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Abstract

A comprehensive understanding of the interaction between liquids and two-dimensional (2D) materials is pivotal
for the manipulation, transfer, and assembly of 2D materials across a wide range of applications, from liquid cell
microscopy to hydrovoltaics. This review discusses this interaction by surveying the intrinsic wettability of
suspended 2D materials and the apparent wettability of substrate-supported 2D materials, both of which have
recently been revealed through water contact angle (WCA) experiments. We discuss important factors that can
affect the apparent WCA, including thin film elasticity, surface contamination, and the microstructure and
electronic state of the underneath substrate. We also discuss some microscopic-level insights into the 2D material-
liquid interface that have recently been provided via spectroscopy characterizations and surface energy
measurements. By discussing the latest experimental advancements in characterizing the interaction between 2D
materials and liquid droplets, this review aims to inspire future theoretical progress capable of unraveling the
intricate and occasionally contradictory wetting behavior observed in 2D material systems.
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INTRODUCTION

Graphene and a variety of other two-dimensional (2D) materials have attracted considerable attention due
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to their exceptional physical properties, which hold tremendous potential across a wide range of
applications, including electronics, optoelectronics, nanocomposites, sensors, and more"®. Beyond their
unique properties, the atomically thin structure of 2D materials is perhaps their most prominent feature,
resulting in ultra-large volume-to-surface ratios that underscore the paramount importance of
understanding 2D material surfaces and interfaces”. Notably, the wetting property of 2D materials, which
characterizes the affinity of the solid surface to liquid, has been the subject of extensive investigation over
the past decade®”. This investigation is motivated not only by its fundamental importance but also by its

[21,22]

potential implications for various applications such as ionic sieves'”*", coating technology”"*?, photovoltaic

»l energy storage”, and hydrovoltaics””. However, the combination of

devices”**, water permeation!
surface forces, the slenderness, and the atomic thin nature of 2D materials has given rise to a plethora of
intricate wetting phenomena®®*, leading to occasionally contradictory observations and necessitating

15,30-33]

further studies!

Here, we present an overview of recent experimental progress concerning the wetting behavior of 2D
materials at both macroscopic and microscopic levels (refer to the schematic illustration in Figure 1). The
macroscopic perspective focuses on water contact angles (WCAs) measured directly through sessile droplets
on supported and suspended 2D materials [Figure 1A and B]. Additionally, we discuss various factors, such
as surface mechanics and chemistry, that influence the observed WCA. The microscopic perspective focuses
on the WCA inferred indirectly through the examination of interfacial water structures and the
measurement of surface energies [Figure 1C and D]. This review does not aim to comprehensively cover all
aspects of wetting phenomena in 2D materials. Instead, it aims to highlight the multiscale nature of this
emerging class of wetting problems and to stimulate future theoretical advancements capable of unraveling
the intricate and occasionally contradictory wetting behavior observed in 2D material systems. We
encourage readers to explore relevant reviews and perspectives from different angles, including surface
chemistry/physics of graphene™*, mechanics of 2D material interfaces', interaction of 2D materials with
liquids™), interfacial water structure on graphene!”, and wettability of graphene*.

WETTING PHENOMENA IN 2D MATERIALS

Before discussing experimental progress on characterizing liquid droplet-2D material interactions, we first
discuss several intriguing wetting phenomena, specifically those that have found some uses. One notable
example is the observation of condensation figures, which manifest as arrays of droplets that emerge when
vapor condenses onto a substrate coated with graphene. These condensation figures offer a visual
representation of the lateral geometry of graphene that is otherwise imperceptible to the naked eye
[Figure 2A]"". Furthermore, the shape of the droplet has been identified as a means to determine the crystal
orientation of anisotropic 2D materials, such as black phosphorus (BP) [Figure 2B and C]**. Besides, it
could potentially serve as an indicator of the principle orientation of the stress state within a stretched film
as well*”. However, for a more quantitative understanding of the droplet geometry, it is crucial to elucidate
the role played by the substrate in determining the wetting conditions at the triple line, which we will
discuss shortly.

