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Low-dimensional water transport can be drastically enhanced under atomic-scale confinement. However,
its microscopic origin is still under debate. In this work, we directly imaged the atomic structure
and transport of two-dimensional water islands on graphene and hexagonal boron nitride surfaces
using qPlus-based atomic force microscopy. The lattice of the water island was incommensurate with
the graphene surface but commensurate with the boron nitride surface owing to different surface
electrostatics. The area-normalized static friction on the graphene diminished as the island area was
increased by a power of ~–0.58, suggesting superlubricity behavior. By contrast, the friction on the
boron nitride appeared insensitive to the area. Molecular dynamic simulations further showed that the
friction coefficient of the water islands on the graphene could reduce to <0.01.

W
ater transport in low-dimensional
materials for nanofluidic devices has
recently attracted tremendous atten-
tion (1–14). The key interest lies in that
thewater flow rate could be drastically

enhanced when the dimension of the confine-
ment geometry approaches the atomic scale
(<1 nm), leading to almost vanishing friction
(superlubricity) (1–6). This counterintuitive
property has potentially broad applications in
desalination (15–17), nanofiltration (6, 11, 18),
and energy harvesting (19, 20). The frictionless
water transport is best exemplified in the
homopolar carbon-based nanomaterials, such
as zero-dimensional (0D) nanopores (15, 16),
1D carbon nanotubes (1–5, 11), and 2D chan-
nels (10, 12) made from graphene layers. It has
been proposed that the superlubricity may
arise from the curvature-induced structural
incommensurability for the water in 1D car-
bon nanotubes (21). However, this idea cannot
apply to the 2D graphene channels, where
no curvature effect is present. So far, our un-
derstanding of the frictionless water trans-
port under atomic confinement is still elusive.

Notably, for isostructural but heteropolar
hexagonal boron nitride (hBN) materials,
there exists much larger water friction, and no
slip is detected. It has been shown that the
graphite capillaries exhibit nearly two orders
of magnitude–higher fluxes than the hBN de-
vices under atomic-scale confinement (22). Con-
sidering that the graphene and hBN surfaces
have a minute lattice difference of ~1.8% (23)
and yield similar contact angles of water drop-
lets (24), such a striking difference of water
transport in these twomaterials is way beyond
current theoretical expectations, which have
revealed that the water friction on the hBN
surface is only three to five times larger than
that on the graphene (25, 26). Experimentally,
some efforts have been made to evaluate the
water slip length (5, 22, 27, 28), but the direct
measurement of the water friction and the in-
terfacial water structure with atomic precision
has remained a great challenge.

Growth and high-resolution imaging of 2D
water on graphene and hBN

It is known that the atomically confined water
tends to become structurally ordered or form
icelike structures even under ambient condi-
tions (29–34). In light of this fact, wemanaged
to grow 2D water islands in situ on both the
hydrophobic graphene and hBN surfaces to
mimic the 2D confined water (materials and
methods). Using qPlus-based atomic force mi-
croscopy (AFM) (materials and methods) (35)
under 6 K and ultrahigh vacuum, we revealed
that the 2D water on the two surfaces had
the same bilayer hexagonal icelike structure,
which is similar to that of the water strongly
confined between the hydrophobic sheets with
subnanometer spacing (31, 36, 37). Despite the
structural similarity, we found that the 2D
water islands had different commensurability
with the graphene and hBN surfaces, leading
to qualitatively different static friction behav-

ior (superlubricity or not). These results pro-
vided the microscopic origin of the frictionless
water transport at low dimensions and high-
lighted the sensitivity of structural superlub-
ricity to the surface electrostatics, which is
absent in the previous studies on the con-
ventional solid-on-solid friction (38).
Figure 1 shows the structure of 2D water

islands grown on the Cu(111)-supportedmono-
layer graphene and hBN. On the graphene sur-
face, almost all the water islands were attached
to the step edges of graphene-Cu(111) with
a small island density, and very few water
islands existed on the graphene terrace by
nucleating at surface defects (Fig. 1A and fig.
S1). By contrast, the water could easily nu-
cleate on the terrace of the hBN surface with
much higher density (Fig. 1B). Such a differ-
ence suggests that the water diffusion on the
graphene was much faster than that on the
hBN. The AFM image of the graphene surface
showed a perfect honeycomb structure (Fig.
1C), and B and N atoms on the hBN surface
exhibited different force contrasts (Fig. 1D and
fig. S2) (39). The 2D water islands grown on
graphene and hBN had the same height (fig.
S3) and structure as those grown on Au(111),
consisting of two flat hexagonal water layers
interlocked together (2D ice phase I; Fig. 1, E
and F) (40). Each water molecule formed
three hydrogen bonds with in-plane nearest-
neighbor water molecules and one hydrogen
bond with a water molecule in the opposing
plane, leading to saturation of all hydrogen
bonds (Fig. 1, G to J). The honeycomb struc-
tures in Fig. 1, E and F, basically reflected the
oxygen (O) lattices due to the Pauli repulsion
force, and the flat and vertical watermolecules
could be clearly distinguished by probing the
higher-order electrostatic force (40, 41), which
was sensitive to the water dipole orientation
(fig. S4). Such an interlocked-bilayer icelike
structure has been also found under the hydro-
phobic confinement geometrywith atomic scale,
even at ambient temperatures (29–31).

