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ABSTRACT: Membranes are key components in chemical purification, biological
separation, and water desalination. Traditional polymeric membranes are subjected
to a ubiquitous trade-off between permeance and selectivity, which significantly
hinders the separation performance. Nanoporous atomically thin membranes
(NATMs), such as graphene NATMs, have the potential to break this trade-off.
Owing to their uniqueness of two-dimensional structure and potential nanopore
structure controllability, NATMs are expected to have outstanding selectivity
through molecular sieving while achieving ultimate permeance at the same time.
However, a drastic selectivity discrepancy exists between the proof-of-concept
demonstrations and scalable separation applications in graphene membranes. In this paper, we offer a possible solution to narrow
this discrepancy by tuning the pore density and pore size separately with two successive plasma treatments. We demonstrate that by
narrowing the pore size distribution, the selectivity of graphene membranes can be greatly increased. Low-energy argon plasma is
first applied to nucleate high density of defects in graphene. Controlled oxygen plasma is then utilized to selectively enlarge the
defects into nanopores with desired sizes. This method is scalable, and the fabricated 1 cm* graphene NATMs with sub-nanometer
pores can separate KCl and Allura Red with a selectivity of 104 and a permeance of 1.1 X 10~ m s™". The pores in NATMs can be
further tuned from gas-selective sub-nanometer pores to a few nanometer size. The fabricated NATMs show a selectivity of 35
between CO, and N,. With longer enlargement time, a selectivity of 21.2 between a lysozyme and bovine serum albumin can also be
achieved with roughly four times higher permeance than that of a commercial dialysis membrane. This research offers a solution to
realize NATMs of tunable pore size with a narrow pore size distribution for different separation processes from sub-nanometer in gas
separation or desalination to a few nanometers in dialysis.

Pore enlargement

KEYWORDS: nanoporous graphene membranes, nanoporous atomically thin membranes (NATMs), protein-selective membranes,
plasma etching, nanopore engineering

1. INTRODUCTION membranes are subjected to a ubiquitous trade-off between
permeability and selectivity.”~'* In this regard, new materials
with the ability of molecular sieving, such as zeolites, metal—
organic frameworks, two-dimensional (2D) materials, and
other novel materials, have been used in membrane separation
due to their highly controlled nanopores structures.

Among these materials, graphene nanoporous atomically
thin membranes (NATMs) are expected to be a promising
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is mainly influenced by the sizes or size distribution of these
free-volume elements.” However, increasing the free-volume
element size to achieve higher permeation usually results in
lower selectivity. This is because the permeability enhance-
ment of larger species is more significant than that of smaller
species due to the inability to control the polymer chain
structure in sub-nanometer precis.ion.s’7 Thus, polymeric

