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Interaction-driven giant electrostatic
modulation of ion permeation in atomically
small capillaries

Dhal Biswabhusan 1, Yechan Noh 2, Sanat Nalini Paltasingh 3,
Chandrakar Naman 1, Siva Sankar Nemala 4, Rathi Aparna 1,
Kaushik Suvigya 1, AndreaCapasso 4, Saroj KumarNayak3, Li-HsienYeh 5,6 &
Kalon Gopinadhan 1,7

Manipulating the electrostatic double layer and tuning the conductance in
nanofluidic systems at salt concentrations of 100mM or higher has been a
persistent challenge. The primary reasons are (i) the short electrostatic
proximity length, �3–10 Å, and (ii) difficulties in fabricating atomically small
capillaries. Here, we successfully fabricate in-plane vermiculite laminates with
transport heights of�3–5 Å, which exhibit a cation selectivity close to 1 even at
a 1000mM concentration, suggesting an overlapping electrostatic double
layer. For gate voltages from −2 V to +1 V, theK+-intercalated vermiculite shows
a remarkable conductivity modulation exceeding 1400% at a 1000mM KCl
concentration. The gated ON/OFF ratio is mostly unaffected by the ion con-
centration (10–1000mM), which confirms that the electrostatic double layer
overlaps with the collective ion movement within the channel with reduced
activation energy. In contrast, vermiculite laminates intercalated with Ca2+ and
Al3+ ions display reduced conductance with increasing negative gate voltage,
highlighting the importance of ion-specific gating effects under Å-scale con-
finement. Our findings contribute to a deeper understanding of electrostatic
phenomena occurring in highly confined fluidic channels, opening the way to
the exploration of the vast library of two-dimensional materials.

Selective and tunable ion transport is crucial in advanced material
applications, including ‘lab-on-a-chip’ devices1,2, energy harvesters3,4,
desalination membranes5,6 and neuromorphic devices7,8. Among the
many external stimuli affecting ionic transport, electrostatic gating
appears to be highly reversible. Inspired by the remarkable efficiency
of biological channels that rely on gated ion transport to activate
certain functions9, researchers have explored the effects of electro-
static gating in several confined systems10. Although few experimental

groups have achieved reasonable gate modulation at dilute ion
concentrations, little progress has been made at physiologically
and practically relevant concentrations11–13 (i.e., 100mM or higher).
To be effective at high ion concentrations, the channels need to
overcome electrostatic screening, which essentially restricts the
channel size available for ion transport. TheDebye length estimation at
a 1000mMKCl concentration suggests that the channel size should be
smaller than 6Å. These challenging size requirements explain the
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absenceofworks addressinghigh concentrations. Nevertheless, gating
studies at dilute concentrations revealed several intriguing effects:
dehydration of ions14, modification of interlayer interactions15, con-
centration polarization16, and ion sieving17,18. In the past, several con-
fined systems have been explored, such as silica nanochannels and
nanowires11, unintercalated graphene oxide (GO laminates12),
MXenes13, MXene-GO [ref. 19,20] and TiO2 nanochannels21. However,
the majority of these systems have channel sizes > 7 Å. The best gate
modulation effect reported thus far is < 1000% at concentrations as
small as 10mM.

At a high salt concentration (1000mM), significant ion interaction
effects are expected if the channel size is comparable to the Debye
length, as demonstrated by molecular dynamics (MD) simulations22,23.
At this length scale, ion-ion and ion-water-ion interactions are likely to
occur because of the close proximity of ions, water, and surfaces.
Moreover, experiments can detect and study these effects. For
example, the knock-on mechanism of ion transport due to Coulomb
repulsion could lower the energy barrier and enhance the ionic
conductance24. Electrostatic gating of the fluidic surface can change
the ionic concentration and their transport in highly confined chan-
nels. In addition to gating, the valency of the ions can also affect their
interactions. In the very few studies, electrostatic gating was also
found to alter ion˗water interactions14.

Modulating ion transport at sea salt concentrations of 600mMor
higher is extremely difficult because of the requirement of highly
confined fluidic channels, since the short Debye screening length at
this concentration makes electrostatic gating ineffective. The focus of
this paper is to modulate ion transport at these extreme concentra-
tions, which is rarely discussed. There are many advantages of having
high ion concentrations; for example, a high concentration ensures
high ionic conductivity and hence a better signal-to-noise ratio. High
concentrations may provide better stability against environmental
fluctuations.

With this motivation, we designed channels with an overlapping
electrostatic double layer (EDL) at high salt concentrations to assess
the ion modulation and interaction effects. For this purpose, we fab-
ricated laminates with angstrom-sized fluidic channels using earth-
abundant and cost-effective vermiculite clay material. In vermiculites,
the interlayer cations can be easily exchanged, thus providing a tun-
able transport height from �3 to 5 Å. The atomically small interlayer
space ensures that the Debye layer overlaps even at a 1000mM con-
centration, enabling the selective and tunable transport of smaller
cations such as K+ via electrostatic gating. The insulating membrane
itself can serve as a gate dielectric, eliminating the need for an extra
layer. The membrane is stable under aqueous conditions25 and can
operate at elevated temperatures26.

