A has three orientations, while
UiO-66 has two orientations, which can form water transport
nanochannels in different directions. Thus, we simulated water
transport along the three orientations of MIL-140A and two ori-
entations of UiO-66, as illustrated in Fig. 1bef. The detailed MD
method is described in the experimental section and the simulation
parameters are listed in Table S1 in the SD. The density of water
plays a crucial role in water transport within nanochannels [62].
Hence, to predict the equilibrium water density in the nano-
channels, the GO nanochannels were simulated in a large water
bath at a temperature of 300 K and a hydraulic pressure of 422MPa.
Likewise, theMOFswere placed in thewater bath under 422MPa to
obtain the water density in the MOFs. The results are illustrated in
Fig. S8 in the SD.

To simplify our simulation models, we used parallel GO nano-
channels to simulate GO membranes in this study.

When water molecules pass through lamellar GO membranes,
there are two major components in their traveling path: one is the
gap among GO nanosheets or defects in GO nanosheets where
water molecules move vertically downwards, and the other is
nanochannels between two adjacent nanosheets where water
molecules travel parallelly along the surface of GO nanosheets
[53,63,64]. The size, morphological and chemical properties of GO
nanosheets and their edges may influence the first component,
while the membrane thickness would affect both components
[18,60]. Considering that the GO membranes are thin, the distance
traveled in the parallel part is much longer than the vertical part. In
this study, we have used the same batch of GO nanosheets to
fabricate all GO composite membranes. The GO nanosheets have a
similar lateral size distribution and edge structures (see Fig. S3).
Further, the same amount of GO (0.2mg) was used in each mem-
brane. Thus, we assume the contribution from the first component
to the water transport is similar in all studied GO membranes. We
focused on the second component. We first simulated the water
transport in GO nanochannels with different interlayer spacings.
Water flow in the nanochannels shows a Poiseuille flow charac-
teristic with a parabolic velocity profile (Fig. S9, SD). Next, water
permeability coefficients (- in Fig. 7) were simulated for a series of
interlayer spacing ranging from 0.82 to 1.06 nm. Results show a
significant increase in water permeability coefficients from 5.5 to
33.2 Lm �2 h �1 bar �1 with increasing interlayer spacing, indicating



Fig. 7. Water permeability coefficients of nanochannels between two GO nanosheets (black dots), and in MIL-140A (blue lines) or UiO-66 (purple dash lines). The red line is a fitting
line of water permeability coefficients of GO nanochannels. The thick blue line corresponds to water transport along direction 1 (þx axis of Fig. 1b) in MIL-140A, and the thin blue
line corresponds to direction 2 and 3 (þx axis of Fig. 1 ced). The thicker and thinner purple dash lines correspond to water transport along direction 1 (þx axis of Fig. 1e) and
direction 2 (þx axis of Fig. 1f) in UiO-66, respectively. (A colour version of this figure can be viewed online.)
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that the water permeability in GO nanochannels is highly sensitive
to the interlayer spacing given that a 29% enlargement in the
interlayer spacing causes a 517% enhancement in the water
permeability.

The blue and purple dashed lines in Fig. 7 correspond to the
water permeability coefficients of the nanochannels in MIL-140A
and UiO-66 along different directions, respectively. For the three
directions in MIL-140A (see Fig. 1bed), the simulated water
permeability coefficients are 4.9, 0 and 0 Lm �2 h �1 bar �1,
respectively. As shown in Movie S1 in the SD, water molecules can
pass through MIL-140A smoothly along direction 1 (Fig. 1b).
However, no water molecules can enter MIL-140A along direction 2
or 3 (Fig. 1c and d) despite a three-time higher pressure (see Movie
S2 in the SD). Thus, MIL-140A possesses only one effective water
transport channel, and water molecules cannot pass through MIL-
140A when pressure is applied perpendicular to the other two
facets. In contrast, water molecules can penetrate UiO-66 in both
simulated directions. The water permeability coefficients are 0.48
and 1.02 Lm �2 h �1 bar �1 along the two directions simulated for
UiO-66 (Fig. 1e and f).

