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ABSTRACT: Single-layer graphene (SLG) membranes have great promise as
ultrahigh flux, high selectivity membranes for gas mixture separations due to their
single atom thickness. It remains a central question whether SLG membranes of a
requisite area can exist under an imposed pressure drop and temperatures needed
for industrial gas separation. An additional challenge is the development of
techniques to perforate or otherwise control the porosity in graphene membranes
to impart molecularly sized pores, the size regime predicted to produce high gas
separation factors. Herein, we report fabrication, pressure testing, temperature
cycling, and gas permeance measurements through free-standing, low defect
density SLG membranes. Our measurements demonstrate the remarkable
chemical and mechanical stability of these 5 μm diameter suspended SLG
membranes, which remain intact over weeks of testing at pressure differentials of
>0.5 bar, repeated temperature cycling from 25 to 200 °C, and exposure to 15
mol % ozone for up to 3 min. These membranes act as molecularly impermeable
barriers, with very low or near negligible background permeance. We also demonstrate a 1077 °C temperature O2 etching
technique to create nanopores on the order of ∼1 nm diameter as imaged by scanning tunneling microscopy, although transport
through such pores has not yet been successfully measured. Overall, these results represent an important advancement that will
enable graphene gas separation membranes to be fabricated, tested, and modified in situ while maintaining remarkable mechanical
and thermal stability.

■ INTRODUCTION

As the thinnest possible molecularly impermeable barrier,
graphene could be a transformative gas separation mem-
brane.1−10 Its single atom thickness gives it the potential to
achieve gas fluxes orders of magnitude higher than polymer
membranes.3−5 Membrane-based separations are attractive as
replacements for thermal separations such as distillation
because they could reduce overall energy consumption by up
to 90%.11−14 However, the performance of conventional
membrane technologies precludes their usage in many large-
scale industrial separations.11−13,15 Gas permeation through
sub-nanometer nanopores in the graphene lattice can be an
activated process, and differences in the activation energy for
different gas species may grant graphene membranes extremely
high mixture separation selectivity.3−5,16−18 The high mechan-
ical strength19 and chemical stability1 of the graphene lattice are
also attractive for membrane applications. Graphene mem-
branes with ultrahigh flux and selectivity could substantially
decrease the area needed to separate a given volume of a gas
mixture, providing a new solution to the problem of membrane

scale up, a longstanding challenge in the field.14,20,21 For
example, a graphene membrane with 10−3 mol m−2 s−1 Pa−1 H2

permeance, a value which is likely attainable,6,17 could achieve
106 standard cubic meters per day H2 flux through only 5 m2

membrane area at 1 bar pressure differential. A typical polymer
membrane would need to be 5 × 103 to 5 × 106 m2 in area to
achieve the same gas throughput under these conditions.
Previous theoretical and computational studies have

predicted that graphene membranes with nanometer sized
pores could have high flux and selectivity for gas mixture
separations.16,17,22−41 Experimentally, single gas transport
through graphene membranes with tears or rips42 and through
capillaries between sheets of multilayered graphene or graphene
oxide has been measured.7,8 Bunch and co-workers recently
reported size-selective gas permeance through suspended
graphene membranes measuring one gas species at a time.10
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Park et al. studied gas mixture permeation through graphene
membranes with pores too large for activated translocation.6 In
spite of these important efforts, there are several unanswered
questions that must be addressed to enable a more complete
understanding of gas permeation through graphene mem-
branes. Measuring the temperature dependence of transport
behavior is an important and unexplored strategy for
understanding gas permeation mechanisms,18 but so far, the
stability of suspended graphene membranes under repeated
temperature cycling has not been established. In addition, the
development of improved experimental methodologies to
directly measure the transmembrane flux of each species in a
gas mixture rather than only single gas fluxes remains a
significant challenge. Competitive adsorption and diffusion may
influence mixture separations for this type of mem-
brane,17,18,43,44 and as yet, these phenomena have not been
extensively investigated. Another important challenge is the
development of improved techniques to perforate graphene
membranes with pores of ∼1 nm diameter or smaller, the size
range predicted to be necessary to observe activated transport
for small gas molecules such as CH4 and CO2.

