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The behavior of water in close proximity to other materials under ambient conditions is of great signif-
icance due to its importance in a broad range of daily applications and scientific research. The structure
and dynamics of water at an interface or in a nanopore are often significantly different from those of its
bulk counterpart. Until recently, experimental access to these interfacial water structures was difficult to
realize. The advent of two-dimensional materials, especially graphene, and the availability of various scan-
ning probe microscopies were instrumental to visualize, characterize and provide fundamental knowledge
of confined water. This review article summarizes the recent experimental and theoretical progressin a bet-
ter understanding of water confined between layered Van der Waals materials. These results reveal that the
structure and stability of the hydrogen bonded networks are determined by the elegant balance between
water-surface and water-water interactions. The water-surface interactions often lead to structures that dif-
fer significantly from the conventional bilayer model of natural ice. Here, we review the current knowledge
of water adsorption in different environments and intercalation within various confinements. In addition,
we extend this review to cover the influence of interfacial water on the two-dimensional material cover and
summarize the use of these systems in potential novel applications. Finally, we discuss emerged issues and
identify some flaws in the present understanding.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Water covers most surfaces under atmospheric conditions. It
exists in many states (of aggregation), such as vapor, liquid and sev-
eral amorphous and crystalline phases [1-4]. Water is also abun-
dant at interfaces and within confined environments. The structure
of the first water layer at interfaces defines several microscopic phe-
nomena, including corrosion, fluid flow, catalysis, lubrication and
interfacial chemistry [5-9]. Understanding the vast amount of ice
phases and the dynamics of ice structures is thus crucial to fur-
ther advance in many fields including life sciences, environmen-
tal sciences, condensed matter physics and nanofluidics. For exam-
ple, the way water diffuses into nanopores defines the functional-
ity of proteins and membranes [10]. Understanding the boundary
slip conditions is of particular interest in nanofluidics [11]. Water
trapped between layered two-dimensional (2D) materials, influences
the electronic properties and induces doping, which can affect device
functionality [12,13].

The physical properties of confined water are often dramatically
different from those of their bulk counterpart, owing to perturba-
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tions induced by the interface. These properties strongly depend on
the confinement dimensions and interface structure as well as tem-
perature and pressure [14]. These properties include nontetrahe-
dral bonding geometries, complex phase behavior and phase tran-
sitions, and anomalous self-diffusion [15-28]. For example, inside
hydrophobic carbon nanotubes, water exhibits fast motion [29],
as well as novel phases that strongly depend on the confinement
dimensions [30,31]. Much of the knowledge is based on molecular
dynamic (MD) simulations and density functional theory (DFT) cal-
culations. Despite significant efforts, a systematic understanding of
the influence of confinement on this rich behavior is still lacking
[32,33]. Conflicting results arise from the use of different calculation
methods and many of these theoretical observations are still under
discussion [21,30,34]. High quality experiments are indispensable to
foster this area of research. However, owing to the dynamic nature of
water films at ambient conditions, direct visualization remains chal-
lenging. For that reason, most experimental knowledge of the molec-
ular structure and properties of water at surfaces has been obtained
under ultra-high vacuum (UHV) conditions and at cryogenic tem-
peratures. Several studies have focused on the adsorption of water
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on close-packed metal surfaces and have obtained useful informa-
tion on ice nucleation and growth processes [35-37]. However, the
behavior of water at ambient conditions and especially when con-
fined in nanopores could be significantly different and the exist-
ing knowledge might not be transferable [14]. To make things even
worse, the confinement walls pose another barrier in imaging and
characterizing these water structures.

We distinguish two types of geometric confinement, i.e., one-
dimensional, for example water inside carbon nanotubes, and two-
dimensional, e.g., when water is trapped between two surfaces that
are brought closely together. Two dimensional confinement can be
further defined, depending on the hydrophobicity of the two sur-
faces, i.e., hydrophobic-hydrophobic, hydrophobic-hydrophilic and
hydrophilic-hydrophilic. A complete understanding of the struc-
ture of water confined between subnanometer spaced flat walls
requires information on; the molecular structure of the first water
layer, molecular dynamics, identification of multilayer growth mech-
anisms and knowledge of the influence of other environmental
parameters such as temperature and pressure. Before proceeding
with the discussion of the growth and structure of water clusters
within confined geometries, we briefly discuss the understanding on
the water-water intermolecular hydrogen bonding as well as some
relevant examples of the adsorption of water on solid substrates.

1.1. The hydrogen bond

The length of the O—H bond of an isolated water molecule
amounts to 0.957A; the two H-atoms and the two electron lone
pairs assume a tetrahedral coordination around the oxygen atom.
The H—O—H bond angle is 104.5°. A dipole moment of 1.85 D [38]
results from the electron polarization with electron density enhance-
ment on the oxygen atom and reduction on the hydrogen atoms. The
electronegative oxygen atom and the electropositive hydrogen atom
of nearby water molecules attract each other and form the so called
hydrogen bond (H-bond), see Fig. 1a. In contrast to the strength of
the covalent O—H bond in water, cf. 5.1 eV, the strength of the inter-
molecular hydrogen bond is significantly weaker, ranging from 0.1
to 0.3 eV. Its exact value depends on the geometry of the water clus-
ter and the bond length. Typically, a strong hydrogen bond results in
shortening of the O—O distance and a small elongation (thus weak-
ening) of the O—H bond [35,39,40].

H,0 molecules in naturally occurring I;-ice crystals arrange in
a tetrahedrally bonded hexagonal close-packed structure. This way
the electron-electron repulsion is minimized. Fig. 1b and c show the
schematic representation of the molecular structure of natural ice
(side and top views). The basal plane of I;-ice is puckered, forming
a bilayer structure. In each bilayer, water molecules that are hydro-
gen bonded with each other form hexagonal rings. Each molecule
forms hydrogen bonds with the three nearest neighbors located,
0.96 A, below it and a fourth H-bond with an oxygen atom located
in the above bilayer, displaced by 2.76 A. This arrangement of water
molecules to form the Ij-ice crystals is the starting point for under-
standing water adsorption on surfaces.

1.2. Water on close packed metal surfaces

The adsorption of water on solid surfaces has attracted signifi-
cant interest, owing to its importance across various fields (water
is involved in many physical and chemical processes) and its com-
plexity. Relevant information regarding water adsorption and the
first ice monolayer on transition metal surfaces has been obtained
from ultra-high vacuum (UHV) experiments at cryogenic temper-
atures by scanning tunneling microscopy (STM) and spectroscopic
tools. Extended reviews on this matter can be found for instance
in Refs. [9,35-37,41-43]. Here, we limit our discussion on the basic
principles that govern the growth and structure of water on metal
substrates under UHV and low temperature (LT) conditions, since
many of the concepts introduced in this field are relevant to confined
water under ambient temperature.

On most metal surfaces the balance between water-metal and
water-water interactions defines the form and stability of the water
structure [35,36,44]. The adsorption energy of water and kinetic
effects can play a prominent role in the determination of the
final structure. The adsorption energy is often comparable to the
water-water hydrogen bond and kinetic effects can trap water into
metastable phases with very long lifetimes. Numerous studies have
focused on water adsorption and ice growth on close-packed tran-
sition metal surfaces [35,36,41,42,45-47]. Metals with a lattice con-
stant close to that of hexagonal ice were assumed to be ideal tem-
plates, based on the conjecture that a lattice match between the
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Fig. 1. (a) Hydrogen bond (dotted line) between two water molecules. (b) Side and (c) top view of the structure of I,-ice (white and red spheres represent hydrogen and oxygen
atoms, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Side and top views of the (a) H-up and (b) H-down classical \/5 bilayer mod-
els on a close-packed metal surface (white, red and gray spheres represent hydrogen,
oxygen and metal atoms, respectively). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

hexagonal ice (0001) plane and the metal surface would facilitate an
ice-like water structure [36,42,47].
In an ice-like layer, the water molecules assume a honey-

comb configuration with a (\/§>< \/§)R30° (hereby referred as

\/§) arrangement [35]. In such an arrangement, half of the water
molecules are bonded to the surface via the oxygen atom. The hydro-
gen bonded network is completed by the rest of the water molecules
that either point their hydrogen toward (H-down) or away (H-up)
from the surface, see Fig. 2. In ice-like layers, the oxygen atoms form
a bilayer. In order to preserve the tetrahedral bonding motif of I-
ice, the honeycomb network consists of two hexagonal sublattices
that are vertically displaced from each other by 0.96 A [1]. However,
recent progress has called into question whether an ice-like water
layer exists. First-principle calculations have revealed that a nonte-
trahedrally bonded water network is often energetically more favor-
able than the conventional bilayer ice model [37,48]. In fact, further
progress revealed that water adsorption on metal surfaces is a highly
complicated progress, where the final structure is influenced by both
the surface chemistry and symmetry. Ice geometries that deviate
from the typical \/§ model of Fig. 2 are rather the norm.

A characteristic example where it was initially thought that the
first wetting layer adopts an ice-like structure, due to the very
small lattice mismatch with the Ij,-ice (3.7%), is the Ru(0001) sur-
face [36,47,49]. However, owing to water dissociation on Ru(0001)
surface [48] (activation energy of 0.5 eV [50]), the first wetting layer
actually consists of coplanar hexagonal rings composed of hydrogen
bonded water molecules and hydroxyl groups [48,51,52]. This struc-
ture is significantly different from the conventional bilayer model.
The extra hydrogen atoms occupy positions at the center of the
rings. Another important example is ice grown on a Pt(111) surface
(Pt is an important electrode in electrochemical and catalytic pro-
cesses), where it was initially reported that the first water mono-
layer forms a \/§ network [41,53]. Nonetheless, recent studies have
revealed that the structure of the first monolayer on Pt(111) depends

on the growth conditions. The two most stable phases are the (1/37 X

V/37)R25.3° (hereby referred as 1/37) and the (\/ﬁx @)R16.1°
(hereby referred as 1/39) [54-61]. Both phases consist of a ‘flat-lying’

(plane parallel to the surface) hexagonal water ring adsorbed at Pt
atop sites, that is surrounded by three heptagonal and three pentag-

onal water rings. In the case of the 4/37 layer, the unit cell is com-
pleted by the adsorption of two additional water molecules [60]. In

the \/ﬁ structure, 4 additional molecules complete the first layer
and one extra molecule adsorbs at a specific location in the second
layer [58,60]. Interestingly, in these structures, the water molecules
form four bonds. They are fully coordinated and thus contain no
dangling OH bonds (except for the second layer water molecule of

the \/33 phase), suggesting a hydrophobic character. After all, in
hydrophilic surfaces, complete wetting means that a water molecule
will prefer to bond with the surface rather than with other water
molecules. Therefore, the structure of water near the surface is sub-
stantially influenced by the substrate, which results in novel bonding
geometries.

In the case of a hydrophobic substrate, the weak interaction
of water with the surface and near-surface stratification can also
lead to the growth of ice films with a nontetrahedral geometry
and remarkable properties [62,63]. For instance, Kimmel et al. [64]
observed metastable crystalline ice grown at 100-135K on the
graphene/Pt(111) surface. In this ice phase, two flat hexagonal layers
of water molecules are placed on top of each other. Each molecule
forms three in-plane hydrogen bonds with its nearest neighbor and
one out of plane hydrogen bond with the molecule in the oppo-
site layer. This leads to maximization of the number of hydro-
gen bonds and a low surface energy. Similar ice films have also
been observed on an Au(111) substrate [65] at cryogenic tempera-
tures.

On many metal surfaces, the first water layer has no dangling OH
groups sticking out of its surface. The lack of dangling bonds desta-
bilizes further water adsorption on top of the monolayer without
restructuring. Therefore, the first water layer does not wet when it
tightly bonds to the metal surface [66-68]. Further water adsorp-
tion forms 3D clusters on top of the first layer [67,68]. Eventually,
it is expected that further water adsorption would lead to a recon-
struction of the first monolayer in order to accommodate 3D growth.
The restructuring could involve a ‘flipping’ mechanism of the H-
down molecules to an H-up arrangement [69]. This mechanism pro-
vides dangling OH bonds that can facilitate layer-by-layer growth.
The authors of ref [69] proposed that such a flipping mechanism can
be induced by permanent electric multipole moments of the adsor-
bates.

1.3. Adsorption at ambient conditions

Adsorption of water on solid surfaces and at atmospheric con-
ditions is important in several environmental and industrial pro-
cesses. The investigation of thin water layers at ambient conditions
is a rather challenging task because of the high vapor pressure of
water at room temperature. The properties of water structures over
large areas have been probed by spatially averaging optical meth-
ods [70-73]. However, visualization of the molecular structure of
the first water layer on a surface is still a challenging task. This is
mainly due to the dynamic nature of water at ambient conditions and
the inability of scanning probe techniques to probe such molecular
structures without damaging them [41,74,75]. It is thus not surpris-
ing that our knowledge on water adsorption on surfaces other than
metals is somehow limited. In this section, we will briefly describe
water adsorption on key substrates (mica and graphite), that have
been used as substrates or covers for confined water studies. For
complete and comprehensive reviews on the adsorption of water on
solid surfaces under ambient conditions we refer the reader to refs
[43,73,76].
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1.3.1. Adsorption on mica

A material that has attracted considerable attention for ice nucle-
ation and highly relevant to this review, is mica [77-79]. The most
common type of mica is muscovite. Muscovite mica has a layered
aluminosilicate structure with the formula KAl,(AlSi;)0;,(OH),.
Interlayer potassium cations hold the mica layers together and bal-
ance the negative charge of the mica crystal. After cleavage of the
mica, half of the potassium ions remain on each of the two created
surfaces in order to preserve charge balance.

Mica is hydrophilic and it is covered by a thin water film at
ambient conditions. Using ellipsometry at room temperature, Bea-
glehole et al. [70,80] measured the correlation between the thick-
ness of the adsorbed water film and the relative humidity (RH).
They suggested that thicker water films are fluid-like on mica. By
utilizing scanning polarization force microscopy (SPFM), Salmeron
and co-workers [71,81-83] imaged a thin water film on mica under
ambient conditions. They observed metastable island structures that
disappeared soon after scanning, due to evaporation. These islands
were interpreted as a second water layer on top of a monolayer of
water on mica. The islands exhibited crystal-like properties. Their
boundaries have polygonal shapes with angles of about 120°. Evi-
dence for epitaxial growth was found by comparing the direc-
tion of the ice boundaries to the mica crystallographic orienta-
tion.

Odelius et al. [84], using molecular dynamics (MD) simulations,
found that the first water monolayer is a fully connected hydro-
gen bonded network epitaxially grown on mica. Surprisingly, the
authors found that the ice structure had no free OH bonds stick-
ing out of the ice surface (the model was later optimized by Feibel-
man [85] to include the role of the K* ions). Their findings were
confirmed a year later by Salmeron’s group [71], by directly study-
ing D,0 on mica with sum-frequency-generation (SFG) vibrational
spectroscopy. In their SFG investigation of D,0 water on mica,
they found almost no signal in the free OD stretch region around
2740cm™!. These results indicate that the ice layer possesses a
net dipole moment and the positive side points toward the mica
surface. The SPFM investigation revealed that the surface poten-
tial of the mica surface covered with a monolayer water film is
decreased compared to dry mica, in line with the absence of free
OH bonds of the ice surface. Interestingly, multilayer films show a
potential increase as well as an appearance of the free OD stretch
signal at SFG, indicating the presence of uncoordinated OD/OH
bonds.