Determination of the lattice commensurability

Although the overall structure of the 2D water
islands was the same on graphene and hBN,
the lattice registry of those islands with the
two substrates was different. Figure 2A shows
the large-scale AFM image of a typical water
island on the graphene. We could clearly dis-
cern boundary structures within the island. In
the zoomed-inAFM image (Fig. 2B), the bound-
ary was resolved to be a line defect, consisting
of alternative pentagons and heptagons. The
honeycomb water lattices on the two sides of
the boundary were rotated 30° with respect to
each other. By resolving the atomic lattices of
the graphene and the water island in the same
image (materials and methods), we were able
to precisely superimpose the graphene lattice
onto the water island. Carbon hexagons of the
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graphene substrate showed no evident regis-
try with water hexagons on the two sides of
the boundary (Fig. 2C and fig. S5). Therefore,
the water island was incommensurate with the
graphene surface.
The 2D water islands grown on the hBN

also showed boundary structures, but with a
larger width than those on the graphene (Fig.
2D). The high-resolution AFM image revealed
that the boundary structure consisted of multi-
ple pentagons, hexagons, heptagons, and octa-
gons (Fig. 2E). Different from the water islands
grown on the graphene, the honeycomb water
lattices at the two sides of the boundary had
exactly the same orientation. When the hBN
lattice was superimposed on the water island
in the same AFM image (Fig. 2F), we found
good structural commensurability between the
water island and the underlying hBN lattice:
one B-N tetradecagonmade of four B atoms and
four N atoms matched well to one water hexa-
gon (Fig. 2F and fig. S6). Because there was a
small lattice mismatch of ~2.1% between the
2D water islands and the hBN (table S1), the
boundary structure was necessary for releasing
the strain induced by the lattice mismatch.
By performing fast Fourier transform (FFT)

on the 2D water and the graphene and hBN
(Fig. 2G), we found that the length of recip-
rocal vectors of both substrates was about two
times larger than that of the 2D water. For the
2Dwater on the graphene, there were two sets
of FFT spots for the water lattices, which were
rotated by 30° with respect to each other. One

set of water lattices had the similar orientation
as the graphene lattice but with a small de-
viation (~2.5°). Therefore, both sets of water
lattices were incommensurate with the graph-
ene substrate. By contrast, there was only one
set of water lattices on the hBN substrate, show-
ing the same orientation as the hBN lattice
and good commensurability. The different com-
mensurability between the water islands and
the two substrates could be quantitatively eval-
uated by measuring the distance between the
center of the water hexagon and the centers of
the nearest-neighboring C and the B-N hexa-
gons (Fig. 2H, figs. S7 and. S8, and supple-
mentary text). The statistical results showed
that there was no characteristic distance be-
tween the water and C hexagons, but for the
water and B-N hexagons, there existed a char-
acteristic peak around 1.05 to 1.20 Å in the
distance distribution, further confirming that
the water lattice was incommensurate with
the graphene substrate but commensurate
with the hBN substrate.

Theoretical analysis of the origin of the
different commensurability

Considering that the graphene and hBN sur-
faces have a minute lattice difference of ~1.8%
and similar contact angles of water droplets
(similar hydrophobicity), the different regis-
try behavior of the water islands with the two
substrateswas rather unexpected. To gain deeper
insight, we performed systematic density func-
tional theory (DFT) calculations on the two

