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Abstract Graphene is a one-atom-thick sheet of graphite
comprising sp>-hybridized carbon atoms arranged in the
hexagonal honeycomb lattices. By removing the honey-
comb lattices and forming nanopores with specific geom-
etry and size, nanoporous graphene has been demonstrated
as a very high-efficiency separation membrane, due to the
ultrafast molecular permeation rate for its one-atom
thickness. This review focuses on the recent advances in
nanoporous graphene membrane for the applications of gas
separation and water purification, with a major emphasis on
the molecular permeation mechanisms and the advanced
fabrication methods of this state-of-the-art membrane. We
highlight the advanced theoretical and experimental works
and discuss the gas/water molecular transport mechanisms
through the graphene nanopores accompanied with theo-
retical models. In addition, we summarize some represen-
tative membrane fabrication methods, covering the
graphene transfer to porous substrates and the pore gen-
eration. We anticipate that this review can provide a plat-
form for understanding the current challenges to make the
conceptual membrane a reality and attracting more and
more attentions from scientists and engineers.
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1 Introduction

Graphene [1-3] is a two-dimensional one-atom-thick sheet
of sp>-bonded carbon atoms packed in the honeycomb
crystal lattices, exhibiting good chemical stability [4, 5],
excellent thermal conductance [6—8], strong mechanical
strength [9, 10], and remarkable electronic properties [11—
13]. The unique property of graphene, i.e, one-atom
thickness, results in many promising applications in a wide
range of fields [14], especially in separation science. It is
demonstrated that the pristine graphene is permeable to
proton [15, 16], but impermeable to any molecules, even
the smallest helium atoms [17-19]. However, the graphene
sheet featuring nanopores formed by selectively removing
carbon atoms, called as nanoporous graphene (NPG) [20,
21], has been proposed as a very promising size-selective
separation membrane based on the molecular sieving
effects. As said by the editors of Nature Nanotechnology
[22], “Graphene opens up to new applications—Effective
separation membranes could be created by etching
nanometer-sized pores in two-dimensional materials”.
Owing to the one-atom thickness of graphene itself, the
transport rates of molecules through the NPG membranes
are expected to be extremely high. Several studies [23-26]
numerically and experimentally suggested that the NPG
membranes can exhibit high permeability and selectivity
exceeding those of existing state-of-the-art polymer mem-
branes by orders of magnitude. Meanwhile, high-quality
graphene fabrication [27-30], transfer to porous substrates
[31-33], and pore generation [25, 34-39] methods are
being developed very well, making the NPG separation
membranes very promising in the near future. Recently,
another graphene-related material—graphene oxide—was
also demonstrated as an efficient separation membrane
[40-51]. Graphene oxide is an analogue of graphene by
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asymmetrically modified with oxygen-containing func-
tional groups (hydroxyl, epoxy groups, carboxyl, carbonyl,
phenol etc.) on the edges and planes. The separation of
hybrid molecules using graphene oxide membranes is
realized by the selective molecular diffusion in the inter-
layer spacing between the oxygen-containing groups on the
graphene sheets, the structural defects within graphene
oxide flakes, etc. The advantages of graphene oxide
membranes include ease of synthesis, ease of scale-up and
easy of reassembled into large-area film, but at the cost of
permeance that is much smaller than those predicted for the
single-layer NPG membranes. Therefore, NPG membrane
is the limit of membranes, and its permeance can achieve
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the theoretical maximum, deserving the attentions from
scientists and engineers.

In 2009, Jiang et al. [24] firstly proposed that the NPG
with specific pore size and geometry would be a very effi-
cient gas separation membrane using first principle calcu-
lations (Fig. 1a). They found a high selectivity on the order
of 10® through an N-functionalized pore and an extremely
high selectivity on the order of 10** through an all-H passi-
vated pore for separating H,/CH4 mixtures with a high H,
permeance. Afterward, several theoretical works were con-
ducted to further confirm that the NPG membranes could
achieve high permeability and selectivity for gas separations
[23, 52-55]. Due to the difficulties in experimental works,
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Fig. 1 (Color online) Development history for NPG membranes in the applications of gas separation and water purification. a Electron density
isosurface of the all-H pore edge passivated NPG. Reprinted with permission from Ref. [24], Copyright 2009, American Chemical Society.
b Measurement system of the gas transport through micrometer-sized NPG membranes. Reprinted with permission from Ref. [25], Copyright
2012, Nature Publishing Group. ¢ Fabrication procedure of the NPG membrane for gas separation. Reprinted with permission from Ref. [56],
Copyright 2014, American Association for the Advancement of Science. d Atomic view of water desalination by a NPG membrane. Reprinted
with permission from Ref. [57], Copyright 2012, American Chemical Society. e Permeability of different molecules versus the pore etching time.
Reprinted with permission from Ref. [58], Copyright 2014, American Chemical Society. f Schematic of single-layer graphene suspended on a
5-um-diameter hole. Reprinted with permission from Ref. [59], Copyright 2015, Nature Publishing Group
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the first measurement on the gas transport through NPGs
was launched in 2012 by Koenig et al. [25] (Fig. 1b).
They used a pressurized blister test and mechanical reso-
nance to measure the transport rates of a variety of gases
(H,, CO,, Ar, N, CHy, and SFg) through the graphene
nanopores, created by ultraviolet-induced oxidative etch-
ing. However, their measurement just involved the
micrometer-sized graphene membrane, which was far
away from the industrial scale. In 2014, Celebi et al. [56]
reported a high transport rate for numerous gases across
physically perforated double-layer graphene featuring
pores with narrowly distributed diameters (Fig. 1c). The
area of the membrane they fabricated reached up to square
millimeters. Their work demonstrated that the industrial-
scale NPG-based gas separation membrane is possible in
the current technical world.

