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Abstract: Two-dimensional (2D) materials with atom- or few-atoms-thick layers have emerged as building-blocks 
in the synthesis of the next-generation membrane-based separations. Generally, 2D material-based membranes 
display high permeation and high selectivity due to their unique structure composed of nanopores and nano-
channels with extremely short transport pathways. In this review, the latest advances and ground-breaking 
research studies on 2D nanosheets for gas separation are highlighted with a focus on the different strategies in 
synthesizing 2D nanosheets, their assembly into thin membranes and the type of transport mechanism taking 
place in such membranes.
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1. Introduction
The separation of mixtures in the chemical industry plays an 

important role in the overall operating and capital plant cost.[1] 
Often, the plant core that produces the desired product accounts 
only for a small fraction of the cost compared to the following 
train of separations. This motivates the search for energy-efficient 
separations.[2] In most systems, mixing is a favorable and spon-
taneous process and the separation of compounds is a non-spon-
taneous process that requires energy. Traditional technologies to 
overcome the thermodynamic disadvantage use heat as its driving 
force (e.g. distillation, absorption, and evaporation), making the 
overall separation processes energetically very expensive. Such 
technologies account for a significant portion of the world’s en-
ergy consumption (10–15%).[3]

Membrane-based separation technology has the potential 
to drastically cut down separation energy and has also inher-
ent advantages such as small environmental footprint, continu-
ous operation, and a simple modular design ideal for the remote 
off-shore separations. Nevertheless, membranes suffer from the 
well-known trade-off between permeance (i.e. the flux normal-
ized by the transmembrane pressure difference) and selectivity.[4] 

The advances in developing the ideal membrane (with both high 

permeance and selectivity) have been hampered by the low in-
trinsic performance displayed by conventional polymeric ma-
terials, and the fact that the geometrical configuration of three-
dimensional networks of entangled polymeric chains that form a 
selective layer limits the production of extremely thin defect-free 
selective layers.

The Nobel-prize-awarded discovery of graphene by Geim and 
Novoselov in 2004 triggered an intensive research interest onto 
two-dimensional (2D) materials for gas and liquid separations. 
Among these, 2D nanosheets are attracting increasing interest.[5] 
The assembly of 2D nanosheets into thin films as building blocks 
makes them promising candidates for the next generation of 
membranes. The atom or few-atoms-thick nanosheets may lead 
to higher fluxes since they minimize the diffusional path that a 
molecule travels to cross the membrane thickness. Moreover, 
their in-plane crystalline structure with highly-ordered pore ar-
rays ensures high size-sieving selectivity. One of the most studied 
class of two-dimensional membranes is based on graphene and 
graphene derivatives, such as graphene oxide (GO) and reduced 
graphene oxide (rGO). These kinds of membranes have shown 
extensive applications in water and gas separation.[6] However, the 
in-plane crystalline honeycomb structure of graphene is imperme-
able even to the smallest gas molecules due to the electron density 
of the aromatic rings. This suggests that the sole transport taking 
place during separations is through the nano-channels between 
nanosheets and through defects originating from the exfoliation 
of GO/rGO.[7] Nanosheets with well-ordered pore networks run-
ning parallel to the gas concentration gradient would give rise to 
high permeance membranes, while the uniform pore size ensures 
high selectivity. 

2D nanosheet-based membranes can be classified in two main 
categories based on their transport mechanism: i) intrinsically 
non-porous nanosheets which rely on many strategies to fine-
tune the selective interlayer spacings (GO and rGO,[8] MXenes,[9] 
transition metal dichalcogenides, TMDs,[10] and layered double 
hydroxides, or LHDs[11]); and ii) porous nanosheets where the 
transport of the molecules occurs parallel to the nanosheet thick-
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properties of well-defined pores, high porosity, chemical, and 
mechanical stability, zeolites have been used in many chemical 
processes.[34] However, applications as membranes have seen 
only the LTA-type of zeolite implemented in the dehydration of 
bioethanol.[35] To avoid crystallization defects in the polycrystal-
line zeolite membranes, thicknesses up to tens of micrometers are 
required resulting in a much higher transport resistance. In this 
regard, the use of 2D zeolite nanosheets as building-blocks for the 
gas separation has attracted much attention as high-performance 
molecular sieving membranes.