1.3.2. Adsorption on graphite

The structure of water on hydrophobic surfaces is of fundamen-
tal importance for the understanding of hydrophobic interactions
and technological relevance in, for instance, the oil industry. In con-
trast to hydrophilic substrates where a hydrogen bonded water net-
work is often observed, on hydrophobic surfaces, interfacial water
molecules form structures with unsaturated H-bonds [5,86]. The
non-polar nature of a hydrophobic substrate implies that complete
wetting is not allowed. A characteristic hydrophobic substrate that
has been widely used for SPM investigations due to both flatness and
ease of preparation, is highly oriented pyrolytic graphite (HOPG, i.e.,
a stack of graphene layers bonded via Van der Waals forces). Water
adsorption on HOPG has been explored with the use of several AFM
modes [87,88]. Zheng et al. [89] demonstrated that the presence of
hydrophilic patches (graphene oxides) on HOPG promotes condensa-
tion of water droplets and these act as seeds for ice growth at ambi-
ent conditions. Their AFM study revealed several ice phases such as
amorphous ice, cubic ice (I.) and Ij-ice. Gil et al. [90] showed that
the AFM tip can induce water condensation on HOPG. They observed
the formation of flat and dynamic, 5 nm high, circular islands during
scanning at a relative humidity (RH) above 90%. Interestingly these

islands transform into 2 nm high layers oriented along the high sym-
metry directions of HOPG. This height corresponds to six puckered
bilayers of I;-ice and therefore these islands were suggested to be
ice-like [90,91]. Yang et al. [92] used 4D ultrafast electron crystallog-
raphy to study the graphite-water interface. The growth of layered
water structures on graphite is thought to be induced by hydrophilic
defects on the surface and promoted by scanning with a hydrophilic
tip. High resolution AFM images of water on HOPG, taken under
ambient conditions, revealed the presence of a layer with a lattice
periodicity close to the bilayer ice lattice constant [93]. However, the
exact influence of the AFM tip on these structures remains largely
unexplored.

2. Graphene template: experimental details

The preparation of atomic layer(s) thick graphitic films, or
graphene, by mechanical exfoliation [94-96] and the study of their
extraordinary electronic properties has revolutionized the study of
2D materials. Next to its electronic properties, graphene has very
remarkable mechanic properties too. The latter are instrumental in
the study of confined water structures. Graphene, a single layer of
graphite consists of a single atom-thick plane of carbon atoms. The
carbon atoms in graphene arrange themselves in a honeycomb net-
work, with a unit cell consisting of two atoms. The s, p, and p,
orbitals on each carbon atom hybridize to form strong ‘sp?’ bonds.
The remaining p, orbital on each atom makes up the z-bond. The
hybridization of the z-bonds results in the formation of the 7-band
(valence band) and the 7*-band (conduction band), which determine
the electronic structure of graphene [97].

The electrons in graphene behave as massless relativistic parti-
cles (such as photons or neutrinos) that are described by the Dirac
equation (H = ugop, where p is the momentum vector measured from
the K-points, p=#k, ¢ the Pauli spin matrices and up the Fermi
velocity). In graphene the electrons behave similar to photons, their
Fermi velocity is of the order of 106 m/s, i.e., just 300 times lower
than the speed of light. Despite the fact that the charge carriers
in graphene act as relativistic particles and are described by the
Dirac equation, they have no relativistic nature. Instead, the peri-
odic potential of the graphene lattice interacts with them, creating
new quasiparticles. These quasiparticles, can be imagined as elec-
trons losing their rest mass, mg, and are often called massless Dirac
fermions [95,97,98]. The conduction and valence bands of graphene
touch at the K and K’ points of the Brillouin zone, these points are
also referred to as the Dirac points of graphene. Moreover, free-
standing, mono-layer graphene has its Fermi level located exactly
in the crossing point of its Dirac cones. This results in a fully filled
valence band, an empty conduction band and no band gap. There-
fore, it can be qualified as a zero-band gap semiconductor or a zero-
overlap semimetal.

Owing to its honeycomb lattice and unique electronic structure,
graphene has some exceptional properties. It has a very high con-
ductivity parallel to its plane and can sustain current densities that
are orders of magnitude higher than metals [95,99]. Furthermore,
it is the strongest and at the same time the thinnest known mate-
rial. Graphene monolayers have a Young’s modulus of around 1TPa
and a fracture strength of 130 GPa, while still being extremely flexi-
ble [100]. Graphene has also very high in-plane thermal conductivity
which can be up to about 5000 Wm~1K~! at room temperature [101].
In addition, it is impermeable to gases and small molecules, making
it an ideal membrane [102].

Thanks to these remarkable properties, graphene can be used
as an ultrathin coating to cover water films on various solid sub-
strates [103]. The seminal work done by Xu et al. [75] provided the
first demonstration that graphene can trap and protect water films
when deposited on a supporting mica substrate at ambient condi-
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Graphene

Fig. 3. (A) A schematic of how graphene locks the first water adlayer on mica into fixed
patterns and serves as an ultrathin coating for AFM. (B) AFM image of a monolayer
graphene sheet deposited on mica at ambient conditions, scale bar indicates 1 pm.
Reprinted with permission from Ref. [75]. Copyright 2010, American Association for
the Advancement of Science.

tions. A schematic of how graphene traps water layers on mica is
shown in Fig. 3a. Because of graphene’s unusual flexibility, it con-
forms to these water structures with high precision and allows for
direct imaging using scanning probe techniques, see Fig. 3b. Covering
water molecules pre-adsorbed on a substrate with graphene allows
for direct investigation of their structure and properties by the use of
scanning probe microscopies. The impermeability of graphene even
to small molecules [102] prohibits direct evaporation and conden-
sation of water from, respectively on the interface and prevents the
SPM tip from perturbing the trapped water. In addition, the highly
anisotropic nature of graphene’s thermal conductivity, in which the
in-plane value (2000-5000 W/Km) outweighs by far the out-of-plane
(6 W/Km) thermal conductivity [104], provides an extra protection
for the confined water from environmental thermal effects.

In the original work done by Xu et al. [75], a monolayer graphene
is used as an ultrathin coating to cover water adlayers on a mica
substrate and enable an AFM investigation. Subsequent experiments
involving variation of the relative humidity and temperature reveal
intercalation of water, nucleation of ice and multilayer growth
[105-107]. In this approach, the tape method [75,108] and the tape-
free method [109] are used for graphene deposition on the support-
ing substrate. Soon afterwards, Rezania et al. [109] pointed out the
need for using tape free methods to investigate confined water struc-
tures, such that interfacial contamination due to tape remnants is
largely avoided. In the tape free method, loose flakes are picked up
from the freshly cleaved surface of HOPG, with the use of a tweezer.
The extracted graphite flakes are then gently pressed on top of the
substrate of choice, e.g., mica. The flakes are subsequently removed
from the substrate using the same method with the tweezer. Small

d
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Fig. 4. (a) Optical micrograph of graphene flakes of different thicknesses on a mica
substrate. Monolayer (I) and bilayer (II) graphenes appear darker than mica (III). Some-
what thicker graphene flakes appear even darker and much thicker flakes (IV) appear
brighter than the background (the white color is due to camera saturation). (b) G and
2D peaks of Raman spectra taken on a monolayer (I-solid line) and bilayer (1I-dashed
line). The mica background intensity is subtracted. The narrow and symmetric pro-
file of the 2D peak confirms the monolayer thickness. The insert shows the full scale
Raman spectrum for the monolayer. Reprinted with permission from Ref. [110]. Copy-
right 2010, AIP Publishing. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

micrometer sized residual graphene and graphite flakes often remain
on the substrate’s surface. These flakes can then be found by scan-
ning the sample with an optical microscope or an AFM. Tape free
exfoliation leads to large and uniform graphene flakes. These flakes
can be identified and located by the use of a back-illuminated opti-
cal microscope [75] and/or optical reflection microscopy where the
sample is flipped over (the backside of the sample faces the objec-
tive of the optical microscope) [110]. An example of a graphene
flake on mica imaged with optical reflection microscopy is shown
in Fig. 4a. The flake consists of monolayer, bilayer, and multilayer
graphene.

After imaging of the thinnest graphene flakes, it is required to
quantify their thickness. This can be done by the use of Raman spec-
troscopy. In Raman spectroscopy, the intensity ratio between the G-
band and the 2D-band can provide valuable information regarding
the thickness of graphene [111,112]. As can be seen in Fig. 4b, the
2D-band has a very sharp and strong peak for monolayer graphene
and it broadens for thicker graphene flakes. Moreover, there is a shift
of the position of the 2D-band (~2678.8+1.0cm™~! for monolayer
graphene) to higher wavenumbers for multilayer graphene. Further-
more, the G-band peak becomes higher with increasing thickness
of graphene. For monolayer graphene, the intensity ratio of the G-
band and 2D band amounts to about 0.3. This ratio increases for
up to five layers of graphene and saturates for six graphene layers.
Detailed investigation of the Raman spectrum can provide additional
information regarding the structure, quality and doping of graphene
[12,113].

After optical characterization of the graphene flake and identifi-
cation of its thickness with Raman spectroscopy, the samples can be
investigated further with the use of scanning probe microscopies. A
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widespread AFM mode that has been used for the investigation of
graphene covered water is dynamic AFM. Dynamic AFM modes use a
vibrating tip in order to reduce the lateral force between the tip and
the sample surface. Dynamic AFM studies have provided useful infor-
mation regarding the structure and dynamics of the confined struc-
tures, since the tip-surface interactions are significantly reduced and
thus tip induced behavior is largely avoided. In addition, other modes
such as conductive AFM, Kelvin probe force microscopy (KPFM),
scanning tunneling microscopy (STM) and spectroscopy (STS) have
been extensively used and have provided information regarding the
structural order of the first few layers as well as their influence on
the graphene cover. Most of the experimental work reviewed here
is focused on scanning probe techniques. We will also refer to stud-
ies using other surface science techniques, such as Raman, photo-
luminescence microscopy and spectroscopy and transmission elec-
tron microscopy (TEM). These studies in combination with theoreti-
cal methods such as molecular dynamics (MD) and density functional
theory (DFT) provide useful information on the structure of confined
water and the influence of this interfacial layer on the 2D material
cover.

3. Hydrophobic-hydrophilic confinement
3.1. Graphene on mica

Water confined between hydrophobic graphene and hydrophilic
muscovite mica has been extensively studied due to its technolog-
ical importance [114-117], the relative trivial preparation proce-
dure and the flatness of both surfaces, which guarantees smooth
SPM imaging. A water film, with a thickness that depends on the
RH, covers the mica surface at ambient temperature [41,80,82]. The
structure and dynamics of water on mica were recently studied
with the use of graphene as a soft protective cover, which allows
visualization of these interfacial water structures. In the pioneer-
ing work by Xu et al. [75], exfoliated graphene was deposited on a
freshly cleaved muscovite mica at room temperature and at various
RH. Tapping mode AFM imaging of the deposited graphene flakes
at 40% RH revealed island like flat plateaus of water with various
sizes (ranging from a few nanometers to several micrometers), see
Fig. 5a. These water islands had a well defined thickness of about
0.37nm + 0.02 nm (see Fig. 5b) and polygonal shapes with preferred
angles of 120°. The size and density of these structures depended
on the relative humidity (RH) during sample preparation. The RH
dependence of the faceted islands as well as their well-defined thick-
ness, suggests that the structures were ordered water layers. This
suggestion is reinforced by the perfect agreement of the obtained
height and the interlayer distance of hexagonal I, -ice. Phase imaging
of these islands showed no apparent contrast compared to their sur-
roundings, implying that the AFM tip always interacts with the same
surface, i.e., graphene, and that the plateau islands were under the
graphene flake, see the inset of Fig. 5a[75,118]. In addition, the water
islands were remarkably stable, remaining for weeks when covered
with graphene.

The results of Xu et al. [75] opened the doors to a totally new line
of research, i.e., the study of water confined between 2D materials.
Their initial report gave rise to a lot of new questions that needed
to be explored. For example, what is the exact structure of these
confined water layers? What is the influence of the environmen-
tal humidity, pressure and temperature? Are these systems dynamic
and if so under which conditions? What about airborne contamina-
tion? Is it absent or present in the system? What is the influence
and interaction with the water molecules? How do graphene and
mica influence the structure of these interfacial layers? What about
multilayer growth? In the following sections, we review the articles
that have shed light on these issues and as such have substantially
improved our understanding.

0 500
X (nm)

1000

Fig. 5. (a) AFM image of graphene on water on mica, where the edge of a monolayer
graphene sheet is folded underneath itself. The arrow points to an island with multi-
ple 120° corners. Inset: The corresponding phase image. A Significant phase difference
is observed between the mica (upper right corner) and graphene surfaces, reflecting
the difference in surface properties [118]. In contrast, the same phase is observed for
the plateaus and other parts of graphene (except for edges, which are always high-
lighted in phase images), indicating the AFM tip is interacting with the same sur-
face (graphene), and the plateaus are underneath graphene. (b) The height profile
along the red line in (a), crossing the folded region. Scale bars indicate 200 nm. The
height scale is 4 nm. Reprinted with permission from Ref. [75]. Copyright 2010, Amer-
ican Association for the Advancement of Science. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this arti-
cle.)

3.1.1. Structure: ice-like or fluid?

The interpretation that the first water adlayers on mica are ice-
like was based on the observation of the well-defined thickness of
0.37+0.02nm and faceted edges with angles close to 120°. This
interpretation was soon after challenged by Severin and coworkers
[105]. Fig. 6a shows a micrometer large and featureless graphene
flake deposited on mica at 60% RH. Subsequent imaging over time
under low humidity (below 4%), revealed the growth of small frac-
tal shaped depressions, see Fig. 6b-d. These fractal depressions
appeared to have a depth of about 0.28 + 0.05 nm compared to their
brighter surroundings. Similar to the observations of Xu et al. [75]
these structures were under the graphene flake. The density and
size of these structures increased over time and this increase slowed
down only after half an hour. A reversal of the RH back to 50% led
to the disappearance of these features almost instantly, see Fig. Ge.
The fractal depressions immediately fill with water when subjected
to high enough RH. Interestingly, repetition of the process and refor-
mation of the fractal depressions at low RH leads to fractals grown
at different locations and with different shapes, indicating homoge-
neous nucleation and that defects do not dominate their growth, see
Fig. 6f.
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Fig. 6. (a) SFM tapping mode height images of single layer graphene (brighter area) deposited onto mica (darker area) at ambient conditions and imaged during purging of the SFM
chamber with dry nitrogen. The time noted at the beginning of each scan is indicated directly on the images; the time required to take one image was 3.2 min. Insets show zooms
(400nm) into the area indicated with the arrow with strongly exaggerated contrast; threshold between black and white is offset by 0.6 A from the graphene plane. (a) Initially,
graphene is homogeneously flat; (b) first depressions appear at RH below 4%, (¢, d) existing nuclei grow into fractal structures, and new nuclei appear. (e) Upon increasing the
humidity, graphene becomes again atomically flat. The nitrogen flow was redirected to bubble through a water-filled jar at the beginning of the image; the slow scan direction is
indicated with the vertical arrow. The lines are guides to the eye, which indicate the erasure of fractals; the time elapsed between the lines is 30s. A subsequently taken image
reveals a flat graphene topography similar to (a). Another decrease of the humidity caused the growth of new fractals. (f) The overlay of the images made on the same graphene
area and after the same time of purging with dry nitrogen demonstrates that although visually very similar, new fractals do not correlate with the previous ones. The contrast is
strongly exaggerated to leave graphene white and fractals colored; fractals from (d) are colored blue and the others in red. Reprinted with permission from Ref. [105]. Copyright
2012, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fractals were also found to grow from defects on the graphene
cover. An example is shown in Fig. 7a, where a large fractal
grows from a graphene fold, suggesting heterogeneous nucleation.
Regrowth of fractals from such locations gives rise to different fractal
patterns [105,106]. Furthermore, fractals were found to form under-
neath thicker graphene flakes but with a somewhat coarser appear-
ance. The authors of ref [105] identified that only defects in the cover
that are in direct contact with the water film, allow evaporation and
condensation of water from and into the interface. The most common
form of defects on monolayer and few layer thick graphene flakes
that can provide contact to the ambient are step edges. Fig. 7b shows
a graphene flake were two types of step edges are found on bilayer
graphene. Step edges located at the top (marked with (1)) of the first
graphene layer and step edges located at the bottom (marked with
(2)), also referred to as B-type step edges, of the flake. The step edges
located at the bottom of the graphene flake are in contact with the
water film and provide paths for water to escape into the ambient.
These locations are the origin of several of the observed fractals. In
contrast, step edges at the top of the graphene cover do not initiate
the growth of the fractals. A schematic drawing of these two types of
defects is shown in Fig. 7c.

