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Abstract

Water is one of the most essential substances for life on Earth and plays a vital

role in both natural and technological processes. Recently, there has been

growing interest in studying the behavior of water molecules in confined spaces,

particularly in low‐dimensional materials and structures. Regardless of whether it

is in the form of gas, liquid, or solid, water can interact and form interfaces with

many low‐dimensional structures. Given the current controversial understanding

of two‐dimensional (2D) ice and the increasing interplay between water/ice and

2D materials such as graphene and transition‐metal dichalcogenides, we provide

a brief overview of recent progresses on the interfaces of 2D ice and 2D van der

Waals layered materials. This review highlights their potential contributions to

the breakthroughs in tribology, membrane technology, nanofluidic, and nanode-

vice applications. Of particular interest is the recent discovery of ultrahigh

lubricity between 2D ice and 2D layered materials, as well as the ability to

modulate the surface adhesion between layers. These findings have the potential

to enable new technological advances in both electronics and various industries.

Meanwhile, this rapidly evolving field presents its own challenges, and we also

discuss future directions for exploiting the interactions between 2D ice and 2D

layered materials.

INTRODUCTION

Two‐dimensional (2D) layered materials have great significance in the

field of material science and technology due to their exceptional

properties and unique atomic structures.1–4 The ultrathin thickness of

these materials results in a high surface‐to‐volume ratio, which

provides a large area for interaction with other materials or

environments.5–7 This characteristic can enable the development

of various sensing8,9 and electrocatalytic/photoelectrocatalytic

applications.10,11 Moreover, 2D layered materials have a vast range
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of electronic, optical, and mechanical properties that can be tuned by

altering their structures and morphologies,6,12–14 making them highly

versatile for a wide range of applications like electronics, energy,

tribology, and medicine.15,16 Despite their unique properties, the

practical applications of 2D layered materials face challenges due to

high surface instability.17–19 As a result, predicting their behavior

with different interfaces and engineering their surfaces with specific

properties may prove challenging.

On the other hand, water, as an essential and fundamental

requirement for life, has captured the attention of researchers for

centuries due to its complex behaviors. In the past decade, with

the growing interest in the field of 2D materials, attention has

shifted towards the structure and properties of 2D ice,20–23 which

differ significantly from common bulky ice. In principle, a droplet

incapsulated by a solid 2D system can be transformed into 2D ice

under sufficient pressure or compression force (Figure 1a).16,25–28

Depending on confinement conditions, the thickness can be varied

from ca. 0.25 nm, equal to ultra‐flattened monolayer 2D ice,20,29,30

to a few nm (Figure 1b).16 The most well‐established hexagonal

structure of 2D ice21,31,32 (Figure 1c) consists of two planes of

water molecules, where each molecule forms three hydrogen bonds

(H bonds) with in‐plane neighboring molecules and an H bond with

molecules in the opposite plane; therefore, the layer was “inter-

locked” without any free hydrogen dangling bonds on the surface,

similar to the surface of 2D layered materials. Due to the high‐density

“interlocked” H bonds, this 2D hexagonal structure can be flattened

by itself on a planar surface and has a higher melting point33,34 than

the typical 3D (bulk) hexagonal (Ih) phase. Except for this, the

formation of other 2D ice phases like pentagonal, square, and

rhombic structures depends on pressure and temperature, which

has been predicted theoretically (Figure 1c).21,27,35–37 It is worth

noting that the superionic phase of 2D ice was expected to show

superconductive behavior at temperatures above 400 K.27,38,39

However, to date, only the hexagonal and pentagonal structures

of 2D ice on metal surfaces have been experimentally observed

(Figure 1d,e).24,32 Other 2D ice structures are unlikely to be

verified experimentally at present due to the extreme conditions

required and the difficulty in imaging atomic structures in confined

spaces.

Owing to its atomically flat and robust surface,40,41 as well as the

van der Waals (vdW) interface between layers,14,42 2D layered materials

can serve as the ideal platform to realize dimension‐confined 2D ice.

F IGURE 1 Phase transition under compression and phase structures of confined two‐dimensional (2D) ice. (a) The schematic illustrates
how a water droplet was confined under single‐layer (1L) MoS2. When an AFM probe scanned over the droplet, it enabled water‐to‐ice
transition under the compressive force. The line profile shows that the lowest point in the middle of the water droplet is about 0.25 nm, which
is equal to the 2D ice single‐layer thickness. (b) Force curves of 1L‐MoS2 on the substrate and on the water droplet. The smaller slope in
the red line corresponds to the compression stage on the liquid‐phase water encapsulated in the bump, while the high slope corresponds
to the solid 2D ice phase, almost identical to the force slope on flat MoS2 (black line). Adapted with permission.16 Copyright 2023, American
Chemical Society. (c) Different computational phase structures of 2D ice including hexagonal ice, pentagonal ice, square ice, and rhombic ice.
Adapted with permission.18 Copyright 2016, American Physical Society. (d, e) AFM images of hexagonal and pentagonal structure of
2D ice obtained on a metal surface. Adapted with permission.24 Copyright 2017, Springer Nature. AFM, atomic force microscope.
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When combining 2D ice and 2D vdW layered materials, new

