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ABSTRACT

lon transport through atomically thin nano/sub-nanopores, such as those in monolayer graphene,
presents challenges to traditional ion conduction models, primarily due to extreme confinement
effects and hydration interactions. Under these conditions, existing models fail to account for
conductance behaviors at the nano and sub-nanometer scales. In this study, we perform a combined
experimental and theoretical investigation of ion transport in monolayer graphene nano/sub-

nanopores across varying salt concentrations. We introduce a conductance model that accurately
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predicts the observed scaling behavior by addressing the interaction between counterions and the
edges of atomically thin pores, where counterion movement is constrained by the pore’s structure.
This model also quantifies the hydration energy barrier, highlighting the impact of hydration shell
structures on ion transport efficiency. Our findings reveal that hydrated potassium ions traverse
these pores with higher efficiency than previously estimated, offering new insights into ion

transport mechanisms under atomic-scale confinement.
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The anomalous transport of water and ions in extremely confined spaces presents a fundamental
challenge to classical mechanics and continuity equations!®. Solid-state nanopores are key
nanofluidic devices used to study ion transport under extreme confinement®>*t, The conventional
Maxwell-Hall access resistance model (MH model) is used to explain the ion transport in
nanopores initially with surface charge ignored as simplification*2. For surface-charged nanopores,
the effects of the electrical double layer (EDL) on the ion transport are significant, particularly
under low salt concentrations. Based on Stein et al.'s work on the surface-charge governed ion
transport in nanofluidic channels®®, Lee et al. proposed a surface conductance model (Lee's model)
that successfully predicted the saturation conductance behavior for nanopores at 100 nm scales®.
As the length and diameter of nanopores decrease to sub-10 nm, the conductance exhibit scaling
behavior, making Lee's model inequitable'®. By employing the electric-potential leakage, Noh et
al. presented a conductance theory (Noh's model) capable of explaining the scaling behavior of

nanopores at nanometer scale®. This scaling behavior is attributed to the breakdown of



electroneutrality in nanopores, a phenomenon observed in various nanofluid systems, such as

carbon nanotube!® ",

The above models, however, cannot accurately describe the conductance of nano/sub-nanopores
in monolayer graphene as observed experimentally by us (see Supplementary Note 1 C in
Supplementary Information for details). This discrepancy arises because these models are based
on assumptions fundamentally unsuitable for graphene nano/sub-nanopores. The atomic thick pore
length makes the electroneutrality condition unsatisfied in Lee's model, and Noh's model ignores
the influence of counterions at pore entrance, which significantly affects the conductance of
monolayer graphene nanopores. The nano/sub-nanometer pore diameter also contradicts Lee's
assumption of neglecting the thickness of the EDLs. Additionally, the traditional models cannot
capture the complex EDL structure in atomically thin sub-nanopores effectively'®. Moreover, the
interaction between the ion hydration shell and sub-nanopores, given their comparable sizes,
significantly influence the ion transport'®?!, Qualifying the energy barrier for hydrated ions
passing through sub-nanopores remains challenging. Although nanopores in two-dimensional (2D)
materials provide an ideal platform to study the ion transport under extreme confinement, there are

few experimental works available due to the challenges in forming stable sub-nanopores.

Here, we systematically studied the ion transport mechanisms in nano/sub-nanopores within
monolayer graphene. We observed conductance scaling behavior in these graphene nano/sub-
nanopores across various salt concentrations. Subsequently, we proposed a conductance model for
atomically thin nano/sub-nanopores, which demonstrates excellent agreement with the
experimental results. This model provides a semi-classical description of how counterions interact
with the edge of atomically thin pores, suggesting that the scaling behavior arises because the pore

edge prevents counterions from translocating along the pore wall. By analyzing free energies of



counterions interacting with the pore edge across different pore diameters, we successfully
quantified the hydration barrier, leading to a better understanding of the structure of the hydration

