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ABSTRACT: Filtering nanoparticulate aerosols from air streams is important for a
wide range of personal protection equipment (PPE), including masks used for
medical research, healthcare, law enforcement, first responders, and military
applications. Conventional PPEs capable of filtering nanoparticles <300 nm are
typically bulky and sacrifice breathability to maximize protection from exposure to
harmful nanoparticulate aerosols including viruses ∼20−300 nm from air streams.
Here, we show that nanopores introduced into centimeter-scale monolayer
graphene supported on polycarbonate track-etched supports via a facile oxygen
plasma etch can allow for filtration of aerosolized SiO2 nanoparticles of ∼5−20 nm
from air steams while maintaining air permeance of ∼2.28−7.1 × 10−5 mol m−2 s−1

Pa−1. Furthermore, a systematic increase in oxygen plasma etch time allows for a
tunable size-selective filtration of aerosolized nanoparticles. We demonstrate a new
route to realize ultra-compact, lightweight, and conformal form-factor filters capable
of blocking sub-20 nm aerosolized nanoparticles with particular relevance for biological/viral threat mitigation.

KEYWORDS: filtering nanoscale aerosols, graphene membranes, virus filtration, nanoporous atomically thin membranes,
personal protective equipment, nanopores

■ INTRODUCTION

Airborne nanoparticles1−9 include pollutants, toxins, engi-
neered nanoparticles, and infectious/harmful viruses (∼20−

300 nm in diameter), such as the influenza virus, rhinovirus,
and coronavirus, among others.10−13 Most conventional air
filters,14−16 for example, the high-efficiency particulate air filter
(HEPA) and the non-oil 95% efficiency filter (N95) have
excellent air flow rates (∼1.08 × 10−3 to 4.40 × 10−2 mol m−2

s−1 Pa−1)14,15 but struggle to filter nanoparticles <300 nm.
State-of-the-art personal protective equipment (PPE), for
example, masks capable of filtering nanoparticles <300 nm
and specifically in the lower size ranges (<100 nm) remain
bulky and cumbersome to use and, in most cases, create
thermal stress due to poor breathability;17 that is, they do not
allow for sweat-based cooling via rapid water vapor transport.18

However, PPEs with efficient evaporative cooling of the human
body through perspiration are highly desired in protective
applications for medical research, healthcare, law enforcement,
first responders, and military applications.17

Approaches to develop improved PPEs have mostly focused
on making porous polymers with high thicknesses where
nanoparticulate pollutants, toxins, or pathogens are removed
by depth filtration.17,18 However, these approaches do not
guarantee protection since longer exposure will inevitably lead
to a break-through and the breathability for such thick polymer
layers is typically very low.17 Some progress has indeed been

made in increasing breathability of conventional polymeric
materials; for example, (i) by introducing porosity in butyl
rubber-based materials19 and developing reactive organic/
inorganic composite film materials that actively degrade
harmful agents on contact,20 (ii) including non-woven
materials,21 (iii) fabricating hollow fiber membrane by
spinning polymers (air permeance of ∼1.6 × 10−5 mol m−2

s−1 Pa−1, filtration size 100 nm),22 (iv) incorporating Li+ ions
in thermoplastic polyurethane nanofiber/net (TPU-NF)
membrane-based air filters (air permeance of ∼3.7 × 10−2

mol m−2 s−1 Pa−1, filtration size 100 nm, PM0.1),
23 and (v)

integrating microfiber layers of polysulfone (PSU), polyacry-
lonitrile (PAN) nanofiber layer, and polyamide-6 (PA-6) nets
to build the PSU/PAN/PA-6 air filter (air permeance of ∼1.2
× 10−2 mol m−2 s−1 Pa−1, filtration size ∼300 nm NaCl aerosol
particles).24 Finally, etching nanoscale tracks in polymers have
also been explored; for example, polycarbonate track-etch
(PCTE) membranes with different pore sizes ∼10−200 nm
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show air permeance from ∼7.4 × 10−7 to 3 × 10−4 mol m−2 s−1

Pa−1.25

In this context, membranes incorporating nanomaterials
such as vertically aligned carbon nanotubes (CNTs) with <5
nm diameter have shown nitrogen permeance of 1.81 ± 0.36 ×

