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ABSTRACT

The interactions at the water/solid interface is of great importance to a broad range of scientific
phenomena and technological processes in astrophysics, electrochemistry, corrosion, lubrication, and
heterogeneous catalysis. Tremendous research interest has been dedicated to comprehending the
behaviours of water molecules near solid surfaces, particularly the first adsorbed water layer (FAWL)
due to its dominant role in dictating mass and charge transport and influencing reaction rate and
mechanism at the interface. In this review, we summarise the recent advances in the molecular-level
understanding of the FAWL on solid substrates. We start by describing the evolution of the ice-like
bilayer structures of FAWL on Ru(0001) and Pt(111) surfaces, followed by a brief discussion of substrate
surface  morphology effect on water structures. Subsequently, we discuss the molecular and
dissociative adsorption structures of FAWL on metal oxide surfaces. After that, we interpret how the
properties of FAWL affect the behaviour of water molecules above the monolayer. The summary and
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outlook towards the design and manipulation of ordered monolayer water is presented in the end.

First Adsorbed Water Layer at Solid Substrates

1. Introduction

Water is one of the most ubiquitous and important liquids
on earth, and it involves a wide range of applications in bio-
logical, chemical, geological, and industrial processes. Com-
pared to other fluids, water is a relatively simple substance
consisted of one oxygen and two hydrogen atoms, which
can separately act as acceptors and donors to form hydrogen
bonds (HBs) with neighboring water molecules. Despite
extensive studies over the past decades, investigating the
nature of HB interaction and network is still far from com-
plete. In particular, the behaviour of water at solid surfaces
is of critical importance to numerous scientific and techno-
logical fields, including photocatalytic water splitting, hetero-
geneous catalysis, electrochemistry, materials science, and
corrosion [1-7]. When liquid water approaches the solid sur-
face, the HB network of bulk water will gradually change.
Eventually, the adsorption structure of water at the interface
will be governed by a subtle balance between water-solid and

water-water HB interactions. Such a dynamic balance deter-
mines the stability and other properties of FAWL at solid
surfaces. To better understand the water/solid interface, the
first critical step is to confirm where and how water mol-
ecules bind to the surface. This is challenging for experiments
owing to the difficulty in detecting the binding motifs on
specific surface sites and obtaining the details of structures
and dynamics for the monolayer water sample on the solid
substrate [7]. Consequently, a large number of experimental
and theoretical studies have been reported with molecular-
level insights into the chemical and physical properties of
interfacial water using the state-of-art surface science tech-
niques and calculation methods [1-3, 8-10].

For water molecules on the solid substrate, the adsorption
structures are largely dependent on the intrinsic nature of the
solid surface. When water molecules are deposited on an
inert surface, both molecular and dissociative adsorption struc-
tures are possible [1-3, 8]. Moreover, the adsorption properties
of interfacial water molecules are also significantly influenced
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by the coverage since a higher coverage of water molecules on
the surface can form extended HB networks [3]. In this context,
a series of experimental characterisation techniques, including
scanning tunnelling microscope (STM) [11-20], atomic tun-
nelling microscope (AFM) [21, 22], X-ray photoelectron spec-
troscopy (XPS) [11, 23-25], X-ray absorption spectroscopy
(XAS) [11, 24], reflection-absorption infrared spectroscopy
(RAIRS) [26], sum-frequency generation (SFG) spectroscopy
[27], Low-energy electron diffraction (LEED) [28-35], and
He atom scattering (HAS) [35, 36], have been extensively
employed to probe the interfacial structures and properties of
water on solid substrates. Wherein, STM and AFM are capable
of providing atomistic-level resolution of real space images and
HB network information for water clusters on distinct surfaces,
which tremendously improves our understandings of the beha-
viours of interfacial water [7]. However, it is worth noting that
STM images may be perturbed by the tip tunnel current since
prior studies have demonstrated that the tip interactions can
restructure or dissociate water molecules on the surface [37,
38]. When it comes to the identification of the species on the
surface, XPS and XAS can determine whether the interfacial
water is intact or partially dissociated, through characteristic
spectroscopic peaks to identify OH groups from water dis-
sociation, the first molecular layer of water, and other water.
Meanwhile, XPS can provide a quantitative measurement of
the dissociation degree of water film on solid surfaces [23].
On the other hand, XAS can detect the orientation of free
OH groups at the interface [39]. Besides, IR spectroscopy also
provides information of the HB network and the bonding
environment of the water clusters on the surface. However,
IR generally fails to assign specific adsorption structures. This
is mainly due to the fact that despite vibrational frequency is
an indicator to the HB strength, additional information is
needed to reveal the local structure within the water cluster
[3]. Overall, aforementioned characterisations provide insights
into the interface and structural details of water at the surface.
Yet, limitations exist if one only uses experimental techniques
to understand the fundamental of interfacial water. For
example, most experiments focus on the first adsorbed water
layer (FAWL) at solid surfaces, little is known regarding the
change of interfacial water properties when the thickness of
water film changes. Alternatively, theoretical calculations and
simulations can provide not only atomic details but also
dynamic properties of the FAWL, as well as how the FAWL
affects adsorption, nucleation, and reaction of other water at
the interface.

Up to now, multiscale computational methods, including ab
initio density functional theory (DFT), ab initio molecular
dynamics (AIMD), reactive molecular dynamics (RxMD),
and classical molecular dynamics (CMD), have been widely
employed to study the liquid/solid interface, with an electronic
and atomistic level details on structures and dynamics of inter-
facial water at various metal and metal oxide surfaces. As the
basic building unit, the small water clusters determine the epi-
taxial growth of FAWL across the solid surface, and influence
the packing of water film in the longitudinal direction [40].
Therefore, great efforts from ab initio DFT calculations have
been dedicated to understanding the structures of water clus-
ters on solid surfaces. Basically, DFT calculations are capable

