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Figure 1 Schematics of the atomic structure of water molecule and
the hydrogen bonds between water molecules. (a) Atomic structure and
charge distribution of water molecule; (b) hydrogen bonds between
water molecules (color online).
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Figure 2 STM images of water monomer and tetramer on NaCl(001). (a) Schematic of the experimental setup (the blue double arrows represent the
coupling between the tip and water molecule); (b) projected density of states of water on NaCl(001) with and without the tip; (c, d) STM images of
HOMO and LUMO of water, respectively; (e, f) top and side views of water adsorbed on NaCl(001) surface, respectively; (g, h) STM images (HOMO)
of water tetramers with different chiralities, respectively. (i, j) orbital images by DFT which correspond to (g) and (h), respectively [23] (color online).
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Figure 3 Noncontact AFM images of water tetramer. (a) Schematic of qPlus AFM sensor. Bottom: charge distribution of the CO-tip. (b, ¢) and (d, e)
are the electrostatic potential images and AFM images of two water tetramers with different chiralities, respectively. (f) The electrostatic potential
images, AFM images and simulated AFM images of the water dimer, respectively. The positions of O and H atoms are indicated by the yellow arrows

and black curves, respectively [24] (color online).
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Figure 4 Tip enhanced IETS of single water molecule. (a) Schematic of the experiment setup. Single water (D,0) adsorbes vertically on the NaCl
(001)/Au(111). O, D, Au, CI~, and Na" are denoted by red, white, golden, green, and purple spheres, respectively. (b) Schematic of the tip enhanced
IETS. (c) dZ/dV and drav? spectra taken at different tip heights. Red (—1.2 A) and blue (-0.4 A) curves were taken on the D,O monomer. Gray curves
(1.2 A) were acquired on the NaCl surface (denoted as “bkgd™). The vibrational IET features are denoted as “R” (rotational), “B” (bending), and “S”
(stretching) [34] (color online).
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Figure 5 Imaging and models of four types of water clusters. (a) Type-1, tetramer; (b) type-1I, double tetramer; (c) type-111, triple tetramer; (d) type-
IV, quadruple tetramer. Left: STM topographies of the water nanoclusters acquired at 5 K. Set points are: (a) V=20 mV, /=50 pA; (b) V=T mV, I=
550 pA; (c) V=6 mV, I=400 pA; (d) =5 mV, I=120 pA. Middle and right: top and side views, respectively, of the calculated adsorption configurations

of the water clusters [46] (color online).
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Figure 6 Submolecular AFM images of weakly bonded water dimers (a—d) and trimers (e—h). From top to bottom: atomic models, STM imges, AFM

images and simulated AFM images [24] (color online).
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Figure 7 2D ice grown on NaCl(001). (a) STM image of 2D ice
grown on NaCl(001). Scanning conditions: 7=77 K, V=400 mV, I=
10 pA. (b) Zoom-in STM image of 2D ice. Scanning conditions: 7=
77 K, V=350 mV, I=10 pA. (c) Schematic model of the 2D tetragonal
bilayer ice, corresponding to (b). The red solid squares denote the water

tetramers and the yellow spheres denote the bridging water molecules
[46] (color online).
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Figure 8 Chirality switching of a H,O tetramer. (A) Schematic showing manipulation of the chirality of the tetramer by a Cl-terminated tip. (a) The
tetramer stays in the clockwise state (CS) when the tip is far away from the tetramer (gap set with =5 mV and /=5 pA); (b) reducing the tip height by
230 pm leads to chirality switching; (c) lifting the tip back to the initial height leaves the tetramer in the anticlockwise state (AS). (B) Tunnelling
current trace recorded during the chirality manipulation shown in (A). The low and high current levels correspond to CS and AS, respectively. Insets:
adsorption configuration (upper) and STM images (lower) of CS (left) and AS (right) tetramers, respectively. Parameters for the STM images: V=
20 mV and /=150 pA. The green stars in the STM images denote the tip position where the current trace is acquired [61] (color online).
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Figure 9 Nuclear quantum effects on H-bonding strength between HOD monomers and C1”. (a) Schematic of the water (HOD) adsorbed on NaCl.
(b) High-resolution IETS showing the streching mode of HOD. (c) Ratio between the frequency (v) of HI and D1 as a function of tip height for three
different HOD monomers. The ratio increases in area I, decreases in area II and finally reverses in area III. The ratio (1.361) between the frequency of
the free OH and OD stretching modes is denoted by a horizontal dashed line. (d) Relative difference between H-bond energies of O—H:--Cl (£}) and
O-D---Cl (Ep) as a function of their average. Red, blue and black data points which are from three different HOD molecules show the same tendency

