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ABSTRACT

High-permeance, molecular-sieving, nanoporous single-layer graphene (NSLG) membranes are highly promising
for gas separation. However, the formation of cracks during the transfer of NSLG to a low-cost porous support is
difficult to avoid. These cracks are detrimental to gas selectivity, and therefore, make the scale-up of the gas-
sieving NSLG membranes challenging. To mitigate the crack formation on low-cost macroporous supports,
herein, we demonstrate mechanical reinforcement of the graphene film with a two-layer composite carbon film.
The bottom layer of the composite film is a 100-nm-thick block-copolymer film derived nanoporous carbon
(NPCQ) film with a pore size of 20-30 nm. This layer makes an intimate contact with NSLG and prevents gen-
eration of crack. However, the NPC film by itself is not robust enough to cover the rough surface of low-cost
macroporous supports and tends to generate occasional cracks. This is prevented by spin-coating a 500-nm-
thick multi-walled carbon nanotube (MWNT) film, hosting pore size of 200-300 nm, on top of the NPC film.
This imparts enough mechanical strength to NSLG/NPC film to be successfully suspended on a low-cost, mac-
roporous, nonwoven metal wire mesh on a centimeter-scale while completely avoiding cracks. As a result, Hy/
CH4 and Hy/COj, selectivities of 11-23 and 5-8, respectively, higher than the corresponding Knudsen selectivities
of 2.8 and 4.7, respectively, are obtained from the centimeter-scale NSLG membranes. The reinforced membranes
are mechanically robust and can successfully withstand transmembrane pressure difference of 4 bar. When the
MWNT film is directly coated on NSLG without using the intermediate NPC layer, the gas sieving behavior is not
observed, likely due to the development of nanoscale cracks. This underlines the crucial role of the hierarchical
pore structure in the composite carbon film in realizing the gas-sieving graphene membranes.

1. Introduction

CH,4 from a Hj-selective nanopore, assuming Hs/CH,4 selectivity of
100-1000, is even smaller, lower than 10724 [10]. As such, even a few

Atom-thick single-layer graphene (SLG) film incorporated with sub-
nanometer pores enables high-flux yet selective molecular transport,
and is promising for improving the energy-efficiency of water desali-
nation [1-5] and gas separation [6-14]. However, a key bottleneck in
the scale-up of nanoporous SLG (NSLG) membranes, especially for the
gas separation, is the fabrication of large-area NSLG films without cracks
and tears on low-cost porous supports. This is because the gas transport
from a nanoscale crack in NSLG is several orders of magnitude faster
than that from a molecular-sieving nanopore [15]. For example, the
permeation coefficients of Hy and CHy4 from a large non-selective defect
(e.g. 2-50 nm in size) are within the same order of magnitude, ca.
107 18-1071° mol 57! Pa! [16,17]. In comparison, the permeation co-
efficient of Hy from a Hj-selective nanopore is much smaller, in the
range of 1072 101022 mol s~ ! Pa~! [10]. The permeation coefficient of
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ppm of nanoscale cracks in NSLG will significantly increase CHy4 trans-
port, deteriorating the gas selectivity.