Nanosheet crystallinity, uniform thickness, and high aspect ra-
tio play a major role in the fabrication of high-performance mem-
branes. The solution-based exfoliation technique, dominated by 
sonication to break the interlayer interactions, could not meet these 
criteria. The resulting zeolite nanosheets have too many defects to 
make them suitable for membrane fabrication. Tsapatsis and co-
workers developed the use of the polymer-melt-compounding exfo-
liation technique for ITQ-1 and multilamellar silicalite-1, resulting 
in high-quality MWW and MFI nanosheets, respectively.[13] After 
the purification steps to isolate the nanosheets from the polymeric 
matrix and removal of larger unexfoliated particles by centrifuga-
tion, the 1 or 1.5 unit-cell-thick zeolite nanosheets were assembled 
into thin membranes by vacuum filtration. Even though they were 
successful in fabricating well b-oriented MFI nanosheets mem-
branes (c-oriented for MWW) which exposes the shape-sieving 
0.55 nm pore of MFI, no separation for the xylene isomers was 
reported due mainly to the presence of non-selective pathways be-
tween the nanosheets (Fig. 1a). After performing a mild secondary 
growth step to seal these defects, the prepared membranes showed 
a p-xylene/o-xylene separation factor (SF) of 40 to 70 and p-xylene 
permeance of 3 × 10−7 mol m−2s−1 Pa−1 at 150 °C. The final mem-
brane thickness was only 200 nm, which is an order of magnitude 
thinner than conventional polycrystalline zeolite membranes. 

The employment of secondary growth is considered to be a 
problematic step because it is an expensive and complicated pro-
cess that hinders the scaling up for commercial applications and 
it highly affects the membrane’s reproducibility.[36] To bypass the 
solvothermal recrystallization step, the same group developed a 
gel-less secondary growth to seal non-selective pathways. MFI 
nanosheets were deposited on a porous Stöber silica layer by 
vacuum filtration, and a gel-less secondary growth was done. 
The resulting total membrane thickness was 100 nm. The Stöber 
spheres acted as a silica source during the regrowth and the same 
b-orientation was maintained, resulting in a higher p-xylene/o-
xylene SF compared to the previous study maintaining similar 
fluxes.[37] Another key step to improve the performance further 
was the partial removal of the organic structure-directing agent, 
which allowed the dispersion of the nanosheets in more friendly 
solvents such as water and ethanol, and offered the opportunity to 
stabilize the nanosheets at the air/water interface. The stabiliza-
tion of monolayers of MFI nanosheets in the air/water interface of 
a conical reservoir, along with the slow withdrawal of water from 
the bottom part allowed the careful deposition of the nanosheets 
onto a porous Stöber silica layer, giving rise to very thin zeo-
lite nanosheet-based films (Fig. 1b). Subsequent exposure of the 
nanosheets layer to a gel-less secondary growth process resulted 
in an unprecedented separation performance with a SF of the  
p-xylene/o-xylene over 10000 with a permeance of 2.9 × 10−7 mol 
m−2s−1 Pa−1.[30,38]

Bottom-up synthesis of MFI nanosheets can eliminate the 
structural defects that may arise from the top-down approach. 
Tsapatsis and coworkers achieved a breakthrough in synthesizing 
5 nm-thick MFI nanosheets (2.5 unit cells) by appropriately sup-
pressing the orthogonal growth with the use of bis-1,5(tripropyl 
ammonium)pentamethylene diiodide structure-directing agent 
(Fig. 1c). The pioneering work produced micrometer MFI 
nanosheets in lateral size, and their stacking onto a porous support 

ness and through their pores (nanoporous graphene,[12] zeolites,[13] 
metal-organic frameworks MOFs,[14] covalent organic frame-
works COFs,[15] and graphitic carbon nitrides[16]).

This review looks at the recent advances and ground-breaking 
research studies on 2D nanosheets for gas separation. It focuses 
on the different strategies in synthesizing 2D nanosheets, their as-
sembly into thin membranes and the type of transport mechanism 
present in such membranes.