For water purification, it was firstly proposed by
Cohen-Tanugi and Grossman [57] in 2012 (Fig. 1d). They
reported that the nanometer-scale pores in a single-layer
freestanding graphene can effectively filter NaCl salt from
water using classical molecular dynamics (MD) simula-
tions. Their results indicated that the water permeability
of the NPG membranes was several orders of magnitude
higher than those of the conventional reverse osmosis
membranes. An experimental work was conducted soon
by O’Hern et al. [58] in 2014, in which the transport rates
of various ions through the high-density sub-nanometer
pores (diameters 0.40 £ 0.24 nm and densities exceeding
10'? cm™?) in the macroscopic single-layer NPG mem-
branes were measured (Fig. le). Subsequently, in 2015
Surwade et al. [59] showed that the single-layer NPGs,
with oxygen plasma-etched nanometer-sized pores, can be
used as a desalination membrane. The NPG membrane
they fabricated exhibited a salt rejection rate of nearly
100 % and a water transport flux up to 10° g m™2 s~ at
40 °C using pressure difference as a driving force
(Fig. 1f).

In summary, the NPG membrane has shown promise for
applications in gas separation, water purification and other
fields, such as hydrogen generation and storage [15, 16, 53,
60], isotope separation [61-64], molecular valve [65], and
DNA sequencing [66—68]. Here, we review the recent
advances in the development of NPG membranes for gas
separation and water purification, including the theoretical
and experimental studies. Particularly, we put emphasis on
discussing the gas/water molecular transport mechanisms
through the NPG membranes and the advanced fabrication
methods of this state-of-the-art membrane. We anticipate
that this review can help the scientists and engineers
understand the current challenges to make the conceptual
efficient membrane a reality and develop it in the industrial
applications.
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2 Gas separation
2.1 Theoretical work

We firstly highlight the recent advanced theoretical works
on the NPG gas separation membranes. After putting for-
ward the conception of NPG gas separation membrane,
many theoretical works were conducted, mainly using MD
simulation method and density functional theory. Most of
these works focused on how fast the gas transport through
the NPG membranes and how high the selectivity for
separating mixture gases. The permeation processes of
many kinds of gas molecules through the NPG membranes
with various pore sizes and geometries were involved in
the theoretical works. In the aspect of MD simulation
works, Schrier [69] reported a CO, permeance of 4 x 10°
GPU (gas permeation unit, 1 GPU = 3.35 x 1077 -
mol s™' m™? Pa~') through a special porous graphene
extended in one direction by an E-stilbene-like unit. Tao
et al. [70] also found that this special NPG membrane
exhibited a high permeance of H,, CO, N,, and CH4
molecules. Wu et al. [71] observed a higher selectivity of
the F-modified porous graphene for separating CO,/N,
mixtures (the atomic view of this separation process can be
found in Fig. 2a). Liu et al. [72, 73] reported a permeance
of H, in the range of 1 x 10°-4 x 10° GPU and a per-
meance of CO, on the order of 10° GPU through a 10-unit
pore modified by 4 N atoms and 4 H atoms. They also
gave a flux sequence of different molecules, i.e.,
H, > CO, > N, > Ar > CH,, through this special pore,
which generally followed the trend of the molecular kinetic
diameters [74]. Sun et al. [75] identified high permeability
(10°-10° GPU) and selectivity (10%) for separating the
CH,4/CO,, CH4/H,S and CH4/N, mixtures using the N- and
H-functionalized graphene nanopores. Lu et al. [76] found
a high selectivity for H, relative to CO, CHy, and CO,
through the graphene nanopores doped by B and N atoms.
Nieszporek and Drach [77] noted a high selectivity for the
CH4/C4H,(y mixture through the H-passivated pore of
diameter 0.32 nm. Du et al. [23] designed a series of NPGs
as the membranes for separating the H,/N, mixtures and
observed more permeation events of N, than those of H,
molecules for the big nanopores, while Sun et al. [78]
found that the permeation flux of different molecules
increased with the increase of pore size in the same trend
and the flux of big molecules even exceeded that of small
molecules, such as H, > He and CH, > N,. In the MD
simulations, the permeance (P) of gas molecules can be
obtained via the relationship between the molecular
crossing number (N) through graphene nanopores and the
time (¢). In the equilibrium and non-equilibrium systems,
the function N = f (¢) is different, and thus the way to
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Fig. 2 (Color online) Theoretical works on NPG membranes for gas separation. a Atomic system configuration for the separation of CO,/N,
mixtures. Reprinted with permission from Ref. [71], Copyright 2014, American Chemical Society. b Interaction energy between CH, and the all-
H-passivated porous graphene as a function of adsorption height. Reprinted with permission from Ref. [24], Copyright 2009, American Chemical
Society. ¢ Van der Waals energy and electrostatic energy of the system with a surface functionalized NPG membrane. Reprinted with permission
from Ref. [83], Copyright 2012, Royal Society of Chemistry. d Geometry distortions of pores caused by the propagation of the gas molecules.
Reprinted with permission from Ref. [80], Copyright 2012, Royal Society of Chemistry. e Inhibition and blocking effect of non-permeating
components on the permeation of permeating component. Reprinted with permission from Ref. [86], Copyright 2015, Royal Society of
Chemistry

obtain the permeance is totally different. The selectivity of
species A relative to species B (Sa/p) is equal to the ratio of
PA and Py (Sas = Pa/Pp). Usually, researchers often
adopt a parameter F/5 to reflect the selectivity, although
Fap # Sam. The parameter F a5 is defined as

ya/yB
Fup =222 1
A/B xA/xB ()

where x, is the mole fraction of species A in the feed side,
Va is the mole fraction of species A in the permeate side, xg

@ Springer

is the mole fraction of species B in the feed side, and yp is
the mole fraction of species B in the permeate side.