Fig. 7 shows that thewater permeability coefficients inMOFs are
much lower than that of the GO nanochannel with an interlayer
spacing of 0.85 nm, except for direction 1 in MIL-140A. However,
when MIL-140A nanoparticles are intercalated in the GO nano-
sheets, the pores are expected to orient randomly to the water flow
direction. Hence, despite a theoretically higher water permeability
coefficient from the direction 1 in MIL-140A, the observed water
permeability coefficient is expectedly much lower due to the
random orientation of theMIL-140A nanoparticles, which results in
an overall lower average water permeability coefficient over the
three directions. These simulation results indicate that MIL-140A
and UiO-66 do not contribute to channels with faster water
transport as compared to the original GO nanochannels.

We further investigated water density and velocity profiles in
MOFs to better understand the water transport behavior in MOFs.
Fig. 8 illustrates the water density and velocity profiles in MIL-140A
(direction 1) and UiO-66 (direction 1 and 2), respectively. The
vertical and horizontal axes correspond to the Y and Z axes,
respectively, with pressures applied along the þX axis. The warmer
color represents a higher water density in the density profile or
higher velocity along the þX axis in the velocity profile. On the
other hand, the cooler color in the velocity profile corresponds to a
higher velocity along the -X axis. It should be noted that the blue
regions shown in Fig. 8 are not equal to zero but indicate an
extremely low velocity close to 0. This can be rationalized by
considering the rich hydrophilic oxygen-containing groups of GO
nanosheets.Water molecules at the boundaries would suffer strong
friction forces in comparison to water molecules in the center,
resulting in a lower velocity as shown in Fig. S9 and Fig. S10. This
velocity profile agrees with that predicted by the Poiseuille's law
(please see discussion below Fig. S10 in the SD). Our simulation
results also show that the central region has lower water density
(see Fig. S11 in the SD). This suggests that less density regionwould
possess higher water velocity under the same pressure.

The triangularly shaped nanochannels in MIL-140A are formed
by hydrophilic ZrO2 building units and hydrophobic organic linkers
[65]. Fig. 8a shows that water molecules tend to concentrate at the
centers of the nanochannels in MIL-140A, and some water mole-
cules also accumulate around O atoms of the hydrophilic ZrO2 units
near the nanochannel surface. Correspondingly, Fig. 8b indicates
that water molecules transport significantly faster at the center of
nanochannels. Fig. 8a shows that fewer water molecules exist near
benzene rings on the surface due to their hydrophobic nature. As
shown in Fig. S12 in the SD, the cross-section nanochannel of MIL-
140A shows an isosceles triangle shape profile. The two equal sides
both contain benzene rings aligned along the water transport di-
rection with a gap of 4 Å between two adjacent benzene rings. The
plane formed by the benzene rings tilts 27� relative to the water
transport direction. The base of the triangle contains 3-benzene
ring stacks with a position mismatch of around 0.5 Å among the



Fig. 8. 2D water molecular density (a, c, e) and velocity profiles (b, d, f) in (a, b) MIL-140A (direction 1), (c, d) UiO-66 (direction 1), and (e, f) UiO-66 (direction 2). Vertical and
horizontal axis are Y and Z axis. Pressures are applied along þ X axis. For density profiles, the warmer color corresponds to higher density. For velocity profiles, the warmer color
corresponds to higher velocity along the þX axis, and the cooler color corresponds to higher velocity along X-axis. Zr (cyan), C (grey), O (red), and H (white) atoms are shown to
illustrate the structure of MOFs. (A colour version of this figure can be viewed online.)
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three benzene rings. Multiple benzene ring stacks sit along the
water transport direction with a gap of 4 Å between two adjacent
benzene ring stacks in the nanochannel. The planes formed by the
benzene ring stacks are perpendicular to the water transport di-
rection. Due to their misalignment with the water transport di-
rection, these benzene rings function as “brushes” on the
nanochannel surface, which would impede the transport of water
molecules. Water molecules near such molecularly rough bound-
aries usually have small translational velocity and high rotational
velocity. Fig. 8b indicates that the water velocity near the surface
containing benzene rings has the coolest color adjacent to the
warmest color, suggesting turbulent flow near the surface. Overall,
the water velocity near the molecularly rough surface is small,
which is consistent with Poiseuille's law.

