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ABSTRACT: Atomically thin graphene with a high-density of precise ~ 10°
subnanometer pores represents the ideal membrane for ionic and
molecular separations. However, a single large-nanopore can severely
compromise membrane performance and differential etching between
pre-existing defects/grain boundaries in graphene and pristine regions
presents fundamental limitations. Here, we show for the first time that
size-selective interfacial polymerization after high-density nanopore
formation in graphene not only seals larger defects (>0.5 nm) and
macroscopic tears but also successfully preserves the smaller
subnanometer pores. Low-temperature growth followed by mild
UV/ozone oxidation allows for facile and scalable formation of high-
density (4—5.5 X 10" cm™®) useful subnanometer pores in the
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graphene lattice. We demonstrate scalable synthesis of fully functional centimeter-scale nanoporous atomically thin membranes
(NATMs) with water (~0.28 nm) permeance ~23X higher than commercially available membranes and excellent rejection to salt
ions (~0.66 nm, >97% rejection) as well as small organic molecules (~0.7—1.5 nm, ~100% rejection) under forward osmosis.

KEYWORDS: nanoporous atomically thin membranes (NATMs), size-selective defect sealing, high density subnanometer pores,

scalable graphene membranes, subnanometer separations, desalination

S ubnanometer scale separations are widely used across a
range of chemical, biomedical, and industrial applications,
for example, ionic and molecular separations via dialysis,
nanofiltration, desalination, chemical and pharmaceutical
purification, and beyond. Atomically thin 2D materials, such
as graphene, represent the ideal membrane material to
revolutionize subnanometer scale separations with atomic
thinness, high mechanical strength,l’2 and chemical robust-
ness.”* Although pristine graphene is impermeable even to
helium atoms,” the introduction of precise high-density
subnanometer pores in the graphene lattice could potentially
enable the formation of nanoporous atomically thin mem-
branes (NATMs) with very high solvent flux® (due to atomic
thinness) while efficiently rejecting ions and solute molecules
via molecular sieving.3’4’7 However, even a single large defect in
the graphene lattice over centimeter-scale areas can severely
compromise NATM performance via nonselective leakage.”"’
Forming precise subnanometer pores over large areas with a
high density remains nontrivial and extremely challenging due
to differential etching between pre-existing defects/grain
boundaries and pristine regions.”*’

Some studies have demonstrated graphene NATMs for
ionic/molecular transport,”~"" gas separation,"”"* nanofiltra-
tion,”">'® and desalination.”'® For example, Surwade et al!”'®
used oxygen plasma to introduce nanopores (~10'* cm™) in
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~5 um diameter monolayer graphene membranes and
reported salt rejection during pervaporation of water (~1 X
10° gm™2 57", only one side of graphene was wetted) at 40 °C.
Celebi et al.® also reported water vapor transport through
~7.6—50 nm pores in graphene membranes but noted that
capillarity prevented water transport when only one side of the
membranes was wetted. O’Hern et al."” transferred centimeter-
scale graphene onto polycarbonate track etch (PCTE)
supports and used a two-step procedure to seal nanoscale
defects (via ALD of HfO,) as well as large tears (via interfacial
polymerization). Subsequently, Ga ion bombardment to
nucleate defects/nanopores followed by pore enlargement via
oxidative etching allowed for nanofiltration of salts and small
molecules.>'® However, nanopore creation via ion/electron
bombardments in a microscope limits scalability.">"*"?~>*
Recently, Yang et al.” used a carbon-nanotube mesh to support
monolayer CVD graphene and further deposited a mesoporous
silica layer on the other side of graphene” and used it as a mask
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Figure 1. Fabrication and characterization of graphene nanoporous atomically thin membranes (NATM:s). (A) Schematic of the fabrication process
of graphene NATMs. Nanoporous graphene (NG) synthesized via CVD at 900 °C on Cu foil is pressed against PCTE support followed by etching
of Cu. The PCTE provides adequate mechanical support and the well-defined, isolated cylindrical (~200 nm diameter) pore geometry allows for
precise transport measurements without cross-talk from overlapping pores.>”'>*” Subsequently, UV/ozone etching is used to introduce new
defects but also enlarges existing intrinsic defects in the graphene lattice. Finally, facile and scalable interfacial polymerization with POSS (cage size
~0.5 nm) in the aqueous phase and TMC in hexane (organic phase) is used to seal tears and large nanopores in the graphene membrane via the
formation of POSS—PA plugs/seals. (B) Optical image of graphene NATMs. The black square is the graphene area, and the red dashed circle
represents the membrane region subjected to the interfacial polymerization process. (C,D) SEM images of graphene transferred on PCTE support.
The dark circles indicate PCTE pores covered with suspended graphene. Red arrows show tears inevitably introduced during the mechanical
pressing stage, and blue arrows show wrinkles in graphene. (E) Schematic of the mechanism for sealing tears and large nanopores (>0.S nm)
without blocking small nanopores (<0.5 nm) by interfacial polymerization. POSS and TMC are only expected to react and polymerize at large tears
and/or large defects, forming POSS—PA plugs/seals.*>** Because the dimension of POSS is ~0.5—1.8 nm (~0.5 nm cage size),’’ the IP process
does not block small nanopores <0.5 nm. Schematic of POSS and TMC redrawn based on refs 30 and 48.

