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The phase behavior of water is a topic of perpetual interest due to its remarkable anomalous properties
and importance to biology, material science, geoscience, nanoscience, etc. It is predicted confined water
at interface can exist in large amounts of crystalline or amorphous states. However, the experimental
evidence of coexistence of liquid water phases at interface is still insufficient. Here, a special folding
few-layers graphene film was elaborate prepared to form a hydrophobic/hydrophobic interface, which
can provide a suited platform to study the structure and properties of confined liquid water. The
real-space visualization of intercalated water layers phases at the folding interface is obtained using
advanced atomic force microscopy (AFM). The folding graphene interface displays complicated internal
interfacial characteristics. The intercalated water molecules present themselves as two phases, low-
density liquid (LDL, solid-like) and high-density liquid (HDL, liquid-like), according to their specific
mechanical properties taken in two multifrequency-AFM (MF-AFM) modes. Furthermore, the water
molecules structural evolution is demonstrated in a series of continuous MF-AFM measurements. The
work preliminary confirms the existence of two liquid phases of water in real space and will inspire
further experimental work to deeply understanding their liquid dynamics behavior.

Keywords 2D material, interfacial intercalation, coexistence of liquid water phases, multifrequency-
AFM, hydrophobic graphene interface

1 Introduction

Water is one of the most anomalous liquids, whose anoma-
lies become most evident in the supercooled state at sub-
zero temperatures. It has been postulated that water can
exist as two distinct, ultraviscous liquids in the metastable
supercooled regime, namely low- and high-density liquid
water (LDL and HDL, respectively) [1]. Furthermore, it
is hypothesized that the observed low- and high-density
amorphous ice forms (LDA and HDA, respectively) are
the glassy counterparts of the two liquid forms through
the glass-liquid transition [2–7]. On the basis of the fore-
going hypothesis and theory, optical microscopy [8] and
spectroscopy studies [1, 9] demonstrate the existence of
both low- and high-density liquid water and their transi-
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tion, but real-space visualization of these two liquid water
phases is still insufficient.

When the bulk water is confined at nanoscale, such as
nanocapillary or interface, they do have different struc-
tural forms and dynamic behaviors from that of bulk
water [10, 11]. The water layers confined between hy-
drophobic/hydrophilic interfaces under ambient condi-
tions have been extensively studied by atomic force mi-
croscopy (AFM). AFM is an ideal tool to realize charac-
terizations of both structure and local mechanical, elec-
trical and thermal properties [12–15] at nanoscale, where
MF-AFM is extremely sensitive to dissipation of sample
[16–18]. At hydrophobic/hydrophilic interfaces, water lay-
ers show the ice-like structure of one [19–24] or two puck-
ered bilayers [19–21, 25–28], whose electrical and thermal
properties have also been well studied. However, the liquid
phase of confined water still needs further investigation.
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Hydrophobic/hydrophobic interface, such as graphene/
graphene interface, can provide a platform to study the
liquid phase of confined water [29–31]. Liquid-like nan-
odroplets (10–100 nm) can be easily observed at step edges
and surface defects with the help of graphene coating.
Algara-Siller et al. [32, 33] recently demonstrated that
when water is constrained between two sheets of graphene,
it becomes a two-dimensional (2D) liquid and has an in-
triguing monolayer solid with a square pattern under van
der Waals pressure. Although several simulations [21, 34,
35] works about the water constrained at hydrophobic/
hydrophobic interface arise after that, the direct experi-
mental evidence of two liquid water phases at hydropho-
bic/hydrophobic interface still need insight investigation.

Here, a special folding few-layers graphene film was
elaborately prepared [Fig. 1(a)] to form a hydropho-
bic/hydrophobic interface, which can provide a suited
platform to study the structure of confined liquid wa-
ter. The real-space visualization of liquid phases of in-
tercalated water and their evolution at folding graphene
interface are obtained using advanced-AFM. Domains-
/boundaries-like characteristics were observed at the fold-
ing interface of graphene films in friction force microscopy
(FFM) [36], which cannot be observed in topography.
In order to realize the intercalation of water molecules,
we precool the sample with a constant temperature and
humidity equipment for several hours [Fig. 1(b)]. Then
we put the sample in a warm and high humidity con-
dition to realize the H2O intercalating the whole hy-
drophobic/hydrophobic interface for a long enough time,

as shown in Fig. 1(c). Because the amplitude (AMF) of
MF-AFM can reflect the local mechanical properties of the
sample and has subsurface detection capability [Fig. 1(d)]
[37], the internal interfacial intercalation water phases
were further visualized with two MF-AFM modes: mul-
tiharmonic AFM and dual AC AFM mode. Both the
low-density liquid (LDL, solid-like) and high-density liq-
uid (HDL, liquid-like) water phases were clearly observed
in these MF-AFM signal channels due to their specific
mechanical properties. Among the confined water films,
the dynamic structural evolution between LDL and HDL
were further illustrated in time-series MF-AFM measure-
ments. In contrast to the unobvious structural evolution
observed in the passive MF-AFM (multiharmonic) mode,
the prominent structure evolution was observed in the ac-
tive MF-AFM (dual AC) mode due to the relative strong
tip-sample interaction forces.