phenomena emerge at the interface and unlock the potential applica-

tions of both materials. For instance, water vapor can be condensed into

hexagonal 2D ice on the hydrophobic surface of graphite and hexagonal

boron nitride (h‐BN).32,43 Humidity can also be trapped at the vdW

interface between graphene and single‐layer molybdenum disulfides

(MoS2).
34,44,45 It can accumulate as liquid droplets that are sealed

between the 2D layers25 or transform into different phases of 2D ice

through continuous or discontinuous transitions (Figure 1a).16,26,46 On

the other hand, atomically thin self‐flattened 2D ice can serve as a

supportive layer to reduce the instability of 2D layered materials,

thereby improving their intrinsic properties. In this context, recent

studies have revealed intriguing findings on confined 2D ice, such as its

ability to enhance lubricity on the surface of 2D layered materials.16

Furthermore, novel approaches have emerged for the clean transfer47

and tribological applications of 2D layered materials, leveraging the

unique properties of confined 2D ice.

LIMITATIONS IN EXISTING THEORETICAL
AND EXPERIMENTAL STUDIES

In principle, when molecules are confined to a thickness of less

than 4–6 molecular layers, a transition to a solid state can occur.

This is because the transverse density profile of the confinement

plates induces planar order to the confined molecules, resulting in

solidification. This phenomenon was initially observed in the 2D ice

confined in a mercury/water/mercury junction.48 The transition from

liquid water to 2D ice was recognized by an increase in the out‐of‐

plane elastic modulus as the confined space decreased (see

Figure 1b).16,48 Later, Zangi and Mark conducted molecular dynamics

(MD) simulations to explore the ordered structures of 2D monolayer

and bilayer ice in confined spaces.20 They observed that the

transition from water to ice was indicated by a four‐ to fivefold

reduction in the lateral diffusion coefficient of water, when the out‐

of‐plane dimension was confined to the range of 0.51–0.55 nm,

regardless of external pressure.20,49 However, these early theoretical

studies did not account for the characteristics of materials acting as

confinement walls or wall‐to‐wall interactions at the nanoscale level,

limiting their correlation with experimental studies.

Moreover, MD simulations have been developed to predict the

properties of 2D ice/water confined within specific 2D layered

materials such as graphene,50 MoS2,
33 and h‐BN.51 These simulations

have considered various external conditions and vdW interactions at

the respective interfaces. For example, water molecules confined

between two single‐layered graphene sheets can withstand an

internal pressure of approximately ~1 GPa due to the vdW force

between the layers, resulting in the formation of 2D cubic ice.50,52

Although the theoretical prediction of 2D cubic ice structure existed,

doubts were raised about whether the experimental results genuinely

represented ice confined between two monolayers of graphene.

Such suspicions were reasonable, given that the choice of water force

field models could alter the 2D ice phases obtained from MD

simulations.50,53 While introducing density functional theory (DFT) to

predict the structural relaxation and energy profile of the initial

system can improve accuracy,54–56 it comes with a trade‐off of

increased computational cost and restrictions under certain temper-

ature and pressure conditions.

Besides abundant theoretical studies, experimental studies of

confined 2D ice have been limited by the difficulty in characterizing

the dynamics of water using available equipment. Transmission

electron microscopy (TEM), for instance, has difficulties in identifying

the exact structures of confined 2D ice.52 The main challenge stems

from the fact that hydrogen atoms in water molecules are almost

undetectable by TEM or any other atomistic‐scale imaging system.

Additionally, 2D ice is extremely vulnerable to irradiation and

damaging effects from high‐energy incident beams.

