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lamination†
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Scalable graphene synthesis and facile large-area membrane fabrica-

tion are imperative to advance nanoporous atomically thin membranes

(NATMs) for molecular separations. Although chemical vapor depo-

sition (CVD) allows for roll-to-roll high-quality monolayer graphene

synthesis, facile transfer with atomically clean interfaces to porous

supports for large-area NATM fabrication remains extremely challen-

ging. Sacrificial polymer scaffolds commonly used for graphene trans-

fer typically leave polymer residues detrimental to membrane per-

formance and transfers without polymer scaffolds suffer from low

yield resulting in high non-selective leakage through NATMs. Here, we

systematically study the factors influencing graphene NATM fabrica-

tion and report on a novel roll-to-roll manufacturing compatible iso-

propanol-assisted hot lamination (IHL) process that enables scalable,

facile and clean transfer of CVD graphene on to polycarbonate track

etched (PCTE) supports with coverage ≥99.2%, while preserving

support integrity/porosity. We demonstrate fully functional centi-

meter-scale graphene NATMs that show record high permeances

(∼2–3 orders of magnitude higher) and better selectivity than com-

mercially available state-of-the-art polymeric dialysis membranes,

specifically in the 0–1000 Da range. Our work highlights a scalable

approach to fabricate graphene NATMs for practical applications and

is fully compatible with roll-to-roll manufacturing processes.

1 Introduction

Graphene, a single layer of carbon atoms arranged in a hexag-
onal lattice1 represents an ideal membrane material,2,3 with

potential for transformative advances in gas separation,4–7

nanofiltration,8,9 desalination,10,11 ionic/molecular
separation,12–20 proton transport,21,22 DNA translocation,23,24

dialysis and protein desalting,3,14 among others. To realize
such applications, scalable cost-effective synthesis of high-
quality graphene and subsequent membrane fabrication via
transfer to an appropriately porous support are imperative.
Although roll-to-roll synthesis of high-quality graphene has
been demonstrated via CVD on commercially available poly-
crystalline Cu foils,25–27 facile transfer of large-area CVD gra-
phene with atomically clean interfaces to appropriately porous
supports (without compromising the support integrity/poro-
sity) for NATM fabrication remains non-trivial and extremely
challenging.28

The electronics community initially leveraged advances in
lithography and adapted the use of sacrificial polymer scaffold
layers, such as poly(methyl methacrylate) (PMMA),27 poly
(bisphenol A carbonate) (PC),29 ethylene-vinyl acetate,30 penta-
cene,31 paraffin,32 parylene33 among others to transfer CVD
graphene onto arbitrary substrates for fabricating devices.
Polymer scaffolds allow for large-area crack-free graphene
transfer,25–27 but inevitably leave polymer residues.34–39 While
approaches such as critical point drying40 and thermal anneal-
ing in the presence of H2 at 200–500 °C allow for the removal
of polymer residue to a good extent, complete elimination of
polymer residue has proven elusive.36–39 Further, the combi-
nation of high annealing temperatures, presence of H2 (and/or
trace contaminants in H2) and the surface chemistry of the
substrate can lead to un-desired defect formation/modification
in the graphene lattice.35,41–44 The effect of such nanoscale
defects and polymer residues is greatly exacerbated for mem-
branes compared with electronic devices,45 i.e. (i) a single
large nanoscale defect would be relatively un-noticed in most
electronic devices but can severely compromise membrane
performance via non-selective leakage,19 and (ii) polymer resi-
dues could also significantly influence transport through
NATMs via surface adsorption of species and/or plugging of
useful nanopores as well as blocking support pores.2,3,15,46
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Initial studies on graphene membranes inadvertently uti-
lized polymer-based transfer methods for gas separation,47,48

desalination,11 ionic transport,16,17,49 DNA translocation,23 and
other applications.18,50 Indeed, polymer residues and contami-
nations were found to significantly influence transport
through atomically thin membranes as elegantly highlighted
by Rollings et al.17 by using monolayer graphene transferred
onto perforated silicon nitride/Si substrates. Specifically, they
reported K+/Cl− selectivity >100 through graphene nanopores
as large as 20 nm in diameter under applied potential and
attributed it to pH-dependent negative surface charges
attached to the hydrocarbon contaminants from the polymer
residues.17 These and other results20 emphasize the impor-
tance of clean graphene transfer with minimal contamination
or polymer residue for large-area NATM applications.

Interestingly, Regan et al.51 showed that evaporation of a
drop of isopropanol (IPA) at the interface between CVD gra-
phene and holey carbon coated transmission electron
microscopy (TEM) grids allowed for clean transfer of graphene
(after acid etch of the Cu foil), albeit some minor cracks in the
graphene were observed.51 O’Hern et al.12 also showed that a
simple manual press of CVD graphene on Cu foils onto PCTE
supports at room temperature followed by acid etch of Cu,
allowed for graphene transfer with minimal polymer residue
and/or contaminants. However, the coverage of graphene
obtained was only ∼60–80% and necessitated interfacial
polymerization (IP) based sealing approaches for NATM
fabrication.12,45 Huang et al.4 reported on a crack-free transfer
of graphene with nanoporous carbon (NPC) films via the pyrol-
ysis of block co-polymers. However, significant post-processing
including high temperature pyrolysis (∼500 °C) offers limited
scalability.4 Polyether sulfone (PES) casting approaches15,25,52

were also developed for graphene transfer, but the intercon-
nected pores formed in the PES supports present challenges
for IP based sealing of tears in NATMs.19 Other methods such
as using single-walled carbon nanotubes supports and meso-
porous silica8 have also been demonstrated for graphene mem-
branes, but only allow for limited manufacturing scalability.
Hence, high-yield transfer of clean large-area graphene onto
appropriately porous supports (without compromising support
porosity/integrity) using scalable processes for membrane
applications remains elusive.

