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The permeability and selectivity of biological and artificial ion channels
correlate with the specific hydration structure of single ions. However,
fundamental understanding of the effect of ion-ioninteraction remains
elusive. Here, via non-contact atomic force microscopy measurements,

we demonstrate that hydrated alkali metal cations (Na*and K*) at charged
surfaces could come into close contact with each other through partial
dehydration and water rearrangement processes, forming one-dimensional
chainstructures. We prove that the interplay at the nanoscale between the
water-ion and water-water interaction can lead to an effective ion-ion
attraction overcoming the ionic Coulomb repulsion. The tendency for
differentions to become closely packed follows the sequence K" > Na* > Li",
whichis attributed to their different dehydration energies and charge
densities. This work highlights the key role of water molecules in prompting
close packing and concerted movement of ions at charged surfaces,

which may provide new insights into the mechanism of ion transport under
atomic confinement.

The atomic-scale arrangement and transport of hydrated ions under
confined geometry play crucial rolesin water desalination'®, aqueous
andnon-aqueous secondary batteries’'°, biological ion channels""*and
otherappliedfields or natural phenomena. lon hydrationand dehydra-
tion processes are critical for the permeability and selectivity of both
biological and artificial ion channels' . So far, the understanding is

based on the ion-specific hydration structure of individual ions, with
little knowledge of ion—ion interaction'¢. Under strongly confined
geometries (subnanometre), especially those with charged channel
walls, thelocalion concentrationis usually high (-several tens of molar),
such that the effect of ion-ion interaction becomes important and
plays a decisive role in the channel’s functioning” . It is speculated
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Fig.1| Atomicstructure of the 1D K'-water chain. a, Constant-current STM
images of the 1D K'-water chains on Au(111). Upper: the K'-water chains
adsorbed in hcp regions with three orientations, [101], [011], [011]. The longer
chains can extend over the herringbone structure (indicated by ared arrow). hcp,
hexagonal close packing; fcc, face-centred cubic. Lower left: azoomed-in STM
image of a K'-water zigzag chain. Lower right: aline profile across the edge
showing the height of the chain (-1.6 A). Set point of the STM images:100 mV,

10 pA. b, Constant-height AFM (frequency shift, Af) images at the tip heights of
0 pm (left) and -100 pm (right). ¢, Simulated AFM images at the tip heights of
11.40 A (left) and 10.75 A (right). d, Top and side views of a structural model of the
K'-water chain on the Au(111) surface. Au, K, Hand O atoms are denoted by

0.39 Hz

yellow, purple, white and red spheres, respectively. The orange dashed curves in
b and c highlight the crooked depressions, arising from the H of the water
molecules. The bridging water molecules and adjacent bridging water molecules
areindicated by red and black arrows, respectively, in b-d. The black (red)
dashedlinesind (band c) indicate the Hbonds in the structural model (AFM
images). The tip heightsin b are referenced to the STM set point on the Au
substrate (100 mV, 10 pA). The tip heights in c are defined as the vertical distance
between the apex atom of the metal tip and the outermost atom of the Au
substrate. The oscillation amplitude of experimental and simulated images is
100 pm. All the experiments were performed at 5 K.

fromtheoretical calculations that the dehydration of alkali metal ions
under atomic-scale confinement may lead to close ion-ion contact,
which contributes to the high permeation rate and selectivity of ion
channels (the diffusion rate of K"in the K' channel is ~-10% ions s, which
is 1,000 times larger than that of Na*) through the direct Coulomb
knock-on and concerted ion movement'®?°. Although spectroscopic
investigations have evidenced high-density ionicaccumulation (charge
density of 1.8 x 10" cm™) under two-dimensional (2D) confinement
andinsuperconcentrated aqueous solutions (-27 M), the detailed con-
figuration ofionic close packing has not been observed via experimen-
tal measurements?'. Moreover, considering the strong electrostatic
repulsion between the ions, the driving force for the close packing of
hydrated ionsis still unclear.

In this work, we fabricated samples with continuously tunable
ratios of alkali metal cations (Li*, Na* and K*) and water molecules
(Methods and Supplementary Figs. 1 and 2). The alkali metal cations
could assemble into one-dimensional (1D) chain structures together
with water molecules on charged metal (Au(111)) and monolayer
graphene surfaces. A qPlus-based atomic force microscope (AFM)*
(Methods) was used toimage the 1D chain structures with atomic reso-
lution, revealing that theions (Na*or K*) are in close contact with each
other. The tip manipulation experiment and theoretical simulation
indicate that the close packing of alkali cationsinvolves partial dehydra-
tion and the formation of new water hydrogen (H) bonds. These 1D ion
chains show water-mediated ionic attraction, ion-specific hydration
structure and collective movement, which may shed new light on the
permeation ability and selectivity of ion channels.

