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ABSTRACT: The provision of clean water is a global
challenge, and membrane filtration is a key technology to
address it. Conventional filtration membranes are con-
strained by a trade-off between permeance and selectivity.
Recently, some nanostructured membranes demonstrated
the ability to overcome this limitation by utilizing well-
defined carbon nanoconduits that allow a coordinated
passage of water molecules. The fabrication of these
materials is still very challenging, but their performance
inspires research toward nanofabricated membranes. This
study reports on molecularly thin membranes with sub-
nanometer channels that combine high water selectivity
with an exceptionally high permeance. Carbon nanomembranes (CNMs) of ∼1.2 nm thickness are fabricated from
terphenylthiol (TPT) monolayers. Scanning probe microscopy and transport measurements reveal that TPT CNMs consist
of a dense network of sub-nanometer channels that efficiently block the passage of most gases and liquids. However, water
passes through with an extremely high permeance of ∼1.1 × 10−4 mol·m−2·s−1·Pa−1, as does helium, but with a ∼ 2500
times lower flux. Assuming all channels in a TPT CNM are active in mass transport, we find a single-channel permeation of
∼66 water molecules·s−1·Pa−1. This suggests that water molecules translocate fast and cooperatively through the sub-
nanometer channels, similar to carbon nanotubes and membrane proteins (aquaporins). CNMs are thus scalable two-
dimensional sieves that can be utilized toward energy-efficient water purification.
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The development of energy-efficient water treatment
technology is a global challenge and spans a wide range
of applications from membrane distillation to seawater

desalination. In standard purification devices, untreated water is
pressed through membranes that separate its constituents in a
solution-diffusion process, which is characterized by a trade-off
between selectivity and flow-rate.1,2 The need for high pressure
further leads to high energy consumption and requires high
mechanical stability.3 To overcome these constraints, nano-
technology came up with carbon membranes that separate
liquids by nanoscale confinement.4−6 Although these nano-
conduit devices are still in their infancy and a mass fabrication
seems remote, the emerging field of carbon nanofluidics7

already provides fascinating insights on materials separation. An
example is the directed water transport through biological
membranes in living cells, achieved by aquaporin (water pore)
proteins with a channel diameter of only ∼0.3 nm, just wide
enough for one molecule.8 Aquaporin proteins have also been

embedded in artificial membranes and used as water filters.9

Another example are carbon nanotubes (CNTs), through
which the molecular transport was studied theoretically10,11 and
experimentally.12−14 Like biological channels, CNTs show
extraordinary high water flow-rates owing to their smooth
interfaces and single-file motions.10−13 Two-dimensional (2D)
carbon, that is, graphene, is impermeable for water. However,
graphene sheets have been perforated by ion bombardment
with nanometer-size holes producing a molecular sieve that
permits water/ion separation with high selectivity and flow-
rate.15−17 Graphene oxide (GO) also shows low-friction water
flow through the confined 2D space between stacked GO
sheets.5 GO stacks are easily fabricated, but GO membranes
swell in water leading to a reduced selectivity.18 The above
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nanomaterials efficiently filter water by physical confinement,
nevertheless, a simple approach to fabricate a scalable 2D
membrane with a high density of sub-nanometer (sub-nm)
pores that combines high water permeance with high selectivity
has not yet been developed.
Carbon nanomembranes (CNMs) are mechanically stable

nanosheets that are simply made by irradiation-induced cross-
linking of surface bound self-assembled monolayers (SAMs).19

In this article, we show that a ∼ 1.2 nm thin CNM made from
terphenylthiol (TPT) molecules consists of a dense network of
sub-nm channels and exhibits an exceptionally high water
permeance and high selectivity. The fabrication of the TPT
CNM is schematically shown in Figure 1A. It utilizes a
sequence of monolayer assembly (i), electron radiation-induced
cross-linking (ii), and a lift-off of the 2D network of cross-
linked molecules (iii). The result is a membrane with the
thickness of one TPT molecule, whose properties are
controlled by the fabrication process.20 Figure 1C shows a
helium ion micrograph of a freestanding TPT CNM that
suspends over an 18 μm-circular hole in a Si3N4 support
forming a tight seal, which itself rests on a silicon frame chip
device. The architecture and composition of TPT CNMs were
investigated by scanning tunneling microscopy (STM), atomic
force microscopy (AFM), helium ion microscopy (HIM), and
X-ray photoelectron spectroscopy (XPS). The molecular
transport properties were studied by mass-loss methods and
permeation measurements in vacuum. The transport mecha-
nism of water molecules through CNMs will also be discussed.