Here, we systematically study the factors influencing scal-
able roll-to-roll manufacturing compatible fabrication of centi-
meter-scale NATMs. We evaluate transfer of CVD graphene
onto model supports (PCTE supports with ∼200 nm pores)
using manual compression, mechanical press and scalable
lamination. The decoupling of CVD graphene from the Cu foil
via water-assisted oxidation is found to aid transfer. However,
water-assisted oxidation significantly damages (∼10%) gra-
phene along wrinkles. We demonstrate a novel roll-to-roll man-
ufacturing compatible isopropanol-assisted hot lamination
(IHL) process that enables facile, clean and scalable transfer of
large-area graphene with coverage ≥99.2% without compromis-
ing PCTE porosity/integrity and represents the best value
reported for centimeter-scale graphene membranes. The

<0.8% leakage is attributed to ≥50 nm defects and/or tears
along wrinkles in the CVD graphene. Using facile oxygen
plasma etch to form nanopores in the graphene transferred
onto PCTE, we demonstrate fully functional NATMs that show
∼2–3 orders of magnitude higher permeance and better
selectivity than state-of-the-art commercial dialysis membranes
(0–1000 Da range).

2 Results and discussion

Here, we systematically study the factors influencing fabrication
of centimeter-scale NATMs by transferring CVD graphene onto
model PCTE supports (Fig. 1A). We specifically choose PCTE
with cylindrical pores ∼200 nm diameter as model supports
due to (i) its smooth hydrophobic surface ensuring conformal
contact during transfer as well as preventing the wicking in of
acid at the graphene/PCTE interface during Cu etch,12,53 and (ii)
the parallel, well-defined channels in PCTE that effectively
prevent cross-talk from overlapping pores and allow for unam-
biguous interpretation of transport through the synthesized
NATMs.2,3 Scanning electron microscopy (SEM) image of the as-
synthesized monolayer graphene on Cu (Fig. 1E) shows gra-
phene wrinkles (∼3% of total area, formed due to differences in
thermal expansion between graphene and Cu during cooling
after CVD) indicating complete film coverage.45 Raman spec-
trum ID/IG ∼ 0.027 (Fig. 1B) and large-area Raman maps
(Fig. 1C and D) indicate high-quality monolayer graphene.54

For CVD graphene transfer, PCTE is contacted against gra-
phene on Cu foil (G/Cu, with the back-side graphene removed
via pre-etch) and sandwiched between two pieces of weighing
paper to make a paper/PCTE/G/Cu/paper stack (Fig. 1A). Next,
manual compression, cold/hot lamination, and cold/hot press
is used to achieve uniform contact between G/Cu and PCTE
substrate to promote adhesion and finally the Cu is carefully
etched (Fig. 1A and F). The overlapping area of PCTE/G/Cu
shows a uniform reddish color (Fig. 1F), indicating macro-
scopically uniform contact was achieved with the methods
described above. Successful fabrication of atomically thin
membranes via graphene transfer was achieved (see uniform
graphene square on PCTE support in Fig. 1F) when the
uniform reddish color was maintained during Cu etch, indicat-
ing no acid entry at the PCTE and G/Cu interface (see image
with a green boundary in Fig. 1F).12,53 However, incorrect
handling (non-conformal contact or submerging the entire
stack in the etchant) of the PCTE/G/Cu/paper stack while
etching resulted in acid entry at the interface between PCTE
and G/Cu, identified by the change in color from reddish to
brown and black (see image with a red boundary in Fig. 1F),
and resulted in unsuccessful or patchy graphene transfer.

Initially, we investigate the influence of applied force by
comparing manual compression to cold lamination to cold
press (up to 2 MPa) and observe its impact on the transport
characteristics of PCTE supports. Next, we explore hot lami-
nation and hot press in an effort towards mildly softening the
PCTE support to promote conformal contact for enhanced gra-
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phene transfer.53,55,56 Here, we specifically avoid temperatures
>135 °C (glass transition temperature of PCTE ∼147 °C) to
prevent collapse of the track-etched channels in PCTE which
would render it unsuitable as a porous support for membrane
applications.57 We also probe the effect of weakening the inter-
action of CVD graphene and the Cu substrate via water-assisted
oxidation in an effort towards developing approaches for re-
use of the Cu foil. Finally, we study the effect of a liquid heat
spreading medium at the graphene/PCTE interface during hot
lamination. The choice of isopropanol as the liquid medium is
based on following criteria: (i) the liquid must easily evaporate
at temperatures <135 °C and ideally leave no residue;51,58 (ii)
the liquid must be compatible with both graphene and target

PCTE substrate;51 (iii) the liquid should have a low surface
tension to fully spread and wet the PCTE/G interface.9,51,58–60

We note that IPA has been used to promote adhesion between
graphene and TEM grids over micron scale areas51 but to the
best of our knowledge it has not been used for transfer of
large-area graphene to porous supports specifically for mem-
brane applications.