Another intriguing class of wetting phenomena in 2D materials arises when the liquid is confined at the
interface between the 2D material and the substrate™. In such instances, both elastic and capillary forces
come into play, differentiating them from the classical wetting problem involving droplets on a rigid
substrate!”**. While not entirely understood, the combination of such forces has been somehow useful for
the clean and nondestructive transfer of 2D materials“**. Moreover, it has facilitated the manipulation of
2D materials, including bending, folding, and rolling®*’. Importantly, the unique interaction between the
liquid and solid phases has been found to impact the static and dynamic behavior of the system, although

[8,49
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Figure 1. Schematic illustration of various experimental methods to characterize the wetting behavior of 2D materials. Macroscopic
level methods include WCA measurement on (A) suspended and (B) supported 2D materials, while microscopic level methods include
the wettability indirectly implied by (C) surface energy measurements and (D) spectroscopy characterizations. AFM: Atomic force
microscope; IR: infrared pulse; VIS: visible pulse; WCA: water contact angles; 2D: two-dimensional.
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Figure 2. (A) Water-vapor assisted visualization of monolayer graphene™”’; Anisotropic liquefaction process of water droplets on the
surface of (B) few-layer and (C) thick BP™®: (D) Schematic illustration of GLCs that has been useful in liquid-phase electron
microscopy technique™: (E) In situ TEM images of two different merging modes of adjacent nanobubbles observed in GLCs!®*. Figures
are adapted from references™’****** with permission. BP: Black phosphorus; GLCs: graphene liquid cells; TEM: transmission electron
microscope.

the underlying mechanisms require further investigation. For example, the liquid-solid interaction has been
reported to significantly reduce the in-plane stiffness of graphene, which is crucial information for the
development of emerging techniques based on 2D material microfluidic devices"™". On the other hand, it
has been found that the elasticity of 2D materials covering a thin liquid layer can prevent the dewetting of
the confined liquid layer™. In cases where dewetting does occur, the presence of 2D materials has led to
various dewetting patterns, contingent upon the flexibility of the covering 2D material layer!*>***.
Currently, the precise conditions, mechanisms, and rate of this dewetting phenomenon remain unclear
[particularly the role played by the van der Waals (vdW) interactions™”], but one may expect that
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unraveling these aspects could help to develop novel transfer methods for making 2D material devices with
large and clean interfaces'*.

The confinement of liquid at the flexible 2D material-2D material interface also presents a unique wetting
phenomenon”. This flexible confinement has given rise to GLCs [Figure 2D], which have become a
powerful platform for liquid-phase electron microscopy techniques, facilitating the visualization of
nanostructures of wet samples or nanomaterials in liquids”” . For example, Yuk et al. successfully
encapsulated platinum salt precursors within GLCs, enabling real-time electron microscopy imaging of the
nucleation and growth of platinum nanoparticles with exceptional spatial resolution®’. Similarly, this
imaging technique has been applied to other liquid-containing samples, such as synthetic polymers, lipid
assemblies, and DNA-enzyme complexes'®’. In addition, nanobubbles in GLCs have been employed to
investigate gas transport mechanisms at the nanoscale [Figure 2E]>*, for which two distinct growth
dynamics (i.e., ripening and coalescing) have been observed®*. The merging of nano-droplets in GLCs has
also been reported. However, molecular dynamics simulations suggested a ripening mechanism'*” for such
merging, while recent experiments revealed a coalescing mechanism induced by the loss of symmetry in the
elastic deformation of graphene sheets'*”. Furthermore, in situations where the number of confined water
molecules is limited, these molecules can be compelled to adopt an ice-like structure, challenging the
continuum description of liquid behavior®*). Consequently, further investigations are imperative to
understand the transition between the continuum and discrete regimes and the dynamics involved in their
merging. Such understanding may yield new insights into the self-cleaning or self-aggregation of interfacial

contaminants at 2D material interfaces, which is particularly useful for device applications'*”.

WETTABILITY OF SUSPENDED GRAPHENE

Although achieving a comprehensive understanding of the wetting phenomena in 2D materials discussed
above requires a combination of dynamical modeling and experiments, it is crucial to begin by
characterizing the static wettability of these materials, specifically their WCAs. However, until recently, this
seemingly straightforward experiment had only been conducted on suspended graphene with the
fabrication of large, clean graphene and the utilization of micro-droplet condensation in an environmental
scanning electron microscope (ESEM)"™. The earlier studies primarily focused on substrate-supported
graphene. However, supported systems have introduced vulnerabilities due to the influence of the
underlying substrate, contamination in ambient conditions, and other factors, leading to a misconception
that graphene is hydrophobic***!. Thus, in this section, our focus lies on the experimental advancements in
measuring the WCA of suspended graphene, which may offer insights into the intrinsic wettability of