Membrane separation is an energy-efficient method for
separating chemical species’ and has been widely adopted in
industry due to its simplicity and high energy efficiency.' ™
The fast development of separation industry demands for more
advanced membranes that have both superior selectivity and
permeance.” Traditional polymeric membranes usually use a
dense layer to function as a selective molecular barrier.
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chemical stability makes graphene more tolerant to harsh
operation conditions than polymeric membranes.” Moreover,
compared to other 2D materials, the fabrication of high-quality
large-area graphene is scalable.”” The selectivity of NATMs
largely depends on the quality of nanopores in them. Some
pioneer works have demonstrated that graphene with a limited
number of nanopores could achieve molecular-sieving
selectivity or complex switching behavior."*™"* Also, calcu-
lation showed that with well-controlled nanopores, the
graphene NATMs could easily exceed the polymeric upper
bond with a pore density of 10 cm™."" However, the
experimental work showed that the selectivity of NATMs
could be drastically decreased to a number close to the
Knudsen selectivity with a comparable pore density (5.4 X
10'°).%° This decrease in selectivity at higher density can be
viewed as the inability to control the pore size distribution
during nanopore generation. The calculation works often
assume that the NATMs have high-density nanopores with a
narrow pore size distribution,'” whereas this is hard to be
achieved in scalable methods. Generally, nanopore generation
in graphene starts with defect nucleation and is further
enlarged into nanopores with desirable sizes. Simultaneously
introducing pore creation and enlargement in conventional
etching methods often leads to a trade-off between pore
density and the pore size distribution. The defects or grain
boundaries of graphene often have a much higher reactivity
than the perfect graphene lattice’’ and are thus more
vulnerable during etching. Thus, increasing the defect density
often results in the formation of larger pores at those areas and
broadening of the pore size distribution. As a result, it is hard
for the scalable one-step method to fabricate NATMs with
both high density and a narrow pore size distribution due to
the uncontrolled etching reaction. Bottom-up methods can
fabricate graphene-like materials with highly ordered pore
structures or introduce nanopores by changing the growth
environments.”>*> However, accurately controlling the pore
structure by bottom-up methods is still challenging due to the
synthetic difficulty.””*® Top-down methods can introduce
nanopores on previously fabricated graphene with a wider pore
size distribution. Oxygen plasma was used to introduce
nanopores into graphene, and a water flux of 10° g m™ s7*
was achieved.”® However, increasing the permeance solely by
oxygen plasma resulted in the decrease in selectivity,
suggesting a similar permeance selectivity trade-off.’® To
overcome this trade-off, different methods have been applied
to either narrow the nanopore size distribution or increase
nanopore density.”’ ' However, these methods often
involved hazardous chemicals like hydrofluoric acid or required
a complicated FIB system and were time-consuming even for
laboratory demonstrations (~10 cm?).” For example, it would
take up to tens of minutes for the FIB system to process a
centimeter-large area, as it needs several microseconds to
bombard ions onto each pixel.’> Moreover, the pore size
distribution was often broadened durin% the following etching,
hindering the performance of NATMs.””***

In this paper, we demonstrated that by decoupling pore
creation and pore enlargement during nanopore generation,
the selectivity of graphene NATMs could be greatly increased
with little influence on its permeance, thus narrowing the
selectivity discrepancy between the proof-of-concept demon-
strations and scalable separation applications. Furthermore, the
pore density and pore size can be tuned with two successive
plasma treatments. Low-energy argon plasma and cage-

protected oxygen plasma were applied to control the pore
density and pore size, respectively. Argon plasma can introduce
defects into graphene lattices as the pore creation sites through
ion bombardment effects. The density of the nanopores can be
tuned by adjusting the number of ions that are bombarded
onto graphene. Oxygen plasma was then utilized to selectively
enlarge the previously introduced defects into nanopores, and
the pore size could be controlled by the oxygen plasma
conditions. NATMs fabricated by the decoupling method
showed greatly enhanced performance compared to the
NATMs fabricated by traditional methods. With optimized
conditions, a selectivity of 104 between KCl and Allura Red
was achieved with a KCI permeance of 1.1 X 107 m s™" in
diffusion-driving separation tests. By varying the pore enlarge-
ment time, the sizes of nanopores could be tuned from gas-
selective sub-nanometer to a few nanometers that are protein-
selective. The fabricated NATM with only 10 s oxygen plasma
treatment showed a selectivity of 39 between CO, and N,.
Increasing the oxygen treatment time could further enlarge the
nanopores to separate a lysozyme and bovine serum albumin,
two solutes that have comparable sizes to f2-microglobulin
and human serum albumin, with a selectivity of 21.2 and
roughly four times higher permeance than the commercial
dialysis membrane. The decoupling of pore creation and pore
enlargement shown in this paper could be a key standard of
introducing nanopores with high density and a narrow pore
size distribution to 2D materials and provide a universal
method for fabricating the NATMs for different separation
processes from sub-nanometer in gas separation, desalination,
or ion separation to a few nanometers in nanofiltration or
dialysis.