2.1 Transport measurements through PCTE substrates to
ensure post-processing integrity

Before evaluating graphene transfer onto PCTE substrates, we
assess the performance of PCTE substrates subjected to
manual compression (MC), cold lamination (CL), cold press

Fig. 1 Scalable synthesis of nanoporous atomically thin membranes (NATMs) for dialysis and molecular separations (A) Schematic of NATM fabrica-
tion process. PCTE support placed on graphene on Cu foil (G/Cu) is sandwiched between two pieces of weighing paper and subjected to manual
compression, cold/hot lamination, and cold/hot press. Subsequent etch of the Cu allows for graphene transfer to PCTE. Finally, O2 plasma is used to
introduce nanopores and synthesize fully-functional graphene membranes. (B) Raman spectrum of high-quality graphene transferred to SiO2

(300 nm)/Si wafer. (C) ID/IG and (D) I2D/IG ratios computed from Raman maps for the as-synthesized graphene. Scale bar: 50 µm. (E) SEM image of
CVD graphene on copper foil. Dark lines show wrinkles indicating a continuous film. (F) Images of PCTE/G/Cu during Cu etching. Avoiding APS solu-
tion wicking in at the interface between graphene and PCTE is essential for graphene transfer.
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(CP), hot lamination (HL), isopropanol-assisted hot lamination
(IHL), and hot press (HP) as shown in Fig. 1A. Here, bare PCTE
substrates were contacted with annealed Cu foils without gra-
phene (see Experimental section) for obtaining controlled
references. Next, we measured pressure-driven ethanol trans-
port and diffusion-driven KCl transport across the treated
PCTE supports (using the experimental setup in Fig. S1†) and
evaluate any changes in transport by computing the normal-
ized flux i.e. dividing the measured transport rate with that of
the untreated PCTE (Fig. S2†). No significant change in the
flux for ethanol and KCl was found before and after treatment
(normalized flux ∼1, Fig. S2†) for approaches that only
involved mechanical forces, i.e., MC, CL and CP. These obser-
vations suggest that the applied pressure from manual com-
pression as well as ∼2 MPa for cold press at room temperature
do not collapse or significantly change the parallel PCTE chan-
nels. Further, hot lamination and IPA-assisted hot lamination
at 135 °C also resulted in the normalized flux ∼1 for ethanol
and KCl, indicating that the structure of the PCTE support is
preserved. However, hot press at >100 °C and ∼2 MPa, caused
a significant decrease in normalized ethanol flux (∼0.87), indi-
cating some irreversible changes to the parallel, well-defined
channels in PCTE and its un-suitability for large-area NATM
fabrication. Hence, we exclude the hot press approach from
further studies and proceed with evaluating the efficacy of
approaches that do not change the structure of PCTE supports,
i.e., MC, CL, CP, HL, and IHL.

2.2 Water-assisted oxidation to decouple CVD graphene from
Cu and facilitate transfer

Next, we explore water assisted oxidation to effectively decou-
ple CVD graphene from Cu surface and allow for facile transfer
with effective re-use of the Cu foil.61–65 The oxidation initially
starts via (i) reaction of the Cu surfaces uncovered by graphene
(i.e. foil edges, defects in wrinkles, and areas under defects in
graphene) with ambient atmosphere as well as (ii) oxygen
intercalation between the graphene and Cu via defects.62

Subsequently, oxidation reaction involving Cu, H2O and
oxygen (from dissolved oxygen61,62 or water splitting65) takes
place with graphene acting as the cathode (O2 + 2H2O + 4e− →
4OH−)61,62 and Cu working as the anode (Cu − e− → Cu+).62

The OH− ions produced diffuse and meet the Cu+ ions to form
copper oxide and/or hydroxides at the interface, thereby decou-
pling CVD graphene from Cu surface.61,62

We systematically studied decoupling of CVD graphene
from Cu foil (Fig. 2A) by dipping it in a water bath at elevated
temperatures to allow for water-assisted oxidation of Cu before
transfer to PCTE via MC.61,65,66 As shown in Fig. 2B, the
optical image after transfer shows a uniform dark square67,68

and clear boundary on PCTE substrate, indicating relatively
good graphene transfer. However, Raman spectra of graphene
measured after water assisted oxidation at 90 °C for 24 and
48 hours showed a marginal increase in ID/IG ratio to 0.05 and
0.08, respectively (Fig. 2C, see corresponding maps of ID/IG
and I2D/IG ratios in Fig. S3†), potentially indicating an increase
in defects in the graphene.