The cracks and tears in the suspended graphene film originate during
the transfer of graphene onto a porous support. The fabrication of NSLG-
based membranes involves three key steps, (i) synthesis of SLG, (ii)
incorporation of gas-selective nanopores in SLG and (iii) transfer of
NSLG to a porous support. High-quality SLG with a low density of
intrinsic defects is synthesized by chemical vapor deposition (CVD) of a
hydrocarbon precursor on a Cu foil, a process that has been demon-
strated on a scalable roll-to-roll basis [2,18]. Since the pristine graphene
lattice is theoretically impermeable to molecules, molecular-selective
nanopores with a narrow pore-size-distribution (PSD) in SLG are intro-
duced by chemical or physical etching techniques [19,20]. Finally,
NSLG is transferred from the Cu foil to the target porous support. It is
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this transfer step that leads to mechanical-stress-induced cracks and
tears in the NSLG film [21-23]. Therefore, it is essential to provide
mechanical reinforcement to the NSLG membrane, which at the same
time helps to fulfill the requirement of membrane-based gas separation i.
e., pressurization [24]. A strategy to achieve this is to integrate NSLG
with a mechanically-reinforcing porous film that does not restrict the
molecular transport across graphene. Naturally, the conventional and
most popular poly(methyl methacrylate) (PMMA) [25] reinforcement of
graphene is ruled out because PMMA has a small gas permeability and,
therefore, would control the overall gas transport. In this regard, one can
use a porous polymer film as the reinforcement. For example, a porous
polymer film can be directly cast on top of graphene by the non-solvent
induced phase separation (NIPS) process [12,23]. However, in this
method, graphene contacts the bottom layer of the polymer film, and the
presence of macrovoids or micron-sized pores in the bottom layer of the
polymer film does not provide sufficient mechanical reinforcement, and
cracks in the suspended graphene film develop during the NIPS process.
We recently reported hydrogen-sieving NSLG membranes with 1 mm?
area, using a block-copolymer-templated nanoporous carbon (NPC) film
to reinforce graphene, with the resolution of molecular differentiation
approaching 1 A [8,9]. However, these membranes were fabricated on
laser-drilled smooth tungsten foils which are difficult to scale up [26].
As we show here, the standalone NPC film tends to develop cracks when
transferred onto low-cost macroporous supports which generally have a
relatively higher surface roughness compared to the tungsten foil.
Recently, Yang and co-workers demonstrated a centimeter-sized sin-
gle-walled carbon nanotube (SWNT) reinforced, crack-free NSLG
membranes for nanofiltration, achieving Na™ and Rhodamine B re-
jections of 85 and 97%, respectively [3]. Such reinforcement also
allowed the construction of tubular water-desalination modules,
yielding salt rejection up to 95.3%. Nevertheless, it is unclear that this
method would lead to gas-sieving membranes because molecular
diffusivity in the gas phase is four to five orders of magnitude larger than
that in the liquid phase. Further, the size differences between the gas
molecules are much smaller than those between water and hydrated
ions. As we show later, we could not obtain a gas-sieving performance
from graphene supported by a carbon nanotube mesh.

Herein, we report a method to fabricate centimeter-scale gas-sieving
NSLG membranes on a commercial low-cost stainless-steel nonwoven
mesh (pore size of 20 ym) where the mechanical reinforcement is pro-
vided from a two-layer composite carbon film. The bottom layer of the
reinforcement is composed of a 100-nm-thick NPC film while the top
layer is made up of a 500-nm-thick multi-walled carbon nanotubes
(MWNT) film with a pore size in the film ranging from 200 to 300 nm.
The NPC film has a high affinity with graphene lattice while MWNT film
is mechanically robust, and improves the overall mechanical robustness
of the composite film. As a result, centimeter-scale film could be pre-
pared on low-cost macroporous support. The resulting films could
withstand pressurization, and yielded attractive Ho/CH4 and Hz/CO»
selectivities of 11-23 and 5-8, respectively, significantly higher than the
corresponding Knudsen selectivities.

2. Experimental

2.1. Synthesis of SLG by low-pressure chemical vapor deposition
(LPCVD)

SLG was synthesized by the LPCVD process using a Cu foil (25 pm
thick, 99.98% purity, Alfa-Aesar or 50 pm thick, 99.9% purity, Strem) as
a catalytic substrate. Briefly, the Cu foil was subjected to CO2 and Hy
annealing at 1000 °C for 30 min, respectively. Afterward, CH4 (24 sccm)
and H; (8 sccm) were introduced into the reactor at a total pressure of
460 mtorr for 30 min for the nucleation and growth of the poly-
crystalline SLG film. The quartz tube used as the LPCVD reactor was
subsequently pulled out from the hot furnace at the end of the synthesis
to rapidly quench the crystallization. The as-synthesized graphene was
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either directly used to fabricate membranes or was further treated by
ozone to incorporate the gas-selective nanopores.