systems. Figure 3A shows different adsorp-
tion configurations of the 2D water layers on
the graphene (top insets) and the hBN (bot-
tom insets) (fig. S9). All the water layers were
made to be commensurate with the substrate
to satisfy the periodic condition, but the ad-
sorption sites were different for each type of
water layer. Calculated binding energies of the
different 2D water configurations were sum-
marized in Fig. 3A (tables S2 and S3), showing
that it was difficult to identify the preference
adsorption site for the 2D water on the graph-
ene within the DFT accuracy. By contrast, we
calculated the average horizontal distance be-
tween the water molecule and its nearest B or
N atoms for all the structures used in the DFT
calculation (bottom insets, Fig. 3A). The most
stable fBuh and fhuB structures (see Fig. 3
legend for structure naming convention) had
obviously shorter water-B distances. There-
fore, the water molecules tended to adsorb
close to theB atoms of the hBN, consistentwith
the statistical experimental results (Fig. 3,
B and C).
The energy corrugation at different sites on

hBN was about two to three times larger than
that on graphene. Such a difference could be
attributed to the electronic effect: hBN has a
heteropolar surface with a charge separation
between the B and N atoms, and the charge
distribution on graphene is quite uniform (fig.
S10). The charge density difference of themost
stable configurations of the two systems, the
fhuC structure for the water-graphene and the

Fig. 1. Atomic structures of the 2D water islands on the graphene and
hBN substrates. (A and B) Constant-current scanning tunneling micrscopy
(STM; set point: 60 mV, 3 pA) images of as-grown 2D water islands on
the graphene (Gr) (A) and hBN (B) substrates. Step edges of the substrates
are denoted by white dashed lines. (C and D) Constant-height AFM images of
the graphene (C) and hBN (D) substrates. C, B, and N atoms are marked in

(C) and (D). (E and F) Constant-height AFM images of the 2D water islands with
a hexagonal honeycomb structure on the graphene (E) and hBN (F) substrates.
(G to J) Top and side views of the most-stable 2D water structure on the
graphene [(G) and (I)] and hBN [(H) and (J)] substrates obtained by the DFT
calculation with commensurate lattices. Cu, O, H, C, B, and N atoms are denoted
as orange, red, white, gray, purple, and blue spheres, respectively.
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fBuh structure for the water-hBN, also showed
that there was a larger charge transfer between
the 2D water and the hBN (fig. S10), leading to
a stronger electrostatic interaction. It has been
revealed that the stability of various adsorbed
water clusters was independent of the polarity
of the B-N and graphene surfaces (42). Although
theB-Npolarizationeffectwasnot strongenough
to change the structure of the 2D water, this
subtle electrostatic interaction could compete
with the water-water interaction, leading to
lattice commensurability. On the graphene
substrate, the relatively weak water-graphene
interaction and the small energy corrugation
resulted in the lattice incommensurability.

Measurements of friction behavior and
structural superlubricity

It has been known that the atomic-scale lattice
commensurability and incommensurability
could affect the friction between two types

of 2D materials (43–45). Although both the
rotated bilayer graphene and hBN exhibited
the structural superlubricity (46), the struc-
tures of water clusters were found to be closer
to the hBN than the graphene sheets, exhibit-
ing an enhanced order (47, 48). Therefore,
whether the structural superlubricity exists in
the 2D water systems is not straightforward
owing to the low rigidity of the water struc-
ture. The manipulation of single water mole-
cules or small clusters has been well established
in the past. However, it remains a great chal-
lenge to manipulate the 2D water islands
with extended hydrogen-bonding networks
(>20,000 water molecules). Previous works
mainly focused on the high-resolution imag-
ing of the water hydrogen-bonding network
(40, 49), but failed to manipulate the 2Dwater
islands owing to the strong water-substrate
interaction. To this end, we performed tip ma-
nipulation experiments of the 2D water islands

on the graphene and hBN surfaces in a con-
trolledmanner (materials andmethods) (50, 51).
We chose a relatively isolatedwater island and
laterally manipulated the water island under
the constant heightmode. Upon decreasing the
tip height, the tip-water interaction gradually
increased. At a threshold tip height, the tip-
water interaction became strong enough to
move the water island (Fig. 4A and fig. S11).
A group of frequency shift (Df ) traces across
the water island were recorded at different
tip heights (Fig. 4B) from which the tip-
water interaction potential could be extracted
by integrating the frequency shift along the
tip height twice (fig. S12 and materials and
methods).
The interaction force between the tip and

the water island was attractive during the ma-
nipulation process (fig. S13). In such a case, the
water island was lifted up by the tip to cancel
the attractive force from the substrate. Figure

