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ABSTRACT: Perforated single-layered graphene has demon-
strated selectivity and flux that is orders of magnitude greater
than state-of-the-art polymer membranes. However, only
individual graphene sheets with sizes up to tens of micro-
meters have been successfully fabricated for pressurized
permeation studies. Scaling-up and reinforcement of these
atomic membranes with minimum cracks and pinholes
remains a major hurdle for practical applications. We develop
a large-area in situ, phase-inversion casting technique to create
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63 cm? high-quality single-layered perforated graphene membranes for ultrafast nanofiltration that can operate at pressures up to
50 bar. This result demonstrates the feasibility of our technique for creating robust large-area, high quality, single-layered
graphene and its potential use as a pressurized nanofiltration membrane.

KEYWORDS: graphene transfer, high-quality graphene, large area graphene, graphene nanofiltration, phase inversion,

molecular sieving, nanoporous graphene

Monolayer graphene, a sp>-bonded allotrope of carbon
arranged in a two-dimensional lattice, exhibits extra-
ordinary imperviousness and mechanical properties in its
pristine form, making it an ideal material for membrane
applications.' > Recent proof-of-principle experiments have
shown that the performance of graphene in certain applications,
such as ultrafast gas/liquid separation,"™® highly sensitive
sensing, " and high-throughput DNA sequencing,'’ far
exceeds the state-of-the-art. In these applications, high quality
graphene has to be suspended, which due to limitations of
current fabrication techniques restricts the accessible size to
tens of microns. Most attempts to support the graphene sheets
are based upon introducing pores in the substrate onto which
the graphene has been deposited or transferred, such as
masking of photoresist and etching of copper.'”'" Both the
complexity of this process and its lacking reliability for creating
large-area graphene membranes prevents mass-production.
Other attempts to fabricate large area suspended graphene
membranes have been based on adhering CVD grown
graphene sheets onto prefabricated porous supporting
layers."*~"* However, in addition to inevitable lattice defects
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occurring during CVD growth, the transfer process introduces
further defects, such as pinholes or cracks that are due to
microscopic mismatches between the graphene and the
supporting substrate. Although these defects can be sealed,
they still are prone to failure in pressurized membrane
applications such as filtration.'> Robust techniques for
fabrication of large-area high-quality suspended graphene sheets
are still lacking, which prevents their commercialization for
practical applications that are based on 2D membranes. 15,16
We have developed a facile and robust liquid-casting
fabrication technique for seamlessly transferring large-area,
single-layered graphene with a minimum of nonselective defects
onto porous polymer substrate. The workflow is shown in
Figure la. We purchase a high-quality chemical vapor
deposition (CVD) single-layered graphene sheet on a flat
copper substrate, coat the exposed graphene surface with
solution of 10%—20% poly(ether sulfone) (PES) in N-methyl-
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Figure 1. Fabrication and characterization of crack-free graphene composite membrane. (a) Schematic of the fabrication process. Step 1: uniformly
coat the CVD graphene on copper with a polymer solution. Step 2: immerse the coated structure in water causing phase inversion whereby a porous
network is formed. Step 3: remove of copper by floating the structure on a persulfate ammonia solution. Step 4: gallium ion bombardment
introduces nonporous lattice defects in the graphene. Step S: seal defects by filtration of polystyrene nanoparticles at S bar followed by drying. Step
6: etch in acidic potassium permanganate to enlarge defects into nanopores. (b) Photograph (top view) of a 9 CM x 7 CM final graphene composite
membrane. Note that the pressurized side can only be the graphene side. (c) SEM image shows the integrity of the graphene composite membrane
(scale bar is S ym). Inset shows the netlike structure of the PES substrate after the graphene has been etched away (scale bar is 500 nm). (d) Cross-
section SEM image of the composite graphene membrane reveals long fingerlike pores that span the membrane (scale bar is 10 ym). Inset is a close
up of the netlike structure directly underneath the graphene (scale bar is 500 nm).
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Figure 2. Defect sealing of graphene composite membrane. (a) SEM image of the graphene before sealing reveals hole defects that are less than 300
nm; defects are shown by arrows. (b) SEM image of the graphene after sealing process shows nanoparticle deposits that clog the hole defects. (c)
Ionic conductance measurements of the for a S X 5 mm graphene membrane before and after defect sealing. The electrical resistance before sealing is
35 Q, which increases by 3 orders of magnitude to 6 X 10* Q after sealing. The upper left inset is a schematic of the experimental setup.

