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ABSTRACT: We provide an overview of atom-scale apertures in solid-state
membranes, from “pores” and “tubes” to “channels”, with characteristic sizes
comparable to the sizes of ions and water molecules. In this regime of ~1 nm
diameter pores, water molecules and ions are strongly geometrically confined:
the size of water molecules (~0.3 nm) and the size of “hydrated” ions in water
(~0.7—1 nm) are similar to the pore diameters, physically limiting the ion flow
through the hole. The pore sizes are comparable to the classical Debye
screening length governing the spatial range of electrostatic interaction, ~0.3 to
1 nm for 1 to 0.1 M KCI. In such small structures, charges can be unscreened,
leading to new effects. We discuss experiments on ~1 nm diameter nanopores,
with a focus on carbon nanotube pores and ion transport studies. Finally, we
present an outlook for artificial “size zero” pores in the regime of small
diameters and small thicknesses. Beyond mimicking protein channels in nature,
solid-state pores may offer additional possibilities where sensing and control
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are performed at the pore, such as in electrically and optically addressable solid-state materials.

For there seems to be no limit to the number of competing
constructions, which, at least in principle, could claim to give
a coherent and simple account of the available phenomena.
This is due to the fact that theories are the result of human
ingenuity.

“Einstein, Science and Philosophy” by Friedel Weinert'
ith the advances of nanofabrication techniques and
the growth and synthesis of new low-dimensional
materials, such as nanotubes and graphene, it is

possible to probe the fundamental principles of ion and
molecule transport down to the single-atom scale. Many
different artificial structures have been realized and tested such
as low-dimensional nanopores and “nanoporous” membranes
(see Danda et al.” for a recent review). In this interesting size
regime (about 1 nm and below), single ions and molecules are
only a few times smaller or even comparable to the
characteristic size of the apertures through which they
translocate. As a result, their interactions with the atoms of
the structures can be significant and govern the types of
phenomena observed. The geometrically restricted flow of ions
and water can give rise to new phenomena where atomistic
details become important and that can differ from the leading
phenomena at larger scales. The single-atom and sub-
nanometer scales are also typically regimes where, for many
materials, simple calculations such as Ohm’s law for ion
current versus pore size, which are otherwise typically
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applicable for larger pores, fail. Macroscopic quantities such
as bulk ion mobilities or bulk ion concentrations become
inadequate and have to be modified within the pores to explain
features of the measured ion conductance and its scaling with
experimental parameters, such as ion concentration and net
charges of the pore “walls” (edge atoms), which depend on the
pH value.

In this Perspective, rather than providing a comprehensive
review of important contributions, we instead discuss selected
experimental progress on small-diameter apertures for fluid
transport with a focus on carbon nanotube (CNT) pores, as
featured in the November 2019 issue of ACS Nano,” and the
related ion transport studies and provide our subjective
outlook. We also focus on the experimental details and results
while omitting discussions of theoretical modeling approaches.
Small-diameter artificial pores mimic ion transport channels
and pumps found in nature while offering new designs and
opportunities, such as by using electrically conducting and
optically responsive two-dimensional (2D) membranes.
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Sizes of Water Molecules and lons and Comparably
Small Apertures: ~0.1-1 nm. In addition to the physical
size of water molecules and common ions in solution,
estimated to be ~0.3 to ~1 nm,*” another relevant size
scale to consider and to compare to characteristic nanostruc-
ture sizes is the Debye screening length, Ap, which is a good
estimate of how far the electrostatic effects of unscreened
charges will persist (i.e., the distance at which the electrostatic
potential drops by a factor of 1/e). This characteristic length
scale, obtained from Poisson’s equation, governs the
exponential decay of the electric potential away from the
charges and describes the screening of a charge’s electrostatic
potential due to the net effect of the interactions it undergoes
with the other mobile charges (electrons and ions) in the
system. For concentrated ion solutions, such as 1 M KCl, this
length is calculated to be Ap & 0.3 nm, the size of one water
molecule. It increases to Ap & 1 nm for 0.1 M KCl, equivalent
to about four water molecule diameters, and to A, &~ 10 nm for
1 mM KCL>™* Therefore, as the size of the channels and
nanostructures becomes smaller, it is more difficult for charges
to be screened within that space, even for relatively high ion
concentrations, and Coulomb interactions become important.
An “ionic Coulomb blockade” was first suggested analytically
and by means of molecular dynamics simulations® and recently
reported for sub-1 nm diameter 2D monolayer MoS,
nanopores.’

Another conceptually simple, classical length scale directly
related to the Debye length, arising in phenomena in
electrolytes, polyelectrolytes, and colloidal dispersions, is the
Bjerrum length, Ag, the separation at which the electrostatic
interaction energy between two elementary charges is
comparable in magnitude to the thermal energy:”

2
4

g = ———
4re e kT (1)
where kz ~ 1.38 X 107> m* kg s7> K! is the Boltzmann
constant, e = 1.6 X 107" C is the elementary charge, ¢, is the
relative dielectric constant, &, is the vacuum permittivity, and T
is temperature. For water at room temperature, £, = 80 so that
g & 0.7 nm. Roughly, we may assume that at separations
smaller than Ag, the Coulomb interaction between unit charges
in water dominates compared to the thermal energy. The
Debye length in electrolyte solution is A ~ 1/ \/@ , where I is
the ionic strength, frequently expressed in molar (M).
Given the values of these characteristic length scales, ~0.1—
1 nm, it is not surprising that some interpretations using
equations underlined by assumptions valid only for large-scale
ion flow channels may start to break down dielectrically for
atom-scale apertures. Old terminology, concepts, and theoreti-
cal tools may not be applicable for these new atomic-transport
problems. “All-atom” viewpoints, such as those put forth by

