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Selective molecular sieving through porous

graphene
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Membranes act as selective barriers and play an important role
in processes such as cellular compartmentalization and indus-
trial-scale chemical and gas purification. The ideal membrane
should be as thin as possible to maximize flux, mechanically
robust to prevent fracture, and have well-defined pore sizes
to increase selectivity. Graphene is an excellent starting point
for developing size-selective membranes’® because of its
atomic thickness®, high mechanical strength, relative inert-
ness and impermeability to all standard gases''*. However,
pores that can exclude larger molecules but allow smaller mol-
ecules to pass through would have to be introduced into the
material. Here, we show that ultraviolet-induced oxidative
etching’'® can create pores in micrometre-sized graphene
membranes, and the resulting membranes can be used as mol-
ecular sieves. A pressurized blister test and mechanical reson-
ance are used to measure the transport of a range of gases
(H,, CO,, Ar, N,, CH, and SF,) through the pores. The exper-
imentally measured leak rate, separation factors and Raman
spectrum agree well with models based on effusion through a
small number of angstrom-sized pores.

Suspended graphene membranes were fabricated by mechanical
exfoliation of graphene over predefined 5-m-diameter wells etched
into silicon oxide!”!%. After exfoliation, the pristine graphene flakes
spanning the microcavity formed suspended membranes that were
impermeable to all standard gas molecules'! and were clamped to
the silicon oxide substrate by surface forces!®. However, gas
species were able to enter and exit the microcavity through the sub-
strate by slow diffusion.

The microcavities were filled with a desired gas species by placing
the sample in a chamber pressurized with a ‘charging’ gas to 200 kPa
above ambient pressure (Fig. 1la). Before this pressurization, the
chamber was flushed with the charging gas to exclude any other
species. The samples were left in the pressure chamber for 4-12 days
(depending on the gas species used) to allow the internal pressure
Pine and the external pressure p,,, of the microcavity to equilibrate to
the charging pressure p,. On removing the sample from the pressure
chamber, the higher pressure inside the microcavity compared with
the ambient atmospheric pressure caused the membrane to bulge
upwards (Fig. 1b). This technique enabled the preparation of a gra-
phene-sealed microcavity with an arbitrary gas composition at a
prescribed pressure.

To measure the leak rate of gas species we used both a pressur-
ized blister test and a mechanical resonance test'!. The pressurized
blister test was used for leak rates on the order of minutes to hours,
and the mechanical resonance test was used to measure leak rates on
the order of seconds to minutes. In the pressurized blister test, an
atomic force microscope (AFM) was used to measure the shape of
the bulged graphene membrane, which was parameterized by its
maximum deflection & (Fig. le). Figure 1f (black) shows the
maximum deflection & versus time ¢ for a pristine graphene mem-
brane pressurized to 200 kPa above atmospheric pressure with

H, gas. The deflection decreases slowly with time, consistent with
a leak of H, gas through the underlying silicon oxide!!'8.

Ultraviolet-induced oxidative etching was used to introduce
pores into the pristine graphene  membranes!>!61%20
(Supplementary Section S2). The membranes pressurized with H,
gas were exposed to ultraviolet light (A; =185 nm, A, =254 nmy;
Jelight Model 42 ultraviolet ozone cleaner) under ambient con-
ditions for several minutes. A number of other etching techniques
have been proposed and demonstrated for graphene!?-?’, includ-
ing oxygen plasma etching, but the ultraviolet oxidative etching
used here is simple and slow enough to allow for the creation of
these subnanometre-sized selective pores, as demonstrated later in
this Letter. Indeed, this etching technique proved to be the only suc-
cessful method for controllably introducing subnanometre pores.
After the oxidative etch, 6 was again measured versus ¢ (Fig. le
and f, red; Supplementary Section S2). The maximum deflection
decreases rapidly (in several minutes rather than hours, as is the case
for the unetched case) and eventually leads to a downward deflec-
tion of the membrane (Fig. 1c-f). Figure le shows a series of
cross-sections through the centre of the membrane taken by AFM
at times from 0 to 8 min, and Fig. 1g presents a three-dimensional
rendering of the AFM image in Fig. le for t=0. Here, 0 min is
defined as the time at which the first AFM image is captured after
removing the sample from the pressure chamber. The change in
deflection, as depicted in Fig. 1c,d, results from an increase in the
H, leak rate as a result of the etching, while significant changes in
the N, leak rate into the microcavity from the ambient atmosphere
are prevented.