2. EXPERIMENTAL SECTION

2.1. Graphene Growth. Graphene was fabricated using a low-
pressure chemical vapor deposition (LPCVD) method. Copper foil
was purchased from Sichuan Oriental Stars Trading Co., Ltd. To
clean the surface of copper foil, electropolishing was performed using
a mixture of phosphoric acid and glycol with a volume ratio of 3:1 at
1.5 V for 15 min. After that, copper foil was further cleaned using
deionized (DI) water and ethanol subsequently. The Cu foil was dried
in nitrogen. The cleaned copper foil was directly put into a CVD
chamber and annealed for 60 min at 1025 °C in a 400 sccm H,
atmosphere. Then, 4 sccm of methane was introduced into the
chamber to allow graphene growth. The growth time was set to 2 h to
get full coverage of graphene. Then, copper foil was quickly cooled to
room temperature in the same atmosphere. After growth, the
graphene sample was stored in a vacuum chamber.

2.2. Graphene Transfer. Graphene was transferred to a
polycarbonate track-etched (PCTE) membrane through a modified
hot-press method. Before transfer, 10 min sodium persulfate etching
was applied to remove the back side of graphene on copper.
Subsequently, graphene and the PCTE were gently pressed together
under 100 °C for 10 h. After pressing, another sodium persulfate
etching was performed to fully etch the copper away, leaving graphene
on the PCTE. The PCTE-graphene composite was cleaned with
deionized water followed by ethanol rinsing and dried at room
temperature. The composite was further annealed in an oven at 110
°C for 10 h to get better contact.

2.3. Interfacial Polymerization. To minimize the influence of
unselective cracks on the graphene membrane, interfacial polymer-
ization was adopted on the graphene—PCTE. The detailed method can
be found in other papers.”’ In short, 2 g/L piperazine and 0.2 g/L
trimesoyl chloride were introduced to the two sides of the PCTE.
Piperazine and trimesoyl chloride would quickly form a dense
polymer plug in the holes in the PCTE if graphene was broken during
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Figure 1. Illustration of the decoupling method, characterization of graphene NATMs, and performance comparison of graphene NATMs prepared
by the traditional method and the decoupling method. (a) Illustration of the decoupling method leading to a narrow pore size distribution. (b)
Comparison of Raman spectra of pristine graphene, defect-nucleated graphene, and pore-enlarged graphene. (c) Atomically resolved image of
treated graphene. The nanopores are marked using red arrows for better illustration. (d) Permeance of KCI and Allura Red of NATMs prepared
using the traditional method and the decoupling method. (e) Calculated selectivity of KCl to Allura Red based on the permeance data in (d).

transfer. As a result, cracks and tears were sealed and would not
influence the following tests.

2.4. Plasma Etching. A two-step plasma treatment was adopted
to generate desired pores on graphene. First, argon plasma was
applied to graphene to nucleate defect sites in it. The power of argon
plasma was set to 20 W, and pressure was ~160 Pa. Then, oxygen
plasma was introduced to enlarge the pores with the protection of a
Faraday cage. The power of oxygen plasma was 7 W. Direct plasma
treatment was found to be too strong for argon-treated graphene, so a
Faraday cage was applied to give a mild etching environment in the
oxygen plasma treatment. The Faraday cage was made of a steel
cylinder with a porous steel net at the top. The pore size of the net
was about 6.5 pm.

2.5. Characterization. SEM images were recorded using a
Hitachi S-4800. Raman spectra were obtained using a Horiba
LabRAM HRS800 with a 532 nm laser. All the Raman data were
obtained after transferring the corresponding graphene onto a silicon
wafer with a SiO, layer. Standard TEM images were obtained using an
FEI Tecnai F20. High-angle annular dark-field (HAADF) images were
recorded on a Nion U-HERMES200 aberration-corrected STEM
operated at an accelerating voltage of 60 kV. Before the STEM
experiments, the samples were annealed at 160 °C for 8 h to remove
any hydroxide contamination. The convergence semi-angle was 35
mrad with an annular recording range of 80—210 mrad. The electron
probe diameter was focused to ~60 pm. The beam current was
measured to be 28 pA for the STEM imaging. The STEM images
were recorded with 2048 X 2048 pixels, and each pixel collection time
was 128 ms.