3−5,18,25

Addressing these challenges will be critical for developing an
improved understanding of the relationship between atomic-
scale pore structure and gas permeance, enabling the design of
graphene membranes with properties tailored to achieve high
flux and separation factors.
In this work, we investigate the thermal and chemical stability

of suspended single-layer graphene membranes using a custom-
built gas permeation module with an on-line mass spectrometer
configured to directly measure gas flux through the membranes.
For the first time, we show that these graphene membranes
exhibit exceptional strength and stability, withstanding pressure
differentials (ΔP) up to 0.5 bar, repeated temperature cycling
from 25 to 200 °C, and exposure to 15 mol % ozone without
rupturing over many days of testing, results which have
previously never been experimentally demonstrated. The flux of
all studied gas species, including CO2, CH4, SF6, H2, He, and
Kr, is lower than the detection limit of our technique. When a
membrane eventually ruptures after extensive testing, we
measure a significant steady state flux of the feed gases through
the open hole of the punctured graphene over the metal foil
support. Our data provide preliminary evidence that ozone
treatment can create pores in the membranes, providing a
promising avenue for future study. We also report a new
method of oxygen etching of the graphene lattice to form pores
on the order of ∼1 nm diameter as confirmed by scanning
tunneling microscopy (STM). There have been very few
studies in the literature describing oxygen etching techniques to
create molecularly sized pores,45 but the development of such
techniques will be very important because nanopores in this
size range may have the ability to achieve size-selective gas
separation. Our results, which reveal the stability of our
graphene membranes, demonstrate the effectiveness of the gas
mixture permeation measurement technique, and provide a new
technique for graphene nanopore formation, are critical to
establish as a first step toward studying gas permeance through
graphene membranes. As such, this work represents important
progress toward understanding molecular sieving separation
through nanoporous graphene materials.

■ METHODS
Electropolishing Cu Foil Substrates for Graphene

Synthesis. Copper foils (25 μm thick, 6.3 cm long, 2.5 cm

wide, 99.999% purity, Alfa Aesar) were electropolished in an
electrolyte solution made by mixing 100 mL of water, 10 mL of
isopropanol, 50 mL of ethanol, 50 mL of orthophosphoric acid,
and 1 g of urea. A piece of Cu foil was used as the anode in the
electrolytic cell, and another piece of 25 μm thick Cu foil (30
cm × 2.5 cm, 99.8% purity, Alfa Aesar) was folded to 6 cm ×
2.5 cm and used as the cathode. The distance between the
anode and cathode was kept at 3 cm to prevent H2 bubbles
generated at the cathode from reaching the anode. Electro-
polishing was carried out for 3 min at an applied voltage of 3.5
V vs. the counter electrode. The resulting current was steady at
0.5−0.6 A. Thereafter, the Cu foil was rinsed with ethanol and
repeatedly sonicated in ethanol to remove any remaining
oxidized copper particles from the surface. Subsequently, the
foil was rinsed with water and isopropanol, and cut to 5 cm by
2 cm coupons for the graphene synthesis.

Controlled Pressure Chemical Vapor Deposition
(CPCVD) Graphene Synthesis. Graphene synthesis was
carried out using controlled pressure chemical vapor deposition
(CPCVD) following the procedure from Tour and co-
workers46 with minor modifications. The reactor setup is
illustrated in Figure S1 (Supporting Information). The
electropolished Cu foil was suspended on a homemade 3 mm
thick Cu frame (Figure S2, Supporting Information). The
frame provided mechanical support to the thin foil during the
CVD near the melting point of Cu, and enabled flat, wrinkle-
free cut-out of the Cu/graphene coupons after the CPCVD
synthesis. To begin the synthesis, the Cu foil was placed on top
of the frame at the center of the reactor (quartz tube with an
outer diameter of 25 mm, heated with MTI vacuum tube
furnace, OTF-1200X-S) while maintaining a steady H2 flow of
500 sccm using a MKS GE50A mass flow controller (MFC).
Following this, the reactor was evacuated while maintaining the
H2 flow (500 sccm) to purge out the atmospheric gases. The
lowest pressure obtained during the evacuation (with H2 flow)
was 2 Torr (MKS 722B Baratron capacitance manometer).
Next, the H2 flow was lowered to 70 sccm, and using a metering
valve (SS-4BMG, Swagelok) downstream of the Cu foil (Figure
S1, Supporting Information), the pressure in the reactor was
raised to 1.5 bar. Annealing of the Cu foil, a step necessary to
create a smooth Cu surface and reduce the graphene nucleation
density,46,47 was carried out by holding Cu foil in the H2
atmosphere at 1077 °C for 15−20 h. After annealing, to initiate
nucleation and growth of graphene, the reactor pressure was
reduced to 108 Torr, and 0.1 sccm CH4 was flowed into the
reactor using a MKS GE50A MFC along with the 70 sccm H2
stream. After 6−8 h growth time, the CH4 flow was switched
off, and the quartz tube was pushed out of the furnace quickly
(after ∼2 s) to enable fast cooling, thereby terminating
graphene growth. The cooling was aided by blowing air over
the outside of the quartz tube using a fan (12 cm AC fan,
StarTech). After 1 h, the reactor pressure was raised to 1 bar,
and the Cu foil was taken out of the reactor.