[34] (color online).
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Figure 10 Geometries and high-resolution STM/AFM images of Na' hydrates. (a—e) The atomic models (the first column shows the side view; the
second column shows the top view), STM and AFM images (acquired with a CO tip) and AFM simulations of Na'nD,0 clusters (n=1-5),
respectively. H, O, Cl, Na and Au atoms are denoted as white, red, green, purple and yellow spheres, respectively. The color of Na' in the hydrates is
adjusted darker to distinguish with Na' in the substrate. The set points of the STM images are: (a) =100 mV, /=20 pA; (b) V=150 mV, /=30 pA; (c)
V=100 mV, I=30 pA; (d) =100 mV, =50 pA; (e) V=100 mV, /=15 pA, respectively. All the AFM simulations were done with a quadrupole tip (kA=
0.75 N/m, O=-0.2¢). The sizes of images are 1.5 nmx1.5 nm [83] (color online).
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Figure 11 Magic number effect on the Na' ion transport on NaCl surface. (a) Schematic diagram of the inelastic electron excitation of the Na
hydrates and the corresponding current curve; (b) comparison of Vg of different ion hydrates at a lateral distance of dxthe lattice constant of NaCl(001)
(d=2, 3, 4); (c) calculated diffusion barrier of Na'+nD,O (n=1-5) by DFT; (d) mean-square displacements (MSD) in 1 ns of Na'+nH,0 (n=1-5) between

225 and 300 K by molecular dynamics simulation [83] (color online).
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Figure 12 The initial dissolution stage and decomposition of bilayer NaCl islands covered by a 2D ice overlayer. (a) STM image of a bilayer NaCl
island covered by a 2D ice overlayer. (b) Zoom-in STM image of the region denoted by a blue dashed square in (a). It shows a regular array of paired
protrusions (with one highlighted by a blue dotted ellipse). (c) STM image of the same sample after being heating to 145 K for 20 min. The arrows
highlight the “cloud” features. (d) STM image scanned at 77 K after heating up the sample to 155 K for 20 min. The ice overlayer was completely
desorbed, leading to the formation of the triple-layer NaCl and exposure of the bare Au substrate. Step edges of the Au (111) surface are highlighted by
white dotted lines. (e) Schematic drawing of the NaCl decomposition upon the desorption of the ice overlayer. (f) Schematic potential energy landscape
of the transition between bilayer and triple-layer NaCl without (solid) and with (dotted) water molecules. Set points are: (a) ¥=200 mV and /=10 pA;
(b) V=200 mV and /=10 pA; (c) ¥=100 mV and /=10 pA; (d) =200 mV and /=10 pA. The sizes are: (a) 52 nmx52 nm; (b) 8 nmx8 nm; (c) 31 nmx

31 nm; (d) 50 nmx50 nm [91] (color online).
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Figure 13 STM images of TiO,(110) surface. (a) The blue crosses denote A4 defects that are also present in (b), the red circles denote A, defects and
the yellow circles denote A, defects that are removed to form the image in (b). The black rectangle indicates the area where the second high-voltage
scan will occur. (b) Following a 3 V scan. The yellow lines indicate the approximate boundaries beneath which the 3 V scan was applied. Blue crosses
and red circles denote A4 and A, defects, respectively. (c) Following exposure to 0.1 L water. Blue crosses and filled red circles denote Ay and A,
defects, respectively, which were present in (b). Open red circles indicate positions where A, defects were present in (b) but not in (c). Red crosses
denote new Ay, species that reside where A, defects were positioned in (b) and black crosses denote new Ay, species appearing elsewhere. (d) Following
another 3 V scan. The rectangle indicates the region of the second high-voltage scan. Blue and black crosses denote Ay and A, defects, respectively

[102] (color online).
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Probing surface water at submolecular level with scanning probe
microscopy
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Abstract: Water-solid interfaces play important roles in a wide range of scientific areas and technique processes such as
the dissolution, lubrication, erosion, electrochemistry and heterogeneous catalysis. Many remarkable physical and
chemical properties of water are related to the hydrogen-bonding interaction. Thus it is a key issue to understand the
hydrogen-bonding network and relevant dynamics of interfacial water at single molecule or even submolecular level.
Scanning probe microscope has become a powerful tool to study the water-solid interfaces due to its capability of
imaging with atomic resolution. In this feature article we will introduce the recent progress of our group on the
development of submolecular-resolution imaging and spectroscopic techniques, and their applications to address the
microscopic structure of the hydrogen-bonded network of water, the dynamics of proton transfer, nuclear quantum effect
on the strength of hydrogen bond and water-ion interaction. Finally, future directions and challenges about the study of
water-solid interface are remarked.

Keywords: water-solid interface, scanning tunneling microscope, atomic force microscope, hydrogen bond,
single molecule
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