A comparison of SEM images of graphene on Cu before and
after water-assisted oxidation (Fig. 2E–J), shows bright spots
and tears primarily along graphene wrinkles, indicating
damages to graphene. SEM image of graphene transferred
onto PCTE after water-assisted oxidation (Fig. 2G) also shows
tears, open PCTE pores and uncovered PCTE (bright regions
from polymer charging) along features similar to graphene
wrinkles further indicating graphene damage. We estimate the
overall graphene damage fractions ∼10% area, from low-mag-
nification SEM images of graphene on Cu before (Fig. 2H) and
after (Fig. 2I and J) water-assisted oxidation. Specifically, the
bright regions in Fig. 2I account for ∼10% of area, which is
larger than original graphene wrinkle fraction ∼3% of area.
We attribute the increase in areal damage to ruptures and
damage to surrounding areas from volumetric expansion due
to the growth of copper oxide/hydroxide crystals along the
wrinkles.62 Our results indicate that although decoupling of
CVD graphene from Cu via water assisted oxidation aids trans-
fer, it is typically accompanied by ∼10% areal damage to
graphene.14,15,25,45

The high fractional leakage for KCl (∼0.66 nm) and Vitamin
B12 (B12, ∼1–1.5 nm) at ∼83% and 80% respectively (Fig. 2D),
compared to ∼65% for KCl and ∼45% for B12 using manual
compression without water-assisted oxidation (Fig. 3B) further
confirms damage to graphene. Finally, similar results were
obtained for two independent graphene samples synthesized
at different temperatures (∼89% for KCl and ∼84% for B12,
Fig. 2D), confirming damage from the water-assisted
oxidation.

2.3 Probing transport through the synthesized atomically
thin graphene membranes

To quantitatively assess the performance of the centimeter-
scale atomically thin graphene membranes fabricated via MC,
CL, CP, HL, and IHL (see dark squares in the images67,68 in
Fig. 3A), we measure pressure-driven ethanol transport and
diffusion-driven transport after transfer to PCTE.

Here, we leverage the well-defined PCTE pore geometry and
note that pressure-driven flow across a PCTE scales as ∼D4

p/L
and diffusion-driven flow scales as D2

p/L, where DP is the PCTE
pore diameter (∼200 nm), and L is the PCTE pore length
(∼10 μm, thickness of PCTE).12,45,46 For a pore in graphene
with diameter DG, pressure-driven flow scales as D3

G, and
diffusion-driven flow scales as DG.

12,45,46 Hence, a defect DG

∼50 nm or ∼4 nm will offer similar resistance as a PCTE pore
DP to pressure-driven or diffusion-driven flow, respectively.31,43

Hence, our experiments probe three distinct size ranges of
defects DG in the fabricated centimeter-scale atomically thin
graphene membranes: (i) large tears (>50 nm) introduced from
graphene transfer will offer no resistance to both pressure-
driven or diffusion-driven flow respectively;12,45,46 (ii) small
defects from a few nanometer to 50 nm will mainly block
pressure-driven flow while offering almost no resistance to
diffusion-driven flow;12,45,46 (iii) small nanopores (<4 nm) will
almost completely block pressure-driven flow and also offer
some resistance to diffusion-driven flow.9,12,14,15,45,46
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Initially, we measured pressure-driven flow of ethanol
through PCTE + G membranes fabricated via MC. As shown in
Fig. 3B, a normalized ethanol flux of ∼19% indicates a gra-
phene coverage (defined as 100% – leakage%) of ∼81%, which
is in good agreement with the graphene coverage (∼60–80%)
previously obtained using similar MC approaches.45 The frac-

tional leakage of ethanol represents the percentage of large
tears (>50 nm) originating from graphene transfer and hand-
ling. Diffusion-driven transport on the same membrane shows
normalized flux of KCl ∼65% and B12 ∼45%, indicating the
fractions of small tears/nanopores (1–50 nm) is ∼26% and
sub-nanometer scale defects (0.66–1 nm) are ∼20%, respect-

Fig. 2 Graphene transfer via water-assisted oxidation of Cu. (A) Schematic illustration of water-assisted oxidation process. (B) Photograph of centi-
meter-scale, decoupled graphene transferred to PCTE. (C) Raman spectra of graphene with no treatment and after water-assisted oxidation of Cu
via immersion in water at 90 °C for 24 and 48 hours. (D) Normalized diffusive flux of 1060 °C graphene + PCTE and 1000 °C graphene + PCTE mem-
branes fabricated after water-assisted oxidation. Error bars indicate one standard deviation. SEM image of graphene on Cu (E) before and (F) after
water-assisted oxidation. (G) SEM image of graphene transferred on PCTE substrate after water-assisted oxidation of Cu. Uncovered ∼200 nm PCTE
pores and uncovered charged polymer surfaces appear brighter. Low-magnification SEM image of graphene on Cu before (H) and after (I) water-
assisted oxidation. (J) Graphene damage along wrinkles in low-magnification SEM image quantified using ImageJ threshold tool (green color).
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ively. Graphene membrane fabricated by CL also showed
similar characteristics (ethanol ∼19.3%, KCl ∼65.6% and B12
∼45.7%) with marginal differences in the normalized fluxes

(Fig. 3B) compared to membrane fabricated via MC, which
indicates similar quality of transfer for both methods. The nor-
malized fluxes for graphene membranes fabricated by CP also

Fig. 3 Assessment of the synthesized atomically thin membranes. (A) Photographs of graphene transferred to PCTE substrates via manual com-
pression (MC), cold lamination (CL), cold press (CP), hot lamination (HL), and isopropanol-assisted hot lamination (IHL) approaches. (B) Normalized
flux of pressure-driven flow with ethanol and diffusion-driven flow with KCl (∼0.66 nm), Vitamin B12 (B12, ∼1–1.5 nm) and Lysozyme (Lz,
∼3.8–4 nm) for graphene transferred to PCTE using different approaches. Note PCTE + G membrane transferred by IHL exhibits the lowest transport
and hence the highest transfer yield. (C) Normalized flux of pressure-driven flow with ethanol and diffusion-driven flow with KCl as a function of O2

plasma etch time for PCTE + G membrane transferred by IHL. Error bars indicate one standard deviation. Inset: STEM image of as-synthesized gra-
phene transferred to TEM grids using IPA shows significant regions of the graphene surface remain atomically clean. (D–G) SEM images of graphene
transferred onto PCTE substrates. Yellow arrows represent graphene winkles, while red arrows show tears and small pores primarily along wrinkles.
(H) Schematic of the proposed mechanism for IHL graphene transfer.
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showed fractional leakages of KCl ∼66% and B12 ∼45.3%, but
the fractional leakage of ethanol decreases to ∼16% (Fig. 3B).
These changes indicate that higher mechanical pressure ∼2
MPa, slightly improves the graphene transfer quality on PCTE.