For the density functional theoretical works, Jiang et al.
[24] found the high selectivities and H, permeance for sep-
arating H,/CH,4 by the NPGs with N-functionalized and all-
H-passivated pores (Fig. 2b). Schrier [54] demonstrated that
the NPGs can separate He from other noble gases and alkanes
(e.g., Ne, CH,), and the quantum mechanical effects played a
quantifiable role in the permeability. Ambrosetti and Sil-
vestrelli [79] evaluated the permeation barriers of the H,O,
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CH,, CO, CO,, O,, Hy molecules and Ar atom through the H-
saturated pores and observed that the nontrivial H-bond
interactions with the pore-saturating H atoms caused a low
permeation barrier of H,O molecules. Hauser and Schw-
erdtfeger [80] compared the reaction barrier energies of CHy,
N5, O,, CO,, and H, molecules and showed that the two-ring
pores were effective for the separation of CH, from other
gases. Blankenburg et al. [52] displayed an extremely high
selectivity of a specific nanopore for H, and He relative to
other atmospheric gases, e.g., Ne, O,, N,, CO, CO,,NH3, and
Ar. Tao et al. [70] and Wu et al. [71] also demonstrated that
the NPG membranes can achieve excellent performance for
the CO,/N, separation and hydrogen purification. Qin et al.
[81] showed a strong barrier of 1.5 eV for CH, but an weak
barrier of only 0.12 eV for H, to separate the CH,/H, mix-
tures using the NPGs consisting of octagons and all-H-pas-
sivated pores. In the density functional theory calculations,
the lower the diffusion barriers, the faster the molecules
transport through the NPG membranes. The selectivity is
usually obtained based on the diffusion barriers of different
molecules using the Arrhenius equation,

Da _ Cae BA/RT
Sa/m = Dn

. = Cp o Eo/RT (2)
where D is the diffusion rate, C is the prefactor, E is the
diffusion barrier, R is the universal gas constant, 7 is the
temperature, and A and B are two kinds of gas species.
The permeation of gas molecules through NPG mem-
branes is affected by many factors, including the adsorption
of molecules on the graphene surface [23, 82], the chemical
functionalization of pore rim and surface [71, 83], the
geometry distortion of the NPG membrane [80], and the
charges on the pore [84]. These influencing factors were
mainly identified in the theoretical works. Du et al. [23] and
Sun et al. [78] both demonstrated that the adsorption of gas
molecules on the graphene surface was beneficial for the
molecular permeation through the NPGs. Shan et al. [83]
revealed that the adsorption ability of CO, molecules on the
graphene surface increased after a chemical functionaliza-
tion of the graphene sheet, and the selectivity of CO, over N,
significantly improved with the chemical functionalization
of the pore edge (Fig. 2c). Wu et al. [71] found that after the
F-modification on the pore rim, the diffusion barrier of CO,
decreased while that of N, greatly increased, thus improving
the selectivity for the CO,/N, separation. Lu et al. [76]
achieved a significant improvement in the hydrogen purifi-
cation from mixture gases through the doping of B or N
atoms on graphene nanopores. Hauser and Schwerdtfeger
[80] found that the pore structure relaxation effects can
reduce the diffusion barriers significantly. They suggested
that this effect need to be taken into account for the better
predictions of gas permeabilities (Fig. 2d). Lei et al. [84]
evaluated the effect of pore charges on the separation of H,S/
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CH, mixtures and observed more H,S molecules around the
charged pore. The selectivity was improved due to the
electrostatic interactions between H,S molecules and gra-
phene atoms. Huang et al. [85] demonstrated that the per-
meance (2.4 x 10° GPU for H,) and selectivity (10** at
room temperature) were significantly improved for the sep-
aration of H,/CH, by adopting an inter-layer-connected
porous graphene bilayer. In a recent work by Wen et al. [86],
an inhibition effect of non-permeating components on the
permeation of permeating component was identified
(Fig. 2e). They attributed this phenomenon to two reasons:
one was the relatively weakening contribution of surface
adsorption on the molecular permeation, and another was the
blocking effect of non-permeating molecules around the
nanopore (Fig. 2e). Many other influencing factors are
expected to be examined by conducting theoretical works,
because they are more practicable than experimental works.
Meanwhile, the models in the theoretical works should be
more close to the real systems in the experiments, such as
pore size, porosity, pore structure, and membrane
constitution.