Results and Discussion
Vermiculite crystals that occur naturally are composed of layers of
magnesium aluminosilicate. Each layer is made up of three sheets: one
octahedral sheet occupied by the Al3+ ion at the octahedral site can be
substituted with Mg2+ or Fe2+, which is sandwiched between two tet-
rahedral sheets occupied by the Si4+ at the tetrahedral site (Fig. 1a)
[ref. 27,28]. Additionally, Al3+ ions substituted one-fourth of the Si4+

ions in tetrahedral sites, causing an enhanced negative charge in the
layered structure. These excess charges are balanced by cations such
as Mg2+ or Ca2+ ions, which reside in the space between these layers. In
our study, these Mg2+ cations were exchanged with other cations via
the 2-step heat exchange approach described in the methods section.
We intercalated K+, Ca2+, and Al3+ ions into vermiculite (V) laminates to
achieve variable interlayer spacing. To estimate the interlayer spacing
(d) of vermiculite laminates, we performed X-ray diffraction (XRD) on
free-standing Li‒V, K‒V, Ca‒V, and Al‒V membranes in both dry and
wet states (Supplementary Fig. 1a). We observe no significant differ-
ence in the peak positions of both states. Since we performed our ion
transport measurements in a wet state, it is appropriate to discuss the
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Fig. 1 | The structure of vermiculite and its composition. a Schematic of the
vermiculite layers. The unit cell consists of tetrahedral and octahedral layers with
Mg2+ occupying the octahedral sites and Si4+ and Al3+ the tetrahedral sites with shared
oxygen. Exchangeable cations are occupied between the layers to balance the excess
negative surface charge and are replaced with K+/Ca2+/Al3+ cations. b Energy dis-
persive spectroscopy (EDS) analysis of the elements across the layers of the K‒V
membrane indicates the presence ofO, Si, Mg, Al, and the intercalant K. The scale bar

indicates 1 µm. c High-resolution X-ray photoelectron O 1s spectra (XPS) of the K‒V,
Ca‒V, and Al‒V membranes. The grey open circle indicates the raw data of O 1s, and
the blue line is the fitted data. Two deconvoluted spectra (green line and violet line)
were derived from the raw data. The two black dotted straight lines indicate the peak
position of -OH (violet) and Si-O-Si(Al)/Si-O-Mg (green) for K‒V membranes. A clear
shift of peak position towards higher binding energy is observed with increasing
cation valence. Source data are provided as a Source Data file.
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XRD results in the wet state. The XRD data revealed a ‘d’ spacing of
12.2 Å for K‒V. After subtracting the space occupied by the single
magnesiumaluminosilicate layer,which is 9.6 Å [ref. 29], we obtained a
transport height of 2.6 Å for ion transport, which is occupied by sol-
vated K+ ions. Similarly, for the Ca‒V and Al‒V membranes, the trans-
port height is 5.6 Å and 5.1 Å, respectively, occupied by hydrated Ca2+

and Al3+ ions. In the case of the Ca‒V and Al‒V membranes, higher-
order peaks were observed, indicating complete laminated frame-
works. Scanning electrone microscope (SEM) cross-sectional images
further confirmed the laminated structure (Supplementary Fig. 2) and
helped us estimate the thickness of the membrane (i.e.,�3.5μm). The
cross-sectional energy dispersive spectroscopy (EDS) analysis of the
K-intercalated vermiculite membrane revealed the main elements of
vermiculite, such as O, Si, Mg, and Al, along with the intercalant K
(Fig. 1b). The EDS maps of Ca‒V and Al‒V similarly show the intrinsic
elements of vermiculite along with the intercalant (Supplementary
Fig. 3a, b). However, intercalant Al is hard to distinguish from intrinsic
Al. The membrane consists of monolayers with a thickness of 14 Å, as
estimated from the AFM height profile (Supplementary Fig. 4). The
mica-like structure adsorbs 1 or 2 layers of water molecules on its
surface and hosts intercalated ions on its surface30. This results in a
slightly larger thickness of 14 Å instead of 9.6Å.

Surface charges play a crucial role in controlling nanofluidic
transport because the charged solid surface and electrolytes form an
EDL [ref. 31], as proposed by Helmholtz in 1853. V-laminates feature a
negative surface charge that draws cations to the interlayer space from
the electrolytes, creating an EDL, which is confirmed by our zeta
potential (Supplementary Fig. 5) and transport measurements. We
employed several charged cation intercalants to control these zeta
potentials. The zeta potential measurements of the K‒V, Li‒V, Ca‒V,
and Al‒V solutions indicate that the K‒V layers have a larger zeta
potential of –50± 3mV than the Ca‒V (–19 ± 3mV) and Al‒V
(–4 ± 1mV) layers. We also measured the zeta potential of the mem-
branes; the values were very similar to those of the dispersed solution.
The higher zeta potential value of the K‒V solution indicates thatmore
K+ is needed to neutralize the surface than Ca2+ and Al3+. This obser-
vation also suggests that in vermiculite, the surface charge can be
easily controlled by the appropriate exchange of ions. The vermiculite
membrane exhibited mechanical stability, with a tensile strength of
∼35MPa and a fracture strain of ∼2% (Supplementary Fig. 6). This
demonstrates that vermiculite is flexible and suitable for use in aqu-
eous conditions.