2-pyrrolidone (NMP), and subsequently immerse it in water behind an ~100 pm thick solid conformal porous membrane
(see method). The NMP solvent diffuses into water leaving that is strongly adherent to graphene, in a process known as
9240 DOI: 10.1021/acsami.7b00504
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Figure 3. Selectivity and flux performance of graphene composite membrane. (a) Comparison of pure water flux for three commercial Dow
membrane (MWCO 200—400 Da, see manufacturer’s datasheet for rejection) NF, NF90, and NF270 with our graphene membrane at 10 bar of
applied pressure. Inset shows the relationship between pure water flux and pressure for our membrane. (b) Rejection of six standard molecules at 10
bar. The reported size for the three ions KsFe(CN)s NaCl, and MgSO, is the hydrated diameter, and for three molecules (dextran 70K, -

cyclodextrin, and sucrose) is the molecular diameter.

phase inversion (Figure S1)."” We then dissolve the copper
substrate in persulfate ammonia and wash the composite
membrane in water and methanol. The exposed graphene
surface is bombarded by a low energy Ga' ion beam that
creates high-density, water-impermeable defect nucleation
centers.'"® To seal the inevitable very low density pinholes
and cracks, we filter an aqueous suspension of impermeable
polystyrene nanoparticles, which plug these defects and adhere
to the underlying PES layer. We then perform an acidic
potassium permanganate etch to open up the defect nucleation
centers and create atomic-scale pores with density of ~1.57 X
10'? water permeable pores per cm?.'?

The phase inversion transfer method is highly reliable, and
resulting membrane is mechanically stable and easy to handle
without extreme precautions. Visual inspection shows a smooth
surface, and the graphene sheet appears to completely cover the
polymeric substrate, see Figure 1b and method. SEM images
show an almost complete covering of graphene on the porous
substrate without tears or cracks, see Figure 1c and Figure S2a,
b; however, a very small fraction of the area (<0.003% from the
SEM images analyzed by image J) has hole defects (<300 nm)
usually arranged in linear or cluster patterns, as shown by the
arrows in Figure 2a. These defects are consistent with those
observed from other high-quality CVD-graphene transfer
processes, and most likely occur during the CVD growth."
Filtration of pure water shows negligible flux, which
demonstrates high quality of graphene and limited contribution
of flux thorough lattice defects occurring during CVD growth
and low density of large defects; filtration of aqueous
K;Fe(CN)g solution shows no obvious rejection, which
demonstrates the large defects are nonselective and the
necessity of defect sealing, as discussed below. We use
Raman spectroscopy to detect atomic defects associated with
the D-band (1350 cm™'), and the absence of the 1350 cm™
peak indicates the defect density is less than one per um? see
Figure S2¢.*°

The in situ casted PES polymer substrate is well-suited for
supporting the graphene sheet at high pressure while providing
little flow resistance.”" Previous work has shown that elongated
macrovoids form when PES/NMP polymer solvent pair is
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coagulated in water (see method).”” The structural support and
pore geometry depends on the casting solution, and for our
purposes we cast a PES layer with a void fraction of 35%. This
substrate has three types of porous structures as can be seen in
Figure 1c, d. Attached directly underneath the graphene sheet is
an ultrathin (~500 nm) netlike layer that binds very strongly to
honeycomb lattice carbon, as shown in the control experiment
using graphite (see discussion in Figure S3). It has through
holes of 50—500 nm in diameter as shown in the close ups of
Figure lc, d. The second structure is fingerlike pores that are
channels extending from the net-like layer to the bottom of the
substrate, as shown in Figure 1d, which have an average pore
size of 3 ym and pore density of 4.5 X 10°/cm? as shown in
Figure S2d. The very bottom of the substrate is a microporous
layer that has negligible transport resistance to water for the
current transferred graphene membrane, and can be removed
upon further development of high water flux graphene
membrane, as discussed below.