Single 1D K'-water chains

Figure 1a shows scanning tunnelling microscope (STM) images of 1D
K*-water chain structures on single-crystal Au(111), formed by
co-depositing Katoms and water molecules (Methods). Asthe Katom
lands on the Au(111) surface, itisionized toaK" cation by transferring
electrons to the Au substrate and water molecules, leading to

electrostatic and dispersioninteractions between the K and the Au
substrate (Supplementary Section 1, Supplementary Figs. 3 and 4).
These K*-water 1D chains exhibit three equivalent directions ([101],
[011], [011)) and are mainly located within the hexagonal close packing
(hcp) regions of the Au(111) surface (Fig. 1a, upper panel). Some chains
can extend across the herringbone reconstructions into the
face-centred cubicregions (indicated by ared arrow in Fig. 1a). Short
chains, consisting of a minimum number of three K" ions (Supple-
mentary Section 2 and Supplementary Fig. 5), can diffuse on the sur-
face through either tip manipulation or thermal excitation
(Supplementary Fig. 6 and Supplementary Video 1), indicating the
stability of the K'-water chains and the concerted ion movement.
The line profile across the 1D chain suggests a single-layer height
(Fig. 1a, lower right panel). Even though the STM can reach amolecu-
lar resolution of water at metal interfaces®, the zoomed-in STM image
shows azigzag structure without internal resolution for the K'~water
chain (Fig. 1a, lower left panel).

In contrast, the AFM images reveal more details of the K'~water
chain (Fig.1b,c). Atalarge tip height (Fig. 1b, left), around depression
results fromthe attractive force between the positively charged K and
the negatively charged carbon monoxide (CO)-terminated tip** . The
multipole electrostatic force between the CO tip and the water mol-
ecule allows us to distinguish the negatively charged O (protrusion)
and positively charged H (depression, indicated by orange dashed
curves)?, indicating the H-down configuration of water molecules
because of the negatively charged Au substrate (Supplementary Sec-
tion1and Supplementary Fig. 3). At a small tip height (Fig. 1b, right),
the Paulirepulsion force dominates theimage contrast, and prominent
sharplinesappear (dashed lines), resembling the Hbonds between the
water molecules??”.

On the basis of the high-resolution AFM images obtained at sys-
tematically varied tip heights (Supplementary Fig. 7), we propose
an atomic model for the 1D K*~water chain with a water-ion ratio of
3:1 (Fig. 1d), the stability of which is confirmed by ab initio density
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Fig.2| Atomicstructure of the 1D Na*-water chain. a, Constant-current STM
images of the 1D Na*-water chains on Au(111). Upper: the Na*-water chains
adsorbed in hcp regions along the herringbone structure. Lower left: a zoomed-
inSTM image of a Na*-water chain. Lower right: aline profile across the edge
showing the height of the chain (-1.4 A). Set point of the STM images: 100 mV,
10 pA. b, Constant-height AFM (Af) images at the tip heights of 38 pm (left) and
-20 pm (right). ¢, Simulated AFM images at the tip heights of 11.54 A (left) and
114 A (right). d, The structural model of the Na*-water chain structure on the
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Au(111) surface. Au, Na, Hand O atoms are denoted by yellow, cyan, white and
red spheres, respectively. The bridging water molecules are indicated by black
(white) arrows ind (b and c). The flat-lying water molecules are indicated by red
arrows inb-d. The water pentagons are indicated by black (red) dashed linesind
(bandc). All the tip heights inb and ¢ have the same reference and definition as
showninFig. 1. The oscillation amplitude of experimental and simulated images
is100 pm. All the experiments were performed at 5 K.

