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Graphene is currently investigated as a promising membrane material in which selective pores can be

created depending on the requirements of the application. However, to handle large-area nanoporous

graphene a stable support material is needed. Here, we report on composite membranes consisting of

large-area single layer nanoporous graphene supported by a porous polymer. The fabrication is based on

ion-track nanotechnology with swift heavy ions directly creating atomic pores in the graphene lattice and

damaged tracks in the polymer support. Subsequent chemical etching converts the latent ion tracks in

the supporting polymer foil, here polyethylene terephthalate (PET), into open microchannels while the

perfectly aligned pores in the graphene top layer remain unaffected. To avoid unintentional damage cre-

ation and delamination of the graphene layer from the substrate, the graphene is encapsulated by a pro-

tecting poly(methyl methacrylate) (PMMA) layer. By this procedure a stable composite membrane is

obtained consisting of nanoporous graphene (coverage close to 100%) suspended across selfaligned

track-etched microchannels in a polymer support film. Our method presents a facile way to create high

quality suspended graphene of tunable pore size supported on a flexible porous polymeric support, thus

enabling the development of membranes for fast and selective ultrafiltration separation processes.

Introduction

Membranes can be used as a chemical, physical, or electrical
barrier, for instance in protective films, capacitors, or as reso-
nators. In particular they may serve as a very efficient separ-
ation agent, e.g. as an ultrafiltration membrane for biohazard-
free drinking water or as a dialysis membrane in artificial
kidneys or other medical or analytical devices.1,2 For all these
applications very thin membranes that exhibit mechanical and

chemical robustness are most advantageous. With respect to
these criteria, graphene seems to represent the ideal material
due to its mechanical strength and infinitesimal thickness of
only 0.3 nm.3,4 While defect-free graphene is impermeable for
all gases and liquids,5 nanoporous graphene promises an un-
precedented level of high transport rates (permeability) in
ultra- or nanofiltration applications as the quasi two-dimen-
sional membrane would exhibit negligible wall interactions.6

The potential and state-of-the-art for two-dimensional
membranes as new family of high-performance separation
membranes has recently been reviewed.7,8 However, the pro-
gress towards truly two-dimensional graphene-based separ-
ation membranes has slowed down due to the fact that hand-
ling of a monolayered material and maintaining its intrinsic
permeability at the same time remains a very challenging task.
Only a few experimental studies so far have made use of a
single layer of graphene to prepare membranes with macro-
scopic areas to be used in state-of-the-art laboratory transport
experiments.9–13 Instead, most of the presented approaches
focus on multi-layered graphene (or graphene oxide) and trans-
port pathways through intrinsic defects and in between those
layers.14,15 At present, these approaches inherently lack the
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ability to freely manipulate the permeability of the 2D separ-
ation layer.16,17

Instead of using intrinsic defects, pores in a single layer of
graphene can be produced in a controllable manner by
irradiation with high energy ion projectiles. Several attempts
to transfer large area graphene onto porous polymeric track-
etched membranes followed by ion irradiation proved un-
successful, yielding low coverages and hardly controllable pore
sizes.18 In addition, this approach is rather challenging regard-
ing industrial up-scaling, since the roll-to-roll production of
track-etched membranes by heavy ion irradiation and chemical
etching is not compatible with the wet techniques necessary to
transfer CVD graphene. In this work, we propose a novel
approach to overcome these challenges.

Our concept consists of sandwiching a monolayer of gra-
phene between a 10 or 13 μm thin PET film and a sacrificial
200 nm thin PMMA layer and irradiating the stack with swift
heavy ions (SHI). When traversing the stack, each individual
ion creates a nano- or sub-nanometer pore in graphene19,20

and an ion track in the polymer substrate consisting of a nano-
meter-sized cylindrical damage zone (Fig. 1(a)).

When exposing the irradiated sample to a suitable etching
solution such as aqueous sodium hydroxide (NaOH), the ion
tracks in the PET film are converted into open channels.21

Depending on the etching conditions, their diameters can be
adjusted between a few tens up to several hundred nanometers
(Fig. 1(b)). At the same time the porous graphene remains
unaffected by the etchant. The PMMA serves as a protection
layer effectively suppressing delamination of graphene from
the PET substrate. The PMMA is selectively removed after the
track-etching process (Fig. 1(c)).

