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Graphene and Graphene Oxide-Based Membranes for Gas Separation

Nagapradeep Nidamanuri', Yaqi Li", Qiang Li"" and Mingdong Dong*

Graphene has been hailed as a revolutionary membrane material because of its many alluring features and the ease in
their tunability. In specific to gas separation industry, the exceptional molecular transport, the possibility of fabricating
membranes having thickness at a nanoscale range and the robust lattice structure that can withstand to the rigorous
perforation methods render graphene to stand ahead of its contemporary materials. Moreover, its broad chemical
tolerance and high mechanical strength facilitate the mass-production of membranes possessing macroscopic
dimensions and their subsequent long-term operation under harsh environments. In this concise review, we complied
and discussed the progress of gas-separation performance of graphene-based membranes with a prime focus on recent
advancements in scalability, functionalization/modification along with the new manufacturing processes including the
budding approaches through synthetic chemistry. The strategies implemented, the factors that influenced the
membranes’ performance and the corresponding transport mechanisms were highlighted in detail. In the end, we
outlined the daunting challenges facing by these graphene-based membranes in realization of their prospects as well

as the proposed measures for alleviating them.
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1. Introduction
Gas separations through membranes has seen an incessant
growth in the recent past because of its high-efficacy, low-
carbon footprint and modest energy requirements. "’
Membranes can selectively transport species depending on
their permeability and they can be functioned in an
uninterrupted way with minimal maintenance. In general,
polymers are used for making membranes owing to their
notable gas-separation performance. But, their integral
compromise between the permeability and selectivity (Robeson
performance limit), mitigation of fouling and sensitivity
towards high temperatures, harsh chemical environments®™ led
to search for other readily-available alternate membrane
materials.

In this scenario, since from the discovery in 2004 by Geim

and Novoselov,’ graphene-based materials have become an
implicit choice for making membranes owing to their
significant permeability, selectivity and mechanical tolerance
even under harsh conditions.'"* The pristine graphene layer
was proven to be impermeable to any liquids/gases due to the
insufficient narrow gaps in its atomic lattice structure.
Moreover, its electron-rich skeletal features cause an additional
repulsion towards penetrants. However, the random stacking
of various graphene layers could develop nanochannels in
interlayer spacings, thereby, opening up the opportunities for
molecular transport. In addition, the dimensions of these
nanochannels could be further tuned through functionalization
(covalent/non-covalent) which dictate the selectivity and
permeation of gas molecules.

Theoretical models such as classical molecular dynamics
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and ab initio calculations forecasted that, when graphene is
perforated systematically, it would become an ideal membrane
material in terms of selectivity and permeability which can
outperform the established polymer membranes.'® During the
past few years, researches have revealed many encouraging
facts and findings regarding the immense potential of graphene-
based membranes for separating not only gases but also ions'"**
and liquids (aqueous/non-aqueous).”* In this concise review,
we provide a brief synopsis of the recent advances in graphene-
based gas-separable membranes and the challenges associated
for their use as next-generation industrial membranes.

2. Graphene

Graphene (G), a two-dimensional sp*-carbon sheet composed
of a long-range conjugation across its honeycomb aromatic
framework (Fig. 1a).” Its high mechanical strength (42 Nm™),
large Young's modulus (~ 1.0 TPa), huge thermal conductivity
(4840-5300 W m™ K™), and wide surface area (2630 m*> g)
render graphene as a superior membrane material than other
nanocarbon structures.’>*' Moreover, its atomic thickness (~
0.34 nm) will enable to make membranes having high
permeate flux via lowering the transport resistance. Arc-
discharge, carbon nanotubes (CNTs) unzipping, chemical
vapor deposition (CVD) and epitaxial growth have been
frequently utilized for its synthesis.”

Fig. 1 TEM images of monolayered (a) graphene and (b)
graphene oxide. (Both are adapted from Ref. [29], copyright
2010, with permission from WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.)

The high-electron density of graphene will repel any atom/
molecule (except proton) trying to pass through its aromatic
rings.” Theoretical models suggested that the introduction of
pores in graphene will induce superior permeation of different
species selectively. The tuning of the geometry of the in-plane
pores in single layer and the interlayer distances in
multilayered graphene provide ancillary selective transport
mechanisms. Both the top-down and bottom-up ways are
developed to make nanopores in its sheet-like architecture. In
top-down approach, techniques such as lithographic, high-
temperature O, exposure, UV-based oxidative etching are
applied, while in bottom-up approach, chemical synthetic
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techniques are employed.* Since the targeted pore sizes are <
10 nm, their systematic generation and distribution pose a
major challenge to tackle with.