Furthermore, we carried out a Fourier transform infrared (FTIR)
spectroscopy study to confirm the presence of functional groups in
the vermiculite. As described in Supplementary Fig. 7, the broad
absorption peaks at 3360 cm-1 and 1643 cm-1 indicate the stretching
and bending vibrations of the -OH groups, respectively32. The absor-
bance peak at 970 cm-1 corresponds to the asymmetric stretching
vibration of Si-O-Si. The two peaks at 735 cm-1 and 652 cm-1 are related
to the Al-O-Al and M-O-Si (M is Mg, Al, and Fe) bonds, respectively29,32.
We also performed Raman analysis for all the cation-intercalated
membranes, which revealed the characteristic peaks ofMg-O/Al-O and
Si-O (Supplementary Fig. 8) [ref. 33].

We performed X-ray photoelectron spectroscopy (XPS) analysis
on all the cation-intercalated membranes. The XPS survey of the K‒V,
Ca‒V, and Al‒V samples provided in Supplementary Fig. 9a shows
common elements such as O, Si, Mg, and Al, along with intercalant
atoms. The depth analysis of the intercalated cations indicates suc-
cessful intercalation within the layers (Supplementary Fig. 9b–d). The
O 1sdeconvoluted spectrumhas twopeaks forK‒V, one at 531.0 eV and
theother at 532.3 eV,which corresponds to the Si-O-Si(Al)/Si-O-Mgand
hydroxyl groups, respectively (Fig. 1c)34,35. Both peaks shifted toward
higher binding energy values with increasing cation valence, and the
shift was maximal for Al-intercalated vermiculite, i.e., at 531.5 eV and
533.3 eV. The higher binding energy suggests that the electrostatic

interaction between Al3+ and the layers of vermiculite is considerable
among all the intercalated vermiculite, which is in the order of Al3+‒
V >Ca2+‒V >K+‒V. A similar shift is also reported in the case of cation-
intercalated montmorillonite membranes33. A detailed analysis of the
spectra corresponding to the elements of vermiculite, Si, Al, andMg is
provided in Supplementary Fig. 10.

Electrical modulation of ionic conductance measurements of
angstrom capillary devices
We fabricated a voltage-gated device using various cation-exchanged
vermiculite membranes. The membrane was initially cut into several
pieces of size 5 × 4mm2. These membrane pieces were further utilized
to make the device. For the gate voltage, a gold wire was fixed onto a
silver strip made in the middle of the membrane, which ensures a
uniform gate voltage across the membrane (Fig. 2). This sample was
then encapsulated between two acrylic blocks with the help of an
epoxy (Loctite Stycast 1266), which isolated the gold gate electrode
from the electrolytes. To expose both ends of the membrane, the
sample was polished with P1000 emery sandpaper, and the final
dimensions were confirmed via optical microscopy. The polished
sample was sandwiched between two circular acrylic pieces with a
prefabricated hole to ensure that ion transport occurred only through
the vermiculitemembrane (Fig. 2). The fabricateddevice hada length, l
of 3mm, and width, w of 4mm. We performed all our measurements
with these devices.

We performed ionic transport measurements in a homemade
PEEK (polyether ether ketone) cell. The devicewasplacedbetween two
reservoirs containing aqueous salt solutions. Two homemade Ag/AgCl
electrodes, labeled as the source and drain, were used for the ionic
measurement. The ions were transported by applying a voltage, Vds

(drain to source voltage), and the resultant current, Ids (drain to source
current), was monitored. We used another source meter to apply a
gate voltage (Vg) to the nanofluidic device, with the source as the
ground terminal. A schematic of the measurement setup is shown in
the inset of Fig. 3a. For the transport studies, we choose the right salt-
exchanged membrane and solutions, for example, K‒V membranes
with KCl solutions, Ca‒V membranes with CaCl2 and Al‒V membranes
with AlCl3, to avoid any ion exchange during the experiments. We
prepared all the salt solutions with Milli-Q deionized water, and the
final pH of the solution was 5‒7; however, AlCl3 is an exception, with a
pH of 2.7 for a 1mM chloride concentration. The pH values of the Li+,
K+, Ca2+, and Al3+-intercalated vermiculite flakes dispersed in a 1mM
chloride solutionwere 7.2, 6.8, 7.1, and 5.6, respectively. It is clear from
various characterizations that small changes in pH do not affect
d-spacing or stability since equilibrium is achieved due to cation
exchange. The sample temperature wasmaintained at 298K for all the
measurements, unless otherwise specified.