10−5 mol m−2 s−1 Pa−1, as well as the ability to block 3 nm
charged dyes, 5 nm uncharged gold (Au) nanoparticles, and
∼40−60 nm dengue virus from aqueous solutions.26 Vertically
aligned CNT membranes with <2 nm pores have also shown
air permeance ∼1.9 × 10−5 mol m−2 s−1 Pa−1 attributed to slip
length and the atomically smooth CNT surfaces.27 However,
tuning CNT diameters to target specific applications requiring
filtration of aerosolized nanoparticles of a particular size and
scaling-up for large-area manufacturing remains challeng-
ing.18−21,26 More recently, theoretical calculations have
suggested porous silicon membranes for protection against
corona viruses.28 Finally, zeolite membranes have also shown
high permeance; for example, the decadodesil 3R (DD3R)
membrane has air permeance of ∼2.2 × 10−9 mol m−2 s−1 Pa−1

with pores ∼0.36 × 0.44 nm,29 while the silicoaluminophos-
phate-34 (SAPO-34) membrane shows air permeance of ∼5.4
× 10−8 mol m−2 s−1 Pa−1 with a pore size of ∼0.38 nm but has
not been tested for aerosol filtration.30

Graphene with atomic thinness, high mechanical strength,31

chemical robustness, and high-density nanopores presents a
new class of materials for size-selective separation.32,33 Here,
we demonstrate a novel approach to develop nanoporous
atomically thin graphene membranes for filtering nanoscale
aerosols ∼5−20 nm (SiO2 nanoparticles) from air streams
while maintaining up to ∼7.12 × 10−5 mol m−2 s−1 Pa−1

(∼75% of the air flow of the bare substrate). The ultra-
compact, lightweight, and conformal form-factor filters offer
transformative advances for PPE for medical research,
healthcare, law enforcement, first responders, and military

applications. To the best of our knowledge, this is one of the
first demonstrations of an atomically thin membrane filtering
aerosolized nanoparticles in the ∼5−20 nm size range.

■ RESULTS AND DISCUSSION

A schematic of our fabrication process and an optical image of
the resulting centimeter-scale nanoporous graphene membrane
are shown in Figure 1A. Monolayer graphene synthesized via
chemical vapor deposition (CVD) on copper foil34,35 is initially
transferred onto PCTE supports with ∼200 nm pores, and any
large tears are sealed by interfacial polymerization (IP) before
introducing nanopores via an oxygen plasma etch (0−180 s) of
the graphene lattice (see Experimental Section).34−43

Scanning electron microscopy (SEM) image (Figure 1B) of
the as-synthesized CVD graphene on Cu foil shows wrinkles
(originating from the differences in thermal expansions of
graphene and copper), indicating a continuous layer.35,44

Raman spectroscopy (Figure 1C) with the characteristic
graphene peaks (2D ∼2700 cm−1, G ∼1600 cm−1) and the
absence of a D peak (∼1350 cm−1) confirms the high quality
of the synthesized monolayer (I2D/IG >1) graphene film.45 The
SEM image of graphene on PCTE support (Figure 1D) shows
a majority of PCTE pores with ∼200 nm diameter covered
with graphene (darker contrast in SEM), indicating successful
transfer, along with some uncovered regions (brighter regions
in SEM) due to tears in the graphene from the manual pressing
step of the transfer. These uncovered regions in the PCTE
appear brighter in the SEM due to polymer charging (Figure
1D).
The well-defined cylindrical geometry of the PCTE support

avoids interconnected pores and thereby (i) enables sealing of
tears and other macroscopic damage/defects to graphene from
transfer via IP and (ii) also allows for clear interpretation of
transport results from the atomically thin graphene layer.32

Figure 1. (A) Schematic of the fabrication process for atomically thin graphene membranes supported on polycarbonate track-etched (PCTE)
supports. Inset shows an optical image of the graphene membrane. Dark square represents graphene, and the red circle represents the area where
interfacial polymerization (IP) was performed. SEM image of (B) as-synthesized CVD graphene on copper foil and (D) CVD graphene after
transfer to PCTE supports. (C) Raman spectrum of CVD graphene on 300 nm SiO2/Si wafer before and after 60 s of oxygen plasma etch. The
increase in D peak after plasma etch confirms the formation of defects in the graphene lattice.
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Specifically, the IP process38,41,46,47 used to seal tears and
other damages/large defects from graphene transfer leverages
(i) the immiscibility of hexane and water to form a sharp
interface, (ii) the solubility of trimesoyl-chloride solution
(TMC) in hexane and its instability (decomposition) in water,
and (iii) the solubility of octa-ammonium-polyhedral-oligo-
meric-silsesquioxane (POSS) in water and its insolubility in
hexane. Hence, the interface for the formation of IP plugs is
pinned within the PCTE support pore (since TMC will
dissociate in water, POSS will have to diffuse into the organic
phase to react with TMC and form a plug), thereby allowing
the graphene surface to remain clean.46,48,49 Post IP, nanopores
are introduced via the facile plasma etch of the graphene lattice
(see Experimental Section) before testing the membranes.50,51