Graphene membranes fabricated using HL, showed normal-
ized flux of ethanol ∼15%, KCl ∼61%, and B12 ∼41%, respect-
ively (Fig. 3B). The ∼4% drop (compared to PCTE + G trans-
ferred by MC or CL) in fractional leakage suggests improved
transfer with HL, probably due to the mild softening of PCTE
with temperature ∼135 °C resulting in enhanced contact
between graphene and PCTE.53

Interestingly, for graphene membranes fabricated via IHL,
the fractional leakages for all species decreased drastically
(ethanol ∼0.802%, KCl ∼26%, and B12 ∼14%), indicating sig-
nificantly improved (>99%) graphene transfer. Further, we also
measured the diffusion-driven transport of Lysozyme (Lz,
∼3.8–4 nm) and obtained a fractional leakage of ∼4%, demon-
strating that the majority of leakage (∼22%) can be attributed
to defects <4 nm (fractional leakage of KCl − fractional
leakage of Lz). These small defects can only allow for fractional
ethanol leakage of ∼0.002% (calculated from pressure-driven
flow scaling), and hence the remaining ∼0.8% of leakage orig-
inates from ≥50 nm defects in graphene and/or tears intro-
duced during transfer. SEM images of the fabricated graphene
membranes (Fig. 3D–G) further confirm these observations,
i.e. (i) for areas with no wrinkles, the graphene film appears to
be uniformly transferred onto PCTE substrate and no defects/
tears are visible (Fig. 3F); (ii) for areas with wrinkles, some
wrinkles overlap the PCTE pores but do not contain defects/
tears (Fig. 3D, E and G) and (iii) in some cases wrinkles over-
lapping on PCTE pores show defects >50 nm or tears primarily
along the wrinkles (Fig. 3D and G). We note that wrinkles
account for ∼3% of the graphene area, and hence assign the
∼0.8% of ethanol leakage to defects >50 nm or tears in gra-
phene primarily along wrinkles (since not all wrinkles overlap
the PCTE pores). Taken together, our observations indicate
that in comparison to MC or CL, IHL significantly increases
the graphene transfer yield from 81% to 99.2% and to the best
of our knowledge represents the highest value reported for
centimeter-scale atomically thin membranes to this date.

To further confirm the efficacy of the IHL method and
unambiguously assign the measured transport to graphene, we
systematically etched the graphene on PCTE with O2 plasma
and measured transport through it. As shown in Fig. 3C, the
normalized flux of ethanol and KCl respectively increase to
∼23% and ∼82% after O2 plasma etch for 150 s, confirming
that the transport behavior observed in Fig. 3B can be clearly
attribute to graphene. O2 plasma etch for ∼300 s further
damages graphene, and results in ∼95% of ethanol leakage and
∼99% of KCl leakage (Fig. 3C). These control experiments
clearly demonstrate that the observed transport can be attribu-
ted to monolayer graphene and that the PCTE channels remain
un-affected after IHL, since the results are fully consistent with
the control experiments performed on bare PCTE (see Fig. S2†).

Additionally, we also transferred graphene to TEM grids
with holey carbon with IPA (see Experimental section) followed

by thermal annealing, and confirmed that significant regions
of the graphene surface remained atomically clean after IPA
evaporation (see inset of STEM image in Fig. 3C), despite the
presence of amorphous carbon from holey carbon in the grids
as well as exposure to adventitious carbon from atmospheric
exposure after annealing.

We attribute the significant improvement in graphene
transfer via IHL to IPA that acts as a liquid heat transfer
medium and propose the following mechanism (Fig. 3H). IPA
introduced at the PCTE/G interface spreads evenly over the
entire contact area, forming a thin liquid layer between gra-
phene and PCTE substrate.9,51,58–60 Upon hot lamination at
∼135 °C, the IPA functions as an effective thermal trans-
mission layer to provide uniform heat transfer throughout the
PCTE/G interface. As hot lamination proceeds, IPA on the
edges and directly under PCTE support pores/channels start to
evaporate, but will be quickly replenished by IPA from the
interior and nearby areas,71,72 thereby maintaining a relatively
even IPA film thickness between graphene and PCTE substrate.
Consequently, the gap between graphene and PCTE substrate
slowly decreases all over the contact area, and PCTE substrate
makes uniform contact with graphene on Cu foil almost simul-
taneously.72 Finally, the IPA completely evaporates (leaving a
very clean surface),51,58 surface tension, together with applied
mechanical force and heat treatment, draw graphene and
PCTE substrate into intimate contact51,59 and allowing for facile
fabrication of centimeter-scale atomically thin membranes that
is fully compatible with roll-to-roll manufacturing.25,26

