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Atomic-scale ion transistor with ultrahigh diffusivity
Yahui Xue1†, Yang Xia1†, Sui Yang1, Yousif Alsaid1, King Yan Fong1, Yuan Wang1, Xiang Zhang2*

Biological ion channels rapidly and selectively gate ion transport through atomic-scale filters
to maintain vital life functions. We report an atomic-scale ion transistor exhibiting ultrafast
and highly selective ion transport controlled by electrical gating in graphene channels
around 3 angstroms in height, made from a single flake of reduced graphene oxide. The ion
diffusion coefficient reaches two orders of magnitude higher than the coefficient in bulk
water. Atomic-scale ion transport shows a threshold behavior due to the critical energy barrier
for hydrated ion insertion. Our in situ optical measurements suggest that ultrafast ion transport
likely originates from highly dense packing of ions and their concerted movement inside the
graphene channels.

B
iological ion channels with atomic-scale
selectivity filters not only allow extremely
fast and precisely selective permeation
of alkali metal ions but also behave as
life’s transistors, with the ability to gate

their on-off responses to external stimuli so
as to sustain important biological activities
(1, 2). Efforts have been made to develop ar-
tificial pore structures to probe ion diffusion
dynamics mimicking biological systems for

fundamental understanding and applica-
tions in life science, filtration, and energy
storage (3–5). Ion transport theory in a con-
tinuum framework has been developed
with pores fabricated by conventional nano-
fabrication processes (6, 7), but these pore
sizes exceed the diameters of hydrated ions,
negating ion selectivity (8). Single-walled
carbon nanotubes have emerged as inter-
esting candidates for transporting ions (9).
Nonetheless, these channels are mostly at
the 1-nm scale, and they still exhibit poor se-
lectivity given the typical angstrom-level size
of hydrated ions and the measured diffusion
coefficient, which is comparable to or even
slower than that in bulkwater (~1.9 × 10–9m2/s)
(10, 11). Recently, graphene layer structures

have demonstrated their superiority over
many others [e.g., graphene nanopores (12),
metal-organic frameworks (13), and porous
polymer (14)] in achieving elevated selectiv-
ity of monovalent metal ions with precisely
controlled channel dimensions at the ang-
strom scale (15). However, these angstrom-
scale channels preclude fast diffusion (on the
order of 10–11 to 10–13 m2/s) because hydrated
ions encounter steric resistance when enter-
ing a narrower channel space (16, 17). There
is also a lack of gating ability at atomic scale
to mimic the transistor-like behavior of bi-
ological channels. Although ion transport in
so-called nanofluidic transistors and recti-
fiers has been reported in nanoscopic chan-
nels (18, 19), it still remains a grand challenge
to realize gated ultrafast and simultaneously
selective ion diffusion through atomic-scale
channels to mimic the full functionalities of
biological ones.
We report an atomic-scale ion transistor

based on electrically gated graphene chan-
nels ~3 Å in height, possessing simultane-
ously ultrafast and selective ion transport
that is two orders of magnitude faster than
ion diffusion in bulk water. By applying elec-
trical gating, the average surface potential
on the graphene layer can be controlled, thus
changing the energy barrier for ion interca-
lation into the channel. Our graphene channel
device is made of a single flake of multilayer
reduced graphene oxide (rGO) with inter-
layer spacing l ≈ 0.45 nm (20). The device
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Fig. 1. Experimental setup and ultrafast
ion permeation. (A) Schematic of our
atomic-scale graphene channel device with
electric potential control using a three-
electrode configuration. Gold is used as the
gate electrode. Ag/AgCl in saturated KCl
aqueous solution is used as the reference
electrode (RE) and platinum wires as counter
electrodes (CE). The arrows indicate the
direction of ion flux driven by concentration
gradient. Multiple graphene layers are electrically
connected with the gate electrode in the
out-of-plane direction (see fig. S6). (B) Schematics
of “ON” and “OFF” states of ion permeation.
Purple dots, alkali metal ions; light blue circles,
hydration shells. In the “OFF” state, ions could
be trapped from the previous round of ion
intercalation as a result of cation-p interactions
(17). (C) Experimental observation of potassium
ion permeation through our graphene channels
driven by a concentration gradient of 0.2 M
at –1.2 V (ON state) and OCP (OFF state),
respectively.
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is supported on a free-standing silicon nitride
membrane with a rectangular hole for ion
flow and clamped with gate electrode and
insulation layers for electric potential con-
trol (Fig. 1A). This configuration offers the
advantages of intact layer structures (with
diminished pinholes and defects relative to
self-assembled graphene oxide laminates)
for fundamental property investigation while
preserving flexibility for scaling-up fabrica-
tion. Such two-dimensional graphene chan-
nels are clipped into rectangular shapes
with length L ≈ 6 mm and width W ≈ 20 mm
to facilitate ion permeation. The whole de-
vice as a membrane is clamped between two
reservoirs (referred to as feed and permeate
compartments), which are filled with highly
conductive alkaline buffer electrolytes that
can negate the electrophoretic effect and es-
tablish a 0.2 M concentration gradient of
investigated cations [see (20) for detailed dis-
cussion on the electrophoretic effect].
To explore the possibility of controllable