An ice‐like 2D structure was also observed at the hydrophobic

graphene–MoS2 interface at room temperature using an atomic force

microscope (AFM).25,34 The 2D hexagonal structure of 2D confined

ice was evidenced by the distribution of the angles between two

adjacent island edges that showed the dominant peak at 120°.25 The

2D hexagonal ice had a maximum thickness of 0.56 ± 0.02 nm,25,34

which agreed with the critical confined space theoretically deter-

mined by Zangi and Mark.20 However, while existing studies have

established the novel structure and properties of various 2D ice

phases under certain initial conditions,54 it is not yet clear whether

the intrinsic properties of 2D layered materials, such as tribology,

chemistry, and electrochemistry, can be tuned by their interface with

confined 2D ice. In particular, the mutual effect between 2D ice

and 2D layered materials may prove to be the key in overcoming

the surface instability of 2D layered materials, unlocking potential

applications in the future.16,47,57

RECENT BREAKTHROUGHS IN THE
INTERACTIONS BETWEEN 2D CONFINED
ICE AND 2D MATERIALS

To explore the interplay between 2D ice and 2D layered materials,

attention must be paid to the formation mechanism of 2D ice within

the confinement space of 2D layered materials. Changes in the phase

or thickness of confined 2D ice can be attributed to the spacing and

vdW interaction between the layers of 2D materials. Conversely, the

unique vdW interaction can also impact the behavior of confined 2D

ice. Meanwhile, the 2D water–2D ice phase transition can either be

discontinuous (first order) or continuous (second order) depending on

the confined water density.46,58 The density of molecules is an

uncertain factor in the open system, as opposed to the finite number

of molecules in simulation work. Therefore, intercalating vapor or

liquid water into 2D layered materials may not necessarily result in

the formation of 2D ice because the density of intercalating water

molecules is difficult to control.34,44,59,60 In addition to this, 2D

layered materials exposed to humid or wet environments may also

undergo oxidation,19,57,61 hindering the true interplay between 2D

ice and 2D layered materials, particularly when characterizing their
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tribological properties. This is because oxidation or water absorption

on the surface tends to increase the overall friction of 2D layered

materials.44,57,61

Recently, our new study of Thi et al.16 demonstrated the novel

approach of 3D‐to‐2D ice transition under the confinement of 2D

layered materials at cryogenic temperatures. This approach used in

situ AFM to generate the 2D ice confined between the CVD‐grown

transition‐metal dichalcogenides (TMDCs), MoS2 in particular, and

the rigid substrate, and investigate its lubricity enhanced by the

presence of the confined 2D ice at the same time (Figure 2a).16 First,

bulky 3D ice was formed between two rigid substrates, one of which

contained CVD‐grown MoS2 (Figure 2b).16 After detaching from the

growth substrate, MoS2 remained steadily on the ice layer through

hydrogen bonds at temperatures below −20°C (Figure 2c).16 Finally,

the bulky ice was slowly sublimed, and the part covered by MoS2 was

spontaneously converted into 2D ice (Figure 2d).16 The experimental

topographic image of 2D confined ice with a thickness of ~3.8 nm

under 2D MoS2 is shown in Figure 2e.16 In comparison with previous

studies, the advantages of this new approach for the generation of

confined 2D ice under 2D layered materials can be summarized as

follows:

1. Confined 2D ice was spontaneously formed by thinning the bulky

3D ice at cryogenic temperatures and did not undergo a

liquid–solid phase transition. The 3D‐to‐2D solid phase transition

facilitated the establishment and stabilization of the structure of

confined 2D ice much more easily than the uncertain conversion

from the liquid phase.

2. The experiment was conducted at cryogenic temperatures, and

the water molecules were present in solid ice form, minimizing the

oxidation or corrosion of 2D layered materials by humidity or

water.

3. The surface of the 2D layered materials was freshly detached

from the growth substrate at cryogenic temperatures, thereby

preventing humidity absorption. Moreover, the intrinsic lubricity

of the surface was guaranteed to be affected only by the

underlying 2D confined ice.

By eliminating all extraneous factors, the pure interplay between

2D layered materials and confined 2D ice enhanced the lubricity of

the surface of the 2D layered materials. This resulted in the confined

2D ice sliding away due to the motion of the AFM probe

(Figure 3a).16 Friction force microscopy (FFM) was then used to

F IGURE 2 A new method to generate two‐dimensional (2D) confined ice. (a) Schematic illustrating the experimental setup for the in
situ AFM characterization of a 2D ice layer confined under the single layer (1L)‐MoS2. (b) The ice was formed between the growth substrate
and the target substrate. (c) The growth substrate was detached and the MoS2 remained on the ice surface. (d) The 1L‐MoS2/2D ice
layer remained on the growth substrate for characterization. (e) Topographic images of the 2D ice layer under MoS2 measured using the
noncontact mode of AFM and the zoom‐in topographic 3D image. Adapted with permission.16 Copyright 2023, American Chemical Society.
AFM, atomic force microscope; TMD, transition‐metal dichalcogenide.
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experimentally contrast the surface friction of MoS2 with and

without the underlying 2D ice (Figure 3b).16 The friction of MoS2

was reduced by approximately 30% due to the presence of 2D

confined ice as compared to bare MoS2 without the underlying 2D

ice (Figure 3c).16 This reduction was attributed to the weak binding at

the interface between MoS2‐2D ice and the 2D ice substrate. The

weak binding was associated with the absence of hydrogen bonds on

the surface of 2D ice, as predicted by the “interlocked” structure of

hexagonal 2D ice. In addition, the atomically flat 2D ice acted as a

spacing layer, effectively reducing the surface roughness and high

friction induced by the underlying substrate on MoS2.