to etch subnanometer pores via oxygen plasma.” Their
membranes showed high water transport (>20 L m™ h™'
bar™'), while blocking solute ions and the carbon-nanotube
mesh provided adequate mechanical strength.7 However, the
multistep processing and the use of a mesoporous SiO, mask
and carbon nanotube mesh support only allow for limited
scalability. Hence, the formation of high density, precise,
subnanometer pores (0.28—0.66 nm) over large areas using
facile and scalable processes remains an unresolved problem
that fundamentally limits NATMs.>"’

Here, we report on scalable fabrication of fully functional
graphene NATMs for jonic and molecular separations (Figure

1A) via novel size-selective interfacial polymerization (Figure
1E) after facile formation of high-density (4—5.5 X 10'* cm™2)
nanopores via low-temperature chemical vapor deposition
(CVD) growth followed by mild UV/ozone oxidation.

B RESULTS AND DISCUSSION

We specifically choose CVD graphene grown at ~900 °C
based on our extensive prior work'">**° that evidenced the
formation of subnanometer pores in the graphene lattice and
transfer it onto polycarbonate track etch (PCTE) supports
with ~200 nm pores via a polymer-free transfer to ensure
- L C811,15,26.27 .
minimal surface contamination. Subsequently, mild

https://dx.doi.org/10.1021/acs.nanolett.0c01934
Nano Lett. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01934?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01934?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01934?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01934?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01934?ref=pdf

Nano Letters pubs.acs.org/NanoLett

A | | -l | | | | B 3 re=1nm
NG
, r,=3.3nm
. ] 2t |
\ | NG+U5 A —
A,.;_HJ AN R =
Hi high low T~
— NG+U10 density | density T
3 0 S : .
g N 0 5 10 15
2 / A NG+U15 L, (nm)
% '“"‘“'““Nw’/ \MM«/ \W e N °
- Cc ® _
NG+U20 —~ :
W e oo™ E 60} .
i \ A NG+U25 Q :
“*.‘r.wk,w“h e 5 40t t
NG+U30 = v
P P g et oty =20
1200 1400 1600 1800 2000 2200 2400 2600 0 5 10 15 20 25
Raman shift (cm™) UV/ozone time (min)
D 1.00 ~model F 2.0
¢ —~
2 0.80¢ %
o £ 1.5}
3 0.60 o
£ ) * 1.0
2 0.10} >
I 2
S 0.05/ 8 0.5
s ()
] S
< 0.00 2 0.0

0 1 2 3 4 5
Pore diameter (nm)