2.2 Experimental work

Comparing to the theoretical works, the experimental works on
the NPG gas separation membrane are very limited due to the
difficulties for conducting such nanoscale measurements. The
experimental works mainly focused on the fabrication of NPG
membranes and the measurements of gas transport rates. The
first experimental measurement was performed by Koenig
et al. [25]. They produced the nanopores in a micrometer-sized
graphene membrane using ultraviolet-induced oxidative
etching and measured the transport rates of Hp, CO,, Ar, Ny,
CH,4, and SFg gases. Their results showed that in some cases the
permeation flux of big molecules (CH4) exceeded that of small
molecules (N,), and the measured data were consistent with the
theoretical values in the literature (Fig. 3a). Intrinsic defects
inevitably exist, and thus the gas transport through defects is
unavoidable and can critically affect the separation perfor-
mance. Understanding of the role of defects in mass transport
across single-layer and multi-layer NPG membranes is of
crucial importance. Boutilier et al. [87] reported a systematic
experimental and theoretical investigation of the gas transport
through the graphene membranes with intrinsic defects. It was
revealed that the selective transport could be achieved in the
presence of non-selective defects. They demonstrated an
exponential reduction in the gas flow rates with independent
stacking of the graphene layers and developed a model of gas
transport to explain this behavior as the random probability of
defect overlap (Fig. 3b). They also showed that the size and
permeance of the pores in the porous support substrate criti-
cally affected the separation performance and revealed the
parameter spaces where effective gas separation can be
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Fig. 3 (Color online) Experimental works on NPG membranes for gas separation. a Transport rates measurement for various gases in a NPG
membrane using mechanical resonance. Reprinted with permission from Ref. [25], Copyright 2012, Nature Publishing Group. b Gas flow rates
through the single-layer and multi-layer graphene with intrinsic defects. Reprinted with permission from Ref. [87], Copyright 2014, American
Chemical Society. ¢ Comparison of H,/CO, gas separation performances among the NPG membrane (7.6-nm pore diameter, with 4.0 %
porosity) and other membranes. Reprinted with permission from Ref. [56], Copyright 2014, American Association for the Advancement of

Science

realized in spite of the presence of non-selective defects. This
study further promoted the realization of practical and high-
quality NPG-based gas separation membranes. Kim et al. [88]
also examined the role of defects on the gas transport through
NPG membranes and showed that the gas permeability
decreased gradually with increasing the number of graphene
layers. At the same time, they found that the O,/N, selectivity
improved with increasing the graphene stacking, suggesting
that the gases diffused not only through the defects on the
graphene sheet but also between the graphene inter-layers.
Recently, Celebi et al. [56] measured the transport rates
of gas, liquid, and water vapor across physically perforated
double-layer graphene, possessing a few million pores with
narrowly distributed diameters between <10 nm and 1 pm.
Their measured transport rates were in agreement with the
predictions of 2D transport theories. They showed that the
permeance of the NPG membranes far exceeded those of

@ Springer

the polymer membranes with a finite thickness (Fig. 3c). It
is noted that the area of their fabricated membrane was up
to millimeter squares, which can be employed in the real
industrial applications. The experimental works on the
NPG membranes with large area, high-density pores and
few defects are expected. We believe that more and more
experimental works on NPG membranes accompanying
advanced fabrication technologies will be launched, and
the NPG-based membrane is becoming a reality.

3 Water purification

3.1 Theoretical work

Both the theoretical and experimental works on the NPG
membranes for water purification are limited comparing to
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Sci. Bull. (2015) 60(21):1807-1823

1813

those of gas separation, because the conception of water
purification NPG membrane was proposed later. Cohen-
Tanugi and Grossman [57] firstly demonstrated that the
single-layer graphene with nanometer-scale pores can be
used as an effective membrane for water desalination
(Fig. 4a). The desalination performance of the graphene
was mainly dominated by the pore size, chemical func-
tionalization, and applied pressure, in which the pore
diameter played a crucial role for the salt rejection.
Meanwhile, the hydroxyl groups added to pore rim can
greatly increase the water flux owing to their hydrophilic-
ity. They showed that the water permeability was several
orders of magnitude higher than those of conventional
reverse osmosis membranes. Konatham et al. [89] also
studied the separation of water and ions via graphene
nanopores by using MD simulations. They found that the
nanopores of diameter ~7.5 A can effectively exclude
ions and the nanopores modified by carboxyl groups
exhibited higher ion exclusion. All of above showed that
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the NPG has tremendous promise as a high-efficiency
membrane for water purification by creating specific
nanopores with appropriate sizes, geometries, and chemical
modifications. For such ultrapermeable membranes,
Cohen-Tanugi et al. [90] theoretically showed that a tri-
pling in water permeability resulted in a 44 % fewer
pressure requirement or 15 % less energy consumption for
a seawater reverse osmosis plant and a 63 % fewer pressure
requirement or 46 % less energy consumption for brackish
water. It is noted that the MD simulation system for water
transport through the NPGs is different from that for the
gas transport. In the water transport systems, usually a rigid
piston is employed to slowly push the water solutions
toward the NPG membranes under a given pressure [57,
91-94].

To be more confident for the application of NPG
membranes in water purification, Cohen-Tanugi and
Grossman [94] further demonstrated that the NPG mem-
branes can maintain ultrahigh water permeability even at
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Fig. 4 (Color online) Theoretical works on NPG membranes for water purification. a Two different nanopores functionalized by H and -OH, and
the water desalination performance of NPG membranes. Reprinted with permission from Ref. [57], Copyright 2012, American Chemical Society.
b Molecular permeation number and water flux for the NPG water desalination membranes at low pressures. Reprinted with permission from Ref.
[94], Copyright 2014, American Institute of Physics. ¢ Mechanical strength of NPG membranes supported by porous substrates for the
application of water desalination reverse osmosis system. Reprinted with permission from Ref. [95], Copyright 2014, American Chemical
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low pressures, closing to the realistic pressures in the real
reverse osmosis systems (Fig. 4b). Using MD simulations
and continuum fracture mechanics, they also revealed that
the NPG membranes were strong enough to maintain their
integrities under the high hydraulic pressures inherent to
the reverse osmosis systems (Fig. 4c) [95]. They showed
that an appropriate porous substrate with holes smaller than
1 um allowed the NPG membranes to resist a pressure
exceeding 57 MPa (ten times higher than the typical
pressures in the seawater reverse osmosis systems). In
addition, they found that the NPG membranes with higher
porosity may resist even higher pressures.