As described in the November 2019
issue of ACS Nano, Yao et al. probed ion
and water transport through short,
small-diameter carbon nanotubes with
1.5 nm diameters that were vertically
embedded in lipid bilayer membranes.

molecular dynamics simulations, which analyze the more
realistic movement of atoms and molecules and rely on
appropriate potential functions, can be expected to have more
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(d) Carbon nanotube pore (L ~ 10 nm)

(b) 2D material pore (L ~ 0.6 —2 nm)

(C) Thinned SiN, pore (L down to ~1 nm)

(e) Long carbon nanotube (L ~10 um) (f) Ensemble measurement, = 200 channels,

long 2D material nanochannels (L ~ 10 pm)
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Figure 1. Overview of the relevant order of magnitude sizes of fluidic transport channels and selected examples of recently measured
structures. Diameters, d, as small as the sizes of single-atom vacancies, on the order of 0.1 nm, can be achieved. (a) Channel length, L, can be
tuned from ~0.1 nm to 10 gm, corresponding to “pores” vs “tubes” and “channels”, as the dominant terminologies used in recent literature
to describe such structures. Note that calculated sizes of water molecules are ~0.3 nm and of hydrated ions are 0.7—1 nm."” (b—f) Examples
of recent experiments and device configurations, shown in the order of increasing channel length, from L ~ 1 nm for “nanopores” as in two-
dimensional (2D) pores made of graphene,zs_27 MoS,,”® WS,,%° BN,*>*° MXenes,*' sub-10 nm thick silicon nitride membranes,">~'*3? and
sub-7 nm thick HfO,,>* to L ~ 10 nm, for “ultrashort” carbon nanotubes reported by Yao et al.’ to long nanotubes, L ~ 10 pm, and
similarly long, but 100 to 1000 times wider nanoslits made by stacking and patterning 2D materials.” Images adapted with permission from
refs 20, 15, 3, 12, and 7. Copyrights 2017, 2013, 2019, and 2017 American Chemical Society and copyright 2017 American Association for
the Advancement of Science, respectively.
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predictive power than the older, mean-field and many-body
approaches. Experimental outcomes now frequently depend on
minute details and differences in atomic structures, and the
corresponding models and theories should be able to reflect
this standard.

Experimental approaches at the atomic scale can also suffer
from significant errors and deficiencies resulting from the
generally small numbers of samples from which conclusions are
drawn due to challenges with working at this scale and the
potential for sample contamination. In addition, it is
reasonable to assume that there may be some preferential
selection of devices and/or data that fit preconceived
expectations and older theories. As we proceed in measuring,
rationalizing, and theorizing atom-scale devices, it is important
to determine related errors and to outline assumptions and
limitations. It is with these upfront, cautionary notes that we
proceed to discussing recent “atom-scale hole measurements”.

Small-Size Apertures: Atom Vacancies, Porins, Tubes,
Pores—“I'm a Small Hole with Many Names”. As
described in the November 2019 issue of ACS Nano, Yao et
al. probed ion and water transport through short CNTs with
1.5 nm diameters that were vertically embedded in lipid bilayer
membranes.” These carbon nanotubes can be considered as
“pores” because they are relatively short (~10 nm long'®), so
that, effectively, when embedded vertically into a membrane,
they act as single nanopores, mimicking protein pores and
other artificial solid-state pores such as silicon nitride
nanopores.''

The term “nanopore” or “pore” generally denotes a transport
channel whose length is comparable to its diameter, d & L
(Figure la). Conversely, the terms “nanotube” and “nano-
channel” are typically used to denote a transport channel
whose length is much larger than the channel diameter, d < L.
For example, typical CNTs used to study ion transport are
microns long,12 with diameter-to-length ratio d/L ~ 1:10 000,
in contrast to the short carbon nanotubes used by Yao et al.,’
with a ratio of d/L = 1:10. Researchers have studied the flow
of water and ions through CNTs, "' as well as through
channels formed by patterning and stacking 2D material layers
to form channels ~0.6 nm thick, corresponding to the
minimum separations between 2D layers in stacked graphene,
boron nitride, and MoS,.”

Yao et al.® explain that, in CNT channels, which are on the
same order of magnitude as the typical size of a solvated ion,
the flow of ions and the flow of water are strongly coupled.
The central finding of their paper is that this coupling
manifests itself in the “unusual” 2/3 power-law scaling of
conductance with ion concentration. The authors also propose
these channels as a platform to create electro-osmotic pumps
where low applied voltages could produce decent flows and
operate at relatively high salinities. The nonlinear dependence
of conductance on concentration also implied some negative
surface charge on the inner CNT walls, the origin of which and
other details have yet to be fully understood.” ">

Yao et al. demonstrated successful
carbon nanotube devices that can be
tuned to pass K™ ions selectively.