We first studied the effect of the gate voltage on the ion transport
characteristics of a K‒V sample. For this purpose, Ids–Vds character-
istics were measured at different gate voltages, with Vg ranging from
−2 V to +1 V. The characteristics were mostly linear at low Vds (Fig. 3a)
for a 1000mMKCl solution. There is a visible change in the slopeof the
curve with various Vg values. A finite zero-current voltage is observed
for a larger negative Vg, plausibly indicating an asymmetric charge
distribution. The larger positive current with negative Vg is attributed
to the increased K+ density and mobility, as supported by MD simu-
lations presented later. The ionic conductance was extracted from the
slope of the Ids–Vds plot. The KCl conductance across the membrane
was reduced from 5.0μS to 1.5μS when Vg increased to +1 V (Fig. 3b).
Conversely, the conductance value increased to 22.9μS after applying
a gate voltage of –2 V. The conductance increased by 1400% when Vg

changed from +1 V to −2 V at a concentration of 1000mM, which, to
thebest of our knowledge (comparisonwith otherworks is provided in
Supplementary Table 1), is the highest ever reported (additional data
can be found in Supplementary Fig. 11a, b). The conductance was
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highly reversible when Vg was tuned back to +1 V from −2 V (Supple-
mentary Fig. 12a, b), a clear indicator of the stability of our devices.
Furthermore, at the end of each gate voltage cycle, we measured the
water conductance to check the integrity of our devices. More than
90% of our devices were found to be stable in this gate voltage range.

To understand the role of the EDL in ion transport, we examined
the magnitude of voltage modulation at several KCl concentrations in
the range of 1mM‒1000mM. For this purpose, we defined a gating
ON/OFF ratio, which is the ratio of conductance at Vg = −2 V to Vg = +1 V
(Fig. 3c). The gating ON/OFF ratio is smaller at a 1mM concentration;
however, it increases and saturates in the concentration range of
10mM‒1000mM, which is very similar to the zero Vg conductance
versus concentrationbehavior (Supplementary Fig. 13). The increase in
the gating ON/OFF ratio with increasing concentration is unusual and
strikingly different from the findings of other reports12,13. It is therefore
important to understand the reasons for the significant gate modula-
tion effects at highKCl concentrations. For this, let us first consider the
situation of zero gate voltage. The cations (K+) from the KCl solution
are drawn to the negatively charged vermiculite surface (Supplemen-
taryNote 1) and are screenedby theK+ ionswhen the channel surface is
not subjected to any gate voltage. The electrolyte solution con-
centration and ion valence control the screening length, also known as
the Debye length, λD , which can be computed via the following for-
mula given as

λD =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εRT

PN
i= 1F

2Z2
i Ci, 0

s

ð1Þ

where ε is the permittivity of the solution; R and T are the gas constant
and temperature, respectively; F is the Faraday constant; N is the total
number of ionic species; and Zi and Ci, 0 are the valence and bulk
concentrations of the ith ionic species, respectively. The above
expression implies that theDebye length decreaseswith increasing ion
concentration. For example, at a 1000mMKCl concentration, λD is 3 Å.
The transport height for theK‒V laminate is 2.6 Å,whichmeans that for
KCl concentrations ranging from 1mM to 1000mM, the EDL overlaps.
Because of this, the variation in ionic conductance with concentration
is not significant (Supplementary Fig. 13). For example, the

conductance only slightly increased from 1.31 μS to 5 μS when the KCl
concentration was varied from 1mM to 1000mM. This relatively small
change in conductance, despite a three-orders-of-magnitude increase
in concentrations, suggests that ion transport is dominated by surface
effects rather than bulk diffusive transport, G / C0 [ref. 36].

We tested whether the ion hydration shells are squeezed or the
laminated membrane structure expanded upon an applied gate vol-
tage (Vg). The in-situ XRD data (Supplementary Fig. 1b) confirm that
the laminated structure remains intact after a high negative Vg is
applied.We tried toquantify the softnessof the ionhydration shell, i.e.,
the extent of ion‒water interactions and their modification under the
influence of a gate voltage. We performed ionic conductance mea-
surements at several temperatures and gate voltages to extract the
activation energy (Ea). Figure 3d displays the Arrhenius plot between
ln(G) and 1/T, at different Vg values. Ea is calculated using the following
formula

G / exp
�Ea

RT

� �
ð2Þ

where R is the universal gas constant, and the sample temperature T,
varies from 25 to 60 °C. Our diffusion study revealed that K‒V lami-
nates are cation-selective due to the high density of negative surface
charges (Supplementary Fig. 14a, b & Supplementary Table 2). There-
fore, we can readily ascribe the activation energy, Ea, to that of K+ ions.
At 0 Vg,Ea is 298meV. When Vg is +1 V, the Ea value increases to
309meV, which explains the reduced ionic conductance observed for
positive Vg (Fig. 3b). Interestingly, when Vg = −2 V, Ea decreased from
298meV to 287meV. The existence of a threshold voltage (Vg ≈ −1 V)
and the lower Ea (hence increased conductance) for Vg < −1 V suggests
a modification in ion‒water (hydration) interactions around K+ ions.