shell.
lonic transport and scaling behavior

To ensure accurate and stable conductance measurements over long-term and across various ion
concentrations, we prepared nano/sub-nanopores in high-quality monolayer graphene prepared by
mechanical exfoliation and controlled electrochemical reaction (CER) techniques?® 23, The
fabrication and stability tests of these nanopores are detailed in Fig. S1-S4, S8 in the
Supplementary Information. Figure 1 displays the measured conductance (G) of nanopores and
sub-nanopores in monolayer graphene at pH values of 7.5 and 5.0, for nanopores, across salt
concentration n, ranging from 10> M to 1 M. As the salt concentration decreases, the
conductance of nanopores in Fig. 1(b) and 2(c) shows four phases: (1) conductance decreases
linearly with salt concentration (2) this decrease slows down at 10~1 M, indicating a first
saturation (3) at 10~2 M, the conductance decreases rapidly with reduced salt concentration, and
(4) the second saturation appears at 10~* M. This phenomenon is consistently observed in
monolayer graphene nanopores, as demonstrated in Figs. S5-S6 in the Supplementary Information.
Unlike nanopores, the conductance of sub-nanopores in Fig. 1(d) and 1(e) exhibits a biphasic
reduction with decreasing salt concentration: an initial rapid decline transitions to a more gradual
decrease. Figure 1(g) illustrates that as the nanopore diameter decreases, the conductance decline
transitions from four phases to two phases.

We fit these experimental data using Lee's and Noh's models with surface charge density o and
pore diameter d as open parameters; the dashed lines in Fig. 1(b)-(e) represent their best fitting

curves. Fitting curves with other parameters are shown in Figs. S10-S11 in the Supplementary



Information. As shown in Fig. 1(b) and 1(c), Lee's model failed in capture the scaling behavior
observed in the nanopores in monolayer graphene, while Noh's model shows a more rapid decrease
in conductance at low salt concentrations compared to the experimental results. Both models
cannot describe the conductance of nano/sub-nanopores at different salt concentrations.
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Figure 1. lon transport through charged graphene nano/sub-nanopores under the influence of an

external electric field. a The schematic of the ion transportation through atomically thin nanopore;
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The dashed lines in (b)-(g) plot the calculation results of existing models (see Supplementary
Information Fig. S5-S7 for details), while the solid lines represent the model proposed in this
work.b d = 750 nm, pH = 7.5; ¢cd = 3.20nm, pH = 5.0; d d = 0.80 nm, pH = 7.5;
ed = 0.65 nm, pH = 5.0; f I-V data of the nanopore presented in panel (b); g Fitting curves of
our model in comparison with the experimental data obtained from nanopores with various

diameters.

Here, we propose a semi-classical conductance model to describe the various linear behaviors
of monolayer graphene pores from nano to sub-nano scales. The solid curves in Fig. 1(b-e)
represent the theoretically predicted conductance, which agree well with the experimental results
obtained from pores ranging from 0.45 nm to 8 nm. This model incorporates classical continuum
physics quantities such as surface charge density o and ion spatial number density n, and simplifies
nanopore shape to a cylinder. The coarse-grained approach for this model is detailed in Figs. S12

and S13 in the Supplementary Information.

Determination of surface charge density

For the phenomenon of solid surface charging in ionic solutions, two widely accepted explanations
exist. One is the hydrolysis of oxygen-containing groups on the solid surface, and the other is the
specific adsorption of hydroxide ions onto the solid surface. Both explanations describe the process
by which the solid surface consumes hydroxide ions from the aqueous solution, being negatively
charged. Considering the hydroxide ion adsorption, Secchi et al. proposed a relationship between
surface charge density ¢ and the pH of the solution in carbon nanotubes!’. Unlike nanotubes, the
defect-free surface of graphene exhibits low chemical activity and consequently low hydroxide

ion absorption. Therefore, hydroxide ions are exclusively adsorbed at the edge of graphene
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nanopores with limited assessable sites due to geometric constrain, as illustrated in Fig. 2(a). Since

the exchange of adsorbed hydroxide ions only happens near the pore edge, the consumed

hydroxide ions could be immediately compensated by the ionization of rich accessible water

molecules, reaching to an equilibrium of chemical potential:

ton-[s] = uou- [p] (D)

where uoy- [s] and uou- [p] are the chemical potential of OH™ ions on pore edge and in pore

interior space respectively. The electrical potential inside the pore, which cannot be ignored in

nano/sub-nanometer confinements, is simplified as an average electrostatic potential known as the