2.2. Fabrication of graphene/NPC/MWNT membranes

Nanopores in single-layer graphene were introduced by exposing as-
synthesized graphene on Cu to a short ozone (9% in O2) pulse at 250 °C
(pulse FWHM < 0.3 s) [9]. The reinforcing layer of the graphene
membrane was made by the deposition of an NPC film followed by the
deposition of an MWNT film on top of the NPC film. The fabrication of
the NPC film was similar to the procedure reported elsewhere [8].
Briefly, the precursor of NPC was prepared by dissolving 0.1 g
block-copolymer (poly (styrene-b-4-vinyl pyridine), Polymer Source)
and 0.2 g turanose (Sigma Aldrich) in dimethylformamide (Sigma
Aldrich) followed by heat treatment of the solution at 180 °C. The so-
lution was spin-coated on the graphene film and pyrolyzed at 500 °Cin a
Hjy (15 scem)/Ar (200 scem) atmosphere, with a total pressure of 1 bar
for 1 h to yield the NPC film. It has a mix of somewhat interconnected as
well as straight pore channels where the proportional is determined by
the annealing of the block copolymer film. It hosts a pore size of 20-30
nm, which corresponds to a density of 1073 nm 2 for the pores opening
to the top surface. The MWNT coating suspension was prepared by
dispersing MWNT powders (multi-walled, carboxylic acid functional-
ized, average diameter and length of 9.5 and 1500 nm, respectively,
Sigma Aldrich) with surfactant (modified polyvinyl alcohol, XFNano,
China) in dimethylformamide (Sigma Aldrich) at a weight ratio of 2:1.
Following this, the suspension was sonicated for 3 h to obtain a uniform
dispersion (average length of 690 nm after the sonication). The MWNT
film was deposited by spin-coating 0.5 mL of pre-dispersed suspension
on top of the NPC reinforced graphene film at a spin speed of 1500 rpm
for 1 min. After the deposition, the sample was pyrolyzed at 500 °C in a
Hy/Ar atmosphere for 1 h. The resulting composite film was floated on a
NayS,0g bath (0.2 M in water) to etch the Cu foil. After Cu etching, the
floating film was transferred to a deionized water bath to rinse the
backside of the film. Finally, the rinsed film floating on water was
scooped by a polished stainless-steel mesh (pore size 20 pm, TWP Inc.,
Part number #325X2300TL0014).

2.3. Characterization

Scanning electron microscope (SEM) images were obtained by using
FEI Teneo scanning electron microscope at 1.0-5.0 kV and working
distances of 2.5-5.0 mm. No conductive coating was applied to the
substrates before SEM. Transmission electron microscope (TEM) imag-
ing and selected area electron diffraction (SAED) of the composite gra-
phene film were conducted by FEI Tecnai G2 Spirit Twin transmission
electron microscope with a 120 kV incident electron beam. Raman
measurement was carried on graphene on a Cu foil right after the syn-
thesis and pore etching using 457 nm excitation or on graphene trans-
ferred to a Si/SiOy wafer using 532 nm excitation using Renishaw micro-
Raman spectroscope with 100x objective. The obtained Raman data
was analyzed using a MATLAB script. For the calculation of the D and
the G peak height, the background was subtracted from the Raman data
using the least-squares curve fitting tool (Isqnonlin).

2.4. Gas permeation test

The single-component and mixed-gas permeation tests were carried
out in a homemade permeation cell reported elsewhere [27]. The mass
flow controllers (MKS and Brooks Instruments) were pre-calibrated
using a bubble flow meter, delivering a pre-determined amount of gas
to the feed side. The transmembrane pressure difference was varied
between 1 and 4 bar with the permeate side maintained at 1 bar using an
Ar sweep. The permeate was connected to a pre-calibrated mass spec-
trometer allowing real-time analysis of the permeate gas. The graphene
membranes were sealed on to an annular metal disk using an
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Fig. 1. Schematic of the fabrication of large-area NSLG membranes using the composite NPC/MWNT film as a reinforcing layer. Briefly, a block-copolymer/turanose
solution was coated on the NSLG film resting on a Cu foil. Pyrolysis was conducted to transform the coated film into NPC. Subsequently, an MWNT film was deposited
on top of the NPC film. To fabricate membranes, Cu foil was etched out, leaving NSLG/NPC/MWNT film floating on a water bath. The floating film was finally

transferred to the polished nonwoven wire mesh.