In comparison to CNT channels, common protein pores
have a similar diameter but are a bit shorter. a-Hemolysin
pores are about 5 nm thick with a diameter of ~1.4 nm,

whereas MspA pores have a narrow constriction of about 0.6
nm thick with a diameter of ~1.2 nm (see a comparison table
in Venta et al.">). The short CNT pores (or porins, in analogy
to biological systems) are also comparable in size to silicon
nitride pores, although the thinnest silicon nitride pores can be
even shorter, effectively as thin as ~1 nm. Such thin
membranes are typically formed by electron-beam thin-
ning,lé_18 helium-beam thinning,19 or, for example, more
recently, laser illumination”®™** in combination with electro-
poration.”* The minimum thickness of stable amorphous
silicon membranes is predicted to be about 0.7 nm (about four
silicon atoms thick membranes)'® and approaching the 2D
thickness limit. Like small-diameter CNTSs, the 1—2 nm
diameter range is also possible with silicon nitride pores. This
diameter range is mostly desired for translocation experiments
with single-stranded DNA molecules, whose diameter is about
1.1 nm, but smaller diameter pores below 1 nm can also be
made, for example, in ~3—5 nm thick silicon nitride
membranes.'>"®

Figure 1 illustrates several different types of solid-state fluidic
transport structures, includinﬁg examples of 2D material
pores,>*?>3 73134730 ilicon- 27! and  hafnium-based ™’
pores, CNTs,'”'>"? and nanopatterned channels.” A concise
and useful table comparing main characteristics of notable 2D
pores was published by Mojtabavi et al. in their paper on
MXene pores.”’ Other discussions can be found in a review by
Danda et al.”

Microns-Long Nanotubes and Nanochannels versus
Shorter Nanopores. For the thinnest and smallest diameter
pores, one can consider using the term “quasi-zero-dimen-
sional” (0D) to emphasize that, in contrast to long channels
such as those defined by stacking 2D layers,” here the channel
itself can be as short as a single atom. Graphene pores”® and
transition metal dichalcogenide (MoS, and WS,) pores” > are
~0.6 to ~1.6 nm thick, respectively, and this “effective
thickness” value was obtained from an analytical or a numerical
fit (e.g., molecular dynamics simulations for graphene nano-
pores’’) of the ionic current measured through such thin
pores. Experimentally, pores have to be cleaned and annealed
to ensure a relatively clean 2D surface; otherwise, contami-
nation can accumulate and pores can become thicker, giving
large variations in reported ionic currents, surface charges, and
selectivities. In addition, 2D pores””"** and the long channels
made of 2D stacks can be soaked in ethanol” prior to filling
them with salt solutions to aid in removing air bubbles and
establishing ion and water flow. These structures are typically
hydrophobic and difficult to wet.

In contrast to quasi-0D pores, only one dimension of ~10
pm long channels’ is approaching the atomic scale—their
thickness. To observe size effects in ion and water transport
through confined volumes, it is sufficient to have at least one of
the three spatial dimensions approaching the atomic scale, so
that there is confinement in at least one dimension. For
example, in very long and wide (0.1 pm) stacked graphene-
based channels, when the channel height was minimized to
~0.6 nm, the conductivity within the channel decreased with
the increased “hydrated diameter” of ions used from 0.66 to
0.96 nm, due to the increasing spatial confinement of ions in
channels of the fixed size.” The conductivity within the channel
was calculated from measured conductance from 200 channels
and was smaller than the bulk conductance values at
corresponding molarities. Because of the long length of each
channel (~3—7 um), the individual channel conductance was

https://dx.doi.org/10.1021/acsnano.0c01625
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Table 1. Comparison of Ionic Transport Properties in Selected Pore, Channel, and Tube Architectures”

Selected Ion Material Pore Pore Maximum | Maximum Conductance (G) Calculated | Maximum | Type of pH Comments
Transport Diameter Fabrication Applied Conductance/ | vs. Concentration Pore Calculated | Measurements
Experiments (dy/ Technique Voltage IV Linearity ©) Surface K*/CI
with Pores, Dimensions (in 1 M KCl) Dependence/Range | Charge Selectivity
Tubes, Measured (in KCI) Ratio
Channels (by
Year of
Publication)
Siria et al., 20134 Boron Single tube;, Nanomanipulatio 100 mV 23 nS, linear G saturates as C 0.1t0 1 C/m* N/A Pressure-assisted 3.0to Osmotic energy
nitride d=30-80 nm, n decreases below 0.1 M; ionic conductance | 11 conversion
nanotubes L=1pum 1003 M
(BNNTs)
O’Hern et al., Monolayer Multiple pores; | Ga ion irradiation | N/A N/A N/A N/A 1.3, Eq. (3) Membrane N/A Cation-selective
2014% graphene d=0.2-0.6nm, | and acid etching potential ionic transport
L=0.6 nm
Rolling et al., Monolayer Single pore; Breakdown, 5-7 150 mvV 1 uS, linear Power law dependence | —0.6 to 0 >100, Eq. Tonic conductance | 2.0 to Selectivity in pores
2016% graphene d=2-20 nm, V applied to make between G and C; 107 C/m? 3) 8.0 up to d =20 nm
L=0.6 nm pore to3M
Feng et al., 2016* | Monolayer Single pore; Transmision 400 mV 500 nS, linear G saturates as C -90 to —20 N/A Tonic conductance | 2.0 to Nanopower
MoS, d=2-25nm, electron decreases below 107 mC/m? 11 generation
L=0.7nm microscopy M; 10°to I M
(TEM) drilling or
breakdown, 0.8 V
applied to make
pore.
Tunuguntla e al., | Narrow Single and Self-insertion into | 200 mV/ 180 pS, linear Power law dependence | N/A 184, Eq. (2) Tonic conductance | 3.0, nCNTPs are
2017" carbon multiple tubes; | lipid bilayers (~C"2-C") between G 7.5,7.8 | strongly cation
nanotube d=0.8 nm, and C; 4x10° to 3 M selective
porins L=10nm
(nCNTPs)
Esfandiar et al., Graphene, Single and Electron beam 200 mV 30 nS, nonlinear | G saturates as C 20 to 300 ~3, mobility Tonic conductance | 2.0 to Channels are
20177 MoS,, and multiple lithography and (0.5M) decreases below 10 uC/m? ratio 10 selective to small
hBN channels; dry etching M; 10°to I M cations (i.e., K',
d=0.6 nm, Li*, Na*)
w=0.13 um,
L=3-7um
Amiri et al., Single-wall Single tube; Electron beam 400 mV 100 nS, N/A Power law dependence N/A 121, lonic conductance | 2.0 to Negative surface
2017 carbon d=1.5nm, lithography and (~C") between G and permeability | through PMMA 8.0 charges localized at
nanotubes L =20 um dry etching C;10%t0 1 M ratio resist nanotube entrance
(SWCNTs)
Thiruraman ef al., | Monolayer Multiple pores; | Gaion irradiation | 800 mV 40 nS, nonlinear | N/A N/A N/A Tonic conductance | 8.7 Tunable sub-nm
2018* MoS, d=0.2-0.8 nm, defect production
L=0.7nm in monolayer MoS,
Chien et al., SiN,/Si Single pore; TEM thinning and | 900 mV 15 nS, N/A N/A ~20 mC/m? N/A Tonic conductance | 8.0 DNA
2019" d=0.9-2.4nm, | drilling translocations at 10
L=3-8nm MHz bandwidth
Yao et al., 2019° Wider Single tube;, Self-insertion into | 100 mV/ 800 pS, linear Power law dependence =75 to —20 ~10, Eq. (2) Tonic conductance | 3.0,7.5 | lonic transport
carbon d=1.5nm, lipid bilayers (~C*3) between G and mC/m? dominated by
nanotube L=10nm C;4x10%t0 3 M strong
porins electroosmotic
(WCNTPs) coupling

