Open Access Article. Published on 08 Quintilis 2025. Downloaded on 08/01/2026 10:53:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

MINIREVIEW

{ '.) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 17004

Received 20th December 2024,
Accepted 6th June 2025

DOI: 10.1039/d4nr05361c

rsc.li/nanoscale

“University of Maribor, Faculty of Chemistry and Chemical Engineering, Smetanova

ulica 17, 2000 Maribor, Slovenia

YUniversity of Bielefeld, Faculty of Physics,
Germany. E-mail: goelzhaeuser@physik.uni-bielefeld.de

‘CNM Technologies GmbH, Blomestr. 10, 33609 Bielefeld, Germany
UTechnical University of Denmark, Department of Environmental and Resource
Engineering, Brovej 118, 2800 Kgs., Lyngby, Denmark

Ana Ambroz

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

Advances in carbon nanomembranes for
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This work reviews the development and application potential of carbon nanomembranes (CNMs)
especially for separation purposes, starting from self-assembled monolayers (SAMs) as a representative
pre-stage of CNMs to their evolution into composite membranes. SAMs form spontaneously on surfaces
through intrinsic chemical functionalities, providing the basis for advanced 2-dimensional materials. The
transition from SAMs to CNMs involves electron irradiation-induced crosslinking, producing robust, free-
standing molecular thin sheets with high resistance to wet etching and customizable functionalities. To
enhance mechanical robustness, ease of handling, and scalability, CNM-composite membranes are fabri-
cated by combining CNMs directly with porous support materials like track-etched polyethylene tere-
phthalate (TE-PET) paving the way for future industrial applications.

1.

Self-assembled monolayers (SAMs) have drawn significant
interest over the past decades due to their ability to form spon-
taneously through the self-organization of molecules on a sub-
strate. This process allows for the creation of well-ordered,
functional molecular-thin films providing the basis for
advanced 2-dimensional materials. Carbon nanomembranes
(CNMs) are fabricated from SAMs and other thin assemblies of
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molecular precursors through electron irradiation, converting
them into molecular sheets, which are robust enough to be
even handled free-standing. This transformation enhances the
material’s mechanical strength and etching resistance in wet
conditions while enabling precise tuning of properties like
crosslinking density, thickness, chemical stability, per-
meability, and selectivity. With their high surface-to-volume
ratio and remarkable stability, CNMs hold promise for a
variety of applications, ranging from filtration technologies'
to electronic devices.® However, the practical use of CNMs
often requires their integration with porous support materials
to maintain their mechanical stability and functionality.
Among various support material options for separation pur-
poses, track-etched (TE) membranes are particularly attractive
due to their precisely controlled pore structures and strong
mechanical properties. To overcome the challenges and risks
of ruptures and defects during substrate-to-support transfer,
CNM-composite membranes have been developed. In these
membranes, the CNM is directly fabricated onto the porous
support material, removing the need for a transfer step and
thus minimizing the risk of damage and performance degra-
dation. This paper offers an overview of the evolution from
SAMs to CNMs, including fabrication methods, properties,
and their applications in separation technologies. It also exam-
ines the potential of CNMs across different fields and the role
of support materials in optimizing their performance.

2. SAMs

Self-assembly is a process in which disordered elements spon-
taneously organize into a cohesive structure through localized
interactions among the elements. As the name implies,
without the need for external guidance, this natural phenom-
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enon enables nanostructures to form autonomously.” It com-
mences with the assembly of individual building blocks, each
possessing intrinsic properties indirectly encoding the blue-
print of the final structure. As the self-assembly progresses,
the components interact, ultimately culminating in the for-
mation of a complete structure.” This spontaneous organiz-
ation emerges through the interplay of forces acting across
different scales, organizing different types of matter, such as
atoms, molecules, colloids, and polymers into more complex
structures.® Molecules or ligands constituting SAMs possess a
chemical functionality, often referred to as a ‘headgroup’,
which exhibits a particular affinity for a substrate.”" The
structure of SAMs is therefore fundamentally influenced by the
interaction between headgroup/substrate and intermolecular
interactions.'” The self-assembly process enables the creation
of well-ordered monolayers with tailored properties, allowing
precise control over surface wettability,'* chemical reactivity,'*
electronic behaviour,'” and biocompatibility."®> Such tuneable
characteristics have been effectively leveraged for applications
in surface functionalization and molecular sensing."®