In the following we will show that in this way we are able to
manufacture tightly sealed graphene/PET bilayer membranes
with a graphene coverage exceeding 99%. Since each ion pro-
duces an individual track, the number of channels is adjusted
by controlling the number of ions per unit area (ion fluence)
during the irradiation.

Experimental

Two samples sets have been investigated: sample set A where
the PMMA has been removed prior to irradiation and sample
set B where the PMMA served as a protective layer during
irradiation and etching, being removed only afterwards.
Samples of the two sets were irradiated at the X0 beamline at
the UNILAC linear accelerator of GSI (Darmstadt, Germany) and
at the SME beamline of GANIL (Caen, France) using 1.1 GeV Au
and 1.5 GeV U ions, respectively. The beam incidence was
normal to the samples surface, the applied fluence was
between 1.7 × 107 and 1 × 108 ions per cm2. The SHI energy
deposition in the materials occurs via electronic excitations
and ionizations and is usually given in energy deposited per
track length, the so-called energy loss Se. Only a minor fraction
of energy is deposited via nuclear collisions, usually given in
terms of nuclear energy loss Sn. According to the SRIM2013
code22 the penetration depth of both ions in PET is around
70 μm, thus sufficient for the ions to traverse the complete
PMMA/graphene/PET multilayer films with an almost constant
energy loss (16.2 keV nm−1 (Au ions) and 20.6 keV nm−1

(U ions)). To convert the ion tracks into open channels, the
irradiated PMMA/graphene/PET composite was fully immersed
into a 1.5 mol L−1 NaOH solution at 80 °C or alternatively in a
3.0 mol L−1 NaOH solution at 50 °C for etching times between
7 and 16 min. The etching process was stopped by immersing
the sample into deionized water.

Details on the materials used, preparation methods and
characterization are provided in the ESI.†

Results and discussion

We first analyzed sample set A, for which the PMMA layer was
removed prior to irradiation. Fig. 2(a) shows a representative
atomic force microscope (AFM) topography image of a gra-
phene/PET bilayer sample that had been etched in NaOH for
10 min.

On the PET surface without graphene open holes appear in
dark blue (indicated by blue arrows). The average diameter of
the pores is ∼400 nm. Graphene-covered areas show similarly
shaped features (indicated by orange arrows) of similar dia-
meter but with much lower contrast. They are ascribed to the
pores in the PET film underneath the graphene indicating that
the etching process of the graphene/PET bilayer composite
successfully converts the ion tracks in PET into open channels.

Pores covered by graphene can more easily be distinguished
in the simultaneously recorded adhesion channel of the peak
force tapping mode shown in Fig. 2(b). For suspended gra-
phene the adhesion between tip and graphene is strongly
enhanced up to about 120 nN in comparison to areas where
graphene is supported by the PET surface. On both images,
the graphene layer seems to be intact allowing us to draw two
important conclusions: (i) during the irradiation the ions pass
through graphene without producing damage that can be
directly detected on this scale; (ii) ion tracks generated in the

Fig. 1 Schematic visualization of the fabrication procedure for track-
etched graphene/polymer composite membranes: (a) CVD graphene,
which has been coated with a thin film of a protective polymer (PMMA)
to prevent delamination of graphene is transferred onto a support
polymer (PET) film and then irradiated with SHI resulting in perforated
graphene and latent tracks in the PET. (b) The NaOH etching step
creates macroscopic pores in the PET but does not affect the graphene
layer. (c) Finally, the PMMA layer is removed.
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PET film can be etched into open channels without signifi-
cantly affecting the graphene layer.

Fig. 2(d) and (e) show SEM images obtained on other areas
of the sample. The etched tracks can be clearly seen as black
round pores in the PET film. The average diameter in this case
is approximately 400 nm in agreement with the values obtained
by AFM. In Fig. 2(c) the average pore diameter measured by
SEM on various graphene/PET samples is plotted as a function
of the etching time. The data include both graphene-covered
(red squares) and uncovered (black squares) pores.

Interestingly, the pores covered by graphene show a slightly
larger diameter compared with the uncovered ones. A possible
explanation at this point is that despite stopping the etching
process by dipping the graphene/polymer composite mem-
brane into deionized water, some NaOH solution may remain
trapped at the graphene–polymer interface and slightly
prolong the etching process.