“List of selected reports from the literature on low-dimensional porous systems. The dimensions, composition, and method of fabrication for
various pores are given in addition to ionic transport characteristics such as ionic conductance, G; scaling with ion concentration, C; surface charge;
and ion selectivity ratio. Unless noted, we report values for 1 M KCI solution.

smaller than the current measurement threshold for concen-
trations below 0.01 M, and the authors opted to instead
perform measurements on ensembles of channels in order to
obtain data at lower concentration, ~107* M KCL.”

Scaling of lon Current with Applied Voltage and with
Bulk lon Concentration: The Regime of Small Diame-
ters. Table 1 summaries the details of recent measurements of
small-diameter systems including their pore sizes, applied
voltage, measured conductance, and other measured and
calculated parameters including ion selectivity. Results are
listed in the order of the year published.

In these systems, the typical first measurement involves
immersing the sample in solution and, if the relatively delicate
structure does not break during handling, determining the
dependence of the ion current, I, on the externally applied
voltage, V. Voltage is limited to ~100 mV and maximum =1V
for slightly larger structures; for larger voltages, the sample
breaks down, dielectrically or otherwise, as the electric field
reaches ~0.1—1 V/nm across the membrane, which is
sufficient to ionize atoms of the membrane material. The
nonzero magnitude of the current in the pA to nA range and
the lack of hysteresis are good indications that ion transport is
occurring. When the I-V relationship is linear, one can both
define the slope, which is the ion conductance, G, and also
consider its dependence on the ion concentration. In the case
of nonlinear I-V curves, G is not well-defined and the slope of
the current at zero voltage can be used to estimate a

conductance value. Another directly measured quantity is the
bulk concentration, C, or the ion concentration used in the
experiment; the ion concentrations and mobilities within the
constricted regions are different than bulk conductivities for
these restricted ion flows. Pore conductivity and ion mobilities
are sometimes calculated from the measured conductance and
some assumed transport model, G versus size, either analytically
or from numerical simulations (see example of 2D channels”),
to show that they are smaller than bulk values.

From Table 1, maximum conductance, G, for 1 M KCI,
ranges across 4 orders of magnitude from G = 180 pSto G~ 1
uS for characteristic minimum aperture sizes of ~0.2 to ~80
nm. It is reassuring that these collective results on different
structures seem generally consistent with the expected trends
that short pores usually exhibit G larger than that for long
tubes of the same diameter, and that larger-diameter pores
show G larger than that of small-diameter pores of the same L.
For example, we can directly compare the conductance of 20
pm long (Giopeenr & 100 nS)'* versus 13 nm long CNTs
(Guhorcent = 800 pS)? of the same diameter, d = 1.5 nm. From
a simple length scaling between the two, the short CNTs
should show a conductance 1500 times smaller, that is,
Ghorent (from scaling) &~ 70 pS, which is within 1 order of
magnitude from what was measured.’

lonic Selectivity of Carbon Nanotubes, Nanopores,
and Channels. Many recent experiments have focused on the
concept of “ion selectivity”, a calculated quantity discussed
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below that is viewed as a particularly important aspect of these
systems. Solid-state nanopores, nanotubes, and nanochannels
have increasingly been reported to be “K* ion selective” (or
“cation selective”) meaning that they only or preferentially
allow K" ions to pass through while impeding others.
Researchers have carried out experiments on a variety of
pores, tubes, and channels made out of a wide range of low-
dimensional solid-state materials (see Table 1) in conventional
KCI solution. Carbon nanotubes are excellent candidates for
such experiments because the surface can be functionalized
using appropriate pH for ion-selective transport. Yao et al
demonstrated successful CNT devices that can be tuned to
pass K* ions selectively.” They hypothesized that due to the
presence of carboxyl groups (COO™) at the pore edge, neutral
or higher pH helps keep the pore charged and, thus, the pore
attracts more K jons. In contrast, in acidic pH, the negative
charge on the pore’s rim created by COO™ groups is
neutralized by COO~ being protonated to form COOH).
The authors also analyzed noise properties and power-law
dependence of the noise on frequency and found a 1/f
dependence similar to that of other solid-state pores such as
silicon nitride® and graphene pores.”> They report that noise
decreases with increasing ion concentrations for pH 7.5, for
which the pore is charged, suggesting that more screening of
the pore charge means lower noise.