2 Materials and methods

The graphene flake is deposited in ambient condition
by mechanically exfoliating commercially graphite crys-
tal (HQ Graphene from Netherlands) onto the SiO2/Si
substrate using the normal scotch-tape micromechanical
cleavage method. The prepared sample has been system-
atically investigated in dry air for several days and it has
been left unchanged, which imply air molecules are hard
to be intercalated at interface.

Then, the sample was precooled at 5◦ and relative

Fig. 1 Water molecule intercalation at folding few-layers graphene sheet. (a) Bright-field optical microscope image of
the mechanically exfoliating folding few-layers graphene flake on SiO2/Si substrate. It has advantages in encapsulating water
molecules because of its mechanical strength and chemical stability [33]. (b) Side-view of folding graphene. Internal decoupling
interface between two sheets is formed. (c) Model of water molecule intercalation at the interface of folding graphene. (d) The
basic principle of MF-AFM. The amplitude (AMF) of MF-AFM can reflect the local mechanical properties (elastic modulus,
viscoelasticity and etc.) of sample and has subsurface detection capability. The different phase structures of intercalated water
layers are expected to be observed by MF-AFM.
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Fig. 2 Schematic diagrams of advanced atomic force microscopy. (a) Schematic of the multiharmonic AFM mode. Only
driving the cantilever at its first resonance mode, meanwhile recording the higher harmonic components introduced by the
nonlinearity of the tip-sample interaction forces during the conventional dynamic AFM imaging. (b) Schematic of the dual
AC AFM mode. The cantilever is simultaneously driven at two of its eigenmodes (resonant modes), and the amplitude and
phase of two eigenmodes are recorded. (c) The scanning electron microscopy (SEM) images of the original and 6th harmonic
probes. (d) The frequency response spectroscopy of the original and 6th harmonic cantilever (CL) obtained with the thermal
noise spectrum measurement.

humidity (RH) ∼5% for several hours and then placed
in moist and relatively high temperature environments.
Hence H2O molecules intercalate into the interface. In
order to realize H2O molecules intercalating the whole
hydrophobic/hydrophobic interface, the folding graphene
has been placed in the high humidity condition (relative
humidity > 90%) for several days. Furthermore, the in-
terface dewetting process would not occur when the water
intercalated folded graphene placed in a dry environment.
This provides us a platform to investigate the confined
water in hydrophobic/hydrophobic interface.

All AFM measurements were carried out on a commer-
cial AFM (MFP-3D Infinity, Asylum Research) under am-
bient environment. The FFM is performed by simply ad-
justing the fast scanning direction of AFM probe while
keeping the sample fixed. The scan angle is defined as the
relative angle between scan direction and the long axis of

the cantilever [38, 39]. Except FFM, we employ the MF-
AFM to investigate the water intercalated sample, which
is based on the excitation and/or detection of several fre-
quencies of the probe’s oscillation simultaneously. Specifi-
cally, two kinds of multi-frequency modes are employed to
study the intercalated water at interface: multiharmonic
mode and dual AC mode, which has enhanced contrast
and sensitivity for mapping conservative and dissipative
nanoscale heterogeneity [13, 40, 41]. The multiharmonic
mode is the most straightforward MF-AFM mode, shown
as Fig. 2(a). It is only driven at first resonance mode of
cantilever. Meanwhile requires the recording of the higher
harmonic components introduced by the nonlinearity of
the tip-sample interaction forces during the conventional
dynamic AFM imaging. (See details in Supplementary
Materials) In amplitude-modulation AFM, the amplitude
of higher harmonics can be expressed as [16–18]

An = S
ω0

k

√√√√(∫ T

0

Fts(d) cos(nωt)dt
)2

+

(∫ T

0

Fts(d) sin(nωt)dt
)2

, (1)

S ≈ 1

πn2
, n > 3, (2)
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where Fts represents the tip-surface force; d is the instan-
taneous tip-surface separation; ω0 is the fundamental res-
onant frequency; An is the amplitude of the n-th harmonic
with angular frequency nω and is related to elastic mod-
ules. The theoretical analysis [Eqs. (1)–(2)] shows that
the amplitude of the high harmonics decreases with the
order as ∼ 1/n2, which means the harmonic amplitude is
too weak to detect with the conventional dynamic AFM
cantilever. Therefore, the special harmonic cantilever is
designed, fabricated and used here [Figs. 2(c, d)], which
allowed the tuning of its second eigenmode coincidence
with the 6 times of the first eigenmode to increase the
signal to noise level. Hence, the harmonic amplitude ab-
breviated as A6th here.