of reproducing the adsorption sites, simulating the STM
images, and predicting the dissociation and diffusion barriers
of water molecules at the interface. However, it is worthwhile
to mention that DFT calculation results are largely influenced
by exchange-correlation (XC) functionals [41, 42] and van
der Waals (vdW) corrections [43-46]. For example, Gillan
and coworkers [41] discussed the employment of different
functional methods, including the local density approximation
(LDA), generalised gradient approximations (GGAs), and
hybrids, to calculate the binding energy in H,O dimer. They
concluded that, compared to the benchmark value of
217.6 meV from CCSD(T) calculations, the LDA functional
(380 meV) significantly overestimates the binding energy of
the dimer by nearly a factor of 2. Similar overestimations
have also been observed for PBEsol functional (2650 meV).
On the contrary, functionals such as BLYP and revPBE under-
estimate the binding energy by 181 and 156 meV, respectively.
So far, the best functionals to describe the binding energy in
H,O dimer are reported to be PBE (220 meV) and its hybrid
version PBEO (215 meV). Aside from the choice of XC func-
tionals, it is also critical to include the correction to dispersion
forces in DFT calculations. Most XC functionals fail to describe
the non-local vdW dispersion forces. Recent dispersion-cor-
rected DFT studies have indicated that the consideration of
vdW dispersion forces can provide a more accurate description
of interactions between water and solid substrates, as well as
interactions between water layers on the surface [44-46]. It is
recommended to benchmark the XC functionals and vdW cor-
rections for the study of water behaviour at solid surfaces.
Although the DFT-based simulation method is a powerful
tool to explore the properties of interfacial water, the compu-
tational cost inherent to the electronic-level calculations
severely restricts us to explore the dynamic processes occurred
at the interface for larger systems with extensive trajectory
timescales. One alternative way to address this issue is to
develop force field parameters by employing results from
DFT calculations [47]. Empirical simulation methods that are
based on those developed force fields, including RxMD and
CMD, require remarkably fewer computational resources and
enable the explore of a complex system up to micrometer
and microsecond scales. For RxMD and CMD simulations,
the big difference is that the RxMD is able to describe chemical
reactions through a bond order concept [48], which is based on
the interatomic distance. In particular, the transferability of the
reactive force field (ReaxFF) for each element promotes RxMD
simulations to model the complex interfacial processes between
solid and liquid [48]. To date, ReaxFF parameter sets have been
developed for more than 40 elements of the periodic table and
have been successfully applied to numerous liquid/solid inter-
face systems, including H,0/TiO, [49, 50], H,O/ZnO [51],
H,0/8i0, [52], H,O/Si [53], H,O/Ni [54], and H,O/Cu [55],
to just name a few. Yet we point out that development of
ReaxFF is nontrivial, due to the large number of parameters
implemented in the concept and formulations of ReaxFF.
Meanwhile, it is noteworthy that reactive force fields aim at
specific systems, and thereby the corresponding parameters
can be quite different in spite of the same element in different
systems. For example, in prior studies by van Duin and
coworkers [50, 56], they developed two sets of reactive force



field for titanium dioxide (TiO,): one is to describe the inter-
actions between TiO, and H,O, and the other one is to simulate
the etching of TiO, with Cl, and HCI gases. There is a signifi-
cant difference in the force field parameters of Ti element.
Therefore, we should pay a special attention to the choice of
reactive force fields when performing the RxMD simulations.
For non-reacting systems of water on solid surfaces, CMD
simulations provide equivalent accuracy of predictions and
similar level of insights of diffusion, wetting, and ice nucleation.
of water on solid surfaces. For the CMD simulations, the choice
of the force field is an important factor to the accuracy of simu-
lation results. In prior studies, numerous functional forms with
distinct force fields have been proposed to describe the inter-
actions between water molecules and solid surfaces, including
Morse [57], Buckingham [57, 58], GAL19 [59], and Lennard-
Jones (L-J) (12-6, 10-4, 9-6, and 9-3) [57, 60, 61] potentials.
Among all reported potentials, the L-J potentials are the most
widely adopted parameters to simulate the liquid-solid inter-
face, but occasionally the Morse and Buckingham potentials
might provide a better description. For example, the study by
Johnston and coworkers [57] demonstrated that the L-J poten-
tial did not reproduce the DFT water—gold configurational
energy landscape, whereas the softer Morse and Buckingham
potentials allowed for a more accurate representation. On the
other hand, the water model is another critical factor for
CMD simulations and different models show distinct perform-
ance in reproducing the water properties. Wherein, the SPC/E
and TIP4P/2005 models are capable of providing a better pre-
diction in surface tension compared to the TIP3P, TIP4P, and
TIP5P models [62]. Moreover, they also show a great perform-
ance in predicting the self-diffusion coefficient [62], which is in
an excellent agreement with experiments. In addition, TIP4P/
2005 is also able to simulate the entire phase diagram of con-
densed water [63], while TIP4P/Ice is useful for the investi-
gation of both ice Th and denser ice form [64].

In this review, we briefly summarise the recent progress in
experimental and theoretical understanding of the FAWL at
solid substrates, with the special attention to how the formation
and behaviour of FAWL influence structural and chemical
properties of the surface. In Section 2, we elaborate the adsorp-
tion structures of FAWL on metal surfaces, followed by an
overview on the FAWL on distinct metal oxide surfaces in Sec-
tion 3. Section 4 presents the discussions of how the properties
of FAWL affect the behaviours of other water molecules above
the monolayer. Finally, we conclude in Section 5 with the sum-
mary and outlook towards the design and manipulation of the
FAWL.

2. The FAWL on metal surfaces

When water molecules are in contact with metal surfaces, their
adsorption structures are determined by combined contri-
butions of water-metal and water-water interactions. For an
isolated water molecule on metal surface, the binding energy
is in the range of 0.1-0.5 eV [65], comparable to that of a
water in bulk ice, and the OH groups prefer the orientation par-
allel to the surface. With the increase of water coverage, there
would form an intact water overlayer with (4/3 X 4/3)R30°
structure on a few close-packed transition metal surfaces [1,
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Figure 1. (Colour online) Schematic illustration for an ordered (/3 x /3)R30°
water structure with (a) H-up and (b) H-down configurations on a close packed
surface. (c) optimised structures and (d) simulated STM images for the stoichio-
metric ¢(2 x 2) overlayer on Cu(110) surface. (a,b) Reproduced with permission
from Ref. [1]. Copyright (2016) American Chemical Society. (c,d) Reproduced
with permission from Ref. [67]. Copyright (2011) American Physical Society.

3, 7]. Later, an ‘ice-like’ bilayer structure was proposed to inter-
pret the (/3 x 4/3)R30° structure, considering a close match
between their lattice parameter and the lattice spacing in ice
Th(0001) [3, 7, 66]. As illustrated in Figure 1(a), the bilayer
model has a buckled hexagonal network. Wherein, the lower
water molecules directly interact with surface metal atoms via
their oxygen atoms, while the upper molecules are stabilised
through the HB interactions with neighboring water molecules.
In addition, on the face-centered-cubic (FCC) (110) surface, a
c(2 x 2) structure was observed for the FAWL, which has dis-
torted hexagonal network to fit the rectangular unit cell [3, 67].
Indeed, the adsorption structures of water on metal surfaces are
very complicated because of their sensitivity to both chemical
nature and geometry of solid substrates. Therefore, a better
understanding of water structures on distinct metal surfaces
relies on the cooperation of experimental measurements and
theoretical calculations.

2.1. Water on Ru(0001) surface

The pioneering investigation on water adsorption on metal sur-
face is H,O/Ru(0001), due to its smallest lattice mismatch with
bulk ice compared to other transition metal surfaces [3, 5]. Pre-
vious LEED studies reported that the wetting layer on Ru(0001)
adopts an ‘ice-like’ bilayer structure with a (/3 x 4/3)R30°
phase [28]. Later, Held and Menzel [29] presented the first
complete intensity-voltage LEED analysis of an ordered water
bilayer structure adsorbed on Ru(0001) surface. In their
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Figure 2. (Colour online) Top and side views of (a) ‘H-up’ intact bilayer, (b) ‘H-
down’ intact bilayer, and (c) the partially dissociated OH-H,0 + H overlayer on
Ru(0001) surface. Reproduced with permission from Ref. [68]. Copyright (2003)
American Chemical Society.

observed (/3 X 4/3)R30° structure, the vertical distance
between the O atoms in the bilayer was found to be only 0.10
A, rather than the 0.96 A as observed in ice I,. Besides, the
DFT calculations by Feibelman [30] showed that the adsorp-
tion energy of intact water layers with coplanar O atoms lie
0.15-0.20 eV below the heat of sublimation of ice-Th. Alterna-
tively, The energetics and adsorption geometries of half-disso-
ciated structures are in much better agreement with
experiment. Analogously, King and coworkers [68] found
that a partially dissociated OH + H,O overlayer (see Figure 2
(c)) is energetically favoured over pure intact H,O bilayers
(Figure 2(a,b)) on the surface. Also, they further reported
that the barrier of a chemisorbed H,O monomer dissociation
is 0.8 eV, whereas the barrier to dissociate a H,O in a bilayer
is only 0.5 V.