functional theory (DFT) calculations (Methods). Noteworthily, the
K*ions are in close contact with each other and bridged by two water
molecules (indicated by red arrows in Fig. 1b-d). The water molecule at
the chain edge accepts two Hbonds from the adjacent bridging water
molecules (indicated by black arrows in Fig. 1b—d). The simulated AFM
images (Fig.1cand Supplementary Fig.7) based on the DFT model agree
with the experimental results in a quantitative way (Supplementary
Table1l), further verifying the validity of the DFT model. The negatively
charged Au substrate and bridging water molecules may mimic the
electric charges on the walls of biological and artificial ion channels
in stabilizing the compact K* structures™". Such a compact K'-water
chainstructure can promote the concerted ion movement through the
direct Coulomb knock-on mechanism™°,

Single 1D Na*-water chains

The hydrated Na* canalso formalD chainstructurein the hcp regions
of the Au(111) surface (Fig. 2a, upper panel). The Na*-water chain is
similar to the K'-water chainin height but wider (Fig. 2a, lower panel).
The high-resolution AFM image at a large tip height reveals that the
Na"ions (round depressions) are surrounded by four water molecules
and connected with each other through one bridging water molecule
(indicated by white (black) arrows in Fig. 2b,c (d)). Meanwhile, the Na*
aregrouped every threeions, and the resulting Na* trimers form a peri-
odic structure along the chain direction (Fig. 2b, left). At a smaller tip
height, the H-bonding skeleton of the surrounding water molecules
isresolved (Fig. 2b, right). The AFM images at different tip heights
allow determination of the atomic structure of the Na*~water chain
with highaccuracy (Fig. 2d, Supplementary Fig. 8and Supplementary
Table 2). The simulated AFM images (Fig. 2c) quantitatively reproduce
the experimental results.

We noted that most of the water molecules in the Na*~water chain
have an H-down configuration due to the negatively charged surface
(Supplementary Section1and Supplementary Fig. 3), except for those
directlybonded with the Na*ions, some of which may adoptaflat-lying
configuration (indicated by red arrows in Fig. 2b-d). These flat-lying
water molecules play an essential role in forming pentagon structures

(highlighted by dashed lines in Fig. 2b-d) and stabilizing the chain.
Moreover, there are three equivalent configurations of the flat-lying
water molecules, which can switch between the three (Supplementary
Section3 and Supplementary Fig. 9). The flat-lying water molecules are
adsorbed higher above the surface than the H-down ones due to the
weaker interaction with the surface, thus appearing as bright protru-
sionsinthe AFM images (Fig. 2b,c, left).

The structure of the Na*-water chain is qualitatively different
from that of the K*-water chain. First, the Na* ions in the trimer struc-
ture are bridged by only one water molecule, while the K* ions have
two bridging water molecules, indicating that the hydration shell of
Na® is more crowded than that of K*. Second, only three Na*" ions can
be brought close to contact, while in the K* case up to 22 ions form
a closely contacted chain in our experiments. Third, the Na*-water
chain has a higher water-ion ratio (6:1) than the K'-water chain (3:1).
These differences can be attributed to the larger dehydration energy
and charge density of Na* than K* (Supplementary Table 3), mak-
ing it more difficult to remove water molecules from the hydration
shellstoformacloseionic contact structure. We also report the chain
structure of Li*, which has even larger dehydration energy than Na*.
Indeed, direction-ion contactis absent from theLi*-water chain, and
the water-ion ratio (18:1) is much larger than that of the Na*-water
chain (Supplementary Section4 and Supplementary Fig.10). Itisinter-
esting to observe that the ion-water ratio and the degree of close ion
packing follow the sequence K* > Na* > Li* (Supplementary Fig. 11),
resembling the permeation and selectivity sequence of biological and
artificial potassium channels™*17°,

Driving force for the close ionic packing

To explore the driving force for the close nanoscale packing of alkali
ions at interfaces, we performed controlled tip manipulation experi-
ments on the K'-water chain (Fig. 3 and Methods). As shownin Fig. 3a
by the red arrow, we used the tip to drag one short K*'-water chain to
approach another in an end-to-end way. At first, the two water mol-
eculesattheend of the K'~water chaininterlink the two chains (Fig. 3b).
Next, under the relaxation processes (Methods), the right-end water
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Fig. 3| Formation process of the 1D K*-water chain. a-e, Constant-height
AFMimages of two separate (a), metastable (b-d) and stable (e) structures of
1D K'-water chains. Two separate K'-water chains were manipulated by the tip
to approach each other (see the red arrow). For details of the tip manipulation,
see Methods. In all AFM images, the yellow and red balls highlight the end and
bridging water molecules, respectively. Tip heights of the AFM images: 50 pm,