The fractals grow initially at a fast rate and their growth slows
down over time. After a few hours, the growth rate gets only incre-
mental. The areal growth evolution of the fractal depicted in Fig. 7a
is shown in Fig. 7d. In the reverse scenario, i.e., growth of the frac-
tal structures and subsequent increase of the RH with discrete steps,
the fractals become initially coarser and smoother. Further increase
of the RH leads first to the shrinking of their extremities, followed by
that of their trunks and eventually their disappearance and complete
restoration of the water film [105,106].

Severin et al. [105] demonstrated that water confined between
graphene and mica is in dynamic equilibrium with the environ-
mental humidity and that defects on the graphene cover sheet
allow direct communication with the environment. These fractal pat-
terns were initially interpreted as dewetting patterns of the molec-
ularly thin water film between graphene and mica. Based on their
dynamic nature, the authors of ref [105] suggested that water con-
fined between graphene and mica is fluid. However, evaporation
from an intercalated fluid interface should rather result in circularly
depressed areas [119] and not in the highly ramified fractal shapes
observed here. In addition, the presence of fluid water cannot explain
the dynamics observed in the filling of the fractals (a liquid should
radially fill the interface) as well as the faceted hexagonal edges. Fur-
thermore, it is clear that the shape of the fractals is not dominated by
defects but it is rather an intrinsic property of the confinement. Li et
al. [103] pointed out that the discrepancy between the works of Sev-
erin et al. [105] and Xu et al. [75] might be related to differences in
the thickness of the confined water film.

Li and Zeng [120] performed ab initio molecular dynamics simu-
lations to explore the structure and stability of the first few layers of
water on mica with and without a graphene cover. In line with ref
[84], they showed that the first water layer on mica is an epitaxially
grown hydrogen bonded network, with no dangling hydrogen bonds
sticking out of its surface. The water molecules in this layer form
strong bonds with the oxygen atoms of the mica and exhibit little
motion, thus forming a solid-like layer. Whereas the second adlayer
is liquid-like. In addition, the graphene cover enhances the stability
of the water layers. The first two layers becoming solid-like with a
thickness of 7.4 A, or in other words, equal to the thickness of two
puckered bilayers of I,-ice. The final configuration of the monolayer,
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Fig. 7. (a) AFM image of two heterogeneously nucleated fractals grown at 10 + 1% RH for 6 h. (b) AFM height image of a few layer graphene sample with fractal depressions.
(c) Schematics for the proposed difference between the two types of step edges. The faint periodic stripes visible to some extent through all reported images are instrumental
artifacts. (d) Growth dynamics characterized by the fractal area as a function of time; the dashed red line is an exponential fit. Reprinted with permission from Ref.[105]. Copyright
2012, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

bilayer and trilayer of water between graphene and mica obtained
from the calculations of Li and Zeng are shown in Fig. 8.

The structure and growth of the water confined between
graphene and mica were further investigated by Song et al. [107].
In their study, they used temperature controlled AFM to investi-
gate in situ the dewetting/rewetting dynamics of the confined water.
As they were step-wise increasing the substrate temperature, they
observed that at 50 °C fractal depressions (depth of 0.37 nm) started
growing with similar dynamics as in Ref. [105]. The authors argued
that the first water layer is ice-like at 100 °C, in line with the obser-
vations of ref [75]. They also provided evidence of multilayer growth
during cooling of the sample from 100 °C to RT. They showed that
the first adlayer is fully covered with water at RT and that the sec-
ond water adlayer was directly aligned with the lattice orientation
of mica, indicating that the ice-like water layers grow epitaxially on
mica. Further experimental evidence of the epitaxial growth of the
first adlayers on mica was also reported by Kim et al. [121]. They
reported that the edges of the first water layer on mica not only form
angles of about 120°, but also they are aligned with the lattice direc-
tions of the mica surface. The growth mechanism of the water adlay-
ers was reported to follow the Stanski-Krastanov model [107].

He et al. [122] used the known height of a carbon nanotube to
calibrate the thickness of the water film between graphene and mica
with UHV STM. They found that two layers of water are most abun-
dant at the interface. From their measurements, the first water layer
was found to be ~0.4 nm, whereas the second was ~0.3 nm, suggest-

ing a less ordered structure in the second water layer. These two
water layer thick film was found to cover almost the whole interface.
They also showed that the first water layer is crystal-like but with-
out any long range order, as concluded from the absence of moiré
patterns on the graphene surface. In addition, the second layer was
liquid-like and easy to manipulate with the STM tip. These results
confirm the solid-like structure of the first water layer between
graphene and mica at RT [75,107,120,121].

This concept was later on adapted by Bampoulis et al. [106] to
explain the growth and structure of the fractal depressions, that
were reported first by Severin et al. [105]. In this model, a com-
plete two-layer thick water film is confined between graphene and
mica at ambient humidity. After the drop of the RH to ~1%, water
molecules evaporate from the graphene/mica interface. The evapora-
tion predominantly takes place from defects in the graphene cover,
for instance bottom-type step edges, wrinkles and folds [105], see
Fig. 7. The growth of fractals was attributed to be a result of the
heat extracted from the interface due to the evaporation of water
molecules. The fractals are composed of one monolayer thick 2D
ice (long range order within the fractal) surrounded by a two lay-
ers thick, less ordered, water film (no long range order). The fractal
growth was attributed to rotation limited aggregation of ice crys-
tals formed during the de-wetting process (either by reducing the
RH [105] or increasing the temperature [107]). Temperature depen-
dent local variations and restrictions of the water molecules in the
first adlayer play a crucial role in defining the ultimate shape of the
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Fig. 8. A side view of the final configuration (at the end of 20-25 ps simulations) of the monolayer (a), bilayer (b), and trilayer (c) ice structure at 300 K. Reprinted with permission

from Ref. [120]. Copyright 2012, American Chemical Society.

evolved ice crystal. The growth instability gives rise to fractal shapes,
and the low rotational freedom and edge mobility play a crucial role
in their appearance [123].

The presence of a monolayer ice at the locations of the fractal
depressions was confirmed by the use of STM and STS [106]. First of
all, the fractal structures have an overall hexagonal (dendritic) sym-
metry with faceted edges and angles close to 120°. The density of
states of graphene above the fractal structure reveals p-type doping
of graphene by 370 meV, whereas graphene above the surrounding
double layer is slightly n-doped (50 meV). The large p-type doping of
graphene is a result of charge transfer from the underlying substrate
[124]. However, mica on average is electroneutral due to the pres-
ence of K+ ions [125], that balance the mica’s surface charge. There-
fore, the charge transfer must originate from the interfacial water. It
suggests that this water structure is a long range hydrogen bonded
network with a net dipole moment. Indeed earlier theoretical simu-
lations [84,120] showed that the first water layer grows epitaxially
on mica, see Fig. 8. This 2D ice, however, has a structure different
from that of the puckered bilayer of I,-ice. The hydrogen bonded
network is polarized. The surface of this ice is negatively charged,
which could in turn explain the shift of the Dirac point of graphene
observed in Ref. [106]. In contrast, there is almost no influence of
the graphene by the surrounding water bilayer, which implies dis-
order in the water layers at these locations. Further evidence of the
crystalline nature of the fractals came from the observation of a solid-
liquid phase transition induced by a locally applied external pressure
[126], see section 3.1.2.

The detachment of the water molecules and removal from the
interface is induced by the lowering of the environmental humid-
ity and allowed/assisted by the hydrophobic nature of the 2D ice
[106]. The absence of dangling bonds implies that additional water
molecules on top of the first layer will be destabilized without
reordering of the first layer. The ad-molecules can move across the
ice boundaries by following the C—C bonds of graphene for steric
reasons [121] and finally evaporate via defects [105] to the environ-
ment. This interpretation can explain the seemingly counter intuitive
shrinkage and disappearance of the fractals at high relative humid-
ity [105,106]. The water molecules that condensate at the interface
when the system is exposed to high RH, are preferably transported to
the younger extremities due to a larger temperature gradient at the
condensation point and therefore fill the fractal from their extremi-
ties to their origin point, by coarsening and smoothing of their edges
[106].

3.1.2. The influence of the cover, temperature and pressure
In the previous section, we discussed that water epitaxially grows
on mica and its structure is determined by the mica surface and not

by the graphene cover. In this section, we discuss the influence of
graphene in this confinement. Kim et al. [121] used tapping mode
AFM and friction force microscopy (FFM) to investigate the role of
graphene on the structure and dynamics of the confined water. They
found by comparing the directions of the edges of the water layers
with the lattice directions of mica and graphene that the structure
of the first layer is indeed crystalline and epitaxially oriented with
the mica’s lattice orientation. However, additional water intercala-
tion led to the formation of striped patterns, see Fig. 9a. These addi-
tional water stripes were aligned with the C—C atomic zig-zag chains
of graphene and not with the mica’s lattice, Fig. 9b. The histogram of
the angles between a particular zig-zag direction of graphene and the
edges of the water stripes shows well-defined peaks at 0°, 60° and
120° (see the inset of Fig. 9a). This feature was attributed to kinetic
effects. Graphene guides the diffusion of water along the C—C bond
direction due to steric effects, while the mica still determines the
structure of the water film [121].

Along with guiding water diffusion, graphene influences in
another subtle way the intercalated water. As can be seen in Fig. 10,
the fractals take on a coarser shape when thick graphene flakes
cover them (grown at low RH). The coarsening of the fractals scales
with the graphene thickness, see Fig. 10a and b. In order to under-
stand this dependence, Bampoulis et al. [127] studied fractals grown
under different graphene thicknesses. They first showed that the
growth rate of the fractals depends on the purging rate of the N, gas,
higher purging rates lead to faster fractal growth, due to faster water
evaporation from the interface. This has a significant effect on the
fractals’ branch thickness. Faster grown fractals have much thinner
branches and are more ramified, see Fig. 10c and d. The dependence
of their branch thickness on their growth rate suggests kinetic limi-
tations.

Graphene appears to play a prominent role in this mechanism.
It was found that for a constant growth rate, the thickness of the
fractals is determined by the thickness of the graphene cover and
by the temperature. For constant temperature (RT) and growth rates,
the thickness of the branches’ width is only defined by the thick-
ness of the graphene cover [127]. This observation was attributed to
the finite bending energy of graphene that scales with its thickness
[128]. Thicker graphene sheets do not conform that well to the edges
between ice fractals and the surrounding water layers and thus leave
small cavities at these locations. These cavities increase in size with
increasing graphene layers and provide enhanced spatial freedom to
the molecules that incorporate into the ice crystal. These molecules
can diffuse around and rotate more easily and are thus able to find
an energetically more favorable site to incorporate into the ice layer.
This leads to coarser fractals that preserve their hexagonal symme-
try. The authors of ref [ 127] could also determine the effective viscos-
ity of the water molecules in the confinement to be about 6 orders of
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Fig. 9. (a) AFM topographic image obtained after exposure to high RH (~50%) for two weeks. The blue dashed lines delineate the directions of the striped patterns, which form
angles of 60° with each other. (b) Low-pass filtered stick-slip image of graphene measured on the flake. The inset in (b) shows a low-pass filtered stick-slip image of mica. The
blue dashed line in (b) is copied from the near-horizontal direction of striped patterns in (a). The inset in (a) shows the distribution of the relative angle of the stripe patterns with
respect to an arbitrary zigzag direction of graphene in (b). Reprinted with permission from Ref. [121]. Copyright 2013, Springer Nature. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

magnitude larger than the bulk viscosity of water.

The effect of temperature on the graphene confined ice on mica
has been explored experimentally [106,107] and theoretically [120].
When the ice crystals were subjected to about 100 °C substrate tem-
perature, they became coarser and acquired smoother edges [106].
This was attributed to pre-melting of the ice crystals that starts first
at their edges. The water molecules gain more energy and can more

Fig. 10. (a) AFM topographic image of a graphene flake on mica after the growth of ice
fractals induced by a drop of the RH. The inset shows the corresponding phase image.
A clear contrast is visible between graphene and mica. (b) A small scale AFM image
recorded on the red square in Fig. 1(a). Branches of a fractal crossing from 1 (1L) to 4
(4L) layers of graphene, the latter appear coarser. (c) AFM image of a graphene flake
after the drop of the RH using a N, purging rate of 11/min. (d) The same area as in (c)
after the drop of the RH using aN, purging rate of 151/min. Reprinted with permission
from Ref. [127]. Copyright 2016, AIP Publishing. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

easily diffuse around and find more favorable sites, which leads to
coarsening of the fractal structures. Ochedowski et al. [129] showed
that a complete removal of the intercalated water between graphene
and mica is not possible. Even though small amounts of intercalated
water were removed by heating to 600 °C, a complete removal was
not possible without the decomposition of mica.

Melting of the confined ice crystals was also induced by the
application of an external pressure [126]. Sotthewes et al. [126]
have shown that the graphene-ice-mica system is an excellent play-
ground to study classical experiments like Thomson’s ice regelation
experiment [130,131]. The confined 2D ice crystals melt upon the
application of an external pressure locally applied by an AFM tip.
The same AFM tip was also used to quantify the applied pressure.
The ice crystals transform to quasi liquid layers of water for pres-
sures larger than a critical pressure of 6 GPa. This pressure induced
phase transition was found to be completely reversible; upon lift-
ing of the pressure the quasi-liquid layers refreeze. The pressure
induced melting of confined ice was attributed to shortening of
the O:H nonbond and lengthening of the H—O bond upon com-
pression. The H—O elongation results in energy loss which con-
sequently lowers the melting point [132,133]. In this process, the
role of K+ ions was not investigated. The presence of K+ ions [125]
can influence the observed dynamics and the threshold of melting
[134-137].

Along with additional temperature experiments, this provides
the first experimentally obtained phase diagram of confined water
between graphene and mica, see Fig. 11. By using the phase coex-
istence line of the phase diagram and the Clausius-Clapeyron rela-
tion [138] (ln(%) = —%(% - Tlo), where L is the specific latent heat of

fusion, k is Boltzmann'’s constant and Py is the equilibrium pressure
at some temperature Ty), the latent heat of fusion of 2D confined ice
was determined to be 0.15 eV/molecule [126]. This value is two times
larger than the latent heat of fusion of bulk ice. This minor difference
was attributed to the fine details of the confinement.