Since the discovery of mixed H,O/OH in the wetting layer
on Ru(0001) surface, great efforts from both experimental
and theoretical studies have been devoted to the unique
water overlayer [1, 3, 5, 7, 11, 12, 26, 68-71]. For example,
Kim et al. [26] examined the acid-base properties of a
water film adsorbed on the Ru(0001) surface, by means of
RAIRS, low-energy sputtering, temperature-programmed des-
orption, and reactive ion scattering. They found that only the
water molecules in an intact water monolayer or water clus-
ters larger than the hexamer exhibit the acidity. However, a
thick ice film and a partially dissociated water monolayer

that contains OH, H,O and H species are not acidic. Tatar-
khanov et al. [11] investigated the water structures on Ru
(0001) surface through a combination of STM, XAS, and
DFT calculations. They found a stable partially dissociated
H,0-OH phase of water adsorbed on Ru(0001) at 180K,
and the XPS and XAS results revealed an average ratio of
3:1 for H,O and OH. Furthermore, the STM measurements
and DFT calculations results showed that the mixed H,O-
OH phase has a honeycomb structure forming elongated
stripes, with H,O molecules preferentially lay flat and OH
groups to be inside the stripes [11]. Salmeron and coworkers
[12] used the STM to probe the structure and growth of the
first few layers of water on Ru(0001) at 140 K, and their
results demonstrated that the molecular structure of FAWL
consists of hexagonal water rings with two orientations.
One is in registry with the hexagonal metal surface and cova-
lently bonded through the oxygen atoms. The other one is
rotated by 30° and slightly lifted off the substrate. These
two orientations are connected by pentagonal and heptagonal
rings. In addition, Messaoudi et al. [69] explored the wetting
of intact and partially dissociated water layers on Ru(0001)
surface via DFT calculations. They found that, for the first
bilayer on Ru(0001) surface, a partial dissociation of 3/8 of
the water molecules (Figure 3(b)) is slightly more stable
than the half-dissociation (Figure 3(c)). Moreover, such
kind of bilayer structure contains H-up water molecules
pointing to the vacuum. This makes the wetting of the first
water layer on Ru(0001) more favourable for the partially
dissociated structure compared to the intact one.

2.2. Water on Pt(111) surface

An early LEED study by Firment and Somorjai [31] demon-
strated that the wetting layer on Pt(111) surface has a simple
commensurate (/3 X 4/3)R30° structure. However, later
STM studies reported that the bilayer structure resulting
from the exposure of Pt(111) to H,O at 140 K has four
different phases, only part of which exhibits the

(/3 X 4/3)R30° structure [13]. Also, the HAS [36] and
LEED [32, 33] further revealed that the water overlayer on
Pt(111) surface forms two highly ordered and epitaxially
phase,

rotated water namely (/37 x 4/37)R25.3° and

Figure 3. (Colour online) Top and side views of mixed water overlayer on Ru(0001) surface with a OH/H,0 ratio of (a) 1/4, (b) 3/8, and (c) 1/2. Reproduced with permission

from Ref. [69]. Copyright (2011) American Chemical Society
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Figure 4. (Colour online) (a) STM image and (b) /37 phase structure of monolayer water on Pt(111) surface. Reproduced with permission from Ref. [14]. Copyright (2010)

American Physical Society.

(/39 x 4/39)R16.1°. These two phases show slightly differ-
ence in their density and alignment with respect to the sur-
face. Meanwhile, it is reported that the (/37 x /37)R25.3°
structure first forms at submonolayer coverage, and it then
compresses to form the (4/39 x /39)R16.1° structure when
the coverage is at saturation [33]. To gain more details on
the water overlayer on Pt(111) surface, Ogasawara et al
[24] used XAS and XPS to separately probe the orientation
of free OH groups in the water molecules and the bonding
of water to Pt surface. Their results showed that all water
molecules in the FAWL bind directly to the surface via alter-
nating metal-oxygen (M-O) and metal-hydrogen (M-HO)
bonds, forming a nearly flat overlayer with the H-down
configuration.

In response to the experimental results, a number of theor-
etical studies have been performed to examine the water struc-
tures on Pt(111) surface [14, 15, 72-75]. By means of ab initio
molecular dynamics simulation, Meng et al. [72] investigated
the adsorption structures and vibrational spectra of H-up and
H-down (/3 x 4/3)R30° bilayer. Their calculation results
showed that the vibrational frequencies for the bilayer, either
H-up or H-down case, agree well with the experimental data.
However, the adsorption energy results revealed that the H-
down structure (534 meV) is slightly more stable compared
to the H-up one (522 meV) [73], which is in good agreement
with the DFT results by Michaelides and coworkers [74].
Besides, Meng et al. [73] also determined the adsorption struc-
tures for the water overlayers on Pt(111) surface with
(/37 x 4/37)R25.3° and (/39 x /39)R16.1° phases. They
obtained an adsorption energy of 597 meV for the former
and 615 meV for the latter, compared to a corresponding
value of 534 meV for the (/3 x 4/3)R30° phase. Such results
confirmed that the (/37 x 4/37)R25.3° and
(/39 X 4/39)R16.1° structures are more stable than the
(/3 x 4/3)R30° structure. Also, Meng [75] found that the
(/39 x 4/39)R16.1° bilayer structure shows a quite disordered
arrangement, with the O atoms lying in three different heights
between 2.2 and 4.5 A above the Pt surface. This is opposite to
the flat bilayer model proposed by Ogasawara et al., who found
that the vertical thickness between the upper and lower O

atoms is only up to 0.25 A [24]. Moreover, the ab initio MD
simulations by Meng [75] revealed that the
(/39 X 4/39)R16.1° bilayer structure consists of 20% water
molecules in the first flat layer and 66% in the second layer,
as well as a small fraction of dissociated water molecules.
Such dissociation is ascribed to both lateral compression of
the water film and its interaction with the Pt substrate. An
improved understanding of the water arrangement on Pt
(111) surface is realised by the high resolution STM images
[14-17], which uncover dark triangular depressions embedded
in a hexagonal rings of water molecules (Figure 4(a)). These
molecules are rotated approximately 30° relative to the classic
commensurate (/3 x 4/3)R30° bilayer. The simulated STM
images from DFT calculations reproduce the experimentally-
observed dark triangular features for both
(/37 x 4/37)R25.3° and (/39 x /39)R16.1° structures

[14]. Wherein, the wetting layer is built from a hexamer (see the
red O atoms in Figure 4(b)) lying flat on the surface with O
atoms in atop sites. This hexamer unit is surrounded by five-
and seven-membered rings(see the yellow O atoms in Figure
4(b)) that embed within the hexagonal water network, as
shown in Figure 4(b).