288 11903 | gRI1294 02

referenced to the STM set point on the Au substrate (50 mV, 30 pA). All the
experiments were performed at 5 K. f-j, MD snapshots showing the aggregation
of two separate 1D K*-water chains at 50 K. To simulate the tip manipulation, an
initial equivalent kinetic energy was assigned to the two short K'-water chains,
making them move towards collision. The dashed lines represent the H bonds
between the water molecules.

molecule of the upper chain was detached from the K* and it formed
anHbond with the right-end water molecule of the lower chain, which
then became a bridging water molecule to connect the two chains
(Fig. 3¢). The same process happened on the left side (Fig. 3d), finally
resulting in a complete longer K'-water chain (Fig. 3e). Once the zig-
zag structure formed, applying further voltage pulses was unable to
disturb the structure, indicating its high stability. Such a sequence of
chainformationthrough partialion dehydrationis nicely reproduced
by molecular dynamics (MD) simulation (Fig. 3f-j, Methods, Supple-
mentary Section 5, Supplementary Fig.12 and Supplementary Video 2).
Via DFT calculations, we demonstrate that a longer K'-water chain
(sixK"ions) is energetically more favourable than two shorter chains
(three K*ions) by ~420 meV.

Fromthe manipulation experiments and MD simulations, itis clear
that the water molecules in the hydration shell of K" are inclined to
detach from the ion and form new Hbonds with other water molecules.
Such atendency can be understood by considering that the water-K*
interactionis weaker than the water-water interaction®. These water-
water Hbonds thendragthe two K'-water chainstoapproacheachother
through the water-ioninteraction, finally leading to the close contact of
K ions. Therefore, itis the interplay between the water-ion and water-
water interactions thatyields an effective attraction between theions.
To quantitatively compare the contributions of differentinteractions
during the chaininterconnection, we carried out crystal orbital Ham-
ilton population and integrated-crystal orbital Hamilton population
analysis based onthe LOBSTER calculations (Supplementary Section 6,
Supplementary Figs. 13 and 14). These results suggest that the energy
gain related to the water-water H-bonding interaction (-1,038 meV)
ismuchlarger thanthat of K'-water interaction (=70 meV), K'-Au sub-
strate interaction (+50 meV) and dipole-dipole interaction between
water molecules (-167 meV, Supplementary Section 7). Therefore,
the water-water interaction constitutes the major contribution to
overcoming the K'-K* Coulomb repulsion (+806 meV), promoting the
formation of K'-water chains (Supplementary Section 8 and Supple-
mentary Fig.15). The tendency for the ions to become closely packed
is inversely correlated with the strength of ion-water interaction.
Such a phenomenon is analogous to the spontaneous aggregation of

hydrophobes in water through hydrophobicinteraction®**. However,
if the ion-water interaction is too weak, it is difficult to maintain the
water H-bonding network around the ion chain, and the closely packed
ionchain may notbe stable. Indeed, we failed to obtainalD Cs*-water
chainstructure on Au(111) due to the relatively weak Cs*-water interac-
tion (Supplementary Fig.11).

Itis unexpected that the hydrated alkaliions can spontaneously
polymerize into 1D chains on the atomically flat surface, where the
confinement is much less severe than that of the 1D ion channel. We
notice that each alkali ion (Li*, Na* and K*) is always coordinated by
four water molecules in the 1D chain at the Au(111) surface. In con-
trast, the H-bonding interaction between the water molecules pre-
fers the hexagonal structure??*?, There is a symmetry mismatch
between the hydrated ions and the H-bonding structure of water,
leading to five-, four- and even three-membered water rings in the
ion-water chains with a substantial increase in strain energy. Com-
pared with the 2D structure, the formation of the 1D chain structure
can give more freedom to release the strain energy and optimize the
H-bondinginteraction.