2.4 Centimeter-scale NATMs for dialysis and molecular
separations

Finally, we demonstrate fully functional centimeter-scale
NATMs for dialysis and molecular separations using facile O2

plasma etch (see Experimental section) of PCTE + G mem-
brane fabricated by IHL. As shown in Fig. 4A, after 45 s of O2

plasma etch, a large D peak appears in the Raman spectrum of
graphene while 2D peak almost completely disappears, indi-
cating the formation of defects that manifest as sub-nano-
meter to nanometer pores in the graphene lattice (see
Fig. 4C).14,54 These nanopores allow for selective molecular
transport through IHL + O45 membrane (Fig. 4B, PCTE + G +
O2 plasma 45 s). Compared to the PCTE + G transferred via
IHL (Fig. 3B), the normalized flux of KCl of the IHL +
O45 membrane (Fig. 4B) significantly increases to 80.4%,
while the normalized flux of B12 and Lz mildly increase to
36.6% and 12.6%, respectively. These changes indicate that
the majority of pores created via 45 s of O2 plasma etch are
sub-nanometer pores. Atomic resolution scanning trans-
mission electron microscopy (STEM, Fig. 4C) provides direct
evidence for the existence of nanopores in the graphene lattice
after 45 s of O2 plasma etching. The corresponding pore size
distribution (Fig. 4D) also confirms that the majority of nano-
pores are <1 nm, with few large nanopores ∼1–5 nm with an
overall nanopore density ∼1.84 × 1012 cm−2.

A comparison of solute permeance (see Experimental
section) and selectivity (ratio of solute permeance) of IHL +
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Fig. 4 Assessment of fully functional centimeter-scale graphene NATMs. (A) Raman spectra of graphene without and with O2 plasma etch for 45 s.
(B) Normalized flux of pressure-driven flow with ethanol and diffusion-driven flow with KCl, B12 and Lz for PCTE + graphene + O2 plasma 45 s,
PCTE + graphene + IP1 (POSS/TMC) + O2 plasma 45 s and PCTE + graphene + IP2 (HMDA/APC) + O2 plasma 45 s membranes. All membranes are
transferred by IHL. Error bars indicate one standard deviation. Inset shows schematic of the interfacial polymerization (IP) process. (C) STEM image
acquired on graphene after O2 plasma etch for 45 s (red arrows indicate representative nanopores). (D) Pore size distribution of graphene with O2

plasma etch for 45 s. (E) Diffusive permeance of the fabricated NATMs compared with commercially available dialysis membranes (100–500 Da and
500–1000 Da) and prior work on NATMs (taken from Ref. 14, 15 and 25) for KCl, B12 and Lz. Note permeance is calculated by taking into account
the 10% porosity of PCTE supports (also see Fig. S4†). (F) Selectivity (ratio of permeance of two species) for the membranes in E.
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O45 membrane with state-of-the-art commercial dialysis mem-
branes (molecular weight cut-offs specified at 100–500 Da and
500–1000 Da),14 indicates our NATMs not only exhibit ∼2–3
orders of magnitude higher permeance, but also offer better or
at least comparable selectivity for KCl/B12 separation, indicat-
ing their potential for de-salting of small molecule and small
proteins via dialysis (see Fig. 4E and Fig. S4†).

Most importantly, the functional performance of centi-
meter-scale IHL + O45 membrane, was realized without any
interfacial polymerization (IP) based sealing approaches (see
inset in Fig. 4B) typically used prior to nanopore creation, indi-
cating the advantages of high transfer yields ≥99.2% and the
choice of PCTE supports with minimal pore overlap in facile
and scalable NATM fabrication.9,14 Control NATMs using two
different IP based sealing processes i.e. IHL + IP1 + O45 and
IHL + IP2 + O45 (see methods) show normalized flux of KCl,
B12 and Lz ∼29.5%, ∼10.2%, ∼4.7% and ∼31.2%, ∼11.3%,
∼5.7%, respectively (Fig. 4B). Compared to these membranes
with IP (IHL + IP1 + O45 and IHL + IP2 + O45), the synthesized
IHL + O45 membrane show higher permeance (Fig. 4E) while
offering similar selectivity for the desalting and molecular sep-
arations (Fig. 4F). We also note that our IHL + O45 membrane
outperforms graphene NATMs from prior studies (Fig. 4E).
These results indicate our facile and scalable IHL approach
allows for the fabrication of fully functional large-area gra-
phene NATMs for practical applications in desalting and mole-
cular separations for drug purifications, biochemical analytics,
and dialysis, especially in the 100–1000 Da range.