The advancements in SAMs are grounded in the pioneering
work of Langmuir and Blodgett, whose studies in 1935 laid the
foundation for monolayer self-assembly.'””"® Langmuir
observed that molecularly thin films formed at the water-air
interface consist of amphiphilic molecules oriented at the
water surface, with their polar functional groups interacting
with the aqueous phase and their nonpolar moieties extending
into the air phase."”'® These experiments provided strong evi-
dence for the presence of short-range forces and offered an
explanation for why certain molecules formed stable mono-
layer films while others did not."”” Langmuir’s findings were
further advanced by Blodgett, who developed a method to
transfer these monolayer films from the water surface onto
solid substrates, resulting in what are now known as
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Langmuir-Blodgett (LB) films."” In 1946, Bigelow and others
observed that long-chain alkylamines form a densely packed
layer on the surface of platinum.®?° In 1978 Sagiv prepared
alkylsilane monolayers on silicon surfaces, which can be con-
sidered as the first SAMs.>"** In 1983, another significant
breakthrough was made by Nuzzo and Allara when they con-
ducted experiments involving gold surfaces and alkyl disul-
fides. Through their work, they discovered that the alkyl disul-
fides formed tightly packed monolayers of chemisorbed alka-
nedithiolate molecules on the gold surface.”® This finding
opened new possibilities for studying and manipulating mole-
cular layers on solid surfaces, with potential applications
ranging from nanotechnology to biosensors.’ The high affinity
of thiols for surfaces of noble metals allows for the formation
of well-defined organic surfaces, where specific chemical func-
tionalities, derived from the molecules or ligands that consti-
tute SAMs, are displayed at the exposed interface, providing
versatility and utility in various applications.'®!"2*23
Following the immersion of a gold surface into a thiol solu-
tion, the S-H bond of the thiol dissociates, releasing hydrogen
and forming covalent Au-S bonds.'®?® Subsequently, inter-
molecular interactions induce lateral ordering of the mole-
cular backbones, leading to the formation of well-ordered
monolayers.>>*” This organization is a result of the strong
interactions between the metal atoms and sulfur atoms
present in the thiol molecules. These metal-sulfur interactions
not only contribute to the stability of the SAMs but also allow
them to maintain their integrity in different environments."
In addition to thiols, other classes of molecules, such as phos-
phonic acids,*®*° silanes,*"**> and carboxylates,**° are also
commonly used in the formation of SAMs. These molecules
interact with various substrates through different bonding
mechanisms, such as covalent bonding or electrostatic inter-
actions, allowing for a broad range of functionalized surfaces.
To obtain SAMs with a desired molecular packing, parameters
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like immersion time, temperature, concentration, and polarity
of the solvents as well as the molecular species itself can be
adjusted.’”

3. From SAMs to CNMs

Surface-bound aromatic SAMs can be converted into free-
standing CNMs crosslinking induced by electron
irradiation. After crosslinking, they can be released from the
substrate by selective cleavage of the anchor group-substrate
bond'? or by the dissolution of the substrate®®*° and trans-
ferred onto new solid or perforated supports material (e.g,
grids)*! as free-standing, molecular thin nanosheets (Fig. 1).*>
The process of transferring CNM from the original substrate to
a different solid support or perforated structure, such as a
transmission electron microscopy (TEM) grid, usually begins
with the application of a polymeric transfer medium (acting as
a stabilizing layer) to the CNM and dissolving the original sub-
strate. The hardened stabilizing layer with the attached CNM
is transferred onto another solid support material. Finally, the
stabilizing layer is dissolved, leaving the CNM adhered to the
new support material.*"*?

