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Nanopore technology, re-fueled by two-dimensional (2D) materials such as graphene and MoS,, controls
mass transport by allowing certain species while denying others at the nanoscale and has a wide application
range in DNA sequencing, nano-power generation, and others. With their low transmembrane transport
resistance and high permeability stemming from their ultrathin nature, crystalline 2D materials do not
possess nanoscale holes naturally, thus requiring additional fabrication to create nanopores. Herein, we
demonstrate that nanopores exist in amorphous monolayer carbon (AMC) grown at low temperatures.
The size and density of nanopores can be tuned by the growth temperature, which was experimentally

verified by atomic images and further corroborated by kinetic Monte Carlo simulation. Furthermore,
Received 28th February 2024 AMC films with varied d f disorder (DOD) exhibit tunable t brane ionic conduct
Accepted 10th May 2024 ms with varied degrees of disorder exhibit tunable transmembrane ionic conductance over
two orders of magnitude when serving as nanopore membranes. This work demonstrates the DOD-
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1. Introduction

Membranes with embedded nanopores act as mass transport
barriers, offering versatile applications, such as gas and ion
sieving, blue energy generation, and bio-related technology.™*
Monolayer materials, including graphene and MoS,, have
emerged as promising candidates for membrane science after
undergoing porous treatment.”** Indeed, although it is only
one atomic layer thick, defect-free graphene can block almost
all gas molecules and ions except protons, as demonstrated
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experimentally.**"” However, with nanoporous treatment, two-

dimensional (2D) materials exhibit advantages such as low
transmembrane transport resistance, high permeability, and
outstanding chemical and mechanical stability as the
membrane.'® For instance, nanoporous graphene devices have
been primarily applied in seawater desalination and DNA
sequencing.'** Since the size and density of nanopores govern
the permeability of ions or molecules, designing and further
precisely engineering nanopores are highly desirable. Artificial,
top-down fabrication techniques include electrochemical reac-
tions, electron irradiation, plasma etching, and ion
sputtering.'****” Moreover, the etching-regrowth procedure
for chemical vapor deposition (CVD)-grown graphene has been
demonstrated to achieve the cascaded compression of nano-
pore size distributions.”> To date, precise control over the
nanopore size and density in 2D materials remains quite
challenging.">**

On a parallel front, unlike the densely packed atoms in
crystalline solids, the atomic arrangement in amorphous
materials is more liquid-like with the absence of long-range
periodicity.” Additionally, glassy materials intrinsically
contain various types of disorders and very often contain pores
with a wide size range, including macro-, meso-, and nano-
pores.” This feature renders them naturally suitable as a sieving
membrane even without additionally creating holes. Further-
more, if one could reduce the thickness of vitreous materials
down to even a monolayer (that is, 2D amorphous materials

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(2DAMSs)), the intriguing question would be whether the porous
feature was reserved. If so, this could pave the way for a novel
membrane material that retains nature-made channels for ion
transmembrane transport, while still maintaining its ultrathin
properties.®**** Fortunately, very recently, 2DAMs have been
experimentally synthesized, such as carbon, boron nitride, and
transition metal dichalcogenides.>** Novel properties stem-
ming from their structures, such as an ultra-low dielectric
constant and superior catalytic performance, have been
revealed.’** Previously, we have grown amorphous monolayer
carbon (AMC) with a tunable degree of disorder (DOD), which
was corroborated by atomic images.>®* More importantly, we
showcased the quantitative correspondence between the DOD
and electrical properties, which can be continuously tuned
within nine orders of magnitude, pioneeringly showing the
DOD-tuned properties in 2DAM.

Here, we report on the existence of nanopores in suspended
AMC synthesized at relatively low temperatures and the
dependence of these defects on the synthesis temperatures.
These controllable nanopores provide the natural nano-
channels, allowing the ions to transport without post-porous
treatments. By simply using AMC with different DODs, the
transmembrane ion conductance can be tuned to over two
orders of magnitude.