2. Synthesis and Separation Mechanism of 2D 
Nanosheets

The synthesis of 2D nanosheets with nanometer or subnano-
meter thickness will remarkably reduce the transport resistance 
with increased fluxes. Two major routes, top-down and bottom-
up, are utilized to synthesize 2D nanosheets. The former relies 
on the difference between the in-plane and out-of-plane forces 
that keep atoms and layers together. Typically, weak Van der 
Waals interactions holding together stacked nanosheets can be 
overcome by different strategies such as ultrasound,[17] solvent-
assisted exfoliation,[18] polymer intercalation coupled with shear-
ing stress,[13] and freeze and thaw[19] exfoliation separating the 
single- or few-layered nanosheets. Restacking of the nanosheets, 
low exfoliation yields, and fragmentation represent some of the 
major drawbacks in the top-down strategy.[20] The bottom-up route 
relies on the suppression of the orthogonal crystal growth either 
by reaction nanoconfinement (e.g. air–liquid and liquid–liquid 
interfaces,[21,22] nanoreactors[23]) or by the use of third-party mol-
ecules (e.g. surfactants) which direct the growth in the in-plane 
domains.[24] The need for substrates, interfaces, and surfactants 
hinders mass production in the bottom-up approach. Moreover, 
the resulting nanosheets are still relatively thick (5–50 nm).[25]

The selection of either route depends on which features the 
nanosheets need to possess for the desired application. Both syn-
thesis strategies can originate lateral sizes larger than hundreds of 
µm,[22,26] and their assembly into membranes can be performed 
by several methods, such as pressure-assisted filtration,[27] spray 
coating,[28] casting,[29] layer-by-layer deposition,[30] and hot-drop 
coating.[17] The selective pathways that transport the gas molecules 
vary depending on the structural nature of the nanosheets which can 
be porous (e.g. zeolites, MOFs, COFs, etc.) or nonporous (e.g. GO, 
TMDs, LHDs, etc.). The controlled stacking of the latter type of 
nanosheets produces nanochannels due to the interlayer repulsive 
interactions. The intercalation of guest molecules between the lay-
ers, besides creating empty interlayer pathways for the molecules, 
can facilitate their transport based on the different affinity between 
the guest molecules and the species being separated.[31,32] Even 
though membranes of a few nanometers in thickness can be fab-
ricated, the distance traveled by a molecule in crossing the whole 
membrane thickness can be orders of magnitude longer, resulting 
in lower fluxes. To shorten the molecule transport pathways, the 
use of intrinsically porous nanosheets allows perpendicular trans-
port along the gas gradient concentration minimizing the transport 
resistance and resulting in higher productivity.

Herein, the latest advances and major breakthroughs in 2D 
nanosheets-based gas separation will be highlighted. The first 
part of this review begins with porous nanosheets where the in-
plane porous structure plays an important role in the separation, 
while  the second part will describe nonporous nanosheets-based 
membranes where the main focus is on fine-tuning the interlayer 
spacings to tune the separation performance.

3. Nanoporous Transport

3.1 Zeolites
Zeolites are alumino-silicates with a tetrahedrally connected 

SiO
2
 network forming well crystalline domains with pores rang-

ing from 0.25 to more than 1 nm.[33] Because of their unique 
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Despite the challenges in the top-down approach in pre-
serving the morphological and structural integrity of the MOF 
nanosheets, Yang’s group was successful in exfoliating 1-nm thick 
MOF nanosheets with a lateral size larger than a micrometer while 
preserving their crystallinity.[17] They used the combination of a 
low-energy wet-ball milling and sonication to exfoliate the MOF 
precursor Zn

2
-(bim)

4
 (bim=benzimidazole). Their key finding 

was to use a mixture of solvents, namely methanol and propa-
nol. The former would access the interlayer spacing, thanks to 
its smaller kinetic diameter, while the latter was able to stabilize 
the exfoliated nanosheets. The exfoliated MOF nanosheets have 
a theoretical pore size of 0.21 nm but in practice it is larger due 
to the flexibility of the MOF structure. To avoid the restacking of 
the nanosheets, they adopted the hot-drop coating method onto a 
ceramic porous support which increases the turbostratic disorder 
between the nanosheets (Fig. 2a). Ultrathin membranes (thick-
ness <10 nm) were fabricated, which gave sharp molecular cut-off 
between H