The concept of ion selectivity is analogous to and borrowed
from the field of ion channels and ion pumps found in nature
(eg, protein molecules that span across the cell mem-
*94 which already existed at these small scales before
the solid-state structures were possible. Ion channels can
enable the passage of certain ions while blocking others, thus
playing important roles in controlling neuronal excitability.
Specifically, some biological channels allow the flow of K* ions
effectively but do not allow Na* ions to cross the membrane.
Ion passage through the “K" channel selectivity filter” is
believed to proceed as 2—3 K" ions interspersed by water
molecules move in a single file, whereas permeation through
the wider and less selective Na* channels groceeds similarly,
although the ions may not be dehydrated.”” Simple structural
concepts like these and schematics of how ions pass through
these channels are often invoked in biology to rationalize the
mechanism of ion selectivity.

From ionic transport measurements, Yao et al. inferred
strong electro-osmotic coupling between the ions and water
molecules as they flow, based on the dependence of the
conductance on concentration, G ~ 3 (in contrast, for
example, to a linear scaling for simple ionic resistors).” This
scaling exponent was obtained by fitting G versus C across
approximately 2 orders of magnitude in G and in C.
Conductance measurements spanning a greater range in
molarity would increase the confidence level in the reported
value of the fitted power-law exponent. Measuring ensembles
of CNT pores would maximize the conductance at lower
concentrations to increase its measurability, as was done for
~200 2D nanochannels.” In many solid-state nanopores and
channels, conductance is limited by the surface charge of the
pore and saturates at low concentrations,*”*’ and reported
surface charge density is dependent on pH and varies by
several orders of magnitude, both positively and negatively,
from ~uC/ m? in 2D stacked channfels,7 to ~mC/m? in silicon
nitride,** MoS, pores,36 and short CNTs,* to C/m? in boron
nitride nanotubes” and graphene nanopores”” (see Table 1).
This is by no means a careful overview of all the values and

experimental details reported for such systems, but it is already
sufficient to note the large variation of charge densities, across
6 orders of magnitude. We also note that, in many cases, the
surface charge density is inferred from a fit of G versus C, and
there are significant errors associated with these fits.

To evaluate ion selectivity quantitatively, a salt concen-
tration gradient is set up, at zero applied voltage, and both K*
and CI” ions diffuse from high to low concentration. When the
rate of diffusion of the ion (K*) is higher than that of the
counterion (in this case CI7), a net current (also known as
short-circuit current because the external voltage is zero) is
produced across the pore. Diffusion potential or reverse
potential (also called open-circuit voltage) is referred to as the
value of external voltage that can be applied to set the net
current to zero. This selectivity (i.e., larger diffusion rate of the
ion compared to its counterion) is governed by the pore size
and surface chemistry. The pH of the solution plays an
influential role together with the intrinsic surface charge of the
material. Depending on the salt concentration, a cloud of
counterions is created in response to the total surface charge of
the pore material, known as the electric double layer (EDL).
The spatial extent of this layer is defined by the Debye length
Ap. In the case of pore dimensions approaching this Debye
length, the EDL can overlap, causing an excess concentration
of counterions in the channel. Further, these excess counter-
ions can then dominate ionic transport through the
channel.**~*

To quantify ionic selectivity, the diffusion potential (equal to
the external voltage applied to set the measured current to
zero) is given as

RT Cto
V= (2 - DA S
Chottom (2)

in the form that Yao et al.” suggest, where R is the universal gas
constant (8.314 J mol K™'), T is temperature, F is Faraday’s
constant (96.485 C mol™), and Cop a0d Cpoyom are the
electrolyte concentration on either side of the chamber. In the
work by Yao et al, cyouom Was fixed at 10 mM and ¢, was
increased from 10 to 600 mM (Figure 2a).” The authors define
“t,” as the “transference number” for the cation, that is, the
fraction of electrical current carried by the cation under the
influence of applied voltage. The transference number can
serve as an index of the ion selectivity, t, = 1 or 0 for complete
cation or anion selectivity, respectively. Hence, t, = 0.5
corresponds to a non-ion-selective channel (V,., = 0 for t, =
0.5 in eq 1).

The form of eq 2 can be contrasted with another form for
the reverse potential that was used by Rollings et al* for
graphene nanopores:

ev

kBT SGHKChigh + Clow
rev — n

€ SGHKCIOW + Chigh (3)

where ky &~ 1.38 X 107> m?® kg s> K! is the Boltzmann
constant, e = 1.6 X 107" C is the electron charge, Sgy is the
selectivity ratio (GHK stands for the Goldman—Hodgkin—
Katz model), and Chigh and ¢y, are the high and low
concentrations, respectively, on the two sides of the
membrane.