We examined the impact of the gate voltage on the transport of
higher valency cations using the electrolytes CaCl2 and AlCl3, and the
conductance vs. concentration characteristics at 0 Vg are displayed in
Supplementary Fig. 15a, b. Figure 4a shows the I‒V characteristics at
different Vg values for 500mM CaCl2 solutions. There is a visible
change in the slope of the I‒V curves with Vg. However, the current at
zero voltage is lower than that of KCl solutions, especially for negative
Vg. Figure 4b shows the influence of the gate potential on the ionic
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Fig. 2 | Fabrication of a voltage-gated sample. Schematics of various steps
involved in the fabrication of voltage-gated vermiculite samples for studying gated
ion transport characteristics. Here, h, w, and l are the thickness, width, and length

of the membrane, respectively. We used a gold wire to apply the gate voltage. The
images are not drawn to scale.
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conductance of CaCl2 solutions at a concentration of 500mM. For
positive Vg, we observe a reduction in the CaCl2 conductance upon an
increase in Vg, similar to that of KCl solutions. However, for negative
Vg, the conductance reaches a maximum at Vg �−1 V, beyond which it
decreases. We performed these measurements at several chloride
concentrations ranging from 1mM to 1000mM (Fig. 4b). When we
increased the solution concentration from 1mM, the maximum con-
ductance, which occurred at around Vg �−1 V for all the concentra-
tions, also increased. We also wanted to confirm whether this
observation holds for a trivalent cation such as Al3+. For this purpose,
we chose aqueous solutions of AlCl3 with chloride concentrations
ranging from 1mM to 1000mM. In this case, we also observed a
maximum in the conductance, but at Vg � 0 V (Fig. 4c, d). The max-
imum conductance increased when we increased the solution con-
centration, a trend similar to that of CaCl2 solutions.

The zero Vg conductance of CaCl2 and AlCl3 is lower than that of
KCl. Our estimated transport height for Ca‒V and Al‒V is 5.6 Å and
5.1 Å, respectively. It can accommodate 1–2 layers of water molecules
as the bare sizes of Ca2+ and Al3+ ions are 2.02 Å and 1.06Å,
respectively37. Theoretical studies suggest that the first hydration layer
is very strong in the case of Ca2+ andAl3+, which is difficult to remove as
penalties of −1504 kJ/mol and −4665 kJ/mol energy are needed,
respectively37. Therefore, major modification in the ion‒water inter-
action is unlikely even with the largest Vg that we have applied. Like in
KCl solutions, the CaCl2 and AlCl3 conductance saturates at high
concentrations (Supplementary Fig. 15a, b).Contrary to theKCl results,
we observed a decrease in conductance with negative Vg, which sug-
gests the emergence of a different interaction. Moreover, the max-
imum conductance decreases with decreasing ion concentration. Our
diffusion data (Supplementary Fig. 14a, b) and zeta potential

measurements (Supplementary Fig. 5) indicate that the cation selec-
tivity of vermiculite is in the order of KCl > CaCl2 > AlCl3.

We observed that the gate voltage dependent ionic conductance
behavior of vermiculite laminates that are intercalated with KCl, CaCl2,
and AlCl3 solutions is strikingly different from other reported mem-
branes that are unintercalated, such as onMXenes13. The possibility of
water splitting at extreme values of Vg is ruled out simply because the
conductance of CaCl2 and AlCl3 solutions decreases with Vg beyond
−1 V. In the case of K+ ion transport through K‒V laminates, we see a
nonmonotonic increase in conductance with negative Vg. Recently, an
atomic transistor consisting of rGO showed an increase in K+ transport
when a gate voltage was applied14. In this case, the density of ions
increases, and the barrier energy for ions decreases with Vg, which
results in increased conductance. The barrier energy is exponentially
related to the ion mobility (μ) as

μ=μ0 exp
�Ea
RT

� �
ð3Þ

where µ0 is the bulk ion mobility (i.e. for K+, µ0 = 7.62×10-8 m2V-1s-1). A
decrease in the barrier energy clearly leads to an increase in ion
mobility and hence in the conductance.

We also checkedwhether the gatingON/OFF ratio depends on the
cation’s energy barrier. For this purpose, we chose a Na‒V membrane
with NaCl solutions at a concentration of 1000mM.We found that the
gating ON/OFF ratio decreased to�1100% (Supplementary Fig. 16a, b),
which could be due to its (Na+) slightly larger hydration barrier than K+.
Additionally, with increasing membrane thickness (K‒V, h = 8 µm), the
overall ionic conductance increases, but the gating ON/OFF ratio
decreases to �1100% (Supplementary Fig. 17a, b). This result suggests
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Fig. 3 | Electric field modulated ion transport through the K-V membrane.
a Modulation of the ionic current, Ids with different Vg values from −2 V to +1 V in
stepsof0.5 V in 1000mMKCl solution. Inset: schematic of the voltage-gated device
used for the transport measurement. b Variation in conductance with gate
potential for 1mM, 10mM, 100mM, and 1000mMKCl. Data are presented asmean
values ± standard deviation. N = 3 independent samples. c Gating ON/OFF ratio

between conductance at −2 V to +1V for the several concentrations of KCl from 1 to
1000mM. Data are presented as mean values ± standard deviation. N = 3 indepen-
dent samples. d Arrhenius plot for 1000mM KCl showing the activation energy at
several Vg values, the solid lines represent a linear fit. Source data are provided as a
Source Data file.
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that the gating effect might be more pronounced in thinner than in
thicker membranes.

