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Figure 1 Schematic illustration for SPM probing 2D material confined
water (a) and structural model of water molecules confined between 2D
material and solid surface (b)
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Figure 2 AFM imaging of water adlayer on mica surface utilizing graphene as protective coating at ambient conditions. (a) A schematic illustration of
AFM scanning water adlayer confined between graphene and mica; (b) the structure of hexagonal ice; (c) AFM height image of a monolayer graphene
on mica surface; (d) zoom-in image and corresponding height line profile in (c)m]; a side view of monolayer (e), bilayer (f) and trilayer (g) ice structure
confined between graphene and mica”
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Figure 3 Probing water molecules adsorbed on different hydrophobic surfaces under ambient conditions using graphene as template. AFM height
image of H-Si(111) (a), HOPG (b), and trimethylchlorosilane functionalized mica surface (c) (RH 40%)[36]
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Figure 4 Probing water-alcohol mixtures confined between graphene
and mica. (a) AFM height images of water-ethanol mixture confined
between monolayer, bilayer and trilayer graphene and mica surface,
respectively; (b) simplified cartoon of effect of graphene layers on the
size of mixture structure!™; (c) AFM height image of water and 2-
propanol mixture under few layers of graphene; (d) height line profile of
the blue dashed line in (c); () schematic diagram showing the structure
of water and alcohol molecules confined between graphene and mica'
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Figure 5 Effect of temperature on water adlayer growth confined between graphene and mica. (a) AFM height image and line profile of graphene with
the temperature reached 100°C; (b) AFM height images of the second/third icelike water adlayer growth process during the condensation; (c¢) schematic
of Stranski-Krastanov growth model showing the water adlayer growth processm]
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Figure 6 Nanomanipulation of confined water by SPM tip. (a) STM
image of graphene with monolayer, bilayer and trilayer water before
nanomanipulation; (b) STM image of the same area after nanomanipula-
tion with applying positive bias (7 V sample bias and 1 nA tunneling
current)m]; (¢), (d) disordered nanodroplets are nanomanipulated into
ordered array by AFM tip[54]; (e), (f) pressure induced melting of
confined icelike water layer ’1
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Recent advances in probing two-dimensional materials confined
water by scanning probe microscopy
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Interfacial water is ubiquitous in nature and industry, which plays a crucial role in areas such as wetting, corrosion,
lubrication and electrochemistry. The structure and dynamic behavior of interfacial water have been proven to be different
from those of bulk water. Therefore, to deeply understand the unique properties of interfacial water, structural imaging with
atomic resolution is of great importance. Up to now, owing to its high temporal and spatial resolution, scanning probe
microscopy (SPM) has been extensively applied to investigate water molecules at solid interfaces. However, most of those
SPM investigations are conducted at cryogenic temperature or under ultra-high vacuum, as under ambient conditions the
capillary force between SPM tip and water molecules will perturb the structures of interfacial water on solid surface.

Thanks to the two-dimensional (2D) materials which can be utilized as ultra-thin coatings owing to its atomic thickness,
good flexibility, impermeability and chemical stability. The graphene coating could protect and fix the structures of
interfacial water, which enables the structural imaging by SPM. The 2D material confined water expands the scope of SPM
research on interfacial water, promoting the development of interface science.

The structure and dynamics of 2D material confined water can be influenced by the structure and hydrophilicity of the
interface materials, as well as environment factors such as humidity, temperature and pressure. In recent years, a great deal
of works have been conducted with SPM to explore the properties of 2D material confined water and remarkable research
results have been achieved. In this review, we will introduce recent progress in probing 2D materials confined water by
SPM under ambient conditions, including detecting the microscopic structures of 2D confined water, probing the dynamic
behaviors of 2D confined water as well as nanomanipulation of 2D confined water. Furthermore, the effects of confined
water on the optical, electrical and frictional properties of the 2D material coatings are also discussed. Finally, a perspective
on the directions of future SPM studies of 2D material confined water and the challenges faced by this field are presented.
We hope that this review will inspire interest in 2D confined water and provide some new ideas for researchers in this field.

two-dimensional materials, confined water, scanning probe microscopy, manipulation, electrical doping, friction
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