Slightly different terminology and different forms of these
equations are used; for example, see studies of 2D graphite/
MoS, nanochannels (Figure 2b) and 2D MoS, nanopores
(Figure 2c).*® Values of reported selectivity ratios, S, for
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Figure 2. Current—voltage measurements for asymmetric ion
concentrations on the two sides of a membrane, used to measure
the “reverse potential” or “zero-current potential” across the pore.
These measurements are performed to determine the extent to
which current is carried by the positive and negative ions: (a)
single, 1.5 nm diameter, ~13 nm long carbon nanotube (CNT)
with 10 mM to 600 mM KCI on one side and 10 mM on the other
side of the membrane, for pH 7.5 (pore is charged) and pH 3
(pore is neutral), respectively;> (b) ~200, 0.6 nm thick (~0.13 gm
wide and 3—7 pm long) parallel graphite/MoS, nanochannels in
100 mM/10 mM KCl, CaCl,, and AICl, (this is an ensemble
measurement rather than a single channel measurement);” and (c)
single, 15 nm diameter two-dimensional MoS, nanopore in 1 M/1
mM KCL>® In (b), in the case of CaCl, and AICI, solutions, the
current at zero applied voltage is approximately zero and positive,
respectively; positive current means that anions (Cl”) have a
higher mobility than cations. Images adapted with permission
from refs 3, 7, and 36. Copyrights 2019 American Chemical
Society, 2017 American Association for the Advancement of
Science, and 2016 Springer Nature, respectively.

related systems are listed in Table 1. Although the ways in
which selectivity is measured and calculated and the structures
and their fabrication methods differ across various studies, the
one observation that appears consistent is that ionic selectivity
occurs for neutral pH or higher (see Table 1).

Short Carbon Nanotubes. In the case of CNTs, Yao et al.
observed a weak K* selectivity at pH of 7.5 (Figure 2a).” It is
interesting to note that this concentration range corresponds
to an EDL of 3 to 0.4 nm, similar to the pore CNT diameter,
1.5 nm. The region of K' is built up in response to the
negatively charged CNT nanopore rim. In their work, the
t+ - t+bulk
1= Libu
are the transference numbers (the ratio of current derived from
the K* ions to the total current produced) for positively and
negatively charged ions and t,;,; = 0.49 for KCl solution. This
investi%ation is similar and consistent with their previous CNT
study,'” in which they observe similar K* selectivity that they
attributed to the negatively charged (COO™) rim of the pores
at pH 7.5 or higher. They observed weak CI™ selectivity with

authors define “permselectivity”, P = , where t, and t_

CNTs at pH 3 for 0.8 nm diameter tubes,'* but wider, 1.5 nm
diameter tubes were not ion selective at the same pH 3.” It is
interesting to appreciate what a small difference in diameter of
0.7 nm can do in this size range.

Two-Dimensional Nanopores. Similar cation (K*)
selectivity has been investigated for a range of nanopores (a
few nanometer diameter to 20 nm diameter pores) in materials
such as graphene® and MoS,.*® In the case of few nanometer
diameter (d = 2—2S5 nm) 2D MoS, pores, Feng et al. calculated
a decrease in ionic selectivity from 0.62 to 0.23 as the pore size
increased from 2 to 25 nm.*® Rollings et al. investigated
graphene nanopores made using dielectric breakdown with
diameters up to 20 nm and concluded that ionic selectivity
Scuk > 100 (eq 2) was independent of pore diameter.* More
recently, Caglar et al studied ion selectivity in randomly
defective graphene and hBN membranes deposited on glass
capillaries and found that ~500 anions per each cation get
transported across the membrane in the case of a multivalent
hafnium tetrachloride (HfCl,) salt solution.”” These authors
also used a variation of the Goldman—Hodgkin—Katz (GHK)
equation and model to extract their quoted selectivity ratios.
Their samples seem to contain random, irregularly shaped
pores with a large size distribution with diameters up to ~30
nm. One positive aspect of these samples is that they rely on
random defects in material rather than a sophisticated pore
fabrication method that may be timely and costly. However, in
this case, it is then challenging to study systematically the
fundamental aspects of selectivity as a function of pore
properties if they are random.

Thiruraman et al. previously fabricated well-characterized
ensembles of much smaller (sub-nanometer) pores in
monolayer MoS, using Ga ion irradiation and observed a
nonlinear current—voltage relationship through these pores for
a range of irradiation doses corresponding to different pore size
distributions.”® They observed suppressed low-bias conduc-
tance compared to larger-diameter pores and extracted a
simple scaling of conductance with effective pore diameter as G
~ 9S/m X (d — 0.7 nm) in 1 M KCI, where d is the diameter
in nanometers and 0.7 nm is the minimum pore diameter for
ionic flow. Moreover, for such atom-scale pores, the concept of
characteristic pore “diameter” or pore “size” could be further
discussed and possibly redefined given that pore cross sections
are not circular but rather have a well-defined atomic structure
and edge terminations. There are a variety of 2D pore shapes
and structural options to consider.”® Liu et al. compared and
contrasted the properties of few-nanometer-size triangular h-
BN nanopores versus circular MoS, nanopores in DNA
translocation experiments.’® The pore resistance for the
triangular pore had to be modified compared to circular
pores. Similarly, from the atomic structure of angstrom-size
MoS, pores, one can plot the distribution of “diameters”
measured from the center of mass of the pore.”®

For MoS, pores with diameters below ~2.0 nm, the
behaviors of the concentration and mobility of ions strongly
deviate from bulk properties. Ion concentration, mobilities, and
hydration are different than their bulk counterparts, as was
already shown previously for graphene nanopores using
molecular dynamics (MD) simulations by Suk et al>' Wilson
et al. used MD to model 3.5 nm diameter graphene pores and
observed that at ~500 mV to 1 V applied across the
membrane, water molecules will polarize and the electric
field will compress the polarized molecules inside of the pore,
thus creating outward pressure.”> Atomic structures of single-
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(c) Many “atomic” holes

Acrylonitrile butadiene
styrene (ABS plastics)