2
 and CO

2
 with SF as high as 291 with a H

2
 permeance 

higher than 2000 GPU (1 GPU = 3.3 × 10−10 mol m−2s−1 Pa−1). 
Interestingly, they observed an unusual increase in selectivity 
along with the increase of H

2 
permeance. They explained that the 

restacking of the nanosheets could have a detrimental effect on the 
H

2
 transport while having only a negligible effect on the CO

2
 per-

meance, hence increasing the in-plane disorder of the nanosheets 
would expose the pores of the nanosheets to the gas phase. Due 
to the delicate nature of their system, it is worth mentioning that 

with the previously developed gel-less secondary growth resulted 
in excellent performance for the xylene isomers separation.[39]

Since the first synthesis of 2D membranes with MFI and 
MWW nanosheets, extensive work has been done by Tsapatsis 
and coworkers in developing very thin nanosheet layers without 
the need for solvothermal secondary growth. However, more 
research needs to be performed in this direction to completely 
eliminate the gel-less secondary growth. Moreover, increase in the 
exfoliation yields, synthesis of larger lateral nanosheet size, and 
the use of cheaper supports would facilitate the scale-up of these 
high-performance membranes.

3.2 MOFs
Metal-organic frameworks (MOFs) are a new emerging class 

of materials consisting of metal ions or clusters coordinated with 
organic linkers, leading to a highly-crystalline nano- or micro-
porous network. Due to their high porosity, tunable pore size 
and structure, and abundant surface functional groups, they have 
attracted an exponential interest in many applications, such as 
separation and gas storage, catalysis, chemical sensing, and drug 
delivery.[40] Besides their three-dimensional structure, many lay-
ered MOFs have been reported in literature offering the potential 
of their implementation as building blocks for 2D-based mem-
branes.[41] Nevertheless, challenges remain in the top-down exfo-
liation strategy to fully preserve the nanosheets’ crystallinity and 
their high aspect ratio. On the contrary, the bottom-up approach 
could produce higher quality MOF nanosheets.

Fig. 1. (a) TEM image of a single MFI nanosheet and its crystal structure 
along the b axis. Electron diffraction pattern measured and simulated of 
MFI.[13] (b) Illustration of MFI monolayer deposition in a conical reservoir. 
The liquid is slowly drained from the bottom to lower the level and com-
press the nanosheets.[38] (c) TEM and AFM images. Gradual and com-
plete bottom-up growth of the MFI nanosheet around the seed.[66] 

Reprinted with permission. Ref. [13]: Copyright 2011, American 
Association for the Advancement of Science. Ref, [66]: Copyright 2017, 
John Wiley and Sons.

Fig. 2. (a) SEM image of as-synthesized Zn2(bim)4 with its theoretical 
layered structure and the SEM images of bare porous support as well 
as with coated nanosheets.[14] (b) Image of MAMS-1 crystal with an il-
lustration of the freeze-thaw exfoliation method.[19] (c) Illustration of 
the steps for preparing oriented Zn2(bim)4 nanosheets membrane by 
zinc oxide self-conversion growth in GO confined space.[42] Reprinted 
with permission. Ref. [14]: Copyright 2014, American Association for 
the Advancement of Science. Ref. [19]: Open access, Copyright 2017 
Springer Nature. Ref. [42]: Open access, The Royal Society of Chemistry 
(RSC).
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promising.[44,45] Although most of the pore sizes found in COFs 
are larger than the kinetic diameters of most gases (He 2.6 Å, H

2
 

2.9 Å, N
2
 3.6 Å, CO

2
 3.3 Å, and CH

4
 3.8 Å), the effective pore 

aperture exposed to the gas phase can be reduced by pores over-
lapping. Reports of single-phase COF membranes that show in-
teresting separation performance for gases remain elusive to-date. 
Li et al. successfully fabricated 2D COF-1 nanosheets starting 
from the parental 3D structure via solvent-assisted exfoliation.[18] 
The nanosheets were assembled into 100-nm thin membranes by 
drop-coating at room temperature. Nevertheless, due to the pore 
size larger than 1 nm, the membrane displayed a H