The initial requirement for transforming SAMs into nano-
membranes is a durable framework that can withstand elec-
tron irradiation and facilitate the formation of intermolecular
crosslinks. Additionally, they must exhibit a substantial
density of carbon atoms, which is typically met by SAMs con-
taining a significant proportion of aromatic groups.*” The
crosslinking of molecules in SAMs has been demonstrated to
take place with various polyaromatic thiols.>” In addition to
thiols, CNMs with carboxylic anchoring groups were success-
fully formed on silver substrates,**~*° presenting new possibili-
ties for filtration applications.*® Exploring further alternatives
to sulfur-based monolayers, N-heterocyclic carbenes (NHCs)
based SAMs on gold, where the carbene carbon atom serves as
the anchoring group, have been explored in recent years.*>*®
These monolayers have shown exceptional chemical, electro-
chemical, and thermal stability, attributed to the stronger
gold-carbon bond compared to the weaker gold-sulfur
bond.*>*¢

The synthesis of CNMs through electron-induced methods
has conventionally been conducted on gold*® and silver sub-
strates,>® on silicon nitride surfaces,** and on aluminium sub-
strates.”® Under electron irradiation carbon-hydrogen bonds are
cleaved, followed by the formation of carbon-carbon crosslinks
between the aromatic units (Fig. 2).*> The specific crosslinking
mechanisms are strongly influenced by the electron energy.*>"*
Neumann et al. studied the effect of different electron energies
ranging from 2.5 to 100 eV, on the crosslinking of 4'-nitro-1,1"
biphenyl-4-thiol (NBPT) SAM on gold.>* The results show a
strong correlation between the electron energy and the required
electron dose for fully crosslinking an NBPT SAM on gold into a
CNM. Two mechanisms of C-H bond scission have been identi-
fied, leading to crosslinking at high and low electron energies.
At high electron energies (6.5-100 eV), crosslinking is primarily

via
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Fig. 1 Schematics of the structure and fabrication of a CNM (adapted from ref. 44). The fabrication process involves (i) molecular self-assembly on
a solid surface (e.g. Au), (ii) radiation-induced 2D polymerization and (iii) application of a transfer medium-(iv) lift-off of the network of crosslinked
molecules supported by the transfer medium, (v) transfer to the new support material, (vi) dissolving of the transfer medium to obtain CNM on new

support material.**
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Fig. 2 Schematic presentation of crosslinking of biphenylthiol-based
monolayers with electron irradiation.>®

driven by direct electron impact ionization, whereas at low elec-
tron energies (2.5-6.5 eV), dissociative electron attachment is the
dominant process. Furthermore, Cegietka et al. explored the
impact of electron irradiation on N-heterocyclic carbenes (NHCs)
with varying benzene moieties and nitrogen side group sizes to
refine their structural properties. Their findings establish key
design strategies for optimizing NHC SAMs, enabling efficient
electron-beam modification and the fabrication of sulfur-free
CNMs. Notably, NHC monolayers exhibit significantly greater
stability in their bonding with metal substrates under electron
irradiation compared to conventional thiols or carboxylic
acids.*’

Carbon nanomembranes inherit structural and functional
elements from their parenting SAMs.*® By varying the type of
precursor molecules, the thickness of the aromatic monolayers
can be controlled, which opens new avenues for the engineer-
ing of nanomembranes.’”*® The packing density and lateral
organization within the parent SAM dictate both the mass
density and the porosity of the resultant CNM.***° The free-
standing CNM exhibits two faces, each influenced by the

This journal is © The Royal Society of Chemistry 2025

surface-active and end-group characteristics of the molecular
precursors. A monomolecular SAM transforms to a CNM with
consistent surface chemical groups, while a mixed molecular
SAM of molecules with different chemical end groups can
result in a CNM with varied surface functionalities. The cross-
linked SAMs exhibit a high etching resistance,’® block electro-
chemical deposition,® and can be chemically functiona-
lized.>* Consequently, smart molecular design can tailor the
chemical functionalities on both faces of the membrane.** It
has been shown that optimizing molecular design can signifi-
cantly influence membrane performance, enabling the devel-
opment of membranes with customized properties, such as
permeation rate, solute selectivity, adsorption enthalpy,
mechanical strength, and chemical resistance.*>**>°