6[15’70’71].

graphen

Prydatko et al. were the first to measure the WCA of suspended graphene™. The particular method (captive
bubble method) they used is to introduce a gas bubble under a chemical vapor deposition (CVD) grown
monolayer graphene that is positioned at the water-air interface, as depicted in Figure 3A(i)"". A key
technical challenge in such experiments is the limited survival time of the bubble underneath the graphene,
typically lasting only a few seconds to a few minutes, as the surface tension of water can readily damage
graphene. To determine the contact angle, Neumann’s triangle relation was utilized, as shown in Figure 3A
(i)™ However, it remains unclear how the elastic forces in the deformed graphene might influence this
triangle relation and the resulting WCA!"”. Despite this uncertainty, the experimental results, obtained by
disregarding the effects of elasticity, indicated that the contact angles of graphene ranged between 37° and
44°, confirming the intrinsic hydrophilicity of graphene. Notably, these contact angles were noticeably
influenced by the humidity of the surrounding air [Figure 3A(iii)]"". This observation suggests that the line
forces acting on the triple line not only interact with graphene but also with the vapor physically separated



Yu et al. J Mater Inf 2023;3:20 | https://dx.doi.org/10.20517/jmi.2023.27 Page 5 of 17

Graphene

Water droplets n

55°

graphene
Supported graphene

1um

c -
() F
=3
] e
5 g
Il ] oo
.g 30 ﬁ
<t
© 201 S
10 1

50% 85%
Humidity

I
|
I
|
|
I
|
|
I
I
|
I
I
|
I
I
|
|
I
|
i
i > Free-standing
I
I
|
I
|
I
I
|
|
I
I
|
|
I
I
|
|
I
I
|
I

S e S L N |

Figure 3. WCA measurements on suspended graphene. (A) (i) Schematic and picture of the captive bubble method for measuring the
WCA on suspended graphene; (ii) Surface energy balance at the triple line indicated by the Neumann's triangle; (iii) Measured WCA as
a function of relative humidity of air”: (B) (i) Schematic of micro-droplets on graphene that is supported by a hole-patterned

substrate; (ii) ESEM image of a water droplet on graphene that is supported by an Au/carbon substrate with a 70° tilt angle of sample

stage with respect to the electron beam; (iii) ESEM image of a water droplet on clamped, suspended graphene with a 70° tilt angle™;

(C) (i) ESEM image of droplets condensed on monolayer graphene sitting on a trench; (ii) ESEM image of droplets with and without

contact with the substrate-supported region; (iii) WCA statistics on supported and suspended monolayer and multilayer graphene.

Figures are adapted from references!™’%”" with permission. ESEM: Environmental scanning electron microscope; WCA: water contact
angle.

by graphene. In other words, graphene exhibits wetting translucency or partial “wetting transparency”, a
term to be extensively discussed in substrate-supported systems”***.

Zhang et al. utilized a unique approach reminiscent of the classical WCA measurement, albeit with
markedly smaller droplets (measuring in microns and sub-microns in radii, as depicted in Figure 3B)". The
authors utilized ultraclean graphene obtained by using Cu foam to suppress the formation of amorphous
carbon on the graphene surface during the CVD growth”. To avoid any polymer residues, the as-grown
graphene was transferred to a hole array using a non-polymer transfer method for WCA measurement™®’.
Microdroplets on graphene are condensed by increasing the chamber water pressure from a vacuum,
followed by direct ESEM observation. Figure 3B(ii) and (iii) illustrates the contact angles observed for
micro-droplets condensed on substrate-supported and suspended graphene, which are approximately 55°
and 31°, respectively”. These results further confirm the intrinsic hydrophilicity and wetting translucency
of graphene. Notably, the presence of airborne hydrocarbon, amorphous carbon, and polymer residues on
suspended graphene was found to increase the apparent contact angle to around 50°, 60°, and 70°,
respectively. However, Wang et al. reported a contradictory result - a contact angle close to 180° for
monolayer graphene suspended on a trench””). In this case, the micro-droplet nucleation is achieved by
adjusting the vapor pressure in the chamber, and the pressure rate is controlled to allow the steady-state
growth of the condensate [Figure 3C(i)]"". The authors claimed that this non-wetting behavior occurred
only when both sides of the suspended monolayer graphene were exposed to the environment, despite such
experimental conditions being identical to those used in the study by Zhang et al."”. However, despite this
contradiction, the abnormal non-wetting phenomenon appears to be robust, as demonstrated in
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Figure 3C(ii): when the droplet grows and reaches the supported graphene, it suddenly spreads to form an
approximately hemispherical shape, while the newly condensed nano-droplet on the suspended graphene
retains a perfect spherical shape. Figure 3C(iii) shows WCAs observed on graphene with different numbers
of layers, where this non-wetting phenomenon was not observed in bilayer and multilayer graphene
systems, whether supported or suspended”". These dramatically different WCAs in Figure 3B and C, along
with the slight dependence on droplet size, might warrant further investigation'*"),