3.1.3. Contamination and ad-molecules

In the following section, we discuss the influence of contamina-
tion on the properties and structure of the confined water. It is no
secret that in most cases, exfoliation of graphene is done in air and
with the use of adhesive tapes. Therefore, it is expected that airborne
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contamination as well as tape residues to be present at the inter-
face [139,140]. Rezania et al. [109] showed that the cleanest sam-
ples could be only obtained when using tape-free methods for the
exfoliation and deposition of graphene. Exfoliation with the use of
various tapes (three different types) led to samples with increased
roughness. In addition, the dynamics of the confined water struc-
tures were also significantly influenced by the tape residues. Expo-
sure of the graphene/water/mica system to low RH led to depres-
sions of ill-defined shapes and not to the fractal depressions shown
with the tape-free preparation method.

Interestingly, higher concentrations of dissolved molecules in the
confined water have the tendency to phase segregate. Severin et
al. [141,142] demonstrated that when the graphene/mica/system
is exposed to ethanol vapor, ethanol intercalates under graphene.
They observed a phase segregation to ethanol regions surrounded by
water regions. The ethanol molecules formed well-defined islands.
Similar patterns were also observed for other alcohols such as
methanol, 2-propanol and 2-butanol [143]. In all the cases, the alco-
hol molecules were forming alcohol rich islands rather than mix-
ing with the pre-existing water molecules. Interestingly, the alco-
hol molecules showed to preferentially adsorb at the ice/graphene
interface than the graphene/water interface [143]. The observation
of the phase segregation confirms theoretical studies [144-147] and
shows that the structure and dynamics of confined molecules and
molecular mixtures are significantly different from their bulk equiv-
alents. Exposure of the system to water vapor (RH > 90%) leads to
partial removal of the intercalated alcohol layers. Alcohol molecules
pinned at the interface and unable to evaporate mix with the water
molecules [143]. The alcohol contaminated water film behaves simi-
larly to the observations made by Rezania et al. [109]. When exposed
to low RH ill-defined irregular depressions are formed, different from
the fractal depressions formed in an apparent clean system [105].

3.2. Graphene on SiO,

Unlike graphene on mica, where graphene is atomically flat over
very long distances [114], graphene on SiO, substrates is rough
[148,149]. The SiO, surface is morphologically rough. Its roughness
is almost an order of magnitude larger than that of atomically flat
mica [114]. Graphene’s high conformity allows an almost 99% fidelity
of the SiO, roughness [150]. However, the performance of graphene
depends strongly on its morphology. Large scale corrugations signif-
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Fig. 12. Changes in monolayer graphene mechanically exfoliated on a SiO, substrate
after exposure to high humidity. AFM topographic images of monolayer graphene (a)
before and (b) after 1 week of exposure to high humidity. (c) An outline overlap of the
graphene flakes of (a) and (b). Black and red colors denote graphene before and after
high humidity exposure, respectively. Dashed and solid lines show edges and wrin-
kles, respectively. (d) An AFM topographic image obtained after a larger area scan for
the graphene flake shown in (b). The insets in (b) and (d) show phase images simulta-
neously obtained with topographic images for the areas marked with blue squares.
Reprinted with permission from Ref. [158]. Copyright 2012, Springer Nature. (For
interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

icantly impact graphene’s electronic structure, inducing gauge fields
[151], pseudomagnetic fields [152,153] and local doping variations
[154-157]. Water intercalation, between graphene and SiO,, has
the potential to either surpass this impact by reducing its rough-
ness, or lead to additional structural features such as wrinkles and
folds [158]. It also plays an essential role in the further growth of
molecular layers [159] suitable for molecular-based devices. There-
fore understanding water intercalation between graphene and SiO,
is key not only for understanding water diffusion mechanisms but
also for improving the performance of graphene/SiO, devices.

For this purpose, Lee et al. [158] explored water diffusion
between graphene and SiO, under high RH by AFM, see Fig. 12a.
They found that for RH > 90%, water diffuses between the two sur-
faces forming an ice-like structure up to two-layers thick (~0.8 nm
thick). Additional water exposure led to the intercalation of liquid-
like water, Fig. 12b. The liquid-like water was stacking over the ice-
like structure and could easily evaporate from the interface. Evapo-
ration of water caused graphene to wrinkle and fold, Fig. 12b-d. The
formation of folds and wrinkles was argued to be dependent on the
hydrophilicity and roughness of the substrate.

In a similar study, Lee et al. [160] immersed Gr/SiO, in water. The
use of Raman microscopy and AFM proved to be instrumental for
real-time visualization of water diffusion between the two surfaces.
The thickness of the first layer was found to be ~0.35 nm, very close
to the thickness of I-ice. In addition, the diffusion dynamics were
defined by the hydrophilicity of SiO,. The diffusion rate was found to
range between 0.1 and 3 pm/h among different samples. For strongly
hydrophilic SiO, samples (formed by exposure to O, plasma) the
water diffusion was instantaneously leading to fast detachment of
the graphene. Kim et al. [121] performed contact mode AFM and
FFM to investigate water diffusion between graphene and mica. They
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Fig. 13. STM images of the graphene surface on Ru(0001) after water exposure. (a) After annealing to 90K for 5 min, water stripes are observed decorating some defect lines. The
Moiré patterns on each side show different orientations (as indicated by the arrows), indicating a dislocation there. (b) Expanded view image showing the atomic-scale structure
of water intercalated graphene at the edge of a fragment. Imaging parameters: V,=1.5V, I, =4pA (a); V,=16mV, I, =0.5nA(b). Reprinted with permission from Ref. [162].

Copyright 2012, American Chemical Society.

found that water regions under the graphene act as lubricants reduc-
ing the friction of the tip on graphene. Moreover, similar to water
diffusion on mica, the water molecules diffuse into the interface by
following the lattice directions of graphene.

3.3. Ionic substrates

Along with water between graphene-mica and graphene-SiO,,
other hydrophobic-hydrophilic confinements have been investi-
gated. These studies have furthered our understanding of the role of
the hydrophilic substrate with respect to the structure and behavior
of the confined water. Recently, Verdaguer et al. [161] studied water
intercalation and ice growth at the graphene-BaF, and graphene-
CaF, interfaces. Interestingly, the intercalated water behaves signif-
icantly different on the two substrates. At high water coverages on
BaF,, water films of more than 5 layers thick were observed, with
thicknesses of multiples of the I,-ice thickness. At low coverage, two
structures were observed for the first monolayer: an ice-like 0.37 nm
thick layer and a 0.25 nm thick layer corresponding to the thickness
of a planar ice film. On CaF,, liquid like water films with a thick-
ness of a few nm were reported, the difference was attributed to the
large lattice mismatch between CaF, and ice. Temmen et al. [119]
used AFM to study the dewetting dynamics of a multilayer water
film between graphene and CaF,(111). The samples were prepared
at ambient conditions. The authors studied the response of these
confined water film to annealing at temperatures up to 750K. They
demonstrated that even though it is possible upon heating to release
some water from the interface, complete removal was impossible.
Upon heating, the initial water film was separated to water-rich and
water-free regions. The separation process was attributed to 2D Ost-
wald ripening. Further heating led to rupture of thick graphene flakes
and the formation of blisters on multilayer graphenes.

3.4. Metals and metal oxides

The interfaces between graphene-metal and graphene-metal
oxide bear excellent promise in for instance (photo)catalysis, sen-
sors and batteries [162-165]. The adsorption and reaction of water
in these systems is key in defining their functionality and properties.
Water intercalation and adsorption were found to affect epitaxially
grown graphene on metal substrates. Feng et al. [162] demonstrated
by the use of STM that line defects of epitaxial graphene on Ru are

fragile. Water can chemically attack these sites and split graphene
into many fragments even at cryogenic temperatures (~90K), see
Fig. 13a. Water then proceeds to intercalate under the graphene,
decoupling it from the metal substrate, Fig. 13b. The process was far
less effective on Cu(111) indicating that the reactivity of the C—C
bonds in epitaxial graphene is affected by the substrate. In addi-
tion, on defective graphene on Cu, water was shown to be able to
break the C—Cu bond formed at the defect site, restoring the weak
Van der Waals forces between the two surfaces. The same was not
found for graphene on Pt, where the bonds were found to be much
stronger [166]. The permeation process occurs through graphene
grain boundaries. Yoon et al. [167] showed that the lateral diffusion
of water in these systems is considerably suppressed compared to
bulk water.

A couple of studies have also focused on intercalation effects
and the structure of water between graphene and metal oxides.
For instance, Komurasaki et al. [168] investigated water trapped
between graphene and sapphire under controlled RH. At low RH,
water forms small islands, whilst an increase of the RH leads to
a layer by layer growth. The thickness of the first layer amounts
to 0.37 nm, suggesting an ice-like structure. Moreover, Datelo et al.
[169] showed by the use of dispersion-corrected hybrid density func-
tional calculations that water at the graphene-TiO, interface prefers
to dissociate. Olson et al. [ 170] investigated water between graphene
and HfO,. They showed that the intercalation process is reversible
with repeated RH cycling. This process could be detected electrically
demonstrating the sensing capabilities of graphene and fabricating
the first graphene-water based sensor.

4. Hydrophobic-hydrophobic confinement

The behavior of water nanoconfined in a hydrophobic planar
geometry has received a lot of attention due to its role in bio-
physical processes, nanofluidics, energy storage and novel physical
properties [31,33,171-177]. For instance, forced intrusion or extru-
sion of water from and into hydrophobic nanopores leads to dis-
sipation or storage of mechanical energy [178]. The weak interac-
tion of water with the hydrophobic walls leads to the growth of ice
layers with unique structure and properties [64,179]. Early experi-
mental investigations of confined water in hydrophobic nanopores
already suggested the presence of ordered layers. Liyama et al. [171]
showed with X-ray diffraction that water in a hydrophobic nanopore
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orders parallel to the pore’s walls. Maniwa et al. [180,181], using
X-ray diffraction, demonstrated that water fills single-walled car-
bon nanotubes and crystallizes into a solid, forming the so called
‘ice nanotubes’. These ice nanotubes were first predicted by Koga
et al. [182] using molecular dynamics. Their simulations revealed
the spontaneous formation of a variety of ice phases inside car-
bon nanotubes, depending on the nanotube’s diameter and pres-
sure. Similar observations have been made experimentally by sur-
face sensitive techniques such as vibrational spectroscopy [183],
solution nuclear magnetic resonance (NMR) [184] and neutron
diffraction [185]. Several ice structures have been reported includ-
ing square, pentagonal, hexagonal, and octagonal single walled ice
nanotubes [19,180-183,185]. Kolesnikov et al. [185] explored the
phase diagram of ice and its melting point in single walled car-
bon nanotubes at ambient pressures. They reported nine different
hydrogen bonded phases with different melting points. The high-
est melting point was reported to correspond to the square ice nan-
otube.

Computer simulations have revealed a variety of crystalline
water phases and water phase behavior in nanoconfined water in
between parallel hydrophobic plates [21,186,187]. Water between
two hydrophobic parallel plates can form 2D ice structures such
as puckered rhombic ice, planar hexagonal and several amorphous
phases[16,33,188-192]. Temperature, pressure and the confinement
dimensions play a prominent role in defining the state and struc-
ture of the confined water [193]. However, experimental investi-
gations of water nanoconfined in parallel hydrophobic pores are
scarce [187,194] due to limitations posed by the confinement. Jinesh
and Frenken [195] applied friction force microscopy to investigate
nanoconfined water between graphite and a tungsten tip. Their
results revealed that water condensates between the tip and the sur-
face form ice structures even at room temperature. The stick-slip
motion of the tip revealed a period of ~0.38 nm, i.e., different from
graphite’s lattice periodicity. This phenomenon was interpreted as
the consequence of shear-induced fracture and healing of the tip-
confined ice. It revealed that after shearing of the ice the molecules
rearrange within seconds.

Inspired by the use of graphene on mica to visualize the struc-
ture and dynamics of trapped water. Cao et al. [196] used graphene
flakes to study adsorbed water on three hydrophobic substrates,
i.e., trimethylchorosilane -functionalized mica, graphite and H-
terminated Si(111). In these three cases, under ambient conditions,
water adsorbs as liquid nanodroplets (10-100 nm). The adsorption
took predominantly place at defects and step edges of the surface.
The nanodroplets had contact angles of approximately 10° and their
size and density were dependent on the relative humidity during the
preparation procedure. Similarly, STM on graphene coated water on
Au(111),revealed a preference for water adsorption at step edges, for
samples prepared at ambient conditions [197]. These studies reveal
the importance of surface defects and step edges for water adsorp-
tion and nucleation on hydrophobic substrates. At these sites, water
might interact more strongly with the surface owing to dangling
bonds.

4.1. Water in graphene nanocapillaries

The most unique example of hydrophobic confinement that
has recently attracted a lot of attention is water trapped between
graphene layers. Understanding graphene-water interactions is not
only of fundamental importance for understanding ice nucleation in
nanopores but also essential for many physical and chemical pro-
cesses involving graphene. These interactions define graphene’s wet-
tability, permeability and electrical properties [198-203]. Chialvo et
al. [204] performed molecular simulations of two graphene plates
immersed in water at isobaric-isothermal conditions. Their work

revealed that graphene confinement has a severe impact on the
water. It increases the isothermal compressibility and isobaric ther-
mal expansivity of water. Furthermore, the water dynamics are sup-
pressed, compared to its bulk counterpart. The exact magnitude was
found to be dependent on graphene’s corrugation.

Algara-Siller et al. [179] reported evidence for the presence of a
‘square-ice’ form of water between graphene nanocapillaries. The
symmetry of which is different than the tetrahedral geometry of
natural ice. The investigation of this apparent ‘square-ice’ was done
by TEM, electron energy loss spectroscopy (EELS) and MD simula-
tions. The samples were fabricated by the deposition of graphene
monolayers on a TEM grid. Graphene was then exposed to water
and subsequently covered by another graphene layer. Most of the
water was consequently squeezed out by the Van der Waals forces
between the graphene sheets. The remaining water was visualized
by TEM. Graphene played an important role in allowing the visual-
ization and investigation of the confined water structures. Its low
atomic number and crystallinity leads to a weak background signal
in the TEM images, giving thus strong contrast for the oxygen atoms
[205,206]. Essentially, it allows the direct visualization of the water
network. Moreover, graphene’s high electrical and thermal conduc-
tivity, chemical stability, flexibility and mechanical strength further
protects the water structures from damage induced by the electron
beam [207].

An example of the observed square lattice is shown in Fig. 14. In
the Fig. 14, the dark spots represent the oxygen atoms and thus indi-
cate the locations of the H,0 molecules. The image shows a square
lattice with a periodicity (obtained by FFT analysis, see the inset
of Fig. 14) that amounts to 2.83+ 0.03 A. These layers have sharp
90° edges but were not aligned with the lattice of graphene. The
authors investigated with EELS regions with and without ice. In con-
trast to the ice-free regions, square-ice regions display an EELS spec-

Fig. 14. Part of a large water pocket. Several such pockets were studied. Irregular
structures are hydrocarbon contamination. The top right inset shows a magnified
image of the area outlined in red. The top left inset shows a Fourier transform of the
entire image, with four first-order maxima of the square lattice; the square symme-
try is highlighted by the blue lines; the two hexagonal sets come from encapsulat-
ing graphene. Reprinted with permission from Ref. [179]. Copyright 2015, Springer
Nature. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 15. High-resolution snapshots illustrating continuous reorganization of ice crystallites. Red lines highlight some of the changes: the bilayer crystal in (a) thins down to a
monolayer in (b), then splits into two crystals separated by a grain boundary in (c), and a trilayer is formed in the same area in (d). In (e), a new crystallite, outlined in blue,
appears in the top right corner, growing and propagating towards the center in (f). Other crystallites also change from panel to panel. Reprinted with permission from Ref. [179].
Copyright 2015, Springer Nature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

trum that is in qualitative agreement with the EELS spectrum for
I-ice and I -ice (cubic ice) [179,208]. However, some distinct dif-
ferences were also observed that were ascribed to the nature of the
square ice and the influence of the confinement. The square-ice lay-
ers were found to be highly mobile and influenced by the electron
beam. A rich dynamic behavior was observed including processes
such as coalescence, shape modification and splitting of the islands,
see Fig. 15. However, their crystallinity was maintained in every case
without any signs of melting or amorphization. Square-ice multilay-
ers of maximum three layers were also observed. These multilayers
were found to have an AA stacking order.