Fabrication of the Tungsten Foil Support. A tungsten
foil (50 μm thick, 1 cm long, 1 cm wide, Alfa Aesar) was chosen
as the membrane support due to its mechanical and thermal
stability. A single cylindrical hole with a diameter of 5 ± 2 μm
was laser drilled in each W foil piece (Potomac Photonics Inc.).
An optical micrograph of a W support with a hole is shown in
Figure S3 (Supporting Information). Prior to the graphene
transfer, as necessary, some W supports were polished for 30−
60 s on a diamond lapping film (1 μm average particle size,
3M) to remove sharp edges around the hole resulting from the
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laser drilling process. Subsequently, all W supports were
cleaned by sequential sonication in ethanol for 5 min, acetone
for 2 min, and finally in isopropanol for 2 min. To remove
organic contaminants on the surface of the foil, the foils were
annealed at 1077 °C and 1 bar for 30 min under a H2
environment (H2 flow of 70 sccm).
Wet Transfer of Graphene. A wet transfer technique was

employed to deposit graphene onto the W support.48,49 This
involved coating a the graphene/Cu foil with a thin film of
poly(methyl methacrylate) (PMMA), followed by etching the
Cu foil, scooping the floating graphene/PMMA film onto the
W substrate, annealing the PMMA film, and finally dissolving
away the PMMA film.
As a result of the CPCVD procedure operating close to the

melting temperature of Cu (1083 °C), the graphene/Cu foil
bonded to the underlying Cu frame. This helped in maintaining
the graphene/Cu foil in a wrinkle-free state during the spin-
coating of PMMA. Typically, the edges of the Cu frame were
masked using adhesive polytetrafluoroethylene (PTFE) tape to
prevent coating of the foil’s back side. The PTFE-masked frame
was taped to a Si wafer for spin-coating. The top surface of
graphene/Cu foil was covered with the PMMA solution
(MicroChem Corp. 950 PMMA A4, 4% in anisole), and
spin-coating was carried at 2000 rpm for 2 min. The coated film
was dried in air on a hot plate at 60 °C for 30 min, following
which several coupons of the PMMA coated graphene/Cu foil
were cut out from the Cu frame.
To etch the Cu foil, the PMMA/graphene/Cu coupons (5

mm × 5 mm) were suspended via surface tension on top of a
Na2S2O8 bath (Transene Co. Inc.) at room temperature. We
found that Na2S2O8 generates fewer detrimental bubbles
compared to the commonly used Cu etchant, (NH4)2S2O8,
and, therefore, is advantageous for wrinkle-free transfer of
graphene. The floating foil was scooped out after 10 min and
was placed on a fresh sodium persulfate bath to prevent
contamination from the graphene released from the backside of
the Cu foil. The etching was complete after 60−90 min. For
transfer, a W support and a piece of Si wafer (2 cm × 1 cm)
were cleaned in air plasma for 3 min (Harrick Plasma PDC-
32G) to render their surfaces hydrophilic, ensuring a complete
spreading of water. The floating graphene/PMMA film was
carefully scooped out using the Si wafer, and was placed on the
surface of a DI water bath for 5 min. The floating film was
rinsed 3 times in fresh water baths to remove the residual
etchant. Finally, graphene/PMMA film was scooped onto the
W foil support, then dried at 60 °C for 4 h. To ensure
conformal contact between the graphene/PMMA and the W
support, the film was annealed in air at 150 °C for 15 min, and
200 °C for 10 min.50,51