WETTABILITY OF SUPPORTED 2D MATERIALS

In contrast to the limited number of reports on the wettability of suspended 2D materials, there is a
significant body of experimental literature dedicated to substrate-supported 2D materials'>*"'>*2*7+7¢,
Within this context, a particularly intriguing question that has garnered attention is whether the effective
vdW interaction between liquid and 2D materials is influenced by the underlying substrate.

Rafiee et al. compared the static WCA measured on bare and graphene-coated substrates”". They found
that the presence of graphene between the water droplet and the bare substrate does not significantly affect
the apparent contact angle until the layer number of graphene exceeds 4 [Figure 4A]"". The phenomenon
that the interaction between substrate and liquid can completely penetrate single-layer or few-layer 2D
materials is called “wetting transparency”. To further investigate this phenomenon, the authors employed
molecular dynamics simulations to examine the adsorption energy of water on Cu substrates with varying
numbers of graphene layers [Figure 4B]. They discovered that the introduction of a monolayer of graphene
resulted in minimal changes in the adsorption energy, thus explaining the observed wetting transparency.
However, a number of groups have performed similar wetting experiments on supported graphene systems
but have arrived at different conclusions. These studies categorized graphene as either wetting
transparent"**"””), translucent””, or opaque™*\. For instance, Shih et al. demonstrated that the coating of
graphene can render hydrophobic substrates more hydrophilic and hydrophilic substrates more

hydrophobic, indicating partial wetting transparency or wetting translucency of graphene

. In contrast, Raj
et al. emphasized the limitations of static contact angles and proposed the use of advancing contact angles to
better understand graphene’s wettability™. Their results indicated that the advancing contact angle is

almost independent of the number of graphene layers, suggesting the wetting opacity of graphene.

In Figure 4C, we present the WCAs of clean suspended graphene* and aged graphite!® as the two extreme
cases. Additionally, a dashed line is included to represent complete wetting transparency, indicating that the
apparent WCA of the supported graphene (6,,,) is identical to that of the underlying substrate (6s ). It is
clear that the majority of experimental data fall between these two limiting cases, with only a few data points
approaching the dashed line representing complete wetting transparency. Although these studies have not
yet reached a consistent conclusion regarding the wetting transparency of graphene, the considerable
scattering observed in 6,,, measured on various substrates suggests that the substrate may have some
influence on the WCA of the graphene it supports. Additional evidence supporting the existence of
substrate effects can be found in experiments that measured WCAs on partially suspended graphene. It is
demonstrated that the hole area of the substrate can regulate the WCAs observed on the graphene surface.
Furthermore, Ondarcuhu et al. achieved the control of the area fraction of suspended graphene from 0% to
95% using nanotextured substrates"*. They concluded that approximately 80% of the long-distance water-
substrate interaction could be screened by a monolayer of graphene, providing further support for the
influence of the substrate on wetting behavior.

The extent to which a 2D material screens the long-range liquid-substrate interaction or exhibits wetting
transparency is influenced by multiple factors. For example, Figure 4C presents compelling evidence
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Figure 4. Wetting transparency of atomically thin 2D materials in Figure 4A-C. (A) WCA on Cu and Cu-supported graphene of different
numbers of Iayersm;(B) Schematic of the interaction range of water molecules on the bare substrate and substrate-supported
graphene; (C) Summary of experimentally measured WCAs on the bare substrate 6s,,... and on substrate-supported monolayer 2D
materials 0, [9111416,28,31,77.788182116120) The horizontal dashed lines represent the contact angles of aged graphite (around 97°) and clean,
suspended monolayer graphene (around 30°), respectively, while the oblique dashed lines represent the condition for wetting
transparency of 2D materials, i.€., O p.yaie = O anp FiguUres A is adapted from reference™ with permission. WCA: Water contact angle;
2D: two-dimensional.