Fig. 2. Fabrication of centimeter-scale NSLG membrane on low cost macroporous support. (a) NSLG/NPC film with cracks on a conventional metal support. (b) SEM
image of the commercial nonwoven stainless-steel wire mesh after manual polishing of the top surface. (c¢) SEM image of the transferred NSLG/NPC/MWNT film on
the metal mesh. (d) Photograph of a typical all-carbon NSLG membrane suspended on the stainless-steel wire mesh. (e) Photograph of a large-area all-carbon NSLG
membrane lying flat and (f) rolled up on a cylindrical tube with an outer diameter of 2.5 cm. The units of the ruler in panels (d) and (e) are in centimeter.

epoxy-based sealant. Viton rings were used to ensure a gas-tight seal
between the annular disk and the membrane module. The feed and
sweep gas lines were preheated and the entire membrane module was
heated inside an oven with high-temperature uniformity. The gas flux
was calculated once the steady-state was reached. The permeance J; of
the gas was calculated according to equation (1):

Xi

Ji :m (€9)

where X; is the flow rate of gas i, A is the membrane area, and AP; is the

transmembrane pressure difference for the gas i. The membrane selec-
tivity (ay), for gas i and gas j, was calculated according to equation (2):

_ (Cl / CI’)Permeate

- @
aJ (Ci/CJ')Feed

where C; is the concentration of gas i in a given stream.
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Fig. 3. Morphology of the NSLG/NPC/MWNT film. (a) Top-view SEM image of the film revealing the uniform coating of the MWNT film on top of the NPC film. (b)
TEM image revealing the mesh-like structure of the MWNT film. (c) A SAED pattern from the composite NSLG/NPC/MWNT film revealing the typical diffraction
pattern of graphene. (d) Cross-sectional SEM image of the flipped NSLG/NPC/MWNT film with NSLG on top.

3. Results and discussion
3.1. Fabrication of large-area graphene membrane

The procedure for preparing the reinforced NSLG membrane is
shown in Fig. 1. Briefly, the NPC film, hosting 20-30-nm-sized pores
(Fig. S1), was fabricated directly on top of the NSLG film using a block-
copolymer based templating strategy [8]. An MWNT film was subse-
quently solution-cast on top of the NPC film, and the resulting composite
film was annealed at 500 °C to create a good adhesion. Following this,
the Cu foil beneath NSLG was removed by etching in a NayS,Og bath.
The resulting floating NSLG/NPC/MWNT film was rinsed with water,
and finally scooped by a macroporous, nonwoven metal wire mesh
leading to the suspended NSLG membrane.

The standalone NPC film without the MWNT layer works well as the
reinforcing support for NSLG, however, it requires a porous support with
an extremely smooth surface such as a drilled metal foil which is difficult
to produce with a large area and is not economically viable for the
eventual scale-up. On the other hand, when using the metal wire mesh or
a conventional inorganic porous support (Fig. S2), we observed occa-
sional cracks occurring every few millimeters in the NSLG/NPC film
(Fig. 2a). This is because these supports have difficult-to-avoid occa-
sional 1 to 10 pm-sized surface protrusions where the 100-nm-thick NPC
film cracks. In this study, we overcame this obstacle by further rein-
forcing the graphene/NPC film with a thin MWNT layer. We chose the
MWNT-based porous film as the reinforcing layer because the mesh-like
carbon nanotube films have a high porosity allowing fast gas transport
as well as excellent mechanical properties [28-32].

The reinforced NSLG film could be transferred to a polished
nonwoven stainless-steel mesh with a pore opening of 20 pm (Fig. 2b).
The suspended film was smooth and appeared to maintain its structural

integrity (Fig. 2c and d). No obvious cracks or tears were observed. A
few-centimeter-long coupon of NSLG/NPC/MWNT film could be pre-
pared on the stainless-steel mesh support (Fig. 2e). A centimeter-wide
film could be rolled up on a cylindrical quartz tube (2.5 cm in outer
diameter) without inducing any visible cracks (Fig. 2f). This indicates
that the fabrication of spiral-wound NSLG-membrane modules by this
method is promising.