Even though MD simulations could reproduce an almost square
pattern of the water molecules in graphene nanocapillaries at high
pressures, they failed to capture the observed AA stacking of the
multilayers, even when pressures larger than 1 GPa were considered.
Instead, they revealed a preference for an AB stacking order or no
interlayer order at all. Moreover, the authors [179] suggested that
similar square-ice patterns might be present in other hydrophobic
confinements.

The interpretation of the observations of ref [179] as square-ice
was soon after questioned by Zhou et al. [209]. They proposed that
the reported square lattice [179] is better explained by contaminants
such as NaCl present at the interface. Indeed, the lattice observed by
Algara-Siller et al. [179] resembles a lot that of NaCl nanoplatelets in
a graphene liquid cell. These nanostructures have a square symmetry
with a lattice constant of about 2.8 A [209], matching the periodicity
observed in square ice [179]. The observed beam-induced dynamics
were also similar. Zhou et al. [209] questioned also the observation of
the O, peak in the EELS signal as evidence for water. They suggested
that the oxygen signal might originate from Si-based contaminants
present at the interface. Additionally, they performed DFT calcula-
tions and MD simulations on square ice in graphene nanocapillaries.

They found that the square lattice relaxes to a more stable rhombic
zig zag structure.

The points raised by Zhou et al. [209] were commented by Algara-
Siller et al. [210] and Wang et al. [211] Algara-Siller et al. [210]
strongly declined the presence of contamination. The authors how-
ever agreed that more experiments are required to rule out any influ-
ence from contaminants. Wang et al. [211] suggested that the rhom-
bic pattern observed in the simulations will appear as square in TEM
images due to time averaging effects. These works pointed that fur-
ther theoretical and experimental investigations are needed to shed
light to the square ice controversy and its stability inside graphene
nanocapillaries.

4.2. Stability of square ice

The work of Algara-Siller et al. [179] has led to a plethora of
new theoretical studies investigating the stability and properties of
square ice in hydrophobic confinements [212-220]. Diffusion Monte
Carlo simulations performed by Chen et al. [214] showed that at rela-
tively high pressure, square ice is the phase with the lowest enthalpy
inside graphene nanocapillaries. However, due to the insufficient
experimental studies and the different theoretical tools and meth-
ods used, the presence and stability of the AA stacked bilayer square
ice is still under debate. The reproduction by MD simulations of the
squared ice monolayer required the inclusion of a high Van der Waals
pressure in the order of 1 GPa [179]. Whereas, the AA stacking could
not be reproduced in the original MD simulations. DFT calculations
and MD simulations performed by Zhou et al. [209] revealed that the
most stable phase in the graphene nanocapillaries is a rhombic ice
structure. Several recent theoretical works investigated the stabil-
ity of AA stacked square ice, but the multilayer stacking order could
not be consistently reproduced. Mario et al. [221] found by the use
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Fig. 16. Phase diagram of BHI-AB and BHI-AA in the temperature (T)- separation(h)
plane for P=450MPa. The open star is the triple point, estimated to be located
between 205 and 210K and 8.0-8.2 A. Two solid phases have different symmetries and
are thus separated by a phase boundary. The insets illustrate the structures of BHI-AB
and BHI-AA, respectively. Each liquid-solid phase boundary exhibits a local maximum.
Reprinted with permission from Ref. [224]. Copyright 2018, American Chemical Soci-
ety.

of molecular dynamics simulations with the adoptable ReaxFF (reac-
tive force field) interatomic potential that a monolayer of rhombic
ice confined between two graphene sheets is nonpolar and nonfer-
roelectric. In addition, they could reproduce the AA stacking by refin-
ing the energetics and H-bonding of the ice-network. Application of
an in-plane external electric field could polarize the H,O molecules
of the square ice leading to ferroelectricity and electrical hysteresis
[222].

Even though Mario et al. [221] could reproduce the AA stacking,
DFT calculations suggested that the AA stacked bilayer is unstable
compared to the high density phases [223]. MD simulations per-
formed by Zhu et al. [224] suggested that the AA stacked square
pattern is rather a rectangular pattern formed by the AB stack-
ing of a stretched hexagonal bilayer ice (BHI-AB). The authors also
observed in the temperature-nanoslit gap phase diagram a solid(BHI-
AB)-liquid-solid(BHI-AA) triple point, Fig. 16, with the second solid
phase, BHI-AA, being the bilayer hexagonal ice with AA stacking
order. This transition took place for a 450 MPa pressure, at a tem-
perature of 210K and gap space of 8.0-8.2 A. The BHI-AA phase has
been observed in older MD simulations [225] and has experimen-
tally confirmed to exist at low temperatures on hydrophobic sub-
strates [64,65] and at room temperature in between graphene and
MoS, [226]. The structure of the BHI-AA and BHI-AB phases are
shown in the insets of Fig. 16. The BHI-AA phase consists of two
flat hexagonal H-bonded layers of water molecules in registry with
each other. In this arrangement, each molecule forms three hydrogen
bonds with neighboring molecules and one out of plane hydrogen
bond with the opposite layer [64,225]. The system can be considered
to be hydrophobic since there are no dangling OH bonds or electron
lone pairs available. The hydrophobicity of BHI-AA ice was explored
for ice films between graphene and MoS, [226]. Additional water
condensation on the confined bilayer resulted in either the lateral
expansion of the bilayer or the formation of 3D droplets, suggesting
that water does not wet this ice film.

Chen et al. [191] highlighted the sensitivity of the 2D ice for pres-
sure and the width of the confinement. First principles calculations
revealed a strong dependence of the ice structure on the pressure.
At ambient pressure, pentagonal and hexagonal monolayers have
the lowest enthalpy. Compression up to 2 GPa makes the pentago-
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Fig. 17. Variation of the shear viscosity of confined water between two graphene lay-
ers, which are separated by a distance h. The result for bulk water is taken from Ref.
[228]. The dashed line is a linear interpolation of the data. Reprinted with permission
from Ref. [229]. Copyright 2016, American Chemical Society.

nal phase the most stable. At pressures above 2 GPa, the rhombic and
square ice become the most stable.

4.3. Dynamics of water nanoconfined in hydrophobic capillaries

Sharma et al. [227] used MD to investigate the evaporation rate of
water in a hydrophobic confinement. They found that the evapora-
tion rate of water depends strongly on the wall’s separation distance
and the surface area considered. The evaporation rate decreases
exponentially with an increasing gap size. Increasing the surface area
of the hydrophobic surface leads to an increase of the evaporation
rate.

Nek-Amal et al. [229] demonstrated that the viscosity and flow
rate of the nanoconfined water within pores, smaller than 2 nm, are
dominated by its structure. The shear viscosity of water was found
to be sensitive to the size of the separation distance of the confining
walls. Decreasing the separation distance by even an A resulted in an
enhancement of the shear viscosity by more than an order of mag-
nitude, see Fig. 17. In addition, the shear viscosity exhibited well-
defined oscillations in the viscosity-wall distance graph, Fig. 17, with
maxima located at gap sizes, h, of 7.5, 10, 13.5, and 16.5 A and minima
ath=9,11.5,15 and 18 A. These findings were attributed to originate
from the commensurability between the size of the water molecules
and the size of the gap. When the water layers are commensurate
with the size of the gap the shear viscosity is at a minimum. Con-
tradicting results of earlier works [230,231], where the oscillations
were absent, come from the use of different simulation/calculation
models. A further increase of the gap size above 2 nm led to viscosity
values near that of the bulk viscosity, showing that water in a con-
finement larger than 2 nm behaves like bulk water. Similarly, Fang
et al. [232] reported higher viscosity values for quasi-2D water in
graphene channels than that of bulk.

5. Hydrophilic-hydrophilic confinement

While water has been shown to freeze in hydrophobic nanopores,
even at room temperature (see section 4), water in hydrophilic
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nanopores crystallizes at temperatures much lower than its
bulk freezing point [233-239]. For instance, water in cylindrical
hydrophilic nanopores of aluminophosphate microporous crystals
with a diameter of 1.2nm freezes at 173K [240]. Earlier stud-
ies of water in hydrophilic confinement include water between
mica sheets, silica pores, aluminophosphates, diamond and glass
[240-244]. These studies mainly use spectroscopic techniques,
molecular simulations and AFM. In these systems, water at the con-
finement walls orders into layers, but without any lateral order, often
being in a liquid-like or a glassy form. This unusual behavior is stem-
ming from an insufficient amount of H-bond formation and cur-
vature induced hindrance [240]. These effects interrupt the forma-
tion of ice-like networks and keep the confined water in a liquid-
like (or a glassy) state. In addition, the disordered nature of several
hydrophilic surfaces destabilizes further the formation of H-bonded
crystalline layers [239]. A characteristic example of such a behavior
was reported for silica nanopores [245-247], where water crystal-
lizes at temperatures far lower than bulk water does [237,239].

Similar to silica nanopores, water confined between mica surfaces
has been reported to remain liquid-like [234-236,238]. This is in con-
trast to water adsorption on mica, where crystal-like properties have
been reported for the first monolayer both experimentally and the-
oretically, even at room temperature [82,84,248]. The water struc-
ture inside mica pores is however disrupted by the presence of K+
ions that interrupt the H-bonds between H,0 molecules in the water
film [249]. Fedyanin et al. [250] found that water under 9.2 A mica
confinement sustains shear stress similar to solids, but has liquid-
like mobility and lateral order. The liquid-like properties of water
in between mica sheets were found to be preserved down to two
layers thick films. An increase of the confinement led to the for-
mation of bilayer ice [79]. This ice phase has a lower density than
the I,-ice, which was attributed to the fine details of the confine-
ment and H-bond formation. Interestingly, the diffusion constant of
this ice phase was found to be approximately four orders of magni-
tude lower than that of thick hydration films [79]. AFM investigation
of a Si tip approaching a mica surface revealed oscillatory solvation
forces, suggesting also the ordering of water at close proximity to the
mica surface. For separation distances below 1 nm, the viscosity was
orders of magnitude larger than that of bulk water [241]. The inter-
action of two mica sheets immersed in water based ionic solutions
and brought into mechanical contact, was explored by surface force
apparatus (SFA) [235,251-254]. At large sheet separations (>2 nm),
the interaction obeyed the DLVO theory [5], where Van der Waals
interactions and electrostatic double layer repulsion play the domi-
nant role. At smaller separations, short range repulsive forces were
observed [251,252,255].

Another system of a hydrophilic confinement that has recently
received considerable interest in nanofluidics, water filtration and
purification processes [22,256-258], is water diffusion in graphene
oxide (GO) membranes. Water permeation through submicrometer
thick GO membranes has been reported to be unimpeded [259]. In
the seminal work by Nair et al. [259], GO membranes were imper-
meable to liquids and gases (even to helium) but allowed the rapid
flow of water. This anomalous behavior of water permeation across
GO membranes has attracted a lot of attention due to its exceptional
potential for filtration and sieving applications [260-262] and the
intriguing physical mechanism of water transport [23,24,263].

MD simulations have explored various mechanisms for
describing this unusual water transport through GO membranes
[24,259,264,265]. However, the nonuniform nature of GO poses a
significant barrier in computational methods to give a detailed and
accurate account of the involved processes. Transport across GO
membranes was proposed to follow a capillary driven flow mecha-
nism [259,261]. The anomalous permeation was initially attributed
to a nearly frictionless flow of water at regions where graphene
remained unoxidized (pristine). The pristine regions provide cap-

illary channels that allow water to flow almost unimpeded. This
interpretation suggests clustering of water molecules and collective
diffusion. In addition, the GO interlayer distance was also found
to be important. Reduction of GO (to graphene) and subsequent
decrease of the interlayer distance resulted in the impermeability
of the membrane to water [259]. Boukhvalov et al. [263] suggested
that indeed the GO interlayer distance controls the water flow.
This was based on the formation of hexagonal ice bilayers for only
specific interlayer distances of pristine regions and the melting
transition of the ice at the edges of the GO sheets. Tuning of the GO
interlayer distance can be achieved by pressure, functionalization
and annealing [257,266]. This mechanism could account for the
observed perfect water permeation and rapid flow. However, the
presence of contiguous and linked pristine channels is low for thick
membranes [267,268].

TEM imaging of GO membranes revealed that only about 16% of
the membrane consists of pristine regions, while the rest is mainly
oxidized [267]. Moreover, these regions are expected to be ran-
domly distributed and with hardly any contiguous regions [264,269].
Because of the randomness in the distribution of oxidized and pris-
tine regions, it is unlikely that the reason behind the fast flow is
solely the capillary action. Furthermore, the interaction of water
within the pristine graphene pores with adjacent oxidized regions
can potentially reduce the flow speed [23]. Drag can also be gen-
erated by water in the pristine regions interacting via H-bonding
with water at oxidized regions [24]. Talyzin et al. [270] proposed
that fast water permeation across GO membranes is not only lim-
ited to pristine GO regions. Willcox et al. [265] addressed this
issue by performing MD to study water flow across sheets of oxi-
dized, pristine and mixed regions (GO-graphene). They found that
along with pristine regions, mixed regions show water flow sig-
nificantly greater than the oxidized regions. It was proposed that
these regions could play a significant role in water flow. In addi-
tion, defects such as wrinkles might play an important role in water
flow [202,271]. Indeed Wei et al. [24] proposed that the rapid flow is
mainly the result of porous microstructures such as wrinkles, holes
and interedge spaces. This finding provides an alternative and com-
plimentary explanation on the mechanism of the fast water perme-
ation.

Water within the corrugated GO channels has been shown to be
disordered [264]. The hydration of the GO bilayer under controlled
RH and water immersion was recently visualized with tapping mode
AFM [272]. A gradual increase of the RH from 2% to 80% led to a grad-
ual growth of the GO interlayer distance (increase of the height in the
AFM images) by about 1A, implying water intercalation. The inter-
layer distance grew by about 3 A when the GO flakes were immersed
into water. The height increase was attributed to the intrusion of a
water monolayer in between the GO sheets.

6. Influence of water on the cover material

As 2D materials are in essence all-surface, their properties
are extremely sensitive to the environment, i.e., the supporting
substrate, adsorbates and intercalates [148,273-278]. Therefore,
the adsorption or intercalation of chemical species can influence
the electronic, optical and tribological properties of 2D materials
[273,274,276,279-281].

