transfer processes, may open up commercial realiza-
tion of various functional devices based on single-
crystal graphene.
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Ultimate Permeation Across
Atomically Thin Porous Graphene

Kemal Celebi,** Jakob Buchheim,* Roman M. Wyss,* Amirhossein Droudian,® Patrick Gasser,*
Ivan Shorubalko,? Jeong-Il Kye,> Changho Lee,® Hyung Gyu Park*t

A two-dimensional (2D) porous layer can make an ideal membrane for separation of chemical
mixtures because its infinitesimal thickness promises ultimate permeation. Graphene—uwith great
mechanical strength, chemical stability, and inherent impermeability—offers a unique 2D
system with which to realize this membrane and study the mass transport, if perforated
precisely. We report highly efficient mass transfer across physically perforated double-layer
graphene, having up to a few million pores with narrowly distributed diameters between less
than 10 nanometers and 1 micrometer. The measured transport rates are in agreement with
predictions of 2D transport theories. Attributed to its atomic thicknesses, these porous
graphene membranes show permeances of gas, liquid, and water vapor far in excess of those
shown by finite-thickness membranes, highlighting the ultimate permeation these 2D

membranes can provide.

ecent advances in graphene synthesis and
Rprocessing (1-3) have enabled demonstra-

tions of atomically thin two-dimensional
(2D) membranes showing mechanical sturdiness
and hermetic sealing (4, 5). Initial attempts to en-
dow mass permeability to the otherwise imper-
meable graphene have been based on formation
of a single aperture (6) and randomly etched or
defect-originated pores (7, 8). However, the macro-
scopic quantification of mass transport through
such 2D pores is extremely challenging because
the task demands a large number of pores with
controlled dimensions.
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We have developed a facile and reliable meth-
od for making 2D membranes (Fig. 1, A to G).
This process uses chemical vapor deposition (CVD)
optimized to grow graphene with minimal de-
fects and good grain connectivity in order to
prevent undesirable crack formation (9). A clean
transfer process places two layers of graphene
consecutively onto a SiN,, frame punctured with
49 pores each of 4 um in diameter (Fig. 1D),
forming freestanding graphene layers that are
thinner than 1 nm. This double transfer strengthens
the freestanding graphene and keeps it from leak-
age through random defects (70, 11). Cleanliness
and quality of graphene are found to be crucial
during this graphene transfer process because
grain boundary defects, polymer residues, or
dust particles can induce crack formation while
perforating the graphene. Scanning electron mi-
croscope (SEM) images (Fig. 1E and fig. S1)
support that our transfer process produces crack-
free graphene over the length scale of the entire
frame. The freestanding film of double-layer
graphene remains impermeable to gases and wa-
ter. Nanopores were then drilled with a focused

ion beam (FIB) to produce porous membranes
(Fig. 1, F and G). We used Ga-based FIB to
perforate apertures between 14 nm and 1 pm in
diameter and He-based FIB for <10-nm-pore
drilling. Low exposure doses (5 x 10 ® to 5 x
10~° pA/nm? for Ga” ions and 6 x 10> pA/nm>
for He" ions) enabled fast and precise drilling, re-
sulting in well-defined pore diameter distributions
(Fig. 1, H to K).