8 pm

Figure 2. Assessment of subnanometer pores in the graphene lattice after UV/o0zone etching and IP. (A) Raman spectra for 900 °C CVD graphene
(NG) transferred to 300 nm SiO,/Si wafer exposed to UV/ozone etching for different times. Also see Supporting Information note 1. (B) The
average interdefect distance (Lp, red markers) computed from the ratio of intensity of D and G peaks (Ip/Ig). Curve is computed using Ip/Ig, s =
3.3 nm (the radius of area surrounding the defect) and rg = 1 nm (the radius of structural disorder) as described in Supporting Information note
1.°7%% As-synthesized nanoporous graphene treated with UV/ozone for 0 to 10 min is in the low-defect-density regime, while longer UV/ozone
exposure (more than 15 min) leads to a transition into the high-defect-density regime. (C) FWHM of 2D peak increases with increasing UV/ozone
time.*”** (D) Diffusive flux normalized with respect to bare PCTE support membrane for different NATMs measured using four model solutes
(KCl, ~0.66 nm; NaCl, ~0.66—0.716 nm; L-tryptophan, ~0.7—0.9 nm; Vitamin B12, ~1—1.5 nm). Black lines and open squares are the results of a
solute diffusion model, which fit the experimental measurements well. (E) STEM images of as-synthesized nanoporous graphene after UV/o0zone
etching for 25 min indicates high-density subnanometer pores (red arrows indicate representative nanopores in different size ranges) and
corresponding (F) measured pore size distribution. We note that there is no well-accepted/unique convention for defining the diameter of
graphene nanopore <1 nm, hence we considered both the carbon electron radius (~0.065 nm) and carbon van der Waals (VDW) radius (~0.17
nm)"® and computed another pore size distribution (see Figure $2) which also indicated a majority of <0.5 nm nanopores.”'>'® (G) Atomic
resolution STM images acquired on nanporous graphene on Cu foil after UV/ozone etching for 25 min. Blue circles show the subnanometer
defects while white curves represent nanometer scale pores.
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Figure 3. Evaluating the performance of graphene NATMs. (A) Water flux across graphene NATMs and PCTE supports (PCTE+IP) increases
linearly with osmotic pressure. Dotted lines correspond to the water transport model. The water flux at the osmotic pressures of 4.2, 13.8, and 25.9
bar was measured during water transport experiments, while the water flux at the osmotic pressure of 20.3 bar was measured during solute transport
experiments. Nanoporous graphene subjected to 20 min of UV/ozone etching (NG+U20+IP) exhibits the highest water flux, while NG+U25+IP
membrane shows the second highest water flux. (B) Experimentally measured solute rejection through NATMs. NG+U20+IP membrane exhibits
the lowest solute rejection result. In contrast, NG+U25+IP membrane shows the highest solute rejection result. Black lines and open squares show
the transport model for solute rejection. (C) Water permeance and solute rejection through NATMs. Each symbol represents a membrane
following the same symbol scheme in Figure 3A. Note water permeance takes into account the 9.4% porosity of PCTE supports (also see Figure
$6). NG+U25+IP membrane has the second-highest water permeance (slightly lower than NG+U20+IP) but offers the highest solute rejection. -
Tr and B12 rejections of ~100% for NATMs with 0 and 25 min UV/ozone exposure results in some L-Tr (orange symbols) overlapping with B12
(violet symbols). (D) Solute rejections of NG+U20+IP (right triangle) and NG+U2S5+IP (star) membranes with respect to solute diameters
(hydrated ion diameters of KCl and NaCl, molecular diameter of L-Tr and B12). Dashed and solid curves represent transport model for solute
rejection. (E) Comparison of water-permeance and salt-rejection measured via forward osmosis for NATMs in this work (NG+U2S5+IP
membrane) with other large-area membranes synthesized from 2D materials in literature, for example, graphene oxide (GO)," graphene oxide/
graphene (GO/ G),” commercially available cellulose triacetate (CTA),” state-of-the-art advances in thin film composite (TFC) membranes,**
reduced graphene oxide (rGO) ,>! Acetamide-functionalized MoS, (A-MoS,),*” ethyl-2-ol-functionalized MoS, (E-MoS,),>> dye-decorated MoS,
(p-MoS,),> and graphene-nanomesh/single-walled carbon nanotube (GNM/ SWNT)” membranes. We exclude the very high rates of water vapor
transport (~250 Lm™>h! bar_l) over ~5 um diameter graphene membranes, because they represent pervaporative water transport.17 Open
symbols represent KCI rejection while filled symbols represent NaCl rejection.

etching conditions of UV/ozone exposure are used to enlarge and handling appear bright due to polymer charging during
existing defects in graphene as well as introduce additional SEM irrlaging-lo’l1’15’26’27

nanopores in the graphene lattice.”®*” Finally, facile size- To seal such open PCTE support pores/tears in graphene
selective interfacial polymerization (IP) with octa-ammonium and nanopores >0.5 nm in graphene after transfer to PCTE

and UV/ozone etching, IP with POSS and TMC (Figure 1E)
was performed.””** Because TMC is soluble in hexane but
seal tears and large nanopores (>0.5 nm) in gra- decomposes in wat3e2r,34and POSS is soluble in water but