2.3. Water on stepped Pt surface

As we discussed above, the FAWL can be significantly
influenced by the intrinsic nature of underlying metal sub-
strates. Meanwhile, it is reported that the surface morphology,
such as steps and terraces, also plays a key role in the structures
of FAWL [18-20, 65, 76-79]. Till now, numerous studies have
been carried out to probe the behaviour of water molecules on
stepped metal surfaces, particularly for Pt surface [18-20, 76—
83]. For example, Nakamura and coworkers [81] used the sur-
face X-ray diffraction to explore the water structures on Pt(211)
surface, which has (100) steps separated by 3 atom wide ter-
races (see the illustration in Figure 5(a)). They observed that
the water molecules can form one-dimensional (1D) zigzag
chain along the steps via HBs interactions. Such configuration
is supported by the O K-edge X-ray absorption fine structure
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Figure 5. (Colour online) Schematic illustration of top and side views of (a) Pt(211), (b) Pt(221), (c) Pt(533), and (d) Pt(553) surfaces.

spectroscopy [82]. A DFT study by Donadio and coworkers
[83] demonstrated that water on Pt(221) (see the illustration
in Figure 5(b)) surface also preferentially binds to the step
edge to form linear clusters or chains. Moreover, they observed
that the water molecules would undergo a partial dissociation
to generate a mixed hydroxyl/water structure through an auto-
catalytic mechanism [78]. For comparison, the DFT calculation
results by Pekoz and Donadio [77] revealed that there is a more
weak adsorption for water molecules at the step edges of Pt
(211) compared to Pt(221), but the partial dissociation of the
adsorbed water molecules is energetically competitive. In
addition, a combination of STM measurements and DFT calcu-
lation studies by Kolb et al. [20] reported that the water mol-
ecules can form double-stranded networks with tetragonal
structures at the (111) step of Pt(553) (see the illustration in
Figure 5(d)) surface. Meanwhile, they also determined the
adsorption geometries and energetics of water on and near
the step edge of the Pt(533) (see the illustration in Figure 5
(c)) surface, and found multiple water structures with similar
energies when a full water coverage is considered [79]. More
recently, Jiang and coworkers [76] studied the water structures
on Pt(221) and Pt(553) surfaces by employing a genetic algor-
ithm method on top of DFT. Their calculation results uncov-
ered a number of novel 1D chain and two-dimensional (2D)
network. Particularly, it is interesting to find that the step-in

substrate is beneficial for the formation of 1D water chain,
while the terrace is important for the formation of 2D water
networks.

When water molecules are deposited on Ru (0001) and Pt
(111) surfaces, they form monolayer water structures on both
surfaces. However, the configurations of the FAWL for the
two surfaces are significantly different. For the Ru (0001) sur-
face, the FAWL adopts an ice-like structure with a
(/3 x 4/3)R30° periodicity, as confirmed by both experimen-
tal measurements and theoretical calculations, see Table 1 [11,
28, 30, 68, 69]. Other studies also pointed out that water mol-
ecules of the FAWL would dissociate to produce OH +H
species, and that the mixed OH/H20 wetting layer is much
more energetically stable than the intact water overlayer [69].
When it comes to the Pt(111) surface, the (/3 x 4/3)R30°
structure was reported for the FAWL, which has a lateral
expansion of 6% compared to the bulk ice bilayer [3, 13, 31].
However, recent studies reported that water molecules on Pt
(111) surface would first form a structure of
(/37 x 4/37)R25.3°  and  then transiton to a
(/39 X 4/39)R16.1° structure, wherein the former has a slight
expansion of 3.6% and the latter shows a compression of 4.4%
[33]. Moreover, the results from DFT calculations demon-
strated that the(,/37 x 4/37)R25.3° and (/39 x /39)R16.1°
structures are more stable than the (/3 x /3)R30° structure
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Table 1. A summary of the unit cell, adsorption state, characterisation method, vertical distance between the O atoms in the bilayer structure, and ratio of H,0/OH for the

FAWL on Ru(0001) and Pt(111) surfaces.

Surface Unit cell Adsorption state Characterisation Dzo.0 (A) Ratio of H,0/0OH Reference

Ru(0001) (v/3x/3)R30° Molecular LEED 10 28]
(v3x/3)R30° Dissociative DFT 0.05-0.06 11 30, 68]
(V3x1/3)R30° Dissociative STM, XAS, DFT 02 31 [11]
(v/3x1/3)R30° Dissociative DFT 8:3 169]

PH(111) (V3xy/3)R30° Molecular LEED, STM 1:0 [13,31]
(v/37x37)R25.3° Molecular HAS, LEED, STM 10 [14, 32, 33, 36]
(v/39x39)R16.1° Molecular HAS, LEED, STM 10 [14, 32, 33, 36]
( 3><\/3)R30° Molecular (H-up) DFT 0.63 1.0 [72]
(v3xV/3)R30° Molecular (H-down) DFT 035 1.0 (721
(v/3x1/3)R30° Dissociative DFT 0.06 11 [72]
(1/37x37)R25.3° Molecular DFT 1:0 (73]
(1/39x39)R16.1° Molecular DFT 1:0 [73]

[73]. Different from the planar metal surfaces, the stepped Pt
surfaces have step and terrace sites, making the structures of
FAWL different from those on Ru(0001) and Pt(111) surfaces.
For example, water molecules can form respectively distinct
structures of 1D chain and 2D networks on Pt(221) [76, 78,
83] and Pt(553) [20] surfaces, see Table 2. It is also worth not-
ing that water molecules on diverse stepped Pt surfaces can
show different adsorption states and configurations, which is
closely related to the water coverage on the surface.

3. The FAWL on metal oxide surfaces

For the metal oxide surfaces, the water molecules can be
adsorbed chemically or physically on distinct surface active
sites, including unsaturated metal sites, acid or base sites, and
defect sites. This makes the water structures on oxide surfaces
more complicated than those on metal surfaces. Besides, com-
pared to the weak adsorption on metal surfaces, water mol-
ecules generally have strong interactions with oxide surfaces.
As a result of this, it may result in the water dissociation on
the unsaturated metal or defect sites. Furthermore, it is
reported that the adsorption and/or dissociation of water mol-
ecules on some oxide surfaces can lead to surface reconstruc-
tion [2], making it a great challenge to explore the water
behaviours at the interface from experiments. In this regard,
different water structures, like multiple rings, 1D chain, 2D net-
work, and various ice forms, have been reported from both
experiments and calculations [1, 2, 9, 84, 85]. During the past
years, using the advanced surface science techniques, including
STM and AFM, combined with theoretical calculations, pro-
vides us a direct image on local structures of interfacial water
molecules, and thereby enables us to obtain numerous ground-
breaking understandings in this aspect. Herein, we will discuss
the recent studies related to the adsorption structures of water

Table 2. A summary of the surface model, adsorption state, configuration, and
characterisation method for the FAWL on different stepped Pt surfaces.

Adsorption
Surface state Configuration Characterisation ~ Reference
Pt(211)  Molecular 1D Chain XRD [81]
Pt(211) Dissociative 1D Chain DFT [77]
Pt(221) Dissociative 1D Chain or Cluster ~ DFT [76, 78, 83]
Pt(553) Molecular Double-Stranded STM, DFT [20]
Chain
Pt(533) Molecular Ring, 1D Chain DFT [79]

molecules on several widely studied oxide surfaces, with special
attention being paid to the FAWL.

