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Molecular valves for controlling gas phase
transport made from discrete angstrom-sized

pores in graphene

Luda Wang', Lee W. Drahushuk?, Lauren Cantley?,

Michael S. Strano? and J. Scott Bunch3¢*

An ability to precisely regulate the quantity and location of mol-
ecular flux is of value in applications such as nanoscale three-
dimensional printing, catalysis and sensor design'4. Barrier
materials containing pores with molecular dimensions have
previously been used to manipulate molecular compositions
in the gas phase, but have so far been unable to offer controlled
gas transport through individual pores®-'8. Here, we show that
gas flux through discrete angstrém-sized pores in monolayer
graphene can be detected and then controlled using nano-
metre-sized gold clusters, which are formed on the surface of
the graphene and can migrate and partially block a pore. In
samples without gold clusters, we observe stochastic switching
of the magnitude of the gas permeance, which we attribute to
molecular rearrangements of the pore. Our molecular valves
could be used, for example, to develop unique approaches to
molecular synthesis that are based on the controllable switch-
ing of a molecular gas flux, reminiscent of ion channels in
biological cell membranes and solid-state nanopores'®.

We studied two types of angstrom pore molecular valve: a
porous single layer of suspended graphene with no gold nanoclus-
ters on its surface (PSLG) and a porous single layer of suspended
graphene on top of which we evaporated gold nanoclusters
(PSLG-AuNCs). The fabrication of both types of device begins
with suspended pristine monolayer graphene, which is impermeable
to all gases®® and is defect-free?'. The graphene is mechanically exfo-
liated over predefined etched wells in a silicon substrate with 90 nm
of thermal silicon oxide on top. This forms a graphene-sealed
microcavity that confines an approximately um® volume of gas
underneath the suspended graphene. Two techniques were used
to introduce molecular-sized pores. The first uses a voltage pulse
applied by a metallized atomic force microscope (AFM) tip%,
while the second introduces a molecular-sized pore at a random
spot on a H,-pressurized, graphene-sealed microcavity using
ultraviolet-induced oxidation?*2%,

Figure 1a illustrates the first method, in which a ~300-nm-diam-
eter pore is created in the centre of a graphene membrane by apply-
ing a voltage pulse of =5V for 100 ms. A pressurized blister test
was used to determine the leak rate out of the graphene-sealed
microcavity®®. The microcavity was filled with pure H, or N, at
300-400 kPa and the graphene was observed to bulge up due to
the pressure difference across it. An example of an unetched pristine
sample pressurized with N, is shown in Fig. 1b. In this instance,
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after applying a voltage pulse of =9 V for 2 s to the centre of the
membrane, a single pore is created. We found that the voltage
and time needed to introduce a pore varied depending on the
AFM tip used, thus the difference in sizes between Fig. 1a and c.
Immediately after pore formation, the deflection drops and the gra-
phene is flat except for a few wrinkles introduced by the process
(Fig. 1c). The AFM image shows no detectable pore, indicating
that the pore is smaller than the resolution of the AFM. For the
PSLG-AuNCs samples, gold atoms were evaporated onto the gra-
phene. Figure 1d shows the graphene sample in Fig. 1c after gold
evaporation and repressurization with N, gas. The graphene is
bulging up, indicating that the gold clusters have blocked the pore.

In the second poration method a molecular-sized pore is intro-
duced on a H,-pressurized, graphene-sealed microcavity using
ultraviolet-induced oxidation. The deflection of the graphene was
monitored using an AFM operating in intermittent contact mode.
Figure le-g shows the maximum deflection versus time for three
graphene sealed microcavities labelled Membrane 1, Membrane 2
and Membrane 3 formed by the same graphene flake covering
three wells. After exposing all the membranes to a series of eight
etches, Membrane 2 shows a dramatic change in the deflection
just after the last etch that is indicative of a rapid leaking of all
the H, gas inside the microcavity (any counter-transport of air
back into the microcavity is much slower). Membrane 1 and
Membrane 3 have leak rates that are relatively unchanged,
suggesting that they remain unporated and pristine. Thus, we see
that the initiation of angstrom-sized porosity in graphene flakes
by ultraviolet exposure is a sparse and discrete process. The instan-
taneous change in the permeance from a very slow leak to a very fast
leak is strongly indicative of a single pore being formed. It would be
highly unusual (although not impossible) for multiple similar-sized
pores to be introduced into Membrane 2 at once while the other two
membranes from the same graphene flake remained unporated.