Fig. 2. Boundary structures and lattice registry of the 2D water islands on
the graphene and the hBN surfaces. (A and D) Constant-height AFM images
of two 2D water islands on graphene (A) and hBN (D). The arrows indicate the
boundary structures. (B and E) Zoomed-in AFM images of the boundary structures
in the 2D water islands, highlighted by red lines. The white arrows indicate the
orientations of two domains separated by the boundary, showing angles of about
30° and 0° for the 2D water islands on graphene (B) and hBN (E), respectively.
(C and F) Simultaneous AFM imaging of the 2D water islands and the substrate. The
purple shadow represents the boundary region. C atoms in the graphene lattice
are marked by gray dots in (C). Water and C hexagons are denoted by yellow and

white lines, respectively. B and N atoms in the hBN lattice are marked by white and
red dots, respectively, in (F). B-N tetradecagons marked by white lines in (F) are
the simplest structural units to match the water hexagons. (G) FFT of the 2D water
islands on graphene (left) and hBN (right). Spots of the water lattices with two
different orientations on graphene are marked by red and blue circles, respectively.
Spots of the water lattice on hBN are marked by red circles. Spots of the
substrate lattices are marked by black circles. (H) Quantitative statistical results
of the lattice registry for the 2D water-graphene (fig. S7) and the 2D water-
hBN (fig. S8) by measuring the distance between the centers of the water hexagons
and the centers of the nearest-neighboring C or B-N hexagons.
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4C shows the threshold tip-water interaction
potential needed to move the water islands,
the lateral gradient of which gives the static
friction (52, 53). At the threshold tip height,
the tip-water friction should be equal to the
water-substrate friction: DEt-w/at-w = DEw-s/a0,
where DEt-w and DEw-s are the potential cor-
rugations at the tip-water and water-substrate
interfaces, at-w is the characteristic length of
the potential corrugation between the tip and
the water, and a0 is the period of the potential
corrugation between the water and the sub-
strate. For simplicity, we used the lattice con-
stant of the substrate as a0. Considering that
the at-w was at least one order of magnitude
larger than the a0, the DEt-w was much larger
than the DEw-s. On the other hand, in the static
friction condition, we had the intrinsic potential
corrugation DEin

w�s ¼ DEw�s þ DEt�w, assum-
ing tip dissipation was negligible. Therefore,

we could use the threshold tip-water potential
corrugation to approximate the intrinsic poten-
tial corrugation at the water-substrate interface
in the absence of the tip.
From the double-log scale plot, it was clear

that themeasured potential corrugation (DEt-w)
followed a power (a) law as a function of island
area (A) (Fig. 4D). The plot of the water and
graphene showed a power of ~0.5, suggesting
that the threshold potential roughly scaled
with the perimeter of the water island. The
intrinsicmaximum static friction force at the
water-substrate interface could be then esti-
mated by Fx ¼ DEin

w�s=a0 ≈ DEt�w=a0. The
area-normalized static friction force of the
water on graphene decreased with increasing
area as F ′

xºA�0:58 (red dashed line, Fig. 4E),
leading tonearly vanishing friction (~1 pN/nm2)
for the large 2D water islands. Such behavior
is consistent with the so-called superlubricity

(ultralow-friction transport) (45, 51–54). By
contrast, the threshold potential for moving
the 2D water islands on the hBN was pro-
portional to the island area (power of ~1),
and the normalized static friction force (18.8 ±
4.6 pN/nm2) was insensitive to the area (blue
dashed line, Fig. 4E), corresponding to the con-
ventional friction behavior (38).
For comparison, molecular dynamic (MD)

simulations were performed to calculate the
maximum static friction force and the friction
coefficient of the 2D water islands sliding lat-
erally on the graphene or hBN substrates. The
simulation results are presented inFig. 4F,which
shows a consistent trend with the experi-
mental results (Fig. 4E). For the incommen-
surate water-graphene system, the normalized
maximum static friction force also decreased
to less than 1 pN/nm2 with a power of -0.45,
and the friction coefficient reduced to less than