2. Results and discussion

The preparation of AMC films was performed on Cu foils by
CVD, in which the temperature can be well-controlled as one
key parameter for the precursors' pyrolysis, the species aggre-
gation on surfaces, and the consequent film growth.*** Rather
than the lab-synthesized molecule (BN-doped 1,8-dibromo-
naphthalene) utilized previously, here we explored one alter-
native molecule, 1,6-dibromopyrene, which is commercially
available with economic efficiency, as the precursor and kept
other parameters unchanged for the AMC growth (see details in
Method). As sketched in Fig. 1a, under low pressure and at
a high temperature (~150 °C), the molecules sublimated and
were carried downstream to the 2nd heating zone, in which the
temperature was set to be above the point of thermal cracking
for molecules. It should be noted that to circumvent the crys-
talline product, the growth temperature should be lower than
that used for graphene (typically 1000 °C). This is the reason
that we chose the small molecule as the precursor.*’ Here, we
used 400-600 °C as the growth temperatures and further
labeled the AMC samples by their growth temperatures, such as
AMC-400 for the AMC film obtained at 400 °C.

The polymer-assisted transfer process that has been well
established for crystalline monolayers was carried out after the
AMC growth. As displayed in Fig. 1b, after transferring it onto
a SiO,/Si substrate, one can easily identify the AMC film as
continuous with uniform optical contrast and full coverage. By
the atomic force microscope (AFM) measurement, the apparent
height of one as-transferred AMC film is ~1 nm (Fig. S11). No
second islands/adlayers were found, suggesting a self-limited
growth within 400-600 °C. A low-magnification transmission
electron microscope (TEM) image is shown in Fig. 1c, indicating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that the AMC-600 film has enough mechanical strength to be
suspended on um-sized holes of TEM grids. More importantly,
the selected area electron diffraction (SAED) results are diffuse
halos without any diffraction spots, further confirming its
amorphous nature stemming from the low-temperature growth.
Furthermore, by the Raman measurements, the vitreous char-
acteristic of the AMC films is corroborated. As shown in Fig. 1d,
all spectra from AMC-400, -500, and -600 samples are composed
of broad D and G peaks located at ~1350 cm™* and 1590 cm ™%,
respectively, and more importantly, without any G’ signal
around 2700 cm ! (Fig. $27). X-ray photoemission spectroscope
(XPS) characterizations, as displayed in Fig. le, confirm the
presence of dominant C-C (sp>-bonded, at ~284.6 eV), C-O (at
~286.1 eV), and C=0 bonds (at ~288.5 eV) in the AMC samples,
with no significant differences ranging from AMC-400 to AMC-
600 in terms of the peak positions and ratios.** Moreover, the
full scans of XPS measurements show no impurity of other
elements in AMC samples (Fig. S31). After more spectroscopic
measurements, including the UV-Vis absorbance spectrum and
photoluminescence spectrum,** there is no apparent difference
within the AMC samples (Fig. S47).

While the above general materials characterizations
confirmed the successful synthesis of AMC films with the
commercial precursor, these tools acquiring the signals over the
um-large regions (or even larger) fall short in capturing the nm-
scale features. We utilized scanning transmission electron
microscopy (STEM) to directly visualize the atomic
structures.**** As shown in Fig. 2a—c, one can feasibly observe
the carbon atoms arranged by 5-, 6-, 7-, and 8-membered rings
within a continuous monolayer with some contaminations
inevitable from the transfer process and sample storage in air.
These features agree well with those previously revealed in the
AMC samples grown by the lab-synthesized, specific molecule.**
Moreover, we note that holes with diameters ranging from 0.2 to
1.5 nm can be found, and are insensitive to the selected regions.
As displayed in Fig. 2a-c, AMC-400, AMC-450, and AMC-500
samples contain small nanopores (<1 nm) with an additional
and the notable presence of large nanopores (>1 nm). We
further analyzed a series of atomical images (a total of 1000
nm?), preliminarily revealing the distribution of nanopores with
different-sized diameters across the temperature range that we
selected. As summarized in Fig. 2d-f, AMC-400 shows nano-
pores up to ~4 nm, while the maximum diameter shrinks to
~2 nm in AMC-450 and falls below 1 nm for AMC-500 (Fig. S51).
Apparently, the fitting curve became narrower and shifted down
to a small value when the growth temperature was increased. A
quantitative evaluation of the pores' size and number is pre-
sented in Fig. 2g, highlighting the same temperature depen-
dence. More specifically, compared to AMC-400, AMC-450
exhibits a rapid drop in the nanopore density and a modest
decline in the mean pore diameter. AMC-500 continues this
trend with a further decrease in both.