Finally, to remove the PMMA using acetone, the back side of
the graphene/PMMA-coated W substrate was masked with a 2
mm thick polydimethylsiloxane (PDMS) piece52 to prevent
solvent from entering the cylindrical hole in the support, which
could result in capillary force-induced rupture of the graphene
film.53 The masked substrate was horizontally submerged in the
acetone bath at the room temperature for 5 min while holding
the PDMS piece on the back mostly out of the acetone bath.
The resulting membrane was immersed in isopropanol for 3 s
to remove acetone-related contamination. Finally, the W foil
was dried in air on a hot plate at 60 °C for 4 h, after which the
PDMS piece was removed from the back side of the foil.
Characterization. Optical micrographs were acquired using

a Carl Zeiss Axio Scope operating in reflection as well as

transmission mode. Scanning electron microscopy (SEM) was
carried out using a JEOL JSM 6700 microscope operated at 1.5
kV accelerating voltage. No conductive coating was applied on
to the samples prior to the SEM imaging. The precise W
support hole diameter was determined for each membrane
tested from SEM images.
The Raman data were collected using a Horiba micro-Raman

spectroscopy system (Horiba LabRAM, 532 nm, 2.33 eV, 0.8
mW, 1800 grooves/mm grating, 100× objective). The data
acquisition was carried out using LabSpec software (version 5).
The spectrometer was calibrated using cyclohexane at its most
intense peak at 801.8 cm−1. Analysis of the Raman data was
done in MATLAB. For calculation of the D and the G peak
intensities, the background was subtracted from the Raman
data using the least-squares curve fitting tool (lsqnonlin).
Ultrahigh vacuum (UHV) scanning tunneling microscopy

(STM) was used to identify and characterize the graphene
lattice and the structures, spatial distributions, and sizes of the
nanopores. An Omicron VT-STM system operating at room
temperature and 1.5 × 10−10 mbar base pressure was used to
image as-synthesized graphene on the Cu foil after annealing in
vacuum to remove surface contaminants. The STM images
were processed using the Gwyddion software package.54

Aberration-corrected transmission electron microscopy
(ACTEM) was performed using a JEOL 2200MCO with a
CEOS image corrector operated at an accelerating voltage of 80
kV. Samples were prepared by transferring the CPCVD
graphene onto Si TEM grids with a single square aperture of
0.5 mm × 0.5 mm coated with a thin SiN membrane with an
array of 2.5 μm holes (Agar Scientific). Graphene transfer to
the grid was carried out using the PMMA-mediated wet transfer
technique described above. Prior to imaging, the TEM grids
were heated in vacuum to desorb surface contaminants.

Pressurization, Temperature Cycling, and Gas Per-
meation Testing. Evaluation of the pressure and temperature
stability as well as gas transport properties of the membranes
was carried out in a homemade permeation cell, where the W
substrate supporting the graphene membranes was sandwiched
between two silicone O-rings. A schematic of the membrane
operation is shown in Figure S4 (Supporting Information).
Typically a pure gas or a mixture of gases at a total pressure of
1.6−1.7 bar was fed to the membrane. The feed gases tested
include H2, He, CH4, CO2, Kr, and SF6. The pressure on the
permeate side was maintained at 1.1 bar. Also, the permeate
lines were heated to 200 °C to prevent adsorption of the
permeated gases in the gas lines. The membrane was housed in
a heating mantle (Series O Beaker Mantle, Glass-Col)
connected to a temperature controller. Membrane temperature
was recorded using a thermocouple positioned next to the
membrane.
The sweep gas (Ar or N2) was connected to a 4-way valve,

allowing the module to be operated in two modes. In the
continuous mode (valve position: 1 → 3 and 4 → 2, Figure S4,
Supporting Information), the sweep gas directed the permeated
components to the mass spectrometer (MS, Agilent 5977A
coupled with Diablo 5000A real-time gas analyzer). In contrast,
in the accumulation mode (valve position: 1 → 2 and 4 → 3,
Figure S4, Supporting Information), the sweep gas was allowed
to bypass the permeate compartment, thereby allowing the
permeating gases to accumulate in the closed loop. The MS was
precalibrated with respect to the gas composition, yielding a
proportional dependence of the MS signal vs. the molar
composition (mole percent) of gas feed. The MS signal
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intensities were used to calculate the permeance of each gas
species, as described in the Supporting Information Section S1.
An example of the MS data collected using the accumulation
mode is shown in Figure S5 (Supporting Information).
The gas permeance lower detection limit was set by the leak