The dual AC mode is another multi-frequency mode
that uses two eigenmode frequencies of AFM cantilever.
In this mode, the cantilever is simultaneously driven at
two of its eigenmodes (resonant modes), as shown in
Fig. 2(b). The first resonance mode of cantilever oper-
ates the same as regular amplitude modulation mode (i.e.,
tapping mode). Additionally, the second resonance mode
works without any feedback and its amplitude (A2) and
phase (P2) response are recorded. The total energy dissi-
pated per cycle Edis can be approximated as the sum of
the contribution from the two eigenmodes:

Edis ≈Edis(1) + Edis(2)

=
πk1A01A1

Q1

(
sin  ϕ1 −

A1

A01

)
+

nπk2A02A2

Q2

(
sinϕ2 −

A2

A02

)
, (3)

where Qi, ki, and A0i are the quality factor, force con-
stant, free amplitude, respectively, of the ith eigenmode.
Equation (3) links the second modal observables with non-
conservative interactions (Edis). Under the same experi-
mental conditions, the higher A2 is, the smaller dissipation
is.

The silicon AFM probes (AC240, Asylum Research)
were used in FFM and dual AC mode, which typically
have specific tip radius R ∼ 7 nm, force constant k ∼ 2.0
N/m, and the resonance frequency of first resonance mode
fr1 ∼ 76.3 kHz and second resonance mode fr2 ∼ 451.4
kHz. In multiharmonic mode, a special harmonic can-
tilever is designed, fabricated and used at here [Figs. 2(c,
d) and Fig. S1 of Supplementary Materials]. The home-
made 6th harmonic AFM probe was home-made by mod-
ified the original rectangular AFM cantilever (STG55N,
tjlvqiao) with focused ion beam (FIB).

3 Results

Figures 3(a) and (b) show the topography and friction im-
ages of the selected area of the folding few-layers graphene
flake. It is noted that the friction image shows compli-
cated internal features (i.e., curved domain boundaries),
while no apparent corresponding features are observed in
the topography image. These different internal features
are further clearly shown in the close-up friction images
[Figs. 3(d, e) and S3], which are marked in Fig. 3(c). Fig-
ure 3(f) shows the line profiles of the trace and retrace
scans along the dashed lines in Figs. 3(d) and (e) . Con-

Fig. 3 Friction force microscopy visualization of the internal folding graphene interface. (a, b) Topography and corresponding
friction images. Complicated internal interfacial characteristics are visible in the friction images, but not observed in the
topography image. Scan size: 60 µm. (c–e) The simultaneously obtained close-up (c) topography, (d) friction trace and (e)
friction retrace images. Internal interfacial “domain-/boundary-like” characteristics are highlighted in (c), which revealed in the
friction images (d, e). Scan size: 15 µm. (f) The section lines along dash lines in (d, e). A topologically visible surface step is
indicated by black marker; the topologically invisible domain boundaries and straight-line features are indicated by blue and
red markers.

23601-4 Zhi-Yue Zheng, et al., Front. Phys. 15(2), 23601 (2020)



Research article

sidering the friction force contrast dependent on thickness
(i.e., number) of 2D layers and their interface adhesion
(i.e., bonding), the features marked by the white lines in
Fig. 3(c) result from the complicated interfacial structures
of the folding interface formed during the mechanical ex-
foliation.

The above folding few-layers graphene provides an in-
terface between two hydrophobic surfaces, which is a suit-
able platform to investigate the liquid phase of water. To
control the H2O molecules intercalation into the inter-
face, the sample was firstly precooled and then detected
by AFM. Sequential AFM topography and friction images
(Fig. S4) during the intercalation process were measured.

In order to realize H2O molecules intercalating the
whole hydrophobic/hydrophobic interface, the folding
graphene has been placed in the high humidity condition
(relative humidity > 90%) for several days. It is certified
that the interface is all full of liquid or solid water, other
than air bubbles. The topography of folding graphene af-
ter water intercalation is shown in Fig. 4(a), which has no

obvious difference from the pristine sample. Considering
MF-AFM can detect the subsurface mechanical properties
and provide higher spatial resolution, we employ the MF-
AFM to investigate the water intercalated sample [16–
18, 42].