In the first few hours after ultraviolet-induced oxidation of a gra-
phene sample with evaporated gold clusters, the gold clusters were
observed to migrate and congregate on the surface of the graphene,
sometimes blocking the created pore (Fig. 1j,k). In such a blocked
PSLG-AuNC device, the leak rate of H, gas out of the microcavity
is initially slow, and the graphene deflection changes slowly with
time (Fig. lo). A fit to a membrane mechanics model
(Supplementary Section 3) is shown as a red line in Fig. 1s.
During scanning there is a sudden jump in the deflection and a
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Figure 1| Fabrication of molecular valves in suspended graphene. a-d, AFM voltage pulse etching to introduce pores into suspended graphene: AFM height
image of suspended graphene with a large diameter pore (~300 nm) etched at its centre using AFM voltage pulse etching (a); AFM height images of
pressurized suspended graphene before (b) and ~3 min after (¢) etching a small pore (~1 nm) at the centre of the membrane using AFM voltage pulse
etching (the pore is below the resolution of the AFM and not visible in the image); AFM height image of the same membrane as in b and ¢, after gold
evaporation and pressurization with N, gas (d) (the bulged up nature shows that it now holds gas). e-s, Ultraviolet etching to introduce pores on suspended
graphene: maximum deflection versus time during ultraviolet etching for three graphene sealed microcavities on the same flake (e-g) (the ultraviolet etching
was stopped after Etch 8); AFM height images corresponding to the first and last points in e-g (h,i); AFM amplitude images showing the movement of gold
nanoparticles on suspended graphene (j,k); schematic of the gold nanoparticles (yellow solid circles) blocking and unblocking the pore on the monolayer
graphene (I-n); AFM height images capturing the deflection changes illustrated in I-n (o-q); deflection versus position through the centre of the suspended
graphene in 0-q (r); maximum deflection versus time for the dramatic leak rate change (s). The solid red line is a fit to the data before switching using a
membrane mechanics model.

much faster leak rate is observed (Fig. 1p,q). This change from maximum deflection drops from 147 nm to —115nm in ~1 min
bulged up to bulged down occurs in ~30 s. A line cut through the (Fig. 1s). We attribute this sudden change in the deflection to
centre of the graphene during this process is shown in Fig. lo. migration of the gold nanoclusters on the surface of the graphene,
From the line cut (blue lines in Fig. lo-q), we can see the which ‘opened’ a single angstrom-sized pore in the graphene,
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Figure 2 | Controlling the leak rate by laser-induced heating. a,b, Maximum deflection of the graphene before (a) and after (b) focusing a laser beam at the
centre of the graphene. Different colours represent different charging pressures. In a, the charging pressure sequence is 200 to 700 to 200 kPa, in 100 kPa
increments. In b, the charging pressure sequence is 200 to 850 kPa, in 50, 100 or 150 kPa increments. Insets in a: AFM amplitude images of the suspended
graphene corresponding to the state of the graphene deflection for the measurements in a (left inset) and b (right inset). ¢, Leak rate dn/dt versus pressure
difference Ap for a (shown in red) and b (shown in black). Solid lines are linear fits to the data. d, Histogram of the permeance from data in a (red) and b (black).

allowing a fast leak rate (shown schematically in Fig. 11-n). As is the
case for Membrane 2 in Fig. 1f, a single pore is probably responsible
for the sudden change in permeance, as it is unlikely that multiple
pores opened simultaneously.