rate through the membrane module measured using a tungsten
foil with no hole as a control sample. As shown in Figure S5
(Supporting Information), control measurements using a bare
tungsten support with an open 5 μm hole showed very high gas
permeance values (>10−2 mol m−2 s−1 Pa−1) due to the
support’s extremely small thickness (50 μm). This large bare
support permeance is crucial for the synthesis of high
throughput graphene membranes, as otherwise the measured
permeance may be limited by the support.42,55

Ozone Exposure. The graphene membranes were exposed
to ozone while they were mounted inside the membrane
module described above. A pure O2 feed was flowed at 45 sccm
through a corona discharge ozone generator (Ozone Engineer-
ing LG-7) and onto the feed side of the membrane. The ozone

generator power was adjusted to control the ozone
concentration following calibration data from the manufacturer.

■ RESULTS AND DISCUSSION
We synthesized millimeter-sized graphene crystals (Figure 1A)
using controlled-pressure chemical vapor deposition (CPCVD;
see Methods).46 Raman characterization (Figure 1B) of
graphene transferred to a Si wafer confirmed that the graphene
studied herein is a single layer based on the 2D to G peak area
ratio; I2D/IG > 2. These spectra also indicate a small density of
defects based on the D-to-G peak area ratio; ID/IG < 0.01.56,57

STM on 20 nm by 20 nm regions of the as-synthesized
graphene on the Cu foil revealed the atomic structure of the
graphene lattice, as well as some undulations of the surface due
to topographic variations in graphene and the underlying Cu
surface (Figure 1C). The appearance of the graphene lattice is
consistent with STM images of single-layer graphene on Cu
reported previously.58−60 Aberration-corrected transmission
electron microscopy (ACTEM) images (Figure 1D and Figure
S6, Supporting Information) also confirm the pristine atom-

Figure 1. Synthesis and assembly of graphene membranes. (A) Millimeter-sized graphene single crystals on a Cu foil synthesized by the CPCVD
technique. (B) Raman spectrum of graphene transferred to Si, and a histogram of I2D/IG from Raman mapping (inset). (C) STM image of the
surface of as-synthesized graphene on Cu showing atomic lattice (bias voltage = −0.1 V, tunneling current = 0.5 nA). (D) ACTEM image of
suspended graphene. A few patches on the surface are PMMA residues from the wet transfer. (E) Graphene transferred onto W substrate with a
single hole (highlighted by the circle). The dashed lines are visual guides for grain boundaries. (F) An enlarged image of the suspended graphene
membrane on the W substrate. (G) A schematic showing (i) the W substrate, (ii) transfer of the CPCVD graphene onto the W substrate, and then
(iii) assembly of the supported membrane inside a homemade membrane module. Arrows indicate the direction of gas flow on the feed and the
permeate sides.
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thick graphene lattice. The absence of structural defects in these
lattice-resolved images of the as-synthesized graphene is
consistent with the extremely low density of defects in the
graphene film indicated by the Raman spectroscopy.61

To fabricate the graphene membranes, we used a wet transfer
technique48 to suspend graphene over a single 5 ± 2 μm
diameter hole in a 50 μm thick W foil membrane support.
Using millimeter-sized graphene crystals, we successfully
avoided grain boundaries in the suspended graphene domain
(Figure 1F). Finally, W-mounted graphene was sealed in a
homemade permeation cell using silicone O-rings for character-
ization of the gas separation properties (Figure 1G). Typically,
the feed side (pure gas feed or mixture feed) was pressurized to
1.6−1.7 bar, whereas the permeate side connected to a
precalibrated mass spectrometer (MS) was maintained at 1.1
bar. The temperature of each membrane was varied between 25
and 200 °C.
The results of these tests conducted with four different