2
/N

2
 selectivity 

of ca. 4. 
An interesting strategy to overcome the pore size limitation of 

COFs is to assemble them in a way that the pores in one COF layer 
are partially blocked by another COF layer effectively reducing 
the size of the pores available for the transport of gases. Caro 
and coworkers recently synthesized bilayer COF-COF composite 
membranes by successively regulating the growth of imine-based 
COF-LZU1 and azine-based ACOF-1 via a temperature-swing 
solvothermal approach.[46] The resultant bilayer COF-LZU1-
ACOF-1 synthesized on a flat porous support displayed a much 
higher gas separation performance compared to the single phased 
for each COF due to the formation intercalated pore networks of 
0.3–0.5 nm.

The incorporation of COFs nanosheets into polymeric mem-
branes (Mixed Matrix Membranes, MMMs) was demonstrated 
to have a synergistic effect improving the polymer performance. 
Zhao’s group synthesized water-stable 2D NUS-2 and NUS-3 
COFs with both thermal and chemical resistance to basic and 
acidic environments.[47] The COF nanosheets were dispersed in a 
continuous phase of polyetherimide (PEI) and polybenzimidazole 
(PBI) polymers to form mixed matrix membranes. For instance, 
the NUS-2@PBI membranes with a NUS-2 loading of 20% dis-
played a H

2
/CO

2 
selectivity of 31.4 surpassing the 2008 Robeson 

upper bound. Although the flux increased along with the selectiv-
ity, the achieved values were too low for commercial applications. 

COFs crystallinity, ordered porous structure, large surface 
area, and their wide-range of pore sizes make them excellent can-
didates for a variety of applications. However, the synthesis of 
COFs with pore sizes less than 1 nm remains a challenge limiting 
their application for gas separation. Moreover, studies on long-
term stability of COFs membranes need to be addressed.

3.4 Nanoporous Graphene
Graphene, the single layer of graphite, has attracted tremen-

dous attention in the last decade because of its carbon atom-thick 
layer, mechanical strength, chemical inertness, and its imperme-
able nature to the smallest gas molecules due to the delocalized 
electronic cloud of the π-orbitals.[48] Simulation studies have 
shown that if nanopores are present in the graphene lattice its 
potential for both water desalination and gas separation is very 
high. They predicted orders of magnitude higher performance 
compared to actual commercial membranes.[49,50] Motivated by 
these findings, an extensive amount of work has been done to de-
velop strategies to selectively create nanopores in the honeycomb 
graphene lattice, such as focused-electron and ion beam bombard-
ment,[51,52] oxygen plasma,[53] and ultraviolet-induced oxidative 
etching.[54]

Great advances have been achieved in the development of 
nanoporous graphene membranes but there is still a lot to be done. 
Current technologies to etch the pores cannot satisfy three condi-
tions required to exploit the full potential of single layer nano-
porous graphene membranes: i) accurate pore size control in the 
range of 0.2–1 nm; ii) narrow pore distribution, and iii) a high pore 
density. In general, it is the trade-off between the three conditions 
that limits experimental results in graphene membranes to match 
the predicted performances by the simulation studies. Other chal-

no absolute pressure difference across the membrane was applied 
since it would cause the bending/deformation of the nanosheets.

The ball milling and ultrasound exfoliation might damage frag-
ile MOFs. Wang et al. employed a mild freeze and thaw technique 
to exfoliate MAMS-1 (Mesh Adjustable Molecular Sieve, Ni

8
(5-

bbdc)
6
(µ-OH)

4
, 5-bbdc stands for 5-tert-butyl-1,3-benzenedicar-

boxylate) into nanosheets.[19] The fast volumetric expansion of the 
solvents during the thawing process created shear stress between 
the layers overcoming the weak Van der Waals interactions (Fig. 
2b). MAMS-1 possesses two different pore domains: 0.29 nm 
pore aperture parallel to nanosheet plane and 0.55 nm aperture 
perpendicular to the smaller pore. It is then of vital importance to 
ensure the right in-plane orientation of the nanosheet to expose 
the more selective pore. This could be achieved using the hot-drop 
casting method at a temperature slightly higher than the solvent 
boiling point to allow fast evaporation and avoiding the restack-
ing of nanosheets as well as the desired nanosheets orientation. 
Membranes with varying thicknesses were fabricated up to 40 
nm. The 12-nm membranes displayed a H