10,15,31-33 insoluble in hexane,”””" the POSS molecules have to diffuse
into hexane to react with TMC,>*** that is, the interface for
polymerization is pinned within the organic phase (within the
PCTE support pores).” Further, the transport of POSS
(~0.5—1.8 nm) is sterically hindered through nanopores <0.5
nm in graphene, because the shortest dimension of POSS is
(Figure 1C,D). The ~200 nm PCTE support pores covered ~0.5 nm (cage size, albeit the longest dimension of POSS is

polyhedral-oligomeric-silsesquioxane (POSS, ~0.5 nm cage
size)”” and trimesoyl chloride (TMC) is used to selectively

phene.

Optical images of the synthesized NATMs (Figure 1B) show
centimeter-scale nanoporous graphene (NG) on PCTE
supports. Scanning electron microscopy (SEM) images further
confirm successful transfer of graphene onto PCTE support

with suspended graphene appear darker due to graphene’s ~1.8 nm).32’34 Hence, we hypothesize that (i) small nanopores
electrical conductivity, while uncovered PCTE pores (red in graphene (<0.5 nm) would remain intact, (ii) nanopores in
arrows) underneath tears inevitably introduced during transfer the range of 0.5—1.8 nm would be partially sealed, and (iii)

D https://dx.doi.org/10.1021/acs.nanolett.0c01934
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Figure 4. Characterization and evaluation of NATMs fabricated with high quality graphene (1050 °C CVD growth). (A) STEM image of high-
quality graphene after UV/ozone treatment for 25 min indicates subnanometer pores, albeit with a density (see Figure S7) lower than nanoporous
graphene (see Figure 2E,F). (B) Raman spectra of high quality graphene (note absence of D peak) transferred to 300 nm SiO,/Si wafer after
different times of UV/o0zone etching. (C) Diffusive flux normalized with respect to bare PCTE supports for NATMs with high quality graphene (G
+U1S+IP and G+U25+IP) and nanoporous graphene (NG+U1S+IP and NG+U25+IP) with model solutes. (D) Water flux (E) solute rejection for
high quality graphene NATMs compared with nanoporous graphene NATMs. These comparisons indicate that although NATMs fabricated using
high quality graphene (G) could indeed be useful for ionic and molecular separations, the lower defect density results in lower performance

compared to NATMs fabricated with nanoporous graphene (NG).

large nanopores (>1.8 nm), tears and open pores would be
completely sealed via POSS—polyamide (PA).**** Consider-
ing the van der Waals diameter of water is ~0.28 nm, and
hydrated diameters of K', CI”, and Na* are ~0.662, ~0.664,
and ~0.716 nm, respectively,” our facile IP process with POSS
(smallest dimension ~0.5 nm) could allow for graphene
NATMs with high water permeability, while effectively
rejecting larger ions and solutes.

Raman spectroscopy (Figure 2A and Supporting Informa-
tion note 1) confirms the existence of defects in the as-
synthesized NG lattice'" as well as an increase in defects with
increasing UV/ozone etch times, particularly for >15
min, #??%313536 45 observed from the average interdefect
distance (Lp, see Figure 2B and Supporting Information note
1)*”%® and the full width at half-maximum (FWHM) of the 2D
peak (Figure 2C).'"*

The performance of the NATMs for ionic and molecular
separation was initially evaluated via diffusion-driven-flow
(Figure 2D) and osmotic pressure-driven-flow measurements
(Figure 3) using our customized experimental setup (Figure
S1). Solutes and ions were specifically selected to confirm the
formation of nanopores in the 0.28—0.66 nm size range in the
NATMs, that is, KCl (salt, hydrated diameter of K* ~0.662
and CI~ ~0.664 nm)," NaCl (hydrated diameters of Na*
~0.716 and CI~ ~0.664 nm)," L-tryptophan (1-Tr, amino acid,
~0.7—0.9 nm, 204 Da), and Vitamin B12 (B12, vitamin, ~1—
1.5 nm, 1355 Da).*"?