4. Beyond SAM-based CNMs

While the fabrication of conventional CNMs starts with well-
ordered SAMs, the concept can be extended. In 2013 Angelova
et al.”’ tested a variety of thiol-based polyaromatic molecules
as precursors, among which were ‘linear’ non-fused oligophe-
nyl derivatives, condensed polycyclic precursors, and ‘bulky’
molecules, like the non-condensed hexaphenylbenzene deriva-
tive, and extended disc-type polycyclic aromatic hydrocarbons.
Common to all these molecules was the thiol head group
binding to the Au-substrate, thus still limiting the layer thick-
ness to one monolayer. However, the near-order of the mole-
cules in the layer strongly depends on the precursor molecules,
which then affects after crosslinking properties of the CNM,
like thickness, porosity, and mechanical strength.>” For
example, the ‘bulky’ aromatic hydrocarbons assemble to less
ordered monolayers and are crosslinked into CNMs with nano-
metre-sized pores.’” This concept can be further extended to
form CNMs without the limitation of restricting the molecular
layer’s thickness through selective binding of precursor mole-

Nanoscale, 2025,17,17004-17015 | 177007
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cules to the substrate via a reactive head group. Instead, the
layer thickness may be controlled by other means, for example,
by the method of deposition. One option is to use slot die
coating, which is an established method for casting thin
organic films e.g. in organic light emitting diode (OLED),
organic photovoltaic (OPV), or organic field effect transistor
(OFET) fabrication.”® Slot die coating enables precise control
over the deposition of thin organic films, with layer thick-
nesses ranging from a few nanometres to several micro-
metres,>® depending on the deposition conditions (movement
speed of the substrate, precursor molecule flow rate and con-
centration, temperature). If the layer thickness is limited to
one or a few molecular layers and the precursor molecules
have an aromatic backbone, it is possible to crosslink such
layers into a CNM by low-energy electron irradiation. This
alternative method addresses limitations such as restricted
micrometre lateral dimensions, expensive and sophisticated
fabrication processes, and low mechanical stability. It com-
bines the thinness of two-dimensional materials (e.g. few layer
sheet graphene) with the chemical functionality of covalent
organic frameworks (COF) and the ease of fabrication of layer-
by-layer (LbL) films.*”** Again, properties of the original mole-
cular layer as packing density or near-order of the precursor
molecules are reflected in the properties of the resulting CNM.

5. Properties of CNMs

CNMs have a large surface-to-volume ratio, and intrinsic sub-
nanometre porosity (up to 1 pore per nm” corresponding to a
40% porosity) with pores of a controlled size enabling faster
passage of selected gas or liquid molecules compared to con-
ventional filters.>** A study conducted by Yang et al. revealed
that CNMs made from SAMs of terphenylthiol (TPT) molecules
and transferred across an 18 pm-sized aperture achieve a water
permeance of 1.13 x 10™* mol m~2 s* Pa~" (ref. 2) with a mem-
brane electrical resistance of ~10* Q cm” in 1 M CI~ solution.?
This suggests that water molecules pass through individual
selective CNM channels at speeds similar to those in aquapor-
ins and narrow carbon nanotubes.’ Stroganov et al. investi-
gated the permeation behaviour of TPT-CNM using a mass
spectrometry-based setup to examine the transport of various
gases, including He, Ne, D,, CO,, Ar, O,, and D,O, across a
temperature range from room temperature to approximately
120 °C.°° Their findings suggest that the permeation process
follows a two-step mechanism: first, the gas molecules adsorb
onto the nanomembrane surface, and second, they diffuse
through the membrane. The study provides evidence that gas
transport through ultrathin 2D materials is primarily governed
by an adsorption-diffusion mechanism, which applies to a
wide variety of gases and vapours.>>

Single-layer sheets demonstrate exceptional mechanical
properties, yet their breaking strength in a self-supported state
diminishes with increasing lateral dimensions.®*"®> The CNM
layer’s nanometre-scale thinness makes it susceptible to
defects that can arise during membrane fabrication and/or

17008 | Nanoscale, 2025, 17,17004-17015
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function. When intended for use in macroscopic environ-
ments, these entities require support from porous structures,
with pore sizes in the 10 nm to a few pm range contributing to
enhanced stability.®* Described as molecular membranes with
an absence of long-range order, CNMs possess well-defined
meso- and macroscopic mechanical and electrical properties,
alongside distinct surface functionalities.** CNMs are unique
materials that can be produced and customized to suit various
environments.***° They exhibit resilience to heat,®® extended
electron irradiation,>® aggressive chemical conditions,** and
pressure variations.”* They have found applications as support
materials for microscopy,® in sensors,*” filters for both gases
and liquids,” as separators in lithium metal batteries,®® in
biosensors,® and for applications in photocatalysis.®”” CNM
sheets are typically insulating in the plane, but they can be
made conductive through annealing at up to 900 °C, trans-
forming them into graphene-like material.*”***® Their thin
profile, chemical surface versatility, and simple fabrication
process offer high water permeance and high selectivity. These
qualities make CNMs especially promising for advanced fil-
tration and materials separation.>**49:%