3. Graphene Oxide

Graphene oxide (GO), a layer-thin G derivative having many
oxygen bearing moieties like carbonyl, carboxyl, hydroxyl and
epoxy on its basal plane and edges (Fig. 2b).” GO is generally
obtained from graphite crystals in two steps, in which, graphite
is initially oxidized to graphitic oxide and then exfoliated to
monolayered GO in alkaline conditions. For oxidation, strong
oxidants such as KMnO, in HNO,/H,SO,, KCIO, or NaNO, are
used, while for reduction, NaBH, or NH,NH, are preferred.***
If the reduction was carried out thermally in an inert
atmosphere, reduced graphene oxide (rGO) will be
obtained.”* In fact, GO can be chemically reduced to G but
the high-cost limits this way of production.*

The distortions from the sp’ C-O bonds cause nanoscale
defects in the GO basal plane. These intrinsic faults behave as
main pathways for gas molecules when membranes are
fabricated.***” Multiple functional groups' presence rendered
GO to exhibit distinct properties than G, particularly, forming
stable aqueous colloidal solutions without the aid of
surfactants. This key feature was highly advantageous in
membrane fabrication through simple solution based methods
like spin/drop-casting.*** When dispersed in water, GO sheets
are negatively charged due to the ionization of the carboxyl
units on the edges, thereby opening up a new way of making
composite membranes with disparate positively charged
materials.

Moreover, the reactive functional groups of GO also
furnish suitable sites for improving interactions with passing
gases, thereby increasing the membrane performance
significantly. Through surface-modification techniques, they
further exploited for GO surface functionalization. In GO
stacks, the degree of oxidation and the extent of solvent
intercalation play a decisive role in creating large interlayer
space (0.7-1.2 nm), through which the permeation of gas
occurs unlike in monolayered G membranes, where the in-
plane pores provide transport channels. Intrinsic defects
generated during the reduction of GO (i.e., rGO formation) can
also act as nanopores. The dependence of such defect sizes on
the synthetic parameters was computationally explored by
Grossman's group recently.” They demonstrated that the GO
sheets having lower epoxy/hydroxyl ratio and O-concentrations
need elevated reducing temperatures for generating rGO with
suitable nanopores for gas separations.

4. Monolayered Graphene Membranes

Since pores are inevitable for gas transportation (Fig. 2a), a
large number of theoretical studies explored the transport of
different gases through single-layered graphene and its pore-
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functionalized derivatives.” To compute transport properties,
one of the two following approaches is often used—(i) Density
functional (DFT) or other quantum mechanical techniques are
employed for calculating the minimum energy required for a
gas molecule for passing through a pore. Then, the permeance
is approximated by implementing a transition state approach
given the kinetic energy distribution of the gas molecules
whereas the selectivity is determined as the ratio of Arrhenius
factors. (ii) Classical molecular dynamics are applied for
estimating the number of molecules tunneling through the pore
which directly yields the permeance (Fig. 2b).”

For instance, Jiang's group” computationally deposited a
layer of ionic liquid—(emim)(BF,) onto H-terminated porous
graphene having 1 nm pores (Fig. 2¢). This modification
converted the nonselective large pores specific for gases
having diameters of 3-4 A. Molecular dynamics simulations
revealed that CO, has much more permeance than CH,, N,
because of pore-situated BF, ", which offers additional affinity
for CO,. Non-diffusible large [emim]" anchors this anion in its
place through electrostatic attraction, thereby regulating the
pore size. As a result, this composite membrane exhibited a
permeance of ~10° GPU with a selectivity of 42 for CO, over
CH,. Further, they also demonstrated that the ionic liquid
thickness and the sizes of anion or pores dictated the CO,

i g
A
“

i ionic liquid coating

permeance and selectivity. Similar findings were also reported
by Bai's team in their recent report,™ in which the addition of
partial negative charges on carbons enhanced CO, affinity over
CH..

Despite of many theoretical calculations, the number of
analytical evidences for gas transportation in graphene alone
is still scarce in literature. Defect-free G sheet was
experimentally proven as impermeable to even He by Bunch
et al. in 2008.” Exfoliated nanoballoons of graphene were
suspended over which remained gas-
impermeable since the bare graphene was devoid of any
defects and the carbon-carbon interspace was too short for a
gas to permeate. Hence, piercing pores in graphene is
mandatory for enabling their applicability in gas separations.
But, the empirical growth of monolayered porous graphene
membranes was very limited due to inadequate manufacturing
processes and pore engineering techniques.