2
/CO

2
 SF of 34 and H

2
 

permeance of 6516 GPU, while for the slightly thicker membrane 
they could achieve a higher separation factor of 235 at the expense 
of an order of magnitude lower H

2
 permeance. Interestingly, their 

membranes showed a reversed thermo-switchable behavior. The 
gas pair selectivity was ranging from 5 at 100 °C to 245 at room 
temperature. In situ X-ray measurements helped explain this ab-
normal behavior with the flexibility of the tert-butyl groups as 
a function of temperature. This stimuli-responsive feature find-
ing can be potentially exploited in temperature-swing related gas 
separations.

Membranes supported on small-diameter tubular supports are 
of great importance in gas separation applications because they 
offer high surface area per unit of volume and they can withstand 
higher pressures. However, the top-down approach is confronted 
with many engineering challenges in fabricating 2D nanosheets 
onto tubular supports. On the other hand, it is not trivial to directly 
grow 2D MOF membranes on tubular substrates. Li et al. were the 
first to report the synthesis of a crystalline nanosheet membrane 
on a porous tubular substrate by direct growth.[42] They exploited 
the GO-guided growth by first depositing a thin layer of ZnO 
nanoparticles on the tubular support by dip-coating, followed by 
another layer of GO upon which the nanoparticles self-converted 
into Zn

2
(bIm)

4
 nanosheets membranes. The 200 nm thin mem-

branes displayed a H
2
/CO

2 
selectivity of 106 and a H

2
 permeance 

of ca. 500 GPU (Fig. 2c). Their strategy offers the opportunity 
for the large-scale fabrication of highly-oriented MOF nanosheet 
membranes on a tubular geometry, which is relevant for industrial 
gas separations.

Unprecedented performance has been achieved with 2D 
MOF nanosheets-based membranes. Nevertheless, much effort 
needs to be done before achieving the precise manipulation of 
the nanosheets, especially at large scale. Fabrication of nanosheet 
lateral sizes larger than 1 µm, uniform nanosheet thickness, higher 
degree of crystallinity (particularly for the top-down exfoliation 
approach), scalable membrane fabrication strategies are all vital 
features that still represent a hurdle in the commercialization of 
MOFs membranes. Moreover, investigations on their mechanical 
and chemical stability in real commercial operating conditions 
need to be performed.

3.3 COFs
Covalent organic frameworks (COFs) were first discovered 

by Yaghi and coworkers in 2005.[15] They are composed of solely 
covalently-bonded organic linkers displaying highly crystalline 
networks with pore size ranging from 0.5 nm up to 4.7 nm.[43] 
They have attracted increasing attention as membrane materials. 
Simulation studies concluded that exfoliation from their 3D struc-
ture is possible and that their separation performance is highly 
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lenges in the preparation and scale-up of graphene membranes 
are the formation of intrinsic defects during the chemical vapor 
deposition (CVD) used to crystallize the graphene layer, as well as 
extrinsic defects formed during the transfer of the graphene layer 
from the metallic substrate to the porous one.[55]

Regardless of the challenges, recent breakthroughs have al-
lowed exploration of the potential of single-layer graphene for 
membranes. For example, Surwade et al. suspended single-
layer graphene on a 5-µm silicon-etched hole, and were able to 
etch pores in the range of 0.5–1 nm with oxygen-plasma. They 
achieved a water vapor flux as high as 106 g m−2s−1 and when the 
membrane was tested for water desalination, a nearly 100% salt 
rejection was achieved.[53] Moreover, our group has recently re-
ported a new nanoporous carbon-film-based transfer technique, 
which circumvents the removal of mechanically reinforcing poly-
mers.[12] The use of high-flux nanoporous carbon film guaranteed 
mechanical reinforcement to the graphene monolayer without the 
need for removal. A 1 mm2 of single-layer graphene was trans-
ferred onto a porous tungsten support, allowing the evaluation of 
transport properties from intrinsic defects. H

2
 permeance of 1300 

GPU and H
2
/CH

4
 selectivity of 25 were achieved. After exposing 

the same membrane to ozone functionalization-based etching, the 
H

2
 permeance and H

2
/CH

4
 selectivity increased by 300 and 150%, 

respectively. To have more control over the pore density and size, 
Zhao et al. developed a synergistic, partially decoupled defect 
nucleation and pore expansion strategy using O

2
 and O

3
 treatment. 