Donnan potential 1, 2*. Assuming that the interior surface can trap OH~ ions with an adsorption
energy Ugqp < 0, the chemical potential in equation (1) can be written as

tion-[s] = kgTlog([OH™14%) — ey + Uprgp )

ton-[p] = kgTlog([OH™1,2%) — ey 3)

where e is the elementary charge, kg is the Boltzmann constant, T = 293 K is room temperature,

[OH™ | = |o|/e is the surface density of OH™ ions on the pore wall, [OH™ ], = 1000 - N, -

10PH-14 m~3 js the space density of hydroxide ions inside the pore (N, is the Avogadro's

constant), ¥, is the surface electrostatic potential and A is microscopic normalizing length in

1

. h? 2
expression of 1 = (—) :
2nmoy- kg T

When the pore edge is negatively charged, graphene nanopore attracts potassium ions and
repels chloride ions. Consequently, potassium ions have a higher probability of passing through
the nanopores compared to chloride ions. We approximate this process using the Poisson-
Boltzmann (PB) equation. By solving the self-consistent equations formed by equation (1) and the

PB equation, we establish the relationship between surface charge density o, salt concentration n,



and pH. To determine the surface charge of sub-nanopores, we used the Uy,.,,, obtained from fitting
the nanopore data, assuming that adsorption energy remains same for different the pore sizes. The
numerical results in Fig. 3(a) suggest that after accounting for the compensation of hydroxide ions
by the ionization of water, the surface charge density does not decrease indefinitely with
decreasing salt concentration but rather reaches saturation. This finding provides new insights into
studying nanopore conductance assuming fixed surface charge density! 2, and partially explains
the lower exponent of scaling behavior observed in nanopores in some 2D material, compared to

the 1/3 predicted by Secchi et al*’.
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Figure 2. Schematic diagram of the model in this work. a Adsorption of OH™ ions occur on the
pore edge in graphene nano/sub-nanopore. The OH™ ions are trapped with adsorption energy of

Utrap - The consumed OH™ inside the pore are compensated by the ionization of water



moleculars; b Two conductance mode of graphene nano/sub-nanopore with electroneutrality

breakdown.
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Figure 3. Numerical result for the model developed in this work. a Surface charge density changes
with bulk salt concentration at different pHs. The nanopore diameter is fixed to d = 5.50 nm; b
Scaling behavior transition of graphene nano/sub-nanopores with the breakdown of
electroneutrality. The black lines represent calculations based on equation (6), with fixed values
of pH = 7.5 and U4, = —0.6 V. As the pore diameter decreases from the nanometer to the
sub-nanometer scale, the scaling behavior transitions from a four-stage reduction to a two-stage

reduction.

Conductance model of atomically thin sub-nanopore with electroneutrality

breakdown



The counter ions attracted by the charged pore edge are symmetric on both sides of the pore
entrance®. Under an applied bias, potassium ions in the bulk solution are driven by the electric field
towards the pore entrance. Two ion translocation processes can occur [see Fig. 2(b)]: (1) ions pass
the nanopore directly, which dominates at high concentrations, and (2) ions replace the counterions
in the EDLSs at the pore entrance. Meanwhile, chloride ions in the bulk solution are repelled by the
negative charged nanopore edge. These processes are closely related to the concentration of ions
in the bulk solution and can be derived by introducing the condition of electroneutrality disruption
into the classical nanopore conductance model. Assume that the concentration of potassium ions
in the nanopore is ng, and the concentration of chloride ions is n¢. When electroneutrality is
disrupted, potassium ions in the bulk solution are adsorbed at the pore entrance, affecting the

probability of potassium ions inside the pore, leading to ny = n, inside the pore. The repulsion of

2
. . . 2 2 ..
chloride ions remains unchanged as ng; = [n3 + (d—‘:) - ﬁ. The conductance inside the pore

(Gp) with diameter of d and atomically thickness L can be written as:

md?