Figure 3. There are many opportunities for “size zero” two-dimensional (2D) and three-dimensional (3D) pores. (a) Aberration-corrected
transmission electron microscopy (AC-TEM) image of an “approximately one-atom pore” made by electron beam drilling of the 2D MoS,
membrane in the TEM. (b) Molecular dynamics model of water and K* and CI” ion flow through sub-nanometer diameter 2D MoS, pores
used for modeling ion-irradiated membranes with many atomic-scale holes, as in the TEM ima§e shown in (c). (c) AC-TEM image of 2D
WS, membrane after Ga ion irradiation using the Ga irradiation doses from previous works.>** (d) Schematic of a pore drilled in two 2D
material layers, monolayer MoS, on top of monolayer WS,.”® (e,f) Inspired by Geim and Grigorieva,68 this exquisite level of structural
control is reminiscent of atomic-scale LEGO. Here, the pore edge is formed by adding 1 X 1 blocks. For ionic measurements, these edge
atoms are particularly important. Three-dimensional, “size zero” atomic pores in 2D bilayers have been formed by stacking and patterning
2D materials and removing atoms from individual layers, also illustrated here by LEGO blocks. The removal of atoms can proceed
selectively, one layer at a time, by selective beam irradiation.”® Image credits: (a) Dr. William Parkin for making and imaging the 2D MoS,
pore by electron irradiation in AC-TEM, (b) Prof. Adrien Nicolai for the molecular dynamics model,>® (c) Paul Masih Das and Jothi
Priyanka Thiruraman for making and imaging the ion-irradiated 2D WS, membrane in AC-TEM, (d) Milivoj Segan for making the

illustration based on our TEM image, (e,f) Gabriela Buvac-Drndic for LEGO pores.

layer MoS, nanopores were also modeled by an equilibrium
“all-atom” MD model (see also Figure 3b) in 1 M KCl to
estimate the ratio between pore and KCl bulk conductivity, o,
showing a drop from 6./ Gy ~80 to 10% with the decrease
in the effective pore diameter from ~2.5 to ~0.7 nm.>* Non-
equilibrium MD simulations assuming an applied external
voltage were then used to develop an analytical expression for
conductance, which is convenient for direct comparisons with
experiments.54

In other work on graphene, O’Hern and colleagues showed a
selectivity of 1.3 in graphene sub-nanometer diameter pores
that were fabricated using ion beam irradiation of graphene to
make holes and further processed in an acidic etchant to
enlarge them.*>*® The diameters of pores created in this
process were shown to be <1 nm. There are also other, more
robust, laminate and much thicker (few-microns-thick)
membranes, such as graphene oxide (GO) membranes” and
laminate MoS,,*® some of which have been shown to be ion
selective and are being commercialized for applications in the
near future.

Two-Dimensional Nanochannels. Silica nanochannels
have been studied for decades with regard to ionic transport

and power generation in the presence of a concentration
gradient. Specifically, Kim et al. demonstrated power
generation of ~8 W/m? with an efficiency of ~30%."
Although arrays of nanopores in 2D materials (MoS,) have
been envisioned as possibly producing power densities in the
range of MW/m? based on a simple scaling of results from
single pores, this is yet to be realized.*® Recently, Esfandiar et
al. realized a variet_}r of 2D channels fabricated using hBN,
MoS,, and graphite.” In this work, they also measured the zero-
current potential (here as “E,,”) and observed that K* and AI**
diffuse through nanochannels faster and slower, respectively,
compared to Cl~ (Figure 2b). Further, they used the
Henderson equation to calculate the ratio of ion mobilities.
The authors concluded that, in the case of such 2D
nanochannels, they detected a decrease in CI™ mobility (~2
x 1078 m?> V7' s7!) from K*(~7 X 107 m? V™' s7') in the
channel and speculated that it arises from polarization of water
molecules around the ions. In analogy to ion transport, there is
increasing work in gas transport through similar structures, but
this is beyond the scope of our Perspective.

Realization of “Size Zero” Apertures: From One-
Dimensional Tubes to Zero-Dimensional Pores. Fab-
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rication of nanostructures and constricted geometries at the
atomic scale, in general, can proceed either “bottom up”
involving chemical synthesis or growth of structures “from the
bottom” or “top down” involving patterning and etching
methods to define the geometries “from the top”. This jargon
is typically used to delineate the more chemistry-oriented
versus physics-oriented approaches, respectively. Both ap-
proaches have been successful in producing nanometer and
sub-nanometer scale apertures and channels for ion and water
transport, with varying degrees of atomic-scale control,
reproducibility, ease of fabrication, etc.

In the case of CNTs, as presented by Yao et al,, short CNTs
were synthesized and cut by sonification from micron-long
CNTs.” Rectangular channels with one dimension comparable
to the atomic scales can be patterned by stacking 2D layers and
then using lithography and etching to make channels, followed
by capping the structure with another 2D layer.” In this
fashion, the channel heights could be tuned in discrete
increments of layer thickness, from monolayer-thick (~0.6
nm) to few-layer-thick channels.

The regime of quasi-zero thickness has also been achieved
with suspended 2D membranes. Graphene, being planar and
only one carbon atom thick, presents the ultimately thin
nanopore.zs’34 For practical purposes, the effective thickness of
graphene membranes in 1 M KClI solution is about 0.6 nm,
obtained by fitting the ionic conductance versus pore
diameter.”® Such “2D” membranes can be made porous in a
variety of ways, for exam;)le, using irradiation from various
sources includiné% electron™ and ion irradiation, such as with
Ga ion beams*®®” and noble gas (He, Ne, Ar) ion beams®" (for
a recent overview of different nanopore fabrication methods,
see Danda et al.”). Bombardment of membranes by energetic
particles creates defects and vacancies, some of which have
been considered beneficial for tailoring the material’s proper-
ties. For example, geriodically patterned holes in graphene®
and phosphorene6 (also called “antidots”) leave behind a
pattern of thin nanoconstrictions, whose widths, in turn,
determine the new band gap of the resulting, leftover material.
Wet chemical etching may be another promising route to make
holes, such as demonstrated by using a combination of acids to
etch 2D MoS, membranes, for example.**

There are more avenues to be explored toward facile and
scalable fabrication approaches. Membranes with intentionally
designed vacancies and holes could probably also be grown
directly, and 2D sheets could be deposited on sharp pillars to
induce strain® and potentially to make holes. For example,
prepatterned or precorrugated surfaces could be used to grow
2D materials directly and (possibly to pattern topological
defects within 2D materials®® and holes during the growth
itself. Similarly, the curvature of the substrate can preferentially
stabilize a specific number of 2D layers, such as in the recent
work where trilayer graphene was grown by utilizing the
curvature of the substrate.”’