The Raman spectrum of graphene subjected to oxygen plasma
(60 s) confirms the formation of defects (see the large D peak
in Figure 1C).38,45

Initially, we characterized the nanopores introduced into the
graphene membranes by measuring diffusion-driven flow of
ions and molecules, representing sizes from ∼0.66 to 4 nm
(Figure 2A), that is, KCl (hydrated K+ and Cl− ions ∼0.66
nm), L-tryptophan (L-Tr, ∼0.7−0.9 nm), vitamin B12 (B12,
∼1−1.5 nm), and lysozyme (Lz, ∼3.8−4.0 nm) using a side-
by-side diffusion cell (Figure 2B).32,38 Representative diffusion-
driven flow measurements through graphene membranes
subjected to 60 s of oxygen plasma time (PCTE + G + IP +
60s O2 plasma) show a flux of KCl > L-Tr > B12 > Lz. The
normalized diffusive flux with respect to a bare PCTE
membrane (Figure 2C) for KCl ∼79.5%, L-Tr ∼68.8%, B12
∼31.6%, and Lz ∼16.3% indicates the majority of the
nanopores introduced into the graphene lattice are <4 nm
(for 60 s of oxygen plasma), consistent with prior observations
in the literature.38 These observations indicate that nanopores

in our atomically thin graphene membranes allow for the size-
selective transport of smaller ions and molecules such as KCl,
L-Tr, and B12 while hindering the transport of larger
macromolecules such as Lz ∼3.8−4 nm.32,38,52 Diffusion-
driven flow measurements for molecules >4 nm in diameter are
non-trivial, wherein the slow diffusion of the larger molecules
can influence measurements.
Next, we mounted the graphene membranes into our

custom-built setup (Figures 3C and S1) to evaluate the
performance of the graphene membranes for filtering
aerosolized nanoparticles with SiO2 as a model system. We
note that Boutilier et al. used a similar setup to measure gas
flow through nanoporous atomically thin membranes.53 A
perforated steel plate was used to provide mechanical stability
to the membranes over centimeter-scale areas experiencing
differential pressure, and an aluminum masking tape with a 5
mm hole and epoxy on the edges was used to define the area of
measurement (Figure 3A,B) as well as prevent leakages.
The rate of pressure change in the evacuated reservoirs in

the setup was used to measure the air flow through graphene
membranes (Figure 3D). The large reservoir, system base
pressure ∼2−3 Torr with a roughing pump, and the high
accuracy of the pressure transducer allowed for a linear
relationship between pressure change and time even for the
maximum flows measured in our experimental design, that is,
bare steel supports (∼2800 mTorr/s, Figures S2−S4). We also
minimized variations in the base pressure at the start of the
experiments (∼2−3 Torr) to mitigate any influence on the
measurements (Figures S3 and S4). The upper bound of air
flow that can be achieved with our graphene membrane in this
study is the air flow corresponding to the rate of change in
pressure through a bare PCTE (∼10% porosity) support
without graphene ∼13.47 mTorr/s. We emphasize that

Figure 2. (A) Schematics of salts and small molecules used in the diffusion-driven flow measurements. Lysozyme image adapted with permission
from ref 60 RCSB PDB (rcsb.org) of PBD ID 2LYM (C. E. Kundrot and F. M. Richards, J. Mol. Biol., 1987, 193, 193, 1). (B). Schematic of the
setup used to measure diffusion-driven flow through the graphene membranes. (C) Normalized diffusive flux with respect to bare PCTE ((PCTE+
G)/PCTE) through atomically thin membranes. Lysosomes ∼3.8−4.0 nm exhibit the lowest transport and hence maximum rejection, indicating
that the majority of nanopores introduced into the graphene membranes are <4 nm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c10827
ACS Appl. Mater. Interfaces 2022, 14, 41328−41336