1D K'-water chains embedded within the 2D
water network

Toinvestigate the robustness of 1D ion chains, we performed further
experiments on K" systems at higher water-ionratios. At a particular
water-ionratio of 4:1, the hydrated K can self-assemble into a 2D net-
work through the water molecules (Fig. 4a-d). However, the Hbonds
between the water molecules are distorted due to the tetragonal sym-
metry of the hydrated K*. Such astructureis fragile and can be easily
convertedtoamorestable chainstructureunder tip disturbance (Sup-
plementary Fig.16) or anincrease of the water-cationratio (Fig. 4e-i).
Atahigher water-ionratio (-6:1), some of the K" ions dehydrate and
locally aggregate (Fig. 4e-h), resulting in a closely packed chain
structure similar to that shown in Fig. 1. Such a structure change
could be understood through the DFT analysis of thermodynamic
stability of the different water-ion structures in terms of the K chemi-
cal potential, which shows that the 2D network with the water-ion
ratio of 4:1is energetically favourable only within a narrow range of
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Fig.4|2D K'-water networks at different water-to-ion ratios. a-d, Structural
model (a), AFM (b,c) and simulated AFM (d) images of the 2D K*-water network
atawater-ionratio of 4:1. e-h, Structural model (e), AFM (f,g) and simulated
AFM (h) images of the 2D K*-water network at a higher water-ion ratio, showing
thelocal 1D aggregation of K'. i, AFM image of the periodic K" array structure
formed by further increasing water-ion ratio, which isembedded in the 2D
water network. A water molecule adsorbed on top of K" is indicated by the red
arrow. The hexagonal H-bonding network of water between the K'-water chains
isshownintheinset. Theblack (red) linesinaand e (¢, d, gand h) highlight the
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L
.0
5 A y
L 4 . |

Hbonds between the water molecules in the structural model (experimental

and simulated AFM images). The tip heights of b, ¢, f,g andiare 50 pm,-30 pm,
50 pm, =50 pm and 350 pm, respectively, referenced to the STM set point on the
Ausubstrate (100 mV, 10 pA). The tip heights of d and hare 11.00 A, defined as the
vertical distance between the apex atom of the metal tip and the outermost atom
of the Au substrate. The oscillation amplitude of experimental and simulated
imagesis100 pm. Au, K, H and O atoms are denoted by yellow, purple, white

and red spheres, respectively, in structural mode. All the experiments were
performedat5K.

K chemical potential and could transform to the chain structures
with a water-ion ratio of 3:1 or 6:1 (Supplementary Section 9 and
Supplementary Fig.17).

When the water-ion ratio further increases, additional water
molecules will adsorb on top of the K'-water chain, providing a
three-dimensional screening environment and stabilizing the K*-
water chain. Insuch a case, the K'-water chains can even form periodic
arrays, which are precisely aligned and embedded in the 2D hexagonal
water network (Fig. 4i and Supplementary Fig. 18). The orientation of
K*-water chains has no registry with the atomic arrangement of the
Au(111) substrate (Supplementary Fig.19), which reveals that the sur-
facelattice plays anegligible role informingalD ion chain.Inaddition,
wereportthat the 1D K'-water array can remain stable at temperatures
up to 135 K before water desorption occurs. For practical 1D or 2D ion
channels under physiological/ambient conditions, the water and ions
are strictly confined, and desorption is unlikely to occur>***, There-
fore, over awide range of water-ionratios and temperatures, the ions
canaggregateintoalD structure to preserve the hexagonal H-bonding
network of water, such that both the water-ion and water-water inter-
actions are optimized.

Robustness of the 1D ionic chains and perspective

In addition to the Au(111) surface, we found that similar 1D ion chains
arealso presenton the single-crystal Pt(111) and monolayer graphene/
Cu(111) surfaces. The Pt(111) surface is more hydrophilic than the Au(111)
surface and facilitates the formation of water monolayer structure,
thus alkali ions could be incorporated into the hexagonal H-bonding
network of water at low concentration (-1.5 M), locally forming 1D chain
structures (Supplementary Section 10 and Supplementary Fig. 20).
Since the graphene/Cu(111) surface is more hydrophobic than the
Au(111) surface and provides less ionic screening, the ions and water
molecules can construct periodic arrays embedded in the 2D water
network as in Fig. 4i (Supplementary Section 11 and Supplementary
Fig. 21), where the top absorbed water molecules could enhance the
screening effect and assist in formation of the ion chain. The lack of

responsiveness to stimuli of the ionic chains to the various surfaces
and the water-ion ratio suggests that the 1D polymerization of alkali
ions might be considered a general response for different confined
geometries.