The results obtained with the first series of samples provide
evidence that this fabrication route is viable to produce gra-
phene suspended across larger pores in the PET. However, gra-
phene can obviously delaminate from the substrate during the
etching process as is clearly seen in the SEM overview in
Fig. 2(e). A low graphene coverage resulting in uncovered pores
in the supporting PET is problematic because such defects
render membranes basically useless for size-selective filtration
purposes.

To avoid this delamination a new set of samples (set B) was
prepared. In this case, the protective PMMA layer was kept in
place throughout the fabrication process including the track-
etching step. For set B, slightly softer etching conditions were
applied. However, the following results could also be observed
for samples exposed to the same etching conditions as for set
A (see Fig. S2 in ESI†).

Fig. 3(a) shows a SEM image of a representative graphene/
PET sample prepared following this new procedure (cf. Fig. 1).
All pores in the PET (except for one) are fully covered by gra-
phene, demonstrating the protecting effect of the PMMA layer
during the etching process. Note that the graphene layer
neither rips nor breaks although the pores in the PET have an
average diameter of 702 ± 62 nm. Fig. 3(b) shows the track-
etched pores on the back-side of the PET membrane exhibiting
a significantly smaller average diameter of 426 ± 64 nm.

The size difference between front and back side of the PET
can be explained by the high concentration of trapped NaOH
residues solution (3 mol L−1) at the PET/graphene interface.

In order to investigate if the irradiation and/or the track-
etching steps induce defects in graphene, we performed
Raman spectroscopy measurements of irradiated and etched
graphene samples. To obtain measurable effects, the Raman
spectrometer that was used requires an average distance of
defects in the graphene layer of less than 100 nm. Induced by
ion irradiation, such a defect density would require an
irradiation fluence of 1.0 × 1010 ions per cm2. Polymers
exposed to such a high fluence are however no longer stable
enough to act as a support material. Moreover, track-etching of
samples irradiated at such high fluences would result in mech-
anical decomposition of the membrane due to severe pore
overlapping. For the defect analysis we thus chose a strontium
titanate (SrTiO3) substrate, as it is more resistant to both
irradiation and NaOH etching and is also suitable as substrate
for Raman analysis.23

Graphene/SrTiO3 samples were irradiated with 1.5 GeV
uranium ions applying fluences between 1.7 × 1010 and 1.7 ×
1011 ions per cm2. Note that these high fluences exceed those
used for graphene/PET composite membranes by 3–4 orders
of magnitude. Subsequently, each graphene/SrTiO3 sample
was etched followed by monitoring the Raman spectrum.

Fig. 2 Track-etched graphene/PET composite samples etched in a
1.5 mol L−1 NaOH solution for 10 min at 80 °C. Scanning force
microscopy images recorded in (a) topography and (b) adhesion channel
of the peak force tapping mode. Suspended graphene sheets covering
the PET macropores can easily be identified by increased adhesion (light
green) compared to PET supported graphene (dark green). (c) Pore dia-
meter as a function of etching time from scanning electron microscopy
(SEM) analysis of pores in PET film uncovered and covered by graphene.
(d) and (e) SEM images of graphene/PET membrane showing intact gra-
phene covering (blurred regions), as well as areas where graphene
obviously detached during the etching process. The local coverage of
graphene on the PET film varies strongly between 10–90%.

Fig. 3 (a) SEM images of graphene/PET membrane with the PMMA pro-
tecting layer being removed after track-etching (3 mol L−1 NaOH, 50 °C):
(a) Top side with graphene coverage yielding almost 100%; size of pores in
PET 702 ± 62 nm. (b) Bottom side of the PET membrane revealing smaller
pores of 426 ± 64 nm.
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Fig. 4 shows the intensity ratio of the defect (D) peak and
graphite (G) peaks of graphene after different etching times.
This ratio of the two peaks provides quantitative information
of the defect density in graphene.24 By adjusting the applied
ion fluence the defect density in graphene can be tailored as
shown by the Raman analysis in Fig. 4. Especially for samples
irradiated at low fluence, the I(D)/I(G) intensity ratio remains
constant with etching time, indicating that unintended
additional defects in graphene are not created during etching
and showing chemical inertness of graphene towards NaOH as
an etching solution.