Actually, before the demonstration of NPG as an effi-
cient water purification membrane, several works have
been conducted on the permeation of ions and water
through graphene nanopores, respectively. Sint et al. [39]
using MD simulations showed that the graphene with
functionalized nanopores can serve as the high ions sieves
with high transport rates. Hu et al. [96] quantified the
importance of the hydrodynamic transport, thermal fluc-
tuations, and electric pressure on the transport of Na™ and
CI™ ions in an electric field. They also found that the water
permeated through the nanopore with an average velocity
proportional to the applied voltage and a flux independent
on the pore diameter. For water, Suk and Aluru [93] found
that the NPG membranes with big pores can provide higher
water flux than carbon nanotubes, while for the NPG
membranes with small pores, they exhibited lower water
flux comparing to carbon nanotubes. Recently, several
works were also conducted on the permeation of ions and
water. Zhu et al. [92] indicated that the water flux of the
pores with a diameter >15 A exhibited a linear dependence
on the pore area, while for the small pores a nonlinear
relationship between the water flux and the pore area
appeared. Suk and Aluru [97] investigated the static and
dynamic properties of ions in the graphene nanopores using
MD simulations. As the pore radius smaller than 0.9 nm,
ion concentration and mobility in the graphene nanopores
decreased sharply owing to the liquids with layered struc-
ture in the pore-axial direction. Zhao et al. [98] investi-
gated the selective ion transport in the KCIl solutions
through the charge-modified graphene nanopores under an
external electric field. They showed that the ion selectivity
greatly depended on the pore size and the charges on the
pore edge. A complete rejection of Cl™ can be realized
with appropriate pore diameter and electric charge. The
investigations on the transport of water and ions through
graphene nanopores are very crucial for the understanding
of the mechanisms of water purification using NPG
membranes. Thus, these studies are very important for the
application of NPG membranes in water purification. More
relevant studies are urgently needed.
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3.2 Experimental work

There are only several works focusing on the experimental
measurements of the water and ion transport through NPG
membranes. Because the intrinsic defects in graphene
would affect the performance of NPG membranes, O’Hern
et al. [33] firstly evaluated the effect of defects in the
chemical vapor deposition graphene on the permeation of
several molecules and ions. They transferred a single-layer
graphene onto a porous polycarbonate substrate to prepare
the graphene membranes of areas more than 25 mm?”. They
found a size-selective transport of different molecules
through the graphene membranes with intrinsic defective
pores of diameter 1-15 nm. In the practical NPG mem-
branes, particular nanopores should be created artificially.
Therefore, subsequently they purposefully produced the
nanopores in the graphene by ion bombardment and
oxidative etching (Fig. 5a) [58]. A serial of pores of
diameter ~0.40 nm and density exceeding 10'* cm™>
were generated. The transport rate measurements showed
that at short oxidation times, the pores were cation-selec-
tive, agreeing with the electrostatic repulsion from nega-
tively charged functional groups. While at long oxidation
times, the pores allowed the transport of salt but prevented
the transport of a larger organic molecule due to steric size
exclusion. Their work demonstrated that the pore sizes can
be tuned by changing the etching time, which provided a
great opportunity for the development of NPG membranes.
In Ref. [56], the measurement of water transport rate
through the NPGs was also performed. Thanks to its atomic
thickness, the fabricated NPG membranes showed higher
permeance of water comparing to the other ultrafiltration
membranes, highlighting the ultimate permeation of the
NPG membranes.

Recently, the experimental measurements for the water
desalination were conducted by Surwade et al. [59] and
O’Hern et al. [99], respectively. Surwade et al. [59]
designed a desalination experimental system and measured
the water flux of a NPG membrane (Fig. 5b). The NPG
membrane was synthesized based on the ambient-pressure
chemical vapor deposition graphene on a copper foil. They
created the tunable nanometer-sized pores using the oxy-
gen plasma etching processes. This NPG membrane
showed the high selectivities of water molecule over dis-
solved ions (K*, Na™, Li* and CI™) and possessed a nearly
100 % salt rejection rate and a high water transport rate.
O’Hern et al. [99] fabricated a centimeter squares defect-
free NPG membrane by blocking the intrinsic defects in the
pristine graphene using a multiscale leakage-sealing pro-
cess (Fig. 5c). This membrane exhibited the excellent
rejection ability of multivalent ions and small molecules
accompanying with high water permeation rates. All of
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Fig. 5 (Color online) Experimental works on NPG membranes for water purification. a Diffusive flux through the graphene membrane and its
potential measurements. Reprinted with permission from Ref. [58], Copyright 2014, American Chemical Society. b Water loss and ionic
conductivity through the NPG membranes and their water/salt selectivity. Reprinted with permission from Ref. [59], Copyright 2015, Nature
Publishing Group. ¢ Water permeability and salt rejection comparison between the MD simulations and the theoretical continuum model.
Reprinted with permission from Ref. [99], Copyright 2015, American Chemical Society

these advanced works offered a proof that the NPG
membranes can serve as a novel and high-efficiency
membrane for water purification applications. Apart from
the transport of water and ions, the transport of other
substances necessarily appears in the water purifications,
such as the trihalomethanes [100]. Thus, the permeation of
kinds of substances through the NPGs is expected to be
explored by the researchers.