Diffusive transport through the NATMs could arise from (i)
selective transport through small nanopores in graphene, (ii)

nonselective leakage through tears and large nanopores in
graphene, and (iii) leakage across the POSS—PA plugs.”” The
as-synthesized NG on PCTE supports without IP shows
significant differences between normalized diffusive fluxes
(normalized with respect to bare PCTE supports, Figure
2D) of KCI (~80%) and B12 (~60%), indicatinﬁ the presence
of subnanometer defects in the graphene lattice' "*® in addition
to nonselective diffusive transport across large tears and open
PCTE pores. After IP, the as-synthesized NG membrane (NG
+UV/ozone 0 min+IP in Figure 2D or NG+IP) shows
significantly reduced normalized diffusive fluxes for all species
(~3.5% for KCl and NaCl, <1% for L-Tr and B12), indicating
IP with POSS—PA blocks most nanopores >0.66 nm along
with any large tears and open PCTE pores in the NATMs.
Control experiments with bare PCTE supports after IP (IP in
Figure 2D) and PCTE supports after UV/ozone etching for 30
min (U30+IP in Figure 2D) after IP showed normalized
diffusive fluxes of ~3% for KCl and NaCl and negligible
leakage for L-Tr and B12. We attribute these leakages to
transport through the POSS—PA plugs and note the negligible
impact of UV/ozone etching on PCTE supports. Upon
increasing UV/ozone etching times up to 20 min the
normalized diffusive fluxes of KCl for NATMs systematically
increases from ~3% to ~10% but decrease to ~3% for 25 min
and ~7% for 30 min. The normalized diffusive fluxes of NaCl
show a similar trend. For L-Tr (~0.7—0.9 nm) and B12 (~1—
1.5 nm) the normalized diffusive fluxes remain <3% for all the
NATMs, further indicating the POSS—PA IP process
effectively blocks nanopores >0.66 nm, along with any tears
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or open PCTE support pores. Diffusion-driven-flow experi-
ments with NATMs from different batches with similar
processing (Figure S3) show fully consistent results indicating
the reliability and reproducibility of the entire process
including graphene synthesis, transfer, UV/ozone etching,
and IP.

The measured ion diffusion rates were fitted to an analytical
diffusion model (see detailed description in Supporting
Information note 2) in which transport is approximated as
occurring through an array of independent, parallel pores in a
thin membrane separating reservoirs at different concen-
trations. The pores are approximated as following a log-normal
distribution with the mean, standard deviation, and pore
density selected to match the model to the measurements.
Leakage is accounted for by adding the transport rates
measured on nonetched membranes in the model. The
model is able to reasonably fit the diffusion measurements
(Figure 2D), providing further evidence that subnanometer
pores created through graphene synthesis and UV/ozone
etching are governing the measured diffusion rates.

Atomic resolution scanning transmission electron micros-
copy (STEM, Figure 2E) confirms the existence of nanopores
in the as-synthesized nanoporous graphene lattice after 25 min
of UV/ozone etching. The nanopore size distribution indicates
that the vast majority of nanopores are <0.5 nm, with some
nanopores in the 0.5—1 nm range and few large nanopores >1
nm (Figures 2F and $2).%'%'*’ The overall nanopore density
is ~6.3 X 10" cm™?, while the effective pore densities after
excluding nanopores >0.5 nm and >1.8 nm are ~4 X 10" cm™
and ~5.5 X 10'* cm™?, respectively. These measured nanopore
densities are in excellent agreement with the nanopore density
of ~8.1 X 102 cm™? obtained for 25 min UV/ozone etch time
from the transport model fit (Table S1).

Interestingly, the nanopore densities for UV/ozone treated
high quality graphene (Figures 4A and S7) were found to be
lower than ~2.7 X 10> cm™?, indicating the efficacy of our
approach at nucleating a high-density of nanopores via low-
temperature CVD. Although we used a polymer-free procedure
for transferring graphene to TEM grids for STEM imaging,
unavoidable adventitious contaminants are typically seen to
adhere on defects/nanopores in comparison to pristine regions
(Figures 2E and 4A).”'>'® We specifically avoided annealing
in H, to reduce contaminants, since aggressive cleaning/
etching/heating could alter the nanopore size distributions.

To further confirm the existence of subnanometer pores in
graphene without transfer and minimal contamination, we also
acquired scanning tunneling microscopy (STM) images of
nanoporous graphene on Cu foil after UV/ozone etching for
25 min (Figure 2G). Bright defects marked by blue circles are
subnanometer scale vacancy defects’"** and larger defects
(~0.4—1.5 nm) marked by white dashed curves indicate
nanometer-sized pores,“’42 confirming the presence of nano-
pores in the graphene lattice.