To understand the ion transport mechanism under gate voltages
for K‒V andCa‒V systems,we conducted all-atomMDsimulations. The
MD simulation setup is illustrated in Fig. 5a. We considered transport
heights of 2.6 Å and 5.6Å for the 1000mM KCl and 500mM CaCl₂
systems, respectively, matching the experimental values. To emulate
the gating effect, a net charge ΔQnet was introduced to the membrane
atoms38 using the distribution equation as

Δqi =ΔQnet
qi

�� ��
P

i qi
�� �� ð4Þ

where qi represents the partial charge of atom i in the membrane. The
charge modification applied was within 1.5% of the original partial
charge. Ideally, the surface charge density, σ, has a linear relation with
Vg which is given below

σ =
ΔQnet +Q0

A
=CVg + σ0 ð5Þ

whereA is the surface area,C is the capacitance, andQ0 and σ0 are the
net charge of the membrane and the surface charge density at Vg =0,
respectively. An external electricfield corresponding to 1 Vwasapplied
to induce ion transport. Additional methodological details of the MD
simulations are provided in the Methods section.

The surface of the vermiculite membrane is terminated with
oxygen atoms, naturally generating negative electrostatic dipoles
directed toward the interlayer space, thereby providing binding sites
for cations. This locally negative electrostatic environment within the
highly confined vermiculite interlayer attracts cations, even when the

membrane is electrically neutral. Figure 5b shows snapshots of ions in
K‒V and Ca‒V systems, demonstrating that a negative gate voltage
generally increases the population of intercalated cations, whereas a
positive gate voltage decreases it. Note that cation transport through
this highly confined space involves a sequential hopping process
between binding sites created by the oxygen-terminated surface. Such
a sequential, barrier-leaping ion transport mechanism has been his-
torically studied in the context of biological nanochannels39 and has
also been documented in synthetic membranes40. Our MD simulations
for cation currents in the K‒V and Ca‒V systems show qualitatively
consistent trendswith the experimental observations (Fig. 5c, d). In the
K‒V system, the cation current increaseswith decreasingσ (decreasing
Vg), whereas the Ca‒V system exhibits a peak current at a specific σ
value. We calculated average ion density within the interlayer space as
a function of surface charge density (see Fig. 5e, f). In the K‒V system
(2.6Å), only K⁺ ions intercalate, whereas in Ca‒V systems (5.6 Å), both
Ca²⁺ and Cl⁻ ions occupy the interlayer space. Figure 5g, h shows the
average mobility of ions between the membranes. In the K‒V system,
K⁺ mobility increases with decreasing surface charge. In the Ca‒V
system, the Ca²⁺ mobility peaks at σ ≈ −0.4C/m², whereas the Cl⁻
mobility decreases with decreasing σ.

We closely examined ion trajectories at different gate voltages in
our MD simulation, leading to the following insights into ion transport
mechanisms (illustrated in Fig. 5b): For the K‒V system at negative Vg,
the density of K+ increases and K⁺ ions undergo frequent, short-
distance hopping, resulting in high current (Supplementary Movie 1).
At a positive Vg, K⁺ ions become depleted and exhibit infrequent
hopping over relatively long distances, leading to a low current (Sup-
plementary Movie 2). For the Ca‒V system, Ca²⁺ ions become less
mobile at strongly negative Vg because of the strong Ca‒V interaction
(Supplementary Movie 3). At positive Vg, Ca²⁺, and Cl⁻ ions move in

Fig. 4 | Voltage-gated ion transport through Ca‒V and Al‒V devices, and the
effect of ion valence. a Variation in the ionic current, Ids with the applied potential,
Vds, for 500mMCaCl2 solutions at various Vg.bConductance vs Vg plot for 0.5mM,
50mM, and 500mMCaCl2 solutions. Data are presented asmean values ± standard
deviation. N = 3 independent measurements. c Variation in the ionic current, Ids

with the applied potential, Vds, for 333mM AlCl3 solutions at various Vg.
d Conductance vs Vg plot for 0.33mM, 33mM, and 333mM AlCl3 solutions. Data
are presented as mean values ± standard deviation. N = 3 independent measure-
ments. Source data are provided as a Source Data file.
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opposite directions, interfering with each other’s transport and
resulting in a congested hopping process that reduces Ca²⁺ mobility
(Supplementary Movie 4). As a result of reduced mobility at both the
negative and positive Vg limits, the Ca2+ current reaches its maximum
at the intermediate Vg value (Supplementary Movie 5). Theoretically,
the mobility of K⁺ ions can also be reduced at even higher negative
surface charges. To further understand the effect of gating on ionic
mobilitywithin theseÅ scale channels, anenergetic analysis of each ion
may be necessary, although this is beyond the scope of this work.