In general, large-scale G layers from nanometer size
defects which hamper their efficiency through nonselective
leakage of gas molecules. To circumvent this problem, Karnik's
team implemented a porous anodic aluminum oxide support
layer beneath the porous cm-long graphene (PG-AAO).*
Sequential ion bombardment and etching with O, plasma
created high density of sub-nanometer sized pores (~ 10" cm?,

microcavities

&

Fig. 2 (a) H,separation throughmonolayer graphenehaving N-
functionalized pores; (Adapted from Ref. [51], copyright 2009,
with permission from American Chemical Society.) (b) Selective
passage of H, through single-layered porous graphene; (Adapted
from Ref. [52], copyright 2014, with permission from American
Chemical Society.) (¢) Schematic illustration of selective CO,
separation by ionic-liquid coated porous graphene monolayer.
(Adapted from Ref. [53], copyright 2017, with permission from

American Chemical Society.)
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Fig. 3a). The selectivity was increased with increase in kinetic
diameter of gas molecules and even exceeded the Knudsen
effusion ratio. In case of H,/CH, separation, the membrane
performance was competitive, while in case of H,/CO,, it
surpassed Robeson limit (Fig. 3b). However, the overall
membrane has reduced permeance and selectivity because of
AAQ's limited porosity.

In a similar manner, Agarwal ez al.” fabricated four
monolayered graphene membranes on W-support which
perforated through O, exposure. A tailor-made gas permeation
module with mass spectrometer was built for assessing gas
flux. These membranes had shown remarkable long-term
stability even after harsh treatments like pressurizing (> 0.5
bar) and heating (25 to 200 °C) over weeks. However, the
observed fluxes of all the gases (CO,, CH,, He, H,, SF,, Kr)
was far below than their technique's detection limit.

Experimental approaches for making quintessential quality
of G sheets are still very limited, however, CVD process
provides the best outcomes so far.*** In the recent past, the
Samsung® and Sony® electronics independently explored this

technique for preparing 30-inch and 100 m-long graphene on

Cu-substrates respectively. However, for membrane
fabrication, the G layer needs to be transferred onto perforated
supports like polymers. Such attempt was carried out by
Paraense e/ al.” where they employed a wet-transfer technique.
A cm-long mono/bi-G layer was successfully transferred onto
polydimethylsiloxane (PDMS) in four steps by using poly
(methyl methacrylate) (PMMA) as a sacrificial support. At
first, PMMA was spin-coated onto the Cu-supported G, in the
next step, the Cu-support was removed with ammonium
persulfate, and in the third step, the target PDMS support was
introduced, while in the final step, PMMA was dissolved away
with acetone. They found that the monolayer has modest
increase in membrane barrier while in the bilayer, it increased
by 30%.

Extended tears and defects were commonly formed in G
sheets while drying the solvents due to the presence of ample
capillary force. This problem can be resolved via exposing the
graphene surface directly without removing the mechanical

supporting film. Such methodology was developed by
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Fig. 3 (a) STEM image of perforated graphene layer; (b) Gas glow rates through
PG-AAO membrane; (Both are adapted from Ref. [56], copyright 2017, with
permission from American Chemical Society.) (¢) HRTEM image of O,-
functionalized graphene; (d) Gas separation performance various membranes after
different O,treatments. (Both are adapted from Ref. [64], copyright 2018, with
permission from Macmillan Publishers Ltd.)
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Agarwal's team® where they had grown a nanoporous carbon
film (NPC) on top of graphene via coating a block copolymer
followed by pyrolysis. Despite of its few intrinsic defects (5.4
x 10" ¢cm?), the CVD-grown mm-long graphene monolayer
displayed an attractive high permeance (~ 4.1 x 10~ mol m—*
s ' Pa™") and selectivity (25) for H, against CH,. Moreover, the
etching of H,-selective pores with O, raised its permeance by
~300% and selectivity (vs CH,) by ~ 150% as a result of pore-
functionalization (Figs. 3¢, d). In a recent report,* this team
further increased the pore density to 2.1 x 10" c¢m *by
consecutive O, plasma and O;exposures which resulted a
record-high mixed-gas separation performance (Separation
factor for Hy/CH, = 15.6 to 25.1 and for H,/C;H; = 38.0 to
57.8).