Further, the coefficient of friction (CoF) of typical MoS2 when

paired with different materials/surfaces is summarized in Table 1. In

general, the sputtered MoS2 thin films and CVD‐grown MoS2 on SiO2

substrate have comparable CoF = 0.22.62 Meanwhile, the performance

of the MoS2 dry powder is highly unstable depending on the size

distribution of the powder and the working environment.67,68 In

particular, the MoS2 powder exposed to ambient conditions was easily

oxidized to molybdenum oxide, which has high friction61; therefore,

studies on MoS2 powder often show high CoF.63 Combining MoS2

with other materials like carbon fiber64 or SiO2 nanoparticles65 can

help to passivate the surface of MoS2 and increase the antiwear as

well, with the trade‐off of deceased intrinsic lubricity performance of

MoS2. The negative effect of oxidation and humid absorption on MoS2

can be prevented by adding an oil‐based solution. However, the oil

itself already has a low CoF ~0.1466; MoS2 merely acts as an additive

that further enhances the lubricity of the oil‐based lubricants but does

not significantly contribute to its performance. In this sense, the new

finding of the MoS2/2D ice interface is the only way that lowers the

CoF of bare MoS2 till date and is able to operate effectively

at cryogenic temperatures,16 while oil‐based lubricants are not able

to work at such low temperature condition. The highly slippery and

removable 2D confined ice can act as a sacrificial layer to increase the

antiwear performance of this composition. Therefore, the interfaces

between 2D ice and 2D layered materials should be the primary focus

in the development of alternative lubrication concepts.

It is worth noting that the new method for generating 2D ice can

be used to transfer 2D layered materials from the growth substrate to

F IGURE 3 Reduced friction by the slippery two‐dimensional (2D) ice. (a) Schematic illustrating the slippery 2D ice layer under MoS2, pushed
away by the AFM probe. (b) Friction force distribution on MoS2 with the 2D ice layer being removed by the AFM probe. Scale bar = 5 µm.
(c) Summarized friction force of the SiO2 substrate and MoS2 with/without the underlying slippery 2D ice layer. Adapted with permission.16

Copyright 2023, American Chemical Society. AFM, atomic force microscope.

TABLE 1 Tribological performance of MoS2 paired with
different materials/solutions.

MoS2‐based products Coefficient of friction

MoS2 thin film62 0.22

MoS2 powder lubricant63 0.8

MoS2–carbon fiber64 0.44

MoS2–SiO2 nanoparticles65 0.55

MoS2–diesel oil
66 0.13

Bare MoS2 on SiO2
16 0.22

MoS2/2D ice16 0.18

THI ET AL. | 5 of 9
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a clean target substrate (as shown in Figure 2a–d) without requiring

the use of polymers or chemicals, unlike other general transfer

methods.69,70 The sample prepared using this ice‐assisted transfer was

free of contaminants and perfectly preserved the intrinsic properties

of the as‐grown samples.47 Nevertheless, some small wrinkles on 2D

layered materials after transfer can be relaxed/eliminated by the self‐

flattening effect during the 3D‐to‐2D ice transition.47 The successful

detachment and transfer of 2D layered materials from a growth

substrate using ice‐assisted transfer rely on the fact that water in

contact with and absorbed to the surface of 2D layered materials at

the liquid (mobile) phase can maximize the hydrogen bonds with the

surface. During conversion into the ice phase (immobile) at subzero

temperatures, the high‐density bonding was preserved and overcame

the vdW bonding between the 2D layered materials and the growth

substrate. This enabled the 2D layered materials to remain on the ice

surface when peeled off from the growth substrate. Moreover, the

icing process induced volume expansion, which can create interfacial

strain, ultimately contributing to the delamination of 2D layered

materials from the growth substrate.47

Temperature plays an important role in this new approach of

coupling 2D ice with 2D layered materials. Ice‐assisted transfer

requires a temperature below −20°C to maintain the high‐density

hydrogen bonding at the interface so that it does not break down

during the detachment of the growth substrate (Figure 4a). Typically,

samples need to be cooled to below −30°C to ensure a high‐yield

transfer process. Further, during the conversion of 3D ice into 2D ice

under 2D materials, the surface temperature must be maintained

below −5°C to avoid the melting of the 3D ice, which could cause the

2D interface to collapse and prevent the generation of 2D ice. Using

this novel method, ultra‐clean and flat 2D layered materials were

transferred, which showed superior performance compared to samples

prepared using the common transfer method (see Figure 4b). On the

other hand, detachment at temperatures above −10°C allows the ice

to remove contaminants from the surface of 2D layered materials

without causing any damage to the sample (Figure 4a).47 This implies

that the new technique can also be adapted to enhance the common

transfer method. When adding a water droplet, the present contami-

nants on the surface of 2D layered materials were wrapped up by the

F IGURE 4 Ice‐cleaning method. (a) The temperature dependence of transfer yield shows the available working temperature range of ice
cleaning (from −5°C to −10°C) and the ice‐assisted transfer method (below −20°C). (b) Comparison of field effect mobility of monolayer MoS2
prepared by ice‐assisted transfer and the PMM‐assisted transfer method. (c) Schematic illustration of the ice‐cleaning process. (d) AFM
topographic images of graphene on a SiO2 substrate prepared using the general polymer‐assisted transfer method before and (e) after ice
cleaning to remove the polymer residue. Adapted with permission.47 Copyright 2023, John Wiley & Sons. AFM, atomic force microscope.
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water, and then peeled off together with the ice film at cryogenic

temperatures (Figure 4c).47 The ice‐cleaning process can also

effectively remove the polymer residue on 2D layered materials

transferred from general transfer methods or the lithographic process

(Figure 4d,e).47 This finding not only represents a high‐efficiency

approach to maintain the cleanliness of 2D materials during the

transfer/fabrication process but is also appliable in cleaning any flat

and sensitive surface, removing congestion in nanofluidic systems.