We also investigated a commonly used GO system to infer the
gating effect at 1000mM, where the Debye length does not overlap
with the transport height ( ~ 7 Å). We found no evidence of a gating
effect (Fig. S18a–d).

The significant electric field effect observed in vermiculite mem-
branes is a result of (i) the considerable length of the gate electrodes
(� 2 mm), which enhances cation accumulation when negative gate
voltages are applied, and (ii) the � 1 nm thick insulating vermiculite
layers capacitively induce charges, and the presence of 1 to 2 layers of
water ensures weaker electrostatic screening, resulting in a field effect
on the fluidic channels. Theoretical simulations indicate that thinner
dielectric layers induce higher surface charge and zeta potential41.
Recent reports of the electric field effect in conducting membranes
such as GO and MXenes without the use of a gate oxide for gating are
puzzling; however, it may be argued that there are thin insulating
layers in the form of functional groups, which might help induce sur-
face charges and hence tunability of conductance or permeation. Our
device configuration is inspired by solid-state field-effect transistors;
thus, the interpretation of the results is straightforward. Mica has a
very high breakdown strength of 12MV/cm [ref. 42], which is expected
to be similar for vermiculite. Therefore, the probability of the

formation of conducting filaments in our membranes is very unlikely
since our maximum applied voltage is only 2 V across a membrane
thickness of 3.5 μm.

The gated ion transport device demonstrated in our study is
effective in modulating the conductance of monovalent ions and, as
such, holds promise for several advanced applications. First, the pre-
cise control over ion flow in angstrom-scale channels makes these
devices excellent candidates for lab-on-chip systems, where accurate
dosing and real-time regulation of ionic species are critical. For
instance, in controlleddrugdelivery, the ability to selectivelymodulate
the transport of monovalent ions could be leveraged to trigger
downstream chemical or biological processes with high temporal
resolution. Additionally, the distinct response observed for mono-
valent vs. multivalent ions‒evidenced by the contrasting transcon-
ductance behavior under negative gate voltages‒suggests that these
devices could be engineered to separate ions based on their valence.
This selective ion separation could have significant implications in
water purification,where the removal of specific ion types is desired, as
well as in the design of fuel cells and batteries. In these energy appli-
cations, energy-efficient ion gating is essential to optimize perfor-
mance and reduce losses. The inherent modularity of the vermiculite
membrane system allows for further functionalization. For example,
by incorporating inorganic pillars (such as alumina) to expand the van
der Waals gap, the device architecture could be tuned to accom-
modate larger species43. This would enable the transport of biomole-
cules (e.g., DNA, RNA, proteins), finding applications in biosensing and
gate-controlled sequencing and detection platforms.

We demonstrated how gate voltage alters ion-water and ion-
surface interactions at room temperature in highly confined vermi-
culite laminates. Negative gate voltages increased the cation

Fig. 5 | Molecular dynamics (MD) simulation of ion transport through Å-scale
2D vermiculite membranes. a Snapshot of the simulation systems for 1000mM
KCl (top) and 500mM CaCl₂ (bottom) solutions. b Effect of the gating voltage on
the ion distribution and transport through the vermiculite interlayer spacing.
c-d Cation current as a function of surface charge density for c 1000mM KCl and
d 500mM CaCl₂. The error bars for the current were estimated as the standard
deviation of the slope obtained from a linear regression of the flux-time data,
sampled every 50 ps over a total simulation time of 200 ns. The centre of the error

bar is the mean. e, f Density of intercalated ion as a function of surface charge
density for e 1000mM KCl and f 500mM CaCl₂. The error bars for the ion density
were estimated as the standard deviation of the ion density, sampled every 50ps
over a total simulation time of 200ns. The centre of the error bar is the mean.
g, h Mobility of intercalated ions as a function of surface charge density for
g 1000mM KCl and h 500mM CaCl₂. Source data are provided as a Source
Data file.
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concentration inside the channels, resulting in unusual ion gating
effects. We observed a sizeable ionic conductance modulation of
�1400% in 1000mM KCl solutions. In the same voltage range, much-
reduced conductancemodulation was observed in the CaCl2 and AlCl3
solutions, resulting from ion-surface interactions inferred from theMD
simulations. Future research must focus on high salt concentrations
and extreme confinements to understand and explore the whole
dynamics of ion interaction effects. This study reveals how to treat
industrial waste of high salt concentrations efficiently. Overall, two-
dimensional materials offer endless possibilities for fabricating tun-
able channels at the Å-scale.

Methods
Chemicals
Natural vermiculite crystals (2‒3mm in size), potassium chloride (KCl,
≥ 98.5%), sodium chloride (NaCl, ≥ 99.0%), lithium chloride (LiCl,
≥99.0%), calcium chloride (CaCl2, ≥98.0%), aluminumchloride (AlCl3,
≥97.0%), PVDF (0.22 µm pore size), and silver paste were purchased
from Sigma Aldrich. All the chemicals purchased were used as
received. Gold wire (30 μm in diameter) was purchased from Tanaka
K.K. (Japan).