In contrast to the regular triangular shaped nanochannels of
MIL-140A, the shape of the UiO-66 (direction 1) nanochannel
(Fig. 8c) is irregular, though its dimension is slightly larger than that
of MIL-140A [40,42]. Most of the water molecules in the UiO-66
(direction 1) nanochannel concentrate at the top and bottom cor-
ners, suggesting a strong confinement effect at these locations.
Fig. 8d indicates that a majority of water molecules move at a slow
velocity, and only a few water molecules travel faster at the center
of the nanochannel. In comparison, the UiO-66 (direction 2)
nanochannel (Fig. 8e) is curved, which further increases water
transport resistance. Fig. 8f shows that the low-velocity zones
appear wheremost of thewater molecules concentrate, resulting in
a significantly lower overall water permeability in the nano-
channels of UiO-66 than in MIL-140A. The velocity profiles in MOFs
have also been plotted in Fig. S10. The positions of velocity peaks
are consistent with the high-velocity regions shown in Fig. 8. These
simulation results suggest that water transport is strongly influ-
enced by the shape, molecular roughness and dimension of the
nanochannels in MOFs.

3.4. Discussion on the roles of MOF spacers in graphene membranes

The simulation of water flow in this study was carried out under
no-slip continuum hydrodynamics. As aforementioned, the exper-
imental and theoretical simulation results show a good agreement
with the changing trend of water permeability in the GO nano-
channels with/without MOFs, providing strong evidence that the
continuum hydrodynamics are suitable for estimating water
transport properties in laminar GO membranes. Also, the simula-
tion results indicate that water molecules in nanochannels of
laminar GOmembranes behave significantly different from those in
hydrophobic channels such as that of carbon nanotubes or reduced
GO [66e68]. The difference can be attributed to the fact that there
is no curvature-induced low interfacial friction on the flat GO sur-
face, and that the abundant surface functional groups on the hy-
drophilic GO surface create strong interactions with water
molecules [69].

Our simulation results also show that water transport is sensi-
tive to the roughness, shape, and dimension of nanochannels
formed by MOFs (Fig. 8). Specifically, water can only travel along
one direction in MIL-140A among the three possible directions,
resulting in a water permeability coefficient of only 4.90 Lm �2 h
�1 bar �1. Even though water can pass through both directions in
UiO-66, their water permeability coefficients at 0.48 and 1.02 Lm
�2 h �1 bar �1 are much lower than in the nanochannels of GO
membranes. Most hydro-stable MOFs, such as the MIL-140 series,
ZIF series, and HKUST-1, have rough, irregular and narrow nano-
channels. Compared with the smooth hydrophobic inner channels
of carbon nanotubes or biological pores such as aquaporins [70,71],
MOFs cannot provide fast water transport channels without
appropriate surface functionalization.
On the other hand, when MOF nanoparticles are intercalated
among GO nanosheets, they serve more as filler materials in the
composite (mixed-matrix) GO membranes. Based on our simula-
tion results, water travels through MOF nanoparticles much slower
than in GO nanochannels as consistently demonstrated by the
decrease in water permeability coefficients (Fig. 5) when a small
mass loading of MOFs is added. Owing to this difference in water
transport resistance, these MOF nanoparticles impede rather than
enhance water transport in laminated GO membranes. However,
when the mass ratio of MOF to GO raises to 0.3 and higher, we
observed a significant increase in water permeability, which is
correlated to the increase in the interlayer spacing between GO
nanosheets (see XRD results in Fig. 6). It is noteworthy to mention
that our simulation results in Fig. 7 indicate a 5 times surge inwater
permeability when the interlayer spacing increases marginally
from 0.82 to 1.06 nm. The large increase suggests that the water
permeability of laminar GO membranes can change significantly if
their average interlayer spacing is varied.