2.6. Diffusion Tests. To perform diffusion tests, graphene
NATMs were placed between two side-by-side cells, and the cells
were firmly pressed together using a holder to prevent leakage. Both
sides were first rinsed with ethanol to wet the PCTE membrane and
rinsed with DI water 3 min for three times prior to tests. For
diffusion-driven tests, potassium chloride (0.33 nm, hydrated radius of
K*), sodium chloride (0.36 nm, hydrated radius of Na*), Allura Red
(~0.5 nm, Stokes—Einstein molecular radius), a lysozyme (MW of
~14,000), and bovine serum albumin (MW of ~66,000) were
selected to evaluate the performance of the sample. A solution with a
certain concentration of a model solute was placed to the feed side of
the flow cell, and the same volume of DI water was placed to the
permeate side. Slowly, the solute would diffuse across the membrane
into the permeate side driven by the concentration difference of the
solute between the two sides. The increasing concentration of the
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solute in the permeate side was recorded for further analysis. For
potassium chloride and sodium chloride, the concentration of the feed
solution was 0.5 mol/L, a conductive probe was used to detect the
concentration in the permeate side, and the increase rate was
calculated using 5 min data. For Allura Red, the concentration was
1073 mol/L. Also, a UV—vis spectrometer was used to measure the
concentration in the permeate side. The difference in UV—vis spectra
of the reference point at 710 cm™' and the Allura Red peak at 510
cm™" was used to compute the concentration of Allura Red, and the
increase rate was calculated using at least 15 min data. For the
lysozyme, the concentration was S g/L, the difference of 710 and 282
cm™" was used to compute the concentration, and the increase rate
was calculated using at least 30 min data. For BSA, the concentration
was § g/L, the difference of 710 and 280 cm™ was used to compute
the concentration, and the increase rate was calculated using at least
30 min data. To minimize the concentration polarization, two sides
were stirred at 600 rpm.

2.7. Gas Leak Rate Measurement. To fabricate the microcavity,
mechanically foliated graphene was first transferred onto the silicon
well with a radius of 1.5 ym and a depth of 1 um. To introduce gas-
selective nanopores, graphene was treated with 10 s of argon plasma
and 10 s of oxygen plasma as the pore nucleation and pore
enlargement steps, respectively. Before AFM measurement, the
microcavities were first put into a pressurized chamber of 2 X 10°
Pa for about 1 or 2 days to inflate them. After pressurization, the
microcavities were taken out from the chamber, and the deflections of
microcavities were measured using a Bruker Dimension Icon using
tapping mode at atmospheric pressure. The gas molecules would
transport through the preintroduced sub-nanometer pores, causing
the deflection decrease in graphene NATMs. Thus, the deflection
drop rate can be used to evaluate the gas leak rate of NATMs.

3. RESULTS AND DISCUSSION

3.1. Synthesis, Characterization, and Performance of
Graphene NATMs by the Decoupling Method. To
separate pore creation and pore enlargement, a specifically
designed pore engineering method was applied to introduce
nanopores into graphene with two plasma treatment steps. The
defects were first introduced into graphene by argon plasma
treatment. Then, pore enlargement was performed using
controlled oxygen plasma to selectively enlarge the defects
(Figure 1la). Since all the defects shared the same pore

https://doi.org/10.1021/acsami.1c06243
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Figure 2. Influence of argon plasma time on graphene NATMs. (a) Influence of argon plasma on Raman spectra. (b) Derived I(D)/I(G) and
defect density calculated from I(D)/I(G). (c) Influence of argon plasma time on the permeance of different solutes. (d) Normalized permeance of
KCl and Allura Red. (e) Corresponding selectivity of KCI to NaCl and KCl to Allura Red.