graphene membranes labeled A, B, C, and D, each lasting 17,
36, 7, and 9 days, respectively, are shown in Figure 2. For
membrane A (Figure 2A), the feed gas was an equimolar
mixture of CO2 and CH4. A series of 35 accumulation mode
permeance measurements were conducted over 17 days of
testing. For all except the final measurement, the permeance of
both CH4 and CO2 was at or lower than the detection limit for
our measurement technique. These data points are displayed
overlaying the dashed horizontal line at the detection limit of 2
× 10−5 mol m−2 s−1 Pa−1. The membrane shows remarkable
strength and stability, withstanding aggressive temperature
cycling from 25 to 200 °C and pressurization for a substantial
duration without breaking. Membrane B (Figure 2B) was tested

through 53 accumulation mode permeance measurements over
36 days. For these tests, the feed gas composition was changed
to include various combinations of H2, He, CH4, CO2, Kr, and
SF6, including a six-component mixture feed containing an
equal amount of all these gases. As observed for membrane A,
there was no detectable permeance of any feed gas through all
of these measurements, and these data are displayed as points
at the detection limit of our technique. These data reveal that
the graphene membranes act as effective barriers to the
permeation of H2, He, CH4, CO2, Kr, and SF6, with very low or
possibly zero flux. The temperature cycling stability in
particular is an important result because measuring the
temperature dependence of gas permeance through graphene
membranes could be an important strategy for extracting
activation energies for pore translocation and distinguishing
between different permeation mechanisms.18 Eventually, during
the final measurement, membrane A partially ruptured, leading
to a substantial steady state flux of CO2 and CH4 after switching
from the accumulation mode to the continuous detection
mode, corresponding to the substantially increased permeance
in the final data point in Figure 2A. This confirms that our
measurement technique has the ability to detect gas
permeation. In the continuous detection mode, membrane
rupture can be detected the moment that it occurs with a
temporal resolution of approximately 30 s.
Membrane C (Figure 2C) was tested via a series of 20

accumulation measurements over 7 days using an equimolar
feed of CH4 and CO2. This membrane shows similar results to
membrane A, with the permeance of CH4 and CO2 at or below
the detection limit for all measurements. To further probe the
stability of this membrane, we exposed the graphene to ozone

Figure 2. Results of pressurization, temperature cycling, and gas permeation measurements for four graphene membranes A, B, C, and D. Permeance
data points overlaying the detection limit of 2 × 10−5 mol m−2 s−1 Pa−1 indicate that the measured permeance was at or below this value. The
approximate permeance of a bare support with no graphene is indicated by the dashed line near the top of each panel. Gray stars denote ozone
exposures carried out with the graphene mounted inside the membrane module between accumulation mode permeance measurements. The ozone
concentrations refer to the mole percent of O3 with the balance O2.
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while it was held at 200 °C inside the module. Ozone is a
strong oxidant that has the potential to nucleate and grow
defects in the membrane through reaction with carbon atoms in
the graphene lattice.62,63 Ozone etching may be able to create
pores that could be useful for gas separations, and is also a
useful probe for investigating the rupture stability of the
membranes under oxidizing conditions. Beginning on the 6th
day of testing, the membrane was exposed to ozone four times
between accumulation measurements for durations of 15−60 s
at ozone concentrations of 5−15 mol % O3 in O2. After
exposure to these large ozone concentrations, the measured
permeance of CO2 and CH4 through the membrane remained
below the detection limit, and the membrane did not rupture.
This remarkable chemical and mechanical stability is also a
significant result, as this opens the possibility of using O3

exposure as a technique for in situ pore formation or chemical
modification without destroying the membrane. Membrane D
(Figure 2D) was tested through 26 accumulation measure-
ments over 9 days using an equimolar feed of CH4 and CO2.
After confirming that the flux of CH4 and CO2 through this
membrane was near or below our detection limit, we exposed
this membrane to ozone six times while it was held at 200 °C
inside the module. The first several ozone exposures resulted in
no change to the permeance through the membrane. Finally,
after exposing the membrane to an ozone concentration of 5
mol % O3 in O2 for 180 s, we observed increased permeance
through the membrane above our detection limit. For the
accumulation immediately after this ozone treatment, the
measured CH4 permeance was 2.5 × 10−5 mol m−2 s−1 Pa−1,
and the CO2 permeance was 2.4 × 10−5 mol m−2 s−1 Pa−1. For

the final five accumulation measurements, the measured
permeance was increased slightly, with an average CH4