The molecular selectivity of the fabricated porous graphene
membrane was demonstrated by measuring the rate of change of
& with time (-d&/dt) for the same membrane pressurized with a
number of different gases. Figure 2a shows & versus t for H,,
CO,, Ar and CH, before and after etching, and N, after etching.
The N, leak rate before etching for this particular device was not
measured, but measurements for 12 other devices located on the
same flake are shown in Fig. 4 and labelled ‘Pristine Avg’ for com-
parison with the after-etch leak rate. At short times, —d&/dt is
approximately linear (Fig. 2a). This rate was plotted versus kinetic
diameter? for all the gases, using the same membrane/microcavity
shown in Fig. 1, before and after etching (Fig. 2b). After etching,
there is an increase in —dé/dt by two orders of magnitude for
the H, and CO, leak rates, whereas those for Ar and CH, remain
relatively unchanged. This suggests that the etched pores change
the transport mechanism for H, and CO,, but leave the transport
of Ar and CH, nearly unchanged. As the kinetic diameter cutoff
in this bilayer graphene membrane is nominally that of Ar (3.4 A;
ref. 28), this membrane will be referred to as ‘Bi-3.4 A’.

The leak rates of the various gases across the porous graphene
membranes can also be measured using a mechanical resonance
test. This was accomplished by measuring changes in the mechan-
ical resonant frequency f of the membrane versus t, using an optical
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Figure 1 | Measuring leak rates in porous graphene membranes. a, Schematic of a microscopic graphene membrane on a silicon oxide substrate. We start
with pristine graphene fabricated by exfoliation and fill the microchamber with 200 kPa of H, (represented as red circles) in a pressure chamber. Equilibrium
is reached (p;,, = pe,) by diffusion through the silicon oxide. b, After removing the graphene membrane from the pressure chamber the membrane bulges
upwards. We calculate p;,, using the ideal gas law and assuming isothermal expansion. The hydrogen molecules slowly leak out of the microchamber through
the silicon oxide substrate. ¢, Following etching pore(s) in the graphene membrane bigger than H,, the H, is able to rapidly leak out of the microchamber
through the membrane pore(s). If the pore(s) are smaller than the air molecules (mostly N, and O, denoted as green circles), air will be blocked from
entering the microchamber, causing the deflection of the graphene membrane to continue to decrease until all of the H, molecules have exited the
microchamber. d, Once all the H, molecules have leaked out of the microchamber, the membrane will deflect downwards. e, Deflection versus position,
measured from O min (black) to 8 min (dashed blue) after etching, corresponding to some of the red symbols in f. f, Maximum deflection & versus t for one
membrane separating H, from air, measured by AFM. Black symbols represent the H, leak rate before etching and red symbols the H, leak rate after
introducing selective pores into the graphene. Inset: optical image of the bilayer graphene flake used in this study, which covers many cavities in the silicon
oxide substrate (scale bar is 60 um). g, Three-dimensional rendering of an AFM image corresponding to the line cut at t=0in e.

drive and detection system that was previously used to measure pressure-induced tensioning of the membrane, which increases f
mechanical resonance in suspended graphene resonators'®. A for the stretched membrane. If the gas molecules introduced exter-
pressure difference applied across the membrane leads to a nal to an initially evacuated microcavity can leak through the
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Figure 2 | Comparison of leak rates of pristine and porous graphene membranes. a, Maximum deflection & versus t before and after etching. b, Average
—d&/dt versus molecular size found from the slopes of membrane deflection versus t (in a) before and after introducing pores into the same graphene
membrane. The connecting lines show the measurements before (black) and after (red) etching.

membrane, the gas will pass through and reduce the tension in the
membrane, thus decreasing f. If the gas molecules cannot leak
through the membrane, f stays constant. An example of this is
shown in Fig. 3. In this case, an etched porous graphene membrane
was placed in a vacuum of 0.1 torr for several days to ensure the
microcavity had equilibrated to the pressure of the vacuum
chamber. A pure gas species was then introduced into the vacuum
chamber at a given pressure (~100 torr for the case described in the
main panel of Fig. 3 and ~80 torr for the inset of Fig. 3) and the res-
onant frequency was measured. The resonant frequency decreases
with time, and from the rate of decrease, the leak rate through the
porous graphene membrane can be determined. We could not
observe the frequency return back to its original value because of sig-
nificant gas damping when Ap ~ 0 (Supplementary Section S4). As
can be seen from Fig. 3, the leak rates of H,, CO,, N, and CH, were
found to be several seconds; however, SF, shows no significant
change in resonant frequency over the several minutes measured.
This membrane will be referred to as ‘Bi-4.9 A’, as it is a bilayer mem-
brane with the nominal sieving kinetic diameter of SF, (4.9 A; ref. 28).