41330

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10827/suppl_file/am2c10827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10827/suppl_file/am2c10827_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c10827/suppl_file/am2c10827_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10827?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10827?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c10827?fig=fig2&ref=pdf
http://rcsb.org
https://pubs.acs.org/doi/10.1021/acsami.2c10827?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c10827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increasing support porosity and support pore diameter as well
as reducing support thickness will allow for much higher air
permeances and can be pursued for practical applications in
future developments.
Bare PCTE membranes subjected to IP showed a rate of

change in pressure ∼0.60 mTorr/s, which indicates a lower
bound on air flow through the membranes and indicates
baseline leakage through IP plugs. Interestingly, graphene
transferred to PCTE and treated with IP (PCTE + G + IP)
showed a rate of change in pressure of ∼1.10 mTorr/s (Figure
3D). These observations indicate that graphene can withstand
the pressure difference between the evacuated chamber ∼2.50
Torr and ambient pressure54 in agreement with literature
reports, wherein single layer graphene supported on PCTE
supports was shown to withstand pressure differences of up to
100 bar.31 The rate of pressure change for PCTE + G + IP
∼1.10 mTorr/s is comparable to the baseline leakage rate of

0.40 mTorr/s (see Figure S2) indicating that the PCTE + G +
IP membrane without nanopore creation allows for negligible
air flow. Hence, we introduced nanopores via facile oxygen
plasma etch and observed an increase in the rate of change in
pressure values to ∼3.50 and ∼8.78 mTorr/s for 60 and 90 s of
etch times, respectively. Extending the oxygen plasma time
further increases the rate of pressure change until a value of
∼13.11 mTorr/s is reached for 180 s of etch time, that is,
similar to the PCTE support value of ∼13.47 mTorr/s,
indicating extensive structural damage to the graphene lattice
in agreement with prior studies using oxygen plasma to etch
graphene.38,53 The variability between membranes (e.g., PCTE
+ G + IP + 120 s O2 plasma and PCTE + G + IP + 150 s O2

plasma) stems from different graphene transfer yields, IP
processes, and epoxy sealing.
Having measured the rate of change of pressure as a function

of oxygen plasma etch time on our graphene membranes, we

Figure 3. (A) Schematic of the cross-section and (B) optical image (top view) of the atomically thin graphene membrane mounted onto a
perforated steel support using aluminum tape with a hole punched into it. (C) Schematic of the experimental test rig. (D) Rate of pressure change
(indicating transport of air) measured for different membranes. An increase in oxygen plasma time results in an increase in the rate of pressure
change for graphene membranes. (E) Comparison of the rate of pressure change before (blue) and after (red) testing the graphene membranes
with aerosolized silica nanoparticles. A reduction in the rate of pressure change indicates blockage of the nanopores due to silica nanoparticles.
Error bars in (D,E) indicate one standard deviation. (F) Blockage of silica nanoparticles as a function of oxygen plasma time for graphene
membranes.
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proceeded to evaluate their ability to filter aerosolized
nanoparticles using SiO2 as a model system in air streams.
We selected silica aerosols because the silica particles are rigid
spheres with a very narrow size distribution, for example, 5 nm
silica (∼4−6 nm), 8 nm silica (∼7−10 nm), 12 nm silica
(∼10−14 nm), and 20 nm silica (∼20 nm) and are
inexpensive. The extremely narrow particle size distribution
and rigid sphere geometry make them ideal model systems for
probing defect sizes in our graphene membranes. The SiO2

nanoparticles of a specific size (5, 8, 12, or 20 nm) were
aerosolized from 0.6 mL (15 to 40 wt % in H2O) of colloidal
dispersions and allowed to mix with the air stream that passes
through our graphene membranes (Figures 3C and S1). We
compared the rate of change of pressure for the membranes
before and after they were exposed to the aerosolized SiO2

nanoparticles in the air stream (Figure 3E,F). Any decrease in
flow rate for the same membrane after exposure to the
aerosolized nanoparticles indicates filtering of the nanoparticles
via plugging of the etched nanopores (Figure 3E,F).55,56 The
concentration of SiO2 nanoparticles was deliberately kept low
enough to rule out the formation of a nanoparticulate filter
cake/coating on our graphene membranes (see Figure S7).
Furthermore, we emphasize that the formation of a filter cake
will reduce the rate of change of pressure for all graphene
membranes, irrespective of the size of particles being tested,
and such an effect was not seen in our experiments (see Figure
3 and Figure S7).
For the unetched graphene membrane (PCTE + G + IP + 0