The large number of pores (~10° to 10° per
membrane) allows gas flows detectable with con-
ventional mass flow meters. The membranes are
mechanically sturdy enough to stand pressure dif-
ferences of up to 2 bar (higher pressure not tested).
N, flow shows linear pressure dependence (figs.
S2 and S3), resulting in pressure-independent per-
meance. N, flux displays diameter dependence
characterized by two asymptotic theories: free mo-
lecular transport (effusion) and modified Sampson’s
model (/2, 13) for small- and large-size apertures,
respectively (Fig. 2A). For apertures smaller than
50 nm, the mean free path (1) becomes larger
than the aperture diameter (), and the proba-
bility of having intermolecular collisions in the
vicinity of the aperture decreases. Here, the trans-
port enters the molecular flow regime featured
by eftusion for small apertures. Knudsen num-
bers (A/d) for membranes (7.6 nm < d < 50 nm)
are between 1 and 10, which is well within the
molecular flow regime, and so the flow can be
explained by the effusion mechanism, which is
purely dependent on the probability of a molecule
hitting the aperture. This can be quantified by the
effusion flux, Op = uAn/4 = AP/~/2umkgT,
where 7 is the gas number density, % is the mean
molecular speed, P is the pressure, kg is the
Boltzmann constant, 7'is the temperature, and m
is the molecular weight. As the pore diameter
enlarges, more molecules interact with one an-
other near the aperture, causing a transition from
effusion to a more collective flow. However, col-
lective flow models based on pore wall inter-
actions (the Hagen-Poiseuille model) are not
suitable to explain the flow behavior for atom-
ically thin membranes. Such flows through an
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array of infinitely thin orifices can be modeled
by a modified Sampson’s formula (72, 13)

1 Y

=&y d2AP(1 + 0.894x/2)
iT i

Os

()

where Qs is the orifice flux, d; is the diameter of
aperture i on the graphene, U is the dynamic vis-
cosity of the gas species, and « is the porosity
based on the graphene area. The narrow pore
diameter distributions allow us to predict that Og
is linearly correlated with the diameter. Indeed,
the permeance asymptotically approaches the Og
prediction as the diameter gets larger than the
mean free path (A) (Fig. 2A). A more compre-

hensive quantification of gas permeance can be
performed with respect to the Knudsen number
(Kn = Md). The gas permeances for different pore
size and gas variations are shown collectively in
Fig. 2B, spanning a Kn range of 0.03 to 15. Here,
the permeances are normalized by the effusion
prediction for the corresponding species. For gas
diffusion in a long capillary, it is known that there
exists a minimum in the flux-Kn diagram at Kn
of O(1), stemming from molecule-wall interaction
and drift-to-diffusion shift (/4-16). However,
investigators have observed no such minimum
for relatively short capillaries that limit this inter-
action. Indeed, the gas permeation data of our
extremely thin membrane confirms the omission

of Knudsen’s minimum, which underscores that
Knudsen’s minimum is primarily the result of the
molecule-wall interaction. In the absence of the
continuous radial confinement of gas transport,
the effusion sets the asymptote in both the tran-
sition and molecular flow regimes, thus eliminat-
ing any minimum in the permeance.

Because effusion is directly proportional to the
average thermal speed of the molecules, it is ex-
pected that the effusive permeance would be di-
rectly proportional with 2 following Graham’s
law of effusion. Moreover, when the flow deviates
from the effusive to collective behavior, gas vis-
cosity also scales with m', leading to the same
mass scaling. These predictions are confirmed in

Fig. 1. Membrane fabrication and diameter dis-

tribution. (A) Schematic of the porous graphene fab-
rication process. Step 1: freestanding SiN, membrane
formation (by means of KOH etching). Step 2: microscale

pore formation through the SiN, membrane (by means
of photolithography and reactive ion etching). Step 3:
graphene transfer. Step 4: graphene surface cleanup.

Step 5: physical perforation of graphene (by means of
Ga- and He-based FIB drilling). (B) Photograph (bottom
view) of a full membrane structure. (C) Bottom view

SEM image of the SiN, membrane. (D to G) Top view

SEM images of (D) porous freestanding SiN, window
before graphene transfer, (E) freestanding graphene
transferred on one of the 4-um-wide SiN, open pores, (F)
50-nm-wide apertures FIB-drilled on the freestanding
graphene (Ga FIB) (scale bar, 500 nm), and (G) 7.6-nm-
wide apertures perforated in the similar way (He FIB)