In most of the literature reported findings, the permeance
of single component gases was mostly investigated, but, it can't
consider the competitive adsorption and diffusion arose in case
of gas mixture separations. Strano's group® made such an
attempt in 2018, in which, equimolar gas mixtures of CH,,
CO,, H,, He and SF¢ were implemented. Five porous graphene
membranes A, A', B, C and D were made through CVD and
then transferred to Ni-supports (pore D =~ 5 um). By using
mass spectrometer, the temperature-dependent permeance was
measured from 22 to 208 °C. It is found that gas-permeable
nanopores of various diameters were formed spontaneously in
all membranes except D. Membranes A and A' (pore D =~ 2.5
nm) evinced 10°-10° mol m™ s' Pa'gas permeance with
selectivity beyond Knudsen limit because of steric selectivity
mechanism. But, the membrane B (pore D = ~ 100 nm)
exhibited lower selectivity than Knudsen effusion limit due to
consolidation of viscous flow and effusion. Temperature-
dependent higher permeance rates were observed in case of
membrane C as a consequence of activated translocation via
nanopores. For instance, at 200 °C, it shown a selectivity of >
20 for CO, over SF¢

5. Few-Layered Graphene/Graphene Oxide-Based
Membranes

The possible control over etching and enhanced pores' stability
in bilayered graphene®” had drawn significant interest for
making few-layered porous graphene membranes for gas
separations. In 2012, Bunch's group® drilled A-sized pores (3.4
and 4.9) in bilayer graphene by oxidative etching with UV
light. A blister test and mechanical resonance were applied for
deducing the transport properties of gas molecules. The
obtained H, (4.5 (3.4 A), 75 (4.9 A)) and CO, (2.7 (3.4 A), 25
(4.9 A)) permeances (in 10* mol s' Pa') were in well
agreement with theoretical models in the literature (Fig. 4a).
In the next year, Kim ez al.” deposited various G sheets onto
a highly permeable glassy polymer support — poly(l-
trimethylsilyl-1-propyne) (PTMSP). The defects generated
during fabrication process significant  gas
permeability but it is decreased with increase in number of G
layers deposited (Fig. 4b). Celebi ez al.” accounted much
higher gas permeance where CVD-grown bilayer graphene was
transferred onto SiN, and 7.6 nm-1 um diametered pores were
created by exposure to He beam (Fig. 4c). This Knudsen
effusion-based membrane exhibited higher permeance (~107
mol m? s” Pa™) than traditional polymeric membranes with

rendered

comparable H,/CO,selectivity of ~ 3.4. Similarly, while in
case of perforated PDMS-coated trilayered graphene
membranes (cm-range) on polycarbonate supports developed
by Karnik's team,”" the selectivity was close to Knudsen
effusion limit and the gas separation was depended primarily
on the mass of gas molecules rather than their kinetic
diameters.

Few-layered graphene-derived membranes are more
commonly built from GO because of its large-interlayered
spacing lamellar structure (0.6-1 nm) which offers prolonged
diffusional channels that can provide high energy barriers and
pressure gradients for gas diffusion. The earlier report came
from Park's team® in 2013 where GO dispersion was spin-
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Fig. 4 (a) Comparison of gas separation performance of perforated bilayered graphene before and
after etching; (Adapted from Ref. [68], copyright 2012, with permission from Macmillan Publishers
Ltd.) (b) Change in gas flow with number of graphene layers deposited; (Adapted from Ref. [69],
copyright 2013, with permission from American Association for the Advancement of Science.) (c)
Gas permeances of graphene membranes with different pore diameters. (Adapted from Ref. [70],

copyright 2014, with permission from American Association for the Advancement of Science.)
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casted onto a polyethersulfone (PES) support in two different
ways. TEM imaging revealed 3-7 nm sized GO coating (Figs.
Sa, b) and the gas permeances were determined under dry and
humidified conditions. The membranes made from method-1
shown more gas permeability while the membranes from
method-2 exhibited better gas selectivity because of their
highly interlocked layered structures (Figs. 5c, d). Many
factors such as the fabrication route, size and stacking manner
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of GO, amount of intercalated water are known to be
influential in determining the gas transportation properties.
Further, in the same year, Li ez al.™ also described that the GO
membranes' gas permeance mainly dictated by their thickness
with preferentiality towards ultrathin size (1.8 nm).

The hydrophilicity arisen from GO's oxygen-containing
functional groups is known to aid the gas separations unlike
conventional zeolitic, hydrophobic polymer membranes where
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Fig. 5 (a, b) TEM images of GO membranes made from method-1 and 2
respectively; (c, d) Dependence of gas permeances on the molecular weight
(method-1) and kinetic diameter of gases (method-2) respectively; (All are
adapted from Ref. [69], copyright 2013, with permission from American
Association for the Advancement of Science.) (e, f) Photo of a 1-mm-thick
GO film and permeation through hydrated GO film. (Adapted from Ref.
[73], copyright 2012, with permission from American Association for the

Advancement of Science.)
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the condensation of water vapor reduces selectivity and
permeability. separations
analytically proven initially by Nair ez al. where the hydrated
GO sheets are permeable to He but not the dried ones. This was
mainly resulted from the enlarged interlayer spacing due to
intercalation of water in GO stacks (Figs. e, f).” Such water-
intercalation in GO also raised the CO,sorption as accounted
by Ho Bum Park's group.™ These authors made ultrathin GO
membranes of thickness <5 nm on a microporous PES support
which displayed higher selectivity for CO, over gases like H,,
N, and CH,under humidified feed streams. Such water-tolerant
gas-separable GOs are of much demand in industrially-
important water-sensitive separation processes such as natural
gas refinement, post-combustion CO, capture owing to the ease
in applicability of dehydration at permeate end rather than high-
pressure feed end.