The morphology of the NSLG/NPC/MWNT film was analyzed by
scanning electron microscopy (SEM) which confirmed that the film was
free from microscale cracks (Fig. 3a). The top MWNT layer had a mesh-
like structure with an interlocked array of nanotubes (Fig. 3b), similar to
the carbon nanotube mesh reported in the literature [33]. This relatively
open mesh-like arrangement of the nanotubes is advantageous for gas
transport, enabling gas molecules to diffuse across the film with low
resistance. Selected area electron diffraction (SAED) from
NSLG/NPC/MWNT film transferred on a transmission electron micro-
scope (TEM) grid with 30 pm holes revealed a characteristic diffraction
pattern of SLG, representing periodicities of 0.213 and 0.123 nm, on top
of the diffraction rings from nanotubes (Fig. 3c) [34]. We did not find an
area in TEM grid where this characteristic diffraction pattern was not
present, indicating that NSLG thoroughly adhered to the NPC/MWNT
film. Flipping the composite film, we could observe the flat/smooth
morphology of the NSLG film above the mesh-like structure of MWNT
(Fig. 3d). The thickness of the composite film was 500 nm. We did not
observe any incidence of MWNT film peeling off from the NPC film
during the transfer processes, indicating a strong affinity between the
MWNT and the NPC films. This is likely due to (i) strong van der Waals
and n-n interaction between NPC and MWNT [8] and, (ii) potential
partial penetration of MWNT tips with diameter of ca. 10 nm inside the
20-30 nm pores of the NPC film. Raman spectroscopy data, obtained
from the flipped NSLG/NPC/MWNT film with graphene facing up, was
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Fig. 4. Characterization of the centimeter-scale membranes prepared using the as-synthesized SLG hosting intrinsic vacancy defects (a) The Raman spectrum of SLG
on Cu using a 457 nm excitation source. (b) H, permeance and ideal selectivities of Hy with respect to CH,4 and SF¢ across 3 cm-scale graphene membranes (M1-M3)
using a single-component feed. The horizontal dashed lines correspond to the expected Knudsen selectivity between the gas pairs when the effusive transport
dominates the overall gas transport. (c) Pressure stability test of the graphene membrane (M7). H, permeance and H,/SFg ideal selectivity as a function of trans-

membrane pressure difference using a mixture feed at 25 °C.

dominated by the D and G peaks of the amorphous NPC film, and D, G
and 2D peaks of the MWNT film (Fig. S3) [35,36]. Therefore, to extract
information on the defect-density of NSLG, Raman spectroscopy was
carried out prior to the deposition step of NPC and MWNT films (dis-
cussed later).

3.2. Crack-free centimeter-scale membranes

The gas transport and separation properties of the fabricated mem-
brane were investigated to understand the efficacy of NPC/MWNT
reinforcing layer in suppressing difficult-to-observe nanoscale cracks in
the centimeter-scale membranes. For this, we first investigated the
membranes prepared using the as-synthesized SLG without any further
incorporation of nanopores in the graphene lattice. SLG derived from
low-pressure chemical vapor deposition (LPCVD) hosts a low-density of
intrinsic vacancy-defects, which could be large enough to allow gas
transport. For example, SLG synthesized by LPCVD at 1000 °C using CHy4
as the carbon precursor could sieve Hy from CHy4 with selectivity in the
range of 5-13 and Hy permeance of 5-80 x 10~ mol m 2 s~! Pa~! at
room temperature [8]. In this study, the as-synthesized SLG had Ip/Ig
ratio of 0.08 + 0.03, confirming that it hosted a low density of intrinsic
defects (Figs. 4a and S4) [7,35].