Osmotic pressure-driven flow experiments for the synthe-
sized graphene NATMs show an increase in water flux with
increasing UV/ozone time from 0 to 20 min (Figure 3A, Table
S4) and a linear increase in water flux with osmotic pressure
(0—25 bar). A marginal reduction in water flux is observed for
the 25 min UV/ozone exposure, followed by a further decrease
at 30 min. Control measurements with bare PCTE supports
(IP in Figures 3A and SS) and PCTE supports after 30 min
UV/ozone exposure (U30+IP in Figure 3A) show significantly
lower water flux indicating (a) the majority of the water

transport is through nanopores in graphene and (b) the near
identical water flux values measured for the controls indicate
minimal effect of UV/ozone etching on PCTE supports. Here
we note that water transport across the NATMs could arise
from (i) nanopores <0.66 nm in graphene, which could allow
water to permeate while blocking salt ions, and (ii) large
nanopores (0.66—1.8 nm), which give rise to the transport of
water, salt ions, and small organic molecules.

Hence, in addition to water transport, we also measured
rejection of model solutes (KCl, NaCl, .-Tr, and B12) after 24
h of osmotic pressure-driven water permeation through the
synthesized NATMs (Figure 3B).” The rejection of KCl and
NaCl for the NATMs gradually decreases with increasing UV/
ozone exposure up to 20 min and then increases at 25 min (the
highest salt rejection) before decreasing again at 30 min. The
rejection of L-Tr and B12 in all NATMs remains >97.5% and
>98.5%, respectively. These minimal leakages of L-Tr <2.5%
and B12 <1.5% in the NATMs are attributed to a few unsealed
large nanopores (0.66—1.8 nm). Control measurements with
PCTE supports (IP in Figure 3B) and PCTE supports after 30
min UV/ozone exposure (U30+IP in Figure 3B) show solute
rejection of KCl ~97%, NaCl ~97.5%, L-Tr ~100%, and B12
~100%, indicating the efficacy of POSS—PA plugs/seals and
represents the upper bound for salt rejection attainable
(remaining is leakage through POSS—PA).

The permeance versus solute rejection (Figure 3C) allows
for an unambiguous evaluation of the performance of the
synthesized NATMs and is a well-known trade-off in
conventional nanofiltration, ionic and molecular separation,
and desalination membranes.”” The NATM with 20 min UV/
ozone exposure (right facing triangles) showed the highest
water permeance (~9.8 X 1077 m® m™> s™' bar™') and the
lowest solute rejection (KCl ~93%, NaCl ~93%, L-Tr ~98%,
and B12 ~98%). However, NATM with 25 min UV/ozone
exposure (star symbols) showed very high water permeance
(~9.5% 1077 m®> m™? s™" bar™!, only marginally lower than NG
+ UV/ozone 20 min) and the highest solute rejection (~97%
rejection of KCl and NaCl, 100% rejection of L-Tr and B12).
These observations indicate the presence of nanopores >0.66
nm that were not fully sealed by POSS—PA in the NATM with
20 min UV/ozone etching. However, 25 min of UV/ozone
enlarges the nanopores adequately to be effectively sealed by
IP and results in marginally lower water flux (due to the loss of
some nanopores via POSS—PA sealing) but results in much
higher solute rejection. Overall, the solute rejections for
NATMs with 20 and 25 min of UV/ozone increases with
solute diameters (Figure 3D). However, the NATM with 20
min UV/ozone exposure has the largest fraction of relatively
large nanopores (0.66—1.8 nm), while NATM with 25 min
UV/ozone exposure has the largest fraction of subnanometer
pores (<0.66 nm).

The transport model was extended to predict rates of water
transport by forward osmosis and osmotically driven salt ion
convection-diffusion across the membrane. Water flow rates
through graphene pores were calculated from the correlation
developed by Suk and Aluru*’ based on molecular dynamics
simulation results. Salt convection-diffusion was modeled using
approximate analytical expressions for convective and diffusive
transport across a pore in a thin membrane and through a
cylindrical PCTE membrane pore (see Supporting Information
note 2). The transport model effectively captures the water flux
(Figure 3A) and the dependence of ion rejection on diameter
(Figure 3B,D) for the different UV/ozone etch times. We
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emphasize that the same model pore size distribution and
density have been used in all model curves at a given etch time
(Figures 2D and 3A,B,D). Just as the measured rates of
diffusion, osmosis, and salt convection-diffusion all arise from
the same pore size distribution and density in the membrane,
the model is able to use a single pore size distribution and
density to explain the measured flow rates from these three
different transport modes. This further supports the conclusion
that the subnanometer pores in the graphene lattice are
responsible for the measured salt diffusion, water flow rate, and
salt rejection trends. The model’s success in quantitatively
explaining the experimental measurements makes it a very
useful design tool for predicting membrane performance gains
as the pore size distribution and density are tuned.