(scale bar, 100 nm). (H to K) Aperture size distributions
of the (H) 7.6-nm-, (1) 16-nm-, () 50-nm-, and (K) 100-nm-

perforated graphene membranes. 100 A1k 10 20 20
il b,
0 | 0 0 0
4 6 8 10 125 10 15 20 25 40 50 60 80 120
Pore diameter (nm) Pore diameter (nm) Pore diameter (nm) Pore diameter (nm)
Fig. 2. Characterization of gas transport throu_gh the A §0.15- , , . B 4F . . —
membranes. (A) N, permeance per pore through different- o L2 °
diameter apertures (red circles) in comparison with predictions of ) /’ .
the free molecular flow (effusion) theory (horizontal dashed NE 0.10- /] 3} .
line) and the modified Sampson’s model (dashed curve). s S/ u R
(B) Permeance normalized with the free molecular flow prediction £ /’ g o
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—0.49, indicating an inverse square root mass dependence. C D
(D) H,/CO, gas separation factors versus pore diameter. The o 4 ' «7.6 nm s ¢
permeate composition was determined with mass spectrosco- e g3 * 16 nm S
py for calculation of the separation factors. The solid line is 8 > 450 nm 8 3 i
drawn for visual guidance. £ . ;88 s 5
_§. ] o1pm ©
@ r ] S 5| ]
£ 05 '
s S| T
1 10 100 el 0 200 400 600 8001000

18 APRIL 2014 VOL 344

Molecular weight (amu)

SCIENCE www.sciencemag.org

Pore diameter (nm)

€202 ‘9z |1udy uo ABojouyas ] 7 a0ua oS Jo A1seAlun Bueyod e Bloaaus1os mmaw//:sdny woly papeojumoq



Fig. 2C for all pore diameters, showing a perm-
selectivity proportional to 712, The origin of gas
separation lies in the absence of linear momen-
tum transfer between different molecular species
(17). When intermolecular collisions exist during
the permeation, the linear momentum is trans-
ferred from lighter molecules to heavier ones,
causing a collective flow, thus reducing the sepa-
ration. For single-component gas flows, there is
no such momentum transfer even if there are mo-
lecular collisions, but when a gas mixture is per-
meating through graphene pores, these collisions
must be eliminated. Therefore, apertures with di-
ameters smaller than A can have better separation
efficiencies.

Selectivity for gas mixtures deviates from the
permselectivity estimation for single gas permeance
comparison. We measured mixed gas selectivity
under cross flow conditions (fig. S4A). Gas mix-
tures with well-defined compositions were par-
tially permeated through each graphene membrane,
and the permeate gas compositions were deter-

10"}
10"}
10™
10™
107

10"}

10 100 1000
Pore diameter (nm)

Water flow per pore (m3 s-1 Pa-1)

Fig. 3. Water permeation data. Water flow rates
per graphene pore for three graphene membranes
with different pore sizes, in comparison with the
modified Sampson’s model prediction (dashed line).
(Inset) SEM image of the Pt enclosure surrounding
the entire membrane area to prevent membrane
disintegration (scale bar, 10 um).

mined by means of mass spectroscopy. The sep-
aration factor is defined as

o= Y1/Y2

©1/ 92 @)

where o is the separation factor and y; and ¢;
denote the mole fractions of species i in the
permeate and the feed sides, respectively. The
pore size dependence of o is shown in Fig. 2D
for equally mixed H, and CO, gases. As pre-
dicted, the smallest pores can separate the best,
close to the theoretical maximum predicted by
the effusion theory for Hy/CO; (Oipnax = 4.69),
whereas a clear decay in o is seen as the diameter
increases, approaching the no-separation limit.
This approach is correlated with the increased
role of the collective flow, as explained above.
The separation factor as we measured does not
change much over the molar ratios of the feed
mixture (fig. S4B).