They achieved a high pore density of ca. 2.1 × 1012 cm–2 and a H
2
 

permeance from 1340 to 6045 GPU and H
2
/CH

4
 selectivity from 

15.6 to 25.1.[56]

Nanoporous graphene with its carbon-atom thickness and tun-
able pore size is a strong candidate for the next generation of 
membranes. However, more research needs to be performed to 
address the major issues that limit scalability. Angstrom-precise 
pore-size control, narrow pore size distribution, high-pore density, 
and a more scalable transfer strategy are the major bottlenecks for 
its commercialization.

4. Nanochannels Transport

4.1 Graphene Oxide
GO is a derivative of graphene and it is widely obtained from 

the oxidation of graphite using Hummer’s method.[57] The oxida-
tion method developed by Hummer produces GO with a high con-
tent of oxygen-rich functional groups (hydroxyl, carboxyl, and 
epoxy groups) on the basal plane as well as on the nanosheet’s pe-
rimeter. Unlike nanoporous graphene, the transport of molecules 
occurs mainly through the gallery spacings, and through in-plane 
defects/gaps generated during the exfoliation and/or membrane 
assembly.

The fine-tuning of the interlayer spacings between the 
nanosheets plays a key role in gas and water separations. Li et 
al. assembled GO nanosheets into a 1.8 nm membrane by simple 
vacuum filtration achieving unprecedented H

2
/CO

2
 and H

2
/N

2 
se-

lectivities of 3400 and 900, respectively (Fig. 3a). However, the 
H

2
 flux was low for such a thin membrane demonstrating the ‘zig-

zag’ type of transport.[8] The importance of rationally manipulat-
ing the repulsive/attractive forces between the functional groups 
in the nanosheets can drastically change the GO membrane per-
formance. Xu and coworkers rationally designed external forces 
(i.e. vacuum-filtration-coupled shearing forces derived from the 
spin-coating system) as well as inner forces (i.e. using intercalating 
polymers) to finely manipulate the 2D channels aperture.[58] The 
polymer intercalation suppressed the repulsive force, while the ex-
ternal contributed to the well-ordered packing of nanosheets. The 
as-prepared membranes, with a 2D channel of 0.4 nm, displayed 
2–3 orders of magnitude improvement in hydrogen permeance, 
and a 3-fold enhancement in the H

2
/CO

2 
selectivity (Fig. 3b).

The interaction of the guest molecules with the functional 
groups present in the nanosheets can facilitate the transport of 
molecules. For example, µm-thick GO membranes that were im-
permeable to even the smallest gases changed their behavior after 
being exposed to water.[7] A fast transport took place due to a 
combination of the favorable interaction between water molecules 
and the functional groups of GO, and the fact that water can flow 
frictionless in the hydrophobic domains of GO.[31] On a similar 
principle, Zhou et al. functionalized GO nanosheets with a brush-
like CO

2
-philic agent (piperazine) using vacuum filtration on a 

tubular support. The 20-nm thick membranes exhibited a remark-
able CO

2
 permeance of 1020 GPU and a CO

2
/N

2
 selectivity of 

680, while the non-grafted nanosheets showed orders of magni-
tude lower performance (Fig. 3c).[32]

Considerable progress has been achieved in the fabrication 
methods of GO membrane as well as high performance. However, 
the long-term stability of the well-designed nanochannels, espe-
cially in the presence of water, along with the development of 
low defective nanosheets during exfoliation need to be fully in-
vestigated. Moreover, the inefficient ‘zig-zag’ type of transport 
motivates the formation of few-nanometer thick membranes to 
increase productivity, which might be technically challenging to 
engineer on an industrial large scale. 