s O2 plasma etch), the rate of change of pressure remains the
same before and after testing with 5 nm SiO2 nanoparticles
(Figure 3E,F). The small rates of pressure change ∼1.10
mTorr/s close to the system baseline leakage rate ∼0.40
mTorr/s (Figure S2) indicate negligible airflow through the
PCTE + G + IP + 0 s O2 plasma membrane without the
formation of nanopores. However, for graphene membranes
subjected to 60 s etch, a distinct change is seen in the rate of
pressure change before and after testing with 5 nm SiO2

nanoparticles, indicating that the nanopores are blocked by the
∼5 nm particles, which leads to them being filtered out (Figure
3E,F). We note that such an interpretation is also consistent
with the diffusion-driven flow experiments (Figure 2C), where
the graphene membranes etched for 60 s showed very low
transport of Lz ∼3.8-4nm. Notably, we did not see an increase
in flow due to damage to the graphene from the SiO2

nanoparticles.
Increasing the O2 plasma to 90 s shows no change in rate of

pressure for ∼5 and ∼8 nm particles but shows an apparent
change for ∼12 nm particles. Further increase in O2 plasma
time to 120 s shows no change for ∼12 nm particles, but the
same membrane shows a change in rate of pressure for ∼20
nm particles (Figure 3E,F). Finally, some reduction in rate of
change in pressure is also observed for ∼20 nm particles with
150 s of O2, albeit not as significant as for 120 s, which is
consistent with prior reports that showed oxygen plasma
etching can increase pore size and pore density and that grain
boundaries as well as pre-existing defects in graphene can etch
at a faster rate than the formation and subsequent enlargement
of new defects in the lattice.38,39,53 We note that the graphene
membranes subjected to 120 s of O2 plasma filter ∼20 nm
particles while exhibiting air permeance of ∼7.04 × 10−4 mol
m−2 s−1 Pa−1 (∼75% of air flow of the bare PCTE support).
We show that increasing oxygen plasma time results in a larger
size of SiO2 nanoparticles being blocked (Figure 3E,F). Hence,

the track-etched membranes do not completely dominate
transport since we see clear differences with increasing oxygen
plasma time that result in larger defects in graphene. Taken
together, these experiments demonstrate the ability of
nanoporous atomically thin graphene membranes to effectively
filter aerosolized nanoparticles ∼5−20 nm from air streams
while maintaining high air flow. We note that the performance
of our membranes can be further increased by using supports
with larger pores, higher pore density, and lower thickness.
When comparing our NATM’s performance to that of

conventional membranes, our results exhibit the ability to
block smaller nanoparticles than conventional filters (N95
filter, HEPA filters, TPU-NF).14,15,23,27,57,58 Conventional
membranes, such as N95 filters and HEPA filters, have both
shown very high rates of permeance (∼4.40 × 10−2 to 1.08 ×

10−3 mol m−2 s−1 Pa−1) but both show permeation of particles
<300 nm (HEPA particles show permeation of pollen, dust,
and smoke with sizes of 300 nm and smaller, and N95 filters
show salt particle permeation below 300 nm).14,15,57,58 As
shown in Figure 4, our membranes allow for filtering aerosols

in the ∼5−20 nm range, along with permeance of ∼7.04 ×

10−4 mol m−2 s−1 Pa−1. Conventional membranes are unable to

filter aerosols <300 nm but show much higher permeance,

while the CNT membranes allow for blockage of ∼2 nm

particles but with lower permeance than the atomically thin

nanoporous graphene membranes.27 Taken together, these

observations suggest that our graphene membranes can allow

for access to a region in the parameter space which has

remained inaccessible for conventional materials (Figure S5)

but is highly desirable for PPE for a range of applications in

healthcare, defense, and beyond.