App*

highlighting the significance of 2D material thickness. WCAs measured on monolayer transition metal
dichalcogenides (TMDs), which are considerably thicker than graphene, demonstrate independence from
the substrate™®!. This observation strongly suggests the wetting opacity of TMDs or their effective
screening of the liquid-substrate interaction®®*. Simulations based on density functional theory (DFT)
indicate that the specific screening effect relies on the band gap and dielectric constant of the material,
showing relatively weaker effects for semiconducting and insulating 2D materials"*”. Molecular dynamics
Simulations have demonstrated that the interaction between the substrate and the droplet can partially
penetrate the single-layer insulating hexagonal boron nitride (hBN)*" and also depends on the nature of
hBN edges (zigzag or armchair) when a nanostructured hBN substrate is used®”. However, experiments
conducted on hBN have demonstrated wetting opacity, wherein hBN completely screens the drop-substrate
interaction™. In addition, recent experiments have revealed that the polarities of liquids and substrates also
impact the detailed screening effect or wetting transparency of 2D materials"'. Nonetheless, precisely
understanding the screening effect of 2D materials through WCA experiments on supported systems can be
challenging due to various uncontrollable factors that can influence the apparent WCAs. In the following
discussion, we will briefly address these factors.
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Figure 5. Factors that can impact the apparent contact angle measured on the supported 2D material systems. (A) WCAs as a function
of exposure time for HOPG and graphene on Cu and Ni substrates'™: (B) WCA of a 20-nm-thick InSe on SiO, before and after 350 °C
thermal annealing[gol;(C) Schematic of three possible contact modes between a 2D material and a substrate, including non-conformal,
partially conformal, and fully conformal; (D) WCA on polydimethylsiloxane-supported graphene as a function of biaxial compressive
strain applied to the substrate”¥; (E) Schematic illustration of the graphene wettability being modulated by doping induced Fermi level
shifts"*". (F) WCA and surface potential of graphene as functions of the distance from the gold pad in a metal - graphene
heterojunction”®”. Figures are adapted from references™*"%*'%! with permission. HOPG: Highly oriented pyrolytic graphite; WCA:
water contact angle; 2D: two-dimensional.

FACTORS INFLUENCING THE APPARENT CONTACT ANGLE

The surface chemistry of 2D materials has been observed to change when exposed to air, which is
considered one of the major reasons for the inconsistent apparent contact angles reported”. Specifically,
airborne contaminants present in the air can spontaneously adhere to the surface of 2D materials, resulting
in reduced hydrophilicity®”. For example, Figure 5A illustrates the WCAs measured on Ni- and Cu-
supported graphene and the WCA of highly oriented pyrolytic graphite (HOPG) over time in air. It is
evident that the WCAs of all samples increase rapidly within the initial 30 min of exposure and gradually
stabilize to become hydrophobic (> 90°). This transition from hydrophilic to hydrophobic behavior (i.e.,
aging) has been observed in various 2D material systems, including TMDs"**. Recent experiments on InSe
films have also shown that the aging behavior is nearly independent of the substrate used to grow these
films (such as silicon, glass, nickel, copper, and aluminum oxide)*. Furthermore, it has been discovered
that thermal annealing of the aged samples in a furnace at 350 °C for 2 h can rejuvenate the WCA of InSe
films by removing absorbed contaminants from their surfaces [Figure 5B]"". It is important to note that
ultraviolet (UV) irradiation can also be utilized to eliminate surface contamination on 2D material
surfaces”, but prolonged exposure to UV radiation may introduce defects to their atomic structure.