The change in permeance can be trigged by laser-induced heating
in vacuum to stimulate movement of the gold nanoclusters (Fig. 2). In
such a case, the graphene in Fig. 1 displays a fast permeance, as evi-
denced by a decrease in the maximum deflection versus time for H,
gas, taking place in less than 30 min. The permeance is relatively con-
stant over many measurements at different starting internal pressures
of hydrogen, suggesting that, eventually, the gold nanoclusters stop
migrating. This is further confirmed by AFM images (Fig. 2a inset,
left), which show the configuration of nanoclusters to be stable.
After shining a laser on the surface of the graphene, the permeance
slows considerably, now taking ~30-90 min to leak out depending
on the initial internal pressure. Again, the permeance is stable
during these measurements over multiple internal pressures. An
AFM image of the surface of the graphene after laser exposure
shows a change in the configuration of gold nanoclusters on the
surface of the graphene (Fig. 2a inset, right).

From the maximum deflection versus time curves in Fig. 2a,b,
the rate of change of the number of molecules, n, constitutes a
leak rate dn/dt that can be extracted assuming a simple membrane
mechanics model (Fig. 2¢) (Supplementary Section 2)?*. We observe
that the leak rate shows a linear dependence on the pressure differ-
ence with a slope of 8.41 +0.26 x 107* mol s™* Pa™' before laser
exposure and 1.70 +0.02 x 107>* mol s™' Pa™" after laser exposure,
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consistent with &ngstrom-sized pore transport®®. A histogram of
the leak rate normalized by the pressure difference, which we
define as the permeance, is shown in Fig. 2d. Counts on the histo-
gram correspond to a permeance calculation based on the slope
around each deflection data point. There are clearly two defined
states of the permeance before and after laser exposure.
Additional heating with the laser leads to pore opening, showing
that this process is repeatable and reversible (Supplementary
Section 4), demonstrating the ability to control the gas flux
through a single dngstrom-sized pore molecular valve.

Gas transport through the dngstrom-sized pore can be modelled
using classical effusion. When the pore size is smaller than the mean
free path of the molecule, classical effusion dictates that the time
constant for the decay of the number of molecules in the graphene
sealed microcavity is given by

2nM,,
RT

(1)

where V is the volume of the container, y is the transmission coeffi-
cient, M,, is the molecular mass, R is the ideal gas constant, and T'is
the temperature?. The transmission coefficient y incorporates both
the physical geometry of the pore and any energy barrier from mol-
ecular interactions between the molecule and the pore. Due to the
volume of gas in the graphene sealed microcavity (~1 um?), the
time constant for the effusion due to a single angstrom-sized pore

3
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Figure 3 | Leak rates of gases through porous monolayer suspended graphene without gold nanoparticles. a, Leak rate dn/dt versus pressure difference Ap
for He gas. Solid line is a linear fit to the data. Inset: maximum deflection versus t for He gas. b, Histogram of permeance for Ar, Ne and He. ¢, Permeance
versus kinetic diameter for all measured gases before (blue) and after (black) etching. d, Transmission coefficient (calculated from equation (2)) versus kinetic
diameter for He, Ne, H;, and Ar. Inset: transmission coefficient (calculated from equation (2)) versus kinetic diameter for He, Ne, H,, N,O, CO, and Ar.

Error bars in ¢,d represent *s.d. for different measurements on the same membrane.

can be minutes, making our geometry ideally suited for measuring
the leak rate through a single sub-nanometre pore and for observing
sub-A” changes in the transmission coefficient. Correspondingly,
the leak rate dn/dt, assuming classical effusion, is given by

dn y

@ __.A 2
dt /2nM RT b @)

where Ap is the partial pressure difference across the graphene?. A
plot of dn/dt versus Ap shows a linear dependence, further supporting
classical effusion (Fig. 2c). The transmission coefficient can be deduced
from the slope and changes from 0.0047 A% (before) to 0.00095 A*
(after) laser heating. The transmission coefficient is the geometric
area of the pore (a few A? multiplied by a transmission probability
that an impinging gas atom or molecule has sufficient energy to pass
through the potential barrier of the pore. Hence, y is considerably
smaller than the cross-sectional area of the test gas H, (2.89 A),
providing evidence that the pore is on the order of the kinetic diam-
eter of H, and we are measuring small changes in the energy barrier
from molecular interactions between the gas and pore mouth.