CHALLENGES AND FUTURE PERSPECTIVES

These new discoveries have also raised several challenges in investigating

the structure and properties of confined 2D ice. The most notable one is

that both 2D ice and 2D layered materials have ultrahigh surface

instability. In particular, 2D ice is inherently unstable due to the lack of

hydrogen bonding in the out‐of‐plane dimension, making it vulnerable to

disturbance and rearrangement into different structures by applied

disturbances or temperature fluctuations.33 Another limitation arises from

the characterization techniques. Many surface characterization tech-

niques, such as scanning tunneling microscopy (STM) and AFM, are only

applicable for the topmost surface layer and cannot directly reveal the

stacking of multiple 2D ice layers or the atomic structure of inner

layers.32,34 Other techniques, such as X‐ray scattering and neutron

scattering, have limited spatial resolution and cannot precisely determine

the in‐plane structure of confined 2D ice.71 Even with TEM, it is difficult

to detect light atoms like hydrogen, and thus it cannot distinguish water

molecules from other possible impurities.52,72 Moreover, preparation of

clean samples is also challenging. To study the intrinsic properties of the

interface between 2D layered materials and confined 2D ice, clean

samples with minimal contaminants are required. However, fabrication of

atomically clean and well‐defined surfaces in a controlled manner is

challenging.

Despite the challenges that remain, the interfaces between 2D ice

and 2D layered materials offer a promising avenue for the development

of advanced technologies. This provides a new strategy for studying

heterostructures, where the phase of inner layers can be modulated.

For example, sandwiching 2D ice layers between two identical or

different 2D materials can create tuneable interfaces with hybrid

properties by controlling the phase of confined 2D ice via external

conditions. Notably, the sliding friction between incommensurate and

commensurate surfaces can differ by ~100 times.73 Thus, combining

phase control of 2D ice with different isotropic/anisotropic 2D layered

materials can create an integrated nanomechanical system in which the

medium between two atomic layers can be modulated. The motion of

the intersystem can be either fast or immobile, depending on the

interface between the 2D ice and the sandwich layers.

The friction reduction by 2D ice also represents a new break-

through in lubricity technologies. The 2D ice can be developed as

sustainable lubricants working at low temperatures and high‐humidity

environments, which is a critical solution for outdoor traffic and

machineries in very cold winter seasons in many countries.74 Instead of

consuming energy or chemicals to remove it, the naturally existing ice

cover can be utilized to lubricate movable parts. Additionally, due to its

mobility in confined spaces, 2D ice can serve as a sacrificial layer that

reduces wear during operation. The best part is that these sacrificial

layers are pollution‐free, and can be collected and recycled with ease.

CONCLUSION

In conclusion, the current understanding of the interface between

2D ice and 2D layered materials is just the tip of the iceberg. A wide

range of mutual influences at interfaces, such as optical, ferromag-

netic, electronic, and superconductive effects, remain unexplored.

The unveiled ultrahigh lubricity at the interface of 2D ice/2D

layered materials, combined with the novel phase transition

approach for producing ultrathin 2D ice, holds great promise for

the future development of solid‐state lubricants, nanomechanics,

and nanofluidic systems that can work at low temperatures

and high‐humidity conditions. Additionally, 2D ice can be used

as a supporting layer for ultrahigh‐quality and exceptionally

clean transferred 2D flakes and continuous 2D films. Moreover,

theoretical frameworks are continually advancing to complement

experimental work and investigate the interface under critical

conditions that are currently inaccessible by measurement tech-

nologies. The future applications for 2D ice and 2D layered

materials are ever‐expanding, and the real application begins

with fundamental studies of their interface behaviors. Although

significant technical and theoretical challenges still exist, sustained

efforts are necessary to develop new experimental techniques,

improve sample preparation methods, and develop advanced

theoretical models to gain a better understanding of the interface

behaviors between 2D layered materials and confined 2D ice.

ACKNOWLEDGMENTS

The authors acknowledge the funding received from the National

Science Foundation of China (Project No. 52222218, 52272045,

52173230), The Hong Kong Research Grant Council General Research

Fund (Project No. 11312022, 11300820, 15302419), the Environment

and Conservation Fund (Project No. 69/2021), City University of Hong

Kong (Project No. 9229074, 9667223, 9678303, 7005602), the State

Key Laboratory of Marine Pollution (SKLMP) Seed Collaborative

Research Fund SKLMP/SCRF/0037, The Hong Kong Polytechnic

University (Project No. ZVH0 and SAC9), Shenzhen Science, Technology

and Innovation Commission (Project No. JCYJ20200109110213442),

and the Research Institute for Advanced Manufacturing of The Hong

Kong Polytechnic University.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

ORCID

Quoc Huy Thi https://orcid.org/0000-0002-6298-7993

Jiong Zhao https://orcid.org/0000-0002-7411-0734

Thuc Hue Ly https://orcid.org/0000-0001-7852-3811

THI ET AL. | 7 of 9

 27314375, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dro2.88 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [24/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-6298-7993
https://orcid.org/0000-0002-7411-0734
https://orcid.org/0000-0001-7852-3811


REFERENCES

1. Marian M, Berman D, Rota A, Jackson RL, Rosenkranz A. Layered 2D
nanomaterials to tailor friction and wear in machine elements—a
review. Adv Mater Interfaces. 2022;9:2101622.