To characterize the barrier structure and performance of
our membranes, water and gas permeability measurements
were carried out on both bare PET foils and graphene/PET
composite membranes. At first, we analyzed bare PET track-
etched membranes. As expected, an increase in etching time is
accompanied by higher permeability for water and gas as
shown in Fig. 5(a) and (b). Further, for both bare track-etched
PET membranes and PET/graphene composite membranes
permporometry analysis was performed with the results
obtained after 7 min etching shown in Fig. 5(c) and (d),
respectively. Our data indicate in both cases a very narrow pore
size distribution, as expected for track-etched membranes.25 In
the case of the bare track-etched PET membrane nearly 90% of
all modes show a pore diameter of 200 nm. In contrast to this,
an equally treated graphene-covered sample shows a major
mode of only 20 nm (Fig. 5(d); note that with gas/liquid pore
dewetting permporometry under the used conditions, the
lower barrier pore diameter limit is about 18 nm). Minor con-
tributions of larger pores with diameters of up to 80 nm to the
overall distribution may be due to partially ripped or damaged
graphene (which could e.g. have happened during analysis
using a trans-membrane pressure of up to 34 bar). The SEM
image in the inset of Fig. 5(d) shows an ion induced nanopore
located right in the middle of a PET pore with a diameter of

∼20 nm, which is in excellent agreement to the value obtained
by permporometry. Assuming that the etching process is not
affected by the presence of graphene/PMMA, we can conclude
that indeed almost all PET support pores now must be comple-
tely covered as no 200 nm mode was detected.

Measurements of the water permeability of these samples
in comparison with equally treated bare PET membranes
(without graphene) further corroborate the improved sealing
capability. While the PET membranes exhibit an average
hydraulic permeability of 1390 ± 140 L m−2 h−1 bar−1, the gra-
phene/PET membranes show a value of 5.4 ± 2.3 L m−2 h−1 bar−1

corresponding to a reduction by a factor of 250 (both the
bare PET and the PET/graphene composite membrane were
etched for 7 min at 80 °C in a 1.5 mol L−1 aqueous NaOH solu-
tion). If we follow the argument of O’Hern et al.9 and interpret
this in terms of graphene coverage we arrive at an un-
precedented value of 99.6%. It should be noted that in this
estimation the data for barrier pore diameters (cf. Fig. 5(d))
have not been considered because at this stage the actual pore
density and size distribution are not yet known. Because the
sizes of intrinsic defects in the work of O’Hern et al. were
between 1 and 15 nm, our coverage value can be considered as
a conservative estimate.

To compare the observed permeability data to theory, we
used different models for either bare PET track-etched mem-
branes or graphene/PET composite membranes. In a bare PET
track-etched membrane the flow through one circular pore can
be described as a laminar flow through a cylindrical tube for
low Reynolds numbers. The resistance to flow is mainly based
on the pore wall interactions due to the macroscopic length of

Fig. 4 Intensity ratio of the D and G Raman band of graphene samples
irradiated with 1.5 GeV uranium ions at different fluences as a function
of etching time (3 mol L−1 NaOH solution at 50 °C). Horizontal dashed
lines are guides to the eye. For spectra see ESI, Fig. S3.† Fig. 5 Permeability tests for PET and graphene/PET composite mem-

branes with the PMMA protective layer removed after track-etching for
different pore sizes: (a) hydraulic permeability and (b) gas permeability.
Pore size analysis by means of permporometry for membranes etched in
1.5 mol L−1 NaOH solution at 80 °C for 7 min: (c) bare track-etched PET
membrane, (d) graphene/PET composite membrane. The inset in (d)
shows a SEM image of an ion induced 20 nm large nanopore in gra-
phene selfaligned with the large PET pore.
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the pore. A model to calculate the volume flow (in m3 s−1)
through one pore is provided by the Hagen–Poiseuille
equation

QHP ¼ πr4Δp
8μl

ð1Þ

where QHP is the volume flow through one pore, r is the radius
of the pore, Δp is the pressure difference across the pore, µ is
the dynamic viscosity, and l is the length of the pore.26

With help of the flow through one pore, the permeability of
the PET membrane can be calculated by eqn (2)

PPET ¼ J
Δp

¼ NQHP

Δp
ð2Þ

where PPET is the permeability of the PET membrane, J is the
flux, and N is the pore density. For the calculation of the
theoretical water permeability we assumed that the efficiency
of pore creation in the PET is 100%, i.e. N is equal to the
fluence used in the irradiation step. The calculated water per-
meability of the bare PET track-etched membrane is smaller
but of the same order of magnitude as the measured data as
can be seen in Fig. 5(a). This difference most likely occurs
because the pore size deduced from permporometry equals the
lowest diameter within a pore and our actual pores may not be
completely cylindrical. The larger differences between experi-
ment and theory for gas permeability measurements originate
from the same reason and from the fact that the gas analyzer
which was used here was working close to its limit of
sensitivity.