3.1. Water at TiO, surfaces

Understanding the behaviour of water molecules at titanium
dioxide (TiO,) surfaces is of great significance to promote
further progress in practical applications of TiO, [86-88].
In nature, TiO, exists in three crystal forms: rutile, anatase,
and brookite, among which the extensive studies mainly
focus on the interaction of water with rutile and anatase.
From the structural point of view, the topmost TiO, surface
consists of under-coordinated titanium (Ti) and oxygen (O)
sites. These sites can interact strongly with interfacial water
molecules and affect significantly the adsorption structures
of water molecules on TiO, surfaces. In the past decades,
great efforts have been made to investigate the H,O/TiO,
system, from ab initio quantum mechanics calculations to
force-field-based molecular dynamics simulations [8, 49, 50,
89]. In the review by Sun et al. [8], they summarised the
theoretical insights into the H,O/TiO, interactions. Specifi-
cally, for the rutile (110) surface, an intact water structure
is observed at a full monolayer coverage, whereas a mixed
OH/H,O structure is proposed at a low water coverage
(e.g. 1/8 monolayer) because of a partial dissociation [90].
In the case of water molecules on rutile (100) surface, earlier
experimental studies reported a molecular adsorption struc-
ture [91], while recent spectroscopy results showed that a dis-
sociated adsorption is favourable [92]. Such discrepancies
also exist among the theoretical studies, probably due to
the different methods and functionals employed in the calcu-
lations [8]. When it comes to rutile (011) surface, the DFT
calculations revealed that water molecules can dissociate to
produce the Tis.-OH and O,.-H species on this surface
[93]. On the other hand, the combined experimental and
theoretical work by Beck et al. [94] showed that rutile
(011) surface exhibits a (2x1) reconstruction with onefold
coordinated (titanyl) O atoms. Later, Diebold and coworkers
[95] explored the water structures on the reconstructed rutile
(011) surface. They found that a mixed molecular/dissociative
layer is the most stable configuration at low temperatures,
whereas a fully dissociative layer appears when the tempera-
ture increases to 250 K. As for anatase surfaces, the studies of
Vittadini and coworkers [96, 97] reported that the molecular
adsorption is favoured on the anatase (101) surface.
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Figure 6. (Colour online) (a) Surface hydroxyl group density evolution: Ti-OH is the number of titanium atoms that are bonded with the OH groups from water dis-
sociation, Ti(tot) is the total number of surface Ti atoms; density distribution of water molecules along the z direction: (b) rutile (011) with three distinct peaks and
(c) TiO,-B (001) with two distinct peaks; (c) structure of FAWL at rutile (011) interface, and (d) top view of the FAWL on the TiO,—B (001) surface at t = 20.0 ns. HB-assisted
water clusters. The HBs are in green, while the Ti and O atoms are coloured by gray and blue, respectively. (a-c) Reproduced with permission from Ref. [49]. Copyright
(2014) American Chemical Society. (d, e) Reproduced with permission from Ref. [100]. Copyright (2018) American Chemical Society.

Meanwhile, it is found that the O atom in water molecule
binds to the surface Tis. atom and two H atoms form HBs
with the surface bridge O atoms. However, other calculation
and XPS results proposed a mixture of dissociated and mol-
ecular water in the FAWL [25, 98, 99]. For anatase (001) and
(100) surfaces, theoretical calculations showed that a low

coverage would lead to dissociative adsorption of water mol-
ecules on the surfaces, while a mixed molecular/dissociative
adsorption was only observed for (001) surface at a full cov-
erage [8].

Despite great progress in understanding of water behaviours
on TiO, surfaces in the relatively low humidity, it is still unclear
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Figure 7. (Colour online) (a, b) Optimised H-down bilayer geometry on the hydroxylated a-quartz (0001) surface. Dotted lines denote the HB interactions between
adsorbed molecules. Water monolayer adsorbed on a-quartz (0001) surface with (c, d) H-up and (e, f) H-down states. (a, b) Reproduced with permission from Ref.
[102]. Copyright (2006) American Physical Society. (c-f) Reproduced with permission from Ref. [104]. Copyright (2011) American Physical Society.



on what happens if the TiO, surface is in contact with bulk
water, and how water dissociation affects the behaviour of
near-surface water on TiO, surfaces. To this end, we performed
RxMD simulations to study the interactions between water and
five different TiO, surfaces. Our results showed that TiO, sur-
faces demonstrate different reactivities for water dissociation
[rutile (011) > TiO,-B (100) > anatase (001) > rutile (110)]
(see Figure 6(a)), and there is no water dissociation observed
on the TiO,-B (001) surface [49]. Furthermore, it can be seen
from Figure 6(b) that the new functional OH groups from
the water dissociation in the FAWL on rutile (011) surface sig-
nificantly enhance the interactions with near-surface water, and
in turn it brings the second water layer closer to the surface. On
the nonreactive TiO,-B (001) surface without any dissociative
water adsorption, the near-surface water can form HB net-
works with the surface oxygen atoms of TiO,, but the distance
of FAWL from the surface is larger than that from rutile (011)
surface (see Figure 6(b,c)). On the other hand, our CMD simu-
lations [100] showed that water molecules lean on rutile (011)
surface with one H atom directing to the surface two-coordi-
nated O atoms, and the other one pointing toward bulk
water, as shown in Figure 6(d). For TiO,—B (001) surface,
water molecules in the FAWL show a random distribution,
yet, the in-layer HBs promote the formation of small water
clusters near the surface (see Figure 6(e)).

3.2. Water at SiO, surfaces

Silica is widespread on the Earth’s crust in amorphous or crys-
talline forms, ie. quartz, cristobalite, trydimite [9, 85, 101].
Amongst these reported phases, the a-quartz is found to be
the most stable one over a wide range of extreme conditions
[9, 101], making it to be a typical model to explore the silica-
water interactions in the natural and industrial processes.
Yang and Wang [102], by combining the ab initio DFT calcu-
lations and AIMD simulations, investigated the water adsorp-
tion on hydroxylated a-quartz (0001) surface at various water
coverages. For an isolated water monomer on the surface, it
is found to be located above the bridge site between two surface
hydroxyl groups and stabilised by forming two HBs with these
two hydroxyl groups. Upon increasing the coverage to full
monolayer, water molecules can form a flat ice-like bilayer
structure with a puckered hexagonal network [102]. As
shown in Figure 7(a,b), there are two types of water molecules

10H,0/MgO(001)
c(4x2)

6H,0/MgO(001)
p(3x2)
Figure 8. (Colour online) Side and top views of the most stable structures of (a)