We next characterize the graphene membrane before
performing the final etching step that results in ~1 nm pores.
At this point, the graphene sheet has been bombarded by ions
but defect nucleation centers have not yet been opened by
etching (see discussion below), but both pinholes and cracks
that account for very small portion of total area have been
sealed by filtering an aqueous suspension of polystyrene
particles ranging in size from 30 nm to 2 ym, using the setup
shown in Figure S4a. These particles are entrained by the flow
and form deposits that adhere to the PES net-like structure
directly beneath the defects and thereby seal the defects, as
shown in Figure 2b. The particles adhere sufficiently strongly
such that a surface flow by vigorous stirring cannot unseat
them. Also, sealed membrane can withstand up to S0 bar of
hydrostatic pressure without breakage, and even at this high
pressure, we cannot collect any permeate in dead-end filtration,
suggesting sealing by polystyrene particles is effective and the
remaining defects are minimal (setup as shown in Figure S4b).
In addition, we perform ionic measurement in solution across
the graphene membrane, which is highly sensitive to existence
of nanopores (setup as shown in Figure S4c). After sealing, the
average electrical resistance coefficient K is 1250 kQ mm?* (K =
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resistance X area), which is 1000 times greater than that before
sealing and S times higher than that of a 5 X 5 ym graphene
sheet reported to exhibit desalination filtration,® see Figure 2c.
This result further suggests this method effectively seal the
pinholes and cracks.'’

Next, we quantify the pure water flux of our graphene
membrane after etching. As previously reported, the etching
process opens up the nucleation centers and forms water
permeable pores, which is a high initial barrier reaction.”> The
duration of the acidic potassium permanganate etching dictates
the rejection and the flux; after S min of etching, we still cannot
collect permeate even after several hours’ pressurization.
Longer etching increases the water flux, which exceeds 4000
L M~ H™' at 10 bar pressure drop after several hours. After
appropriate etching time optimization, the highest water flux we
obtained is exceeding 500 L M~> H™" at 10 bar pressure drop
(Figure 3a), while maintaining high rejection for organic
molecules smaller than 1 nm (see discussion below). Noted
that methanol is used to wet the back side of graphene
membrane before testing to increase its flux. To test our
membrane’s stability, we apply a range of higher pressures, 10—
50 bar and observe an approximately linear dependence of the
water flux, as shown in the inset of Figure 3a. After high
pressure filtration of pure water for 3 h, the membrane remains
intact and its permeance at low pressures remains unchanged,
as shown in Figure SS5. This result indicates the phase inversion
technique creating a PES supporting layer with appropriate
pore structure that is able to support suspend graphene at high
pressure, which is in consistence with earlier simulation.”’ At 25
°C and 10 bar, compared with the state-of-the-art polymeric
nanofiltration membrane, the pure flux of our membrane is 5—
10 times greater in dead-end filtration. After removal of the
dense bottom PES layer, the water flux did not show apparent
increase, suggesting the main mass transfer resistance is within
the graphene layer, see Figure S6. We hypothesize the relatively
low water flux through the single-layered graphene membrane
might be due to low conversion ratio (4%) of the defect
nucleation centers into water permeable pores during the
etching step. As previously reported, most of the nanopores are
smaller than the water molecule, and thus the available water
permeation area of the graphene membrane is only about 1% of
the total area."”’