In 2016, Zhao's group” utilized AAO substrates for
assembling GO membranes through a three-step strategy where
the mild freeze-thaw exfoliated pure GO sheets were spin-
casted. These membranes displayed superior performance
(H, permeance = 6.7 x 1077 mol/(m* s Pa); H,/CO, = 240) than
pervious findings, while at 120 °C, the separation factor was
reduced to 47 while the H, permeance was raised to 6.7 x 1077
mol/(m* s Pa). In the next year, Qi e/ al.”® electrodeposited
defect-free GO sheets onto porous stainless-steel hollow fiber
(PSSHF) where the GO's oxygen-containing groups were
exclusively reduced, thereby, yielded much narrow channels
within the stacked layers. These 95-nm thickened composite
membranes (GO@PSSHF) showed a selectivity of 551, 319,
332 and 192 for C,H,/C;H;, C,H./C,H,, C,H/C;Hg and C,Hy/
C;H, mixtures respectively, which were higher than their

Such water-enhanced were
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Knudsen selectivities (~ 1.2). While in case of binary gas
mixtures that were comprising a C3 hydrocarbon and a small
gas (H,, CH, or C2 hydrocarbon), the permeance of small gases
remained same but for C3 hydrocarbons it is increased when
compared to single-gas measurements.

In recent times, porous ceramic supports having much
stability and robustness were preferentially explored. They
offer low transport resistance and higher area/volume ratio
which minimize the volume of membranes required for
separations, thereby, reducing the operational cost and
investment drastically. Zhu ez al.”” applied such hollow fiber
ceramic supports — yttrium-stabilized zirconia (YSZ) for
developing highly-stable GO membranes permeable for H,
(4.46 x 10® mol m” s"' Pa™). Vacuum-suction impregnation
method was employed for engineering large area (12 cm?)
membranes (GO/YSZ) having H, selectivity of 76 (vs N,) with
a separation factor of 68 at 20 °C. Subsequent simulation
studies revealed that the front part (near the inlet) of the YSZ
contributed more towards the overall H, permeance than the
rear part.

6. Graphene Oxide-Based Polymeric Composite
Membranes

Graphene layers are found to be less compatible with many
polymers resulting gaps surrounding them. The gas molecules
would flow through these gaps and exhibit a low gas barrier
performance due to the decreased diffusion tracts. Moreover,
because of the high aspect ratio, the graphene platelets behave
like physical barriers for the polymer rearrangement and the
diffusion of free volume domains, thereby, resulting the
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Fig. 6 (a) Schematic illustration of H-bonding between PEBA chain and GO nanosheets; (b) GO
laminates in TEM image of GO-PEBA membranes; (c) CO,/N, separation performance of membranes
with different GO concentrations (All are adapted from Ref. [85], copyright 2015, with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) (d) External force driven assembly
approach for fabricating EFDA-GO membranes; (e, f) TEM image and H,/CO, separation of EFDA-
GO membranes respectively. (All are adapted from Ref. [86], copyright 2016, with permission from

American Chemical Society.)
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normally carried out for making the respective composite
membranes, however, the molecular simulations confirmed the
alteration of polymer distribution even at very low loadings of
graphene.® Surface modification of graphene with suitable
agents will resolve some of these issues to a greater extent and
also offers an additional mechanical strength to membranes. It
was found that the membrane design and performance mainly
affected by the functionalization of G, the interfacial
interactions (e.g. H-bonding, electrostatic/hydrophilic, n-m)
between polymer matrix and G layers, and the processing
technique and parameters.

In case of GO, it is known that the electrostatic repulsion
arising from the carboxyl groups in interlayers causes
undesirable cracks that led to mechanical instability of the
membranes. To reduce such unwanted interlamellar
interactions, a variety of natural and synthetic polymers** are
often employed between the GO layers. Shen ez al.® utilized
polyether block amide (PEBA) to create stable GO laminates
(Figs. 6a, b; d-spacing = 0.7 nm) having straight diffusion
pathways. The -N-H-, H-N-C=0, and O-C=0 moieties of the
polymer were involved in strong H-bonding with the functional
groups of GO. By varying GO concentration, these composite
membranes showed excellent CO,/N, permeance of 100 Barrer
and selectivity of 91 with notable operational stability (> 6000
min) (Fig. 6¢). In another report, ** these authors used a
positively charged polymer— poly(ethyleneimine) (PEI) for
engineering GO membranes with much lower d-spacing (~ 0.4
nm). Through external force driven assembly (EFDA)
approach, they controlled the external forces while coating GO
and PEI solutions alternatively onto AAO substrates (Fig. 6d).
The formed EFDA-GO membranes were highly-ordered with
well aligned slit-like pores and interlayer-galleries (Fig. 6¢).
Their H,/CO, permeability (840/1200 Barrer) and selectivity
(29/33) is far ahead of many of commercial membranes (Fig.
6f).