ion permeation through our graphene chan-
nels, we probed potassium iondiffusion purely
driven by a concentration gradient (20). Be-
cause the channel size is smaller than the
hydration diameters of alkali metal ions, it
creates an intrinsic energy barrier that forbids
ion entry in the open-circuit condition, indi-
cating the OFF state for ion permeation (Fig.
1B, top). The electrical potential is applied to
mimic the electric charge on the walls of bio-
logical channels. In this scenario, the hydration
shell can be distorted or partially stripped off to

overcome the ion-entry energy barrier, en-
abling ion intercalation as capacitive charge
(21). Beyond a percolation threshold as the
intercalated ions accumulate inside the chan-
nels, permeable ion transport is initialized,
indicating the ON state of ion permeation
(Fig. 1B, bottom).
With this configuration, an ultrafast perme-

ation of potassium ions is observed at –1.2 V
(Fig. 1C, ON state), corresponding to a typical
linear model driven by a concentration gradi-
ent and exhibiting an effective diffusion coef-
ficient, Deff ≈ 2.0 × 10–7 m2/s, within graphene
channels whose height is comparable to the
selectivity filter diameter of biological chan-
nels. This diffusion coefficient is two orders of
magnitude higher than that in bulk water and
surpasses the intrinsic diffusion coefficient ob-
served in biological channels (20). In contrast,
potassium ions show negligible diffusion at
the open-circuit potential (OCP) because of the
steric hindrance of large-sized hydrated ions
(Fig. 1C, OFF state).
To gain more insight into the effect of pore

surface charge on ion permeation through
atomic-scale channels, we investigated the per-
meation results under different electric po-
tentials (Fig. 2A). Driven by a concentration
gradient, the linear increase of ion concen-
tration with time and with applied electric
potential is observed beyond a threshold po-
tential (–1.0 to –1.2 V). The higher the electric
potential, the stronger the ion permeation.
This suggests increased ion intercalation into
atomic-scale graphene channels under strong

physical confinement with higher electrical
driving force. Below the threshold (from OCP
to –0.8 V), negligible change of ion permeation
is observed. A plot of the potential-dependent
permeation rate (Fig. 2B) shows that the thresh-
old voltage behavior is evident, which indicates
the onset electric potential to overcome the ion-
entry energy barrier. Experimental evaluation
of the energy barrier reveals a value of ~24 kJ/
mol for potassium ions, which agrees reason-
ably well with predictions reported in the lit-
erature (15, 20, 22).
We further studied the switching capability

of ionic permeation through the atomic-scale
channels. We monitored the ion permeation
by repeatedly switching the gate voltage below
and beyond the threshold (Fig. 2C). It is seen
that ion permeation happens linearly and
rapidly with time at –1.2 V (beyond the
threshold). When the potential is switched
to OCP (below the threshold), the permeation
immediately stops (Fig. 2D). This ON-OFF
switchable sequence is repeatable over several
cycles.
We explored the ion intercalation and pack-