permeance of 6.8 × 10−5 mol m−2 s−1 Pa−1 and an average
CO2 permeance of 4.4 × 10−5 mol m−2 s−1 Pa−1, resulting in a
CH4/CO2 separation factor of 1.6. The measured permeance
did not vary substantially as a function of membrane
temperature. These data are consistent with gas permeation
through pores in the graphene membrane via the Knudsen
direct-gas impingement pathway,13,18,64 where the selectivity is
determined by the inverse square root ratio of the molecular
weights of the gases, corresponding to an ideal CH4/CO2

separation factor of 1.7. These results provide preliminary
evidence that the ozone treatment created pores in the
graphene membrane, likely with diameters on the order of
∼1 nm to ∼100 nm based on the observed Knudsen
selectivity.6,42,65 Future work will focus on exploring this
strategy for perforating the graphene membranes with pores
capable of high flux and mixture separation selectivity.
The development of new techniques for fabricating sub-

nanometer diameter pores in graphene membranes is another
critical challenge for enabling selective gas mixture separations.
We developed a technique to etch pores into the graphene
membrane with the graphene still on the Cu foil via the
introduction of O2 into the CVD reactor. We show that, in our
system, hydrogen is not a graphene etchant as previously
reported,66 but rather O2 is responsible for graphene etching
and pore formation.
We began by investigating the defect density in the graphene

grown using our normal CPCVD procedure (see Methods) and
transferred onto a Si wafer. As shown in Figure 3A, (i), Raman

Figure 3. Characterization of nanopores in the CPCVD graphene. (A) Histograms of the ID/IG ratio for CPCVD graphene exposed to different
concentrations of oxygen at the synthesis temperature. (B) Defect density in graphene as a function of maximum oxygen concentration in the
CPCVD reactor. (C) SEM images of graphene single crystals before and after etching with various concentrations of oxygen. Graphene crystals
completely etch away in an hour when the H2:O2 ratio was decreased to 300.
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mapping measurements confirmed an extremely low ID/IG of
(60.0 ± 0.2) × 10−4, corresponding to a large distance between
defects, LD, of 152 ± 53 nm (Supporting Information Section
S2).67,68 If each of these defects corresponded to one nanopore,
this would represent an extremely low pore density of ∼47
pores/μm2. However, since it is likely that some defects
detected in the Raman spectra do not arise from pores large
enough to permit gas translocation, this represents an upper
bound estimate on the number of nanopores in this graphene
that could be involved in gas separation. ACTEM and STM
images of the graphene also show a pristine lattice with very
low defect density and no observable nanopores, as discussed
previously (Figure 1C,D).
To investigate the relationship between O2 exposure and

graphene defect density, we studied the Raman ID/IG ratio as a
function of the relative concentrations of hydrogen and oxygen
in the CPCVD chamber. At the normal graphene growth
conditions used here (1077 °C, 108 Torr), the residual oxygen
concentration in the reactor was approximately 130 ppm,
corresponding to a H2:O2 ratio of 7600 (Supporting
Information Section S3, Figures S7 and S8). After the graphene
growth steps were completed, we continued exposing the
graphene to a H2:O2 ratio of 7600 at 1077 °C for 3 h. As a
result, the ID/IG ratio increased slightly to (140.0 ± 0.6) × 10−4,
corresponding to an LD of 99 ± 28 nm (Figure 3A, (ii)).
Alternatively, a shorter treatment of 15 min at a higher O2

concentration (final H2:O2 ratio of 1000) also increased the ID/
IG to (150.0 ± 1.1) × 10−4, corresponding to an LD of 96 ± 32
nm (Figure 3A, (iii)). We could further increase ID/IG to (43.0
± 0.3) × 10−4 (LD of 57 ± 15 nm) by etching graphene in a
much higher O2 concentration (final H2:O2 ratio of 13) for just
1 min (Figure 3A, (iv)). Overall, by increasing the oxygen
concentration in the reactor, we could increase the defect
density from 47 ± 37 μm−2 to 325 ± 173 μm−2 (Figure 3B).
Comparative SEM images (Figure 3C) of graphene crystals
exposed to low and high levels of oxygen (H2:O2 ∼ 7600 and