To investigate our findings in practical nanofluidic systems at
ambient conditions, we carried out MD simulations containing K*
cations and water molecules on the Au surface and in a structural 2D
graphitic nanochannel with a height of -6 A (internal space of -3 A) at
different temperatures (Supplementary Videos 3-5). We found that
similar close-packing ion chain structures also exist under strong 2D
confinement, and the lifetime (up to 150 ps) is almost one order of
magnitude longer than that on the Au surface (half confinement) at
300 K (up to 15 ps). We suggest that the stability of a close-packing
structure is governed by both kinetic and thermodynamic factors and
could be further enhanced under 2D/1D confinement (Supplementary
Section 12). Given that the ion diffusion through the ion channels
typically occurs onatimescale of several picoseconds to tens of nano-
seconds at ambient temperature (-300 K), these densely packed ion
chain structures are expected to promote concerted and directional
ion movement through Coulomb interactions. This feature paves the
way for understanding fastion transportin1D and 2D nanoscale chan-
nelswith charged interfaces*". Additionally, the presence of anionsin
the 2D monolayer graphene nanochannel could further enhance the
stability of 1D cation chains™.

The specific hydration structure of the ion chains could lay new
foundations for comprehendingtheion selectivity ofion channels and
offer animproved perspective on understanding the high permeation
efficiency of the K* channel (Supplementary Fig. 11). The hydration
energy of the K" ion lies in a middle position among different alkali
metal cations, competing with water-water interaction, which not
only facilitates the ionic close packing but also maintains a sufficient
H-bonding network to stabilize the chain structure (Supplementary
Fig.11). Furthermore, our results may provide general design principles
for artificial ion channels towards highly efficient and precisely selec-
tiveion permeation.
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Methods

Sample preparation

The Au(111), Pt(111) and Cu(111) single crystals were purchased from
MaTeck (initial purity 99.999% for Au(111) and Cu(111), 99.99% for
Pt(111); thickness -1 mm). The Au(111) surface was cleaned by repeated
Ar*ionsputteringat1keVand annealingatabout 700 K for five to eight
cycles. The Pt(111) surface was cleaned by Ar*ion sputtering at 1 keV
and annealingto1,300-1,400 K, followed by heating at 1,000 K under
an oxygen pressure of 1 x 107 mbar for 10-20 min to remove carbon
impurities. The residual oxygen at the surface was removed by a flash
annealing at1,300-1,400 K. The Cu(111) single crystal was placedona
quartzsubstrate and loaded into the chemical vapour deposition fur-
nace (Tianjin Kaiheng, custom designed with a heating area of length
20 cm and diameter 5 cm). After heating to 1,340 K under a reducing
atmospherewith 500 standard cubic centimetres per minute (sccm) Ar
and 10 sccm H,, 0.01 sccm/10 sccm of CH,/H, was introduced into the
system for 30 minto obtainmonolayer graphene. Then, the system was
naturally cooled under the same reducing atmosphere. The growth was
carried out under atmospheric pressure*. The monolayer graphene/
Cu(111) surface was cleaned by annealing at about 700 K for 5 hunder
~5x107° mbar. We utilized commercial alkali metal dispensers (SAES
Getters), which were heated by a direct electric current to induce a
chemicalreaction between the chromate and the St101alloy, produc-
ing alkali metal atoms. The SAES alkali metal dispensers were degassed
before evaporation (current /;;=8.5A, Iy,=6.7A, Ik=6.5A,1,=5.5A,
t=2min). The pressure during the deposition of alkali metal atoms
was maintained at alevel of better than 2 x 10" mbar to ensure purity
of the alkali metal atoms. Ultrapure H,0 (Sigma Aldrich, deuterium
depleted, 1 ppm)was used and further purified under vacuumby three
to five freeze-and-pump cycles to remove remaining gas impurities.

To fabricate a sample with a tunable water-ion ratio, the sample
was prepared by two steps. First, the alkali metal atoms were deposited
onthesamplesurface at temperatures ranging from77 Kto300 K with
the dosing direction along the surface normal (deposition current
1;=83A,1,=65A,[=63A,I,=52A,t=1min).Since thework func-
tions of alkalimetal (Li2.9 eV,Na2.36 eV, K 2.29 eV) are smaller than that
of Au(111) (5.25 eV) and Pt(111) (6.10 eV), the alkali metal atoms could
transfer charge to the Au(111) or Pt(111) (or monolayer graphene®)
substrate (according to DFT calculation, Supplementary Figs. 3
and 4). The alkali metal cations could diffuse freely on the Au(111)
surface even at 77 K, which exhibits a homogeneous distribution of
cations across the surface (Supplementary Fig.1a-d).