The mechanical properties of CNMs have been studied via
bulge tests that are frequently used to analyse the mechanical
properties of free-standing films.*"*”** The technique involves
the clamping of a free-standing membrane over an opening and
applying pressure to one side. By analysing the pressure-deflec-
tion curves obtained, Young’s modulus, tensile strength, and
residual stress can be calculated.*® Atomic Force Microscopy
(AFM) can be utilized to assess membrane deflection either by
imaging a bulged membrane using the line scanning method or
by detecting the deflection of the cantilever at the membrane
centre through the central point method. In the central point
method, the AFM tip contacts only the membrane centre, mini-
mizing the risk of rupture compared to full-line scanning
measurements.®> Both approaches have been employed to
analyse the mechanical characteristics of CNMs fabricated from
various molecular precursors.*>*”*>% For example, Zhang
et al.®* demonstrated that CNMs exhibit high resistance to creep
deformation and remarkable tensile strength, making them
ideal for applications as ultrathin support films in electron
microscopy, filter membranes, and durable miniature transdu-
cers. Zhang et al.”” found that rigid precursors like naphthalene
and pyrene thiols yielded higher Young’s moduli (15-19 GPa)
compared to nonfused oligophenyls (~10 GPa), with defects and
nanopores significantly affecting the mechanical properties of
CNMs from less densely packed SAMs. Additionally,
Dimitropoulos et al.®® investigated the mechanical performance
of CNMs made from p-nitrobiphenyl phosphonic acid (NBPS)
and polyvinylbiphenyl (PVBP) on SizN, substrates perforated
with 0.8 um holes, and NBPS-CNM composite membranes on
track-etched polyethylene terephthalate (TE-PET). AFM and
micro-tensile testing revealed that these CNMs had Young’s
moduli between 2.5 and 8 GPa. NBPS-CNMs exhibited higher
stiffness (8 GPa) compared to PVBP-CNMs (6 GPa). This suggests
that the overall mechanical performance of CNMs is influenced
by the choice of precursor molecules, especially their packing

This journal is © The Royal Society of Chemistry 2025
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density in the molecular layer and the presence of defects. In
general, small rigid precursors forming a densely packed SAM
lead to higher mechanical stiffness. Overall, the mechanical
characterization of transferred CNMs on supports and CNM-
composite membranes demonstrated stability and resistance to
degradation over long-term operation, making them suitable for
various applications.®®

6. Supports for CNMs in filtration
applications

For most filtration and separation purposes, CNMs must be com-
bined with porous support materials to ensure their mechanical
strength. The selection of suitable support material plays a
crucial role in determining the overall performance of CNM
membranes. The density and diameter of the pores in the
support material determine the ratio of the area of free-standing
CNM (enabling filtration) to the total membrane area.
Furthermore, the length and the shape of the support pores
govern internal concentration polarization which in turn affects
overall membrane mass-transfer properties.®® Hence, identifying
a suitable support material entails consideration of various
desired characteristics to optimize membrane efficiency and
effectiveness.”® The support material must exhibit sufficient
mechanical stability to withstand the stress and pressures experi-
enced during membrane fabrication, handling, and operation.
This ensures the longevity and reliability of the membrane under
various operating conditions.”" Chemical compatibility is
another important consideration. The support material should
be resistant to chemical degradation, particularly in environ-
ments where the membrane will be exposed to aggressive sol-
vents.”> Additionally, it should be compatible with specific appli-
cations (e.g be in regulatory compliance with food processing
technology’®). Chemical compatibility ensures the durability and
integrity of the membrane over its lifespan. Additionally, cost-
effectiveness is another essential factor, especially in large-scale
membrane production. The chosen support material should
offer a balance between performance and affordability to ensure
the economic viability of the membrane technology.”> Moreover,
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factors such as surface chemistry, thermal stability, and ease of
fabrication and modification play significant roles in determin-
ing the suitability of support material.”* Surface chemistry affects
the compatibility between the support and the CNM layer, influ-
encing the adhesion and stability of the composite membrane.®