3 Conclusions

In summary, we systematically investigated the factors influen-
cing facile and scalable NATM fabrication via transfer of CVD
graphene from a Cu foil onto PCTE supports via MC, MP and
scalable lamination approaches. We show that MC, CL, CP, HL
and IHL enable facile and clean transfer of large-area graphene
onto a PCTE support without compromising support porosity/
integrity. Particularly, our novel roll-to-roll manufacturing com-
patible IHL process allows for graphene transfer yield ≥99.2%
and is one of the highest values reported to this date for centi-
meter-scale atomically thin membranes. The remaining 0.8%
leakage is attributed to ≥50 nm defects and/or tears primarily
along wrinkles in CVD graphene. Furthermore, water-assisted
oxidation effectively decouples CVD graphene from the Cu foil,
and aids graphene transfer, but also results in ∼10% areal gra-
phene damage along wrinkles. Finally, we demonstrate fully
functional centimeter-scale graphene NATMs that show ∼2–3
orders of magnitude higher permeance than state-of-the-art
commercially available dialysis membranes with better or at
least comparable selectivity, and outperforms prior graphene
NATMs. Our work provides a novel, facile and scalable roll-to-
roll manufacturing compatible approach for the fabrication of
fully-functional large-area NATMs that present potential for
transformative advances in dialysis, molecular separations,
ionic/molecular transport, and beyond.

4 Experimental section
4.1 Graphene growth

Unless specified otherwise graphene was synthesized on Cu
foils at 1050 °C using low-pressure chemical vapor deposition
(LPCVD) as reported in detail elsewhere.14,15,25,45 The Cu foil
(99.9% purity, 18 µm thick, JX Holding HA) was pre-treated with
diluted nitric acid (20%) via sonication for 4 min to remove
surface oxides and contaminants, followed by washing with de-
ionized (DI) water and drying in air. For graphene synthesis at
1050–1060 °C, the Cu foil was annealed in a hot-walled tube
furnace (1 inch) at 1050 °C for 60 min under 500 sccm H2 (∼60
Torr), and then grown under 3.5 sccm CH4 and 250 sccm H2 for
30 min, followed by another 30 min of growth with 7 sccm CH4

and 250 sccm H2. Finally, the Cu foil was quench-cooled to
room temperature in the same growth atmosphere.14,15,25,45 For
obtaining annealed Cu foil without graphene, the same recipe
was used without introducing any CH4 precursor.

4.2 Graphene transfer to PCTE substrates

Before transfer, CVD graphene on Cu foil was pre-etched in 0.1
M of ammonium persulfate (APS) solution for 30 min to
remove graphene on the bottom side of Cu foil, followed by
rinsing in DI water (two times, 10 min per time) and drying in
air.14,15,25,45 Polycarbonate track etch (PCTE, Sterlitech, ∼10%
porosity, 10 µm thick, hydrophobic, polyvinylpyrrolidone-free,
Lot # 7072229) substrate were also washed in pure ethanol
(Sigma Aldrich, 200 proof) and dried in air. Subsequently,
PCTE was placed against the graphene/Cu foil (G/Cu) with gra-
phene side facing up, and sandwiched between two pieces of
weighing paper to make a paper/PCTE/G/Cu/paper stack.

For graphene transfer using manual compression
approach,14,15,25,45 the stack was sandwiched between two
glass slides and compressed with light finger pressure using a
glass Pasteur pipette tube as the roller at room temperature.
For graphene transfer using cold/hot lamination, the stack was
sandwiched between two protective Teflon films and then
laminated at room temperature or 135 °C using a TruLam
TL-320B roll-to-roll compatible laminator. A thin layer of iso-
propanol (IPA) solvent (50 μL) was added to the PCTE/G inter-
face as the liquid heat transfer medium when using IPA-
assisted hot lamination approach. For graphene transfer using
cold/hot press, the Teflon/paper/PCTE/G/Cu/paper/Teflon stack
was compressed under 2 MPa at room temperature or 100 °C
for 4 min using a Driptech Press. Subsequently, the PCTE/G/
Cu was gently made to float on APS solution to completely
etch Cu. Finally, the PCTE/G stack was rinsed with DI water to
remove the APS residue, followed by rinsing in ethanol and
drying in air.14,15,25,45

Similar methods were employed to press bare PCTE sub-
strates against annealed Cu foil without graphene for obtain-
ing treated PCTE references.

For graphene transfer with water-assisted oxidation, CVD
graphene on Cu foil was immersed in DI water at 90 °C for
24–48 hours, and then transferred to PCTE using the manual
compression approach described above.
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4.3 Graphene transfer to SiO2/Si wafer for Raman spectroscopy

Graphene transfer to SiO2/Si wafers was performed using poly-
methyl methacrylate (PMMA) assisted transfer method.14,15,25,45

Before the transfer, CVD graphene was pre-etched in APS solu-
tion (0.2 M) for 10 min to remove graphene on the bottom side
of Cu foil, followed by rinsing in DI water for 10 min and drying
in air. PMMA (2% in anisole) was drop-casted on to graphene
side of the Cu foil and allowed to dry at room temperature.
Next, the Cu foil was completely etched in APS solution (0.2 M),
and the PMMA/graphene stack was rinsed with DI water for
10 min. Finally, the stack was transferred to a SiO2 (300 nm)/Si
wafer, followed by washing in acetone and cleaning in IPA.

4.4 Graphene transfer to TEM grids

Graphene transfer to TEM grids (Ted Pella Inc. 658-200-AU with
1.2 µm holes) was carried out using methods reported else-
where with some modifications.9,13,51,58,73 The TEM grid was
placed onto the graphene on Cu foil (pre-etched as described
above) with the Quantifoil carbon film facing down and IPA
(10 µL) was used to wet the interface.14,15,25,45 After drying for
2 h, the stack was annealed at 80 °C on a hotplate for 30 min to
enhance adhesion. Finally, the Cu foil was completely etched in
APS solution, rinsed in two subsequent DI water baths, followed
by rinsing with IPA and drying in air.9,13,51,58,73

4.5 Oxygen plasma treatment

Oxygen plasma etching of graphene was performed in a
plasma cleaner (Harrick Plasma PDC-001, maximum RF power
of 30 W) under 500 mTorr at low RF power setting.