10H,0/c(4 x 2) and (b) 6H,0/p(3 x 2). Reproduced with permission from Ref.
[109]. Copyright (2011) American Chemical Society.
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in this bilayer structure. Type I has the OH groups nearly par-
allel to the surface, whereas, in type II, each water molecule
points one hydroxyl group to the surface to form the HBs.
The vertical distance between these two types of water mol-
ecules is only 0.1A, which is much smaller than the values
observed for the bilayer structure in bulk ice (0.96A) [103].
Such great compression primarily derives from the strong HB
interactions within the monolayer water and with the surface
hydroxyl groups. Chen and coworkers [104] studied the inter-
actions between thin water films and a-quartz (0001) surfaces
by using first-principles DFT calculations. They showed that
the FAWL on the (1x1) bare surface has two distinct adsorp-
tion states: One has its out-of-plane hydrogen pointing up
(H-up) (see Figure 7(c,d)) and the other one has its out-of-
plane hydrogen pointing down (H-down), as shown in Figure 7
(e,f). For the H-up configuration, all water molecules in the
FAWL prefer to be located above the surface silicon atoms.
For the H-down configuration, only half of the water molecules
in the FAWL reside the atop site, while the other half tends to
be adsorbed on the surface hollow sites, with one H atom in the
hydroxy group pointing down. The surface energy of the H-
down configuration is lower than that of the H-up one by
1.79 meV/A?, For the fully hydroxylated (1x1) surface, water
molecules in the FAWL have strong interactions with the sur-
face hydroxyl groups (659.8 meV/molecule) [104], comparable
to the HB strength between water molecules in bulk Ice-XI
(~710 meV/molecule in DFT [105] and ~610 meV/molecule
in experiment [30]). This makes the monolayer water show a
H-down configuration so that each water molecule in the
FAWL can form one HB with the surface hydroxyl group.

3.3. Water at MgO surfaces

Compared to other binary metal oxides, the alkaline earth
oxides have relatively simple rock-salt structure and electronic
simplicity. Therefore, increasing research interest has been paid
to the interactions between water molecules and the alkaline
earth oxides, including MgO, CaO, BaO, and SrO [34, 35, 84,
106-114]. Previous LEED and IR study by Heidberg et al.
[34] showed that there forms an ordered monolayer water on
MgO(100) surface with a c(4x2) translational symmetry at
150 K, and water molecules in the FAWL are nearly parallel
to the surface. Similar results have also been observed by
Ferry et al. [35] via a combination of LEED and HAS. Also,
they reported a transition from c(4x2) phase to a new p(3x2)
phase at a temperature of 185 K. Since then, numerous theor-
etical studies have been carried out to investigate the adsorption
structure of water monolayer with both c(4x2) and p(3x2)
phases on MgO surface. Giordano and coworkers [113]
employed DFT calculations to model the experimentally
observed (3x2) water monolayer on MgO (100) surface, and
they found that two out of six water molecules per unit cell dis-
sociated, with two protons transferring to the neighboring sur-
face oxygen sites. In addition, those intact water molecules tend
to deviate from the atop adsorption sites and move close to the
dissociated water molecules. Similarly, Cho et al. [114] deter-
mined the atomic arrangements of water monolayer with p
(3x2) and c(4x2) phases on MgO(001) surface and demon-
strated a mixed molecular and dissociative adsorption structure
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Table 3. A summary of the surface model, adsorption state, coverage, and characterisation method for the FAWL on TiO,, SiO,, and MgO surfaces.

System Surface Adsorption state Coverage (ML) Characterisation Reference
TiO, Rutile(110) Molecular 1 DFT [90]
Rutile(110) Dissociative 1/8 DFT [90]
Rutile(100) Molecular IR [91]
Rutile(011) Dissociative DFT [93]
Anatase(001) Dissociative 1/4 DFT [96]
Anatase(001) Molecular 1 DFT [96]
Anatase(101) Dissociative 1 DFT [98, 99]
Anatase(100) Dissociative 1 DFT [8]
Si0, a-quartz (0001) Molecular 1 DFT [102, 104]
MgO MgO(100) Molecular (c(4x2)) LEED, IR, HAS [34]
MgO(100) Molecular (p(3x2)) LEED, HAS [35]
MgO(100) Dissociative (p(3x2)) DFT [113]
MgO(001) Dissociative DFT [114]
MgO(001) Dissociative (c(4x2)) XPS, DFT [109]
MgO(001) Dissociative (p(3x2)) XPS, DFT [109]

for both phases. Meanwhile, the calculated adsorption energy
for the p(3x2) water monolayer is 0.59 eV, slightly lower
than that for the c(4x2) water monolayer (0.61 eV). Recently,
a combined study from experiment and calculation by Wzo-
darczyk et al. [109] predicted that the c(4x2) structure, with
ten water molecules per unit cell, is stable at low-temperature
(see Figure 8(a)). However, at high temperature, the structure
comprised of six water molecules per unit cell with p(3x2)
structure is the most stable phase (see Figure 8(b)). Besides,
they also noted that, in both stable structures, two water mol-
ecules in the FAWL undergo a partial dissociation, with the
protons transferring to MgO surface and forming surface
hydroxyl groups, as shown in Figure 8(a,b).

For water molecules on metal oxide surfaces, the adsorption
state of the FAWL is highly dependent on the surface chemistry
of the substrate. It is known that metal oxide surfaces contain
unsaturated metal sites, which are preferential sites for water
adsorption. Accordingly, the interaction strength between
metal site and O atoms of water would determine the adsorp-
tion state of FAWL. On TiO, and MgO surfaces, part of the
water molecules would partially dissociate after adsorption,
whereas most water molecules exhibit molecular adsorption
on SiO, surface. However, it is worthwhile to mention that,
when the SiO, surface is hydroxylated, the location of O
atoms and the orientation of H atoms in the FAWL will change
significantly to form well-defined HB networks. On the other
hand, Table 3 illustrates that the water coverage plays a key
role in the adsorption state of water molecules on TiO, sur-
faces. For example, water on rutile(110) surface prefers the dis-
sociative adsorption at a low coverage, but the molecular
adsorption at full coverage [90]. Water on MgO (100) surface
also shows both molecular and dissociative adsorptions. Yet,
only dissociative adsorption is observed for water at the MgO
(001) surface. Meanwhile, the temperature increase could trig-
ger the structural transition from c(4x2) to p(3x2) at MgO
(100) and (001) surfaces, which affects the properties of
FAWL accordingly [35, 109].

4. The properties of FAWL and their effects on other
water molecules

Based on above discussions, it is accepted that the structures of
FAWL on solid surfaces are the balanced results of water-

substrate and water-water interactions, indicating that the phys-
ical and chemical properties of FAWL can be remarkedly altered
by the solid substrate. In this context, substantial strategies,
including coating [115-117], roughness [18, 19, 118-121], cur-
vature [122], morphology [123-125], and strain [126-128],
have been proposed to regulate the interactions at the water
—solid interface. Distinct scenarios have been observed for the
FAWL on various solid surfaces, including wetting phenomena
[122-126, 129-131], ice nucleation [1, 7, 18, 19, 40, 60, 132,
133], and low friction [134-136]. In this section, we mainly
focus on the properties of FAWL and their effects on the other
water molecules above the FAWL on solid surfaces.