4 Molecular permeation mechanism

4.1 Gas separation

Although many studies have identified extremely high
mass transport rates through the NPG membranes, how the

molecules transport through the nanopores in graphene
remains unclear. Until now, to our knowledge a few studies
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were involved to investigate the mechanisms of gas
molecular permeation through the NPG membranes. Dra-
hushuk and Strano [82] identified five rate-limiting steps
for a gas molecular transport through the graphene nano-
pores, i.e., the gas molecule adsorbed onto the graphene
surface (step 1), the molecule diffused to the pore and
associated into the potential well positioned above the pore
(step 2), the molecule passed through the pore (step 3), the
molecule disassociated from the pore area to the graphene
surface (step 4), and the molecule desorbed from the sur-
face and entered the gas phase (step 5) (Fig. 6a). Then,
they derived the analytical expressions for the gas fluxes at
these rate-limiting steps for several graphene pores. Based
on the molecular adsorption layer on the graphene surface,
Sun et al. [78] broke down the gas molecular motion in the
NPG membranes into four cases (Fig. 6b) and concluded
that a molecular crossing event happened only if it moved
from the bulk phase on one side to the bulk phase on the
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other side of the membrane. Moreover, they proposed two
mechanisms (direct mechanism versus surface mechanism)
for the molecular permeation through the NPG membranes
(Fig. 6b). In the direct flux, the molecules crossed directly
from the bulk phase on one side of the graphene to the bulk
phase on the other side; in the surface flux, the molecules
crossed after being adsorbed onto the graphene surface.
They found that the surface flux of weakly adsorbed gases
(e.g., He and H,) was negligible, while that of strongly
adsorbed gases (e.g., CH4 and N,) was very appreciable.
Meanwhile, they quantified the relative contribution of the
direct and surface mechanisms and showed that the direct
flux can be predicted using the kinetic theory with an
appropriate modification considering the steric pore—
molecule interactions. In the ideal gas kinetic theory, the
flux of point particles through a certain area can be
obtained by

Pg
V2rRMT’

where T is the temperature, P, is the gas pressure, R is the
universal gas constant, M is the molar mass. However, for
the gas molecules with a certain size, the direct flux Jpq

(3)

@ Springer

should be obtained after a reduction d(R/R,,) in the ideal
gas flux J, as follows

Jpa =J - 6(Ry/Rn). (4)

In their work, they assumed that the reduction in molecular
flux was completely steric considerations, and the gas
molecules behaved as hard spheres of known kinetic diam-
eters. Therefore, the reduction coefficient 5(Rp/Rm) < 1,and
it was calculated via the fraction of trajectories with
molecular centers intersecting with the pore rim graphene
atoms. The surface flux is related to the molecular diffusion
on the graphene surface, and thus a diffusion model coupling
with appropriate boundary conditions and Fick law can be
established to predict the surface flux. Until now, the trans-
port of gas molecules through the NPG membranes can
basically realize the mathematical description.

4.2 Water purification

For the water purification by NPG membranes, several
studies reported the microscopic mechanisms of water and
ion transport through the graphene nanopores. Zhu et al.
[92] showed that the continuum water flow in big graphene

&) SCIENCE CHINA PRESS



Sci. Bull. (2015) 60(21):1807-1823

1817

pores transitioned to discrete molecular flow patterns in
small pores. For the small graphene pores comparable to
molecular size, the water flow rate was strongly affected by
the microstructure of the water molecules in the pore; while
for the big pores, the water flow rate can be predicted by
the conventional theoretical models because the pore edge
region was negligible. Suk and Aluru [93] demonstrated
that for the big graphene pores, where the water structure
was not single file, the NPG membranes provided higher
water flux compared with carbon nanotube membranes
(Fig. 7a). They explained the results through a detailed
analysis on the pressure distribution, velocity profiles, and
potential of mean force. In the water purification, the ion
transports are always involved. Konatham et al. [89] indi-
cated that the ions can be excluded using a non-function-
alized pore of diameter ~7.5 A, whereas the ions can
easily permeate through the pores of diameters ~ 10.5 and
145 A (Fig. 7b). The carboxyl groups on the pore rim can
effectively enhance the ions exclusion efficiency at low ion
concentrations and small pore diameters. Sint et al. [39]
modeled the passage of hydrated ions through the N-, F-,
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and H-functionalized graphene nanopores (Fig. 7c). They
found that the nanopores modified by negatively charged N
and F atoms preferred the crossing of cations, while the
nanopores modified by positively charged H atoms favored
the crossing of anions. Zhao et al. [98] revealed that the
negative charges on the pore edge can effectively hinder
the passage of C1~ while enhance the passage of K*. Kang
et al. [101] indicated that the Na™ and K™ ion selectivity of
graphene nanopores was determined by their sizes. They
found that the free energy barrier of smaller Nat was
significantly higher than that of K™ in the nanopores with a
certain size and observed a high Na* and K™ ion selectivity
of the nanopores with a distance about 3.9 A between two
neighboring O atoms.

Although the influencing factors are identified, the
transport modes of water molecules and corresponding
analytical models are missing. Theoretical models are
urgently anticipated to predict the permeation flux of water
through the two-dimensional graphene nanopores with
different sizes. The water flux through the NPG membranes
may be obtained based on the Hagen—Poiseuille equation
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Fig. 7 (Color online) Water and ion transport through NPG membranes. a Water structure in the nanopore during the permeation process
through the NPGs. Reprinted with permission from Ref. [93], Copyright 2010, American Chemical Society. b Ion and water transport through the
graphene nanopores with different sizes and functionalizations. Reprinted with permission from Ref. [89], Copyright 2013, American Chemical
Society. ¢ Ion transport through the graphene nanopores functionalized by N, F, and H atoms. Reprinted with permission from Ref. [39],
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with a modification considering the velocity slip and
entrance/exit pressure loss etc. The expression of the
Hagen—Poiseuille equation is

TR*AP

Q= SuL

(5)

where Q is the volumetric flow rate, P is the pressure drop,
R is the pore radius, p is the water viscosity, and L is the
membrane thickness. The analytical models for the trans-
port of ions are more difficult to be developed, because of
the appearance of the electrostatic interactions etc.