We derived the following expression for molecular flux, dn/dt,
out of the pressurized ‘blister’ microcavity using the ideal gas law
and Hencky’s solution for a clamped circular membrane®® (see
Supplementary Section S3 for the derivation):

dn _ 3K@)(Ewd)/a* - V(8) + P(C)ma’)] db
dr RT “dt

where a is the radius of the membrane, E is Young’s modulus, w is the
thickness of the membrane, R is the molar gas constant, T is tempera-
ture, V() is the total volume of the microcavity in the bulged state,
and C(v) and K(v) are geometric coefficients that depend on
Poisson’s ratio v for the membrane. For the case of graphene,
Young’s modulus and Poisson’s ratio are E=1TPa and v=0.16,
respectively, and the thickness per layer is 0.34 nm (refs
10,11,18,31). Using v = 0.16 gives coefficients of K(v = 0.16) = 3.09
and C(v=0.16) = 0.524 (ref. 17). Figure 4 shows the normalized
dn/dt (normalized to the partial pressure difference across the
membrane) for the Bi-3.4 A membrane before (black squares) and
after (red squares) ultraviolet etching. Also shown is the average
normalized dn/dt for 24 different unetched (12 for the case of
N,) membranes on the same graphene flake shown in the inset to
Fig. 1f containing Bi-3.4 A (black circles). Similarly, a mechanical
deflection analysis allows dn/dt to be calculated from the linear
approximation of the rate of frequency decay, df/dt (see
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Supplementary Section S4 for details). The leak rate versus molecu-
lar size for the Bi-49 A membrane is shown in Fig. 4 (red
diamonds).

The changes in leak rate associated with ultraviolet etching
are consistent with the introduction of a pore(s) that allows size-
selective permeation of gas molecules. For the Bi-3.4 A membrane
in Fig. 2, the selectivity between CO, and Ar suggests that the
pore(s) size(s) introduced into the graphene membrane are com-
parable to the kinetic diameter of Ar (3.4 A)?®® and that the
porous graphene is sieving molecules above and below this size.
Similarly, for the Bi-4.9 A membrane in Fig. 3, there are probably
pore(s) larger in size than those of the Bi-3.4 A membrane, because
effective molecular sieving is seen for molecules smaller than SFq
(4.9 A compared with 3.8 A for CH,)*. Owing to the fact that
there is probably only a small density of pores in the 5-pm-diam-
eter membranes, imaging of the pore is not possible
(Supplementary Section S2). However, the small density of pores
is supported by Raman spectroscopy of the etched membranes
(Supplementary Section SI).
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Figure 3 | Measuring leak rates in a porous graphene membrane using
mechanical resonance. Frequency f versus t for H,, CO,, N,, CH, and SF,
with a pressure of 100 torr (~13.3 kPa) introduced into the vacuum chamber.
Inset: data from the same device with 80 torr (~10.7 kPa) pressure.
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Figure 4 | Compilation of measured leak rates. Leak rates out of the
microcavity for the Bi-3.4 A membrane before etching and after etching, the
Bi-4.9 A membrane after etching, and the average before etching of 24
membranes (12 for N,) on the same graphene flake as Bi-3.4 A membrane
(note that these last symbols are hidden by black squares for several gases.).

The measured gas leak rates can be compared to the results of
computational modelling by Jiang et al.! and Blankenburg et al.’.
Following the work of Jiang et al.!, we estimate a H, leak rate on
the order of ~1 x 10 ** mols™ ' Pa™"' for a hydrogen-passivated
pore in graphene consisting of two missing benzene rings at room
temperature (Supplementary Section S6). For the work of
Blankenburg et al., the H, leak rate was calculated to be on the
order of ~1 x 10 > mols™' Pa™' through a smaller hydrogen-
terminated pore consisting of a single missing benzene ring®.