enlargement time, a narrow pore size distribution was
achieved. This method is based on the observation that
enlargement of nanopores is easier than pore creation in the
intact graphene lattice, as the defects have much higher
chemical reactivity than the intact graphene lattice. Calculation
showed that in oxygen plasma conditions, the oxygen atoms
could form an epoxy structure on the perfect graphene lattice,
and the energy barrier of the following desorption of CO was
about 4.8 eV, whereas at the defects, the oxygen atoms would
form a lactone-like structure, which eventually led to the
desorption of carbon oxides with a reduced barrier less than 2
eV.” In this case, it is possible to introduce defects into
graphene through ion bombardment and selectively enlarge
the defects with a controlled chemical etching environment.
The graphene used in ion or protein separations was
synthesized by LPCVD on copper with longer time to ensure
full coverage of graphene and to facilitate the growth of few-
layer graphene islands."” Raman spectra were used to evaluate
the quality of graphene.”* > The Raman spectrum of pristine
graphene showed two identical graphene peaks: a G peak at
1580 cm™' and a 2D peak at 2680 cm™' (Figure 1b). No
obvious defect peak at 1350 cm™" was found, evidencing the
minimum intrinsic defects of pristine graphene. Also, the ratio
of I(G) to I(2D) was about 0.6. This value was close to the
characteristic value of single-layer graphene®”*® and smaller
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than that of double-layer graphene.”” Previous works have
shown that the intensity of the G peak increased monotonically
until reaching ten or more layers, while the intensity of the 2D
peak decreased with the increase in layer numbers.”**>*' We
thus concluded that our graphene was mainly one layer with
few-layer islands. These few-layer islands usually share the
same nucleate centers of the first layer, which contain highly
reactive defects.”” Thus, additional layers could serve as natural
patches to defective areas, minimizing the formation of larger
pores or tears in the following treatment. The creation of
defects by argon plasma is through the ion bombardment effect
that the energetic argon ions knock off the carbon atoms,
creating single vacancy defects in graphene.*”** Controlling
the number of ions that are bombarded onto graphene can
thus control the defect density of graphene. Moreover, recent
research suggested that the defects at grain boundaries could
even be healed during low-energy argon plasma treatment
through preferential migration of carbon adatoms on the
graphene surface.** In this regard, we applied argon plasma at
moderate pressure (~200 Pa) with low power (~20 W) to
control the defect density in graphene. After argon plasma, the
D peak was clearly observed in the Raman spectrum (Figure
1b). Besides the D peak, the D’ peak (~1620 cm™") was also
observed. The enlargement of preintroduced defects was
achieved using controlled oxygen plasma treatment. The
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energetic oxygen ions or atoms in oxygen plasma can
chemically etch graphene, creating vacancy-type defects or
nanopores with the release of CO or CO,'® A custom-
designed Faraday cage was applied to reduce the energy of
oxygen ions or oxygen atoms of oxygen plasma, thus
minimizing the etching effect at the perfect graphene lattice.
The Raman spectra showed a similar ratio of I(D)/I(G) before
and after 1 min oxygen plasma treatment, proving that the
oxygen plasma treatment did not obviously increase defect
density. However, the I(D)/I(D’) ratio dramatically decreased,
indicating a transformation of previously introduced predom-
inantly Stone—Wales (an in-plane 90° rotation of the C—C
bond with respect to the midpoint of the bond) or sp-type
defects (carbon hybridization from sp” to sp®) into vacancy-
like nanopores as reported by other works.***”~*’ Aberration-
corrected scanning transmission electron microscopy (AC-
STEM) was applied to further study the nanopore structure of
graphene NATMs (Figure 1c). The graphene sample had the
same treatment condition as the pore-enlarged sample used in
Figure 1b. Three nanopores were found with an area of 64
nm? The pore density was estimated to be about 5.7 X 10"
cm™? using a total of 30 atomically resolved images. More
atomically resolved images and TEM images for pristine
graphene and defect-nucleated graphene could be found in
Supplementary Section 3. Diffusion-driven separation tests
were applied to investigate the improvement on performance
of graphene NATMs.” Graphene was first transferred onto a
porous polycarbonate track-etched (PCTE) membrane. The
PCTE membrane has well-controlled physical properties and
similar separation performance between different chips. The
concentration gradient drove the solutes to the permeate side
through the NATMs. By measuring the concentration changes,
the performance of the membrane was obtained. The SEM
images of graphene on the PCTE substrate showed good
coverage with few tears (Figure S6). These tears were further
sealed by interfacial polymerization (IP) to minimize their
influence on the result. We compared the performance of
NATMs fabricated by the decoupling method and the
traditional method to demonstrate the advantage of the
decoupling method. KCI and Allura Red were chosen as model
solutes for separation experiments. For better comparison, the
treatment time of oxygen plasma was increased to 2 min. The
NATMs fabricated using the conventional plasma etching
method™ were chosen as the control group. Figure 1d shows
the permeance of graphene NATMs fabricated by the
conventional method and the decoupling method. Figure 1le
shows the corresponding selectivity data of NATMs prepared
by those two different methods. As can be seen, the decoupling
method greatly increased the selectivity with no substantial
decrease in permeance.