Additionally, it should be noted that surface contamination can be introduced during the transfer process of
2D materials, particularly when polymer stamps are used, and this can affect their apparent contact angle as
wellt?,

The surface roughness of substrate-supported 2D materials also plays an important role in determining the
apparent WCAs, even though 2D materials themselves have been considered atomically smooth”***', In
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the presence of substrate roughness, previous studies have classified the contact proximity between a 2D
material and its substrate into three modes: fully conformal, partially conformal, and non-conformal, as
illustrated in Figure sC". The specific mode might be determined by the interplay between elastic forces
and adhesive forces>” and potentially influenced by how careful this contact is made (i.e., the “dewetting”
dynamics)"***?. However, it remains unclear how different contact modes differentiate the contributions of
the substrate effect to the interaction between the liquid and substrate. Furthermore, the role of elastic
membrane forces in different contact configurations is of importance in the force balance at the triple line
or contact line (and consequently the apparent WCA), but this aspect remains unexplored””*”. On the other
hand, wrinkles, folds, or crumples in 2D materials can be produced when such elastic forces are

1l For example, Zang et al.

compressive! ', which have found uses in tuning the surface wettability
observed a transition in the wetting state of polymer-supported graphene from the Cassie-Baxter to Wenzel
state as the compressive strain on the substrate increased, leading to the graphene becoming more crumpled
[Figure 5D]"*%. Choi et al. further showed the control of the WCA on MoS, from 80° to 155° by making use

of both initial surface microstructures and mechanical strains".

The Fermi level of graphene, which can be directly affected by the underlying substrate, can also modulate
its apparent hydrophilicity, as extensively discussed in a notable review by Snapp et al.’”. Here, two specific
examples are discussed. Ashraf et al. explored the influence of Fermi level modulation on the contact angle
of CVD-grown graphene by doping the underlying substrate, as depicted in Figure 5E'*. They used
p-doping and n-doping to achieve a change of approximately 300 meV in the work function and up to a 13°
alteration in the contact angle. Furthermore, they manipulated the surface potential of graphene by creating
a lateral metal-graphene heterojunction [Figure 5F], resulting in a decrease in the contact angle when the
droplet was positioned closer to the graphene-gold junction. Hong et al. reported similar observations and
proposed, through a combination of experiments and DFT simulations, that the substrate effect on the
contact angle of graphene could be attributed not to the vdW interaction between water molecules and the
substrate through the partially “transparent” graphene layer but rather to the modification of the Fermi level
of graphene by the substrate or dopants (either p-doping or n-doping), and consequently, the interaction of
graphene with polar water molecules"*. Further experiments, in addition to WCA measurements, are
needed to clarify this argument.

WETTABILITY SUGGESTED BY SURFACE ENERGY MEASUREMENTS

To elucidate the intriguing and complex wetting behavior observed in 2D material systems,
characterizations of vdW interactions among liquids, 2D materials, and substrates are necessary. In this
regard, probe-based surface/interface energy measurements provide a powerful tool. On the one hand, the
apparent WCA can be predicted theoretically by measuring the 2D material-vapor surface energy (y,,) and
2D material-liquid surface energy (y,) and using the Young’s law cosd,,, = (y,, - 7,)/7, where y is the surface
tension of the liquid. Besides, the measurement of the 2D material-liquid adhesion energy (W,,) can be
employed to calculate the WCA using W, = y(1 + cosf,,,
displacement relation or traction-separation relation in surface energy measurements can provide further

). On the other hand, examining the force-
quantitative insight into the long-range vdW interactions of 2D materials'.

For example, van Engers et al. performed surface energy measurements of graphene coating two cylindrical
epoxy lenses [Figure 6A]"””. They employed a surface force balance apparatus and utilized the JKR theory
(the Johnson-Kendall-Roberts theory) to establish a relationship between the measured pull-off force and
the surface energy of the supported graphene in different mediums. On the one hand, the measured surface
energies for few-layer and single-layer graphene are 119 + 3 mJ/m® and 115 + 4 mJ/m?, respectively. Both
values are significantly higher than that of bare epoxy resin, suggesting the wetting opacity of graphene on
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Figure 6. Measurement of surface energy or forces of supported 2D materials. (A) Schematic of the surface force balance apparatus
based on graphene-coated epoxy cylinders and summary of the measured surface energy (based on JKR theory)"”; (B) Schematic of
nanoindentation experiments on graphene-coated silicon oxide substrates and the measured force-separation reIationshipsmOJ;(C)
Schematic illustration of an AFM tip coated with a thin graphite layer that is brought into contact with 2D materials (top panel) and
typical force-distance curves measured on BN, MoS,, and graphite!”’.Figures are adapted from references"” ™" with permission.
AFM: Atomic force microscope; FLG: few layer graphene; JKR theory: the Johnson-Kendall-Roberts theory; SLG: single layer graphene;
2D: two-dimensional.