RESULTS AND DISCUSSION
Characterization of TPT CNMs. To explore the structure

and morphology of TPT SAMs and CNMs, STM and AFM
were employed. The topography image of a TPT SAM showed
that TPT molecules adsorb in different but highly oriented and
densely packed monolayer domains on Au(111) surface21−23

(Figure 2A and Figure S1). The molecular corrugations of 0.58
± 0.01 nm and 1.03 ± 0.02 nm extracted from line profiles in
Figure 2C are in accordance with other reported values.22,23

XPS measurements revealed that the TPT molecules were
arranged in a densely packed monolayer of ∼1.2 nm thickness,
as determined from the attenuation of the Au 4f7/2
photoelectrons.24,25 After electron irradiation, the monolayer
structure is completely reorganized. Tapping mode AFM
images show that the resulting CNM contains a dense network
of channels (Figure 2B−E and Figures S2−4). From these,
average channel diameters of ∼0.7 nm (see Estimation of Pore
Diameters from AFM section and Figure S3) and an areal
density of ∼1018 m−2 were estimated (Figure S4). Earlier
spectroscopic and quantum chemical studies19,25,26 provided
evidence that the electron irradiation of aromatic SAMs mainly
results in the loss of the hydrogen content due to the C−H
bond cleavage, while the carbon content was conserved,26

which agrees with our XPS results (Figure S5). The sulfur
spectrum of TPT SAM shows a single species with a S 2p3/2
binding energy of 162.0 eV that is attributed to thiolates on
gold (R−S−Au).25 After irradiation, a new sulfur species is
observed which is assigned to organosulfides,27 suggesting that
some sulfur groups no longer bond to gold but form sulfides
(R−S−R) or disulfides (R−S−S−R) by linking adjacent
molecules.25,27 The occurrence of these cross-linking reactions
could induce the formation of sub-nm conduits within the
CNMs. From the above, we conclude that the channels in
CNMs develop in the irradiation process after C−H and RS−
Au bonds are cleaved and new C−C bonds are formed.

Selective Water Permeation. Molecular transport
through TPT CNMs was then investigated with two different
permeation experiments. First, water permeation through
CNMs was studied by a mass-loss method (Figure 3A).28 A
CNM-covered silicon frame was glued onto a stainless-steel
container partially filled with 400 μL of Milli-Q water. The
container was placed into a low-humidity environment, and the
water flux through the CNM was determined by a high-
precision microbalance. As a reference, we first measured the
water flow rate through an 18 μm-sized hole without CNMs,
observing a mass loss rate of 48.1 μg/h (Figure 3B). When the
hole was covered with CNMs, the mass loss was 6.6 μg/h,

Figure 1. Fabrication and transfer of TPT CNMs. (A) Fabrication of CNMs from TPT precursors: (i) TPT molecules self-assemble on a gold
substrate; (ii) exposure of the monolayer to electrons forms intermolecular cross-links, and SAMs are converted into CNMs; and (iii) the
CNM detaches from the Au substrate. (B) Schematic of transferring the CNM onto a Si3N4/Si chip device with a single microhole of 18 μm.
The area marked with white dashed lines indicates the imaging area shown in (C). (C) HIM image (secondary-electron signal) of a
freestanding CNM suspended over the microhole. The sample was tilted by ∼75° for imaging.
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which corresponds to a permeance of 1.1 × 10−4 mol·m−2·s−1·
Pa−1. This value is comparable to the permeances of other
reported nanomaterials (aquaporin biomimetic membranes,29