Control over the spatial distribution and orientation of the adsor-
bates/intercalants allows tuning of the 2D material properties. To
this extent, interfacial water offers direct control of the electronic
structure of 2D materials by altering the local electronic charge, lead-
ing to a heterogeneous electronic environment. The same holds for
their tribological properties, since they are influenced by the inter-
action of the 2D material and the underlying intercalants. This can
provide a direct pathway for a variety of applications using water
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Fig. 18. Raman spectroscopy characterization of water-gated hole doping in graphene on mica. (a) AFM height image of graphene on mica obtained in the noncontact mode. (b) A
series of G and 2D band Raman spectra (solid lines) taken for graphene on mica along the arrow in c (from bottom to top). The G band of the fifth and seventh spectra in panel b
was fitted with two Lorentzian components, G~ and G* (dashed lines): the solid line through the data (circles) is the sum of the two. (c-e) Spatial Raman maps of G and 2D bands
taken for graphene on mica substrate: the G-band frequency, w;; (c); the 2D-band frequency, @, , (d); the integrated intensity ratio of 2D to G band, I, /I (e). As a representative
value for the G band frequency in panel c, the population mean < w; > was used instead of the peak frequency (w) to account for the asymmetry arising from the presence of
two components (G~ and G*1). The multilayer areas are not clearly resolved in the Raman maps since their values are out of the specified ranges. The laser excitation wavelength
for the Raman measurements was 514.5 nm. Reprinted with permission from Ref. [12]. Copyright 2012 American Chemical Society.

or other organic components to alter the properties of 2D materials,
such as nanofluidic transport, local p-n juctions and lubrication at
ambient and aqueous environments.

6.1. Electronic doping by intercalated water

Water induced hysteresis was observed in the electrical char-
acteristics of carbon nanotubes. This electrical influence was tun-
able by altering the amount of water molecules surrounding the car-
bon nanotube [282]. Several theoretical investigations have explored
the influence by simulating the effects of a water layer bound to
graphene on its electronic properties [198,283,284]. It was found
that water molecules have very little effect on the electronic struc-
ture of graphene because their dipole moments tend to be oppositely
oriented to cancel out on average [283,285]. However, macroscopic
transport measurements revealed changes in the graphene resis-
tance upon the adsorption of gas molecules [274]. For sufficiently
high water concentrations, structured water layers can form, e.g., ice-
like layers [198]. These water layers have a considerable effect on the
electronic properties of graphene, because their dipole moments are
aligned in the same direction. The magnitude of the dipole moment
of the water layer depends on the regularity and thickness of the
structured water layer.

Often, the ordering and distribution of the water molecules in the
interfacial layer are determined by the substrate. A change in the
doping level and hysteresis behavior was observed in a graphene
field effect transistor, when the SiO, substrate was coated with a
hydrophobic self-assembled monolayer [286]. As the hydrophilic

nature of the substrate was altered, it was proposed that there was
no interfacial water layer present, reducing the doping and hystere-
sis behavior within the graphene.

The first direct evidence in favor of charge doping of graphene
due to an interfacial water layer was measured and visualized with
Raman spectroscopy [12]. Raman spectroscopy is often used to deter-
mine the doping and strain within 2D materials by tracking the fre-
quencies of the G (w¢) and 2D (w,p) Raman bands [112]. A freshly
cleaved mica substrate induces hole-doping on graphene by perma-
nent charge transfer [124]. When an interfacial water film of approx-
imately 4A is present, the induced doping is effectively suppressed
[12]. The Raman spectrum is similar to that of freestanding graphene.
Absence of the H,O layer led to a clear shift of the G and 2D peaks in
the Raman spectrum indicative of p-type doping (Fig. 18a-b). The
spatial maps (Fig. 18c-e) of the Raman response show the same con-
sistent correlation between the charge doping in the graphene layer
and the absence of interfacial water.

Interfacial water layers do not only suppress the amount of dop-
ing within the graphene coating, but also induce doping [197,279].
Trapped nanometer-sized water clusters between graphene and
Au(111) induce localized electron doping in graphene (see Fig. 19)
[197]. Spatially resolved density of states maps reveal a significant
contrast at the locations where water clusters are trapped, Fig. 19a-c.
A noticeable shift in the Dirac point toward the negative sample bias
was observed when the tip moves across graphene-covered water
clusters (Fig. 19d-g). The shift increases sharply and flattens on top
of the clusters. The strength of the shift is dependent on the size of
the water cluster, indicating that the amount of doping is directly
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Fig. 19. Water clusters lead to highly localized doping in graphene. (a) STM topograph of a small region of the graphene-covered Au(111) surface. (b) dI/dV map of the same area
at a fixed bias voltage of V; =0.36V, obtained at 77 K. (c) A map of the same area for the measured energy position of the Dirac point, Ej, =eV), (left color scale) and the extracted
local charge carrier density (right color scale). (d) STS spectra along the dark blue arrow in (a), across a graphene-covered Au step where no water cluster was present. The spectra
are vertically shifted for clarity. The shift in the Dirac point was minimal, as indicated by the dark blue dotted line. (e) STS spectra along the red arrow in (a), across a large water
cluster covered by graphene. The shift in the Dirac point is tracked by the red dotted line. (f) STS spectra along the light blue arrow in (a), across a small water cluster covered by
graphene. The shift in the Dirac point is tracked by the light blue dotted line. (g) Upper panel: Height profiles along the three arrows in (a). Bottom panel: E}, along the three arrows
in (a). The values of E}, and its errors (smaller than the size of the symbols) were obtained from d-f. The corresponding local doping level is labeled on the right axis. Reprinted
with permission from Ref. [197]. Copyright 2012 American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

controlled by the size of the water cluster. In contrast, no influence
of the step edges on the Dirac point was observed.

The local density of water molecules can be controlled by chang-
ing the host substrate and the RH during the preparation process
[168,279,287]. More hydrophilic substrates were found to induce a
larger blue-shift in the frequency of the G Raman band, indicating
higher doping of the graphene. As the hydrophilic substrate hosts
more water molecules, more doping is induced on the cover, in good
agreement with the observations on Au(111) [197].

Adding or removing water has the same effect as altering the sub-
strate. A clear transition in the carrier concentration was found when
the SiO,-graphene system is emerged in water [ 160]. The recovery of
the @ peak towards freestanding graphene starts first at the edges,
where water enters the SiO,-graphene interface, and spreads into
the interior. When water completely wets the interface, no further
changes were observed, even when the sample was moved to ambi-
ent conditions.

This process was further investigated with graphene deposited
on SiO, and plasma cleaned SiO, surfaces [287]. On the SiO, surface,
a blue shift of the w; and w,p band was observed when the inter-

facial water layer was removed by annealing the substrate. In con-
trast, on the plasma etched SiO, substrate, a red-shift of the Raman
peaks was observed. The hydrophilicities of the surfaces are different
(70° and 8°, respectively) leading to a different ordering of the water
layer. It was suggested that an ordered polarized water layer can
form on a plasma etched SiO, wafer as it contains Si—OH (silanol)
end groups. The polarized layer induces p-doping due to the aligned
dipole moment of the water molecules. An untreated SiO, substrate
contains Si—0—Si (siloxane) groups and does not allow the water to
form ordered structures [288]. In the latter case, the water screens
the hole-doping from the SiO, to the graphene. This screening van-
ishes after the annealing of the sample and the subsequent removal
of the water layer (explaining the blue shift of the w; and w, Raman
peak).

Moreover, the number of H,O layers plays a crucial role in dop-
ing the graphene [119,289]. For two to three hydration layers, hole
doping is induced in the graphene, owing to the formation of a net
dipole moment in the hydration layers. This draws the graphene
electrons slightly toward the hydration layer. When the amount of
layers increases further, no noticeable dependence was observed in
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the doping level, possibly due to a hydrogen bond disorder in the
multilayer films.

Electrostatic force microscopy (EFM) has been deployed to study
the influence of intercalated water on the 2D material cover
[290-293]. For increasing graphene thickness, the influence of the
adsorbed water is screened more effectively [291,293]. EFM mea-
surements of multilayer graphene reveal an increase of the phase
shift towards the bulk constant [293,294].

Although the influence of an interfacial water layer on the
electronic properties of the 2D material coating is clearly present
[12,168,197,279], the exact order and distribution of the water
molecules within the clusters, droplets and layers are unknown. The
ultraflat nature of mica and the conformity of graphene allow for the
direct visualization not only of the interfacial water layer but also of
the K* ion, which induces local doping variations on the graphene
[124,125,295].

Nanoscopic measurements on the graphene-mica system show
local doping variations depending on the exact configuration of the
potassium ions on the mica surface. Depending on the local K* ion
concentration the mica has three distinct local surface charge envi-
ronments: positive, negative and neutral [124]. Two plateaus were
found in the topography [295]. One plateau was attributed to a water
monolayer and the other to potassium ions. Above the water, the
graphene was insulated from charge doping while p-type doping was
observed in the surrounding areas. Above potassium ion islands, n-
type doping was observed.

Lin et al. [113] demonstrated that when the monolayer of water
enters the mica-graphene slit pore, the D’ Raman peak of graphene
disappears and recurs only when the water film dewets the slit pore.
The occurrence of the D’ peak was activated by the direct contact
of the graphene with the K* ions, while the disappearance of the
same peak was caused by the intercalated water that decouples the
graphene from the mica. From the shifts of the w; and @, Raman
peak positions, it was proposed that the water monolayer reduces
doping and strain on graphene, which in the dry state is induced by
the K* ions.

A Kelvin probe microscopy study shows that it is impossible to
completely remove the first layer of water [129]. As the substrate
was heated, both water on top of the graphene as well as interfa-
cial water evaporated. This led to a change of the electronic proper-
ties of the graphene [129,296]. Water islands on top of the graphene
led to a decrease of the surface potential by 200 mV and they were
easily removed by heating the substrate to 180 °C. The intercalated
water layer was only partly removed at the edges of the single layer
graphene. Here the graphene was in direct contact with the mica and
the surface potential was increased with 0.17 eV, i.e., the graphene
coating is locally p-doped owing to charge transfer from the mica
substrate. When the substrate temperature was further increased
to 600 °C, the surface potential of the graphene dropped on areas
where water was removed as well as on areas where water was still
present. The n-type doping was induced by a change of the mica sur-
face toward an electronegative surface by a rearrangement of the
potassium ions [124] and by the creation of defects on graphene.

The stability of the first interfacial water layer at high tem-
peratures and low humidity was attributed to its crystalline form
[84,106,120,297]. dI/dV spectroscopy performed on the surround-
ing double layer of water reveals a small shift of the Dirac point of
about —50mV [106]. The double water layer has effectively no net
dipole moment due to disorder and consequently zero effect on the
electronic properties of the graphene cover [284]. In contrast to the
double water layer, the first monolayer induced a large positive shift
(+370 mV) of the Dirac point, suggesting a ferroelectric ice-like layer.
The p-type doping is a result of the dipole orientation of the 2D ice
crystal formed on the mica surface [84,297].

This doping variation on graphene between a monolayer ice and
a double water layer was visualized by C-AFM [125,126,298]. The

double water layer is substantially less conductive compared to
graphene over the crystalline ice layer, owing to the difference in
the density of states [106]. As the density of states is higher on
the doped graphene, a higher conductance was measured [125,126].
Moreover, on top of the ice layer, small variations in the conductance
were observed [125]. This difference was attributed to local varia-
tions in charge transfer induced by the presence of potassium ions.
The K* ions distribute non-uniformly on the mica surface but were
aligned with the mica lattice. A coverage of approximately 50% was
measured. Graphene above sites without K* was effectively more
conductive. This was attributed to the accumulative negative charge
from both the mica and ice.

When pressure was applied to the ice crystals, the conductivity of
the graphene layer decreases [126]. This was attributed to a pressure
induced liquid-solid phase transition of the ice layer. At places where
the ice melts into a quasi-liquid layer, the measured conductivity
drops, as a result of disorder [120]. When the pressure is lifted, the
ice crystals reform and the graphene is doped again. C-AFM images
can also show features not present in the topographic AFM image. For
instance, pinholes within the water layer were observed only in the
conductance image while no features were seen within the topog-
raphy image [298]. These pinholes were attributed to the different
tip-graphene electrical contact at specific locations which lead to dif-
ferent junction characteristics.

Besides the electronic properties of 2D materials, also the opti-
cal properties alter due to the presence of interfacial water. Using
photoluminescence (PL) imaging spectroscopy, the optical response
of transition metal dichalcogenides (TMDCs) under the influence of
interfacial water was measured [299-301]. For water-free regions of
the single layer MoS,-mica system, a strong fluorescence feature was
observed around 1.88 eV and a weaker feature around 1.96eV [300].
Both features were attributed to spin-orbit splitting of the valence
band. For regions in which the MoS, covers a water layer, the PL fea-
ture at 1.88 eV is reduced in intensity by a factor of 50 and is slightly
red-shifted to approximately 1.86eV. In addition, the peak shape
transforms from Lorentzian to Gaussian (heterogeneously broad-
ened). This quenching of the MoS, excited states was mainly asso-
ciated with trion formation [300].

Control over the spatial distribution of the intercalated water
leads to local manipulation of the electronic properties of the cover
material. Interfacial water offers a direct control of the electronic
structure by altering the electronic charge in the neighborhood of the
2D material. A rich array of specific substrate architectures can be
envisioned that could be used to tailor the 2D material’s electronic
properties to a variety of applications, such as local p-n juctions at
ambient conditions. However, complete control is still lacking as it is
difficult to make stable structures within the interfacial water layer.

6.2. Friction

2D materials are of increasing interest in tribology because of the
large reduction of friction forces leading to the thinnest solid-state
lubricant and anti-wear coating present today [302]. Together with
the relative ease of preparation, the crystalline structure and the
inertness with the environment, these materials are an ideal play-
ground for testing basic concepts in tribology and the influence of
water on the friction properties [303-305]. The underlying substrate,
and therefore interfacial water, plays an important role for the fric-
tion properties [303,306-308]. The frictional properties of 2D mate-
rials are unique, for instance, exfoliated graphene flakes on silica sub-
strates exhibit flexural deformations that strongly influence friction
via puckering effects and out-of-plane deformations [309].

Water molecules intercalated at the interface inevitably alter the
friction properties of the system. The interfacial friction of water
depends for example on the surface curvature [310], atomic struc-
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Fig. 20. a) Topography and (b) friction images at an applied force of 9.6 nN (1.8 pm x 1.8 pm) of water intercalated graphene on mica after 81 h of exposure to high RH (above 95%).
(c) Line profiles of height and friction along the A-F line in (a) and (b). (d) Plot of the friction force, normalized to the value for bare mica (=1) for zero (OW), one (1W), and two
(2W) water layers intercalated between the graphene and mica as a function of the number of graphene layers (i.e., single-layer graphene (SLG), bilayer graphene (BLG), trilayer
graphene (TLG), and multi-layer graphene (MLG)). Reprinted with permission from Ref. [316]. Copyright 2017 American Chemical Society.

ture [311] and mechanical strain [312]. Moreover, water alters the
resonant frequency of graphene oxide and the mechanical resistance
to oscillations is enhanced [313].

The exact configuration of the water layer affects the friction
properties of the coating material [126,314]. Areduction in friction is
observed when water intercalates between graphene and SiO, [121],
indicating that the water acts as a subsurface lubricant, as predicted
by theory [315]. Ripple-like structures were observed in AFM friction
images on graphene above ice crystals. The ripple-like structure is
caused by the underlying ion-distribution on the mica surface [124].