4.2 Transition Metal Dichalcogenides (TMDs)
TMDs are represented by the general chemical formula MX

2
 

(M is a transition metal such as Mo or W and X is a chalcogen 
such as S, Se, and Te) and they have attracted increasing atten-
tion in catalysis, sensor, electronic devices, etc.[10] Similar to GO, 
TMDs are strongly bonded in-plane, while weaker interactions 
hold together the single layers. Chemical exfoliation, where the 
intercalation of lithium-based compounds followed by the strong 
reaction between lithium and water generates H

2
 gas, can over-

come the interlayer interactions and yield single layer TMD 
nanosheets. Additionally, TMDs can also be directly grown by 
CVD synthesis.[10]

TMD nanosheet-based membranes have shown promising 
results for liquid separation applications but good performance 
for gas separation remains to be demonstrated. The performance 
of TMD nanosheet-based membranes in water is similar or even 
better than GO-based membranes.[59,60] Wang et al. fabricated an 
ultrathin membrane (17 nm) by stacking chemically exfoliated 
MoS

2
 through vacuum filtration achieving a high permeance of 

more than 27000 GPU.[61] However, the H
2
/CO

2 
selectivity was 

below Knudsen selectivity indicating the presence of non-selec-
tive channels. Interestingly, it was found that 2D MoS

2
 undergoes 

phase transition upon heating going from an octahedral to a tri-
gonal prismatic phase, which translates in a decrease of the inter-
layer spacings from 1.1 to 0.62 nm, respectively.[62] Surprisingly, 
membranes prepared from this type of phase-changed nanosheets 
displayed unvaried selectivity for the H

2
/CO

2 
pair gas selectivity 

while an increase of 30% in H
2
 permeance was witnessed. The 

authors attributed such behavior mainly to an interbundle-type of 
transport rather than from the single interlayer spacing.

TMDs represent a promising class of building-blocks for gas 
separation. However, deeper investigation on the tailoring of the 
nanochannels is required to obtain gas selective pathways.

4.3 MXenes 
MXene was discovered by Gogotsi and coworkers in 2011, 

and since then it has been extensively implemented in many 
fields such as catalysis, water desalination, electronics, etc.[63] 
MXenes are a class of transition metal carbides with generic for-
mula MAX, where M is an early transition metal, A is an ele-
ment from group 13 or 14 and X can be either C or N. Their 2D 
form was obtained with the selective HF etching of the A layer 
resulting in a layered MX type of structure which can be further 
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tion-controlled’ type of transport.[65] They speculated that the 
transport was mainly through slit-like pores rather than nano-
channels and their finding was supported by the fact that upon 
decrease of the gallery spacings from 0.52 to 0.38 nm the se-
lectivity remained unchanged. Their functionalized membrane 
achieved a CO

2
 permeance of 350 GPU with a CO

2
/CH

4
 selec-

tivity of 15.3.[65]

The potential of synthesizing free-standing MXene mem-
branes makes them very attractive since no expensive supports 
are needed. However, more investigation is needed to understand 
the molecule transport pathways and the relationship between in-
terlayer spacing and the membrane performance. 

5. Conclusions
The high performance achieved with 2D nanosheets-based 

membranes position them as state-of-art in many applications and 
motivates for further investigation. However, many challenges 
need to be addressed before 2D nanosheet-based membranes can 
be used in the industry. The current top-down exfoliation strate-
gies cannot produce nanosheets of sufficient quality (i.e. large and 
uniform lateral size distribution), or the exfoliation yields are too 
low. On the other hand, the bottom-up approach is limited to small 
sizes and it is feasible only for limited cases. 

Nanoporous graphene has triggered extensive interest due to 
its unique properties and could represent the next generation of 
membranes. However, pore size control, narrow pore size distribu-
tion, high pore density, and a more scalable transferring technique 
represent still substantial hurdles for its industrial application.

2D membranes as thin as few nanometers can be synthesized 
on a lab scale with very high performance, however, it remains 
challenging to engineer such films on a much larger industrial 
scale where small defects produced during processing may com-
promise the overall performance. Beyond the separation perfor-
mance, investigations on how the membranes behave in real in-
dustrial operating conditions should be done (chemical and ther-
mal stability, pressurized tests without sweep gas, mixed gas tests 
with real mixtures, etc.).
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