5 Fabrication of NPG membrane
5.1 Graphene transfer

In the fabrication of NPG membranes, the transfer of gra-
phene to a suitable porous substrate and the generation of
nanopores in the graphene are two main processes. The
graphene transfer process is especially necessary for the
top-down NPG fabrication methods. Due to the rapid
development in this field, we just summarize some repre-
sentative methods to highlight the importance of the fab-
rication of NPG-based membranes. In the graphene transfer
process, no damage on the graphene is expected. Until
now, several advanced graphene transfer methods were
developed. The graphene transfer method varies with the
fabrication method of graphene itself. For the mechanically
exfoliated graphene, in the method developed by Liang
et al. [102], the stamp with an adhering layer was pressed
on highly oriented pyrolytic graphite, and the patterned
portion of the stamp brought graphene with it. Then, the
graphene was stuck to the substrate by pressing the stamp-
supported graphene. Liu and Yan [103] bonded a silicon
wafer to the graphene after a chemical modification with
peruorophenylazide. Reina et al. [104] transferred the
chemical vapor deposition graphene to an arbitrary sub-
strate. They firstly spin-coated and cured a 1-um layer of
polymethyl(methyl) acrylate on the graphene (Fig. 8a).
Then, the substrate-supported graphene was fabricated
after the etching, air-dry, and dissolution processes. Regan
et al. [105] directly transferred the low-pressure chemical
vapor deposition graphene to a TEM grid with holes of
diameter 1.2 pm. They filled isopropanol in the gaps
between the TEM grid and the graphene, which helped
them contact with each other during the evaporation pro-
cess. Caldwell et al. [106] developed a dry transfer tech-
nique for the epitaxial graphene from the C-face of 4H-SiC
onto the SiO,, GaN, and Al,O; substrates using a thermal
release tape. Allen et al. [107] developed a procedure to
transfer the chemically modified graphene by using a
polydimethylsiloxane tamp and conducting the surface
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energy manipulation (Fig. 8b). Actually, many other gra-
phene transfer methods are currently being developed very
well in the material science, which will promote the rapid
development of the NPG-based separation membranes.

In the experimental studies on the NPG membranes for
the applications of gas separation and water purification,
some advanced graphene transfer methods were also
developed. In the work by O’Hern et al. [33], a transfer
process of the chemical vapor deposition graphene to a
porous polycarbonate track etch support was developed.
They firstly etched the back sides of the copper foil with
graphene grown by the chemical vapor deposition in an
ammonium persulfate solution to expose the copper and
reduce the foil thickness. After a rinsing step, they pressed
the graphene on the copper foil to a larger supporting
substrate. Then, they completely removed the remaining
copper foil using an ammonium persulfate solution.
Finally, a rinsing process in ethanol and an air-drying
process were done. More layers of graphene can be trans-
ferred by mechanically pressing the graphene with copper
foil onto the substrate with transferred graphene, accom-
panying with the etching, rinsing, and drying processes
[87]. In Ref. [56], Celebi et al. modified the transfer
method developed by Suk et al. [108]. They spined the
polymethyl methacrylate (PMMA) on the as-grown gra-
phene to yield the PMMA/graphene/copper polymer layers.
Then, they etched the copper using a (NH,4),S,Og solution
and rinsed the PMMA/graphene layer in a water bath.
Finally, the PMMA was removed in a quartz tube furnace
at 400 °C for 2 hours. Anyway, the graphene transfer can
be well realized using various methods. In the future, more
concerns should be paid on the damages of the graphene
during the transfer process, because the qualities of the
transferred graphene are very important for the membrane
fabrication.

5.2 Nanopore generation

The pore generation is essentially important for the per-
meability and selectivity of the NPG-based membranes.
For the pore generation in the graphene, the top-down and
bottom-up methods were both well developed, where the
top-down methods were developed prior to the bottom-up
methods. The top-down methods mainly include electron-
beam irradiation [109], ion beam bombardment [34],
ultraviolet-induced oxidative etching [25, 37, 38], oxygen
plasma etching [59], block copolymer lithography [35],
and nanosphere lithography [110]. In 2008, Fischbein and
Drndié¢ [109] demonstrated that the pores can be generated
in the suspended multilayer graphene sheets by the con-
trolled exposure to a focused electron-beam irradiation
using a TEM at room temperature (Fig. 9a). In this tech-
nique, stable nanopores can be generated in a graphene
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Fig. 8 (Color online) Methods of graphene transfer to porous substrates. a Transfer of graphene fabricated via ambient-pressure chemical vapor
deposition on polycrystalline Ni films to the arbitrary substrates. Reprinted with permission from Ref. [104], Copyright 2009, American
Chemical Society. b Schematic and SEM of the fabricated graphene device by a transfer process. Reprinted with permission from Ref. [107],