Figure 4. Measured air permeance as a function of the size of
nanoparticles filtered using graphene membranes in this work (red
stars) compared to commercial air filters like N95,14 HEPAs,15 PCTE
membranes with different pore sizes (10−200 nm),25 and prior
reported membranes in the literature, such as PSU/PAN/PA-6 air
filter,24 TPU-NF,23 hollow-fiber membranes,22 CNT membranes,27

SAPO-34 membrane,30 and DD3R membrane.29 All air permeance
values are measured without taking into account the membrane
porosities. Error bars indicate one standard deviation. Also see Figure
S5.
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■ CONCLUSIONS

In summary, we demonstrate atomically thin graphene
membranes that are able to filter ∼5−20 nm particles while
maintaining an air permeance of up to ∼7.04 × 10−4 mol m−2

s−1 Pa−1 (∼75% of air flow as that of PCTE supports with 200
nm pores). Furthermore, the facile oxygen plasma etch of the
graphene lattice allows for increasing the pore size to
selectively filter larger nanoparticles. To the best of our
knowledge, this is the first demonstration of an atomically thin
membrane which filters nanoparticles in the ∼5−20 nm size
range. We anticipate that the development of such atomically
thin membranes will allow access to a region in the parameter
space that has remained inaccessible with conventional
materials and will help enable compact, lightweight, and
conformal form factors for applications in medical research,
healthcare, space, defense, and beyond.

■ EXPERIMENTAL SECTION

Graphene Growth. Graphene growth on Cu foil (purity 99.9%,
thickness 18 μm, JX Holding HA) was performed by low-pressure
CVD as previously reported.34,35,38,39 Surface contaminants on the
copper foil were initially removed by sonicating the foil in 15−20%
nitric acid, followed by a rinse in de-ionized (DI) water, and dried in
air.34,35,38,39 Next, the foil was loaded into a hot-walled tube furnace
heated to 1060 °C under 100 sccm of H2 and annealed for 60
min34,35,38,39 Subsequently, graphene growth was initiated by adding 1
sccm of CH4 to 100 sccm of H2 for 30 min, followed by 2 sccm of
CH4 with 100 sccm of H2 for 30 min34,35,38,39 Finally, the foil was
quench cooled in the growth atmosphere.
Graphene Transfer to PCTE Supports. The graphene on the

bottom side of the copper foil was removed by floating the foil in
ammonium persulfate (APS, 0.2 M, Thermo Scientific,
AC401160020) solution for 30 min, followed by DI water for 10
min, and dried in air.34−39 The graphene on top of the copper foil was
then pressed against polycarbonate track-etched (PCTE) support
membranes (Sterlitech Corporation, 10 μm thick, polyvinylpyrroli-
done-free, hydrophobic, 200 nm cylindrical pores, 10% porosity)
.40−43 Next, copper was etched by floating the PCTE/graphene/Cu
stack on APS solution.59 The PCTE/graphene stack was finally rinsed
by floating it on DI water, followed by a dip in ethanol (200 proof,
Fisher Scientific, BP28184), and dried in air.
Graphene Transfer to SiO2/Si Wafer. Graphene on Cu foil was

pre-etched in APS solution as described above. Next, ∼2 wt %
solution of polymethyl methacrylate (PMMA, ACROS, 178760250)
in anisole (Beantown Chemical, 130230) was drop-cast on the
graphene on the top side of the Cu foil and allowed to dry. The Cu
foil was then etched in APS solution, and the PMMA/graphene stack
was rinsed in DI water and scooped onto a SiO2 (300 nm)/Si wafer
and dried at 50−80 °C for ∼1 h before dissolving the PMMA in
acetone and rinsing in isopropanol (IPA, Fisher Chemical, A416P-4).
Interfacial Polymerization. IP was carried out using octa-

ammonium-POSS (Hybrid Plastics, AM0285) solution (0.4 g of
POSS in 20 mL of DI water with a pH of 10.7 by adding NaOH) and
trimesoyl-chloride (TMC, Alfa Aesar, 4422-95-1) solutions [0.035 g
TMC in 10 mL hexane (VWR, BDH1129)] as previously
reported.34,35,38,39,41 Initially, the graphene/PCTE stack was placed
on a glass slide on a hot plate at 105 °C for ∼12 h38 and subsequently
sandwiched between Franz cells (PermeGear, Inc., 0.9 cm diameter
orifice) with TMC and POSS solutions filled in the top and bottom
cells, respectively, and left to react for 1 h. After IP, the membranes
were rinsed with hexane and ethanol on the TMC side, unclamped,
and rinsed in ethanol.
Oxygen Plasma Etching. Oxygen plasma etching was performed

using a Harrick Plasma system (PDC-001) using pulses (15 s plasma
etching followed by a 120 s pause) with an RF power of 7 W under
500 mTorr oxygen pressure to create nanopores in graphene
membranes.