Here, we note that while the STEM characterization provides
the opportunity to understand the structural characteristics of
AMC samples at the atomical level to ensure the atomic reso-
lution, each atomic image is typically from a small region, for
instance, ~8.5 nm by 8.5 nm for Fig. 2a-c. Thus, the
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Fig. 1 The synthesis and general characterizations of AMC. (a) Schematic of the AMC growth process, including the evaporation of 1,6-

dibromopyrene, molecule cracking, species deposition, and aggregation

to form a continuous film. (b) Optical microscopy image of one AMC-

400 film after transferring onto a SiO,/Si substrate. (c) A low-magnification TEM image of AMC-600. (Inset) The diffraction pattern. (d) Raman

spectra of AMC-400, AMC-500, and AMC-600. (e) XPS spectra of AMC-

information from each atomic image has a “local” and random
character. For a comprehensive comparison of the nanopore
density and diameter, a large number of images is preferred,
and more data sets can approach the real case well. However, it
turns out to be a very laborious and challenging task to acquire
atomic images by considering difficulties in preparing the
clean, suspended TEM sample and maintaining its cleanliness
during imaging.”® Although not from many data points, the
results in Fig. 2d-g are the consequence of our greatest efforts.
These results unambiguously confirm the growth-temperature-
dependent nanopore in a qualitative (or even semiquantitative)
way; thus, there are less and smaller nanopores at the higher
growth temperature.

This conclusion naturally agrees with the common intuition.
Back to the microscopic growth mechanism, for the growth of
graphene on Cu, the temperature was typically at 1000 °C, much
higher than that used here (400-600 °C), giving rise to abundant
carbon species for the nucleation and growth, and sufficient
mobility of these carbon fragments on Cu.*® However, as for the
AMC synthesis, the temperature can be just a little bit higher
than the cracking threshold of molecules (~300 °C),** leading to
a finite carbon supply. Moreover, the carbon fragments

17034 | RSC Adv, 2024, 14, 17032-17040

400, AMC-500 and AMC-600 with peak fittings.

experience a much lower mobility on Cu surfaces due to low
temperatures. Both facts might lead to a situation that the
diffusion-limit aggregation dominates, producing a porous
configuration (Fig. S6T) rather than the seamless graphene film
occurring at 1000 °C. From another point of view, one can treat
the presence of nanopores in AMC as one type of disorder, and
tuning the growth temperature can modulate DOD, including
nanopores in terms of their density and size. As one evidence,
the in-plane conductivity of two-terminal AMC devices is highly
related to the growth temperature. As shown in Fig. 2h,
increasing the growth temperature allows the device current to
be tuned from 10~'* A to 10~ A under the same device bias and
dimension. This correspondence is believed to be bridged by
DOD, mainly determined by the growth temperature.*

To unravel the underlying mechanisms behind the nanopore
formation and its regulation in AMC, we developed a new
kinetic Monte Carlo (KMC) simulation protocol based on
a combined first-principles/force-field description (see details
in the Method). The simulations are performed on the Cu(100)
substrate (the same used in experiments), which consists of
a supercell of 6 x 6 x 4 copper atoms. Ninety carbon atoms are
randomly deposited on the substrate. These carbon atoms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Atomic-scale STEM and electrical characterization of AMC obtained at different temperatures. (a—c) Representative STEM images of
AMC-400 (a), AMC-450 (b) and AMC-500 (c). (d—f) Histogram of pore diameters in AMC-400 (d), AMC-450 (e) and AMC-500 (f) with fitted
curves. (g) Statistics of pore mean diameters and pore densities of AMC. (h) Results from two-terminal electrical /-V measurements on AMC.

maintain a density equivalent to that of crystalline graphene.
Starting from the initial arrangements, we employ KMC for
annealing purposes. In this process, each particle is sequen-
tially selected for movement in a single iteration. Every particle
can move in one of four horizontal directions. The likelihood of
moving in a particular direction is determined by the formula
exp((Enow — Enext)/ksT), where E,, represents the energy of the
current configuration, E, .y denotes the energy of the configu-
ration after the particle's movement, kg is the Boltzmann
constant, and 7 is the temperature. We ensure the normaliza-
tion of the probability distribution across all four directions.
The simulation is conducted through over 6000 iterations, with
the final analysis based on the average results obtained from
iterations ranging between 5000th and 6000th. The carbon-
surface interaction is fitted to the density functional theory
calculation,*” while the carbon-carbon interaction is computed
using the adaptive intermolecular reactive empirical bond-
order (AIREBO) potential.®® To qualitatively capture the
temperature dependence of nanopores, we set kg7 values in
KMC to 0.5 eV and 0.05 eV, corresponding to the higher and
lower temperatures, respectively. We note that the significant