3.2. Controlling Nanopore Density by Argon Plasma.
As discussed before, argon plasma can effectively tune pore
density in graphene NATMs by changing the number of
bombarded argon ions. Raman spectra showed that longer
argon treatment could increase the defect density in graphene
by providing more argon ions bombarded onto graphene. The
D peak quickly increased, and the G peak and the 2D peak
decreased with longer argon plasma time (Figure 2a).
According to previous papers, the ratio of I(D)/I(G) can be
used as an evaluation of defect density.””*”**"** At the low
defect density regime, the I(D)/I(G) increased with increasing
defect density, whereas at the high defect density regime,
I(D)/I(G) decreased.*® With the increase in plasma treatment

time, I(D)/I(G) rapidly increased to 2.3 at 15 s (Figure 2b).
After 15 s, I(D)/I(G) started to decrease, corresponding to a
transition from the low defect density regime to the high defect
density regime. The calculated defect density of different
treatment times was also summarized (Figure 2b). Argon
treatment could effectively increase defect density up to
around 1.3 X 10> cm™ on graphene at 25 s (the detailed
calculation method can be seen in Supplementary Section 2).
Furthermore, the D’ peak also emerged after 15 s argon plasma
treatment. To minimize the overlapping of neighboring
nanopores, the optimum argon plasma treatment time was
set to be 10 s in this study. The argon plasma-treated samples
were further treated with 2 min oxygen plasma treatment to
enlarge the defects into nanopores. KCl, NaCl, and Allura Red
were chosen as model solutes to evaluate the performance of
the NATMs. The permeance was summarized to compare the
influence of argon treatment time (Figure 2c). As the defect
density at S s was relatively small, we measured the permeance
of NATMs with at least 10 s argon treatment. It can be
observed that with a longer treatment time, the permeance of
all the solutes increased. Ideally, if pore size solely depended
on oxygen plasma, then increasing defect density should only
increase the permeance and maintain the selectivity. However,
higher density of nanopores would inevitably result in a higher
possibility of merging of nearby nanopores. After 25 s, the
defect distance was around 5 nm, suggesting that this tendency
might be very common at the high-density region of nanopores
(the calculation of defect distance could be found in
Supplementary Section 2). To compare the permeance
evaluation of KCI and Allura Red, the data were normalized
by the corresponding permeance of the PCTE. The normalized
fluxes of KCl and Allura Red clearly showed this tendency
(Figure 2d). The flux of KCl and Allura Red both increased
with plasma time similar to the increase in defect density. Yet,
the flux of Allura Red experienced more fluctuations than that
of KCl. This can be explained by that after oxygen plasma
treatment, the nanopores were already large enough to allow
the transport of KCl, yet most of the nanopores still forbade
the transport of Allura Red. In diffusion-driven tests, the
permeance of certain solutes is in linear relationship to the
open area.”” Thus, the merging of nearby nanopores had less
influence to KCl than Allura Red because the open area for
KCl to transport was almost unchanged when the nearby pores
merged into one bigger pore, whereas a larger pore would
permit the transport of Allura Red (a more detailed discussion
of merging can be found in Supplementary Section S). This
also caused the selectivity between KCl and Allura Red to first
increase and then decrease (Figure 2e). The selectivity of two
small solutes, like KCl and NaCl, was almost unchanged
because the nanopores were already too large to distinguish
these two solutes.