We test the rejection of our graphene membrane for a range
of molecular sizes varying from 0.5 to 7 nm at pressure of 10
bar. For molecules with hydrated radius exceeding 0.9 nm but
smaller than 7 nm, such as K;Fe(CN)j, sucrose, f-cyclodextrin,
we observe an average rejection of approximately 90%, and for
Dextran 70000 (7 nm), rejection as high as 98% is seen, as
shown in Figure 3b. This result suggests a narrow distribution
of pore sizes, and the molecular weight cutoff (MWCO) is
below 329 Da (K;Fe(CN)y), ~0.9 nm. Because a small fraction
of these larger molecules does pass through the filter, we
speculate that our graphene composite membrane does have a
small fraction of pores or unsealed defects with a size smaller
than that of dextran 70K (~7 nm) but larger than that of
K;Fe(CN)g (~0.9 nm). In 2 h filtration tests of pure water, oil,
and aqueous solutions containing organic molecules (K;Fe-
(CN)g, sucrose, f-cyclodextrin), we observe no or only slight
flux decrease at 10 bar. Smaller molecules with a hydrated
radius <0.9 nm, such as MgSO, and NaCl, we observe
enrichment rather than rejection. This indicates the pores we
created are larger than the hydrated diameters of these smaller
ions, and we attribute their fast passage through the pores to

9242

charge interactions with the graphene pores, which is observed
in previous graphene permeation studies.

To address the important issue of biofilm fouling, which is
one of the major failure modes in aqueous environments, we
expose our graphene membrane to a 1 X 10 CFU/mL
suspension of E. coli for 5 h.”> We dissociate bacteria from the
membrane surface and recultivate the suspension on agar. On
average we observe no colonies, which indicates that bacteria
cannot successfully adhere to the membrane, as shown in
Figure 4a. As a control we repeat this experiment for Dow NF

Graphene

Agar

SEM

Figure 4. Bacteria do not attach to graphene composite membrane.
Photographs of culture plates showing E. coli colonies grown from the
bacterial suspensions dissociated from the (a) graphene and (b) Dow
NF 270 polymeric membrane surfaces. SEM images of the (c)
graphene and (d) polymer membranes after exposure to a bacterial
suspension for 24 h.

270 which is a comparable commercial polymeric nanofiltration
membrane, and observe numerous colonies as shown in Figure
4b. Additionally we take SEM images of both membranes after
24 h exposure to the bacterial suspension after the surface is
gently washed with pure water. The graphene membrane shows
no adhered bacteria, whereas for the polymer membrane
bacteria adheres to the surface, as shown in Figure 4c, d,
respectively. The low bonding affinity to E. coli of graphene
membrane indicates potential less bactericide usage and
decreased biosourced membrane failure.

In conclusion, we demonstrate a facile and robust fabrication
technique to transfer high-quality, large-area single-layered
graphene onto porous substrates that can withstand high
pressures up to at least 50 bar. Because our technique is based
on liquid casting, it is expected to be compatible with current
roll-to-roll mass-production processes.%’27 Further, we demon-
strate the potential of our membrane for nanofiltration by
perforation through Ga* bombardment followed by etching.
The pure water flux is 00 L M™> H™" at 10 bar, which is at
least five times greater than state-of-the-art polymer membranes
with similar molecular weight cut-offs. Our membrane is highly
resistant to biofouling, which in practical uses may significantly
prolong membrane service time and lower maintenance cost.
Moreover, the low/competing binding affinity and 2D
morphology of the graphene separation layer is beneficial for
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biomedical separation applications involving extremely low
concentration or low volume feeds, which cannot be realized by
conventional polymeric membranes because of their adsorp-
tion/retention in the 3D porous separation layer.28 Future
improvements in graphene perforation methods to make higher
density, smaller and more uniform pores should improve
performance and enable energy-efficient water desalination and
gas separation.””” The high quality and scalability of the
single-layered graphene membrane fabrication technique make
graphene separation membrane feasible and is an attractive
option for nanofiltration of small molecules.
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