SEM and Raman Spectroscopy. SEM images of graphene on
copper and graphene on PCTE supports were obtained using a Zeiss
Merlin SEM with a Gemini II column operated at 2−5 kV.

Raman spectra for graphene were obtained on samples transferred
to SiO2/Si substrates using a Thermo Scientific DXR confocal Raman
microscope with a 532 nm laser source.
Evaluating Graphene Membrane Performance. The graphene

membranes on PCTE were placed on a perforated steel plate with 0.6
mm diameter holes and clamped via an aluminum tape with a 5 mm
diameter hole punched in the center (Figure 3A) and loaded into the
custom-built test ring. Epoxy was used to seal the edges of the hole
punched in the aluminum tape to minimize any leakage.

Our custom-built test rig/setup (Figures 3C and S1) consisted of a
60-gallon vacuum chamber connected to a 3-gallon chamber with a
pressure transducer (Omega, model number: PX409-015AUSBH)
and a vacuum pump.53 The graphene membrane was mounted into
the system and sealed with flanges and gaskets, allowing for consistent
experiments (see Figures S2−S4 for baseline leakage rates and
measured flow rates). After mounting the membrane into the setup,
the 60 and 3 gallon chambers were evacuated using a vacuum pump
(Edwards RV5) until a base pressure of ∼2.5 Torr was reached. Next,
air flow through the membrane was measured by monitoring the
pressure increase (Δpressure, mTorr/s) for 60 s in the system by
opening the valve connecting the 3-gallon tank to the membrane
holder. Tests were performed in triplicates.

Filtration of aerosols was tested using various aerosolized silica
particles (Nyacol Nano Technologies, ∼15−40 wt % in water,
https://www.nyacol.com/products/silicon-dioxide/). Silica aerosols
have a particle size distribution as follows: 5 nm silica (∼4−6 nm), 8
nm silica (∼7−10 nm), 12 nm silica (∼10−14 nm), and 20 nm silica
(∼20 nm). Initially, air flow through each membrane was measured
without silica particles. Next, silica particles were introduced into the
air stream by aerosolizing 0.6 mL of silica particle solution with a
specific particle size and allowing the aerosol to pass through the
graphene membranes. The rate of change in pressure before and after
introducing silica particles was compared. Separate membranes with
identical pre-processing were used for each of the silica nanoparticle
experiments.

Diffusion-driven flow of salts and small organic molecules in the
liquid phase was measured as described elsewhere.34,39,47,59 The
membrane was sandwiched between two side-by-side diffusion cells
(PermeGear Inc., 5 mm orifice, 7 mL volume) with graphene facing
the feed side and rinsed with ethanol, followed by DI water. Next, the
diffusion of KCl, L-tryptophan, vitamin B12, and lysozyme was
measured in separate experiments, and magnetic stir bars were used to
vigorously stir the feed and permeate side solutions.

Diffusion-driven transport of KCl was measured by introducing 0.5
M solution of KCl (Fisher Chemical, 7447-40-7 in the feed side with
DI water in the permeate side, and the increase in conductivity of the
DI water as a function of time was recorded with a conductivity meter
(Mettler Toledo SevenCompact S230). The slopes of the curves from
10 min to 15 min were used to calculate the normalized flux for KCl

( )flow rate across PCTE G IP O plasma

flow rate across PCTE
2+ + +

.

For diffusion-driven flow of L-tryptophan (L-Tr, VWR, 73-22-3),
vitamin B12 (B12, Sigma-Aldrich, 68-19-9), and lysozyme (Lz, VWR,
0663), 1 mM of solute in 0.5 M KCl solution was introduced into the
feed side of the diffusion cell with 0.5 M KCl solution added to the
permeate side. A fiber optic dip probe attached to a UV−vis
spectrometer (Agilent, Cary 60) was immersed into the permeate side
to monitor the change in concentration (absorbance change in the
range of 190−1100 nm was measured every 15 s for 40 min). The
UV−vis intensity differences between DI water (∼710 nm, reference
wavelength) and L-tryptophan (∼279 nm) and vitamin B12 (∼360
nm) and lysozyme (∼282 nm) were used to obtain a diffusive flux,
and the ratio of the slopes of concentration with respect to time for
the bare PCTE was used to compute the normalized flux

( )flow rate across PCTE G IP O plasma

flow rate across PCTE
2+ + +

.
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