4.1. The wetting property of FAWL

Experimentally, by using X-ray and neutron reflectometry, as
well as AFM, James et al. [130] investigated the nanoscale con-
densation of water on self-assembled monolayers (SAMs) with
the terminal of COOH groups. They observed that the SAMs
surface is fully covered by a dense and continuous monolayer
water with a thickness of 5.7A, together with some small nanos-
cale water droplets above the monolayer water. Such a FAWL
+ water droplet’ configuration has also been reported by CMD
simulations on other solid surfaces, including metal [122, 124,
126, 131], metal oxide [137], talc [138], and ionic substrate
[129]. For example, our recent study [126] showed that there
exists an ordered monolayer water on both Pd (100) and Au
(100) surfaces, but there is a big difference in the wettability
between them. The FAWL on Pd (100) surface can stabilise a
water droplet, whereas, on Au (100) surface, the FAWL is
coved by a water film. Besides, we noted that, when a compres-
sive strain from 0% to 5% is applied on the solid substrate, the
FAWL on these two surfaces undergo an interesting wettability
transition. In specific, when the strain is within 4% for Pd (100)
surface, there exists a stable water droplet on the FAWL. How-
ever, when the strain was increased to 5%, a hydrophobic to
hydrophilic wettability transition occurs (see Figure 9). For
Au (100) surface, when the strain is within 1%, the FAWL on
the surface is still coved by a water film. However, when the
strain increases from 2% to 5%, water molecules in the film
accumulate to form a water droplet (see Figure 9). Our analysis
results revealed that, for the hydrophobic FAWL on both Pd
(100) and Au (100) surfaces, there is a good match between
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Figure 9. (Colour online) Equilibrium configurations of a 1.0 nm water film on metal surfaces under compressive strains: (a) Pd(100) and (b) Au(100); (c) top and side views
of equilibrium structure on the bimetallic surface, where a water droplet is on the top of the compressive Au(100) region. Reproduced with permission from Ref. [126].
Copyright (2020) American Chemical Society.

Figure 10. (Colour online) (a, c) Calculated structures and (b, d) STM images for the monolayer water and bilayer water, respectively, on the SnPt(111) surface. The blue
circles in (a) and (b) represent the H-down sites. Reproduced with permission from Ref. [133]. Copyright (2019) American Chemical Society.
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the lattice constant and the average water—water (O—0) dis-
tance of the FAWL. This contributes to an increase in average
HB number within the FAWL and a more stable HB network.
On the contrary, for the hydrophilic FAWL on both Pd (100)
and Au (100) surfaces, the mismatch between the O—0O dis-
tance and the lattice constant results in the FAWL structure
much more easily being disturbed by water molecules present
above the FAWL. Therefore, it is difficult for them to form a
water droplet on the FAWL. Moreover, we also studied the
water behaviours on bimetallic Pd(100) /Au(100) surface,
where there is a monoaxially compressive strain of 4.61% on
Au(100) surface along the Y direction to match lattice con-
stants. Expectedly, we discovered an ordered FAWL on the
bimetallic surface, but it is surprising to find that a water dro-
plet is located on the compressed Au(100) region, while there is
almost no water molecule left atop of the FAWL of the pristine
Pd(100). This is mainly because there exists a big difference in
orderliness and stability for the FAWL on both Pd (100) and
Au (100) surfaces, which would trigger the migration of
water molecules above the FAWL from Pd (100) to Au (100)
surface.

4.2. The ice nucleating property of FAWL

On the other hand, extensive studies from experiments and cal-
culations have also been dedicated to understanding the influ-
ence of surface morphology, hydrophobicity, and roughness on
the ice nucleation [1, 7, 18, 19, 40, 60, 132, 133]. The MD simu-
lations by Fitzner et al. [132] pointed out that the lattice match
of solid substrate with respect to bulk ice is at most desirable
but not a requirement. Instead, the balance between surface
morphology and its hydrophobicity can significantly alter the
ice nucleation rate. Besides, the experiment studies by Hodgson
and coworkers [18, 19] reported that, on stepped Cu(511) sur-
face, water molecules can form extended 2D buckled hexagonal
wetting layer. Such water overlayer contains hydrogen donor
and acceptor sites to make the second water layer adsorb on
top of the FAWL and thereby form a commensurate ice film.
They also demonstrated that the resulted multilayer ice is
stabilised by the relaxation of the corrugation and H orien-
tation of water molecules in the FAWL. This can produce H-
donor and H-acceptor sites at next nearest neighbor positions
around the water hexagons, mimicking the arrangement in
bulk ice Th(0001) [18, 19]. Furthermore, they also investigated
the ice growth on a SnPt(111) template with a lattice spacing
6% larger than ice, by using STM and DFT calculations. They
found that the FAWL can form a strictly commensurate hexa-
gonal network, but this structure is not beneficial for the
adsorption of the second water layer due to the absence of H-
up water molecules in the FAWL (see Figure 10(a,b)) [133].
Instead, when water molecules in the FAWL forms a 2D struc-
ture containing extended defect rows comprised of pentamer
and octamer rings linked by the hexagonal water molecules
(see Figure 10(c,d)), it would promote the growth of the second
water layer and allow it to keep commensurate structure with
the FAWL. Recently, Zhu et al. [60] performed the CMD simu-
lations to investigate the growth of 2D ice on various solid sur-
faces with a series of water adsorption energies and lattice
parameters. They found that the transition from liquid water

to bilayer hexagonal ice can happen on solid surfaces near
room temperature without nanoscale confinement. Moreover,
they noted that the liquid-to-bilayer transition can occur only
when the water-surface interaction parameter is larger than a
critical value [60]. Unexpectedly, such 2D ice has been detected
on Au (111) surface by Jiang and coworkers [40] via the non-
contact AFM experiment coupled with the CMD and DFT cal-
culations. Their results further revealed that the 2D ice grown
on Au(111) surface corresponds to an interlocked bilayer ice
structure making from two flat hexagonal water layers. In
each layer, half of the water molecules prefer the orientation
parallel to the surface and the other half tend to be perpendicu-
lar to the surface, with one O-H either upward or downward.

5. Summary and outlook

Herein, we give an overview of experimental and theoretical
insights into the adsorption structures of FAWL on solid sub-
strates. These studies have demonstrated that water adsorption
at the interface is very complicated and sensitive to the struc-
ture and chemistry of individual surface. Experimentally, low
temperature STM measurements are capable of providing
atomic-level images of water in the FAWL, enabling us to
make a direct comparison with the results from theoretical cal-
culations. Besides, other surface science techniques like LEED
can detect the ordering of thin water film on the surface,
while XPS/XAS can provide useful information to distinguish
molecular and dissociate adsorption. Indeed, the adsorption
state of water molecules on solid surfaces is largely influenced
by the temperature, coverage, and surface geometry.

For the adsorption structure on Ru(0001) surface, an intact
water overlayer was observed when the temperature is below
155 K. Upon increasing the temperature to be 180 K, the
FAWL would undergo a partial dissociation to generate a stable
H,0-OH phase [11]. The DFT calculations showed that mixed
OH/H,O0 structure is much more energetically favourable over
the intact water overlayer [57,58]. On the other hand, early
LEED results proposed that the water overlayer on Pt(111) sur-
face exhibits a (/3 x 4/3)R30° structure. However, later
studies suggested a (4/37 X 4/37)R25.3° structure for the
FAWL at sub-monolayer coverage, and then it would change
to (4/39 x 4/39)R16.1° structure when the coverage is at satur-
ation. Among these three structures, the DFT calculations
showed an adsorption energy of 597 and 615 meV for
(/37 x /37)R25.3° and (/39 x 4/39)R16.1° phases,
respectively, compared to a corresponding value of 534 meV
for the commensurate (/3 x 1/3)R30° phase. Different from
a complete water overlayer on Ru(0001) and Pt(111) surfaces,
water molecules on stepped Pt surface form 1D or 2D chain,
which contains different water rings. Moreover, it is interesting
to find that the step-in substrate is beneficial for the formation
of 1D water chain, while the terrace is important for the for-
mation of 2D water networks.