graphene-based membranes,5,15 and CNT-parylene composite
films14) measured by similar methods and 2−3 orders of
magnitude higher than that of commercial breathable polymer
membranes.30 With the same method, other (polar and
nonpolar) liquids like acetonitrile, n-hexane, ethanol, and 2-
propanol were also tested, and no mass loss was detected,
indicating that CNMs act as molecular sieves, which only allow
the passing of molecules below a certain size. In addition, mass
loss experiments with containers upside down resulted in the
same permeance as with containers in the upright position,
which suggests that the observed fast water transport is likely
attributed to a liquid water film on the CNM (Figure 3C).
The high water permeance of CNMs was independently

confirmed by vapor transport measurements in vacuum (Figure
3D). One side of the CNMs was exposed to water vapor under
controlled relative humidity (RH), and the flow of permeating
molecules was detected by a mass spectrometer placed behind
the CNMs. As a reference, we employed a nanoaperture
produced in a 100 nm-thick Si3N4 membrane (Figure S7). A
linear response of the spectrometer to the amount of gas in the
permeation cell is observed over the range of interest. Figure 3E

illustrates the principle of the gas permeation measurements
(see Methods). After the permeation experiments, all CNMs
have been examined by helium ion microscopy to ascertain that
they were not damaged during the transport measurements
(Figure S8). Within the experimental accuracy, the water
permeance at saturation conditions (100% RH) agrees well
with the gravimetric results (Figure 3F). At lower humidity, the
permeance dropped. As at high humidity, more water vapor
adsorbed on solid surfaces,31 the higher permeance at
saturation pressure is most likely to be attributed to more
water adsorption. Unlike GO membranes,5 the permeance of
CNMs did not vanish with decreasing humidity but remained at
∼2.0 × 10−5 mol·m−2·s−1·Pa−1 at RH below 20%. This seems
related to a transition between different transport mechanisms.
Interestingly, the permeance of helium (∼4.5 × 10−8 mol·m−2·
s−1·Pa−1) is 2500 times lower than that of water, although they
have similar kinetic diameters32 (0.265 nm for water and 0.26
nm for helium). No noticeable permeation was detected for
other gas molecules with kinetic diameters larger than 0.275 nm
(Ne, CO2, Ar, O2, N2). This is consistent with the picture that
the CNM is a “sieve” composed of a network of sub-nm
channels. However, looking at the kinetic diameters of the
nonpermeating molecules, the AFM-based estimation of ∼0.7
nm for the average channel diameter appears to be too large.

Figure 2. Morphology of TPT SAM and CNM. (A) STM image of TPT SAM measured at room temperature in ultrahigh vacuum (UHV)
(UBias = 790 mV, IT = 40 pA). A domain boundary between two domains is marked by a yellow line. (B) AFM image of TPT CNM measured at
93 K in UHV via AFM tapping mode of operation (amplitude set point A = 8.9 nm, center frequency f 0 = 274.9 kHz). (C) Extracted line
profiles in (A) (marked with red lines) and (B) (marked with green lines). (D) AFM image of TPT CNM measured at 93 K in UHV via AFM
tapping mode of operation (amplitude set point A = 7.6 nm, center frequency f 0 = 274.8 kHz). (E) A drawing of the marked pore in (D) by
laterally cross-linking seven TPT molecules using the Chemdraw program (PerkinElmer Informatics). (F) The estimated pore diameter
distributions (0.7 ± 0.1 nm, the error bar denotes standard deviation) extracted from the acquired AFM images. All the STM and AFM images
shown were drift corrected.
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This is possibly because the AFM images were obtained from a
tapping mode operation which are governed by short-range
repulsive interaction forces,33 whereas the permeation through
∼1.2 nm long channels in TPT CNMs may also be affected by
(attractive) long-range forces. In addition, the channels may

possess inner structures inaccessible by AFM imaging.
Assuming that channels are narrower in the middle and wider
at their ends, this would reduce the active pore size in
permeation. This view is further supported by an estimation of
pore sizes from classical flow models (see Supporting