Then, the water molecules were deposited in situ onto the
alkali-covered substrate surface held at 110-140 K through a dosing
tube with an angle of -40° with respect to the surface normal. For tem-
peratures below 110 K, the thermal energy is not sufficient to obtain sta-
ble water-ion chain structures, resultinginthe formation of metastable
structures that are kinetically trapped. At temperatures above 140 K,
the water molecules would start to desorb from the surface under
the ultrahigh vacuum condition, leaving alkali metal cations alone on
the surface. When the water molecules landed on the substrate, they
would be frozento 2D bilayer-iceislands and could not diffuse around
the surface. This implies that the number of water molecules has a
gradientacross the surface (Supplementary Fig. le-h). By depositing
alkali cations and water molecules in these two steps, we can adjust
the water-ionratio precisely through varyingtip positiononthe same
sample (Supplementary Figs. li-1and 20).

STM/AFM experiments

All the experiments were performed with a non-contact AFM/STM
system (Createc) at 5 Kusingahomemade qPlus sensor equipped with
atungstentip (spring constant k, = 1,800 N m™, resonance frequency
fo=28.7 kHz and quality factor Q =100,000). All STM/AFM measure-
ments were carried out at 5 K. The as-grown sample was first checked
by STM at 77 K, and then quickly cooled to 5 K for further STM/AFM

measurements. Throughout the experiments, bias voltage refers tothe
sample voltage with respect to the tip. All the STM topographic images
and the AFM Afimages were obtained with the CO-terminated tips in
constant-current and constant-height modes, respectively, except for
those specified in the text. The CO tip was obtained by positioning the
tip over a CO molecule on the Au(111) surface at a set point of 100 mV
and10 pA, followed by increasing the current to 400 pA. The oscillation
amplitude of experimental AFM imaging is 100 pm.

Tip manipulation of the 1D K*-water chain
To explore the driving force of chain formation, we tried to break and
re-formthe 1D K*-water chain via controlled tip manipulation.

1. Separation of along K'-water chain. We applied a voltage pulse
(2V,20 ms duration) in between two adjacent K* cations with
the tip lift of 100 pm with respect to the STM set point of 50 mV,
30 pA. The hot electrons injected by this voltage pulse could ef-
ficiently break the long K*-water chain into two shorter chains.

2. Displacement of a shorter K'-water chain. We used the tip to
drag one shorter K* chain to approach another at a small tip
height with respect to the STM set point of 5mV, 800 pA. Such
tip manipulation can be efficient for the movement of short
chains with a number of K* cations less than six.

3. Relaxation of a metastable K'-water chain. When dragging the
K'-water chains to aggregate, the chain may stay in different
metastable states, as shown in Fig. 3b—d. To facilitate the forma-
tion of more stable states, we applied a voltage pulse (300 mV,
20 ms duration) to the metastable chain at a tip height of 0 pm
with respect to the STM set point of 50 mV, 30 pA. After several
sequential pulses, we obtained a complete 1D zigzag K'-water
chain, as shown in Fig. 3e. Once the 1D zigzag structure formed,
applying further voltage pulses was unable to disturb the struc-
ture, indicating its high stability.

DFT calculations

DFT calculations were performed using the Vienna ab initio simulation
package®*”. Projector augmented wave pseudopotentials were used
withacutoffenergy of 550 eV for the expansion of the electronic wave
functions®. Vander Waals corrections for dispersion forces were con-
sidered by using the optB86b-vdW functional***°. The surface model
was constructed with an Au(111) substrate, which was modelled using
aslab of morethanthree layers, fixed except for the top layer. The lat-
tice constant for Auwas set to be 4.073 A. For the Li* model, we used a
(4 x 6v¥3) supercell and a (2 x1x 1) Monkhorst-Pack (MP) grid for the
sampling of the Brillouin zone. For the Na" model, we used a (V67 x v21)
supercellanda (1 x 2 x 1) MP grid. For the K" model, we used a (3 x 5v3)
supercell and a (2 x 2 x 1) MP grid. The thickness of the vacuum slab
was greater than16 A and the dipole correction was applied along the
surface normal direction*-*2. The detailed periodic cell dimensions
for the systems can be seen in Supplementary Table 4. The geometry
optimizations were performed with a force criterion of 0.01eV A™. The
charge distribution was evaluated using the Bader charge analysis*.