© 2024 The Author(s). Published by the Royal Society of Chemistry

temperature variance is unfortunately necessary due to the
short time scales of atomistic simulations, and a similar high-
temperature choice was suggested previously.**

Fig. 3a and b depict in the final iteration of the atomic
configurations with highlighted carbon rings, including
pentagons, hexagons, heptagons, and octagons/nonagons, by
colors on a 6 x 6 copper surface at high and low kT, respec-
tively. Visibly, at high k3T, one can find more hexagons (labeled
by pink) than that in the configuration obtained at low kgT.
More importantly, no octagons/nonagons can be observed at
high kpT, while these large-membered rings with the bigger hole
size can be easily identified in AMC obtained at low kgT. All of
these features indicate that at high kT, the amorphous carbon
tends to form a more compact structure with fewer large-sized
defects, which agrees well with our experimental finding.
Furthermore, we analyzed the distribution of ring types from
the 5000th-6000th iteration. As shown in Fig. 3c, indeed at high
kgT, the structure holds higher 6-membered rings and lower 8/
9-membered ones when compared with that at low kgT.

Overall, the simulations reveal a high probability of carbon
hexagons at the higher temperature, suggesting the formation

RSC Adv, 2024, 14, 17032-17040 | 17035
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defined by a consistent cutoff distance of 1.89 A. (c) Statistical diagram of proportions of each ring type for both high and low kgT situations. The
color-coded legends represent the variance of proportions between two kgT conditions.

of a more stable nucleus. Such a nucleus will likely result in
more ordered AMC during the growth, consequently leading to
smaller nanoporous regions. On the contrary, at the lower
temperature, there is a noticeable increase in rings containing
more than eight carbon atoms, which suggests a higher
propensity for forming unoccupied crystalline sites and larger
pores.

Distinguishing from the densely packed, defect-free struc-
ture in graphene, AMC with the presence of nanopores elimi-
nates the need for additional pore creation for ionic transport
functionality. As displayed in Fig. 4a, the AMC membrane is
transferred onto a glass support with a 1 pm-diameter pore,
completely covering the aperture. A 1 M KCl solution is added to
both sides of the membrane, and electrodes are inserted to
apply a potential, driving ions through the nanopores in AMC.
The transmembrane current is then measured to calculate the
conductance.'®* As shown in Fig. 4b, the linear characteristics
of the current-bias relationship are found for AMC-400, AMC-
500, and AMC-600, revealing the ohmic behavior. However,
the conductance, presented by the slopes, exhibits over one
order of magnitude variation, that is, 23.7 nS for AMC-400, 0.8
nS for AMC-500, and 0.6 nS for AMC-600. Moreover, when using
the same measurement procedures but with a smaller step size,
the ionic transmembrane conductance behaviors of AMC-420,
AMC-440, AMC-460, and AMC-480, have been investigated as
well, showing a continuous and monotonic tuning (Fig. S77).
This conductance dependence in the growth temperature
correlates very well with the temperature-tuned nanopores in
AMC, which were corroborated above both experimentally and
theoretically. The results from ionic transports confirmed the
DOD-tuned functionality in AMC, introducing a new type of
membrane material in which the nanopores intrinsically exist
and are easily tuned by the growth temperature. Furthermore,
benefiting from its monolayer nature, two AMC films can be
stacked vertically as the membrane, which requires ions to
traverse both layers. As displayed in Fig. 4c, small currents near
the device limit are detected for bi-layer AMC membranes.

17036 | RSC Adv, 2024, 14, 17032-17040

For a comprehensive comparison, multiple devices (more
than 25) have been tested, and the results are summarized in
Fig. 4d. Pink and blue regions represent AMC and bi-layer AMC
configurations, respectively. While AMC-400 holds the most
significant conductance, increasing the synthesis temperature
can effectively decrease the ions transport through AMC.
Moreover, stacking two AMC layers introduces additional ion
transport barriers, as the total ion conductance of stacked AMCs
deviates from a simple series addition of individual conduc-
tance. For example, two AMC-400 layers (marked by 400 + 400)
exhibit conductance as low as ~0.4 nS, even lower than AMC-
600. When coming to the microscopic mechanism, it is not
surprising since nanopores in each layer are not necessarily
aligned. Also, we note that the very high repeatability is sug-
gested by a small error bar at each data point.