4L

Gy = eNy pu (ng+ +ngp-) (4)

where y = %(MK"' + uc- ) is the ion mobility. The conductance resulting from potassium ions

transport from the bulk solution to the pore access (G,) can be calculated using the Maxwell-Hall

(MH) access resistance model, which has been validated for graphene nanopore®® 2. When

considering the distribution of counterions at the pore entrance, the MH model adapts to an
extended form

G, = 2eNy p (ng+ +nei-)d + 2Nyuo (5)

Aside from potassium ions being replaced from the bulk solution, counterions located at the

pore entrance can directly pass through the nanopore under the electric field driving force. This
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process occurs relatively infrequently since counter ions tend to be trapped on both sides of the
charged pore edge®. The conductance, induced by this process, G,,, need to be calculated
independently and integrated to determine the overall nanopore conductance (see Supplementary
Information Supplementary Note D for demonstration). Assuming the concentration of counter
ions is n,,, the total conductance of the nanopore under breakdown of electroneutrality can be

expressed as:
_ _ -1
Gror = (Gt +2G1) ~ + Goy (6)

-1
% + ﬂ (see Supplementary Note2: G for derivation details). Using

where G, = eNy un,, [
equation (6), Figure 3(b) illustrates the scaling behaviors transitioning from a four-stage decrease
to a two-stage decrease by varying d and n,, while keeping Uy, constant. It is necessary to point
out that equation (6) simplifies the interaction model between ions and the nanopore. The first term
on the right side of equation (6) represents the influence of bulk solution ions and counter-ions on
the nanopore conductance, neglecting the influence of ion size. The second term on the right side

of equation (6) reflects the interactions between counter ions and the nanopore edge, which lead

to the breakdown of electroneutrality.

Quantification of hydration barrier

The interaction between hydrated ions and sub-nanometer ion channels has long been a topic of
significant interest?®. The process of hydrated ions passing through graphene sub-nanopores is
considered even more complex?°. Although equation (6) effectively fits the measured conductance
of graphene sub-nanopores [see Fig. 1(c) (d)], the mechanism of ion transportation through such
extreme confinement is worth further discussion. In 2017, Sahu et al. proposed that due to their

atomic thickness, graphene sub-nanopores remove only a small portion of water molecules in the
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hydration shell of ions, unlike longer sub-nanometer channels where complete dehydration
occurs®. Because only partial dehydration occurs, the hydration barrier is significantly lower than
the hydration energy of the ions (the hydration energy of K™ is about 20 kg T %), which leads to
relatively high conductance when pore edge is negatively charged. In this work, we calculate the
conductance of a sub-nanopore using the linear segments of 1-V curves [see black points in Fig.
4(a) for example], where the hydration barrier is suppressed. The electroneutral breakdown in sub-
nanopores can be attributed to two parts, the leakage of EDLs and the repulsion of the hydration
barrier. Numerical calculation result in Fig. 4(b) shows that at d < 2.50 nm, n = 1 M, only single
ion exists inside the pore. Therefore, the repulsion from the pore wall can be regarded as acting on
a single ion. The chemical potential equilibrium of potassium ions inside the pore is given by
kT log(ng) = kgT log(ng + nex) + Uiear + Unya + €Pp (7)
where U4 1S the equivalent repulsive energy describing the EDLs leakage as an effective

repulsive potential for counter ions and Uy,,4 denotes the hydration barrier when ions go through

the pore. At the sub-nanometer scale, the potential inside the pore is close to the ¢ potential, thus
chloride ions are virtually absent in sub-nanopores. Considering the Donnan equilibrium leads to

eYp
- 40
nO ‘et = ed (8)