The ability to observe small changes in y allows us to vary the
molecular size and study how that influences gas transport in the
same PSLG. In this study we used a single PSLG that contained
no gold nanoclusters, and four additional etching exposures were
carried out after the first observed rapid change in deflection (indi-
cating the formation of a pore). The leak rate dn/dt of He gas
through the PSLG shows a linear dependence on Ap and is relatively

4

constant over a range of Ap from ~100 kPa to 700 kPa (Fig. 3a,
inset). This agrees with classical effusion with a slope equal
to 1.5+0.01 x 107> mol s™' Pa™', corresponding to y=0.011 A*
(Fig. 3a). The permeance for the noble gases, Ar, Ne and He,
are shown as a histogram, with average values and standard
deviations of 3.4+2.1, 25+ 16 and 150+20x 107> mol s™* Pa™’,
respectively. This follows a trend of a lower permeance for larger
gas atoms. In addition to the noble gases, we measured the per-
meance of the non-noble gas molecules H,, CO, and N,O, both
before and after introducing the molecular-sized pore (Fig. 3c).
Data for the non-porated graphene (Supplementary Section 1)
were taken on four separate but similar monolayer graphene
membranes, and the measured leak rates agree well with a leak
primarily through the underlying silicon oxide substrate?*?>”. In
all cases there was a considerable increase in the leak rate after
poration, supporting the conclusion that the leak rate is primarily
permeation through the molecular-sized pore.

Using equation (2) we can deduce the transmission coefficient as
a function of the kinetic diameter for all the gases measured. As
expected for the noble gases, the transmission coefficient increases
as the kinetic diameter decreases—(Ar) 0.00084 +0.00053 A?
(Ne) 0.0045+0.0028 A*> and (He) 0.011+0.002 A* (Fig. 3d)—
further confirming that the pore size is on the order of the kinetic
diameter and showing the influence of the molecular size on y. In
addition, the leak rate of H, roughly follows the trend observed
with the noble gas atoms. However, CO, and N,O follow a very
different trend (inset Fig. 3d). Their transmission coefficients are
considerably larger than one would expect from their kinetic
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Figure 4 | Stochastic switching of the leak rate through porous monolayer graphene without gold nanoparticles. a, Permeance (black circles) and fit
(red line) versus time for all Ne data. Bottom axis: observed time, corresponding to the 800 min of measurements taken over five days after repeated
pressurization. Each measurement is separated by a vertical dashed line. Inset: Single experimental run for the highlighted time range. Left axis: maximum
deflection versus time for Ne (blue squares). Right axis: permeance versus time calculated from the change in deflection versus time (black circles).

b, Histogram of the permeance (on the vertical axis of a) for all the data in a.

diameter—(CO,) 0.021 + 0.016 A% and (N,0) 0.048 + 0.038 A%. We
attribute this to the chemical interactions that N,O and CO, have
with the pore, which lower the energy barrier for transport. These
experiments demonstrate that the gas transport of gas molecules
with polar bonds clearly shows a strong influence on chemical inter-
actions between the molecule and the pore, consistent with recent
theoretical calculations?®%.