Our atomically thin graphene membranes also
permeated water and vapor at rates in excess of
the conventional ultrafiltration and transpira-
tion membranes, respectively. Onset of the water
permeation is unfavorable for the membrane if
only one side is wet because of capillarity, pro-
vided that the continuum theory holds true. As-
suming that a mean free path for liquids can be
comparable with the molecule’s own sizes, we
took the water molecule size (~0.3 nm) as the
displacement between molecular interactions
and compared it with the pore aperture diameters.
The equivalent Kn for water lies well below 0.01,
placing the transport in the continuum flow re-
gime. Therefore, it is not surprising that even a
few bars of applied pressure could not initiate
water flows because the capillary force at the
graphene opening is high enough to equilibrate
the driving pressure. On the contrary, water vapor
permeated easily. Our measurements (fig. S5),
based on the upright cup method (/8), yielded
many-orders-of-magnitude-higher water vapor trans-
mission rate in comparison with that of breathable

REPORTS

textiles (/9). In order to eliminate the air-water-
graphene interface and instigate water flow, we
connected water from both sides of the membrane
by prewetting the permeate side (micropit). This
prewetting process helped initiate water perme-
ation through the membrane even at a slight pres-
sure difference of 250 mbar. After initial flow
stabilization for ~5 min, a constant rate of water
permeation through the membrane was established
(fig. S6). The measured water permeance for the
50-nm pore membranes is five- to sevenfold higher
than for conventional ultrafiltration membranes.
We attribute these enhancements in water and
vapor transport to the atomic thickness and the
hydrophobic nature of graphene.

Our observed water flux is on the order of
magnitude comparable with a theoretical predic-
tion (Eq. 1) that accounts for the effect of water
entrance to an infinitesimally thin porous mem-
brane (Fig. 3) (13). The major obstacle in the data
acquisition is that graphene could peel off during
the water flux measurement (20). The water flow
funneled toward graphene pores could shear off
the stripped graphene from the membrane area
and eventually break the membrane. To suppress
membrane disintegration, we cut and glued the
edge of the active membrane area to the under-
lying SiN, support by means of direct Pt depo-
sition using FIB (Fig. 3, inset). The Pt enclosure
successfully protected the membranes from peeling.

Permeance and selectivity provide a figure
of' merit for membrane performance in practical
applications. As shown in Fig. 4A, the gas per-
meance of the porous graphene membrane is
orders of magnitude superior to other polymeric
(21), inorganic (22—24), graphene oxide (10, 11),
and composite membranes. The selectivity is
comparable with some conventional polymer
or carbon molecular sieve (CMS) membranes
(25-27). For certain applications, permeance
becomes more crucial than selectivity, in which
large amounts of gases with comparable molar
ratios are separated (for example, CO, removal

A 104 T T -% T T T T B - 30— T T C - o T T T T T
- £ a1 8] |
Go égéé - | > 3
. 108 %snlca ;En sol | T 100+ ]
s zeolit % % %
5 10k sic 4 1 9 2 10°r |
§ o /% 2 é
o 10'f o 2 MO% this work g 101 T 2 104t E
10°F PMSP RN 1 £ g 103‘|_| H 1
aQ ‘oms ey o c
A ouy, g @S oI N Al P
R O T2 10° 10° = 10° = ) @\\&09‘&\\%\3\\;& ) £ o &f@@\(\ Q/\G@Q‘\e
H, Permeance (10" mol m2s™ Pa”) o< @e“

Fig. 4. Membrane figures of merit and comparisons. (A) Comparison of
H,/CO, gas-separation performances of the porous graphene membranes (7.6-nm
pore diameter, with 4.0% porosity) and other membranes: graphene oxide (GO)
(20, 11), poly(1-trimethylsilyl-1-propyne) (PMSP) (25), polyetherimide (PEI) (26)
carbon molecular sieve (CMS) (27), zeolite (22, 23), silica (24), metal-organic
framework (MOF) (34), and SiC (35). (B) Water permeance values for porous

www.sciencemag.org SCIENCE VOL 344

graphene (50-nm pores, with 4.7% porosity) and other ultrafiltration membranes
[acrylic (31, 32), cellulosics, and polysulfone (31, 33)]. (C) Comparison of water
vapor transmission rate for porous graphene membranes (five 400-nm-pore
membrane samples, with porosity ranging from 3.6 to 11.5%) and waterproof-
yet-breathable textile membranes [data taken from (18, 19)]. All porous graphene
permeance values are based on the total graphene membrane area.
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from natural gas) (28, 29). Effusion-based selec-
tivity is also important for separation of gases
with large mass differences, such as removal of
high carbons from natural gas, flavor selection,
and organic solvent separation (30).