Taken together, the results from Raman spectroscopy
(Figure 2A), diffusion-driven solute transport (Figure 2D),
osmotic pressure-driven transport (Figure 3A), solute rejection
(Figure 3B), and water permeance versus solute rejection
(Figure 3C) indicate that the defect/nanopore density and size
distribution range in graphene NATMs increases with UV/
ozone exposure via the formation of new defects as well as the
enlargement of existing defects, respectively. As more defects
form in the graphene lattice with increasing etch times
(increasing water flux), the merging of individual defects leads
to the formation of larger nanopores. With longer UV/ozone
etching times, the larger nanopores (~0.5—1.8 nm) will
eventually grow larger than >1.8 nm and will end up being
sealed via IP. Our results indicate the highest salt rejection
(>97%) and very high water flux (~9.5 X 1077 m® m™> s~
bar™') for UV/ozone etch time corresponding to 25 min on
the as-synthesized nanoporous graphene after IP (POSS cage
~0.5 nm and diagonal length ~1.8 nm), indicating the largest
fraction of <0.66 nm nanopores.

A detailed comparison of the water permeance and salt
rejection (KCl and NaCl) of the NATMs with 25 min UV/
ozone etching with other ionic and molecular separation
membranes reported in the literature is presented in Figure 3E.
Our NATMs exhibit a higher water permeance than all
membranes in the literature, except for graphene supported on
single-walled carbon nanotubes (SWNTs).” We attribute this
to the higher transport resistance for the ~200 nm diameter
PCTE support pores compared to the porous SWNT mesh.”
Hence, the water permeance of NATMs could potentially be
further improved by replacing PCTE supports with a lower
resistance hierarchically porous support in future studies.'’
Interestingly, when compared with the commercially available
cellulose triacetate membrane (CTA)” and state-of-the-art
advances in thin film composite (TFC) membranes,** the
water permeance of our NATMs under forward osmosis (~3.5
L m™ h™! bar™!) is already up to 23 times and 3.7 times
higher, respectively, with comparable salt rejection.”~*’

Finally, we also fabricated NATMs with high quality
graphene synthesized at 1050 °C (D peak ~1350 cm™ is
not seen in the Raman spectrum, Figure 4B). However, the
nanopore density of ~2.7 X 10" cm™* (Figures 4A and S7)
obtained via UV/ozone etching of high quality graphene for 25
min is significantly lower than with the as-synthesized ~900 °C
nanoporous graphene of ~6.3 X 10" cm™ (Figure 2F)
resulting in lower performance (Figure 4C—E). These
observations indicate the effectiveness of the combination of
NG via low temperature CVD growth (~900 °C) and UV/
ozone etching in creating a high density of subnanometer pores
in the graphene lattice for NATMs.

B CONCLUSION

In summary, we have developed a novel, facile, and scalable
approach to synthesize fully functional large-area graphene
NATM:s for ionic and molecular separations. The combination
of low-temperature CVD growth of NG, subsequent UV/
ozone etching, and size-selective IP allows for facile synthesis
of NATMs with high-density subnanometer pores. To the best
of our knowledge, this is the first demonstration of size-
selective defect sealing for NATMs and the obtained water
permeance is ~23X higher than commercially available water
treatment/desalination membranes, along with salt rejection
>97% and small molecule rejection ~100%. Further improve-
ments in water permeance are expected with lower resistance
hierarchically porous supports.'’ Our work provides a facile
and scalable route to overcome fundamental limitations in the
development of NATMs for ionic/molecular separations.
These advances coupled with our prior work on roll-to-roll
graphene synthesis’' and facile polymer support casting' "’
could enable NATM:s to progress toward practical applications
and enable transformative advances in subnanometer scale
ionic and molecular separations relevant to chemical
processing, biochemical/biological research, medical/therapeu-
tic research, pharmaceuticals purification, and other industrial
applications.
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