3.3. Controlled Oxygen Plasma Selectively Enlarges
the Defects. The nanopore size could be tuned by oxygen
plasma conditions. A Faraday cage was applied to achieve
selective enlargement at the previously introduced defects. The
Faraday cage can effectively screen the electric field and has
been used in PECVD graphene growth.”* With the Faraday
cage, oxygen plasma would tend to mainly enlarge sp*-type or
Stone—Wales-type defects into nanopores, as the energy of
oxygen species inside the cage was greatly reduced. The Raman
spectra revealed that with 1 min oxygen plasma treatment, the
I(D)/I(G) was almost unchanged (Figure 3a) from the defect-
nucleated sample, indicating that the defect density should be
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Figure 3. Influence of oxygen plasma on graphene NATMs. (a)
Influence of oxygen plasma on the I(D)/I(G) and I(D)/I(D’). (b)
Influence of oxygen plasma time on permeance of different solutes.
(c) Normalized permeance of KCl and Allura Red under different
oxygen plasma times. (d) The Faraday cage greatly improved the
selectivity of KCI to Allura Red under different oxygen plasma times.

similar after 1 min oxygen plasma treatment. However, with
the further treatment, a notable increase in I(D)/I(G) could
be observed. We attribute this increase to the increase in pore
size as a previous paper reported that a larger defect size would
have a higher I(D)/I(G).”>° A detailed discussion can be
found in Supplementary Section 7. On the contrary, the I(D)
to I(D’) ratio quickly dropped. The vacancy-like defects
usually have a lower I(D)/I(D’) ratio than the Stone—Wales
or sp>-type defects, and thus, the I(D)/I(D’) ratio can be used
to distinguish the defect type of graphene.”®*’~* A previous
report showed that the sp>-type defects usually had a ratio of
about 13 while the ratio of vacancy-type defects dropped to
about 7.*® After 1 min oxygen plasma treatment, the I(D)/
I(D’) ratio quickly decreased from ~13 to ~8 (Figure 3a),
indicating the enlargement of previously introduced defects
into vacancy-like nanopores. The permeance of corresponding
graphene NATMs is shown in Figure 3b. To compare the
permeance evaluation of these two solutes, the data were
normalized by the corresponding permeance of the PCTE
(Figure 3c). The permeance of KCl increased much slower
than that of Allura Red. With longer oxygen plasma treatment
time, the size of nanopores increased and permitted the

transport of Allura Red, thus resulting in a faster permeance
increase. Simulation results showed that the Faraday cage
offered a much milder plasma environment.”” The plasma was
screened by the Faraday cage, and the electric field inside it
was greatly reduced (simulation details can be seen in
Supplementary Section 4). As a result, oxygen ions or atoms
arrived at graphene with lower kinetic energy. Thus, cage-
protected oxygen plasma might selectively etch the defect sites.
The results showed that the cage-protected samples had a
higher selectivity over unprotected ones, as expected (Figure
3d).

3.4. The Separation of Gas Molecules and Few-
Nanometer-Sized Proteins by Graphene NATMs. With
the decoupling method, precisely controlling the size of
nanopores in NATMs over a wide range with no obvious
broadening of the pore size distribution might be possible. We
demonstrated the gas molecular sieving ability of the fabricated
sample by measuring the change in deflection from a
pressurized microcavity covered by NATMs.'® To achieve
gas-selective sub-nanometer pores, we enlarged the defects
with only 10 s oxygen plasma treatment after defect nucleation.
Figure 4a showed the calculated leak rate of three different
gases, with the diameter ranging from 0.33 nm of CO, to 0.36
nm of N,. The selectivity of CO, and N, was about 39, which
was much higher than the Knudsen selectivity (~1.3),
evidencing the introduction of molecular sieving sub-nano-
meter pores. This method could also fabricate NATMs with
nanopores of a few nanometers by changing the treatment
conditions. The conventional polymeric dialysis membranes
usually have a wide pore size distribution and are thus unable
to separate proteins within a 10-fold difference in molecular
weight.>® In hemodialysis, one of the bottlenecks is the
removal of large-size toxins (ie, f-microglobulin, MW of
~11,800) while retaining the normal blood composite (i.e.,
human serum albumin, MW of ~67,000). The lysozyme (MW
of ~14,000) and BSA (MW of ~66,000) were intentionally
chosen as the marker solutes due to their similar sizes. The
commercial dialysis membrane showed almost no selectivity
(~1) of BSA to the lysozyme and low permeance. In contrast
to a traditional polymer membrane, the NATMs showed much
higher selectivity (21.2) between the lysozyme and BSA and
around four times higher permeance than the commercial
membrane (Figure 4b). The result confirmed that with a well-
controlled pore size distribution, the graphene NATMs can
outperform the commercialized polymeric membranes in both
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permeance and selectivity. Moreover, the selectivity of
graphene NATMs was notably higher than the selectivity
achieved by isoporous membranes,” ' molecularly imprinted
cryogel membranes,”” silica colloidal crystal membranes,”* and
track-etched membranes.®* Also, this value was comparable to
the selectivi?r achieved in diffusion tests by gold nanotubule
membranes.” The graphene NATMs with superior permeance
might be a promising candidate for portable hemodialysis,
which requires the dialysis membrane to have better
permeance and selectivity to remove kidney toxins, thus
achieving efficient water utilization or miniaturization.*®