Recently, Pierleoni ez al.*” applied the same PEI polymer
for creating stable multilayered GO composites having a
constant spacing of 3.7 nm. Through the dip casting process,
a positively charged polymer covering is initially developed on
polyethylene terephthalate (PET) and matrimid substrates
which subsequently dipped in negatively charged GO to create
bilayered composites. These steps are repeated number of
times to get the thicker multilayered composite membranes
where the polymeric chains behave like molecular spacers for
GO sheets resulting high stability. These GO-PEI-BL
membranes showed remarkable He gas selectivity of 500 (vs
CO,), which is beyond the Robeson limit. In case of He/CO,
and H,/CO, mixtures, the permeability depended exponentially
on the penetrant's kinetic diameter.

Polymeric matrices that selectively facilitate the gas
transport are also exploited for boosting the membranes' gas-
separation performance. Wang ez al.* embraced this idea by

© Engineered Science Publisher LLC 2020

cross-linking GO sheets with poly(ethylene glycol) diamines
(PEGDA), where PEG imparted additional affinity towards
CO,. GO's epoxy groups reacted with the polymer and created
both the CO,-philic (intercalated with polymer) and non-CO,-
philic (unmodified graphene regions) nanodomains across GO
(Fig. 7a). The GO-PEGDAS500 membranes showed a
significant permeance for CO, (175.5 GPU) with a selectivity
of 69.5 (vs CH,) as depicted in Fig. 7b. Hong's group®
described similar study where polyelectrolyte-supported well-
ordered GO membranes are developed. A spray-assisted layer-
by-layer method and pH adjustment is used for precisely
controlling the thickness of GO sheets. The supporting matrix
of the repeating poly(diallyldimethylammonium chloride)/
polystyrene sulfonate layers was first deposited onto the porous
polysulfone (PSF) surface, and then GO sheets were introduced
selectively. The high-density of polar groups on GO and the -
NH, groups in the polyelectrolyte layers resulted a prominent
CO, permeance (1175.0 GPU) with a selectivity of 15.3 against
N..

In contrast, some research teams implemented CO,-philic
GO instead of CO,-philic polymeric matrices. They
functionalized GO via oxygen-containing groups ( -~ OH, -
COOH) with CO,-philic groups which improved the interfacial
interactions of polymeric matrix with GO. He's team”
impregnated imidazole functionalized GO (ImGO) into poly
(ether-b-amide) (PEBAX) matrix. These ImGO@PEBAX
membranes displayed CO, permeability of 76.2 Barrer with
selectivity of 105.5 (vs N,) at 0.8 wt.% loading of ImGO. Bao-
Sheng Ge ef al.”’ aminated GO with ethylene diamine (EA-GO)
and incorporated it into the polyamide acid. The in-situ
polymerization developed the composite membranes (EA-
GO@PI) with high CO, affinity. The CO,/N,separation
performance increased with the increase of GO loading and
reached a maximum at 3 wt.% (CO, permeability = 12.34
Barrer; CO,/N, selectivity = 38.56).

Wang et al.” prepared two isocyanated GOs in the similar
manner with 2, 4-tolylene diisocyanate (TDI) and
dicyclohexylmethylmethane-4, 4'-diisocyanate (HMDI). The
respective membranes were made via in-situ polymerization
with 4, 4'-diaminodiphenylether and 4, 4'-(hexafluoroisopro-
pylidene)diphthalic anhydride. As TDI is less symmetrical than
HMDI, the GO-TDI has plenty of isocyanate moieties and
surface defects which resulted better dispersion than GO-
HMDI during membrane fabrication. At 30 wt.% loading of
GO-TDI, the membranes evinced best CO,/N, permeance and
selectivity. Moreover, this team” also grafted PEG with
different molecular weights and created PEG-GO@PI
membrane. The PEG modification not only altered the surface
properties of GO but also caused plenty of defects which
improved the separation ability markedly. PEG200-GO@PI,
PEG600-GO@PI showed high CO, and N, diffusion whereas
membranes with PEG1000-GO, PEG1500-GO and PEG2000-
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GO exhibited high CO, permeance because of the raise in polar
groups into the polymeric matrix.