To confirm whether the large-area membranes in this study fabri-
cated using the as-synthesized SLG were prepared in a crack-free
manner, we sealed the membranes (Fig. 2c) in a homemade module
and subsequently loaded them in a gas permeation setup (Fig. S7). The
feed side was pressurized to 2-5 bar while the permeate side was swept
with Ar at 1 bar. We observed gas separation performance that is

characteristic of a crack-free SLG membranes hosting only intrinsic va-
cancy defects as gas transport apertures. Three separate membranes
(M1, M2, M3, M stands for membrane) were tested which yielded Hy
permeance in the range of 9-58 x 10~ mol m~2 s~} Pa™! at 25 °C,
similar to that reported previously from mm?-sized membranes [8]. The
low gas permeance of such membranes supported on the
ultrahigh-permeance macroporous metal mesh (ca. 103 mol m 2 s~?
Pa™') support confirmed that cracks were mitigated to a large extent.
The variance in the gas permeance was attributed to the batch to batch
variation in the density of intrinsic defects which is difficult to control
[8]. The Hy/CHy ideal selectivity spanned from 3.3 to 4.2, higher than
that expected from the Knudsen transport (~ 2.8). These selectivities are
lower than those reported from millimeter-scale membranes [8], mainly
attributing to the fact that the pore-size-distribution (PSD) of the
intrinsic vacancy defects is difficult to control. The Hy/SFg selectivity
was much higher, 30-44 (Fig. 4b and Table S1), confirming that the
membrane could efficiently sieve SF¢ from Hy molecules, whose kinetic
diameters are 0.55 nm and 0.29 nm, respectively. The high Hy/SFg
selectivity established that cracks and tears were absent otherwise one
would not observe the gas sieving behavior. The membranes were me-
chanically robust to sustain moderate transmembrane pressure of 4 bar.
For example, another membrane, M7, deliberately tested for the pres-
sure stability, could be pressurized to 5 bar on the feed side. We did not
observe a change in the gas permeance as a function of pressure
although a slight variation in the Hy/SFg selectivity (15-21) was
observed (Fig. 4c). Regardless, this proves that the reinforcement of SLG
with the composite carbon film allows one to prepare membranes for gas
separation applications where only a moderate feed pressure is required,
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e.g., postcombustion carbon capture. The pressure loading capability of
these membranes can be further increased, in principle, by choosing
suitable underlying porous supports with smaller pore opening; e.g. 1-5
pm compared to 20 pm used in this study because the mechanical stress
on a pressurized film scales as D*> where D is the pore opening of the
support [37].
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reactor [38]. It is difficult to control the PSD and the density of the
intrinsic defects for a given separation [39-41]. Luckily, one can
incorporate nanopores into SLG lattice by post-synthetic etching tech-
nique, i.e., by the ozone-based controlled etching of the graphene lattice
[9]. Herein, we demonstrate that the reinforcement used in this study
allows one to successfully prepare centimeter-scale Hy/CO2 and Hy/CHy4
selective membranes.

We prepared NSLG by a controlled exposure of as-synthesized gra-
phene to O3 [8,9]. The etching of graphene resting on the Cu foil was
confirmed by the Raman spectroscopy where Ip/I ratio of 0.92 could be
observed (Figs. 5a and S5) [35,42-44]. Three centimeter-scale mem-
branes (M4, M5, M6) were prepared by reinforcing NSLG with the
composite carbon film and suspending them on top of the metal mesh
supports. All three membranes were stable up to 130 °C, the maximum
working temperature for the epoxy-based sealant used in the membrane
module (Fig. S6), and yielded Hy permeance in the range of 22-110 x
10~°mol m~2s~! Pa~! at 100 °C. The H,, permeance and gas selectivities
were similar in the single-component and gas mixture measurements for
both as-synthesized as well as etched graphene membranes
(Tables S3-S5). Attractive Hy/CO4 and Hy/CHy selectivities of 5-8 and
11.0-23.4, respectively, could be realized from these centimeter-scale
membranes (Fig. 5b and Table S2). We note that the observed Hy/CO»
is lower than Hy/CHy4 selectivities. Since the difference between the
kinetic diameters of Hy and CO; is only 0.4 A while that between Hj and
CHy4 is 0.9 10\, it is more challenging to sieve Hy from CO, unless
extremely precise PSD is achieved. Despite that, Hy/CO2 and Hy/CH4
selectivities were much higher than the corresponding Knudsen selec-
tivities of 4.7 and 2.8, respectively, confirming once again that
centimeter-scale NSLG-based gas-sieving membranes could be prepared
while avoiding cracks and tears. In comparison with other reported
NSLG membranes, our approach exhibits promise for the further
development of the gas separation membranes based on NSLG
(Table S6).