Unlike graphene or MoS, membranes, which rely on external
techniques like electron cyclotron resonance or electron irra-
diation for nanopore creation, AMC offers distinct advantages
with its intrinsic nanopores (see the detailed comparison in
Table S1t).'**22* Firstly, the inherent and tunable nature of
AMC nanopores allows for dynamic conductance control over
an extensive range, which is two (eight) times larger than that of
MoS, (graphene) within the 400-600 ©°C temperature
window.>**® Secondly, direct stacking of the AMC layers enables
further tailoring of conductance, leading to an even broader
tunability (totally over two orders of magnitude). This versatility
of AMC membranes, coupled with their inherent ion transport
capabilities, makes them very promising for various nanofluidic
applications. Additionally, we notice that monolayer amor-
phous carbon could be prepared by plasma- and laser-assisted
CVD contains defects like eight-atom rings but without nano-
pores, thus offering a very different material when compared
with AMC here.*® The underlying origin could be the harsh
growth conditions, for example, plasma and laser, that facilitate
the healing of nanopores, if having any, by the effective etching
and re-growth process.”

Due to its vitreous and monolayer nature, one don't expect
AMC as stable as graphene. In our experiments, the AMC films

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The transmembrane current versus bias curves of AMC-400, AMC-500 and AMC-600. (c) The transmembrane current versus bias curves of
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layer listed first. (d) The transmembrane conductance of monolayer AMC and bi-layer AMCs, calculated /-V curves in (b) and (c), illustrating

a wide range of tunability.

survived after the whole process, sequentially including the
underlying Cu etching, PMMA-assisted transfer and the
removal of PMMA, and the ionic conductance measurements.
We have to note that, since it is one of the carbon nanomaterials
(new type, when compared with well-known others, such as
graphene, carbon nanotube, and fullerene, Fig. S81) and full of
defects, its tolerance to oxygen gas at high temperatures (e.g.,
>200 °C) would be inferior, which has been experimentally
confirmed in the previous study,® and this instability isn't
taken into account seriously when talking about its application
in the transmembrane. Moreover, it could be an interesting
topic when compared AMC with other amorphous carbon
nanomaterials, such as amorphous carbon quantum dots
(CQDs).** CQDs with typical sizes of 1-10 nm is a zero-
dimension material and possesses size-dependent absorption
and emission,* while AMC is a 2D material without significant
optical response as shown in Fig. S4.1 As for the fabrications,
there are several successful ways to prepare CQDs,>* and the
CVD method has proven effective to synthesize AMC. Moreover,
CQDs have been demonstrated in the applications of bioimag-
ing, sensing, drug delivery, and catalysis,***” while the appli-
cations of AMC have been largely unexplored.

3. Conclusion

In summary, we demonstrated the growth temperature-tuned
DOD in nanopore and ionic transport. With the commercially

© 2024 The Author(s). Published by the Royal Society of Chemistry

available precursors, AMC films with different DODs can be
straightforwardly obtained by thermal CVD. Atomic structural
characterizations reveal that AMC films grown at various
temperatures exhibit varying nanopore sizes and densities,
revealing the tunable DOD. The kinetic Monte Carlo simula-
tions corroborate the existence of nanopores in AMC and its
temperature dependence. The ionic transport measurements
further confirm its tunability in nanopores by a wide range of
transmembrane ion conductance. Moreover, the transfer-
stacking technique commonly unitized in 2D materials allows
the bilayer AMC to regulate the ionic transport further. Our
results introduce a DOD-tuned membrane material, holding
immense potential for novel nanodevices and filtration tech-
nologies through strategic nanopore manipulations, unlocking
2D amorphous materials’ applications in mass separation,
energy storage, and sensing.*

4. Methods

4.1 Sample synthesis and transfer

To prepare AMC samples, copper foils (Alfa Aesar, 25 um thick)
were pre-the starting material was treated in dilute HNO; for 5 s
and deionized (DI) water for 10 s. They were then annealed at
1000 °C under Ar/H, flow (20 vol% H,) for 30 min. After cooling,
the commercial precursor, 1,6-dibromopyrene, was introduced
to an upstream heating zone powered by a heating tape. In the
growth zone, copper foils were heated to 400-700 °C under H,