Fabrication of vermiculite laminates
The natural vermiculite crystals obtained were thermally expanded,
and the cations were exchanged via a two-stepmethod25. Briefly, in the
first step, 100mg of vermiculite crystals were soaked in a 200mL
saturated NaCl solution and refluxed for 24 h at 100 °C, followed by
washing with deionized water 8 to 10 times to remove excess salts.
During this process, interlayer Mg2+ cations are exchanged with Na+

ions. In the next step, the sodium-exchanged vermiculites were soaked
in 200mL of 2000mM lithium chloride (LiCl) solution, refluxed for an
additional 24 h, and again washed with DI water until excess chloride
ions were removed. The resulting Li-exchanged vermiculite (Li‒V)
crystals were dried and dispersed in water at a 1mg/mL concentration
and sonicated for 30min. The monolayers were obtained by cen-
trifuging at 1509 × g for 15min or allowing the large flakes to settle in
the solution overnight under gravity. We used the supernatant con-
taining the monolayer to prepare the vermiculite membrane via
vacuum filtration assembly. We used PVDF of 0.22 µm pore size as
the support for vermiculite membranes, which easily peeled off
after drying the samples under an IR lamp for 10min. These free-
standing membranes were dipped into 1000mM chloride concentra-
tion of KCl, CaCl2, and AlCl3 solutions for 24 h, which resulted in the
intercalation of the cations K+, Ca2+, and Al3+, respectively, into the
vermiculite interlayers. Our previous study25 reported that the above
cations make vermiculite membranes highly water-stable. We subse-
quently washed the cation exchanged membranes with water to
remove excess salt from the surface and dried them under an IR lamp.
These materials were further characterized and used for ion transport
studies.

Characterization
A Rigaku Multipurpose X-ray diffractometer (XRD) with Cu Kα radia-
tion (λ = 1.5406Å) was used to determine the interlayer spacing of the
cation-exchanged vermiculite membranes. The thickness of the exfo-
liated vermiculiteflakewasdeterminedusing atomic forcemicroscopy
(Bruker Nano wizard Sense AFM), the membrane thickness was
determined from cross-sectional SEM images (JEOL JSM-7900F), and a
zeta potential measurement was carried out via DLS and Zeta Seizer
instrument (Nano ZS Malvern Instrument). Energy dispersive spec-
troscopy analysis (EDS, JEOL JSM-7900F) was performed to determine
the elements present in the vermiculitemembranes. Fourier transform
infrared spectroscopy (FTIR) (Perkin Elmer), and Raman spectroscopy
(WITec) were used to confirm the functional groups present in ver-
miculite. For Raman spectroscopy, 532 nm laser light with 5mW of

power was used for excitation at room temperature. X-ray photo-
electron spectroscopy (XPS) was also carried out to determine the
elemental details. XPS spectra were acquired with an ESCALAB 250 XI
(Thermo Fisher Scientific, source: Mg Kα 300W, pass energy: 40 eV)
system, where the analysis chamber was pumped down to ultrahigh
vacuum (UHV�5 × 10-10 mbar). Themechanical testing was carried out
using a universal testing machine (UTM, model number- Kappa
SS_CF100).

Molecular dynamics simulation
All-atom molecular dynamics (MD) simulations were performed to
investigate ion transport through Å-scale two-dimensional (2D) ver-
miculite membranes. The simulations were conducted using periodic
rectangular simulation boxes with dimensions of 3.66 nm×4.25 nm×
15.0 nm (x, y, z) for the 1000mM KCl system and 4.56nm×4.25 nm ×
15.0nm for the 500mM CaCl₂ system. Three layers of vermiculite
membranes were stacked along the x-direction and positioned at the
center of the z-coordinate system, as depicted in Fig. 5a. The vermi-
culite membranes and ions were modelled using the Clay Force Field44

and water molecules were described by the standard simple point
charge (SPC) model45. To emulate the gating effect of the membranes,
a net charge (Qnet) was added to the membrane atoms using the dis-
tribution equation described in the main text. The systems were sol-
vated with water molecules and ions with additional cations added to
neutralize the system. The positions of the vermiculite membrane
atoms were restrained using a harmonic spring. Prior to production
runs, the systemunderwent an initial energyminimization, followedby
equilibration under the NPT ensemble with a variable z-box size at
300K and 1 bar for 2 ns. The barostat and thermostat relaxation times
were set to 2 ps and 0.1 ps, respectively. Following equilibration, an
external electric field of 0.067 V/nmwas applied along the z-direction,
corresponding to a 1 V transmembrane bias, and the simulation was
conducted under the NVT ensemble. Ion transport simulations were
performed for 200ns, and the last 100 ns of trajectory data were used
for analysis. All MD simulations were performed using a GPU-
accelerated MD code with GROMACS46,47 version 2024.2, and atomic
visualizations were generated using OVITO48.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data that are required to understand the conclusions in the paper
are presented in the main manuscript and the Supplementary Infor-
mation. Source data are provided with this paper.
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