Combining equations (7) and (8) we obtain

40
Uieak + Unya = kgT log [—(n T+ )ed
0 ex

©)
At high bulk concentration, only potassium ions near the pore edge are attracted by the negative
potential. To ensure the broad applicability of equation (9) across sub-nanopore to nanopore scales,

we assume n, = 0. Circles in Fig. 4(c) illustrates the relationship between the free energy

difference and the radius of the nanopore, predicted by equation (9). If the free energy difference
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caused by ion dehydration is considered as potential energy difference caused by the dielectric
environment variation, free energy loss caused by the repulsion between hydrated ions and the
nanopore scales as 1/R32. Thus, we assume

a
Uhyd ES kBT?H (10)

where ay is the critical radius at which the hydration barrier equals 1 kg T. When R < ay, the

hydration barrier becomes significant. And equation (9) becomes

4 a U
og( o )_ H+ leak (11)

eNgy,d R kgT
The blue and red dashed lines in Fig. 4(c) illustrate the fit of equation (11) to the experimental
results. When pH = 7.5, the fitting yields to ay = 0.78 nm and U4, = 5.05 kg T. When pH =

5.0, we obtain ay = 0.07 nm and Uqx = 3.41 kg T. We note that the values of Uj.qy and Upyq
at pH = 5.0 are significantly lower than those at pH = 7.5. This is because the relatively high
concentration of hydrogen ions in the bulk solution, reaching 10~> M. Hydrogen ions have a
higher mobility compared to potassium ions and encounter less hinderance by the sub-nanopore.
Therefore, their contribution to conductance cannot be ignored at low bulk concentrations. This
results in an underestimated predicted value of energy barrier when calculating equation (11). At
pH = 7.5, the concentration of hydrogen ions in the solution is consistently much lower than that
of potassium ions, making the prediction of equation (11) more accurate. Figure 4(c) compares
Sahu's MD simulation results (black triangles) with the Uy, obtained in this work (blue circles)
at pH = 7.5, showing that they are of the same order of magnitude. Equation (11) fit well with
Sahu's results, demonstrating the accuracy of the theoretical analysis in predicting the experimental

results®.
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This result suggests that the graphene sub-nanopore may facilitate the passage of hydrated ions
without experiencing significant dehydration penalties. Similar behavior has been recently
observed in carbon nanotubes, demonstrating that hydrated ions would pass through charged
nanotubes with ease?. Figure 4(d) sketches the hydrated ion transport behavior [from left to right,

corresponding to I, 11 and 111 regions in Fig. 4(c)], which is in agreement with previous work®.
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Figure 4. lon transportation in graphene sub-nanopore. a I-V curves of sub-nanopore (d =
0.6 nm) and nanopore (d = 2.2nm) at n, = 1 M, pH = 7.5; b Number of ions in pore interior

calculated by N =n x (mwd?)/(4L),n = 1M; The inset cartoon illustrates the situation when
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ion number is less than 1. ¢ The energy barrier A E = Upyq + Upeqr Changing with pore radius at

different pH values. Dashed curves are fitted with equation (11); d Schematic of a hydrated ion
transporting through graphene nanopores corresponding to the phases indicated in panel (c), pH =

7.5. Left, region I; middle, region II; right, region IlI.

In summary, the model proposed in this work successfully predicts the mechanisms of ion
transport in atomically thin nanopores. The extremely thin thickness results in the complete
leakage of the EDLSs, which leads to electroneutral breakdown inside the pore and conductance
scaling behavior. The hydration barrier further suppresses ion transport as the pore diameter
decreases to the sub-nanometer scale. Our experimental results confirm that hydrated ions undergo
only partial dehydration when passing through monolayer graphene sub-nanopores. As more
experimental data become available in the future, the understanding of the interaction processes

between hydrated ions and nano/sub-nano channels will undoubtedly deepen.
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