OUTLOOK AND FUTURE DIRECTIONS

Understanding and control of ion and water flow through
restricted volumes will expand current applications and enable
new possibilities for applications, as well, including carbon
nanotubes, nanochannels, and nanopores. Such apertures are
reminiscent of biological ion channels, where similar levels of
ionic currents are observed, in the pA range at ~100 mV.*
Membranes containing a large number of sub-nanometer pores
may be important for the filtration of small molecules, for

selective flow of ions, and for applications including water
desalination and energy harvesting. Yao et al. envision next-
generation biomimetic membranes and pumps.’ By controlling
the ion concentration on both sides of the membrane, the pH
value, the pore “wall” and membrane charges, and other
physical and chemical properties of the pore and membrane
materials, different transport regimes, could be realized.

Understanding and control of ion and
water flow through restricted volumes
will expand current applications and
enable new possibilities for applica-
tions as well, including carbon nano-
tubes, nanochannels, and nanopores.

Making membranes and devices robust and scalable to larger
areas and reproducing and verifying the observed phenomena
across various laboratories will additionally propel the field
forward. This undertaking is particularly important given that
these structures have exposed surfaces that can easily be
contaminated or changed during different experimental
procedures. The atomic structure of holes (Figure 3a) can
be now correlated, in principle, to their properties and
performance in solution (Figure 3b), and it is possible that
holes can be precisely, atomically engineered to achieve desired
properties, such as to attract one type of ion while repelling
another. As exemplified in the work by Yao et al, theoretical
modeling can be improved by considering atomistic details and
new approaches of looking at these systems and can
encompass a range of analytical and numerical approaches.’
The advancement of large-scale computing and machine-
learning approaches could aid in characterizing the various
systems of defects and vacancies in materials and in
preselecting or suggesting optimal structures and atomic
configurations and device designs.

There is a lush “garden” full of existing and imaginable
atomic structures through which one can make small holes in
many different ways (Figure 3c). This variety includes different
pore sizes comparable to the ion sizes and different pore
surface charges influencing transport, ion selectivity, etc.
Transport is additionally dependent on the pH and the
transport mechanism can be tuned in situ by changing the pH.
As Geim and Grigorieva remarked in their Perspective on
stacked 2D layers,”® one can think of this “atomic engineering”
as playing with “LEGO on atomic scale” and stacking 2D
materials to make “van der Waals” pores70 (Figure 3d). One
can also use 1 X 1 LEGO blocks, in analogy to individual
atoms (Figure 3e) and start designing and building more
complex, “size zero” atom-scale holes in three dimensions
(Figure 3f). As with LEGO, pores and surfaces can be designed
with step edges and nontrivial atomic structures. One such
scenario of a “rugged atomic terrain” was imagined by Shankla
et al,, who used molecular dynamics to model a “step defect” in
multilayer graphene that can guide DNA motion.*” Particularly
important are those atoms at the edges of pores that can
interact with the environment and govern the pore charge and
other properties. With the advancement of analytical tools such
as aberration-corrected microscopy and single-atom-resolution
electron energy loss spectroscopy, one can directly probe and
visualize the atomic structure of nanochannels and nanopores
(ex situ, before and after ionic measurements) and investigate
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directly the edge termination at the pore “walls” that can be
relevant in describing observed transport properties arising
from the pore structure and chemistry. Membrane materials
can also be conducting, such as graphene, opening the door to
a new class of nanopore devices in which electronic sensing
and control are performed directly at the pore.”® Similarlgr,
illumination of 2D solid-state membranes such as 2D WS,
(Figure 1b) may be exploited to control the ion transport, as
recently exemplified by 2D MoS, membranes by Graf et al.”’

Final Remarks. We expect this to be an exciting and
dynamic decade for this growing interdisciplinary field, with
experiments and theories dancing together, like the highly
coupled ions and water molecules, as explained by Yao et al.’
These two dance partners are steadily converging in their
abilities to deal with the complexities involved. For
experimental dancers, it is now increasingly possible to
fabricate atomic-scale devices to know their atomic detail
and to probe fluid transport through them. Reproducing key
experimental results and developing careful interpretations is
especially important in this field given the delicate nature of
structures and measurements and the typically small device
numbers measured and used to validate results. Theoretical
dancers, on the other hand, with their numerical approaches
and toolkits in hand, particularly atomistic molecular dynamics
simulations, are now also better prepared to handle larger
systems and the correspondingly large number of atoms
involved in the real world to describe the measured
phenomena accurately in existing environments. In practice,
theory and experiment at the nanoscale tend to be different,
but maybe one day, they can dance together as one. New ideas,
concepts, and common terminology will probably be
developed in this process. At these mesoscales, both single-
ion and many-body descriptions are important. Physical,
chemical, and biological approaches can benefit from and
enjoy dancing together.
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