2. Rosenkranz A, Righi MC, Sumant AV, Anasori B, Mochalin VN.
Perspectives of 2D MXene tribology. Adv Mater. 2022;35:

2207757.
3. Novoselov KS. Nobel lecture: graphene: materials in the flatland. Rev

Mod Phys. 2011;83:837‐849.
4. Bao W, Miao F, Chen Z, et al. Controlled ripple texturing of

suspended graphene and ultrathin graphite membranes. Nature

Nanotechnol. 2009;4:562‐566.
5. Gutiérrez HR. Two‐dimensional layered materials offering expanded

applications in flatland. ACS Appl Nano Mater. 2020;3:6134‐6139.
6. Arora HS, Polski R, Zhang Y, et al. Superconductivity in metallic

twisted bilayer graphene stabilized by WSe2. Nature. 2020;583:
379‐384.

7. Li H, Wang J, Gao S, et al. Superlubricity between MoS2 monolayers.
Adv Mater. 2017;29:1701474.

8. Song H, Zhang X, Liu Y, Su Z. Developing graphene‐based
nanohybrids for electrochemical sensing. Chem Record. 2019;19:
534‐549.

9. Yu X, Zhang W, Zhang P, Su Z. Fabrication technologies and sensing
applications of graphene‐based composite films: advances and
challenges. Biosens Bioelectron. 2017;89:72‐84.

10. Mao J, Wang Y, Zheng Z, Deng D. The rise of two‐dimensional MoS2
for catalysis. Front Phys. 2018;13:138118.

11. Yang A, Zhou G, Kong X, et al. Electrochemical generation of liquid
and solid sulfur on two‐dimensional layered materials with distinct

areal capacities. Nature Nanotechnol. 2020;15:231‐237.
12. Wyatt BC, Rosenkranz A, Anasori B. 2D MXenes: tunable mechani-

cal and tribological properties. Adv Mater. 2021;33:2007973.
13. Ho DT, Park HS, Kim SY, Schwingenschlögl U. Graphene origami

with highly tunable coefficient of thermal expansion. ACS Nano.

2020;14:8969‐8974.
14. Thomale R. Electronics tuned in twisted bilayer graphene. Nature.

2020;583:364‐365.
15. Yao J, Yang G. 2D layered material alloys: synthesis and application

in electronic and optoelectronic devices. Adv Sci. 2022;9:2103036.

16. Thi QH, Man P, Liu H, et al. Ultrahigh lubricity between two‐
dimensional ice and two‐dimensional atomic layers. Nano Lett.
2023;23:1379‐1385.

17. Zheng F, Thi QH, Wong LW, Deng Q, Ly TH, Zhao J. Critical stable
length in wrinkles of two‐dimensional materials. ACS Nano. 2020;14:

2137‐2144.
18. Pastore Carbone MG, Manikas AC, Souli I, Pavlou C, Galiotis C.

Mosaic pattern formation in exfoliated graphene by mechanical
deformation. Nat Commun. 2019;10:1572.

19. Thi QH, Kim H, Zhao J, Ly TH. Coating two‐dimensional MoS2 with
polymer creates a corrosive non‐uniform interface. NPJ 2D Mater

Appl. 2018;2:34.
20. Zangi R, Mark AE. Monolayer ice. Phys Rev Lett. 2003;91:025502.
21. Chen J, Zen A, Brandenburg JG, Alfè D, Michaelides A. Evidence for

stable square ice from quantum Monte Carlo. Phys Rev B: Condens

Matter Mater Phys. 2016;94:220102.
22. Chin HT, Klimes J, Hu IF, et al. Ferroelectric 2D ice under graphene

confinement. Nat Commun. 2021;12:6291.
23. Metya AK, Molinero V. Is ice nucleation by organic crystals

nonclassical? An assessment of the monolayer hypothesis of ice
nucleation. J Am Chem Soc. 2021;143:4607‐4624.

24. Shiotari A, Sugimoto Y. Ultrahigh‐resolution imaging of water
networks by atomic force microscopy. Nat Commun. 2017;8:14313.

25. Bampoulis P, Teernstra VJ, Lohse D, Zandvliet HJW, Poelsema B.

Hydrophobic ice confined between graphene and MoS2. J Phys

Chem C. 2016;120:27079‐27084.