Figure 3. Molecular transport through TPT CNMs. (A) Photograph of the experimental setup of mass-loss methods. (B) Mass-loss rates
measured in upright position for Si3N4/Si chip (top), an 18 μm-sized hole without (middle), and covered with CNMs (bottom). (C) Water
permeance of TPT CNMs measured by mass loss−upright cup (liquid water not in contact with CNMs) and inverted cup (liquid water in
contact with CNMs). (D) Schematic and photographs of the gas permeation setup. The permeance was detected by a quadrupole mass
spectrometer (QMS). (E) Exemplary mass spectrometry analysis: The signal intensity of instrumental background noise, a CNM sample, and
the reference. (F) Water permeance of TPT CNMs as a function of the RH in the feed chamber measured in the vacuum apparatus. The red
square is the value measured by the mass loss methods (upright cup). (G) Permeances of vapors and gases of TPT CNMs measured by two
different experiments (see A, D). The dashed lines indicate the respective detection limits of our measurements. The detection limit of vapor
permeation measurements is related to the sensitivity of the balance and the duration of the experiment. The detection limit of gas
permeation measurements depends on the instrumental background noise (a signal produced with a blank test) of the mass spectrometer. The
error bars denote standard error of mean within 4−6 samples.
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Information “Estimation of pore diameters from classical flow
models”). Hence, the ∼0.7 nm diameter determined from AFM
images must be considered as an upper limit for the active pore
diameters.
Understanding the Permeation Behavior. To under-

stand the distinct differences between water and helium, the
molecular transport through this sub-nm channel is discussed.
The permeation process basically involves three steps: (i)
adsorption on the surface and diffusion to the channel, (ii)
transport across the channel, and (iii) dissociation from the
channel and desorption from the surface. For the first step, we
compare water and helium by calculating their molar
densities.36 The density of liquid water is 5.6 × 104 mol·m−3,
while the density of helium is only 5.3 mol·m−3 at a pressure of
130 mbar. Thus, the probability that a water molecule in a
water film reaches the channel is much higher than that of a
helium atom in the gas phase. Assuming that all sub-nm
channels in CNMs are active in mass transport, a single-channel
permeation coefficient Π can be calculated: Π = P × NA/σ,
where P is the permeance (mol·m−2·s−1·Pa−1), NA is the
Avogadro number (mol−1), and σ is the areal pore density
(m−2). The obtained value of ∼66 water molecules·s−1·Pa−1

compares well with the values obtained for carbon nanotubes
and aquaporin proteins11,34,35 (Figure 4). It is known that water

molecules confined in sub-nm channels form water chains
attributed to the strong and short time hydrogen-bonding
character between neighboring molecules,37 which allows water
to rapidly rush through as a single file. This cooperative effect is
also well supported by the permeation data shown in Figure
3C. Since helium exhibits no directed and comparatively strong
interactions at room temperature, a concerted and cooperative
transport is lacking. Hence, water passes through the channel
apparently faster than helium in the second step (see also
Figure S9). In addition to the aforementioned, it is also possible
that the CNM pores are not rigid, and the motion of the
hydrogen-bonded water molecules inside the channel enlarges
the pores and allows the preferential permeation of water. This
structural feature of pores will be explored in future studies with
liquid mixtures, such as water/ion separation.

CONCLUSION

In summary, we found that TPT CNMs are perforated by a
high density of sub-nm channels that filter water with very high
permeance and high molecular selectivity. The water
permeance determined from the mass-loss method is in good
agreement with the permeance detected by mass spectrometry.
A rapid water permeation is observed that is most likely
attributed to a coordinated water transport within the sub-
nanometer channels, similar to the mechanisms responsible for
the rapid water flow through aquaporin and carbon nanotubes.
Unlike other carbon materials, CNMs are built in a versatile
and scalable fabrication process, allowing membranes to be
customized with nanometer thickness and chemistry.19,20 The
possibility to modify CNMs by different functional groups19 at
the surface will allow further pathways to tailor and optimize
the selectivity of the translocation process in future
applications. These advantages make CNMs a highly promising
material for efficient separations, such as dehydration of
organics, dehumidification of gases, and purification of water.