300, respectively) provide additional evidence of the significant
role played by oxygen in etching graphene. While the graphene
domains do not change in size after 1 h of exposure to the
lower oxygen concentration (H2:O2 ∼ 7600), they completely
etch away in 1 h at the higher concentration of oxygen
(maximum H2:O2 of 300). These observations support a
mechanism whereby residual oxygen is primarily responsible for
the intrinsic defects often observed in CVD-grown gra-
phene.42,69 Furthermore, our observations falsify a competing
mechanistic explanation that H2 is an etchant in the CVD
synthesis of graphene under our conditions, and possibly other
examples reported in the literature.66,70−72

While the precise mechanism of this high temperature O2

etching process remains unknown, the occurrence of a reaction
between O2 and the carbon atoms in the graphene lattice is
consistent with previous studies.63,73,74 This process likely
consists of two steps: pore nucleation, wherein the first carbon
atom is removed from the graphene lattice, and growth,
wherein subsequent carbon atoms are extracted at the edges
around the initial vacancy, enlarging the nanopore. The kinetics
of pore nucleation on pristine graphene are likely much slower
than pore growth.73 However, previous experimental studies
showed that, at temperatures above 500 °C, molecular O2 can
react with single-layer graphene to create defects on the order
of 10−100 nm in diameter,63,75 and at temperatures in the
range of 260−300 °C, sub-nanometer vacancies can be
formed.45 While the etching conditions used in this study are
substantially different, these prior works suggest that one
plausible reaction mechanism consists of O2 dissociative
adsorption on the graphene surface, followed by reactive
desorption of carbon monoxide, yielding the overall reaction C
+ 1/2 O2 → CO.73,74 Future work will focus on illuminating the
detailed mechanism of this oxidative etching process.
Our Raman mapping measurements provide evidence that

high temperature O2 etching can increase the defect density in
graphene, but these data do not reveal the size or shape of the

Figure 4. STM images of the nanopores in the as-synthesized CPCVD graphene on a Cu foil subjected to 1 min etching at a H2:O2 ratio of up to 13.
The bias voltage was −0.1 V. Tunneling currents for (A) and (B) were 0.4 nA, and for (C)−(E) were 0.5 nA.
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defects. To investigate whether these defects correspond to
nanopores that could be relevant for gas mixture separation, we
conducted a thorough STM survey of graphene etched at a
H2:O2 ratio of 13. These measurements revealed several pores
separated by a distance of approximately 100−200 nm (Figure
4). The estimated distance between the pores is in reasonable
agreement with that estimated from the amorphization
trajectory of graphene etched under these conditions from
Raman spectroscopy (LD of 57 ± 15 nm), especially
considering the stochastic nature of oxygen etching. The
pores (Figure 4A−E) consist of several missing carbon atoms
surrounded by a raised portion at the pore edge and a larger
region of lattice distortion extending about 3−6 nm into the
graphene lattice. The brighter appearance of edges of the pores
can be attributed to a combination of distorted irregular bonds
that have a higher density of states,76 dangling bonds,
interactions with the underlying Cu surface, and heteroatoms
bound to the edge.77,78 The extended lattice distortions can be
attributed to nanopore induced disruption in the lattice, and
have been observed before for point defects.76 The structures
observed in the STM images are consistent with pores on the
order of ∼1 nm in diameter, placing these pores in the size
regime that is likely of interest for gas mixture separations. Our
preliminary efforts to measure gas transport through graphene
with these pores did not show permeance above our detection
limit. Future studies will focus on using this oxygen etching
technique to create a higher density of pores, and studying their
performance for mixture separations.

■ CONCLUSION
In this work, we fabricated graphene gas separation membranes
on metal foil supports and tested them using a custom-built
membrane module. The membranes show remarkable pressure
and temperature stability, as they did not rupture after many
days of pressurization and temperature cycling. The permeance
measured using an on-line mass spectrometer was lower than
the detection limit for all membranes, though our data provide
a preliminary indication that ozone exposure could create pores
in the membranes that permit gas permeation. We also
demonstrate a promising high temperature O2 etching
technique for creating pores in the graphene. Our platform
for graphene membrane fabrication, testing, and perforation
provides a pathway for studying the permeance of perforated
graphene membranes in future work. This represents important
progress toward the development of functional graphene
membranes for gas mixture separation applications.
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