3.4. Analysis of the concentration of non-selective pores

We analyzed the gas selectivity data to understand the relative
concentration of non-selective pores in the NSLG membranes reported in
this study. The transport pathway of gas molecules across a two-
dimensional nanopore can be classified according to the relative size
of the nanopore with respect to the gas molecules. For nanopores that
are slightly smaller or commensurate to the size of gas molecules, the
molecules need to overcome an energy barrier, and therefore, the rate-
limiting step in the overall transport is the thermal activation of gas
molecules for the pore translocation. This transport regime is referred to
as activated transport (Fig. 6b). For relatively bigger nanopores, the
energy barrier for pore translocation is negligible, and the gas molecules
can translocate the nanopores directly from the gas phase. Therefore, the
permeation rates through these pores are much higher and gas mole-
cules can directly cross the nanopores in the gas phase. This transport
regime is referred to as the effusive transport (Fig. 6a). The transport
rates across the graphene pores can be described by the permeation
coefficient, N, which is essentially permeance per pore with the units of
mol s~} Pa~l.

Let’s consider the current case of the transport of Hy and CH4 through
the graphene nanopores. In our model, we assumed a bimodal PSD
consisting of small Hj-selective pores operating in the activated trans-
port regime and large pores that are not selective and operate in the
effusive transport regime. For simplicity, we assigned the large pore to
be 2 nm in size. Choosing a higher size (e.g., 3 nm) or lower size (e.g.,
1.5 nm) in this analysis will simply increase/decrease the permeation
coefficient and accordingly decrease/increase the density of effusive
pores. However, it would not change the relative concentration of non-
selective pores from one membrane to other. In this case, the overall gas
permeance can be obtained as follows [9]:
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Permeance = C,N, + C,N, 3)

where C, and C, correspond to the number of pores per unit area
operating in the activated and the effusive transport regimes, respec-
tively, and N, and N, are the corresponding permeation coefficients,
respectively. For the effusive transport, the permeation coefficient can
be obtained from the kinetic theory of gases [45]:

A

N,=—22 4
2rmksT @

where A, is the pore area, m is the mass of the gas molecule, kg is the
Boltzmann constant, and T is the temperature. Based on this, the
computed permeation coefficients of Hy and CHy4 from a 2-nm-sized pore
are 5.6 x 107 and 2.0 x 1071° mol s~! Pa™!, respectively. The ratio of
the coefficients is 2.8, which corresponds to the inverse of the square
root of the ratio of corresponding molecular weights, otherwise known
as the Knudsen selectivity. For the activated transport, the permeation
coefficient N, could be estimated from the translocation probability of
gas molecules. This, in turn, depends on the distribution of molecular
kinetic energy (Maxwell-Boltzmann distribution), where the probability
to translocate is determined by the kinetic energy exceeding the energy
barrier for translocation [46]. The permeation coefficient can be
expressed as follows:

N, =22 ®)
T \2rmkyT
1 E,
Ag = Ee}ffc< kﬂ") A, 6)

where A, is the effective pore area, and E, is the activation energy of the
gas molecules translocating the nanopore. We used permeation co-
efficients from literature where N, y, and Ng ¢, are reported to be ca.
10722 and 10725 mol s~ Pa~?, respectively, from a Hy-sieving nanopore
[10,46].
The ideal selectivity, a, is simply given by
. Permeancey,

)

N Permeancecy,
Based on this, we could calculate the ratio C./C, which is given by

27 Nu.Hz - (lNa,cm

Co New(@/28-1) ®

The calculated concentration of nanopores operating in the effusive
transport regime as a function of Hy/CHy4 selectivity is plotted in Fig. 6.
The concentration of effusive nanopores appears to be inversely pro-
portional to the gas selectivity for moderate selectivities (<100) mainly
because of the large difference in Ny, and N, cy, which effectively
makes equation (8) as follows:

Ce Na.Hg 1

& W) @zs—1 ©)

Overall, the analysis predicted that all membranes in this study, with
the centimeter-scale area, comprised of only a small density of effusive
pores (Fig. 6¢). The populations of effusive pores for membranes M1,
M2, and M3 were 925, 500, and 356 ppm, respectively. The populations
of effusive pores for M4, M5, M6, prepared by ozone-etched graphene
were much lower (24, 60, and 32 ppm, respectively), attributing to the
controlled etching of graphene by ozone [9]. This is because the intro-
duction of new gas-sieving nanopores by the post-synthetic treatment
dilutes the concentration of effusive pores with respect to the entire pore
population. Nonetheless, a small concentration of effusive pores in this
study validates the absence of cracks and tears in these membranes.
Furthermore, the gas sieving performance from scaled-up membranes
can be enhanced by diminishing the direct gas transport across graphene
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Fig. 7. Characterization of suspended NSLG reinforced solely by the MWNT film. (a) TEM image of the suspended NSLG film using only the MWNT film as the
mechanical reinforcement (avoiding the NPC layer). (b) The SAED pattern from the film in (a).

nanopores, e.g., using a nanoporous polymer-based masking strategy
[471].

3.5. Use of NPC-free MWNT layer to transfer graphene

Taking advantage of the potential n-n interactions between MWNT
and graphene [48,49], we attempted to directly deposit the MWNT film
on top of graphene for the fabrication of the reinforced NSLG membrane,
avoiding the intermediate NPC layer. To understand the bonding be-
tween MWNT and NSLG, MWNT supported NSLG film was transferred to
a TEM grid. Interestingly, we could also observe the characteristic SAED
pattern of SLG in this case, indicating that the transfer of NSLG with
MWNT was somewhat successful (Fig. 7a and b). However, the mem-
branes fabricated from these films did not demonstrate gas sieving, and
gas selectivities were lower than the corresponding Knudsen selectivities
(Table S7). The Hy permeance of MWNT-supported NSLG hosting only
intrinsic defects was extremely high, 2.0 x 10> mol m 251 Pa~}, close
to that from the bare MWNT mesh (4.1 x 10 *mol m 2 s~! Pa~1). This
indicated that difficult-to-observe nanoscale cracks were indeed present
in the fabricated membranes when the intermediate NPC film was not
used to transfer NSLG. Using MWNT mesh, the suspended NSLG is
divided into 200-300-nm-sized domains with nanotube mesh as the
boundary of these domains. However, the precise control of these do-
mains is not possible by the current method, and we speculate that oc-
casional micron-size domains may be present in the MWNT film.
Micron-size suspended NSLG is highly susceptible to mechanical fail-
ure in the pressurized environment of membranes. As discussed in the
previous section, the permeation coefficient in the effusive transport
regime is much higher than that in the activated transport regime;
therefore, even a ppm concentration of nanoscale cracks is sufficient to
deteriorate the selectivity. This underlines the important role of NPC
film in preventing the cracks in NSLG membranes where the suspended
domains are limited to 20-30 nm.

4. Conclusions

We report a facile and scalable fabrication route for crack-free NSLG
membranes on a low-cost macroporous support with an attractive gas-
sieving performance from centimeter-scale membranes. We achieved
this by mechanically reinforcing graphene with a composite carbon film
using a facile solution-processing method. The top layer of the com-
posite film (MWNT layer) hosted 200-300-nm-sized pores while the
bottom layer (NPC film), that contacts NSLG, had a pore size of 20-30
nm. We show that the composite film is crucial for the successful
fabrication of the membrane on a low-cost macroporous support at the

centimeter-scale, while the use of standalone MWNT film does not lead
to the realization of gas separation which we attribute to the presence of
nanoscale cracks in such films. The Hy/CH4 and Hy/CO5 selectivities,
when analyzed by a gas transport model, indicated that the population
of nanopores operating in the nonselective effusive regime was
restricted to only a few ppm. Overall, the method reported here could
pave the way for the further development and eventual implementation
of the gas-selective graphene membranes for gas separation.
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