METHODS
Fabrication of Freestanding TPT CNMs. The preparation of

TPT SAM is described elsewhere.20 Conversion of SAMs into CNMs
was achieved by using an electron flood-gun in a high vacuum (<3 ×
10−7 mbar) and employing 100 eV electrons and a dose of 50 mC/
cm2. The target substrate used for permeation measurements was a
Si3N4/Si chip which consists of a 500 nm-thick silicon nitride
membrane on top of a 200 μm-thick silicon supporting frame, and a
circular hole with diameter 5−50 μm was made in the silicon nitride
membrane (Silson Ltd., UK). CNMs were transferred onto Si3N4/Si
chips with the assistance of PMMA coatings.38

Characterization and Microscopy Imaging. X-ray photo-
electron spectroscopy (XPS) was employed to characterize the
chemical changes occurring after irradiation by using an Omicron
Multiprobe system with a base pressure of ∼10−10 mbar. The system
consists of a monochromatic X-ray source (Al Kα) and a
hemispherical electron analyzer (SPHERA). The XPS were measured
at a photoelectron emission angle of ∼13°. The spectra were processed
using the CasaXPS program. The HIM images were acquired in
secondary electron or bright-field ion transmission mode with a Zeiss
ORION Plus helium ion microscope. The microscope was operated at
a beam energy of 35 keV and an ion beam current of 1 pA. Charges on
the sample were neutralized by using a build-in electron floodgun for
avoiding charge-induced ruptures. The STM image of TPT SAM was
obtained by using a multichamber UHV system (Omicron) with a base
pressure of 5 × 10−11 mbar. The measurement was operated at room
temperature. The tunneling tip was prepared by electrochemical
etching (3 mol·L−1 NaOH solution) of a tungsten wire and further
processed in situ by sputtering with Ar+ ions (pAr = 3 × 10−10 mbar, E
= 1 keV, t = 1−2 min). The AFM images of TPT SAM and CNM
were acquired using a RHK UHV 7500 system (5 × 10−11 mbar) with
R9 controller. The measurements of TPT SAM and TPT CNM were
conducted in the noncontact operation mode and the amplitude-
modulated tapping operation mode, respectively, at room temperature
and 93 K using a liquid nitrogen flow cryostat. Before measurements,
the TPT SAM samples were first annealed in UHV for 1 h at 323 K
and later on 1 h at 333 K for removal of residual adsorbates; the TPT
CNM samples were annealed in UHV at 348 K for 30 min. The AFM
tips were sputtered with Ar+ ions at 680 eV for 90 s. For the AFM
images, Tap300Al-G force sensors (∼40 N·m−1, ∼ 280 kHz, Q ∼
10000, Budget Sensors) were used. Analysis and post-processing
(including corrections for thermal drift and polynomial background
subtraction) of the STM and AFM data occurred in the open-source
software package Gwyddion (http://gwyddion.net/).39

Estimation of Pore Diameters from AFM. Pore diameters dpore
were estimated manually by measuring the area of the pores (Apore)
shown in AFM images using the mask drawing tool in Gwyddion (see

Figure 4. A comparison of single-channel water permeation
coefficients between different membranes. Molecular dynamics
simulation was used to study the permeation coefficients of CNTs
((5,5)CNT,11 (6,6)CNT11), and a stopped-flow apparatus was
employed to characterize aquaporins (AQP1,34 AqpZ35). The
permeation coefficient of TPT CNM was calculated from dividing
the measured permeance by the areal density of nanochannels
estimated from the AFM images.
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Figure S3 for example pores). The pore diameter was calculated by
assuming that all pores are circular.

π
=d

A4
pore

pore

(1)

Mass-Loss Measurements. Water permeation through CNMs
was studied with mass loss measurements (Figure 3).28 Si3N4/Si chips
with 18 μm-sized holes were used to prepare freestanding CNMs. The
CNM-covered Si chips were glued by epoxy on top of a container
which was filled with 400 μL of Milli-Q water. The experiments will
start around 15 h later to make sure that the RH inside the container
reaches 100% and a steady state of the mass change is reached. To
confirm the reliability of the setup, a control measurement was first
done with different-sized open apertures (Figure S6). The container
was placed into an enclosed oven with a constant temperature (30 ±
0.1 °C), and the RH inside the oven was controlled around 15% ± 2%
by saturated LiCl solution.40 Due to differential water vapor pressure
inside and outside the container, water will evaporate in the container
and then permeate through the CNM. The mass loss of the container
was measured after a week by using a microbalance (Sartorius ME36S
with a sensitivity of 1 μg). The water permeance of the CNMs can be
calculated by the following equations:

= Δ
× × Δ

P
m M

A t p
/

(2)

where Δm is the mass change of the container (g), M is molecular
mass (g·mol−1), A is the membrane area (m2), t is time interval for an
experiment (s), Δp is vapor pressure difference (Pa). In this study, Δp
is around 3600 Pa.
Gas Permeation. In order to characterize gas permeation through

free-standing CNMs, we adopted an approach used for ultrathin
polymeric membranes.41 The scheme of the experiment is shown in
Figure 3D. A suspended CNM sample was glued onto a 2 mm-thick
copper disk compatible with a CF flange. The assembled sample was
further mounted in a homemade permeation cell representing a
multiport CF vessel. The cell was designed to have two ports for
membrane and reference samples providing identical pathways for
incoming molecules. The permeation cell was connected to a high-
vacuum chamber equipped with a quadrupole mass spectrometer
(Hal-1001 Hiden Analytical) and with a base pressure of ∼2 × 10−9

mbar. The upstream side of the sample was exposed to variable
amounts of anhydrous gases or water vapors as controlled by a
capacitance manometer (MKS Baratron Type 626). The membrane
permeance was quantified by the mass spectrometer with a help of a
reference sample which can be separately fed by a gas of interest. To
ensure the mass spectrometer was not overwhelmed by large quantities
of water vapor, Si3N4/Si chips with 5 μm-sized holes were used for
preparing freestanding CNMs measured in vacuum system. To start a
gas permeation measurement, we record the mass spectrometer
background signal corresponding to residual concentration of the
species of interest in the detection chamber, then we feed the CNM
sample with the gas of interest and measure the signal of the
permeating molecules. When the chamber is evacuated and the
background signal is recovered, we supply the gas of interest to a
reference sample and detect the respective signal. The experimental
data were evaluated as following:

π
=

× ×
× ×

×
×

P
p I A

p I A mkT N
1

2
ref sample ref

sample ref sample A (3)

where psample and pref are feed pressures applied to the membrane and
reference samples, respectively, Isample and Iref are mass spectrometer
signals corresponding to the membrane and reference samples, Aref is
area of the reference aperture, Asample is membrane area, m is molecular
mass of the gas of interest, k is the Boltzmann constant, T is
temperature, and NA is the Avogadro constant. The experiments were
performed at room temperature.
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Turchanin, A. A Universal Scheme to Convert Aromatic Molecular
Monolayers into Functional Carbon Nanomembranes. ACS Nano
2013, 7, 6489−6497.
(21) Delamarche, E.; Michel, B.; Gerber, C.; Anselmetti, D.;
Guntherodt, H. J.; Wolf, H.; Ringsdorf, H. Real-Space Observation
of Nanoscale Molecular Domains in Self-Assembled Monolayers.
Langmuir 1994, 10, 2869−2871.
(22) Korolkov, V. V.; Allen, S.; Roberts, C. J.; Tendler, S. J. B. High-
Temperature Adsorption of P-Terphenylthiol on Au(111) Surfaces. J.
Phys. Chem. C 2011, 115, 14899−14906.
(23) Bashir, A.; Azzam, W.; Rohwerder, M.; Terfort, A. Poly-
morphism in Self-Assembled Terphenylthiolate Monolayers on
Au(111). Langmuir 2013, 29, 13449−13456.
(24) Briggs, D.; Grant, J. T. Surface Analysis by Auger and X-ray
Photoelectron Spectroscopy; SurfaceSpectra: Manchester, UK, 2003.
(25) Turchanin, A.; Kaf̈er, D.; El-Desawy, M.; Wöll, C.; Witte, G.;
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Tailoring the Mechanics of Ultrathin Carbon Nanomembranes by
Molecular Design. Langmuir 2014, 30, 8221−8227.
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