26. Han S, Choi MY, Kumar P, Stanley HE. Phase transitions in confined
water nanofilms. Nat Phys. 2010;6:685‐689.

27. Kapil V, Schran C, Zen A, Chen J, Pickard CJ, Michaelides A. The
first‐principles phase diagram of monolayer nanoconfined water.

Nature. 2022;609:512‐516.
28. Jyothirmai MV, Abraham BM, Singh JK. The pressure induced phase

diagram of double‐layer ice under confinement: a first‐principles
study. Phys Chem Chem Phys. 2022;24:16647‐16654.

29. Xu Y, Xuan X, Zhang Z, Guo W. A helical monolayer ice. J Phys Chem

Lett. 2020;11:3860‐3865.
30. Qiao Z, Zhao Y, Gao YQ. Ice nucleation of confined monolayer water

conforms to classical nucleation theory. J Phys Chem Lett. 2019;10:
3115‐3121.

31. Zhang X, Xu J‐Y, Tu Y‐B, et al. Hexagonal monolayer ice without

shared edges. Phys Rev Lett. 2018;121:256001.
32. Ma R, Cao D, Zhu C, et al. Atomic imaging of the edge structure

and growth of a two‐dimensional hexagonal ice. Nature. 2020;577:
60‐63.

33. Kwac K, Kim I, Pascal TA, Goddard WA, Park HG, Jung Y. Multilayer

two‐dimensional water structure confined in MoS2. J Phys Chem C.
2017;121:16021‐16028.

34. Bampoulis P. Temperature induced dynamics of water confined
between graphene and MoS2. J Chem Phys. 2021;154:134705.

35. Corsetti F, Matthews P, Artacho E. Structural and configurational
properties of nanoconfined monolayer ice from first principles. Sci

Rep. 2016;6:18651.
36. Zhu Y, Wang F, Wu H. Structural and dynamic characteristics in

monolayer square ice. J Chem Phys. 2017;147:044706.
37. Zhao W‐H, Bai J, Yuan L‐F, Yang J, Zeng XC. Ferroelectric hexagonal

and rhombic monolayer ice phases. Chem Sci. 2014;5:1757‐1764.

38. Millot M, Coppari F, Rygg JR, et al. Nanosecond X‐ray diffraction
of shock‐compressed superionic water ice. Nature. 2019;569:

251‐255.
39. Millot M, Hamel S, Rygg JR, et al. Experimental evidence for

superionic water ice using shock compression. Nat Phys. 2018;14:
297‐302.

40. Deng B, Hou Y, Liu Y, et al. Growth of ultraflat graphene with greatly
enhanced mechanical properties. Nano Lett. 2020;20:6798‐6806.

41. Cao K, Feng S, Han Y, et al. Elastic straining of free‐standing
monolayer graphene. Nat Commun. 2020;11:284.

42. He M, Li Y, Cai J, et al. Symmetry breaking in twisted double bilayer

graphene. Nat Phys. 2021;17:26‐30.
43. Yang P, Zhang C, Sun W, et al. Robustness of bilayer hexagonal

ice against surface symmetry and corrugation. Phys Rev Lett. 2022;
129:046001.

44. Lee H, Jeong H, Suh J, et al. Nanoscale friction on confined water

layers intercalated between MoS2 flakes and silica. J Phys Chem C.
2019;123:8827‐8835.

45. Lee MJ, Choi JS, Kim J‐S, et al. Characteristics and effects of diffused
water between graphene and a SiO2 substrate. Nano Res. 2012;5:
710‐717.

46. Ma N, Zhao X, Liang X, et al. Continuous and first‐order liquid–solid
phase transitions in two‐dimensional water. J Phys Chem B. 2022;
126:8892‐8899.

47. Liu H, Thi QH, Man P, et al. Controlled adhesion of ice—toward

ultraclean 2D materials. Adv Mater. 2023;35:2210503.
48. Porter JD, Zinn‐Warner AS. Young's modulus of two‐dimensional ice

from the electrostatic compression of mercury/water/mercury
tunnel junctions. Phys Rev Lett. 1994;73:2879‐2882.

49. Zangi R, Mark AE. Bilayer ice and alternate liquid phases of confined

water. J Chem Phys. 2003;119:1694‐1700.
50. Zhu Y, Wang F, Wu H. Superheating of monolayer ice in graphene

nanocapillaries. J Chem Phys. 2017;146:134703.
51. Negi S, Carvalho A, Trushin M, Neto AHC. Edge‐driven phase

transitions in 2D ice. J Phys Chem C. 2022;126:16006‐16015.

8 of 9 | DROPLET

 27314375, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dro2.88 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [24/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



52. Algara‐Siller G, Lehtinen O, Wang FC, et al. Square ice in graphene
nanocapillaries. Nature. 2015;519:443‐445.

53. Li S, Schmidt B. Replica exchange MD simulations of two‐dimensional
water in graphene nanocapillaries: rhombic versus square structures,

proton ordering, and phase transitions. Phys Chem Chem Phys. 2019;
21:17640‐17654.