epoxy or the screening of the vdW forces of the epoxy substrate by the graphene layers. On the other hand,
the interfacial energy between few-layer graphene and water (FLG-Water) is found to be approximately
83 mJ/m’ indicating a WCA of around 60° for graphene (based on Young’s relation). This finding is
consistent with the initial hydrophilicity observed on fresh graphite">”.. However, there is still a need for
further clarification regarding the validity of the JKR theory used to obtain these values. This concern arises
due to the considerable stiffness of both graphene and the epoxy substrate (which could result in a
quantitative difference of up to 33% in the measured pull-off forces)"*” and the impact of surface roughness
(which could even result in qualitative differences in stiff systems such as adhesion paradox in pull-off

forces)!*!.

The screening effect of 2D materials has also been observed in similar nanoindentation experiments
conducted by Tsoi et al. on a silicon oxide substrate coated with graphene [Figure 6B]"*". The authors
directly measured the force experienced by an atomic force microscope (AFM) tip as a function of the tip-
graphene distance, which ranged from approximately 5 to 10 nm. Instead of relying on the JKR theory, the
authors employed the opposite limit model, considering the vdW interaction between rigid bodies to
interpret the force-distance relationships observed. By fitting the experimental data to this model (solid lines
in Figure 6B), the authors derived the Hamaker constant for the interaction of the tip with graphene and
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with the substrate underneath. It was found that when the substrate was coated with monolayer, bilayer, or
trilayer graphene, the Hamaker constant for the tip-substrate interaction was negligible. This suggests that
graphene layers effectively screen the vdW interaction between the tip and the substrate, leading to wetting
opacity (as discussed in the previous content). However, in a separate study by Suk et al., the adhesive
interactions of diamond indenters with bare silicon oxide and graphene-coated silicon oxide showed a clear
dependence on the number of graphene layers (i.e., wetting translucency)""". A possible explanation for the
discrepancy between the findings by Tsoi et al."’” and Suk et al.""" could be that the latter considered the
separation between graphene and silicon oxide (which can change the effective distance between graphene
and the nanoindenter). In addition, further work is required to clarify the effect of surface roughness in
these micro-probe-based measurements'®”. For example, it has been demonstrated that the nanoindenter
or the probe tip can be coated with graphite to reduce the roughness effect when measuring the vdW

interactions between 2D materials [Figure 6C]"".

MICROSCOPIC WETTABILITY INVESTIGATED BY OTHER METHODS

Recently, there has been increasing interest in understanding the wetting behavior of 2D materials by
investigating the molecular-level interactions between liquids and solids using spectroscopy techniques.
Notably, the microscopic wettability, as revealed by spectroscopic techniques, is not necessarily synonymous
with true wettability but may provide additional insights that cannot be obtained solely from macroscopic
WCA measurements. One such technique is sum-frequency generation (SFG), which serves as a surface-
selective tool for revealing the hydrogen bonding structure of water molecules at the interface!>"*.
Specifically, vibrational and frequency generation (VSFG) spectroscopy of water hydroxyl (OH)-stretch
modes at the water-2D material interface can provide direct information on the hydrogen bond distribution
of interfacial water molecules">"*'*". For example, Kim et al. investigated the VSFG spectra of water at the
CaF,/graphene-water interface [Figure 7A]"Y. They found that when the number of graphene layers exceeds
three, a distinct peak emerged at approximately 3,600 cm™, representing the VSFG spectral feature of water
molecules on hydrophobic surfaces. This peak is generally attributed to OH groups that do not form strong
hydrogen bonds with neighboring water oxygen atoms"?. This finding, therefore, suggested that the water-
graphene interface experienced an increase in the number of water molecules with dangling OH groups
oriented towards multilayer graphene [Figure 7B]"?. Such significant microstructural transformation in
interfacial water as the number of graphene layers increases is impossibly discovered through conventional
WCA measurements. The authors also introduced the concept of VSFG wettability, which quantifies the
ratio of the area under the strong hydrogen-bonded OH peak to the sum of the areas under the non-
hydrogen-bonded (dangling) OH peak and the weak hydrogen-bonded OH peak. Notably, this measure
correlated well with the adhesion energy calculated by incorporating the macroscopic WCA into Young’s
equation [Figure 7C]"\.