Thanks to the subsurface information obtained through
nanomechanical coupling between tip and sample, two
kinds of water phases can be distinguished obviously
through the MF-AFM detection [Fig. 4(b)]. According to
the value of AMF, the water phase which has smaller AMF
[darker contrast in Fig. 3(b)] is named as WPMF-small,
and the other one (brighter contrast) is called WPMF-large.
The water phase WPMF-small basically has separated cir-
cular or elliptical structure, which is indicated by the dark
blue marker in Fig. 4(c). Meanwhile, the water phase
WPMF-large is full of the remaining space of graphene in-
terface. Additionally, when WPMF-small gathered around
internal features [domain boundaries or steps at interface,
which are marked by the guide line in Fig. 4(c) and arrows
in Fig. 4(d)], it shows a semi ellipse-like shape (light blue

Fig. 4 Multifrequency-AFM visualization of the intercalated water structures. (a, b) The AFM topography and amplitude
of MF-AFM (AMF) of water intercalated sample taken in dual AC mode. There are two water phases coexist at interface, named
as WPMF-small and WPMF-large here according to the value of AMF. (c) The same AMF image as (b). “Domain-/boundary-like”
features at folding graphene interface which can affect the distribution of water phases are plotted in it. (d) The friction force
image, where the internal features (domain boundaries or steps at interface) are marked by red arrows. Scan size: 25 µm.
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marker). It means the distribution of these two phases
is affected by the internal interfacial structures. This also
confirms the water layers are intercalated at interface, but
not surface of sample.

Figures 5(a) and (b) are the topography and the higher
harmonic A6th images of water intercalated sample ob-
tained in multiharmonic mode. According to the above
theoretical analysis [13], the higher A6th (brighter con-
trast) is, the larger elastic modules is. The corresponding
histogram in Fig. 5(c), which is extracted from Fig. 5(b),
reveals that two kinds of water structure are coexistence
between the two hydrophobic surfaces. The larger elastic
modules areas, which corresponding to the brighter areas
in A6th image, are representative of the “solid-like” phase
of the intercalation water layers. On the contrary, the
smaller elastic modules areas (dark areas in A6th) indi-
cate “liquid-like” phase region.

Figure 5(e) shows the A2 images of the water interca-
lated sample. Histogram distribution of A2 extracted from
Fig. 5(e) are shown in Fig. 5(f). It also displays two kinds
of water structure are coexistence at the folding graphene
interface. From the above theory, the higher A2 (brighter
contrast) indicate the strong repulsive (rigid) and less dis-
sipated tip-sample forces, so the bright areas should be
the “solid-like” phase. The dark areas with lower A2 are
“liquid-like” phase considering their soft and dissipative
nature.

Generally, both experimental data of multiharmonic
mode (A6th) and dual AC mode (A2) demonstrate the
“solid-like” and “liquid-like” water phases coexist at in-

terface. The “solid-like” and “liquid-like” layer always af-
fected by the internal interfacial structures, which confirm
the water layers are intercalated at interface. On the other
hand, there are detailed structural differences between
them. The distribution rates of “solid-like” and “liquid-
like” water phases are almost same in A6th image. How-
ever, in the A2 image, the distribution rates are ∼ 60%
for “solid-like” and ∼ 40% for “liquid-like” phases. This
discrepancy results from the tip-sample interaction differ-
ence in two MF-AFM modes. Tip-sample force is weaker in
multiharmonic mode (passive MF-AFM mode) than that
in dual AC mode (active MF-AFM mode). The relative
stronger tip-sample interaction in dual AC mode also re-
sults in small round solid-like phase islands were observed
within the liquid-like phase in A2 images [indicated by
arrows in Fig. 5(e)]. Besides, the tip-sample interaction
difference further resulting in the dynamic evolution of
water phases are different in these two MF-AFM modes,
which are presented in Fig. 6.