For the calculation of the theoretical permeability of the
PET/graphene composite, PC, the membrane was modeled as a
series circuit with two different resistors, the PET and the gra-
phene layer. The permeability of the entire resistor was calcu-
lated by eqn (3)

PC ¼ N
RC

¼ N
RPET þ Rgraphene

ð3Þ

where RC is the total resistance of a series circuit of a PET and
a graphene pore, RPET is the resistance of a PET pore and
Rgraphene is the resistance of a graphene pore. The resistance of
a PET pore is given by eqn (4) which is a transformation of eqn
(2).27

RPET ¼ Δp
QHP

¼ 8μl
πr4

ð4Þ

The resistance of a graphene pore cannot be calculated
with the Hagen–Poiseuille equation because a graphene mono-
layer exhibits negligible wall interactions. In fact, the flow
through a pore in a monolayer of graphene can be described
as a flow through a circular aperture in a plate with infinitesi-
mal thickness. Formula (5) describing this flow was first
defined by Sampson.28

QS ¼ Δpr3

3μ
ð5Þ

where QS is the flow through one pore according to the
Sampson model. The resistance of a graphene pore can there-
fore be calculated by eqn (6).

Rgraphene ¼ Δp
QS

¼ 3μ
r3

ð6Þ

The resistance of a graphene pore (3.00 × 1021 Pa s m−3) is
an order of magnitude higher than the resistance of a PET
pore (1.49 × 1020 Pa s m−3) and therefore the permeability of
the composite membrane depends mainly on the permeability
of the graphene layer (for the detailed calculations see ESI†).
The value of the calculated permeability of the composite
membrane (eqn (3)) is 19.4 L m−2 h−1 bar−1 and comparable to
the observed value (5.4 ± 2.3 L m−2 h−1 bar−1). This is in excel-
lent agreement to the experiments reported by Celebi et al.
who also observed a reduced water permeability by a factor of
four for ion irradiated pure graphene membranes when com-
pared to theory, see Fig. 6.6 A possible explanation for the devi-
ation here is that not all SHI create pores in the graphene and/
or that residues of the PMMA block the pores. It is reasonable
to compare our PET/graphene membranes with the un-
supported graphene membranes of Celebi et al., because as
shown above the permeability of the composite membrane is
governed by the permeability of the graphene layer. The correc-
tion factor for pores arranged in a square array used by Celebi
et al. has only a negligible influence due to low porosity.

Measurements of the gas permeability of the graphene/PET
composite membranes also showed a strong reduction com-
pared to bare PET track-etched membranes, but due to the
very low absolute gas fluxes this effect was not quantified any
further. Future studies on graphene/PET composite mem-
branes with a higher pore density will show if indeed these
composite membranes are equally well covered with graphene
when judged from quantitative gas permeation data.

Fig. 6 Comparison of experimental and theoretical water flow per gra-
phene pore through graphene. The dashed line represents the values
obtained by the modified Sampson formula. The dependence of the
measured water flow as a function of the pore diameter in this work (red
dot) is in excellent agreement with the work by Celebi et al. (open
dots).6
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Conclusions

In conclusion, we present a technique to fabricate single-layer
nanoporous graphene sheets suspended on a polymer support
material with open channels induced by swift heavy ion
irradiation in combination with track-etching. Provided with a
PMMA protective layer, graphene survives the etching process
without delamination resulting in almost complete coverage of
the polymer support by a closed graphene layer. This fabrica-
tion method for graphene suspended on larger support pores
presents a key step towards the utilization of porous graphene
for filtering applications. Compared to a direct transfer of gra-
phene onto a track-etched polymer membrane,18 our process
route provides the following three main advantages: (1) high
quality CVD graphene is transferred onto an intact PET surface
with no pores resulting in an extremely high graphene cover-
age; (2) the defects in graphene are directly aligned with the
underlying PET pore resulting in a membrane well suited for
advanced ultra- and nanofiltration concepts; (3) due to the pro-
tective PMMA layer used during fabrication, our method is
compatible with roll-to-roll fabrication.
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