RSC Adv, 2024, 14,17032-17040 | 17037


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01523a

Open Access Article. Published on 28 May 2024. Downloaded on 2/23/2026 4:01:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

flow, while the precursor, evaporated at 150 °C, was carried to
the zone. After an 8 minute growth, heating was stopped, and
the samples were rapidly cooled. Prior to transfer, SiO,/Si
substrates (crystal applied) were cleaned with acetone and iso-
propanol (IPA), followed by oxygen plasma treatment. Glass
chips (1 um pore diameter, nano-patch-clamp chips, Nanion)
were rinsed in DI water and ethanol, then treated with oxygen
plasma. For the PMMA-assisted transfer process, AMC on
copper foil was first spin-coated with polymethyl methacrylate
(PMMA) and heated at 160 °C for 2 min. FeCl; solution (1 M,
Transene) was used to etch away the copper foil, and the
“PMMA layer + AMC layer” was washed repeatedly with HCI
solution (36%) and DI water, followed by the transfer onto SiO,/
Si substrates or glass chips. Finally, PMMA was removed with
acetone. The direct transfer process of AMC samples is as
follows. AMC on copper foil was placed face-to-face with an Au
grid (quatrefoil, EM Resolutions). IPA was dropped on the
sample and evaporated, facilitating direct contact between AMC
and the grid. Na,S,0; solution (1 M) was used to etch away the
copper foil, leaving AMC on the grid. Finally, DI water was
employed to wash the sample several times. For the bilayer
AMC, a floating AMC (top layer) was prepared with PMMA spin-
coating, FeCl; etching, and HCI/DI water washing. Then, the
“PMMA layer + top-AMC layer” was placed on a bottom AMC
and heated for close contact. The FeCl;/HCI/DI water treatment
yielded “PMMA layer + AMC double layers”. Finally, the samples
were scooped out with glass chips, and PMMA was removed by
the acetone bath.

4.2 Characterizations

Raman spectra (532 nm) were obtained using a Horiba iHR320
spectrometer with a SmartRaman module. X-ray photoelectron
spectroscopy (XPS) measurements were performed using an
AXIS Ultra DLD system and analyzed with XPSPEAK software.
AFM (Scansyst mode, Bruker Dimension ICON) was employed
to measure AMC height on SiO,/Si substrates. TEM and SAED
characterizations were performed in JEOL JEM-ARM300F under
80 kV. STEM characterizations were performed by Nion U-
HERMES100 under 60 kV.

4.3 Device fabrication and electrical measurements

To create AMC devices on SiO,/Si substrates, an electron-beam
lithography (Tescan) microfabrication process was employed.
Reactive ion etching (ME-3A) was conducted to make patterns,
followed by thermal evaporation (ZHD400) to deposit metal
electrodes of In (10 nm)/Au (40 nm). After the lift-off procedure,
in-plane I-V measurements were performed using a vacuum
probe station with Keithley 2614B SourceMeters. For ionic
transmembrane transport measurements, AMC membranes on
glass chips were glued (Flexbar Reprorubber) to pools on both
sides. After filling the pools with 1 M KClI solution, two Ag/AgCl
electrodes were inserted in the top and bottom pools. Elec-
trodes were connected to an ultralow-noise patch clamp
amplifier (Axopatch 200B, Axon) and analog-to-digital converter
(Digidata 1550B, Axon) for the bias introduction and trans-
membrane current detection.
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4.4 Theoretical calculations

In our kinetic Monte Carlo simulation, we approximate the
system's energy by dividing it into two primary components: the
interaction energy between the substrate and carbon atoms and
the carbon-carbon interaction energy. For the interaction
between the substrate and carbon atoms, we discretize the
substrate surface into a 60 x 60 grid. Using the Vienna ab initio
Simulation Package (VASP)*® and employing density functional
theory, we calculate the energies at selected sites involving the
substrate and individual carbon atoms. The Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional is chosen to
describe the electron interaction.” The projector augmented
wave method is used with an energy cutoff of 400 eV.* A k-point
mesh of 2 x 2 x 1 is used for the reciprocal space sampling. The
interpolation method is employed, taking the lattice periodicity
of copper into account, to estimate the potential energy for
a single carbon atom at all grid sites. Regarding the carbon-
carbon interaction, we describe it using the adaptive intermo-
lecular reactive empirical bond-order potential (AIREBO),*® as
implemented in the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) molecular dynamics program.*
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