Figures 6(a–c) show the time-series snapshots of A6th
images. No prominent but few unobvious structural
changes are observed in multiharmonic mode (passive MF-
AFM mode). We extract the coverage percentage of liquid-
like phases and plotted in Fig. 6(d). It shows the coverage
of two water phases are almost same and basically does
not change with time in the multiharmonic mode. What’s
more, the structural evolution of water layers under dual
AC mode is also studied. Both the overall and detailed
structure of solid-like and liquid-like phases changing can
clearly be seen in Figs. 6(e–g). The coverage of two liquids

Fig. 5 Coexistence of solid-like and liquid-like phases. (a, b) The topography and A6th image of water intercalated sample
in multiharmonic mode. Scan size: 30 µm. (c) Histogram distribution of A6th/elastic modules extracted from (b). Arbitrarily
units (a.u.) are used here to qualitative description A6th/elastic modules of interfacial water layer. (d, e) The topography and
A2 image of water intercalated sample taken in dual AC mode. Scan size: 15 µm. (f) Histogram distribution of A2/dissipation
extracted from (e).
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Fig. 6 Multifrequency-AFM visualization of the intercalated water phases transition. (a–c) Series of A6th images acquired
with the same time interval ∼ 7 minutes. (d) The percentage of liquid-like phase changes with time in multiharmonic mode.
(e–g) Series of A2 images acquired with the same time interval ∼ 7 minutes. (h) The percentage of liquid-like phase changes
with time in dual AC mode. Scan size: 30 µm.

phases changes obviously in the scanning process of dual
AC mode [Fig. 6(h)]. The dynamic behavior of water lay-
ers in dual AC mode (active MF-AFM mode) is distinctly
from that in multiharmonic mode, because the tip-sample
interaction forces are different in these two modes. The
phase transition here confirm the confined water layers at
the folding graphene interface is not a single phase, and
the exact structure of intercalated water will be shown in
the discussion part.

4 Discussion and conclusion

Previous theoretical studies [21, 34] had predicted numer-
ous crystalline and amorphous ice from simulations when
water is confined in two parallel flat hydrophobic plates
(such as graphene interface), which is dependent on the
vertical size of the interface (h), the vdW pressure (PvdW),
and the temperature (T ). Zhu et al. [21] have reported
a semi-quantitative phase diagram and phase transitions
of 2D water molecules constrained in graphene interface
changes with h and PvdW at room temperature. In gen-
eral, transition pressure from liquid phase to solid phase
is increasing as the increase of h. For example, the tran-
sition pressure is ∼ 600 MPa for h = 0.6 nm, while it is
increased to ∼ 2 GPa when h is 1 nm. Normally, water
constrained at graphene interface suffers van der Waals
(vdW) pressure, which can be as high as 1 GPa. It means
the liquid water layer can be confined at the folding inter-
face of graphene because the interlayer distance of folding
interface is large since the weak interlayer interaction at

the folding interface. Confined water can be viewed as a
coexistence of monolayer, bilayer, and trilayer liquid do-
mains to accommodate the inhomogeneous confinement at
the folding interface at room temperature [43].

Among the liquid phase of water, there are two different
phases which have different density, known as low-density
liquid (LDL) and high-density liquid (HDL). Considering
the fragility indices m = 14 for the low-density and m =
20–25 for the high-density liquid, LDL is a “superstrong”
liquid and HDL is less strong than LDL [44].

Combing the analysis of multiharmonic data and above
discussion, phases of liquid water have been determined
through the value of elastic modulus. The water phase
which has larger elastic modulus (solid-like phase) is LDL,
while the other (liquid-like phase) is HDL. Importantly,
the experimental evidences of A6th confirm these two
phases are both liquid water phases: first, the bound-
aries between two phases are curved lines, which are dif-
ferent from the edges of ice layer whose boundaries are
straight and tend to have hexagonal shapes. Second, the
separated liquid-like structures scattered in the solid-like
liquid, which can be attribute to the larger cohesion of
HDL comparing to LDL.

The distribution ratio of HDL and LDL obviously
changes because the relatively strong tip-sample interac-
tion (comparing to multiharmonic mode) during the dual
AC scanning, which is indicated by previous work [1, 5].
Perakis et al. gave the evidence of LDL and HDL coex-
istence and transition at low temperature ∼ 130 K, and
point to the existence of a first-order phase transition be-
tween HDL and LDL, which can exist at higher temper-

23601-7 Zhi-Yue Zheng, et al., Front. Phys. 15(2), 23601 (2020)



Research article

ature and under pressure. In our experiments, the transi-
tion between two phases is easy and locally reversible un-
der the same scanning parameters at room temperature
and high pressure (≥ PvdW). The easy phase transition
confirm these two phases are both liquid phase of water.

Here, we have preliminarily verified the LDL and HDL
phase exist and their transition at vdW interface at room
temperature in real-space experiments, by using well-
prepared folding graphene as our sample and employing
the MF-AFM to detect the interface mechanical property
of water layer. The phase transition still needs further ex-
perimental and simulation studies. We believe this work
will inspire the researchers to deeply understanding the
liquid dynamics behavior.

Electronic supplementary material Supplementary material
is available in the online version of this article at https://doi.org/
10.1007/s11467-019-0933-0 and is accessible for authorized users.
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