3.5. Further Discussions. Overcoming the trade-off
between permeability and selectivity is one of the vital
challenges in membrane technology. To solve this problem,
novel materials and mechanisms are required to be applied to
membranes and clarify the transport processes. Graphene
NATMs, with the ability of molecular sieving, are predicted to
have both outstanding selectivity and permeance.” The
selectivity of NATMs mainly depends on the pore size
distribution in them. Though NATMs with a limited number
of nanopores showed a molecular sieving ability, the selectivity
drastically decreased at higher density (i.e., 10" cm™2) due to a
wide pore size distribution. We successfully introduced a single
nucleation event by plasma etching and achieved a narrow pore
size distribution, as inspired by the synthesis of monodisperse
nanocrystals (nucleation and growth).®”~% This single
nucleation event can (1) guarantee the same enlargement
time for all the nanopores and (2) minimize the overlapping of
neighboring pores by preventing the formation of unwanted
smaller pores. Minimization is especially important in
introducing larger pores at higher density. Moreover, pore
density and pore size can be solely controlled by different
plasma treatment steps. Low-energy argon plasma was used to
introduce sp>-type or Stone—Wales defects into graphene as
pore creation sites by ion bombardment effects, and the pore
density can be controlled by changing the treatment time. With
the protection of a Faraday cage during oxygen plasma
treatment, oxygen plasma tended to mainly enlarge the size of
previously introduced defects, and the unwanted defect
nucleation was suppressed. Varying the oxygen plasma
treatment time can thus be used to tune the pore size of
NATMs. Also, this tunability of pore size is urgently needed to
improve the performance of certain separation processes.” For
instance, increasing the selectivity of RO films is highly valued
in desalination for improving the quality of product water.® On
the other hand, the only-water-permeate smaller pores have
little contribution to the removal of larger uremic toxins, and
the increase in pore size to remove larger peptide and 7protein
toxins is urgently needed in hemodialysis membranes.”””"

4. CONCLUSIONS

In conclusion, we demonstrated that the pore density and pore
size of graphene NATMs can be thoroughly decoupled and
separately controlled with two plasma steps. Diffusion tests
showed that the selectivity of KCI to Allura Red was greatly
increased with no substantial decrease in permeation compared
to nanopores introduced by the traditional pore creation
method. Moreover, this method could effectively tune the pore
size from sub-nanometer to a few nanometers. Experimental
results proved that our NATMs not only had a gas separation
ability but also had much higher selectivity between two
proteins as well as higher permeance than commercial dialysis
membranes. Our method provided an effective solution to tune
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not only the defect density but also the pore size of graphene
NATMs, which might be a universal method for different
separation applications from gas separation, desalination, or
ion separation to nanofiltration. In addition, this method might
also be applied to other 2D materials. Also, for graphene itself,
the graphene NATMs, which have superior selectivity and
permeability over polymeric membranes, might be one of the
striking applications that the graphene industry calls for.
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