Among potential support materials, track-etched (TE) mem-
branes have garnered considerable interest. They have been
widely adopted in diverse fields”*’” and have found appli-
cations in many areas including water purification,”*7”%7%°
medical injections,®" electrical neurostimulation,®* and bio-
logical and biochemical sensors.®* As opposed to conventional
membranes, TE membranes offer distinct advantages due to
their precisely determined structure.®* TE membranes are pro-
duced by irradiating thin polymer films using energetic heavy
ions with kinetic energies in the range of several hundred
MeVs.®® Within a few nanometres around the ion path, the
cylindrical damage zone exhibits an increased chemical reac-
tivity compared to the surrounding polymer matrix. These tra-
jectories of heavy ions in a polymer membrane, known as
latent tracks, are utilized for chemical etching.®® Chemical
etching is the pore-size and pore-shape-determining stage.®*
During the process, the damaged zone of a latent track is
removed and transformed into a hollow channel®” (Fig. 3). In
the production process, two crucial parameters, pore size and
pore density, stand as independently controlled parameters.
Their scope ranges extensively, with pore sizes ranging from
1 nm to tens of pm®! and pore densities varying from 1 to 10"°
cm 288 Additionally, membrane thickness varies within the
range of 5 to 50 pm (ref. 89).

The etching process inevitably affects not only the desired
tracks but also the bulk polymer. As a result, precise control
over etching specificity emerges as a critical factor that exerts a
profound influence on the resulting pore geometry.®**° An
important parameter in etching is the etch rate, defined as the
speed at which material is dissolved during etching. A precon-
dition for the ion track formation is that the track etch rate
(defined as the etch rate along the particle trajectory) is larger
than the bulk etch rate (defined as the rate of dissolution of
the undisturbed material outside the track).’® The bulk etch
rate depends on several factors, including the polymer’s sensi-

AR\

POI‘Ous PET

f

meter (d) of 2 um and the chemical modifications introduced during the etching process.
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tivity to radiation, which is primarily determined by its mole-
cular and supramolecular structure,’® as well as irradiation
conditions such as parameters of the bombarding particle,
atmosphere, and temperature.®***°' Post-irradiation treat-
ments, such as UV exposure®>®* or solvent immersion,”°°
can further increase the reactivity of the latent tracks. In
addition, etching parameters including the type of etchant, its
temperature, and the etching time all play a crucial role in
shaping the pores and determining the membrane’s
selectivity.®*°*>°® When an etching solution is applied from
one side of the sample, asymmetrical pores in a conical shape
can be produced.”” The criteria for a suitable material for
track-etching include chemical and mechanical stability to
maintain robustness as an eventual membrane, availability as
a thin film, sensitivity towards ion irradiation and chemically
selective etching of ion tracks.’”®® Among the various poly-
mers evaluated, three have emerged as dominant: polycarbo-
nate (PC),*>*°7'% polyimide (PI),*'°*'** and polyethylene
terephthalate (PET).”®7%%9%1% Of these, PET stands out as a
highly stable polymer with high resistance to acids, organic
solvents, and biological degradation. It is renowned for its
robust mechanical strength, making it suitable for a wide array
of applications.*'%” One key advantage of PET is its high etch
rate ratio, allowing it to produce membranes with tunable pore
diameters by adjusting etching conditions such as time, temp-
erature, and solution concentration, involving the use of alkali
solutions to develop tracks.®*