Although the permeances are nominally constant over long time
periods (days) of measurements, the transmission coefficient
demonstrates discretized fluctuations indicative of stochastic switch-
ing. Figure 4a illustrates the concatenated permeances of Ne over
time along with a fit to discrete states using hidden Markov model-
ling (HMM; Supplementary Section 7). The data in Fig. 4a
were taken over the course of five days. Vertical dashed lines corre-
spond to the start of a new measurement. All measurements are
concatenated into a single observed time axis so that the repetition
of certain states and values of permeance can be seen. This switch-
ing is clearly seen in the inset of Fig. 4a, where the permeance
switches five times within 1 h (black circles). The histogram of the
permeance for Ne is plotted in Fig. 4b. The permeance shows a
large number of states on the low end of the spectrum with
occasional switching to faster leak rates. We fit these permeance
values versus time to discrete states and applied an HMM to eluci-
date transition rates®’!. Additional analysis was applied to show
that the numerous observed states are consistent with a system
having three independent pores with two states each. The frequency
of switching between the states, averaged across three pores, yields
an approximate value for the activation energy of the switching
process (1 eV) with three two-state pores (Supplementary Section
8). This is comparable to the activation energy required for the
rearrangement of molecular bonds, such as cis—trans isomeriza-
tion®2. These calculations using our experimental results demon-
strate that relatively minor changes in a pore’s configuration can
have an observable impact on its permeation characteristics.

In conclusion, we have demonstrated a type of molecular valve in
graphene that allows us to control the gas flux through discrete
angstrom-sized pore. The process was controlled by movement of
gold nanoclusters on the graphene surface. These results lead to a
greater mechanistic understanding of molecular gas transport
through molecular-sized pores in atomically thin materials. The

switching observed may lead to unique sensors based on the revers-
ible switching of molecular transport through approximately
angstrom-sized pores, reminiscent of ion channels in biological
cell membranes.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

The device fabrication and pressurization techniques closely follow refs 20, 23, 27
and 33. Suspended graphene was fabricated using mechanical exfoliation on silicon
oxide substrates with predefined etched wells. The wells were defined by
photolithography on an oxidized silicon wafer with 90 nm silicon oxide on top and
had a diameter of ~3-5 um. Reactive ion etching was used to etch the wells to a
depth of ~400-1,000 nm, and the ‘scotch tape’ method was used to deposit graphene
over the wells. Gold atoms were evaporated onto the graphene in vacuum

(CVC 3-boat thermal evaporator, at 0.1 A s7! for less than 0.5 s). For some devices
we evaporated gold atoms before poration and for others we evaporated gold atoms
after poration. No significant difference between these was found.

To pressurize the inside of the microcavity we placed the sample into a high-
pressure chamber with a particular gas species at a prescribed pressure (the ‘charging
pressure’). After several hours or days, depending on the gas species used, the
pressure in the microcavity comes into equilibrium with the charging pressure. The
pristine graphene sheet is impermeable to any gases, but the gas can diffuse through
the silicon oxide substrate. The period required to reach ambient pressure
equilibrium ranges from ~4 to 30 days, depending on the gas species.

After measuring the leak rate for the pristine graphene, pores were etched by
exposing the graphene to an ultraviolet lamp (A, = 185 nm, A, = 254 nm) under
ambient conditions. The microcavities were first pressurized with pure H, up to

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

200 kPa above ambient pressure. Once the microcavity reached equilibrium it was
removed from the pressure chamber, and the deflection was measured by AFM. This
was followed by a series of short ultraviolet exposures then AFM scans. Once a pore
was created with a size between the dimensions of H, and N,, the deflection abruptly
changed from positive to negative. After creation of a pore, the leak rate was
dominated by transport through the pores, and ~1-12 h of pressurization,
depending on the gas species, was sufficient for equilibration.

To create pores by the voltage pulse method we first pressurized the graphene
with N, to 300 kPa above ambient pressure. A triggered force curve was then applied
under ambient conditions using a metallized AFM tip. The bias voltage was applied
while the tip was in contact with the surface of the graphene membrane. This was
repeated with an increasing magnitude of voltage and contact time until a pore was
created. The pore was detected by observing an abrupt decrease in deflection.

Laser heating of the suspended graphene was accomplished using a He-Ne laser
or a solid-state laser (A =633 or 532 nm) with a power of ~1-10 mW, as measured
before it entered the vacuum chamber through a sapphire window. The laser spot
size was estimated to be 3.5 um with an exposure time of 5 min.
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