Copyright 2009, Wiley Online Library

sheet within a few seconds. To successfully generate the
nanopores, the energy of electron should reach up to hun-
dreds of keV. However, Russo and Golovchenko [34]
showed that the combination of ion beam bombardment
and low-energy defocused electron beam was able to
effectively generate nanopores in the graphene sheet
(Fig. 9b). They firstly created some nucleation sites by a
bombardment with 3 keV argon ions and then generated
the nanopores by enlarging the nucleation sites using a
uniform defocused electron beam of only 80 keV.
Ultraviolet-induced oxidative etching can also generate
nanopores in the graphene, and Koenig et al. [25] used this
method to create pores in the micrometer-sized graphene
membranes and showed that the resulted membranes can
be used as molecular sieves. Liu et al. [38] found that the
oxygen etching kinetics varied significantly with the
number of graphene layers. For example, the three-layer
graphene exhibited an etching performance similar to the
graphite, while the single-layer graphene reacted faster
with random etch pits (Fig. 9c). Surwade et al. [59] created
the nanometer-sized pores in a monolayer graphene using
an oxygen plasma etching process. In this process, the size
of the pores can be tuned. Actually, there are some other
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etching methods [4, 39, 111, 112], which are all effective
for creating nanopores. O’Hern et al. [58] firstly introduced
isolated reactive defects in the graphene via an ion
bombardment and subsequently enlarged them by
oxidative etching into permeable pores of diameters
(0.40 + 0.24) nm. In order to fabricate the large-area NPG
membranes, the lithography methods were introduced. In
2010, Bai et al. [35] reported the fabrication of NPG
membranes by the block copolymer lithography. Then,
Safron et al. [110] developed the nanosphere lithography,
which was a complementary technique to the block
copolymer lithography. In addition, the nanoimprint
lithography can also fabricate the NPG membranes com-
bined with the block copolymer self-assembly [113]. At the
same time, NPG membranes can be fabricated through
various chemical or photocatalytic approaches; for the
details one can see Ref. [114].

In the top-down method, the generated nanopores usu-
ally have rough and disordered edges, which are not good
for the molecular transport. Thus, the bottom-up methods
are expected. Safron et al. [115] firstly demonstrated a
bottom-up method called as barrier-guided chemical vapor
deposition, which relied on the self-terminating growth
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Fig. 9 (Color online) Methods of nanopore generation in graphene membrane. a TEM images before and after the nanopore generation in a

suspended graphene sheet by electron-beam irradiation. Reprinted with
Physics. b Diagram of the graphene nanopore fabrication process and

permission from Ref. [109], Copyright 2008, American Institute of
its growth trajectories. Reprinted with permission from Ref. [34],

Copyright 2012, National Academy of Sciences of the United States of America. ¢ AFM images of oxidized single-layer and double-layer
graphene. Reprinted with permission from Ref. [38], Copyright 2008, American Chemical Society

process. Al,O3 was employed as an inert barrier, and the
CH,4 molecules were decomposed on the exposed copper to
form a carbon layer. A patterned barrier layer terminated
the growth of graphene in the selected areas of the copper
substrate, resulting in a NPG with controlled placement,
orientation, spatial, and lateral extent. Several other bot-
tom-up methods have also been developed [116-118]. In
Ref. [117], the porous copper foil patterned by nano-
spheres, was directly used as a substrate for the graphene
growth. Comparing to the top-down methods, the bottom-
up methods are limited and much efforts should be done to
fabricate high-quality large-area NPG membranes.

6 Conclusions and outlook

We have highlighted the recent advances in the NPG
membranes for gas separation and water purification. We
summarized the advanced theoretical and experimental
works on the NPG membranes with a major emphasis on
the gas/water molecular transport mechanisms as well as
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their fabrication methods. We anticipate that this review
can provide the state-of-the-art advancements at the fore-
front of the research field, and it is a good start to make the
NPG membrane a reality in the near future.

As Koh and Lively [119] noted, there are many chal-
lenges to be addressed before such membranes could be of
practical use, including the mechanical stability under high
flow shear rates and pressure, the supporting of large
continuous sheets of graphene in a membrane module, the
scalable nanopore generation in the graphene and other
issues, such as membrane fouling, concentration polariza-
tion, and pore blocking by the salt ions. Despite facing
these challenges, the practical NPG membranes are
becoming a reality. More works are urgently anticipated to
promote the application of NPG membranes in industry. In
Fig. 10, we show the issues must be addressed before the
NPG membrane becomes a reality and the outlook of its
development. Firstly, the mechanisms of molecular per-
meation through the NPG membranes should be made clear
from theoretical points of view. The transport regimes of
gas/water molecules, ions, and other substances through the
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Fig. 10 (Color online) Outlook of the development of NPG mem-
branes. Molecular permeation mechanism, membrane fabrication
technology, and industrial application research are three key issues
that must be addressed to promote the development of NPG
membranes

NPGs are expected to be identified to exactly show how
these substances permeate through the two-dimensional
graphene nanopores. The influencing factors of the per-
meability/selectivity of the NPG membranes and their
influencing mechanisms and laws should be widely
investigated. These investigations can help the researchers
and engineers find the optimal NPG membrane constitu-
tion, pore structure, and size, etc. Secondly, the advanced
NPG membrane fabrication technologies must be well
developed. The design of NPG membranes should be
guided and conducted on the basis of the understanding of
molecular permeation mechanisms. In the industrial
applications, the large-area defect-free NPG membranes
with high-density sub-nanometer pores are preferable.
Hence, the large-area defect-free graphene synthesis, high-
quality graphene transfer, and high-density pore generation
methods should be paid more attentions. Thirdly, the
application research must be conducted for the industrial
applications of the NPG membranes. For the NPG mem-
branes, their operation system should differ from the sys-
tems for the conventional separation membranes, owing to
the special issues related to the NPG membranes, such as
the porous supports with micrometer-sized holes. “How to
design and operate the NPG membrane separation system
77, “What should do before and after the operation of the
system ?” and other questions must be answered to ensure
the high-efficiency application of the NPG membranes.
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