Periodic crosslinking of GO with molecules that have
multiple binding sites is proven as another efficient way to
increase the mechanical strength of GO membranes. Recently,
Sun's research team® successfully fabricated thiourea-
crosslinked GO framework membranes (TU-GOF) onto porous
alumina tubes via a simple hydrothermal layer-by-layer self-
assembly process. The condensation reactions between -NH,/-

SH with -COOH and the nucleophilic addition of -NH, to C-O-
C yielded thiourea-bridged periodic GO laminates (Fig. 7c).
Structurally well-defined 2D narrow channels were developed
between stacked GO layers due to the small interlamellar
thiourea linker. These composite membranes exhibited an
impressive H, permeance against CO, (Fig. 7d), which is far
ahead of Robeson upper limit.

In addition, ionic liquids that show high CO,solubilities
are also applied. Their miscibility with aqueous solutions plays
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Fig. 7 (a) Representation of the both the CO,-philic and non-CO,-philic domains in GO-
PEGDA membrane; (b) Gas permeation performances of various GO-PEGDA membranes;
(Both are adapted from Ref. [88], copyright 2017, with permission from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.) (c) Schematic illustration of H,- permeance through TU-
GOF; (d) Permeances of gases through TU-GOF membrane; (Both are adapted from Ref. [94],
copyright 2018, with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
(e) Schematic portrayal of gas diffusion pathways in GO-SILM membrane fabrication; (f)
Comparison of gas separation performances of GO-SILM membrane with GO. (Adapted from
Ref. [97], copyright 2018, with permission from American Chemical Society.)
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a crucial role in dispersing the GO stacks, thereby producing
much-ordered composite membranes. The fabrication process
generally involves the coating of GO-ionic liquid dispersions
onto the porous supports
Karunakaran ez al.”” used two imidazolium based ionic liquids
—(emim) (Ac) and (emim) (BF,) for making membranes on
polyacrylonitrile supports via a simple dip-coating process
followed by room temperature drying. The resultant
membranes displayed excellent CO, separation features (CO,
flux = 37 GPU; CO,/N,selectivity = 130) with marked stability.
Chen's team also employed (emim) (BF,) for fabricating
membranes on PEBAX 1657 block copolymers under similar
conditions. * The respective CO, permeance (1000 GPU)
reached very high but the CO,/N, selectivity became poor. Ying
et al.” recently utilized AAO substrates and (bmim)(BF,) for
engineering GO membrane (GO-SILM) via vacuum filtration
(Fig. 7e). This stable membrane exhibited a moderate
CO,permeance (68.5 GPU) with high selectivities of 24, 234
and 382 for CO,/H,, CO,/CH, and CO,/N, separations
respectively (Fig. 71).

It is known that GO prone to wrinkle during the
dispersion in polymeric matrix which reduces the permeability
features of the final composite membranes. Hybrids having
mechanically stable dopants can resolve this issue to some
extent. Guo's group”™ implemented this thought in their
publication where they mixed GO nanoribbons (GONRs) with
MWCNTs which provided the required firmness to the
polyimide membrane (MWCNT@GONRs). The nanosized
hollow structure and smooth internal surface of CNTs
promoted the rapid transportation of gas molecules while the
high dispersibility of GONRs shell provided the required gas
selectivity, even at low loadings.

Similarly, it is also proven that the addition of zero-
dimensional nanoparticles can improve the gas diffusion via
raising the free volume of polymeric membranes. Wang ez al.”
deposited TiO, nanoparticles (< 10 nm) on GO surface via
adsorption layer nanoreactor synthesis. Later, through in-situ
polymerization of polyimide, they created homogeneous TiO,-
GO composite membranes. The small TiO, particles
successfully inhibited the GO aggregation, thereby, distributed
GO homogeneously in polymeric matrix. The polar surface of
TiO, particles enhanced CO, diffusion and is proportional to
TiO,content. In a recent notable report, Zeng's team'®
developed an indirect route to fabricate a GO-based composite
(rGO@MgO/C) with significant CO,uptakes of 31.5 wt % (27 °©
C, 1 bar) and 22.5 wt % (under the simulated flue gas). Here,
the in-situ generated amorphous carbon served as a dual carbon
support and protective system which prevented the tentative
agglomeration of MgO nanocrystallites. Similarly, Jiang's
team'” decorated the GO stacks with Zn** ions by using
polydopamine coating and embedded them into PEBAX
matrix. The zinc ions are known for building a reversible n-

under alkaline conditions.
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complexation with CO, which fasten the CO, migration (137.9
Barrer) across the GO with a reasonable selectivity (CO,/CH,=
30.6) due to the more tortuous diffusion pathways.