Our porous graphene membranes also per-
meate water several times faster than do ultra-
filtration membranes such as acrylic (37, 32),
cellulosics, and polysulfone (31, 33), reducing the
pressure requirements proportionally (Fig. 4B).
Despite this high water permeance, when air is
present on the other side of the graphene we
have not observed any water flow, even up to a
few bars of pressure difference. Our porous
graphene membrane thus might be an efficient
waterproof membrane material, while being
highly breathable owing to observed ultrahigh
vapor permeances. Indeed, the comparison of the
water vapor transmission rate of our graphene
membranes with commercial waterproof mem-
branes (18, 19) confirms up to 4 orders of en-
hancement in breathability (Fig. 4C).

We have engineered large-scale physical per-
foration of free-standing graphene having con-
trolled pore sizes ranging from <10 nm to 1 um.
Such membranes enable quantitative analysis of
mass transport phenomena, such as atmospheric
pressure effusion, through atomically thin apertures,
revealing distinct effusive, transition, and collec-
tive flow regimes. Orders-of-magnitude enhance-
ments are observed for gas, water, and water vapor
permeances, compared with the state-of-the-art
membranes.
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Missing Gas-Phase Source of HONO
Inferred from Zeppelin Measurements

in the Troposphere
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Gaseous nitrous acid (HONO) is an important precursor of tropospheric hydroxyl radicals

(OH). OH is responsible for atmospheric self-cleansing and controls the concentrations of
greenhouse gases like methane and ozone. Due to lack of measurements, vertical distributions of
HONO and its sources in the troposphere remain unclear. Here, we present a set of observations of
HONO and its budget made onboard a Zeppelin airship. In a sunlit layer separated from Earth’s
surface processes by temperature inversion, we found high HONO concentrations providing
evidence for a strong gas-phase source of HONO consuming nitrogen oxides and potentially
hydrogen oxide radicals. The observed properties of this production process suggest that the
generally assumed impact of HONO on the abundance of OH in the troposphere is substantially

overestimated.

he self-cleansing capacity of the atmosphere
is largely dependent on the concentration
level of OH (7). Because of the complexity
of its chemistry, the mechanism forming and re-
cycling OH is not fully understood (2). Since its
atmospheric detection in the 1970s (3), HONO
has been thought to be a major precursor of OH,

contributing up to 80% of OH formation in the
troposphere (4-8). During daytime, the atmospheric
HONO lifetime is determined mainly (>95%)
by photodissociation (R1) into OH and nitrogen
monoxide (NO) and to a small extent (<5%) by
its reaction with OH (R2) to form nitrogen dioxide
(NO») and water (H,0O).

HONO + hy —
OH + NO (320 nm < A < 400 nm) (R1)

HONO + OH — NO, + H,0 (R2)
The reverse reaction of R1 is the only important
gas-phase reaction known to produce HONO.

OH+NO+M —
HONO+M M=N,,0,,... (R3)

Daytime concentrations of HONO measured
during ground-based field measurements were
typically 5 to 10 times as large as the values calcu-
lated from reactions R1 to R3 (5, 9-12), indicating
the existence of an additional HONO source on
the order of 0.1 to 2 parts per billion (ppb) hour .
Laboratory and field studies suggest that (i) ad-
ditional daytime HONO production is most likely
due to heterogeneous reactions on various surfaces
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Thin and Selective Outpourings

When using a membrane to separate materials, the efficiency of the separation is limited by how fast the gas or liquid
passes through the membrane and by how selective it is. Thinner membranes usually allow for faster flow rates but
are usually less selective. Attempting to maintain selectivity, Celebi et al. (p. 289) developed a sophisticated way to
drill holes of controlled diameter in a graphene sheet about two layers thick. For such a thin membrane, the primary
barriers to separation come from entrance and exit from the holes and not from the motion through the membrane.
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