The presence of water also enables the possibility to disentangle
the excitation of atoms at the interface of the rubbing bodies and the
energy transfer process of the vibrational energy from the interface
into the bulk [316,317]. Fig. 20a and b show the shapes, heights and
friction of various regions of intercalated water between graphene
and mica [316]. The friction image shows contrast variations depend-
ing on the water and graphene layers. Clear steps were observed in
the friction profiles (Fig. 20c) in the different regions. The friction
coefficient increases with an increasing number of interfacial water
layers. The friction of graphene is sensitive to the underlying water
layers, due to two important and fundamental processes responsi-
ble for the energy dissipation in the friction process. Firstly, due to
the presence of water layers, the graphene sheet is interacting less
with the mica substrate, and therefore more vibrational modes are
available enhancing the friction. Secondly, the effective energy trans-
fer via the O—H vibrations of the water molecules toward the sub-
strate changes depending on the number of water layers and their
exact configuration [316]. For multilayer graphene, no change was
observed in the friction force as a function of the number of interfa-

cial water layers. Multilayer graphene effectively screens the water
underneath and thus has less effect on heat dissipation [316].

6.3. Nanomanipulation

The structure, formation and manipulation of water films on
surfaces play crucial role in wetting, corrosion, nanofluidics and
other phenomena. For instance, water films on mica could be per-
turbed using an AFM/STM tip [83,318,319] or ice structures can
form between an AFM tip and HOPG by applying a local pressure
[195]. Although the interfacial water layers are protected by a two-
dimensional coating, it is still possible to manipulate them. Graphene
coating allows to manipulate intercalated water layers with an STM
at room temperature [106,122]. Fig. 21a and b show an STM image
of one, two and three water layers under graphene before and after
manipulation [122]. When a negative voltage pulse was produced, a
pinhole was created which penetrated through the third and second
layer. The size of the pinholes can be partially controlled by adjusting
the electron dose and bias potential. However, the shape and non-
uniformity are random. The first water layer could not be manip-
ulated because of its crystalline structure and the strong adhesion
with the hydrophilic mica surface. During the manipulation process,
the graphene remains undamaged implying that tunneling electrons
do not interact with the graphene but directly tunnel into the water
hydrogen bond. However, the exact tunnel mechanism is not yet
clear.

A way to manipulate the first monolayer is by exposure to ele-
vated temperatures. At 100 °C, the ice crystals become coarser and
their edges smoother, indicative of edge melting [106]. Another
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Fig. 21. (a) Topographic image of the second water layer before and (b) after nanomanipulation at negative sample bias. The created pinhole is nonuniform, though it is localized
to where the tip was centered. Scanning conditions were —0.35V sample bias and 1 nA tunneling current. (c-d) A sequence of AFM topographic images (230 x 230 nm?) and in the
insets the corresponding LFM images showing the dynamic behavior of the ice fractals when there is pressure applied using an AFM tip. The applied pressures are approximately
8.5 and 9.7 GPa. (e) Schematic for the manipulation of a water nanodroplet (WN) by an AFM tip. Inset shows the sandwich structure of graphene/WN/mica. (f-g) With a multistep
translation, the disordered nanodroplets are rearranged into an ordered 3 x 3 array. The blue dotted arrow (the same below) represents the path of the tip we preset. ((a-b)
Reprinted with permission from Ref. [122]. Copyright 2012 American Chemical Society. (c-d) Reprinted with permission from Ref. [126]. Copyright 2017 American Chemical
Society. (e-g) Reprinted with permission from Ref. [320]. Copyright 2014 American Chemical Society). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

method to manipulate the first monolayer is by applying locally very
high pressures. Using an AFM tip in contact mode, water layers on
HOPG can turn into an ice-like structure by applying a pressure with
the AFM tip [195]. The same principle was used by Sotthewes et
al. [126] on the graphene-mica system. Pressures in the order of a
few GPa led to melting of the monolayer ice [126]. Fig. 21c-d shows
a sequence of AFM images recorded at different applied pressures.
Above approximately 6 GPa, a third contrast appeared within the
fractal area (the ice crystal). It appeared first at the edges (bound-
ary between the ice crystal and the double water layer) and then
spread into the interior. The emerging layer was interpreted to be
a quasi-liquid layer of water since no structure was observed (fuzzy
appearance in the friction images, insets of Fig. 21c-d). The process
was reversible, the quasi-liquid layer transformed back into an ice
layer when the applied pressure was lifted.

AFM can be used to manipulate water nanodroplets confined
between graphene and mica (see Fig. 21e-g) [320]. These water nan-
odroplets were present on an ice-like layer and were very stable; no
visible changes were observed for a duration of two months at ambi-
ent conditions. When a sufficiently high external force was applied
by the AFM tip in contact mode, the nanodroplets could be directly
moved to form regular arrays. In addition, droplet coalescence and
splitting were possible. The nanodroplets can be transported freely
to every position, as long as it takes place on top of the ice-like layer.
At the border of the ice-like layer, the nanodroplets were pinned.
Droplets of the size of yoctoliters can be created and transported
around the surface. The authors found that droplets without a 2D-
ice layer underneath could not be moved by the AFM tip. This indi-
cates that the 2D-ice layer acts as a lubricant layer. The manipula-
tion of water confined between two surfaces can act as a new route
toward nanofluidic transport for various fields including ‘lab-on-a-
chip’ technology.

Manipulation of the 2D material is also a possibility. When
the complete graphene-SiO, system was emerged in water, the

hydrophilicity of the host surface defines whether the coating mate-
rial remains on or detaches from the surface and often rapidly
scrolls [160]. When SiO, is used as the host substrate, the graphene-
water-substrate system remains intact up to several months. In
this case, the graphene sheet was completely surrounded by water.
If the confined water layer is rigid, it serves as a solid-like sub-
strate and keeps the graphene sheet in position due to Van der
Waals interaction [321]. When the SiO, surface was plasma etched,
the graphene coating immediately detached or transformed into a
scroll. If the intercalated water film is more liquid-like, the graphene
sheet is surrounded by water and it is lifted from the surface.
Since the graphene is completely surrounded by water, scrolling
is strongly favored to minimize the free energy of the system
[322]. Wrinkle formation is another phenomenum that can occur
after diffusion and evaporation of water from the graphene-SiO,
interface [158]. When the water evaporates quickly in a dry envi-
ronment, the graphene coating does not regenerate to its origi-
nal shape but instead collapses with the subsequent formation of
wrinkles. In this process, the substrate plays an important role,
as wrinkle formation was not observed for graphene on mica
[158]. This was attributed to the lower evaporation rate from the
graphene-mica interface owing to mica’s hydrophilicity and flat-
ness.

Although a lot of progress is made on the understanding of the
influence of interfacial water on the cover material, and the conse-
quence of nanomanipulation, further research is needed to obtain
a complete picture of the involved processes. For example, can
the number of interfacial layers be controlled by manipulating the
cover? And to what extent? Is the process reversible? Can interfa-
cial water be used as a lubricant in non-ambient environments? Can
we tune the structure of the interfacial water to obtain well-defined
and controlled doping levels on the 2D material cover? Is pattern-
ing of the water structure below the cover possible to fabricate novel
(opto)electronic devices? In the following section, we explore some
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of the possibilities that confined water offers toward novel applica-
tions and improvement of known concepts.

7. Applications of confined water

Perhaps one of the most promising applications of confined water
is desalination. Desalination is the process of sieving ions using
membranes. This can for example be useful for converting salt sea
water into drinkable water. 2D materials are a promising class of
membrane materials for desalination. Nanoporous graphene can for
example be used for water desalination [323-327]. The same holds
for a multi-layered stack of graphene-oxide [261,328-330]. Abraham
et al. were able to control the interlayer spacing in graphene-oxide,
thereby tuning the ion sieving [331]. In this context, the diffusion
dynamics of water through these membranes, as we show in section
5, define the membrane functionality. For a more comprehensive and
detailed review on this topic we refer to the work of Werber et al.
[332].

Another very important application is blue energy. Blue energy
is referred to the process of harvesting energy from a salinity gradi-
ent, e.g., between sea water and river water. There are two main pro-
cesses to extract energy from the salinity gradient: pressure retarded
osmosis (PRO) and reverse electrodialysis (RED). In PRO, separation
of fresh and salt water with a membrane results in an osmotic flow
which is used to move a turbine. In RED, anions and cations are sep-
arated under a concentration gradient by flowing ions along alter-
nating anion-selective and cation-selective membranes, resulting in
a net electric transport. Current harvesting techniques have a low
energy efficiency, mainly due to inefficient membranes. 2D materials
are a promising class of membrane materials [333,334]and the struc-
ture and dynamics of water confined in these 2D membranes define
its efficiency. Energy conversion densities three orders of magnitude
higher than conventional methods have been obtained [335]. For fur-
ther information on this topic we refer the reader to the work of Siria
etal. [336].

In this section, we discuss other applications of water confined
between 2D materials. We start with describing graphene nanobub-
bles, we continue with explaining how graphene liquid cells work,
followed by the introduction of capacitive sensing. After this, we
touch on the transfer of graphene facilitated by water intercalation.
We conclude this section with a description of the liquid phase exfo-
liation method.

7.1. Graphene nanobubbles

There are a variety of methods to create small encapsulated gas
volumes covered by graphene, the so-called graphene nanobubbles.
Lim et al. [337] entrapped water molecules between graphene and
diamond. Their graphene-diamond sample was heated to ~1275K
for 45 min, which is the reconstruction temperature of diamond.
The graphene then covalently binds to the diamond, resulting in
entrapment of the water molecules. The graphene-water-diamond
system is called a hydrothermal anvil cell. Graphene nanobubbles
with a density of ~8 x 101° cm~2 appeared. In situ Fourier-transform
infrared spectroscopy (FTIR) was used to confirm the presence of
water in these nanobubbles. The water between the graphene and
the diamond was found to be in a supercritical state. This super-
critical water is very corrosive and etches the diamond surface,
resulting in square-shaped voids. The graphene nanobubble has been
transformed into a hydrothermal reactor. The pressure inside these
graphene nanobubbles was estimated to be ~1GPa. In a follow-
up study, Lim et al. [338] used the graphene-diamond anvil cell to
establish high-pressure chemical reactions. With infrared (IR) spec-
troscopy they observed the polymerization of buckministerfullerene
(Cgp) in the graphene nanobubbles. This confirmed the high pressure

in the nanobubbles since this reaction is only possible under high
pressure and at high temperatures.

Kayal et al. [339] did molecular dynamics simulations on the con-
fined water system described by Lim et al. [337]. They found simi-
lar vibrational spectral features and high water relaxation times in
nanobubbles with a high water density. On the contrary, low water
relaxation times were found in low water density nanobubbles.

In the method described by Dollekamp et al. [340], confined water
was used to create hydrogen nanobubbles between graphene and
mica. They reduced confined water between graphene and mica to
hydrogen gas, which resulted in the nucleation of nanobubbles. The
authors achieved this reduction of water by placing the sample in
an electrochemical cell and applying a voltage to the graphene. The
nanobubbles had a typical radius of a few hundred nanometers and a
height of a few tens of nanometers. This resulted in pressures in the
order of a few MPa inside the bubbles. The nanobubbles grew over
time until a dynamic equilibrium was established between hydro-
gen formation in the nanobubble and hydrogen dissolution into the
confined water film. Eventually, the growth of these nanobubbles
led to the delamination of graphene. The nanobubbles preferred to
nucleate at the locations of bottom (B-type) step edges and defects.
At these locations, more water is available to promote ion transport.

A similar method was used by An et al. [341]. They reduced water
between layers of highly oriented pyrolytic graphite (HOPG). In their
work, 10mM Na,CO3 and NaCl were used as the electrolyte. The
pressures they obtained were in the range of 20-50 MPa. Gravimet-
ric hydrogen storage capacity calculations also showed that these
graphene nanobubbles have the potential to be used for hydrogen
storage. A hydrogen capacity of ~21wt % was estimated for mono-
layer graphene nanobubbles.

7.2. Graphene liquid cells

In order to study the growth dynamics of bubbles in water at
the nanoscale without perturbing the bubble-water interface, for
instance by an AFM tip, encapsulation with graphene is essential.
This was demonstrated by Shin et al. [342]. They studied in-situ
nanobubbles in water encapsulated between two graphene layers
with UHV TEM. A schematic illustration of the graphene liquid cell
is given in Fig. 22a-b and UHV-TEM images of the nanobubbles are
shown in Fig. 22c-d. The graphene encapsulation prevents the gas
dissolution into the UHV-TEM chamber since graphene is imper-
meable to gases. A critical radius of 6.3 + 0.8 nm was found for the
nanobubbles. Nanobubbles below this size dissolved into the con-
fined water within a minute. Nanobubbles above this size remained
stable for ~10 min. Two distinct growth mechanisms were observed:
Ostwald ripening and coalescence. During the Ostwald ripening, the
smaller nanobubbles shrink, while the larger grow even more. Dur-
ing the coalescence, an ultrathin water membrane appears between
two nanobubbles, which results in unhydrated gas transport. In a
follow-up study, Park et al. [343] studied this merging process in
detail. They discovered that the radius-dependent Laplace pressure
and distance-dependent gas density were important factors in deter-
mining the merging of nanobubbles. These graphene liquid cells have
already been applied, for example, to visualize platinum nanocrystal
growth at unprecedented resolution [206]. Furthermore, graphene
liquid cells can also be used to study nanocrystal-DNA nanoconju-
gates, which opens the door toward the study of biological samples
[344].

7.3. Capacitive sensing

Olson et al. [170] used a metal-oxide-graphene variable-capacitor
(varactor) structure consisting of graphene on HfO, to probe water
intercalation. When the humidity was increased, water intercalated
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A Fiat TEM grid

Trapped water droplets
between graphene layers

Fig. 22. (a-b) Schematic illustration of the graphene liquid cell. (c-d) In-situ UHV-TEM images of the confined nanobubbles between graphene. Scale bars, 10 nm. Reprinted with

permission from Ref. [342]. Copyright 2015 Nature Publishing Group.

between the graphene and HfO,, which resulted in a difference in
capacitance. This process was found to be reversible on a short time
scale. At high humidity, an n-type doping shift of the Dirac cone in
the capacitance-voltage curve was observed, which indicated water
intercalation. The authors further confirmed the water intercalation
by using pulsed force mode AFM. They observed an increased sep-
aration between graphene and HfO,. Additional DFT and MD sim-
ulations [170] validated their experimental observations. The sen-
sitivity of varactors to water intercalation could potentially lead to
graphene-based sensors.

7.4. Transferring graphene by water intercalation

Water plays an important role in the transfer process of graphene
from a growth substrate to a target substrate. In this section, we
elaborate on how confined water is used in different transfer meth-
ods. For a more comprehensive review on this topic, we refer to the
recently published work of Seah et al. [345].

Schneider et al. [346] developed a method to transfer mechan-
ically exfoliated graphene on SiO, by water intercalation, the so-
called wedging transfer technique. In their method, they brought
a hydrophobic polymer layer on top of the graphene and then
immersed the system in water. After the polymer with the graphene
detached from the SiO, due to water intercalation, it was positioned
on the target substrate. When the polymer is dissolved, the graphene
remains on top of the target substrate. A similar method was devel-
oped for MoS,, where water intercalation between MoS, and a sap-
phire substrate resulted in the detachment of a polystyrene coated
MoS, layer [347].