Our measured H, leak rate on Bi-34A was
~4.5 x 107> mol s~ Pa™". This value is several orders of magni-
tude lower than Jiang et al., suggesting our pores have an overall
higher energy barrier for H, (and other species) than in their calcu-
lations. The similarity between our H, leak rate and that modelled
by Blankenburg et al. suggests a similar H, energy barrier in our
pore. However, we do not match their calculated H,/CO, selectivity
(2 versus ~1 x 10'7). This suggests that having a bilayer graphene
membrane with different chemical pore temination from the
oxidative etching can be quite important.

We can also compare the measured H, and CO, leak rates in the
Bi-3.4 A and Bi-4.9 A membranes (Fig. 4). The membrane with
smaller pore size, Bi-3.4 A (red squares), has H, and CO, leak
rates (in units of 102> mol s~ Pa™!) of 4.5 and 2.7, respectively,
compared with H, and CO, leak rates (same units) of 75 and 25,
respectively, for the membrane with larger pores (red diamonds).
The closeness of the magnitudes of these two values, as well as
the magnitudes calculated in the cited modelling, suggests in both
cases that a low density of size-selective pores are participating in
the transport across the graphene membrane, and the faster leak
rate for the Bi-4.9 A membrane is consistent with having larger
pores (and/or lower diffusional energy barriers) than the Bi-3.4 A
membrane. This is also consistent with the rapid effusion of gas
expected from the ~um’ confined volume of gas in the porous
graphene sealed microchamber!.

Both graphene membranes examined here were bilayer graphene
membranes. These were selected because of the more controlled
etching and increased stability of pores in bilayer graphene
membranes when compared with monolayer membranes. This is
consistent with previous results showing slower etching for bilayer
graphene!®. However, we also observed similar results on monolayer
graphene membranes (Supplementary Section S5).

In conclusion, we have demonstrated selective molecular sieving
using porous, micrometre-sized, atomically thin graphene

membranes. Pores were introduced in graphene by ultraviolet-
induced oxidative etching and the molecular transport through
them was measured using both a pressurized blister test and mech-
anical resonance. Our results are consistent with theoretical models
in the literature based on effusion through angstrom-sized pores!®.
The results presented here are an experimental realization of gra-
phene gas separation membranes by molecular sieving, and rep-
resent an important step towards the realization of macroscopic,
size-selective porous graphene membranes. The approach used
here can also be used to probe the fundamental limits of gas trans-
port by effusion through angstrom-sized pores with atomic-sized
channel lengths.

Methods

Suspended graphene membranes were fabricated by a combination of standard
photolithography and mechanical exfoliation of graphene. An array of circles with
diameters of 5 wm and 7 pm were defined by photolithography on an oxidized
silicon wafer with a silicon oxide thickness of 285 nm. Reactive ion etching was then
used to etch the circles into cylindrical cavities with a depth of 250-500 nm, leaving
a series of wells on the wafer. Mechanical exfoliation of Kish graphite using Scotch
tape was then used to deposit suspended graphene sheets over the wells.

The volume of the bulged graphene was on the order of the initial volume of the
microcavity'’, and we deduced an initial Ap = p,,, — pey, across the membrane using
the ideal gas law and the isothermal expansion of the trapped gas with a constant
number of molecules, N. This led to p,V, = p;. (V, + V}), where V, is the initial
volume of the well and V;, = C(v)mwa®8 is the volume of the pressurized blister after
the device is brought to atmospheric pressure and bulges upward. The constant
C(v=0.16) = 0.524 was determined from Hencky’s solution. AFM scans were then
taken continuously to deduce the leak rate of molecules out of the membrane, dn/dt.

For the resonance measurements, samples were placed in a vacuum chamber at
0.1 torr for several days to ensure the microcavity reached equilibrium with the
vacuum chamber. A given pressure (ranging from 80 to 100 torr) of gas was then
introduced into the vacuum chamber and the frequency was measured over time.
After the introduction of a gas, the chamber was evacuated until the frequency
returned to its original value when no pressure difference was present (or the signal
was no longer detectable due to gas damping) and the next gas was then measured.
An intensity-modulated blue laser (405 nm) was used to drive the graphene
membranes, and a red laser (633 nm) was used to detect the motion of the graphene.
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