Based on the above experimental and simulation results, we
propose models illustrated in Fig. 9 to explain how water transport
behaviors vary in laminar GOmembranes whenMOF nanoparticles
are intercalated. Essentially, GO nanosheets are flexible, and their
interlayer spacing would change based on how the GO nanosheets
flex. The interlayer spacing would expand to envelop the interca-
lated MOF nanoparticles. However, at regions without MOF nano-
particle intercalation, the interlayer spacing collapses back to afford
constricted nanochannels just like those in pristine GO membranes
(Fig. 9a). Due to the intercalation of MOF nanoparticle, these con-
stricted nanochannels inevitably exhibit a larger interlayer spacing
in comparison to pristine GO membranes as evidenced by our XRD
results (Fig. 6). As shown in Fig. 9a and b, the water transport is
expected to be non-uniform throughout the nanochannels with
slow water transport through the intrinsic pores of the MOF
nanoparticles (Fig. 9c) and faster transport through the constricted
regions of the nanochannels. At low MOF loadings, the overall
water permeability decreases because the stretches of fast water
transport through the constricted nanochannels are unable to
overcome the high transport resistance through the intrinsic pores
of the MOF nanoparticles. On the other hand, the high transport
resistance as a result of MOF nanoparticles intercalation can be
offset by stretches of much faster water transport as driven by the
enlarged interlayer spacing at higherMOF loadings (Fig. 9b). Hence,
overall water permeability starts to increase after a particular
threshold loading is reached. Furthermore, owing to the molecu-
larly unsmooth surface and random orientations of the intercalated
MOF nanoparticles, interfacial gaps tend to exist between the GO
nanosheets and MOF nanoparticles (Fig. 9c), especially at high MOF
loadings. This is evidenced by the GO wrinkles around MOF
nanoparticles as illustrated in Fig. 4. Such GO/MOF interfacial gaps
are likely to serve as additional water transport channels, which
contribute to the observed increase in water permeability. The
morphological difference between MIL-140A and UiO-66 is ex-
pected to affect the formation of GO/MOF interfacial gaps. Plate-like
MIL-140A that is structurally flat would induce narrower GO/MOF
interfacial gaps in comparison to spherical UiO-66 nanoparticles.
Moreover, MIL-140A has a lateral dimension of around 0.8e2 mm
and a thickness of 60e70 nm. As compared to UiO-66, which is
spherical with a diameter of 60e70 nm, the contact area between
MIL-140A and GO nanosheets is significantly larger, resulting in a
shorter length of the fast transport constrained nanochannels as
shown in Fig. 9a. Hence, a larger contact area by flat MOFs (i.e., MIL-
140A) is likely to lower the water permeability coefficient. This
accounts for the slight drop in water permeability coefficients of
GO/MIL-140Ae0.1 and GO/MIL-140Ae0.2 as shown in Fig. 5. In this
regard, we envision that the future research direction should focus



Fig. 9. Schematic illustration of water transport in MOF nanoparticle intercalated GO nanochannels. (a) Low mass loading of MOF nanoparticles, (b) high mass loading of MOF
nanoparticles, and (c) interfacial gaps between MOF nanoparticles and GO nanosheets. (A colour version of this figure can be viewed online.)
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on leveraging this unique GO/MOF architecture for potential se-
lective adsorption for water treatment. The larger surface area and
pore size of UiO-66 could be a potential good filler for such an
application.
4. Conclusions

MOF particles have been proposed to serve as filler materials in
laminar GO membranes to provide fast water transport channels
for achieving enhanced water permeability. We demonstrated GO/
MOF composite membranes by intercalating two types of water
stable MOFs with different structures, namely, MIL-140A and UiO-
66, into laminated GO membranes using a pressure assisted
filtration method. Membrane characterization by SEM shows no
signs of aggregation and that the MOF particles distributed
uniformly among GO nanosheets without compromising the
structural integrity of GO membranes. When a small number of
MOFs (the weight ratio between MOF and GO below 0.3) is used,
the water permeability decreases slightly. When a more significant
amount of MOFs is added (at the weight ratio of 0.5), the water
permeability increases significantly by 92% compared to that of GO
membranes. We attributed this enhancement to the rise in the
average interlayer spacing among GO nanosheets. MD simulation
studies show that water molecules have strong interactions with
different molecular components in the nanochannels in MOFs. The
water permeability in MOFs depends on the shape, roughness, and
dimension of the nanochannels in MOFs, and is in general much
lower than that in the nanochannels between GO nanosheets.
Counterintuitively, MOFs do not serve as fast water transport
channels in GO membranes. Instead, a small loading of MOF
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nanoparticles impedes water transport in nanochannels of GO
membranes, resulting in a lower water permeability coefficient. On
the other hand, a large loading of MOF particles can create very fast
water transport stretches driven by the larger interlayer spacing.
Besides, extra gaps may also be introduced between non-smooth
MOF nanoparticles and GO nanosheets, serving as additional wa-
ter transport channels to deliver higher water permeability. Overall,
this work elucidates the role of intercalated MOFs in laminar GO
membranes. Our results bespeak an important future research di-
rection, which focuses instead on the selective adsorption capa-
bility of MOFs for potential water treatment applications.
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