Several studies have examined TE-PET membranes with tar-
geted modifications and applications, such as increasing
surface hydrophobicity to enable membrane distillation'®” and
oil-water separation,”* as well as using TE-PET for desalina-
tion.’®® Additionally, TE-PET membranes have been investi-
gated for gas separation,'® as separators in lithium
batteries’'®''* and in pharmaceutical separation processes.''>
In a study by Yang et al., double-layer CNMs were transferred
onto a track-etched PET support and tested in forward osmosis
(FO) filtration. Water permeance of 2 X 10°° mol m > s~ Pa™"
was measured,® which is lower than the reported value of 1.13
x 10" mol m? s" Pa~" from mass-loss measurements,’ likely
due to the effects of internal and external concentration polar-
ization, phenomena that occur when solute concentration
changes at the membrane surface (external) or within the
membrane support layer (internal) compared to the respective
concentrations in the solutions in the volume. Concentration
polarization can lead to a reduced effective osmotic gradient,
affecting water permeance.""’ Additionally, the two studies
differ in their driving forces: in mass loss measurements, per-
vaporation is driven by a vapor pressure gradient, where the
partial pressure difference between the interior and exterior of
the container, on which the CNM is mounted, drives the separ-
ation process. In contrast, in FO, the osmotic pressure differ-
ence between the feed solution and the draw solution facili-
tates the movement of water across a semi-permeable mem-
brane. The driving forces must be carefully considered when
evaluating and comparing the performance of these processes.
In addition, the study reported a reverse salt flux of 0.1 g L™

17010 | Nanoscale, 2025, 17,17004-17015
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which is the ratio of reverse salt mass flux to forward water
flux in FO filtration.®> In an ideal semipermeable membrane,
reverse salt flux would be zero, meaning no salt would pass
through the membrane in the reverse direction. Most commer-
cially available FO membranes typically report values of 0.2 g
L' or higher.'™ The reverse salt flux can influence the per-
formance of the membrane, potentially reducing the efficiency
of the filtration process.'"®> These results were confirmed
through concentration-gradient-driven diffusion experiments
conducted in both neutral and acidic conditions.''® Moreover,
the study revealed that water transport through the double-
layered structure is similar to that of through a single CNM
layer, which can be explained by the single-file transport
mechanism, where the flow rate remains unaffected by the
length of the channel.>''” When CNM layers are stacked atop
one another, they are bound together by van der Waals forces,
creating interlayer spaces between the layers. When stacking
multiple CNM layers, it is unlikely that the channels in each
layer align perfectly. Instead, the channels are typically offset
from one another in different layers, creating a more complex
network for transport.''® The single-file path begins by
passing through a channel in the first CNM layer, then con-
tinues through the confined space between the two layers and
finally exits through a channel in the second CNM layer. While
the transport of pure water seems unaffected by the double
layer of CNMs, transport is hindered for organic molecules.""’
A phenomenon known as ‘molecular jam’ occurs within the
nanochannels, where the accumulation of organic molecules
creates a diffusion barrier. This barrier increases the concen-
tration of these molecules between the layers, disrupting the
orderly single-file movement of water molecules and hindering
their flow.'*°

One observed property of TE-PET-support in long term fil-
tration is the gradual decline in water permeability due to
swelling.”®'*® The pristine PET has a water contact angle of
approximately 72°.'' However, after the etching process, the
surface becomes more hydrophilic. This transformation is
attributed to the formation of a few nanometres thin surface
layer containing a much higher concentration of carboxyl
(-COOH) and hydroxyl (-OH) end groups than in the untreated
polymer.®® This hydrophilized surface can take up water and
swell in volume, thus reducing the radius of the track-etched
pores over time. According to the Hagen-Poiseuille equation,
applicable to membranes with an array of uniform cylindrical
pores, membrane permeability is proportional to the square of
the pore radius and the pore density. Therefore, even a slight
reduction in pore radius due to swelling can lead to a signifi-
cant flux decrease.’”"?"'?? It was observed that the swelling of
the TE-PET support has a smaller impact in FO systems com-
pared to pressure-driven processes. Moreover, in pressure-
driven processes, micron-sized defects in the CNM-layer
heavily affect the water flux (orders of magnitude higher than
through intact CNM-layers). Additionally, this free flux through
these defects comprises minimal or no solute rejection, thus
significantly affecting the overall membrane performance. In
FO systems, however, where water transport is driven by

This journal is © The Royal Society of Chemistry 2025
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osmotic pressure, these defects tend to have a less pronounced
effect on overall performance.®® This impact suggests that
TE-PET-supported CNM membranes could be more suitable
for osmosis-driven applications, while pressure-driven pro-
cesses may still require further to improve overall performance.
Overall, these studies underscore the critical importance of
considering support material properties in membrane design
and optimization, illuminating a fundamental aspect of com-
posite membrane behaviour.