4.6 Interfacial polymerization

Interfacial polymerization was carried out based on the
methods detailed elsewhere.14,15,19,25,45,69,70 Before the reac-
tion, PCTE + graphene stack was annealed at 105 °C for
12 hours. IP1 process was performed with a Franz cell
(PermeGear, Inc.) using octa ammonium polyhedral oligo-
meric silsesquioxane (POSS, Hybrid Plastics, AM0285) in water
(aqueous phase) and trimesoyl chloride (TMC, Alfa Aesar,
4422-95-1) in hexane (organic phase),25 while IP2 process used
hexamethylene diamine (HMDA, Sigma-Aldrich 165212) in
water (aqueous phase) and adipoyl chloride (APC, Alfa Aesar,
124-09-4) in hexane (organic phase).9,14

4.7 Characterization

SEM images of graphene on Cu foils and on PCTE substrates
were acquired using a Zeiss Merlin Scanning Electron
Microscope with Gemini II Column operated at 2–5 kV.

Raman spectra were recorded using a Thermo Scientific
DXR Confocal Raman spectrometer with a 532 nm laser source
at a laser power of 1 mW. Raman mapping was performed
using a Renishaw InVia Raman microscope at the Center for
Nanophase Materials Sciences at Oak Ridge National
Laboratory and Wire software was used for data analysis.

STEM imaging was performed using the Nion UltraSTEM
100 aberration-corrected scanning transmission electron

microscope (STEM), operated at 60 kV at the Center for
Nanophase Materials Sciences at Oak Ridge National
Laboratory.14,15,25,45 The samples on TEM grids were vacuum-
annealed at 160 °C for 12 hours before imaging.14,15,25,45

4.8 Transport measurements

Pressure-driven ethanol transport and diffusion-driven solute
transport measurements were all carried out as reported in
detail elsewhere.9,12–15,25,45,46 The setup used for transport
measurements was a customized 7 mL Side-Bi-Side glass
diffusion cell (PermeGear, Inc.) with a 5 mm orifice (Fig. S1†).
The feed solution was always introduced on the left cell (gra-
phene side) and magnetic Teflon coated stir bars vigorously
stirred both cells.9,12–15,25,45,46

For pressure-driven transport measurement,45,46 the system
was washed with pure ethanol before measurement. Both cells
were then filled with ethanol, and a height difference in
ethanol was used to induce a hydrostatic head. The drop in
the ethanol meniscus level along the graduated syringe from
250 μL was recorded with a digital camera every 60 s. Ethanol
permeance was calculated by permeance = (ΔV/ΔP)/(Δt ×
Aeffective), where ΔV is the ethanol volume change, ΔP is the
pressure difference across the membrane, Δt is the time inter-
val, and Aeffective is the effective membrane area in the trans-
port process. The ratio of the ethanol permeance for each fab-
ricated membrane with respect to bare PCTE substrate was
computed to obtain the normalized flux.12,45,46

For diffusion-driven transport measurement, the system was
washed with DI water for five times (5 min per time) to comple-
tely remove ethanol residue after ethanol transport
measurement.9,12–15,25,45,46 Three model solutes were specifically
selected for the transport measurement: KCl (Fisher Chemical,
7447-40-7, 74.55 Da), Vitamin B12 (B12, Sigma-Aldrich, 68-19-9,
1355 Da), and Lysozyme (Lz, VWR, 12650-88-3, 14 300 Da). For
measuring KCl transport, 0.5 M of KCl solution was filled into
the left cell (feed side), and DI water was filled into the right cell
(permeate side) in which a probe of conductivity meter (Mettler
Toledo SevenCompact S230) was immersed for recording the
conductivity values every 15 s for 15 min9,12–15,25,45,46

For measuring the transport of organic molecules (B12 and
Lz), 1 mM of organic molecule solution in 0.5 M KCl was filled
into the left cell (feed side), and 0.5 M KCl solution was filled
into the right cell (permeate side) in which a fiber optic probe
attached to a UV-vis Spectrophotometer (Agilent Cary 60) col-
lected absorbance spectra in the range of 190 to 1100 nm every
15 s for 40 min9,12–15,25,45,46 The UV-vis peak positions we used
for measuring the intensity differences are as follows: 710 nm
for DI water (reference wavelength), 360 nm for B12, and
282 nm for Lz. The transport rate of each solute was measured
by calculating the slope of concentration change in the perme-
ate side (right side). The ratio of the rate of concentration
change (slopes) for each fabricated membrane with respect to
bare PCTE substrate was computed to obtain the normalized
flux.9,12–15,25,45,46 All measurements were replicated three times.

Solute (KCl, B12 and Lz) permeance was calculated by per-
meance = (V × dC/dt )/(ΔC × Aeffective), where V is the volume of
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diffusion cell (7 mL), dC/dt is the slope of concentration
change in the permeate side, ΔC is concentration difference
between feed side and permeate side, and Aeffective is the
effective area of membranes (accounting for 10% porosity of
PCTE). Solute/solute selectivity between different species was
obtained by calculating the ratio of solute permeance.
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