The bubbling transfer method is another technique to transfer
graphene [348]. In this method, electrochemical means are used
to detach graphene from a substrate. First, a substrate with CVD
graphene is coated with polymethyl methacrylate (PMMA). The
use of PMMA prevents the graphene from rolling or tearing dur-
ing the delamination process. Thereafter, the sample is immersed
in water. The water intercalates between graphene and the sub-
strate. When a negative potential is applied to the substrate, the con-
fined water is reduced to hydrogen gas. This results in the nucle-
ation of (nano)bubbles with a high internal pressure. These high-
pressure bubbles cause the graphene to delaminate from the sub-
strate. This method does not damage the graphene and is relatively
easy to implement. Wang et al. [348] demonstrated the use of this
bubbling transfer method on CVD graphene grown on a copper foil.
Fig. 23(a) shows a schematic illustration of their setup. The copper
foil is used as the negative cathode. Fig. 23(b-d) show the graphene
delamination over time. Fig. 23(d) shows the successful detachment
of the graphene/PMMA. The graphene/PMMA floats in the K,S,0g
(0.05 mM) electrolyte. This method makes the Cu etching step abun-
dant and creates high-quality graphene films. Also, the copper cata-
lyst can be reused and the process can be scaled to an industrial level.

Gao et al. [349] used a similar approach to detach CVD graphene
from a platinum foil. Compared to copper, the advantage of platinum
is its almost unlimited lifetime. Copper is namely etched away for
about 40 nm per cycle [348], making it a less sustainable material
for graphene transfer. Using platinum as the substrate, the quality
of the delaminated graphene is almost identical to the original CVD
graphene on platinum. Their experiment was performed in a NaOH
solution. The authors noticed that when using graphene as an anode,
the graphene oxidizes. The bubbling transfer method has also been
demonstrated for graphene/Ru [350] and h-BN/Pt [351,352] samples.

Gupta et al. [353] developed a method for exfoliating CVD
graphene from copper and platinum substrates by only using hot
deionized water, the so-called soak-and-peel delamination method.
In their method, hot (90°C) deionized water penetrates into the
hydrophobic graphene-hydrophilic Cu/Pt interface and induces sep-
aration. This method gives high-quality graphene with reduced dop-
ing compared to transferred graphene using an etchant or elec-
trolyte.

Verguts et al. [354] showed that water intercalation is criti-
cal to a direct graphene transfer. The authors found that graphene
delamination with the bubbling transfer method was only successful
when the sample was exposed to water priorly. Graphene delam-
ination of samples unexposed to water, directly after CVD growth,
were unsuccessful and resulted in heavy damage to the graphene.
With STM, they showed that water layers intercalate between CVD
graphene and Al,03(0001)/Pt(111) when the system is exposed to
water. An STM image of these water layers between CVD graphene
and Al,05(0001)/Pt(111 is shown in Fig. 24. Before this STM image
was taken, the sample was immersed in 50°C water for 16 h. The
water layers form a meandering pattern. With SEM and Raman spec-
troscopy the authors additionally confirmed that water intercalates
between the graphene and Al,03(0001)/Pt(111).

Dollekamp et al. [355] investigated the dynamics of confined
water between charged graphene and mica. They found that a neg-
atively charged graphene surface promotes water intercalation. On
the contrary, a positively charged graphene surface resulted in water
being expelled from of the graphene-mica slit pore. They attributed
this effect to the preferential orientations of the water molecules due
to the confinement.

In their most recent work, Verguts et al. [356] looked at the
ion intercalation between graphene and platinum. They found that
the ion intercalation and not the bubble formation is the driving
force for graphene delamination. Graphene delamination was tested
in different electrolytes. Ions which resulted in successful delam-
ination at the cathode where: Na*, K*, TMA*, and TEA*. In con-
trast, unsuccessful delamination at the cathode was observed with
Ht, NHZ, and Ce*t ions. The result can be explained by the dif-
ference in the electroreductive activity of the ions. The ions that
delaminate the graphene have a more negative E° (standard reduc-
tion potential versus the standard hydrogen electrode) value com-
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Fig. 23. (a) Schematic illustration of the electrochemical cell used for the electrochemical exfoliation. (b—-d) Consecutive optical images of the graphene/PMMA being delaminated
from the copper foil. The PMMA covered graphene eventually fully delaminates from the copper foil. Reprinted with permission from Ref. [348]. Copyright 2011 American

Chemical Society.

pared to the E9 value of water. Therefore, the ions can intercalate
between the platinum and graphene, resulting in delamination of
the graphene. The ions that not delaminate the graphene directly
reduce to gases when coming in contact with the cathode. lons
with successful delamination at the anode where: NO3, SOﬁ‘, Cl-,
and SO%‘. Unsuccessful delamination at the anode was observed
with OH™ ions. Again, the electroreductive activity of the ions is
responsible for the difference in successful delamination. When the
counter electrode was removed, and thus no current flows, the same

Fig. 24. STM image under ambient conditions of graphene on Al,0,(0001)/Pt(111).
Meandering water layers are visible. The bias voltage is 105mV and the current is
0.2 nA [354]. Copyright 2017 American Chemical Society.

successful delamination was achieved. In the situation without the
counter electrode, even NHjlr causes delamination of the graphene
since it cannot reduce to NH;(g) anymore. The authors also noticed
that delamination takes up to three orders of magnitude longer at
positively charged electrodes, compared to negatively charged elec-
trodes. This may be explained by water expelled out of the confined
space between graphene and the positively charged platinum, simi-
lar to the observations made by Dollekamp et al. [355] for water con-
fined between mica and positively charged graphene.

7.5. Liquid phase exfoliation

There are several techniques to exfoliate graphene in the liquid
phase [357]. Graphene can be exfoliated by oxidizing it with oxi-
dizing chemicals to graphene-oxide, the so-called chemical exfoli-
ation [358]. Its hydrophilicity allows water to intercalate between
the graphene-oxide layers. Ultrasonication is then applied to agitate
the layers. Afterwards, the graphene-oxide layers are reduced back to
graphene. Besides water, also ions can intercalate between 2D mate-
rials [359,360]. The intercalation increases the spacing between the
layers and thus lowers the interlayer attraction. Ultrasonication or
thermal shock [361] can then be used to agitate the layers. This pro-
cess is schematically depicted in Fig. 25(a). lons could be exchanged
in, e.g., clays, layered double hydroxides, and metal oxides [362].
These materials have counter-ions in between the layers to estab-
lish charge neutrality. The ions can then be exchanged for larger
ions. This increases the interlayer spacing which is needed to agitate
the layers with, e.g., ultrasonication or shear mixing. This process is
schematically represented in Fig. 25(b).

Hernandez et al. [363] managed to exfoliate graphene from pow-
dered graphite by means of liquid phase exfoliation. This method is
also sometimes called sonication assisted exfoliation. The authors
of reference [363] used solvents (e.g. N-methylpyrrolidone) with
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a similar surface energy as graphene, leading to solvent intercala-
tion between the layers in graphite. This intercalation results in an
increased interlayer distance and lowering of the crystal cohesion.
With ultrasonication, cavitation bubbles arise which agitate the lay-
ers. By choosing the right solvent, the layers are prevented from reag-
gregation. A monolayer yield of ~1 wt% was achieved. This process
is schematically depicted in Fig. 25(c). The method has also been
demonstrated to be successful for h-BN, TMD’s and TMO’s [364].

Su et al. [365] used electrochemistry to exfoliate graphene from
graphite. They immersed a graphite electrode in sulfuric acid and
then applied a potential to the electrode. This resulted in the inter-
calation of SOﬁ‘ ions in the graphite. Their obtained graphene sheets
have a lateral size of 30 pm and exhibit a modest conductivity with a
mobility of 17 cm?/V-s.

The influence of chemical, sonication assisted and electrochem-
ical exfoliation on the remaining graphite was studied by Xia et al.
[366]. They used AFM, Raman and X-ray diffraction to study the exfo-
liated graphene and remaining graphite. Sonication assisted exfolia-
tion resulted in the best quality flakes and minimal damage to only
the top layers of the remaining graphite. Since this method only exfo-
liates the top graphene layers, this exfoliation method is rather slow.
Chemical and electrochemical assisted exfoliation are faster exfolia-
tion methods and act in depth in the graphite. However, these meth-
ods resulted in more defects to the graphene.

8. Conclusions and outlook

The structure and dynamics of water under a two dimensional
geometric confinement are of great significance due to its impor-
tance in water flow, surface chemistry, environmental sciences and
material science in general. We have seen that the physical proper-
ties of water at an interface or in a nanopore are dramatically dif-
ferent from bulk water and strongly dependent on the fine details
of the confinement. A systematic understanding of the influence
of the confinement on this rich behavior was, until recently, poor
because of experimental limitations to access interfacial water struc-
tures. The discovery that graphene is stable in its two dimensional
form has opened new research possibilities and it has proved to be
an instrumental tool for the investigation of confined water struc-

tures. Graphene’s (and other 2D materials) remarkable mechanical
and electronic properties combined with scanning probe techniques
allow to directly visualize and measure water structures that are con-
fined between graphene/2D material and a variety of supporting sub-
strates. Information regarding the influence of the interface structure
and wettability, environmental humidity, temperature, pressure and
the presence of foreign species, on the structure and dynamics of
confined water can now be experimentally accessed in situ and in
real time with scanning probe microscopies.

Because of this, the understanding of two dimensional confined
water has advanced greatly. In this review we have summarized sev-
eral examples that underline the complexity of the structure and
dynamics of confined water. The properties of confined water are
highly sensitive to the nature of the confinement walls (mainly the
surface structure), their separation distance as well as the tempera-
ture and pressure. Room temperature scanning probe investigations
on 2D material covered water, along with non-invasive averaging
techniques and computational models have provided new insights
on the behavior and the state of confined water. Previous knowl-
edge of water adsorption on metals obtained from DFT simulations in
combination with LT STM investigations have provided a solid back-
ground and a starting point for understanding confined water. The
original assumption that water assumes an intact I;(0001) bilayer
structure [9,36] on metal surfaces has been already largely discarded
[35,37,41,42]. These studies have shown that often the presence of
the substrate is enough to destabilize the ice bilayer of natural ice in
favor of a more energetically stable structure that optimizes water-
water and water-surface interactions.

The earliest works on water between graphene and mica sug-
gested that water assumes an ice-like structure resembling that of
the Ij,-ice bilayer. However, such a structure could not account for
the observation of graphene doping. In addition, the presence of K*
ions on mica would destabilize it. Therefore, modifications of this
picture to an ice structure that follows closely the mica orientation
was soon realized. Direct and conclusive evidence of the presence
of the I,-bilayer in two dimensional material confined water is still
lacking. Similar to water adsorption on metal surfaces, other struc-
tures that optimize H-bonding seem to prevail. Recent evidence sug-
gests that the nature of confined ice is indeed very complicated, with
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experimental evidence for square ice, bilayer flat ice, and flattened
monolayers further support this claim. This holds in particular for
the remarkable observation of square ice in graphene nanocapillar-
ies.

The influence of the first adlayer/monolayer on subsequent water
adsorption has also been studied. The structure of the first monolayer
has a profound impact to additional water adsorption/intercalation
and therefore wetting of the interface. When the water molecules
tightly bound to one of the confining surfaces, multilayer water
adsorption is destabilized without the rearrangement of the H-
bonding in the first monolayer. This could in turn result in 3D
water clusters or droplets rather than multilayer growth. Similarly,
when water adsorbs in a hydrophobic confinement it was shown to
form self-closed H-bonded flat bilayers that destabilize further water
adsorption. Square ice multilayers have also been observed and have
attracted extended attention due to the observation of AA stacking
in bilayer films. Such AA stacked square ice bilayers were not theo-
retically reproducible without a considerable refinement of the used
computational models. In the case were multilayer growth is pro-
moted, the structure of subsequent layers seems to maintain the sig-
nature of the first monolayer/surface, but with an increasing degree
of disorder. An important aspect to keep in mind is that the nature
of the studied confinement should disallow growth beyond a certain
thickness, above which delamination of the 2D material cover would
occur. Confined water shows a rich variety of dynamics. The mobil-
ity of water in hydrophobic-hydrophilic confinement is reported to
be suppressed. Even though water within hydrophilic confinements
remains disordered down to temperatures much lower than the
bulk’s melting point, in subnanometer confinements it displays high
viscosity. In addition, water between graphene layers has shown to
be highly mobile and at the same time keeps its crystalline struc-
ture without any sign of melting, even under the influence of a high
energy electron beam.

However, even though experimental investigations of confined
water have bloomed and some aspects of the underlying physical
processes have become clearer, there is still uncertainty about the
local hydrogen bonding. With respect to that, direct experimen-
tal investigations are extremely difficult to explore due to limita-
tions induced by the confinement. Indirect knowledge comes from
only spectroscopic tools, such as scanning tunneling spectroscopy.
While there is a good understanding about the average structure of
confined water, the local molecular arrangement as well as water-
surface and water-water bonding and mixed OH/water are still not
clear. This is perhaps the biggest experimental challenge, since the
2D material cover makes it almost impossible the direct visualiza-
tion of the molecular arrangement and the relevant bonds. New
and novel experiments capable of probing and visualizing the local
arrangement of water molecules along with refined calculation mod-
els are essential for a breakthrough in this problem. Hexagonal boron
nitride (h-BN) may provide a solution to this experimental chal-
lenge. Covering the water structures with a 2D material with a large
band gap, like monolayer h-BN, could be instrumental. Since it can
allow for molecular imaging of the confined water by for instance
tunneling through it with an STM tip, and at the same time it can
still provide the required confinement. In addition, it is necessary
to further explore multilayer growth in nanoconfinement and fur-
ther study the role of the cover. To that extent, new investiga-
tions of confined water in between different materials are necessary.
The ‘pressure-temperature-wall separation’ phase space needs to be
expanded. Additional experiments are therefore necessary. Luckily
graphene and 2D materials allow to explore in situ water structures
at a large range of temperatures and pressures without deteriora-
tion.

We have also reviewed the influence of interfacial water on the
2D material cover. The structure of the interfacial water which plays
a significant role. In the case of a ferroelectric ice film, the cover

material is shown to be doped due to charge transfer. For disor-
dered layers, this doping is either absent or significantly less. Dis-
ordered films also have the potential to screen charge transfer from
the underlying surface. It is not difficult to envision, that direct con-
trol of the interfacial water structure could give an extra dimen-
sion in controlling locally the electronic landscape of the 2D material
cover. We have reviewed examples showing that such manipulation
is possible, e.g., tip manipulation with SPM, pressure and tempera-
ture induced modifications as well as substrate functionalization. In
addition, evaporation and intercalation of water have also shown to
induce structural and frictional changes to the cover, with the forma-
tion of wrinkles, folds and bubbles.

We have concluded this review by showing a few examples of
how confined water can be used in applications. Here, we showed
that interfacial water plays a significant role in graphene/2D mate-
rial delamination and exfoliation as well as transfer processes. More-
over, the growth of nanobubbles with high internal pressures offers
a great ‘laboratory’ for studying reactions at the molecular level. To
summarize, confined water between two dimensional materials has
already a variety of applications and new possibilities are foreseen in
the near future.

We close this review by emphasizing again the complex nature
of confined water. A complete understanding requires the proper
inclusion of hydrogen bonding and water-surface interactions in the
‘pressure-temperature-wall separation’ space. STM/AFM/TEM along
with DFT and spectroscopic techniques have provided a coherent
but still incomplete picture of confined water. The observed phase
behavior, phase transitions and dynamics of the confined water
structures underline the complexity of the governing physical mech-
anisms. It is clear that the behavior of the water molecules depends
heavily on the confinement characteristics. An all-inclusive picture
of the state of water under confinement cannot be drawn yet and
the confinement details and conditions should be considered more
deeply in future investigations. Further investigation of confined
water may reveal different local H-bonding structures, providing
additional information and improving our understanding of how
water behaves under two-dimensional confinement.
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