7. Large-area CNM-composite
membranes

Despite the challenge of swelling, TE-PET remains highly
promising support for a CNM in filtration applications.
However, the conventional transfer step presents challenges
that may lead to ruptures or defects of the ultrathin CNM, ulti-
mately reducing overall performance.'*>'** As a result, the use

Precursor molecules |
I T T T T T T |
T [/ (O R |
1
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of transferred CNMs seems more favourable for applications
that do not require a large active area per device, such as
sensors and drug delivery systems. To address the risk of hand-
ling-related damage, the concept of CNM-composite mem-
branes is proposed, where the CNM layer is fabricated directly
on the porous support and the need for a transfer step is elimi-
nated (Fig. 4).°%'*?

The concept of CNM-composite membranes begins with
ion-beamed PET as the growth substrate for the CNM. Its con-
tinuous surface presents an opportunity to create a pinhole-
free, molecular-thin film of aromatic precursor molecules on
one side. Upon exposure to low-energy electrons, precursor
molecules are crosslinked, forming a chemically and thermally
stable CNM (Fig. 5).

The stability of the CNM layer extends to withstanding the
alkaline etching of the latent pores within the PET matrix. The
characteristics of the CNM active layer, particularly its thick-
ness and intrinsic porosity, rely on the selection of precursor
molecules and the conditions during preparation.** Since it is

Etching

PET with latent tracks

Porous PET

Fig. 4 Three-step manufacturing process of a CNM-composite membrane: (i) deposition of precursor molecules on beamed PET with latent pores,
(ii) electron-induced crosslinking, and (iii) one-sided etching. The helium ion micrograph shows the surface of the final CNM-composite membrane.

_—~ CNM —___

Fig. 5 Helium ion micrograph of a cross-section of a CNM-composite membrane. The free-standing CNM the active layer of the composite mem-
brane, (depicted in green in the sketch on the top) can be identified as the bright areas.

This journal is © The Royal Society of Chemistry 2025
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not possible to form a well-ordered SAM on the PET surface, it
has not been possible up to now to form a CNM-layer with the
exceptional properties of TPT-CNMs,” in comparison to other
commercially available FO membranes.'* However, various
types of beyond-SAM-based CNMs with their advantage of scal-
able production have been and are investigated as potential
active layers in CNM-composite membranes for hydraulic
pressure-driven and osmosis-driven separation processes with
promising results (e.g. CNM-layer with reverse salt flux of 0.9 g
L™! in FO with draw solution of 1 M NaCl, achieved with a
CNM layer of just crosslinked aromatic PET polymer mole-
cules'®®). Such performance can only be achieved in FO fil-
tration with defect rates of CNM-layer of less than 1%° one
effective approach to further mitigate these defects, which may
arise during fabrication, handling, or testing of the CNM layer,
is through the application of interfacial polymerization. This
approach effectively heals defects with a polymer layer redu-
cing the free water flux through the defects while maintaining
the sub-nanometre pores within the CNMs.'**

8. Conclusion

Self-assembly has evolved from early studies of molecular
monolayers by Langmuir and Blodgett to advanced appli-
cations in nanotechnology, with the transition from SAMs to
CNMs highlighting a significant advancement in material
science. The choice of precursor molecules and the conditions
during their preparation influence the properties of CNMs,
including their thickness, porosity, and mechanical strength.
Applications of CNMs vary from filtration technologies to elec-
tronic devices, benefiting from their thin profile, high chemi-
cal stability, and customizable surface functionalities.
However, for some practical applications such as filtration,
CNMs require support materials to ensure their mechanical
stability. The challenges of support material properties and
the risk of membrane damage during the transfer procedure
highlight the need for continued innovation in membrane fab-
rication. Despite some challenges, such as swelling, TE-PET is
a promising support material because CNMs can be directly
formed on its surface before the latent pores in the PET layer
are opened through chemical etching. Overall, CNMs present a
promising frontier in material science, offering exceptional
characteristics such as molecular-scale thickness, high per-
meability, tunable surface functionality, and robust mechani-
cal and chemical stability, which make them highly promising
for advanced filtration technologies and nanoscale device
integration.
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