AFM simulations

The Afimages were simulated with a molecular mechanics model
including the electrostatic force, on the basis of the methods described
in ref. 44. We used the following parameters of the flexible
probe-particle tip model: effective lateral stiffness k=0.7SNm™and
effective atomic radius R, =1.661 A. For the (Li*, Na*, K*) model, a
quadrupole-like (d,.) charge distribution at the tip apex was used to
simulatethe COtipwithg=-0.1e,-0.1e,-0.2 ¢, respectively. The input
electrostatic potentials of the ion hydrates on the Au(111), employed
in AFM simulations, were obtained from DFT calculations. Parameters
of Lennard-Jones pairwise potentials for all elements are listed in Sup-
plementary Table 5. The tip height in the AFM simulations is defined
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as the vertical distance between the metal tip apex and the topmost
layer of the substrate. The oscillation amplitudes of the simulated AFM
imagesare100 pm.

MD simulations
All the MD simulation results shown in the paper were obtained by
using the force field parameters fitted with DFT results combined with
the flexible SPC/E water model®, ion parameters taken from ref. 46
and monolayer graphene parameters taken from ref. 19. All simula-
tions were performed with the MD package SPONGE". Two systems
were constructed for the study. In the first system, K* ions and water
molecules were arranged on afour-layer Au crystal witha (111) surface.
Inthe second system, two bilayer graphene sheets were assembled at
adistance of 6 A, with K* ions and water molecules inserted between
the sheets. Each simulation system was first subjected to 10,000 steps
of steepest-descent energy minimization. Following this, a canonical
ensemble simulation was conducted. The temperature was controlled
using the middle scheme of Langevin dynamics*® with a collision fre-
quency of 10 ps™. The SETTLE algorithm*’ was employed to maintain
the rigidity of water molecules. For the first system, the position of
thebottom Aulayer and the zcoordinates of K*ions and O atoms were
treated as frozen to reproduce the experimental and DFT results pre-
cisely. For the second system, all of the positions of the bilayer graphene
atoms were restrained. All classical MD simulations were carried out
under periodicboundary conditions. The detailed periodic cell dimen-
sions for the systems can be seenin Supplementary Table 6. A cutoff of
7 Awasused for van der Waals interactions. We conducted tests using
longer cutoffs up to 12 A and found that the changes in simulation
results were negligible. For the simulations on the Au surface, image
chargeswere included to maintain neutrality and better describe the Au
metal polarization. The finite-element Green’s function method (Sup-
plementary Section 5and Supplementary Fig.12) was used to calculate
the electrostatic interactions. To validate the numerical correction of
our method, we also used the particle mesh Ewald method*® and found
that our results are consistent with this method within floating-point
precisionfor energy and force values (Supplementary Table 7). For the
simulations of the graphene system, the carbon atoms of the graphene
were equally negatively charged to maintain neutrality and the particle
mesh Ewald method was used to process the electrostatic interactions.
The corresponding energy function has two terms, including
a Lennard-Jones representation of dispersion-attraction and core
repulsion, and a Coulombictreatment of the electrostatic interactions:

12 6
Uij) (%‘) qiq;
E=)4g[l—) —-|— + . (0))]
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Here, r;is the distance between the two atoms, ¢; and g;; are the
parameters of the Lennard-Jones potential, g; and g; are the point
charges of the atoms and ¢, is the permittivity of vacuum. The param-
eters of the MD simulations are shownin Supplementary Tables 8 and 9.

Two separated K'-water chains (each chainis made of 6 K"and 18
water molecules) were placed on the Au surface to simulate the forma-
tion of asingle K*'-~water chain (Fig. 3f-j). A10 ps structural relaxation
at 50 K was performed, then an initial equivalent kinetic energy of
347.2 meV was assigned to the two K'-water chains to move towards
collision. A 20 ps simulation at 50 K was performed, through which a
single K'-water chain was formed (Supplementary Video 2). The time
stepwastakenas0.1fs.

To connect our results to realistic nanofluidic systems at ambi-
ent conditions, we performed MD simulations on two systems: 125 K*
ions and 375 water molecules placed on an Au surface and 100 K" and
300 water molecules inserted between two bilayer graphene sheets.
The two systems were simulated at 100 K and 300 K with a time step
of 1fs, and each simulation was performed for 1 ns (Supplementary
Videos 3-5).

Data availability

Source data are provided with this paper. All other data that support
the findings of this study are available from the corresponding authors
uponreasonablerequest.
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