Similarly, Singla et al. employed SFG spectroscopy to investigate the water structure in the vicinity of
graphene on a sapphire substrate and explore the influence of graphene on ice nucleation properties"'.

They observed highly ordered water molecules adjacent to graphene, as evidenced by a pronounced SEG
peak. In contrast, the bare sapphire surface did not exhibit comparable ordering, implying that the presence
of graphene, behaving as hydrophobic or negatively charged, enhances the ordering of water molecules.
Interestingly, although liquid water in proximity to graphene demonstrates a degree of order, the ice formed
on graphene lacks proton order. In addition, Dreier et al. reported that the SFG signal of water molecules at
the monolayer graphene interface is predominantly influenced by the substrate; that is, it shows the
characteristics of wetting transparency. However, water molecules can occupy the space between the more
hydrophilic substrate and the graphene, making the interface more complex">"”. Gaire et al. recently
demonstrated through the VSFG technique that monolayer graphene can screen both vdW and polar (acid-
base) interactions™.
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Figure 7. (A) Vibrational sum-frequency-generation spectra of water molecules at the water-graphene interfaces'; (B) Schematic
diagrams of interfacial water structures on CaF, substrate and on CaF,-supported graphene with varying layer numbers™?; (C)
Correlation between wettability implied by VSFG spectra and water-graphene adhesion energy based on WCA™:(D) Thermal
desorption spectroscopy curves of graphene grown on Cu (top panel) and bare Cu (bottom panel) at sub-monolayer coverages; Insets
in the figures represent the corresponding macroscopically measured WCA™%. Figures are adapted from references™™ ™% with
permission. VSFG: Vibrational and frequency generation; WCA: water contact angles.

Thermal desorption spectroscopy (TDS), also known as temperature-programmed desorption (TPD), is
another technique that enables the investigation of wettability at the molecular level”*". In TPD
experiments, water is introduced into a low-temperature ultra-high vacuum (UHV) chamber, and the
number of desorbed water molecules is recorded as the temperature is increased, generating a desorption
curve provides valuable insights into the thermodynamic and kinetic properties of the water-surface
interaction. For example, Figure 7D shows the different kinetic features of water droplets on graphene-
coated copper (111) and bare copper (111)"*\. This is specifically manifested as a shared leading edge and a
shift to higher temperatures, indicating zero-order desorption in the case of graphene on copper and a
mixture of zero-order and first-order desorption characteristics in the case of bare copper, respectively. The
observed zero-order dynamics on graphene can be attributed to the 2D equilibrium between individual
water molecules and clustered condensed water. This suggests a tendency for water to form multilayer
clusters rather than continuous monolayers on graphene. On the other hand, the fractional order kinetics
observed on bare copper (111) imply stronger adsorption of water molecules compared to graphene-coated
copper (111). Moreover, the slightly more hydrophobic wetting behavior of graphene on copper (111) aligns
with the lower affinity between graphene and water observed through contact angle measurements during
TPD experiments [Figure 7D]!"*.

CONCLUSIONS

This review has discussed the wetting properties of 2D materials revealed by both macroscopic and
microscopic level characterizations. The focus at the macroscopic level has been the measurement of WCAs
on suspended and supported 2D material systems. Emphasis has been placed on the significant variations in
observed contact angles within and between these systems, which can be attributed to various factors, such
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as the elastic deformation of 2D materials, the presence of contaminants, screening effect, substrate
microstructure, and electronic states, among others. The review has also briefly discussed methods that can
offer molecular-level insights into the interaction between the substrate, 2D materials, and the liquid,
including surface energy measurements and spectroscopy techniques. Looking ahead, it is anticipated that
future work may combine WCA measurements with molecular-level experiments, employing both static
and dynamic approaches, to unravel the intrinsic wetting behavior of 2D materials. Furthermore, we hope
this review inspires future multiscale, theoretical efforts focused on addressing the nontrivial mechanics
ingredients (such as elasto-capillarity, long-range vdW interactions, screening effects, and so on) in the
wetting statics and dynamics being observed in 2D material systems. By gaining a comprehensive
understanding of these intricate wetting behaviors, a broad range of applications where 2D materials meet
liquids may be effectively guided and developed.
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