Besides GO, its hybrids with porous fillers like zeolites,
metal-organic frameworks (MOFs) are also dispersed in
polymeric matrices for improving the membrane's robustness
and separation ability. Karanikolos's group'” integrated the
inorganic ZIF-8/GO hybrid nanofillers into the organic PSF
matrix via solution blending. The resulted mixed-matrix
membranes (PSF+ZIF-8/GO) showed a sharp rise in CO,
permeability (61% wvs pristine PSF) and selectivity (87% vs
pristine PSF) against CH,. But, when compared to PSF+ZIF-
8 mixed-matrix membranes, a 7-fold increment in selectivity
is noticed. This enhancement is assigned to the synergic effect
from ZIF-8 and GO where ZIF-8 furnished more affinity
towards CO,and GO created suitable hindered tortuous
diffusion tracts. Similarly, Tavassoli's group imported the
widely known MOF—CuBTC into polyvinylidene difluoride
matrix where the free sites of Cu played a vital role in showing
the remarkable gas separation features.'” The He and CO,
permeabilities are 10.066, 3.316 Barrer respectively and more
than 100% increase is noted in He/CH,, He/N, and CO,/
CH, gas selectivity.

7. New Synthetic Approaches
Since most of the bottom-up fabrication methods for graphene-
related membranes are sensitive, complicated and hazardous,
alternative synthetic approaches are on rise in the
contemporary years. Surface-assisted and solution-mediated
oxidative cyclizations of finely-structured polyphenylenes
were developed to achieve nanometer-wide strips of graphene,
termed as graphene nanoribbons (GNRs). Cai ez al.'™ described
the first on-surface preparation of GNRs where 10,10'-dibromo-
9, 9'-bianthryl is first deposited in ultrahigh vacuum on a
metallic surfaces such as Au/Ag/Cu(111), upon annealing, they
polymerized and planarized. But, the large-scale fabrication is
often very limited in this approach which can be realized by
solution-mediated protocols which mainly consisted of two
steps. In the first step, Suzuki, Yamamoto or Diels-Alder
polymerization of tailor-made monomers will be carried out to
get polyphenylenes which on second step, directly converted
to GNRs by intramolecular oxidative cyclodehydrogenation
(Scholl reaction).

Recently, Ali Coskun's team'® engineered graphene
nanoribbons (GNFs) through Diels-Alder

polymerization followed by FeCl;-catalyzed cyclodehyd-

frameworks

rogenation. An arylacetylene and a dicyclopentanedienone
analog were used to construct GNRs (length ~ 2 nm, width ~
1.1 nm) within GNFs. Large m -surface area with high
microporosity (~ 5.8 A) led to a significant enhancement in gas
affinities with an exceptional CO,/CH,selectivity of 62.7 at
298 K. This team further functionalized the edges of GNRs to
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build GNFs (Fig. 10a) having substituents, namely, -OMe
(GNF-1), -CF; (GNF-2) and - F (GNF-3) at precise
positions. ' As depicted in Fig. 10b, all GNFs evinced
remarkable separation performance for CO,/CH,under
simulated conditions at 25 °C. It is worthy to noted here that
GNFs having fluoro substituents (GNF-2, GNF-3) showed
higher affinities for perfluorocarbons and chlorofluorocarbons.

8. Challenges and Future Perspectives

As outlined above, graphene-derived membranes have received
a lot of attention for gas-separation applications and undergone
notable progress in the recent past. In this review, we have
briefly portrayed the current state of research regarding the
preparation, structure of various graphene-derived membranes
like mono and few-layered nanoporous graphene membranes,
free-standing GO membranes, GO/polymer composite
membranes with an emphasis on their gas-separation
performance. Intriguing results regarding their superior
separation and significant selectivity in multiple gas mixtures
have been discussed, however, it is to be noted that these
graphene-derived membranes are still at nascent stage and
several still their
implementation in practical separation processes.

From synthesis point of view, the scalability and
reproducibility of graphene materials with same properties via
facile routes are quite challenging. Much advancement in
dispersion methods, pore engineering techniques, membrane
fabrication and transfer strategies are required. Also, more
studies should be conducted to comprehend the fundamental
transport mechanisms involved. Endeavors such as suitable
surface modifications that engender compatibility between
polymers and G-derivatives, suppressing the plasticization of
polymers and taking the advantage of the synergic effects of
different-sized pores can improve the sustainability of these
membranes towards the realistic environments like high-
hydrostatic pressures, harsh chemical conditions. These efforts
may further boost their applications not only in oil and gas
industry but also in other membrane-based industries like solar/
fuel cells and batteries.

obstacles need to overcome for
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