Similarly, the adsorption structures of water molecules on
metal oxide surfaces are closely related to the characteristics
of exposed surfaces. The topmost of these oxide surfaces always
contain under-coordinated metal and oxygen sites, which
determines the surface reactivity for the water dissociation.
Typically, water molecules can adsorb above the metal sites



via oxygen lone pair and form HB with the readily available
surface lattice oxygen atoms. The interaction strength of
water-metal and HB would significantly influence the dis-
sociation of water molecules. Yet, we want to point out that
the water coverage also plays a key role in water dissociation.
Prior studies showed that, for rutile (110) surface, an intact
water structure is observed at a full monolayer coverage,
whereas a mixed hydroxyl/water structure is observed at a
low coverage (e.g. 1/8 monolayer) [79]. However, for hydroxyl-
ated a-quartz (0001) surface, there is no dissociation for water
molecules in the FAWL, and coverage variation only affects the
water orientation to form HBs with surface hydroxyls.

Upon the adsorption of FAWL on metal surfaces, their
structures and properties can have a profound influence on
multilayer ice nucleation and wetting behaviour. When there
is a good match between the lattice constant and the average
water—water distance of FAWL, it would generate strong
water-metal and in-plane HB interactions that enable the for-
mation of ordered FAWL. Such ordered monolayer water
would reduce the possibility to form HB between the first
and second water layer, leading to the generation of a water
droplet above the FAWL. Therefore, forming strong HBs is
necessary for multilayer water adsorption to wet the FAWL.
It is proposed that the strong HBs are formed only when the
FAWL contains free OH groups [3]. These groups can act as
HB donor for water molecules above the FAWL, which is
one of the prerequisites for ice nucleation. Aside from that,
another important factor is that ice nucleation requires the
FAWL to have a suitable lateral arrangement to match the
structure in bulk ice Th [3].

Till now, tremendous progress has been obtained, via a com-
bination of experiments and calculations, in understanding the
adsorption, dissociation, diffusion, and nucleation of liquid
water on metal and oxide surfaces over the past decades. How-
ever, there still exists some problems and challenges in investi-
gating the water behaviours on solid surfaces. For the
experiments, most high-resolution techniques require to be
operated under extreme environment of ultra-high vacuum
and low temperature. In this case, the solid water structure is
completely different from the liquid water at ambient con-
ditions. Therefore, it is still challenging but critical to use
high-resolution techniques to probe the structure and proper-
ties of liquid water, due to its great importance to our human
beings’ daily life. In addition, it is also urgent to have detailed
insights into the interactions between water and other novel
materials, such as biomaterials [139], polymers [140], and gra-
phene-based materials [141, 142]. Progress in this area would
promote their extensive applications in drug delivery, biosen-
sing, water separation/purification, and anticorrosion.
Wherein, a number of studies are needed to explore the adsorp-
tion and diffusion within graphene oxide (GO) membrane
since a better understanding in this direction can help to opti-
mise the membrane performance. Besides, recent studies have
shown that the graphene-based 2D materials are capable of
protecting metal substrate from corrosion [143], but little is
known about underlying mechanisms and how intrinsic defects
influence its anticorrosion capacity. Therefore, great efforts are
also needed in this area to extend potential application of gra-
phene-based materials in anticorrosion field.
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For the adsorption of water molecules on the substrate, the
HB interaction is an important interaction to stabilise the
FAWL at solid interfaces, however, an accurate description of
the HB is still challenging for theoretical studies. When water
molecules approach the solid surface, the local electric field
from the substrate will disturb the electron distribution of H
atoms and such polarisation interaction may induce the elec-
tron transfer from the H to the substrate [3]. However, for
MD simulations with classical force field, it is insufficient to
describe such process due to the fact that the partial charge
of the classical force field is a fixed value for each atom. In
addition, for both reactive force field and classical force field,
they fail to adequately account for the quantum effect for the
H nuclei, which would significantly influence the HB networks
and dynamics [144-146]. This is mainly due to that the non-
harmonic quantum fluctuations of H nuclei will change the
OH bond length in water molecule and HB angle, which in
turn affects the bond energy and configuration of the HB
[144]. Although great efforts have been devoted to investigating
the issue of quantum fluctuations [147-149], it is still unclear
how the quantum effect of H nuclei will exactly affect the HB
formation and dynamics. On the other hand, it has been
reported that the HB plays a critical role in catalytic reactions,
protein folding, molecular self-assembly, gas separation, and
proton transfer, from simple to complex systems. Therefore,
it is still of great challenges to quantitively determine the prop-
erties of HB, when a very similar set of criteria is adopted to
probe HBs of those different systems. There is a lack of an
adjustable parameter to connect the HB to the complexity of
systems. It is also worth pointing out that despite the feasibility
of obtaining the vibrational spectroscopy information from
experiments, the direct experimental measurement of HBs is
rarely reported. While computational studies can acquire
both vibrational spectroscopy and HB information, it would
be useful to experimentally determine the complex HB network
at the liquid-solid interface and combine theoretical studies to
construct a relationship between the vibrational information
and the microscopic HB properties [150-153].

On the other hand, theoretical studies, including Monte
Carlo (MC) method, molecular dynamics (MD) simulation,
and DFT calculations, have been extensively employed to pre-
dict diverse properties of distinct liquid-solid interfaces. How-
ever, there are still two main bottlenecks that may hinder the
fundamental understanding of water at interface: (1) a compu-
tationally inexpensive method to simulate the atomic model
representative of the realistic system which contains thousands
to millions of atoms; (2) the atomic interactions predicted in
the model should adequately represent quantum-mechanical
interactions of the system [154]. In this context, developing
efficient and reliable atomic potentials to gain the in-depth
understanding of complex liquid-solid interface systems has
received tremendous attentions over the past years [154-165].
Recently, the machine-learning potential (MLP) provides
another choice to reproduce DFT calculations and enable a sat-
isfactory description of complex systems. Unlike traditional
classical force fields with specific functional forms, the MLPs
have flexible functional forms and the parameters are based
on a large number of training data from DFT calculations.
Promising progresses have been available in the construction
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of MLPs for systems including bulk materials [156], metal sur-
face [157], metal alloy [158], aqueous electrolyte solutions
[159], bulk water, and liquid-solid interface [155, 161-163].
For example, Natarajan and Behler [161] constructed a DFT-
based neutral network potential to study the properties of inter-
facial water at Cu(111), Cu(100), and Cu(110) surfaces. They
found that the water molecules in the first hydration layer at
all three interfaces tend to locate at the atop sites and are organ-
ised to parallel to the surface. Those in the second layer prefer
the more tilted configurations and show a significant difference
in the spatial arrangement. Developing force fields via machine
learning algorithms is certainly an exciting research direction,
efforts are strongly encouraged to promote the application of
MLPs in complex interfacial systems.
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