Fig. 3. Binding energies of
the different configurations
for the 2D water islands
on graphene and hBN.
(A) Binding energies of the
different configurations
obtained by DFT calculation.
All the structures are drawn in
the supercell style of the 2D
water islands, and only the
water molecules in the lower
layer are shown. The naming
convention is based on the
relative position between water
molecules and substrate sites.
For example, the “fhuC” struc-
ture for the 2D water on the
graphene represents that the
flat water molecules (f) are
located on the hollow site (h)
of the graphene lattice, and the
H-up water molecules (u) are
located on the carbon atoms
(C). The “fBuN” structure for
the 2D water on hBN represents
that the flat water molecules
(f) are located on the B atoms
(B), and the H-up water
molecules (u) are located on
the N atoms (N). The “shift”
structure represents that there
is a shift between the water
lattice and the substrate
lattice. The average horizontal
distances between the O atoms
of the water molecules and
their nearest-neighboring B or
N atoms are shown above the
structure. (B) Distance measurement of the nearest-neighboring water-B and water-N. B and N atoms are indicated by white and red dots, respectively. Water
hexagons are denoted by yellow lines. The distance between the O atoms of the water molecules and the nearest-neighboring B or N atoms is represented by white or
red lines. (C) Statistics of the nearest-neighboring water-B and water-N distance in three different regions. The red dashed lines represent the average values,
indicating that the water molecules tend to adsorb near the B sites rather than the N sites.
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0.01 for the large 2D water islands (fig. S14),
further confirming the superlubricity behavior
(55). In contrast, for the completely commen-
surate water-hBN system, both the normal-
ized friction force and friction coefficient were
insensitive to the contact area. By adjusting
the lattice constant of the hBN substrate, we
constructed a partially commensurate case with
a lattice mismatch of ~5.6% between the 2D
water island and the hBN substrate (fig. S15).
The normalized friction force and the friction
coefficient were found to have a slightly down-
ward trend. These results emphasized that the
change of commensurability would have a re-
markable impact on the friction behavior of
the 2D water.

Discussion

The static friction of the 2D water island on the
graphene mainly arose from the edge of the

island, where an appreciable number of dangl-
ing hydrogen bonds were present. The fric-
tion of the interior island almost vanished
owing to the lattice incommensurability. For
the 2D water on the hBN, the friction was
dominated by the majority of the water mol-
ecules inside the water island because of
the lattice commensurability, and the edge
molecules only played a role for small islands
(area < 12 nm2) (fig. S16 and supplementary
text). The measured friction (~pN/nm2) corre-
sponds to a shear stress in the range of mega-
pascals, which is comparable to the low-friction
2D material systems.
This work not only provided the first ex-

perimental evidence for the structural super-
lubricity (54) of the low-dimensional water
transport to the best of our knowledge but
also highlighted its sensitivity to the subtle
change of the surface electrostatics. Under

atomic-scale confinement, the structural or-
der and rigidity of the water are greatly
enhanced (29–34). In such a case, the water
transport is related to the solid-on-solid fric-
tion, and the lattice registry between the ice-
like water and the confining wall could play
a decisive role in the water friction. We note
that the entropic effect may lead to finite
lifetimes of those icelike phases at ambi-
ent conditions. As long as the lifetimes are
comparable to the timescales of the water
transport, the findings in this work could
be still applicable. In addition, we found
that the commensurability of the 2D water
can be fine-tuned by stacking the graphene
on the hBN, which provides a new route
toward atomic-precision engineering of the
water friction and transport by the layer
stacking of homopolar and heteropolar 2D
materials.

Fig. 4. Tip manipulation and deduced static friction behavior of the 2D water
islands on graphene and hBN. (A) Schematic of the tip manipulation of a 2D water
island on the graphene substrate. The tip is attached to the cantilever of a
qPlus sensor. The black arrows represent multiple manipulation processes with
decreasing tip height. The red arrow represents the manipulation direction. The white
dashed line represents the manipulation trajectory. (B and C) Curves of frequency
shift (B) and tip-sample attractive interaction potential (C) along the lateral
manipulation trajectory at different tip heights. The red curves represent the
threshold of 2D water sliding. The tip heights are partially marked next to the curves
in (B). The blue dashed lines in (B) denote the edges of the water island. The
potential corrugation and its characteristic length are denoted as DEt-w and at-w,
respectively [as marked by blue dashed lines and double arrows in (C)].
(D) Experimental threshold tip-water interaction potential (potential corrugation

DEt-w) as a function of the island area. The dashed lines represent the linear fits.
The slopes of the blue and red dashed lines are 1.07 and 0.50, respectively.
(E) Area-normalized maximum static friction force of water sliding on the graphene
or hBN substrates as a function of the island area obtained from the experiments
(exp.). The red dashed curve represents the power law fitting of the graphene
data with a power of –0.58. The blue dashed line denotes the average of the hBN
data points (18.8 pN/nm2), and the blue shadow represents the standard deviation
(4.6 pN/nm2). (F) Area-normalized maximum static friction force of water sliding
on the graphene or hBN substrates as a function of the island area obtained from
the MD simulations (sim.). The red dashed curve represents the power law fitting
of the graphene data with a power of –0.45. The blue dashed line denotes the
average of the hBN data points (26.9 pN/nm2), and the blue shadow represents the
standard deviation (20.4 pN/nm2).
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