ing density inside the channels under differ-
ent electric potentials. Because the electronic
structure of a material strongly affects its op-
tical properties, we explored the intercalated
charge density in our atomic-scale graphene
channels by in situ optical reflection measure-
ments (20). We observed enhanced optical
reflection with respect to the open-circuit
condition in the spectrum region from 450
to 900 nm beyond a threshold voltage (Fig. 3A
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Fig. 2. Electrically controlled ion permeation.
(A) Potassium ion permeation through atomic-
scale graphene channels of thickness t = 25 nm,
driven by a concentration gradient of 0.2 M
and at different electric potentials. Symbols are
experimental data; lines are linear fittings.
(B) Permeation rate as a function of applied
electric potential. Orange dots correspond to
the experimental data in (A), obtained by
the slopes of best linear fittings. Other symbols
are data from two control experiments to
exclude the leakage effect from the interfaces
of the rGO flake with the silicon nitride substrate
and the metal electrode, respectively (20).
(C and D) Potential control scheme (C) and
ON-OFF responses (D) of ion permeation
with switching potential between –1.2 V
and OCP.
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and fig. S14), consistent with our potential-
dependent ion diffusion measurements. Such
observation is attributed to the doping level
increase as ions intercalate into the graphene
channels. We modeled the optical reflection
measurements by approximating the optical
property of rGO with Fermi level–dependent
multiple graphene layers (20). The model-
ing results capture well the overall trend of
optical reflection change (fig. S16), revealing
a charge density on the order of 1.8 × 1014 cm–2

at –1.2 V. Such a charge density is quite high
and compares well with the measurements in
the electrochemical charging of bilayer gra-
phene (23) and ultrathin graphite (24).
We further probed how ion packing density

promotes ultrafast ion diffusion. Note that
ultimate confinement largely reduces the di-
electric constant of aqueous solutions (25). The
high packing density of charges observed in our
graphene channels could impart strongCoulomb
interaction among adjacent ions and promote
their concertedmovementwithdecreasing energy
barrier (26, 27). We adopted amean-field theo-
retical model to correlate the dependence of
the effective ion diffusion coefficient on the
charge density and their mutual interactions
(20). For a charge density of 1.8 × 1014 cm–2,
the model yields an enhancement of the diffu-
sion coefficient from 1.9 × 10–9 m2/s to ~0.8 ×
10–7 m2/s, which reasonably agrees with our
experimental results. The accelerated diffu-
sion dynamics can be understood in terms of
Coulomb interaction–induced concerted ion
movement (27, 28). The theoretical underesti-
mation may be caused by uncertainty due to
modeling assumptions and the omission of
factors such as the low friction of graphene
surfaces (29) and phonon-enhanced ion dif-
fusion (30).
Elevated selectivity ofmonovalentmetal ions

is also observed in our atomic-size graphene
channels. To reasonably compare the perme-
ation rates of different alkali metal ions, we
filled the feed compartment with a mixture
of LiCl, KCl, and CsCl, 0.2 M each in the same

solution. Fig. 3B shows the permeation rates
of different cations in a potential range from
–1.0 to –1.2 V (see also fig. S17). A selection
ratio of K+/Li+ as high as 9.0 is achieved at
–1.0 V. The overall permeation rates increase
with the electric potential, consistent with
the single–potassium ion measurements in
Fig. 2A. It is also interesting to observe a
constant selection sequence in the studied
potential range—that is, K+ > Cs+ > Li+—
which resembles the selection sequence of
biological potassium channels. This implies
a controlling mechanism combined with ion
dehydration and electrostatic interaction with
ion-binding sites in our charged graphene
channels (31), in contrast to previous artifi-
cial channels (13, 14).
Our atomic-scale ionic transistors can switch

ion transport effectively and selectively. The
ultrahigh ion diffusivity is explained by their
dense packing and resultant concerted move-
ment. The reversible and switchable ion per-
meation is attributed to the steric ion-entry
energy barrier overcome by applied electrical
potential. The synergetic contribution of atomic-
scale confinement and surface potential renders
the ion transport highly selective. This dem-
onstration not only provides fundamental
understanding of fast ion sieving in biological
systems but also leads to highly controllable
and ultrafast ion transport of relevance to ion
batteries, seawater desalination, and medical
dialysis.
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Fig. 3. Charge intercalation and ionic selec-
tivity. (A) Relative optical reflection change
induced by charge intercalation as a function of
electric potential at wavelengths of 500,
600, 700, and 800 nm. R0 is reflection
intensity at OCP, and DR is relative change at
different potential. Inset: schematic experi-
mental setup for in situ optical reflection
measurements. (B) Comparison of permeation
rates of Li+, K+, and Cs+ ions in atomic-
scale graphene channels at –1.0, –1.1,
and –1.2 V.
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