54. Jiang J, Gao Y, Zhu W, et al. First‐principles molecular dynamics
simulations of the spontaneous freezing transition of 2D water in a
nanoslit. J Am Chem Soc. 2021;143:8177‐8183.

55. Brandenburg JG, Zen A, Alfè D, Michaelides A. Interaction between
water and carbon nanostructures: how good are current density
functional approximations? J Chem Phys. 2019;151:164702.

56. Xu Y, Xuan X, Zhang Z, Guo W. A folded ice monolayer. Phys Chem
Chem Phys. 2020;22:20388‐20393.

57. Tang B, Tang C, Chen L, Xiao C, Rosenkranz A, Qian L. Nanoscopic
humidity‐dependent adhesion behaviors of 2D materials. Appl Surf
Sci. 2022;572:151394.

58. Raju M, Van Duin A, Ihme M. Phase transitions of ordered ice in
graphene nanocapillaries and carbon nanotubes. Sci Rep.

2018;8:3851.
59. Chen Z, He X, Xiao C, Kim SH. Effect of humidity on friction and

wear—a critical review. Lubricants. 2018;6:74.
60. Arif T, Colas G, Filleter T. Effect of humidity and water intercalation

on the tribological behavior of graphene and graphene oxide. ACS
Appl Mater Interfaces. 2018;10:22537‐22544.

61. Tagawa M, Yokota K, Matsumoto K, et al. Space environmental
effects on MoS2 and diamond‐like carbon lubricating films: atomic
oxygen‐induced erosion and its effect on tribological properties. Surf

Coat Technol. 2007;202:1003‐1010.
62. Vellore A, Romero Garcia S, Walters N, et al. Ni‐doped MoS2 dry film

lubricant life. Adv Mater Interfaces. 2020;7:2001109.
63. Mahathanabodee S, Palathai T, Raadnui S, Tongsri R, Sombatsompop N.

Dry sliding wear behavior of SS316L composites containing h‐BN and

MoS2 solid lubricants. Wear. 2014;316:37‐48.
64. Wang J, Gu M, Songhao B, Ge S. Investigation of the influence of

MoS2 filler on the tribological properties of carbon fiber reinforced
nylon 1010 composites. Wear. 2003;255:774‐779.

65. Xie H, Jiang B, He J, Xia X, Pan F. Lubrication performance of
MoS2 and SiO2 nanoparticles as lubricant additives in magnesium
alloy‐steel contacts. Tribol Int. 2016;93:63‐70.

66. Mousavi SB, Heris SZ, Estellé P. Experimental comparison between

ZnO and MoS2 nanoparticles as additives on performance of diesel
oil‐based nano lubricant. Sci Rep. 2020;10:5813.

67. Vazirisereshk MR, Martini A, Strubbe DA, Baykara MZ. Solid
lubrication with MoS2: a review. Lubricants. 2019;7:57.

68. Zhao X, Perry SS. The role of water in modifying friction within MoS2
sliding interfaces. ACS Appl Mater Interfaces. 2010;2:1444‐1448.

69. Li X, Zhu Y, Cai W, et al. Transfer of large‐area graphene films for
high‐performance transparent conductive electrodes. Nano Lett.
2009;9:4359‐4363.

70. Gurarslan A, Yu Y, Su L, et al. Surface‐energy‐assisted perfect

transfer of centimeter‐scale monolayer and few‐layer MoS2 films
onto arbitrary substrates. ACS Nano. 2014;8:11522‐11528.

71. Als‐Nielsen J, Jacquemain D, Kjaer K, Leveiller F, Lahav M,
Leiserowitz L. Principles and applications of grazing incidence
X‐ray and neutron scattering from ordered molecular monolayers

at the air‐water interface. Phys Rep. 1994;246:251‐313.
72. Zhou W, Yin K, Wang C, et al. The observation of square ice in

graphene questioned. Nature. 2015;528:E1‐E2.
73. Onodera T, Morita Y, Nagumo R, et al. A computational chemistry

study on friction of h‐MoS2. Part II. Friction anisotropy. J Phys Chem
B. 2010;114:15832‐15838.

74. Ly TH, Thi QH, inventors. Methods of generating a lubrication
interface, methods of enhanching lubrication of moving parts and
lubricants. U.S. patent No. 18/317,962. May 16, 2023.

How to cite this article: Thi QH, Zhao J, Ly TH. New insights

into the interactions between two‐dimensional ice and

two‐dimensional materials. Droplet. 2023;2:e88.

doi:10.1002/dro2.88

THI ET AL. | 9 of 9

 27314375, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dro2.88 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [24/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/dro2.88

	New insights into the interactions between two-dimensional ice and two-dimensional materials
	INTRODUCTION
	LIMITATIONS IN EXISTING THEORETICAL AND EXPERIMENTAL STUDIES
	RECENT BREAKTHROUGHS IN THE INTERACTIONS BETWEEN 2D CONFINED ICE AND 2D MATERIALS
	CHALLENGES AND FUTURE PERSPECTIVES
	CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES




