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Abstract

Phase Diagrams of Water Confined by Graphene and
Graphene Oxide
Zhenghan Gao

The behavior of water confined at the nanoscale plays a fundamental role in biological processes and technological applications, including protein folding, translocation of water across membranes, and water filtration and desalination processes.
Remarkably, nanoscale confinement can drastically alter the properties of water. Understanding these changes in the physical behavior of water can provide new insights
into many scientific questions and technical challenges.
This thesis focuses on phase diagrams of water confined by graphene and graphene
oxide. First, by performing Molecular Dynamic (MD) simulations, we constructed
phase diagrams of water confined by graphene, a hydrophobic smooth surface. We
found that the phase behaviors of water confined by graphene are complicated. In the
phase diagram, monolayer square ice, bilayer square ice, liquid and vapor phases were
presented. The non-monotonic cavitation pressures as a function of walls separations
was unexpected. The values of cavitation pressures significantly deviated from the
classical prediction for bulk water.
Next, I moved to water under hydrophilic confinements. The first model used was
a hydrophilic graphene-based surface where graphene C-water O interactions were
tuned to create a hydrophilic surface but maintaining the geometry of the graphene.
The phase diagram of water confined by hydrophilic graphene is presented. The

extremely high magnitude of cavitation pressures found in this analysis suggests that
energy can be converted efficiently from changes in relative humidity. Furthermore,
the oscillation of cavitation pressures as a function of walls separations is relevant
to water transportation. By randomly distributing hydroxyl groups on graphene, we
saw similar cavitation pressures in a graphene oxide (GO) model.
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Chapter 1
Introduction
1.1

Overview

Water is ubiquitous on Earth and is frequently found under spatially restricted
conditions. The behavior of water confined at nanometer dimensions can be remarkably different from the well-known behavior of bulk water [47] and has implications
in areas including biology [141, 113, 88, 133, 2, 91], engineering [26, 11, 98, 41, 66,
119, 59], chemistry [17, 24], and material science [20, 144]. For example, the transportation of water in graphitic nanoconduits is superfast [94, 62], which has inspired
applications in desalination [30, 130] and filtration [89, 71].
Confinement surfaces can be classified as hydrophobic and hydrophilic surfaces according to their affinity to water. Hydrophobic (water repellent) confinements such as
carbon nanotubes (CNTs) [66, 22, 138, 8, 77], graphene sheets [3, 52, 40, 100, 25] and
silica [107, 87] have received a great deal of attention in both experimental [3, 11, 66]
and numerical studies [17]. Confining geometries based on graphene are of particular interest due to graphene’s unusual properties, including high strength [86], optical transparency [99], and high electrical conductivity [74]. The phase behavior
of water confined by graphene sheets is very rich. Recent transmission electron microscopy studies at room temperature as well as computer simulations showed that
water confined by parallel graphene sheets can crystallize into novel structures such
as monolayer and bilayer square ice [147, 3, 25].
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On the other hand, understanding the effects of hydrophilic confinements on water
provides insights into various materials including quartz [65, 44], SiO2 [37, 110], and
biological materials [26, 32]. In particular, the emerging field of water-responsive
materials [92, 27, 149, 4, 26, 75, 101, 145] demands a better understanding of water
interacting with hydrophilic confinements. For example, bacillus spores that response
to humidity change can be used to create energy-harvesting devices [27, 26]. This
biomaterial has water-filled hydrophilic cavities at nanometer scales. The interaction
between the water molecules and the hydrophilic confinements are thought to be the
key to the response evoked by humidity change. To convert energy efficiently from
changes in relative humidty, there are two issues: (i)Cavitation Pressures: Cavitation
pressures of water under nano-confinement limit the most negative pressure that liquid
water can sustain and hence limit the work density of the material. (ii)Physical State:
Physical states of water under nano-confinement govern transport kinetics, which
affect the power density of the material. To address both issues involved, obtaining
the phase diagrams of water under nano-confinement is necessary.
Because of the experimental difficulties in probing nanoscopic solid-water-solid
interfaces, we used Molecular Dynamic (MD) simulations to obtain phase diagrams
of water confined by hydrophobic graphene and hydrophilic graphene oxide. This
chapter is an introduction to the thesis. Sec. 1.2 is a review of cavitation pressures,
including theoretical model (Classical Nucleation Theory) and experimental results.
In Sec. 1.3, I introduced the MD simulation methods used in this thesis, including the
forcefield models and numerical methods. I ended this section with an introduction
to the common water models used in MD simulations.
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Cavitation Pressure

Cavitation pressure is defined as the limiting mechanical tension of water before
cavitation occurs. In this section, I introduced the theories of cavitation pressures for
bulk water including the classical nucleation theory (CNT) and the spinodal line of
water followed by a review of experimental results.
Liquid and vapor phases of water can coexist at an equilibrium state at a well
defined pressure at temperature, Psat (T ). Outside of this pressure, one of the phases
is more stable than the other one. This metastable state will eventually return to the
equilibrium state, the stable state, and the lifetime of the metastable state decreases
as pressure goes away from the saturated pressure [57, 33].
One particularly interesting case is that the liquid is metastable compared to
vapor state. Such a state can be prepared in two ways: superheating the liquid above
its boiling temperature, or by stretching it below its saturated pressure, Psat (T ).
By using the second method, the liquid is able to reach negative pressure under
mechanical tension. As noted above, the metastable state will eventually return to
its equilibrium state and hence, stretched water nucleates to the bubble of the vapor
phase. This process is called cavitation, which is of fundamental interest for the
understanding of first-order transitions.

1.2.1

Classical Nucleation Theory

I started with the classical nucleation theory (CNT) to homogeneous nucleation,
which is the birth of a new phase due to thermal fluctuations of the system [10, 39,
148]. Classical nucleation theory helps to understand the origin of metastability and
how the metastable state will finally converge to equilibrium state. Let us consider
a liquid stretched at constant temperature (T) to a pressure (P) that is below its
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saturated pressure (Psat (T )). The equilibrium state is Psat (T ). At this metastable
state, the minimum work required to create a sphere bubble of vapor of radius R
inside the liquid is:
4
W = πR3 (P − Pvapor ) + 4πR2 σ
3

(1.1)

where Pvapor is the pressure of vapor with the same chemical potential as the liquid at
P and σ is the liquid-vapor surface tension [6]. At pressures far from the critical point,
Pvapor can be simplified to Psat . Since P is smaller than Psat , the first term is negative
and favors the vapor state. However, the second term is the energy cost associated
with the forming of an interface between liquid and vapor. Their competition results
in an maximum energy barrier for a critical bubble with a radius Rc :

Rc =

2σ
Pvapor − P

(1.2)

The corresponding energy barrier Eb is:
16π
σ3
Eb =
3 (Pvapor − P )2

(1.3)

As is known, nucleation occurs at a rate proportional to exp[−Eb /(kB T )] due to the
thermal fluctuation. When Eb becomes comparable to kB T , nucleation is likely to
happen. The corresponding nucleation rate can be expressed as:

Γ = Γ0 e−Eb /(kB T )

(1.4)

and the prefactor Γ0 is the product of the number density of nucleation sites and the
attempt frequency for nucleation[106]. It can be approximated as:
4
kB T
Γ0 ≈ ( πRc 3 )−1
3
h

(1.5)
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where h is the Planck’s constant. For an experiment performed in a volume V and
during a time τ , the cavitation probability is:

Σ = 1 − e−ΓV τ

(1.6)

Cavitation pressure is defined as the pressure when Σ reaches 1/2, which is:

Pcav = Psat − (

1
16πσ 3
1
)2
3kB T lnΓ0 V τ /ln2

(1.7)

Eq.1.7 shows cavitation pressure has a weak dependence on Γ0 V τ but a strong dependence on temperature (T). The errors from Γ0 will not affect cavitation pressure
significantly. We plot dependences of cavitation pressure on temperature and multiplication of volume and τ respectively on Fig.1.1. With orders change of V × τ ,
cavitation pressure only changes a little bit.

1.2.2

Spinodal Line

In this section, I considered specifically the spinodal line of water. Due to the special properties of water like its high surface tension, its behavior can be very different
from that of other liquids. In the space of variables identifying the thermodynamics state of the system, the boundary between metastable and unstable states is the
spinodal line, the limit of metastability of the system [124, 109]. In thermodynamics,
the Gibbs free energy is:

G(P, T ) = U + P V − T S

(1.8)

and the equilibrium state has a minimum Gibbs free energy. Thus in any small
deviation from the equilibrium state, the change in the quantity G(P,T) must be
positive, i.e.

1. Introduction

Figure 1.1: Dependences of cavitation pressure of bulk water on
(a).Temperature and (b). V × τ based on 1.7.
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δU + P δV − T δS > 0

(1.9)

Expanding δU as a function of S and V, we obtain:
∂ 2U
∂ 2U
∂ 2U
2
δSδV +
(δS) + 2
(δV )2 > 0
2
2
∂S
∂S∂V
∂V

(1.10)

To satisfy this inequality for arbitrary δS and δV , two conditions must hold

Since

∂2U
∂S 2

equals to

T
,
Cv

∂ 2U
> 0,
∂S 2

(1.11)

∂ 2U 2
∂ 2U ∂ 2U
−
(
) > 0,
∂S 2 ∂V 2
∂S∂V

(1.12)

so Eq.1.11 can be written as:
T
>0
Cv

(1.13)

where Cv > 0, specific heat at constant volume is always positive. Eq.1.12 can be
written in terms of the Jacobian:
∂[(∂U/∂S)V , (∂U/∂V )S ]
= −∂(T, P )/∂(S, V ) > 0
∂(S, V )

(1.14)

If the variables are changed to T and V, we have

∂(T, P )/∂(S, V ) =

T ∂P
(
)T < 0
Cv ∂V

(1.15)

Since Cv > 0, this is equivalent to the condition:

(

∂P
)T < 0
∂V

(1.16)
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An increase in volume at constant temperature is always accompanied with a decrease
in pressure. Any states in which these conditions are violated are unstable and cannot
exist in nature [85]. Unstable states are located on the portions of the PT (V ) isotherm
∂P
curves where the slope is positive. States for ( ∂V
)T > 0 are either thermodynamics
∂P
stable or metastable, while states for which ( ∂V
)T < 0 are unstable. The points
∂P
)T change signs are the extrema states, which these
of PT (V ) isotherms where ( ∂V

extrema states identify the limit of the region of metastable states, i.e., the spinodal
line [109].
Water is a strongly adhesive liquid and can sustain high negative pressure, which
is predicted by CNT theory. In the other words, intermolecular distance of water at
negative pressure becomes larger than the equilibrium state. But the increase of intermolecular distance cannot hold for any density, there is a critical density(ρc ) below
which the system becomes unstable. The pressure corresponding to this density is the
spinodal pressure(Ps ), at this point the compressibility diverges and long wavelength
perturbations can grow without any limit [33].
To meet

∂P
∂V

= 0 at Ps , Speedy found the simple form of the equation of states(EOS)

can be written as [123]:

P (V, T ) = Ps (T )[1 − B(

Vs (T )
− 1)2 ]
V

(1.17)

He found the lowest Ps can reach -212 MPa around 300 K. In practice, nucleation of
a metastable phase makes it almost impossible to directly measure Ps . However, Pcav
exhibits the same qualitative behavior as the spinodal Ps . And Pcav is a parameter
that we can measure directly in experiments and simulations.
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Previous Experimental Results

Experiments on water and other liquids under tension were made as early as the
17th century [72]. However, the values of the cavitation pressures measured were
widely scattered even with similar techniques. Furthermore, experimental results
were far from theoretical predictions.
(i) Berthelot-tube Techniques.
Berthelot tubes were first employed by Marcellin Berthelot in 1850 [18]. A vessel
was almost filled with water and sealed in both ends. By warming up the vessel, the
remaining bubbles were dissolved completely. From the measured dissolving temperature, the liquid density was deduced. Then, the vessel was cooled down slowly. Water
sticks to the wall and pressure decreased to negative pressure if the temperature was
low enough. They measured the temperature at which cavitation happens. Using
the EOS, the negative pressure were derived. However, the experimental results are
around -20 MPa at 300 K [55, 56, 60, 57].
(ii) Centrifugation.
Centrifugation was first used by Reynolds [114]. Centrifugation uses centrifugal
force on a high-speed tube containing water. A negative pressure is developed on the
rotation axis:
1
P = P0 − ρω 2 r2
2

(1.18)

where P0 is the pressure outside tube, ρ is the water density and r is the distance
between the center to the liquid-gas interface. The lowest negative pressure Pcav
obtained with this technique is -27.7 MPa at 283 K by Briggs with boiled distilled
water [21].
(iii) Shock Waves.
Negative pressures can be generated by suddenly stopping a tube filled with water
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that is sent upward by springs. It can also generated by reflection of a pulse at
the interface between water and a lower acoustic impedance medium like air. The
pressure was then estimated using an extrapolation of the Tait equation of the state
for water [127]. The negative pressure reached around -50 MPa [105]. This result is
larger than the negative pressures measured by the other two experimental methods.
But it is still significantly smaller than theoretical prediction.
(iv) Acoustic cavitation.
An acoustic wave can quench liquid water to negative pressure. Both standing
waves and traveling waves can achieve negative pressures, for example, using a standing wave produced by a spherical resonator. The sound amplitude at center will
cause cavitation. Gallaway found cavitation pressure can reach -0.1 MPa for distilled water saturated with air and -20 MPa for distilled water degassed to 0.02%
saturation [43, 38, 57].
(v) Mineral Inclusions.
Compared to the methods discussed above, mineral inclusion experiments show
much lower cavitation pressure results. The mineral inclusion method is based on the
similar principle of the Berthelot tube method. The difference is the ’tube’ size (10100 µm range). Crystals like quartz, calcite, and fluorite were quench fissured in pure
water at 600 − 700 K. The fractured crystals were then sealed in Ag-Pd tubes with a
known amount of ultra pure water, and autoclaved. During this process, fissured traps
were healed and water was trapped inside the pocket. The density of the trapped
water was determined by temperature and pressure. After this, heating dissolved the
remaining bubbles in the inclusion. When the sample was cooled down, liquid water
followed a isochoric path and ended up with cavitation at Pcav (T ) at Tcav . Similar to
Berthelot tube, derivation of Pcav was based on EOS of water. They extrapolate the
Haar-Gallagher-Kell(HGK) EOS to negative pressure regions [50]. The HGK EOS is
a multi-parameter EOS fitted on data measured at pressures where the liquid is sta-
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ble. Compared to Speedy EOS, HGK EOS is qualitatively similar but quantitatively
different and has the minimal spinodal around 333 K with Ps = −160 MPa. Roedder
used such microscopic inclusions and estimated the corresponding cavitation pressure
to be at least -90 MPa [? ]. Angell and his group estimated that nucleation occurred
at Pcav ≈ −140 MPa [151].
Comparing the different experimental methods, only ones taking special care
about water purity can reach low negative pressure results. With a variety of techniques, experiments results obtained were around -20 MPa at room temperature,
which are far from the theoretical value (from 120 − 140 MPa). On the other hand,
in the inclusion case, the cavitation pressures were widely distributed and reached a
significantly lower negative pressure compared to other experimental results.
Cavitation pressures of bulk water is primarily a function of temperature and is
weakly affected by the volume of water. Introducing confinements adds water-surface
interaction term to the free energy. As I will show later, capillary sizes significantly
affect the cavitation pressures of water under nano-confinement.
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Molecular Dynamics Simulations

As noted above, performing experiments at nanometer scale is challenging, I
turned to computational methods to investigate how the properties of nano-confinements
will affect negative pressures and cavitation pressures.
Our choice of the simulation method depends on the question asked and on the
feasibility of the method to yield reliable results. The time-dependent Schrodinger
equation describes the properties of molecular systems with high accuracy. However,
ab initio level technique (from first principles) can only handle the equilibrium state
of a few atoms. With higher system complexities and longer times of the processes,
approximations are necessary. Molecular modeling based entirely on a similarity
analysis of known structural and chemical data can be applied to replace ab initio
methods at a certain point.
Macroscopic properties are ensemble averages over a representative statistical ensemble of molecular systems. So the knowledge of a single structure is not sufficient,
even if it is the structure of the minimum energy. For the generation of a representative
equilibrium ensemble two methods are available: (a) Monte Carlo Simulations and
(b) Molecular Dynamics simulations. For the generation of non-equilibrium ensembles and for the analysis of dynamic events, only the Molecular Dynamics simulation
(MD) method is appropriate. While Monte Carlo simulations are simpler than MD
(since do not require the computation of forces), they do not yield significantly better
statistics than MD in a given amount of computer time. Therefore, MD is the more
universal technique and is our best choice.
Molecular Dynamics simulation were first developed in the late 1970s [97, 142],
and has advanced from hundreds of atoms to hundred-thousands of atoms. MD
simulations solve Newton’s equations of motion for the system of N atoms:

mi

∂ 2 ri
= Fi , i = 1, 2, 3...N
∂t2

(1.19)
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The forces are the negative derivatives of a potential function V (r1 , r2 , ..., rN ):

Fi = −

∂V
∂ri

(1.20)

Equations are solved in small time steps. And MD simulation programs also take
care that the temperature and pressure remain at required values. The coordinates
as a function of time is the trajectory of the system. After initial oscillations, the
system will reach an equilibrium state, and macroscopic properties can be extracted
from trajectory file.
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The Global MD Algorithm

The system topology is loaded as initial input to the simulation. The force field
included in this topology describes the interactions among atoms. These information
is static and never modified during the simulation.
Initial conditions include positions r and velocities v of atoms. Potential interaction V as a function of atom positions is calculated first. The force between nonbounded atoms are computed using 1.20 on all atoms. Adding bonded interactions
and external interactions, we get final forces on all atoms. With this information,
the potential and kinetic energies and the pressure tensor are computed. The movement of the atoms is computed by numerically solving Newton’s equations of motion.
Positions and velocities are updated according to the time step.
The leap-frog algorithm is widely used for the integration of the equations of motion [61]. The leap-frog algorithm uses positions r of atoms at time t and velocities v
of atoms at t− ∆t
; it updates positions and velocities using the forces F (t) determined
2
by the positions r at time t:

v(t +

∆t
∆t
F (t)
) = v(t −
)+
∆t
2
2
m

r(t + ∆t) = r(t) + v(t +

∆t
)∆t
2

(1.21)

(1.22)

It is equivalent to the Verlet algorithm [137]:
r(t + ∆t) = 2r(t) − r(t − ∆t) +

F (t) 2
∆t + O(∆t4 )
m

(1.23)

The algorithm is of third order in r and is time-reversible.
It is also necessary to control the temperature of the system. We introduce two
schemes: the weak coupling scheme of Berendsen and the extended ensemble Nose-
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Hoover scheme.
(i)Berendsen temperature coupling
The Berendsen thermostat is an algorithm to rescale the velocities of particles in
MD simulations to control the simulation temperature [15]. It mimics weak coupling
with an external heat bath at a given temperature T0 . The temperature of the system
is corrected such that the deviation exponentially decays with some time constant τ :
dT
T0 − T
=
dt
τ

(1.24)

which means that a temperature deviation decays exponentially with a time constant
τ . This method of coupling has the advantage that the strength of the coupling can
be varied and adapted to the user requirement. The scheme is widely used due to the
efficiency with which it relaxes a system to some target (bath) temperature.
(ii)Nose-Hoover temperature coupling
Although, Berendsen temperature coupling is extremely efficient to relax the system to the target temperature, once the system has reached the target temperature,
it is more important to probe a correct canonical ensemble. In this case, a weak
coupling scheme is not the best choice, although the difference is negligible. Here we
introduce Nose-Hoover temperature coupling which was first proposed by Nose and
later modified by Hoover [103, 64].
The Nose-Hoover thermostat is a deterministic algorithm for constant-temperature
molecular dynamics simulations. In this approach, an extra degree of freedom for heat
bath is included to the Hamiltonian, a friction term. In Hoover’s formulation, the
particles’ equations of motion 1.19 are replaced by:

mi

∂ 2 ri
∂ri
= Fi − ξ
, i = 1, 2, 3...N
2
∂t
∂t

where the equation of motion parameter ξ is:

(1.25)
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∂ξ
1
= (T − T0 )
∂t
Q

(1.26)

The desired temperature is denoted T0 , while T is the current temperature. Q determine the coupling strength.
One should keep in mind the difference between these two methods: Berendsen
temperature weak coupling gives a strongly damped exponential relaxation and NoseHoover temperature coupling produce an oscillatory relaxation. The actual time it
takes to relax with Nose-Hoover coupling is several times larger than the period of
the oscillations selected.
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Periodic Boundary Conditions

A big issue with computational method is boundary conditions. The classical way
to minimize edge effects is to use periodic boundary conditions in a finite system.
The atoms to be simulated are put into the prefixed box and copies of the system
surround the box (see Fig.1.2). In this way, there are no boundaries of the system
and the systems approximated by PBCs consist of an infinite number of unit cells.
During the simulation, only the properties of the original cell needed to be recorded
and propagated. If one wishes to simulate non-periodic systems, the periodicity causes
errors. These errors can be evaluated by comparing the results from various system
sizes. In practice, they are expected to be less severe than the errors resulting from
an unnatural boundary with a vacuum.
Gromacs, the software package used here, uses periodic boundary conditions, combined with the minimum image convention: only the nearest image of each particle
is considered for short-range interaction. For long range electrostatic interactions,
this is not always accurate and Gromacs incorporates lattice sum methods like Ewald
Sum, PME and PPPM. I included a short description of the PME method, which I
used for our simulations. The usage of the minimum image convention implies that
the cutoff radius used to truncate non-bonded interactions must not exceed half the
shortest length of the box. Otherwise, more than one image would be within the
cutoff distance of the force.
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Figure 1.2: Periodic Boundary Conditions
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Force Fields

It is beyond any doubt that the force field is the heart of the MD simulations.
Choosing the right force field will decide the forces on atoms, the time evolution of
atoms, and all their statistics.
A force field describes a non-contact force acting on various positions in space. It
is built up from two components: the sets of potential functions used to generate the
potential energies and parameters used in the functions. Combinations of these two
components forms a complete set. The potential functions can be subdivided into
three parts :
(i)Non-bonded Interactions: Lennard-Jones or Buckingham, and Coulomb or modified Coulomb. I only talked about Lennard-Jones and Coulomb interactions.
(ii)Bonded interactions: Covalent bond-stretching, angle-bending, improper-dihedrals,
and proper-dihedrals.
(iii)Special: Position restrains and distance restrains.
Non-bonded Interactions
Non-bounded interactions are pair-additive and centro-symmetric:

V (r1 , r2 , ..., rN ) =

X

Vij (rij )

(1.27)

i<j

Fi = −

X dVij (rij ) rij
j

drij

rij

(1.28)

The non-bonded interactions contain a repulsion term, a dispersion term, and a
Coulomb term. The combination of the repulsion term and dispersion term is either the Lennard-Jones interaction or the Buckingham interaction. The Coulomb
term is the interaction between charges on the atoms.
(i)Lennard-Jones Interaction:
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The Lennard-Jones potential VLJ between two atoms equals:
(6)

(12)

Cij
Cij
VLJ (rij ) = − 6 + 12
rij
rij
(6)

(12)

The parameters Cij and Cij

(1.29)

are parameters that only depends on pairs of atom

types. The force derived from this equation is:
(6)

Fi (ri j) = (−6

(12)

Cij
Cij (r)ij
+ 12 12 )
6
rij
rij
rij

(1.30)

The LJ potential may also be written in the following form:

Fi (ri j) = 4ij ((

σij 12
σij
) − ( )6 )
rij
rij

(1.31)

where the parameters can be described as :
1
σij = (σii + σjj )
2

(1.32)

ij = (ii jj )1/2

(1.33)

(ii)Coulomb Interaction:
The Coulomb interaction between two charge particles is given by:
Vc (rij ) =

1 qi qj
4π0 r rij

(1.34)

Bonded Interactions
Bonded interactions are based on a fixed list of atoms as an input file. There are bond
stretching (2 atoms), bond angle (3 atoms), and dihedral angle (4 atoms) interactions.
The bond stretching between two covalently bonded atoms i and j is represented by
a harmonic potential.
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1
Vb (rij ) = kij (rij − bij )2
2

(1.35)

The bond angle vibration between a triplet of atoms i-j-k is also represented by a
harmonic potential on the angle θijk :
1 θ
0 2
Va (θijk ) = kijk
(θijk − θijk
)
2

(1.36)

Particle-mesh Ewald Method
Particle-mesh Ewald (PME) is a method proposed by Tom Darden to improve the
performance of the reciprocal sum. Ewald summation was developed as a method in
theoretical physics, long before the creation of computers. And PME is widely used
since the 1970s in computer simulations. Ewald summation rewrites the interaction
potential as the sum of two terms:

ϕ(r) = ϕsr (r) + ϕlr (r)

(1.37)

where ϕsr represents short range term whose sum quickly converges in real space
and ϕlr represents long range term whose sum quickly converges in Fourier space.
The method assumes that the short-range part can be summed easily. Hence, the
problem becomes the summation of the long-range term. This method implicitly
assumes the use of periodic conditions. The long-range interaction energy is the sum
of interaction energies between the charges of a central unit cell and all the charges of
the lattice. Hence, it can be represented as a double integral over two charge density
fields representing the fields of the unit cell and the crystal lattice.
In the PME method, the basic idea of particle mesh Ewald summation is to
replace the direct summation of interaction energies between point particles with two
summations :
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ET OT = Esr + Elr

(1.38)

Esr is the short-ranged potential in real space and Elr is a summation in Fourier space
of the long range part :

Esr =

X

ϕsr (rj − ri )

(1.39)

Φlr (k)|ρ(k)|2

(1.40)

i,j

Elr =

X
k

where Φlr (k) and ρ(k) represents the Fourier transforms of the potential and the
charge density. In Gromacs, the charges are assigned to a grid space using cardinal Bspline interpolation. This grid is then Fourier transformed with a 3D FFT algorithm
and the reciprocal energy term obtained by summing over the k space. The potential
on the grid points is calculated with inverse transformation and by using interpolation,
we get the force on each atom.
For all the simulations I performed, I used extended simple point charge water
model (SPCE). For different surfaces models, I used different force fields. In Chapter.2, we described the force field used for the graphene surface in Method section.
In Chapter.3, you will find these informations in Result section.
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Water Models

Water models are determined with quantum mechanics, molecular mechanics and
experimental results. Molecular interactions and the statistical ordering they produce
under different external conditions produce the observable properties we see. Water
exhibits many anomalous properties including phase anomalies, density anomalies
and thermodynamic anomalies due to the molecular interactions. To explain these
anomalies, many types of models have been developed. In general, these models can
be classified in three ways : (i) the number of interaction sites, (ii) whether the model
is rigid or flexible , and (iii) whether the model includes polarization effects.
Water was first studied using classical statistical mechanics in conjunction with a
simple rigid non-polarizable model to describe the water interactions [9, 112, 12, 128].
After that, a large number of water models have been proposed. We will give a brief
introduction to rigid non-polarizable water models. Rigid non-polarizable models can
be classified into three families, models with three interaction sites, models with four
interaction sites and models with five interaction sites. Regardless of the number of
interaction sites, it is always the case that the only Lennard-Jones interaction site is
located on the position of the oxygen atom. The difference among the three-, fourand five-site models is the charge distribution inside the molecule.
Three-Site Models
Commonly used three-site models are the extended simple point charge model (SPCE) [13]
and transferable intermolecular potential with three points (TIP3P) [70] models. In
these models, a partial negative charge is assigned to the oxygen atom and the positive charge is placed on the positions of hydrogen atoms. For the case of the TIP3P
model, the two parameters of LJ interaction were chosen to reproduce the density
of water at room temperature and pressure and the vaporization enthalpy at room
temperature. The TIP3P model is the most popular model of water especially in
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biological systems.
The SPCE model is the second three-site model considered. It has a good reputation for performing water simulations. Compared to the TIP3P model, there are
two major differences. First, SPCE uses different geometrical parameters, a 1Å bond
length and a 109.5◦ bond angle instead of 0.9578Å and 105.46◦ , which is the experimental geometry of the water molecule in the gas phase. However, the main difference
between these two models to account for different water properties is the way the LJ
parameters were obtained. For the SPCE model, the parameters are obtained to preserve the liquid density at room temperature and pressure just like the TIP3P model.
However, the SPCE model is also required to reproduce the experimental value of the
vaporization enthalpy of water when corrected by a self-polarization correction which
accounts for the fact that the dipole moment of the water molecular in the gas phase
is different from that in the liquid phase.
Four-Site Models
The transferable intermolecular potential with 4 points (TIP4P) and TIP4P/2005
models are introduced here. Both of these models put the negative charge on the
position of oxygen atom and positive charges on the H-O-H bisector. This charge
distribution was firstly proposed by Bernal and Fowler in 1933 [16]. It is also used
frequently when fitting the potential energy surface (PES) from first principles studies
to empirical expressions [35, 84]. The TIP4P was proposed by Jorgensen et al. in
1983 together with the TIP3P model [70]. The TIP4P and TIP3P models are targeted to reproduce the same experimental results. The only difference is their charge
distribution on the water molecules. The other four-site model is TIP4P/2005, which
is proposed in 2005 [1]. These two models share the same molecular geometry. The
main difference is the targeted experimental properties used. The parameters of
TIP4P/2005 are used to reproduce the room pressure isobar densities not just the

1. Introduction

25

density at room temperature.
Five-Site Models
The final model considered is a five-site model, TIP5P, which was proposed by Mahoney and Jorgensen in 2000 [93]. Similarly, the negative charge is placed on the
position of oxygen atom. Positive charges are positioned on two hydrogens and the
positions of the lone pair electrons, which is based on the ST2 model proposed by
Rahman and Stillinger [128]. Both of these two models used the presence of sp3
hybrids and lone pair electrons in water [104].
Among all these water models, which model is best? Actually, there have been
studies evaluating the performances of different models. One of them used a test
including 17 properties of water from vapor, liquid and solid phases [136] and they
evaluated the agreement quantitatively from 0 (bad agreement) to 10 (good agreement). TIP3P, TIP5P, TIP4P, SPCE and TIP4P/2005, obtaining an average score of
2.7, 3.7, 4.7, 5.1, and 7.2 respectively. However, no model can reproduce all properties
perfectly and for different properties, some models performed better.
In my simulations, I chose the SPCE model. The SPCE model is a three-site
model that can reasonably reproduce experimental results. Besides, the results I got
could be compared with previous results from other simulations using SPCE model.
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Chapter 2
Phase Diagram of Water Confined by
Graphene
2.1

Overview

Using molecular dynamics simulations, we determine the phase diagram of water
confined by graphene sheets in slab geometry, at T = 300 K and for a wide range
of pressures. We find that, depending on the confining dimension D and density
σ, water can exist in the liquid and vapor phases, or crystallize into monolayer and
bilayer square ices, as observed in experiments. Interestingly, depending on D and
σ, the crystal-liquid transformation could be a first-order-like phase transition, or
smooth, reminiscent of a supercritical liquid-gas transformation. We also focus on
the limit of stability of the liquid relative to the vapor and obtain water’s cavitation
pressure perpendicular to the graphene sheets, P⊥cav , as a function of D. Surprisingly,
P⊥cav varies non-monotonically with increasing D, covering a range of ∼500 MPa
(0.85 < D < 1.35 nm), and exhibits a maximum at D ≈ 0.90 nm (equivalent to three
water layers in length). The effect of nanoconfinement on the cavitation pressure can
have an impact on water transport in technological and biological systems. Our study
emphasizes the rich and apparently unpredictable phase behavior of nanoconfined
water, which is complex even for the case of graphene, perhaps the simplest and
smoothest surface one can think of.
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Introduction

Numerous theoretical and computational studies, including density functional theory and molecular dynamics(MD) simulation, have provided considerable insights into
the structure, thermodynamic, and dynamical properties of water confined within
nanocapillaries [29, 25, 3, 52, 77, 110]. Common confining model surfaces include
detailed realistic surfaces, such as carbon nanotubes (CNTs) [66, 22, 138, 8, 77],
graphene sheets [3, 52, 40, 100, 25], SiO2 [37, 110], and M oS2 nanopores [36, 54],
which have potential applications in water desalination and purification [31, 54], as
well as model surfaces, such as unstructured smooth confining walls [80, 52, 150].
These and other studies show that the unique properties of nanoconfined water depend strongly on the confining geometry and dimensions [8], and characteristics of
the confining surfaces, such as chemistry [46], structure [110], and curvature [51].
Unfortunately, at present, water’s behavior at the nanoscale is rather unpredictable
and results from one study, based on a specific confined system, are not necessarily
transferable to other confined systems.
Confining geometries based on graphene are of particular interest due to graphene’s
unusual properties, including high strength [86], optical transparency [99], and high
electrical conductivity [74]. In this regard, we note that water’s unusual behavior in
contact with or confined by graphene can largely affect graphene’s properties. In the
context of confined water, graphene is unique because of its atomically smooth and
uniform structure; graphene is perhaps one of the simplest confining surfaces that one
could use to study confined water. Numerous experimental and computer simulations
studies of water confined within carbon nanotubes are available [81, 66, 77, 5, 95].
These studies show that confinement can induce vaporization of water at unexpected
low temperatures, or induce ice formation into novel structures, such as tubular square
and hexagonal ices [47, 77]. Similarly, the phase behavior of water confined by
graphene sheets is very rich. Recent transmission electron microscopy studies at
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room temperature and computer simulations show that water confined by parallel
graphene sheets can crystallize into novel structures such as monolayer and bilayer
square ice [147, 3, 25].
At present, a full exploration of the phase diagram of water confined by graphene
sheets is not available. A first principle computational study shows a complex ice
phase diagram that includes a monolayer ice [25]. However, this study was conducted
only at T = 0 K. Recent MD simulations of water confined by graphene sheets
explored the phase diagram of water at 100 K< T < 400 K and pressures in the
range 0.1 − 5 GPa [154]. This study finds the formation of monolayer square ice
and bilayer triangular AA stacking ice, depending on pressure. However, this work is
limited to the case of graphene sheets separation D = 0.9 nm. Another recent study
included the effects of varying D, at constant temperature, though the range was
narrow (0.65 nm< D < 0.75 nm) and lateral pressures were high (> 500 MPa) [153].
In this work, in order to improve our understanding of nanoconfined water, we
study systematically the phase diagram of water confined by two parallel graphene
sheets. A complete phase diagram of water under these conditions could be characterized in terms of the separation between sheets D, temperature T, number of water
molecules N, and walls surface area A. A complete 4D phase diagram is very complex
and difficult to analyze and hence, we limit ourselves to the case T = 300 K. We
explore graphene sheets separations D = 0.6 − 1.5 nm and wide range of densities
that encompass the liquid and vapor states as well as crystallization (into a monolayer
and bilayer square ices). We pay particular attention to the behavior of nanoconfined
water under tension, which has been mostly overlooked. Due to the strong surface
tension of water, bulk water can withstand very negative pressures (approximately
−100 MPa at T = 300 K), in agreement with estimations based on Classical Nucleation Theory (CNT) [23, 33]. Interestingly, we find that the cavitation pressure of
water confined by graphene is highly sensitive to the confining dimension and varies
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non-linearly with D, covering a range of ∼500 MPa (0.85 < D < 1.35 nm). We confirm that the phase diagram we obtain is qualitatively unchanged if we alter water
carbon interactions (corresponding to water contact angles in the range 90 − 110◦ )
and confirm that our phase diagram is independent of the methodology employed, as
expected.
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Methods

We performed extensive molecular dynamics (MD) simulations of a system composed of N water molecules confined between two graphene plates in slab geometry
Fig.2.1a. The walls are located perpendicular to the z-axis, at z = ±D/2 where D
is the capillary size. Periodic boundary conditions are applied along the x and y
directions and hence, the confined volume is effectively infinite along the directions
parallel to the walls. Simulations are performed at constant N , A, D, and temperature (N − A − D − T ensemble). The system dimensions are Lx × Ly × Lz where
Lx = 15.386 nm and Ly = 15.228 nm are the dimensions of the graphene sheets. The
system is also periodic along the z-axis and hence, we choose Lz = 15.000 nm which
is at least > 10 times the largest value of D considered. This implies that there is a
large space between the graphene sheets and their periodic copies along the z-axis.
We use the SPCE model for water [14] and represent the graphene carbon (C)
atoms as Lennard-Jones (LJ) particles with no partial charge. The graphene C atoms
interact only with the O atoms of water and the corresponding LJ parameters are
given by the Lorentz-Berthelot combination rules [90], σCO = (σOO + σCC )/2 and
√
CO = OO CC . In these expressions, (σOO = 0.3166 nm, OO = 0.6500 kJ/nm) are
the LJ parameters of water O atoms in the SPCE model [14], and (σCC = 0.3214 nm,
CC = 0.1510 kJ/nm) are the LJ parameters of graphene C atoms. The resulting water
O-graphene C parameters are (σCO = 0.3190 nm, CO = 0.3133 kJ/nm). Werder et
al. [143] showed that when these parameters are chosen, the contact angle of SPCE
water in contact with graphite is θc = 107◦ −111◦ . The same water-carbon interactions
parameters were used by Wang et al. [139] to study water droplets in contact with
graphene and graphene-based surfaces. We find that for the graphene model surface
considered in this work, the contact angle of SPCE water is θc ≈ 108◦ .
The experimental contact angle of graphene is believed to be θc ≈ 108◦ [19, 139]
but experimental values vary [122, 140, 132, 82, 102, 117]. In addition, experiments
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show that graphene is ’wettably transparent’, i.e., the contact angle of water in
contact with graphene can vary considerably if a substrate is used to support the
graphene sheet [111, 120]. In order to explore the effects of altering the contact angle of graphene, we also perform MD simulations with modified graphene sheets for
which CC = 0.2686 kJ/nm (CO = 0.4178 kJ/nm) while keeping σCC = 0.3214 nm.
We find that the contact angle of SPCE water in contact with such a free standing
modified graphene sheet is θc ≈ 90◦ .
Our simulations are performed using the GROMACS software package [58]. The
temperature is mantained constant at T = 300 K for all systems studied by using
a Nose–Hoover thermostat (with 1-ps time constant). Electrostatic interactions are
treated using a Particle Mesh Ewald (PME) solver with a reciprocal space gridding
of 0.12 nm and a fourth-order polynomial interpolation. A cutoff rc = 1 nm is used
for the real space force calculations of the PME solver as well as for the LJ short
range interactions. MD simulations are performed for 2 − 20 ns, depending on the
diffusivity of water, and with a time step of 1 fs.
For a given number of water molecules, we first find a wall-wall separation D at
which confined water is in the liquid state. Then, we increase/decrease the capillary
size to explore the complete range of wall separations until the system cavitates (at
large D) or crystallizes (at small D). During this process, we obtain P⊥ (D) at constant
N and identify the unstable region for the confined system.
Due to the slab confining geometry considered, and for constant (N, A, T ), P⊥ (D)
plays the role of the pressure P (V ) in a bulk liquid. For such a system to be thermodynamically stable, it must be that:
 ∂P 
⊥

∂D

<0
T,N,A

(2.1)
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The first law of thermodynamics states that
dU = T dS − dW + µdN

(2.2)

where S is the entropy, µ is the chemical potential, and dW represents the mechanical
work done on the system. For an liquid confined in slab geometry (see, e.g. Refs. [76,
134, 49]), isotropic among the direction parallel to the graphene sheets, the mechanical
work can be expressed as
dW = Pk DdA + P⊥ AdD

(2.3)

where Pk and P⊥ are, respectively, the pressure along the dirrection parallel and
perpendicular to the graphene sheets. From Eqs.2.2 and 2.3, it follows that the
Helmholtz free energy F obeys
dF = d(U − T S) = −SdT − Pk D dA − P⊥ A dD + µdN

(2.4)

If the walls surface area is constant, as it is the case in our MD simulations, then
dF = −SdT − P⊥ dV + µdN

(2.5)

Eq.2.5 is analogous to the expression of dF for the case of a bulk liquid where P⊥ plays
the role of the bulk liquid pressure P . It follows that the condition of stability for a
 2 
bulk liquid, ∂∂2 VF
> 0, holds for our confined liquid (A = constant). Therefore,
T,N

the condition of stability for a confined liquid in slab geometry, with constant wall
surface area, is
 ∂P 
⊥

∂D

<0
T,N,A

Violation of Eq.2.6 indicates the presence of a phase transition.

(2.6)
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Results

Our results are based on the system shown in Fig.2.1a where water is confined by
two "infinite" parallel graphene sheets, separated by a distance D (see Methods). We
perform molecular dynamics (MD) simulations at constant N (at T = 300 K), and
vary the walls separation from D ≈ 0.6 nm (corresponding to a water monolayer) up
to D ≈ 1.4 nm. For a given N, we calculate the pressure perpendicular to the walls
as a function of the walls separation, P⊥ (D). We note that knowledge of P⊥ (D) is
sufficient to identify phase transitions between the different phases accessible to the
system (at a given N and T). Specifically, as shown in the appendix, at constant A,
P⊥ (D) must be a monotonic decaying function of D for the system to be stable, and
the system experiences a phase transition if (∂P⊥ /∂D)N,A,T > 0 [76, 134].
We divide the results into three parts. In the first part, we describe in detail
the different phase transitions observed in water confined by graphene sheets. In
the second part, the complete phase diagram of water confined by graphene sheets
is presented. In the last part, we test the consistency of our phase diagram with
independent simulations of water confined by graphene sheets in contact with an
external water reservoir. We conclude with a brief summary of the results presented
in this work.

2. Phase Diagram of Water Confined by Graphene

2.4.1

34

Phase Transitions in Water Confined by Graphene Sheets

We perform MD simulations for 3000 ≤ N ≤ 6500 depending on D, corresponding
to surface number densities σ ≡ N/A in the range 12.80 ≤ σ ≤ 27.74 nm−2 (here,
A = 15.386 × 15.228 nm2 is the graphene sheets surface area). Although the behavior
of P⊥ (D) varies considerably with σ, we find that the qualitative behavior of P⊥ (D),
and the associated phase transitions, fall within one of the following three scenarios
(see Fig.2.1b).
(i) Low densities: 12.80 ≤ σ ≤ 17.06 nm−2 . For low water contents, P⊥ (D)
exhibits two regions of instability [(∂P⊥ /∂D)N,T > 0] and hence, the system experiences two phase transition [49]; see Fig.2.1b. For example, at the lowest density
we can investigate, σ = 12.80 nm−2 , P⊥ (D) shows two unstable regions, one at
0.74 ≤ D ≤ 0.77 nm and the other at 0.83 ≤ D ≤ 0.87 nm; see Fig.2.2a. As
we show below, water crystallizes rapidly into a monolayer square ice at very small
walls separations (D < 0.74 nm in Fig.2.2a) and, upon increasing D, the monolayer
ice melts into a monolayer liquid (0.77 ≤ D ≤ 0.83 nm in Fig.2.2a) [3]. At larger
walls separations (D > 0.83 nm in Fig.2.2a) we observe cavitation indicating that
the liquid becomes unstable relative to the vapor phase. The sequence of transformations ‘monolayer ice→liquid→vapor’ with increasing D is found at all densities
12.80 ≤ σ ≤ 17.06 nm−2 .
The phase behavior of the system is determined based on the mean square displacement (MSD) of the molecules parallel to the walls, M SD(t) [53]; the oxygenoxygen radial distribution function (RDF) parallel to the walls, gOO (r) [53, 52]; and
visual inspection of snapshots taken at different times. In addition, to discriminate
among multilayer structures, we also calculate the transverse density profile along
the z-direction, ρslab (z) [53]. Fig.2.2b and 2.2c show the M SD(t) and gOO (r) for
σ = 12.80 nm−2 and for selected walls separations (indicated in Fig.2.2a with squares).
At D < 0.74 nm, the system is in the solid state. Accordingly, as shown in Fig.2.2b
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Figure 2.1: (a) Snapshot of the system studied in this work where water is
confined by two parallel graphene sheets. Periodic boundary conditions are
applied along the x and y directions and hence, the graphene sheets are effectively infinite. (b) Pressure perpendicular to the graphene sheets as function
of D for selected surface densities σ = N/A. σ increases from 12.80 nm−2
(left curve) to 27.73 nm−2 (right curve) in increments of 2.13 nm−2 . At
σ < 17.06 nm−2 , water exhibits two phase transitions, indicated by the sudden increase in P⊥ (D). At small D, water evolves from a monolayer square
ice to the liquid state; at large D, water exhibits a liquid to vapor phase transition. At 19.19 < σ < 23.45 nm−2 , water shows only a liquid to vapor phase
transition at large values of D. At σ > 25.60 nm−2 , water exhibits a bilayer
ice to liquid transition at small D, and a liquid to vapor phase transition at
large D.
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(blue and green lines), the M SD(t) reaches a plateau at long times indicating that
molecular translational motion is absent for long times [77, 83, 79, 146, 52]. Snapshots of the systems at D < 0.74 nm clearly show that water molecules arrange in a
monolayer square lattice (see snapshots with blue and green squares in Fig.2.2d). The
ice formation is also evident from the corresponding gOO (r) (blue and green lines in
Fig.2c). At these small values of D, gOO (r) exhibits pronounced maxima and minima
at all values of r, indicative of long range order [53].
At walls separations 0.83 < D < 0.87 nm (yellow and red squares in Fig.2.2a), the
system is in the liquid state. This is consistent with the M SD(t) at these separations
(yellow and red lines in Fig.2.2b) which increases monotonically with increasing time.
In addition, snapshots of the system at these separations (Fig.2.2d, yellow and red
squares) indicate that molecules arrange in an amorphous monolayer structure. The
absence of long range order, characteristic of the liquid state, is confirmed by gOO (r)
which is ∼1 for r > 0.7 nm (Fig.2.2c, yellow and red lines).
A comparison of the snapshots in Fig.2.2d for D = 0.77 nm and D = 0.83 nm
(yellow and red squares), indicates that as D increases, the liquid becomes less dense
and the molecules distribution is less uniform. This suggests that as D → 0.83 nm (red
square), the propensity to observe small cavities is growing. Indeed, at D ≈ 0.83 nm,
the systems exhibits a liquid-to-vapor phase transition and, at approximately D >
0.83 nm, we observe cavitation in the system (Fig.2.2e).
(ii) Intermediate densities: 19.19 ≤ σ ≤ 23.45 nm−2 . As shown in Fig.2.1b, at
these densities, P⊥ (D) exhibits only one region of instability [(∂P⊥ /∂D)N,T > 0]. At
small wall separations, water is a liquid in the vapor state [108]. As an example,
we discuss the results for σ = 21.34 nm−2 . At this density, the liquid-vapor phase
transition occurs at D ≈ 1.09 nm; see Fig.2.3a.
The M SD(t) and gOO (r) for the case σ = 21.34 nm−2 are shown in Fig.2.3b
for selected wall separations (indicated by blue and red squares in Fig.2.3a). The
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Figure 2.2: (a) Pressure perpendicular to the graphene sheets as function
of D at σ = 12.80 nm−2 (blue curve in Fig.2.1b). Water crystallizes into a
monolayer ice at D < 0.74 nm (green square), remains in the liquid state at
0.77 < D < 0.83 nm (yellow and red squares) and is in the vapor state at
D > 0.83 nm (black square). (b) Mean-square displacement parallel to the
walls for water molecules confined at D = 0.83 nm (red), 0.77 nm (orange),
0.74 nm (green), and 0.65 nm (blue), corresponding to the squares in (a).
(c) Water OO radial distribution function projected on the xy-plane and (d)
snapshots taken along the z-axis for the graphene sheets separations indicated
in (a) (squares). For all values of D, water molecules arrange into a single
layer parallel to the sheets. (e) Snapshot of confined water at D = 0.87 nm
(black square) where liquid water is unstable relative to the vapor.
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behavior of M SD(t) and gOO (r) at these wall separations are consistent with the
results obtained at low densities in the liquid state. Specifically, the M SD(t) inset
of Fig.2.3b are increasing functions of time (inset of Fig.2.3b), indicating that water
molecules are able to diffuse. In addition, as expected for a liquid, gOO (r) exhibits
no oscillations for large r, indicating that the system is indeed amorphous. Analysis
of ρslab (z) indicate that water molecules arrange into two layers parallel to the wall.
Snapshots of the bilayer liquid are included in Fig.2.3c.

Figure 2.3: (a) Pressure perpendicular to the graphene sheets as function
of D at σ = 21.34 nm−2 (green curve in Fig.2.1b). Water is in the liquid
state at D < 1.09 nm (red square) and transforms to the vapor state at
D > 1.09 nm. (b) OO radial distribution function and water MSD parallel
to graphene sheets for D = 0.95 nm (blue square) and 1.09 nm (red square).
At these graphene sheets separations, water molecules arrange into two layers.
(c) Snapshots at D = 0.95 nm (blue square) and D = 1.09 nm (red square)
showing molecules in red and blue that belong to different layers. At D >
0.95 nm (see, e.g., black square), water exhibits cavitation (as shown in
Fig.2.2e).
(iii) High densities: σ ≥ 25.60 nm−2 . At high densities, P⊥ (D) exhibits two
regions of instability (see Fig.2.1b) and hence, the system experiences two phase
transitions. Similarly to the behavior found at low densities, water crystallizes at low
D, it remains in the liquid state for intermediate values of D, and it is in the vapor
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state at large wall separations. However, while water crystallizes into a monolayer
square ice at low densities, at high densities, water crystallizes into a bilayer square
ice (see below).
As an example, we discuss the phase behavior of water at σ = 27.73 nm−2 , see
Fig.2.4a. At this density, the ice-liquid and liquid-vapor phase transitions occur at
approximately D = 0.92 nm and D = 1.32 nm, respectively. The M SD(t) and gOO (r)
for selected states are included in Fig.2.4b. As found at low and intermediate densities,
we find that while the system is in the liquid state, 0.93 < D < 1.32 nm, the M SD(t)
increases monotonically with time (see red and yellow lines in the inset of Fig.2.4b
and squares in Fig.2.4a), as expected. In addition, the RDF at these separations (red
and yellow lines in Fig.2.4b) is constant for approximately r > 1.00 nm, meaning
that the system is amorphous. At the present density, however, the liquid structure
evolves continuously with increasing D. Specifically, at the lowest value of D accessible
to the liquid state, D = 0.93 nm (yellow square of Fig.2.4a), water molecules form
two layers. This is shown in Fig.2.4c, where the density profile (yellow line) exhibits
two pronounced maxima at z = ±0.15 nm. Instead, at the largest walls separation
accessible to the liquid, D = 1.32 nm, water molecules form three layers (see red line
in Fig.2.4c). This bilayer liquid-to-trilayer liquid transformation is smooth. We note
that as the wall separation is further increased, the trilayer liquid becomes unstable
relative to the vapor phase. For σ = 27.73 nm−2 , the trilayer liquid-vapor phase
transition occurs at D = 1.32 nm. Accordingly, snapshots taken D > 1.32 nm exhibit
cavitation.
The bilayer ice at σ = 27.73 nm−2 forms at D < 0.92 nm; see Fig.2.4a. At these
walls separations, the M SD(t) becomes constant for long times (see blue and green
lines in the inset of Fig.2.4b) and the gOO (r) exhibits pronounced maxima and minima
(see blue and green lines in Fig.2.4b), which indicates that there is long range order
in the water film. That the crystal is bilayer is indicated by the ρslab (z) shown in
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Fig.2.4c (blue and green lines).
Snapshot of the water molecules for the case D = 0.92 nm (green square in
Fig.2.4a) is included in Fig.2.4d. Molecules are colored red and blue depending on the
monolayer they belong to. It follows from Fig.2.4c that the crystal structure consist
of two monolayers of square ice and that each of these monolayers is reminiscent
of the monolayer square ice shown in Fig.2.2d found at low densities. Interestingly,
the two monolayers of square ice are out-of-registry (AB stacking) and they are not
connected by hydrogen bonds (HBs) [3, 115]. This is rather unusual since most ices in
bulk and confined water are characterized by a continuous hydrogen-bond network.
The bilayer ice in Fig.2.4c is composed of two HB networks. Indeed, water molecules
within a single ice monolayer have both OH covalent bonds oriented parallel to the
walls. This molecular orientation allows water molecules to form approximately four
HBs with other water molecules within the same monolayer. We note that the bilayer
ice structure we obtain is not in agreement with the square bilayer ice reported in
experiments but is consistent with previous simulation results [3]. Specifically, MD
simulations showed AB stacking instead of AA stacking.
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Figure 2.4: (a) Pressure perpendicular to the graphene sheets as function
of D at σ = 27.73 nm−2 (red curve in Fig.2.1b). Water crystallizes into a
bilayer ice at D < 0.92 nm (green square), remains in the liquid state at
0.93 < D < 1.32 nm (yellow and red squares) and is in the vapor state at
D > 1.32 nm (black square). (b) OO radial distribution function and MSD
(inset) parallel to the walls for water molecules confined at D = 1.32 nm
(red), 0.93 nm (orange), 0.92 nm (green), and 0.85 nm (blue), corresponding
to the squares shown in (a). (c) Density profiles for the same values of D
[lines are color-coded as in (b)]. (d) Snapshot of the system in the bilayer ice
with molecules in blue and red molecules belonging to different layers.
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Phase Diagram for Water confined by Graphene Sheets
(T = 300 K)

The phase behavior of water confined between parallel graphene sheets at T =
300 K is summarized in Fig.2.5a. Fig.2.5a includes the P⊥ (D) curves obtained for all
the values of σ studied, including the P⊥ (D) curves shown in Fig.2.1b. The projections
of the P⊥ − D − σ surface onto the σ − D, P⊥ − D, and P⊥ − σ planes are shown,
respectively, in Figs.2.5b, 2.5c, 2.5d. These 2D projections are three phase diagrams
that characterize the behavior of water confined by graphene sheets at T = 300 K. Of
particular relevance is the σ−D phase diagram of Fig.2.5b. This is because, for a given
point (D, σ) in Fig.2.5a, P⊥ is univocally defined [i.e., P⊥ is a well-defined function
of (D, σ)] and, hence, only one phase state for water can be identified. Instead, for a
given (P⊥ , D) point in Fig.2.5a, there may be more than one value for σ that one can
associate to water and hence, one or more phase states (stable/metastable) accessible
to water. Similarly, for a given (P⊥ , σ) point in Fig.2.5a, there may be more than one
value for D, corresponding to one or more phase states accessible to water. Below,
we describe the phase diagrams of Figs. 2.5b-2.5d in detail.
The four phases of water confined between graphene sheets, found at the studied
values of D and σ, are indicated in Fig.2.5b. The black line represents the limit of
stability, or spinodal line, of the liquid relative to the vapor. For a given value of
σ, this line is defined by the minimum of the corresponding P⊥ (D) curve shown in
Fig.2.5a located at large values of D; for example, for σ = 27.73 nm−2 , the minimum
of P⊥ (D) at large D is located at D = 1.35 nm; see Fig 2.1b. The minima of the
P⊥ (D) curves associated to the liquid-to-vapor spinodal line are indicated by the
black line in Fig.2.5a.
The boundaries between the monolayer ice and the liquid are shown in Fig.2.5b
by orange and red lines. The orange line at small values of D represent the monolayer
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Figure 2.5: (a) Pressure perpendicular to the graphene sheets as function
of D and for all surface densities studied (including the values of sigma shown
in Fig.2.1b). (b),(c),(d) Phase diagrams of water confined by graphene sheets
obtained by projecting the P⊥ − D − σ surface in (a) onto the σ − D, P⊥ − D
and P⊥ − σ planes. The grey regions between the orange and red (brown
and purple) lines indicates the instability region associated to the monolayer
ice-liquid (bilayer ice-liquid) phase transitions. The black line is the limit of
stability of the liquid and crystals relative to the vapor and corresponds to the
cavitation pressure, P⊥cav . In (b), the star indicates the value of sigma above
which the bilayer ice-liquid transformation is a first order phase transition;
below this density, the transformation is smooth (see text).
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ice-to-liquid spinodal line while the red line at larger values of D represents the liquidto-monolayer ice spinodal line. The grey region between these two spinodal lines
represent the region of instability where the liquid and the monolayer ice coexist.
At a given σ, these spinodal lines are defined by the corresponding minimum and
maximum of P⊥ (D). For example, at σ = 12.80 nm−2 , Fig.2.2a shows that the
minimum of P⊥ (D) at small D occur at D ≈ 0.72 − 0.74 nm; this value defines the
location of the monolayer-to-liquid spinodal (orange) line in Fig.2.5b. Similarly, the
maximum of P⊥ (D) for σ = 12.80 nm−2 (Fig.2.2a) occurs at D = 0.76 nm and defines
the liquid-to-monolayer ice (red) spinodal in Fig.2.5b. The grey region in Fig.2.5b
corresponds to the range of D where (∂P⊥ /∂D)T,N > 0, during the monolayer ice-toliquid phase transition.
The boundaries between the bilayer ice and the liquid are shown in Fig.2.5b by
magenta and brown lines. The magenta line at small values of D represent the bilayer ice-to-liquid spinodal line while the brown line at larger values of D represents
the liquid-to-bilayer ice spinodal line. The grey region between these two spinodal
lines represents the region of instability where the liquid and the bilayer ice coexist. As for the case of the monolayer ice-liquid (previous paragraph), the magenta
and brown spinodal lines in Fig.2.5b are defined by the corresponding minmima and
maxima in the P⊥ (D) lines of Fig.2.5a. For comparison, the magenta line shown in
Fig.2.5a indicates the minima in P⊥ (D) that define the bilayer ice-to-liquid spinodal
line (corresponding to the magenta line in Fig.2.5b).
An uncommon feature of confined water regarding the liquid-bilayer ice transition follows from Fig.2.5b. Specifically, our MD simulations show that at σ ≥
25.60 nm−2 , the liquid-bilayer ice transformation is a first-order-like phase transition,
involving a region of instability where (∂P⊥ /∂D)T,N > 0; see Fig.2.4a for the case
σ = 27.73 nm−2 . This first-order-like phase transition becomes less pronounced as
σ → 25.60 nm−2 (star in the Fig.2.5b) and, surprisingly, at σ < 25.60 nm−2 , the
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transformation between the bilayer ice and the liquid becomes smooth. As an example, we include in Fig.2.6 the P⊥ (D) for the case σ = 24.54 nm−2 , for which the
bilayer ice-liquid transition is smooth.
Fig.2.6a shows P⊥ (D) for σ = 25.60 nm−2 . A comparison with Fig.2.4a shows
that at σ = 25.60 nm−2 there is only one instability region at D = 1.21 nm due to
the liquid-vapor phase transition, with no signature of a bilayer ice-liquid first-orderlike phase transition. Yet, we observe that at very small D, the system crystallizes
into the same bilayer ice reported at σ = 27.73 nm−2 . Evidences of the bilayer iceliquid transformation occurred are provided in Fig.2.6(b)-(d), where we include the
radial distribution function, MSD, and density profile of water at selected values of
D. Specifically, Fig.2.6b indicates that water molecules arrange into two monolayers
at all graphene sheet separations. Fig.2.6(c) and (d) indicate that as D → 0.77 nm,
the MSD decreases rapidly and becomes almost constant for D ≈ 0.77 nm while,
simultaneously, the RDF of water exhibits more pronounced extrema. In other words,
for D ≈ 0.77 nm, liquid water becomes ice. We note that the location of maxima
and minima in the RDF of Fig.2.6(d) for D = 0.77 nm and in Fig.2.4b are identical,
indicating that the same bilayer ice forms at both surface densities.
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Figure 2.6: (a) a) Pressure perpendicular to the graphene sheets as function
of D at σ = 25.60 nm−2 . Ice-liquid transition occurs at D ≈ 0.80 nm. (b)
Mean square displacements confined at D = 0.77 nm to D = 0.82 nm from
bottom to top and lines are color-coded as in (d) legend. (c) Transverse
density profile along z direction lines are color-coded as in (d) legend. (d)
Lateral Oxygen-Oxygen radial distribution.
‘

46

2. Phase Diagram of Water Confined by Graphene

47

One would expect that the star in Fig.2.5b is a crystal-liquid critical point, analogous to the critical point found in liquid-gas phase transitions. However, we note
that it is not clear how a liquid-crystal first-order phase transition should end [125].
Even in the case of bulk systems, there is no evidence of a liquid-crystal critical
point. Based on the profile of the P⊥ (D) curves at constant σ (Fig.2.5a), our data
does not seem to indicate the present of an inflection point, i.e, a value of D for
which (∂ 2 P⊥ /∂D2 )T,σ = (P⊥ /∂D)T,σ = 0, which would imply the existence of a
liquid-bilayer ice critical point. We also note that even across the crystal-liquid transition (at σ ≥ 25.60 nm−2 ), the slope of P⊥ (D) at the spinodal lines is not close
to zero (Fig.2.5a and 2.2b); in the case of typical liquid-gas first-order phase transitions, the compressibility diverges at the spinodal lines, i.e., implying that the slope
of P (V ) is indeed zero. Accordingly, we interpret the star in Fig.2.5b to indicate a
transition from bilayer ice-liquid first-order phase transition at σ ≥ 25.60 nm−2 , to
continuous bilayer ice-liquid transformation at σ ≤ 24.45 nm−2 (see dashed-line in
Fig.2.5b). Similar results were found in previous computer simulations of confined
water. [52, 77, 7]. One may also wonder if the monolayer ice-liquid phase transition
in Fig.2.5b at σ < 17.06 nm−2 also evolves into a continuous crystal-liquid transformation at σ > 17.06 nm−2 . In our simulations, we could only detect a region
of instability [(∂P⊥ /∂D)N,T,A > 0] for σ ≤ 17.07 nm−2 . At higher values of σ, the
behavior of P⊥ (D) either shows a region of instability (associated to the monolayer
ice-liquid transition) that is too small to be detected, or the instability region moves
to very small values of D and hence, it disappears altogether. Accordingly, in Fig.2.5a,
we extend the orange and red lines at σ ≥ 17.07 nm−2 with dashed-lines.
Next, we discuss the phase diagrams of Figures 2.5c and 2.5d. In both cases, we include the same phases of water and corresponding spinodal lines indicated in Fig.2.5b.
Briefly, the orange/red lines are the spinodal lines associated to the monolayer iceliquid phase transition; the magenta/brown lines are the spinodal lines associated to
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the bilayer ice-liquid phase transition. The black and cyan lines are the spinodal lines
associated to the liquid-to-vapor and vapor-to-liquid phase transitions, respectively.
These phase diagrams need to be interpreted carefully since they may be confusing.
For example, from Fig.2.5d, the monolayer ice-liquid and liquid-gas coexistence regions overlap, suggesting that there could be a triple point where these phases coexist
with one another. However, we note that this is not the case. These three phases
form at different values of D (with same P⊥ and σ) and hence they cannot be found
simultaneously between the graphene sheets (at a given D).
A very important result follows from Figures 2.5c and 2.5d. Specifically, these
figures provide the cavitation pressure perpendicular to the graphene sheet, P⊥cav ,
as a function of D (Fig.2.5c) and σ (Fig.2.5d). P⊥cav is the minimum pressure that
crystalline/liquid water can maintain before cavitation occurs, i.e., at which water
must transform to the vapor state. Remarkably, Figs. 2.5c and 2.5d indicate that
P⊥cav is extremely sensitive to both σ and D. In the case of bulk SPCE water, Pcav ≈
−150 MPa (T = 300 K) which is close to the theoretical cavitation pressure predicted
by CNT (T = 300 K) [126, 23, 33]. Indeed, as shown in Fig.2.5c, P⊥cav seems to
approach the corresponding cavitation pressure of bulk SPCE water for large values
of D [P⊥cav = −150 MPa at T = 300 K]. Remarkably, P⊥cav can increase by more than
500 MPa as D decreases, specifically, P⊥cav ∼ 400 MPa at D ≈ 0.9 nm, i.e., at walls
separations for which bilayer ice can form [110, 100]. The wide range of values of P⊥cav
for nanoconfined water may have important implications in the design/performance
of nanoscale systems in humid environments [26, 144].
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Water Phase Behavior at Constant Reservoir Pressure

In order to test the consistency of the phase diagram in Fig.2.5, we perform independent computer simulations of water confined by graphene sheets at constant
A, D, and chemical potential µ (T = 300 K). Specifically, we consider the system
configuration shown in Fig.2.7a where water confined by two graphene sheets is in
equilibrium with a water reservoir. The pressure of the reservoir, Pres , is controlled
indirectly, by fixing the reservoir’s wall-wall separation ∆x. The confined water is
located between the graphene walls shown in purple in Fig.2.7a; these sheets have a
surface area A = 64.713 nm−2 and are separated by a distance D. In a given simulation, we measure the force on the reservoir (grey) walls. This provides the pressure of
the reservoir, which is the external pressure of the confined volume, Pres . In addition,
we also measure the pressure on the purple graphene sheets, which corresponds to P⊥ .
We note that the chemical potential of the system is then, identical to the chemical
potential of the reservoir which can be considered to be the chemical potential of bulk
water at T = 300 K and P = Pres . Performing MD simulations using the configuration of Fig.2.7a allows us to compare the phase behavior of water confined between
the purple graphene walls with the phase diagram of Fig.2.5. We note that setups
similar to Fig.2.7a have been recently used to study water confined by graphene walls
at high pressure [152, 3].
To test the phase behavior of water summarized in Fig.2.5, we perform MD simulations of the system shown in Fig.2.7a at D = 0.75, 0, 79, 0.90, 1.00 nm. For each
value of D, we vary ∆x in order to cover the values −0.2 < P⊥ < 1 GPa. The simulated (D, P⊥ ) points are indicated in Fig.2.7b by red diamonds and blue squares.
Red diamonds represents states where water confined between the purple graphene
sheets in Fig.2.7a crystallized(into monolayer or bilayer ice); blue squares represent
states where water remained in the liquid state. Included in Fig.2.7b is the phase
diagram reported in Fig.2.5c, obtained from the MD simulations of the system shown
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Figure 2.7: (a) Snapshot of the system employed to study water confined by
graphene sheets at constant chemical potential, i.e., where confined water is
in constant with a water reservoir. The confined system corresponds to water
confined by the graphene sheets indicated in blue (separated by a distance D).
The water reservoir is maintained at a target pressure Pres by adjusting the
distance ∆x between the graphene sheets shown in grey. (b) Phase diagram
of Fig.2.5b, obtained using the system shown in Fig.2.1a, where we include
the phases of water obtained from MD simulation of the system shown in
(a). As expected, MD results obtained with the systems shown in (a) and
Fig.2.1a are consistent with each other.
in Fig.2.1a. It follows from Fig.2.7b that the simulations performed by both methodologies (Fig.2.1a and Fig.2.7a) are consistent. Specifically, the red diamonds (ice) in
Fig.2.7b are located mostly in the same regions where the ices are observed in the
reported phase diagram of Fig.2.5c, while the blue squares (liquid) in Fig.2.7b are
located mostly in the region corresponding to the liquid state in Fig.2.5c.
The configuration of Fig.2.7a can also be used to compare P⊥ and Pres . It is
well-known that for anisotropic systems of confined water in slab geometry, these two
pressure can be very different at the nanoscale [49, 78]. Moreover, depending on the
application, it may be more useful to have access to water’s phase behavior for a
given Pres than at a given P⊥ . Accordingly, for comparison, we include in Fig.2.5b

2. Phase Diagram of Water Confined by Graphene

51

(blue lines) the path followed by the system when we maintain Pres at constant
values, i.e. P⊥ (D)Pres . Of particular interest is the behavior of P⊥ (D) along the path
where Pres = 0. This situation corresponds to the system shown in Fig.2.7a with
the reservoir (grey) graphene sheets removed and the water reservoir remaining in
contact with its vapor. Fig.2.5b shows that at Pres = 0, the system can only access
the liquid phase at approximately D ≥ 0.92 nm and the vapor at D < 0.92 nm.
However, the monolayer and bilayer ices cannot form at this conditions. By contrast,
note that Fig.2.5c indicates that, at P⊥ = 0, water can exist as a vapor, liquid, or
monolayer ice. We also include in Fig.2.5b the P⊥ (D) states sampled by the system
at Pres = 100 and 300 MPa. At these pressures, the confined system can be found in
the vapor, liquid, and monolayer ice.
The contact angle of water in contact with graphene is approximately θc = 96◦
in theory, [121] but experimental results vary, finding 90 ≤ θc ≤ 108◦ . [122, 140, 111]
Our results are based on water O-graphene C interactions with a Lennard Jones C
parameter of C = 0.15104 kJ/mol which was chosen in order to reproduce a water
contact angle of θc = 108◦ . A natural question is whether the phase behavior of
water confined between graphene sheets reported in the main manuscript is sensitive
to the specific water O-graphene C interactions chosen. In order to address this
question, we perform MD simulations for the same system shown in Fig.2.1a of the
main manuscript but where C = 0.26860 kJ/mol. For this value of C , we find that
θc = 90◦ .
In Fig.2.8, we show the behavior of P⊥ (D) for selected values of sigma for C =
0.15104 kJ/mol (θc = 108◦ , solid lines) and C = 0.26860 kJ/mol (θc = 90◦ , dashed
lines). It follows from Fig.2.8 that the phase behavior of water confined by graphene
sheets is indeed robust relative to variations in water-graphene interactions with only
minor changes for 90◦ ≤ θc ≤ 108◦ .
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Figure 2.8: Pressure perpendicular to the graphene sheets for selected surface densities σ. Solid lines are taken from Fig.1a of the main manuscript
and correspond to water O-graphene C interactions with Lennard-Jones parameter CO = 0.15104 kJ/mol (θc = 108◦ ). Dased lines correspond to
CO = 0.26860 kJ/mol (θc = 90◦ ). In both cases, we find basically the
same phase behavior of water indicating that our results are robust relative
to variations in CO (θc ).
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Discussion

We performed MD simulations of water confined by graphene sheets at T = 300 K
over a wide range of (surface) densities σ and sheets separations D. Our results show
that, depending on D and σ, water confined by graphene sheets can crystallize into
monolayer and bilayer square ices, or remain in the liquid and vapor states. The
square ices observed in the present MD simulations are consistent with previous computational studies and experiments [147, 3, 25, 153] and represent crystalline forms
not observed in bulk water.
The phase behavior of water confined by graphene sheets is summarized in the
phase diagrams of Fig.2.5. That this phase diagram is very different from the phase
diagram of bulk water may not be surprising. However, we note that the phase diagram of Fig.2.5 is remarkably different from the phase diagram of water confined
by surfaces other than graphene, such as silica-based surfaces [37] and smooth surfaces [78, 5, 69]. (in the case of the silica-based surfaces, the SPCE water contact
angle is θc = 108◦ , i,e, same as the value of θc of our graphene sheets). The underlying
reason for this is the atomic-level structure of graphene and silica. While graphene
is smooth at the atomic level (all C atoms in the same plane), silica [37, 49] is not.
Indeed, the silica structure of the surfaces employed in these simulations [37, 49] is
composed of silica tetrahedron that template the arrangement of water molecules in
contact to the surfaces into hexagons. Accordingly, water confined by silica tends
to form bilayer hexagonal ice, instead of square ice. In other words, surface details
matter when dealing with nanoconfined water. It is this diversity of phase behaviors
that makes so difficult to predict water’s phase behavior at the nanoscale.
The phase diagram shown in Fig.2.5 is based on MD simulations at constant
(N, A, D) (T = 300 K). We validate this phase diagram by performing independent
MD simulations of water confined by graphene sheets and in contact with a bath
reservoir (Fig.2.5a). As expected, the phase behavior of water (i.e., whether it is found
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in the monolayer/bilayer ice, liquid, or vapor at a given D, A, and N) is independent
of the system considered.
The present MD simulations also provide the cavitation pressure (perpendicular
to the graphene sheets) as a function of σ and D. We found that P⊥cav is a complex
non-monotonic function of σ and D. In particular, we found that P⊥cav can be as large
as 400 MPa (for D ≈ 0.9 nm), i.e., much larger than the cavitation pressure of water
at T = 300 K, approximately P = −150 MPa [23, 33]. Understanding the effects of
confinement on the stability of the liquid relative to the vapor is very important in
technological applications [26, 144]. However, most studies have focused on confined
water at high pressures. Therefore, it will be of interest to study the stability of
nanoconfined liquid water under tension.
We conclude by mentioning that the phase diagram of Fig.2.5 is qualitatively unaffected if the water O-graphene C interactions are tuned so water contact angle with
graphene is within the range 90 − 108◦ . As shown in the Fig.2.8, the present results
are robust relative to the specific water-graphene interactions. This is relevant since
different computational models to represent the water O-graphene C interactions are
available and it is not evident a priori how variations in water-graphene interactions
may affect the results from computational studies.
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Chapter 3
Phase Diagram of Water Confined by
Graphene Oxide
3.1

Overview

In Chapter.2, the phase diagrams of water confined by hydrophobic graphene
exhibited non-monotonic cavitation pressures with respect to walls separations D and
the values of cavitation pressures deviated from the cavitation pressure of bulk water
significantly [45]. Since hydrophilic surfaces attract and stabilize water molecules
under confinement, cavitation pressures of water in this environment could be lower
than the cavitation pressure of bulk water. Water-responsive materials with lower
cavitation pressures can survive to lower humidity and hence, will exhibit higher
work densities. Therefore, in this Chapter, I focused on the liquid-vapor spinodal
lines of water confined by "hydrophilic" graphene and graphene oxide surfaces. The
results show non-monotonic cavitation pressures of water confined by hydrophilic
confinements and the cavitation pressures are significantly lower than the cavitation
pressure of bulk water. Based on a designed engine cycle, I present the achievable
energy densities for water confined by hydrophilic graphene-based sheets and graphene
oxide models.
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Introduction

Based on the interaction type, hydrophilic confinements can be classified into
simple L-J interaction [42, 118] and Coulomb interactions through chemical headgroups [48, 46, 65]. I started with investigating the hydrophilic graphene-based sheets
by tuning the Lennard-Jones parameters of carbon molecules to reproduce a contact
angle of 30◦ . The other system I simulated is a simplified Graphene Oxide (GO)
model. The hydrophilic nature of graphene oxide comes from the presence of abundant oxygenated functional groups including, hydroxyl, epoxy and carboxyl groups.
I constructed the graphene oxide model by adding hydroxyl groups to the graphene
surface. I investigated the perpendicular cavitation pressures (cavitation pressure on
the material) of water under hydrophilic confinements in a wide range of walls separations D. Furthermore, by connecting confined water with bulk water, I presented the
relationship between perpendicular pressures and the pressures of the environment.
I finished with presenting energy densities of the hydrophilic confinement models.
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Results

The results are based on the system shown in Fig.3.1a where water is confined by
two "infinite" parallel model sheets, separated by a distance D. I performed molecular
dynamics (MD) simulations at constant N (at T = 300 K), and vary the walls separation. For a given N, I calculated the pressure perpendicular to the walls as a function
of the walls separation, P⊥ (D). I noted that knowledge of P⊥ (D) is sufficient to
identify phase transitions between the different phases accessible to the system (at a
given N, A and T). Specifically, as shown in method section in Chapter.2, at constant
A, P⊥ (D) must be a monotonic decaying function of D for the system to be stable,
and the system experiences a phase transition if (∂P⊥ /∂D)N,A,T > 0 [76, 134, 45].
I divided the results into three parts. In the first part, I described the phase
diagrams I observed in water confined by hydrophilic graphene-based sheets. In the
second part, I presented the phase diagram of water confined by patterned GO model
surfaces. In the last part, I presented results of water confined by random GO model
surfaces. I concluded with a brief summary of the results presented in Chapter.3.

3.3.1

hydrophilic graphene-based sheets Confinement with a
Contact Angle of 30◦

In the simulations with hydrophilic graphene-based sheets, I used the SPCE model
for water [14] and represent the graphene carbon (C) atoms as Lennard-Jones (LJ)
particles with no partial charge. The graphene C atoms interact only with the O atoms
of water and the corresponding LJ parameters are given by the Lorentz-Berthelot com√
bination rules [90], σCO = (σOO + σCC )/2 and CO = OO CC . In these expressions,
(σOO = 0.3166 nm, OO = 0.6500 kJ/nm) are the LJ parameters of water O atoms
in the SPCE model [14], and (σCC = 0.3214 nm, CC = 0.6972 kJ/nm) are the LJ
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Figure 3.1: Pressure perpendicular to the graphene sheets as a function
of D for selected surface densities σ = N/A. The values of σ increase from
12.80 nm−2 (left curve) to 25.61 nm−2 (right curve). At σ ≤ 17.06 nm−2 ,
water exhibits two phase transitions, indicated by the sudden increase in
P⊥ (D). At small D, water evolves from a monolayer square ice to the liquid
state; at large D, water exhibits a liquid to vapor phase transition. At σ >
19.20 nm−2 , water shows only a liquid to vapor phase transition at large
values of D.
‘
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parameters of graphene C atoms. The resulting water O-graphene C parameters are
(σCO = 0.3190 nm, CO = 0.6732 kJ/nm). These parameters lead to a water contact
angle on the hydrophilic graphene-based surfaces of θc ≈ 30◦ .
Water confined by hydrophilic graphene-based sheets exhibits P⊥ −D curves qualitatively similar to hydrophobic confinement, shown in Fig.3.1b. Knowledge of the
P⊥ − D curve is sufficient to identify phase transitions between different phases accessible by the system. In the case of hydrophobic graphene [45], the accessible phases
include monolayer square ice, bilayer square ice, liquid and vapor. Under hydrophilic
confinement, monolayer square ice, liquid and vapor phases are found at qualitatively
similar conditions (densities σ and walls separations D). However, due to the narrower
range of P⊥ we explored in hydrophilic graphene-based sheets, bilayer square ice is
not observed present. The qualitative behavior of P⊥ (D) and the associated phase
transitions fall within one of the following three scenarios (see Fig.3.1b).
(i) Low densities: 12.80 ≤ σ ≤ 13.87 nm−2 . For low water content, the P⊥ − D
curve exhibits only one region of instability [(∂P⊥ /∂D)N,A,T > 0]. However, the
system experiences more than one phase transitions [49]. For example, at the lowest
density we could investigate, σ = 12.80 nm−2 , P⊥ (D) showed one long unstable
region, at 0.74 ≤ D ≤ 0.90 nm; see Fig.3.2a. Although this is a continuous unstable
region, the slopes of P⊥ (D) curve exhibit abrupt change. According to the slope
change of the P⊥ − D curve, the system can be divided into three regions, D <
0.76 nm, 0.76 ≤ D < 0.85 nm and 0.85 ≤ D ≤ 0.90 nm. As we show below, water
crystallizes rapidly into a monolayer of square ice at very small walls separations
(D < 0.74 nm in Fig.3.2a) and, upon increasing D, the monolayer ice melts into a
monolayer unstable liquid (0.76 ≤ D ≤ 0.85 nm in Fig.3.2a) [3]. At larger walls
separations (D > 0.85 nm in Fig.3.2a), we observed cavitation indicating that the
liquid becomes unstable relative to the vapor phase. The sequence of transformations
‘monolayer ice→unstable liquid→vapor’ with increasing D was found at all densities
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Figure 3.2: (a) Pressure perpendicular to the graphene sheets as function
of D at σ = 12.80 nm−2 (blue curve in Fig.3.1). Water crystallizes into a
monolayer ice at D < 0.74 nm (red square), remains in the liquid state at
0.77 < D < 0.85 nm (yellow square) and is in the vapor state at D > 0.85 nm
(black square). (b) Mean-square displacement parallel to the walls for water
molecules confined at D = 0.78 nm (yellow), 0.74 nm (red), and 0.66 nm
(blue), corresponding to the squares in (a). (d) snapshots taken along the
z-axis for the graphene sheets separations indicated in (a) (squares). For all
values of D, water molecules arrange into a single layer parallel to the sheets.
12.80 ≤ σ ≤ 13.87 nm−2 .
The phase behavior of the system was determined based on the mean square
displacement (MSD) of the molecules parallel to the walls, M SD(t) [53] and visual inspection of snapshots taken at different D. Fig.3.2b shows the M SD(t) for
σ = 12.80 nm−2 and for selected walls separations D (indicated in Fig.3.2a with
squares).

At D < 0.74 nm, the system is in the solid state.

Accordingly, as

shown in Fig.3.2b (blue and red lines), the M SD(t) reaches a plateau after a long
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period of time indicating that molecular translational motion is absent over long
times [77, 83, 79, 146, 52].

Snapshots of the systems at D < 0.74 nm clearly

confirm that water molecules arrange in a monolayer square lattice (see snapshots
with blue and red squares in Fig.3.2d). This phase behavior is exactly like the
phase behavior observed in hydrophobic graphene confinement [147, 3, 25, 45]. At
0.76 < D < 0.85 nm (represented by yellow square in Fig.3.2a), the system is in
the liquid state based on the snapshot and M SD(t). M SD(t) at this separation
(yellow line in Fig.3.2b) increases monotonically with increasing time which is a
typical liquid behavior. Besides, the snapshot at this separation (Fig.3.2c, yellow
square) indicates that molecules arrange in an amorphous monolayer structure. At
D ∼ 0.85 nm, the system exhibits a liquid-to-vapor phase transition and, at approximately D > 0.85 nm, we observe cavitation in the system indicating a liquid-to-vapor
phase transition.(Fig.3.2d, black square). However, we notice the liquid states mentioned in this scenario are unstable [(∂P⊥ /∂D)N,T > 0].
(ii) Intermediate densities: 14.94 ≤ σ ≤ 17.06 nm−2 . At these densities, represented by blue line in Fig.3.1b, the P⊥ (D) curve exhibits two regions of instability
[(∂P⊥ /∂D)N,A,T > 0] and hence, the system experiences two phase transitions. As
for the unstable region located at small walls separations, the system crystalizes into
monolayer ice just as we described in scenario (i). The ice structure is also monolayer
square ice. The second unstable region in larger walls separations indicates a liquidto-vapor phase transition. The major difference between scenario (i) and scenario (ii)
is that in case (i), the liquid at 0.74 < D < 0.85 nm is unstable ((∂P⊥ /∂D)N,T > 0)
while in case (ii) the liquid is stable ((∂P⊥ /∂D)N,T < 0)
the unstable liquid and stable liquid observed, respectively.
(iii) High densities: 19.19 ≤ σ ≤ 25.61 nm−2 . For high densities (green line in
Fig.3.1b), the P⊥ (D) curve exhibits only one region of instability, indicating one first
order phase transition. At small walls separations, the system is liquid while for large
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wall separations, water is in the vapor state. Compared to the phase behavior of
water under hydrophobic graphene confinement, Fig. 2.5 [45], we note that water
molecules forms bilayer square ice at similar values of σ, which is missing in the
hydrophilic graphene-based sheets. However, it can be explained by the narrower
range of perpendicular pressures we covered for hydrophilic confinement.
In Fig.3.3a, we summarize the phase behaviors of water confined by hydrophilic
graphene-based sheets. Fig.3.3a includes the P⊥ (D) curves obtained for all the values
of σ studied, including the P⊥ (D) curves shown in Fig.3.1b. The boundary between
monolayer ice and liquid is shown in Fig.3.3a by red line, representing the monolayer
ice-to-liquid spinodal line. The black line, shown in Fig.3.3a, is the liquid-to-vapor
spinodal line. At given densities σ, these spinodal lines are defined by the local
minima of P⊥ (D) curves.
Although 3D phase diagram contains all the information, 2D phase diagrams are
easier to interpret. 2D phase diagrams of water confined by hydrophilic graphenebased sheets obtained by projecting the P⊥ −D −σ surface in Fig.3.3a onto the σ −D,
or P⊥ −D planes are shown, respectively, in Figs.3.3b and 3.3c. Of particular relevance
is the σ − D phase diagram in Fig.3.3b. This is because, for a given point (D, σ) in
Fig.3.3a, P⊥ is univocally defined (i.e., P⊥ is a well-defined function of (D, σ)) and,
hence, only one phase state for water can be identified. The three phases of water
confined between hydrophilic graphene-based sheets, found at the studied values of
D and σ, are indicated in Fig.3.3b. On the smaller values of walls separations D, the
boundaries between the monolayer ice and liquid are represented by a red line and
a orange line. The red line at smaller values is the monolayer ice-to-liquid spinodal
line, corresponding to the red line in Fig3.3a, and the orange line is the liquid-tomonolayer ice spinodal line. The grey region between these two spinodal lines is
the unstable region, indicating the coexistence of monolayer ice and liquid. At a
given σ, these lines are defined as the local minima and maxima of P⊥ − D curves.
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Figure 3.3: (a) Pressure perpendicular to the graphene sheets as function of
D and for all surface densities studied (including the values of sigma shown
in Fig.3.1b). The red line represents monolayer ice-to-liquid spinodal line
and the black line represents liquid-to-vapor spinodal line. (b), (c) are phase
diagrams of water confined by graphene sheets obtained by projecting the
P⊥ − D − σ surface in Fig.3.3 onto the σ − D, P⊥ − D planes. The red
line and orange line are monolayer ice-to-liquid spinodal line and liquid-tomonolayer ice respectively. Grey region between red line and orange line are
coexistence regions for these phases. The black line represents liquid-to-vapor
spinodal line. Magenta line is boundary between stable liquid and unstable
liquid.
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On the larger values of walls separations D, the boundaries between the liquid and
vapor are represented by the black line, liquid-to-vapor spinodal line, since for a given
density σ, the system cavitates right after crossing the valley of the transition loop.
So the black line itself is already a well-defined boundary between liquid and vapor.
The magenta line represents the boundary between unstable liquid and stable liquid.
Below the magenta line, the liquid states observed are unstable, and thus the system
could expand to the vapor state directly.
Cavitation pressures are one of the most interesting properties to us. Lower cavitation pressures benefits water-responsive materials. To focus on the cavitation pressures, we project 3D phase diagram on P⊥ −D plane, as shown in Fig.3.3c. Cavitation
pressure is defined as the pressure at which the system breaks down [23, 33]. For bulk
liquid, the decompression limit pressure is ∼ −150 MPa, according to our simulation
results with SPCE water model. However, the cavitation pressures of water confined
by hydrophilic graphene-based sheets deviate from this value significantly. Due to its
affinity to the water, the system reaches negative pressures as low as ∼ −350 MPa.
Moreover, the cavitation pressures are not a monotonic function of walls separations
D, shown in Fig.3.3c. We observe a maximum cavitation pressure at D ∼ 0.90 nm,
corresponding to bilayer and trilayer transformation [100, 110]. Increasing the walls
separation D to even larger value, the cavitation pressure converges to the cavitation
pressure of bulk water slowly. The curve also suggests a shallow peak at D ∼ 1.20 nm,
corresponding trilayer to four-layer water transformation.
I employed an independent bath system (see Fig.3.4a) to connect confined water
(the purple ) with bulk water at fixed reservoir pressures (fixed relative humidity).
The pressure of the reservoir, Pres , is controlled indirectly, by changing the reservoir’s
walls separations ∆x. This configuration was used to compare P⊥ and Pres . In
Figs.3.3b and 3.3c, we present σ − D and P⊥ − D curves at Pres = 0 MPa and
Pres = −100 MPa respectively. I noted that the slope of σ − D curves changes
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abnormally at D ≈ 0.90 and 1.20 nm for both Pres = 0 and −100 MPa. Besides, the
shapes of these two curves are similar to liquid-to-vapor spinodal line (see solid black
line in Fig.3.3b). In Fig.3.4b, I presented the derivative of densities σ with respect to
walls separations D (dσ/dD), shown as a dashed blue line in Fig.3.4b using the right
y axis. The two significant peaks represent the fast change of densities σ at D ≈ 0.90
and 1.20 nm, indicating the removing of water layers. The distance between these
two peaks is 0.289 nm, which is close to the size of one layer of water.
P⊥ − D curves corresponding to same values of Pres exhibited oscillations at D ∼
0.9 nm and 1.2 nm (see solid blue line [Pres = 0 MPa] and solid red line [Pres =
−100 MPa] in Fig.3.4c). The distance between the two peaks for each P⊥ − D curve
was also ∼ 0.3 nm. The abnormal change in σ and P⊥ at these two walls separation
could also be explained by commensurability between water molecules and the walls
separations D [100]. An important result follows from Figures 3.4c.
We present cumulative integrals of P⊥ with respect to walls separations D for
Pres = 0 MPa (dashed blue line) and Pres = −100 MPa (dashed red line) in Fig.3.4c,
which represent the energy landscape of the free system at fixed reservoir pressure.
As for the case of Pres = 0 MPa (dashed blue line), the system exhibits local minima
at D ≈ 0.65, 0.95 and 1.30 nm. Although the lower energy state is more favorable,
the system must go over an energy barrier to reach that state (D ≈ 0.65 nm). By
decreasing Pres to −100 MPa, equivalently decreasing relative humidity, the new
energy landscape moves to the dashed red line in Fig.3.4b. Decrease of the reservoir
pressure not only eliminates the local minimum state at D ≈ 1.30 nm but also lowers
the energy barrier between D ≈ 0.95 nm state and D ≈ 0.65 nm state, making it
easier to cross the barrier with thermal fluctuations. Extending this model to real
materials, we need to take the elastic modulus of the material and the initial walls
separation into consideration. Usually, these two elements contribute a quadratic
term and a linear term to the energy landscape and favor the walls separation at
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Figure 3.4: (a) Solid blue line is σ − D curve at Pres = 0 MPa. Dashed
blue line represents the derivative (right y axis) of the density with respect to
walls separation D. (b) Solid blue line and solid red line are P⊥ −D curves for
Pres = 0 MPa and Pres = −100 MPa respectively. Dashed lines are integrals
(right y axis) of the P⊥ with respect to walls separation, representing the
energy landscapes for the system.
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Pres = 0.
Following Fig.3.4c, energy densities are derived based on the P⊥ − D curves at
Pres = 0 MPa and Pres = −100 MPa. Limited by the range of walls separations in
which I obtained cavitation pressures, I derived energy densities for walls separations
0.84 ≤ D ≤ 1.18 nm. I designed a four-stage cycle to harvest energy from the
humidity change:
(i) Change load according to P⊥ (D) at Pres = 0 MPa and expand the system from
0.84 to 1.18 nm.
(ii) Fix the walls separation D and decrease Pres to −100 MPa. Now, the system
is on red line (see Fig.3.4c) at D = 1.18 nm.
(iii) Contract the system to 0.84 nm by following solid red line.
(iv) Increase Pres back to 0 MPa.
The energy density following this cycle is 35.5 MJm−3 . Since the cycle is more
achievable with P⊥ that decrease with decreasing walls separations D, we also derived
energy densities corresponding to the two grey regions marked as A1 and A2 In
Fig.3.4b. They are 25.0 MJm−3 and 14.5 MJm−3 respectively.
Cavitation pressure for bulk water, ∼ −150 MPa, is equivalent to a 30% humidity,
which is the low limit of our bath system. The 35.5 MJm−3 energy density is for
humidity change from 100% to 30%. However, some water-responsive materials like
bacillus spores [27] can survive at hash environment with a relative humidity of 5%,
which is beyond the scope of the bath system. Based on the cavitation pressure line
(see black line in Fig.3.3c), I derived an upper limit of the energy density, which is
77.3 MJm−3 . These values are comparable to experimental results of spores reported
by Sahin Lab [27].
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Phase Diagram for Water Confined by Patterned Graphene
Oxide Plates

Graphene oxide (GO) is a natural product derived from the exfoliation and restacking treatment [34]. It is a representative natural hydrophilic material with a contact angle in the range of θc ≈ 30◦ − 60◦ from typical treatment [129, 28]. Although the chemical structure of GO remains unclear, depending on the preparation method, GO samples corresponding to a C/O ratio of 4 : 1 to 12 : 1 are produced [131, 63, 68, 96, 116].
The C/O ratio is an important parameter indicating the affinity to water and
hence it could affect the cavitation pressures of the system. We designed a model
surface with hydroxyl groups uniformly distributed on graphene surface, shown in
Fig.??a. This model surface has a C/O ratio of 6:1. Since natural graphene oxide
has chemical head-groups on both sides of the surface, this model surface has an
effective C/O ratio of 3:1. MD simulations are performed for water confined under two
identical GO model surfaces. The graphene C atoms interact only with the O atoms
of water (SPCE Model) and the corresponding LJ parameters are (σCC = 0.3214 nm,
CC = 0.2363 kJ/nm). The C atom linked to hydroxyl group has the LJ parameters as
(σCC = 0.4054 nm, CC = 0.0837 kJ/nm) with a partial charge of 0.23. The O atom
in hydroxyl group has the LJ parameters as (σOO = 0.3029 nm, OO = 0.6367 kJ/nm)
with a partial charge of -0.66. The H atom in hydroxyl group has a partial charge of
0.43 and does not interact through L-J interactions. The separation between C and
O atoms is 0.142 nm. The O and H atom is separated by 0.096 nm with a 0.026 nm
distance in z direction.
In Fig.??b, I presented selected P⊥ − D curves I simulated. Based on the phase
behavior of each curve, they could be classified into four categories. For 12.80 ≤
σ ≤ 14.94 nm−2 , represented by red curve in Fig.??b, the system starts at bilayer ice
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state and transforms to liquid state at the transition loop where (∂P⊥ /∂D)N,T > 0.
The second transition loop corresponds to a liquid-to-vapor phase transition. In the
second category, 14.94 < σ < 17.07 nm−2 , we see one transition loop instead of two
and water molecules go through a liquid-to-vapor transition. Although the transition
loop corresponding to ice-to-liquid transition disappears, we found bilayer ice state
at small walls separations D based on the snapshot and M SD. So the bilayer iceto-liquid transition loop is either too small to detect or disappeared, which indicated
the connection of the first-order-like transition with the continuous transition. For
higher densities σ, 17.07 ≤ σ ≤ 20.27 nm−2 , an extra transition loop shows up in the
liquid region and represents a liquid-to-trilayer ice transition, followed by a trilayer
ice-to-liquid transition loop. As usual, the last transition loop is the liquid-to-vapor
transition. For even larger densities, σ ≥ 21.34 nm−2 , I only saw liquid-to-vapor
transition.
In Fig.3.5a, I summarized the P⊥ − D curves for water confined by GO surfaces,
including the P⊥ (D) curves obtained for all the values of σ studied. The phase
diagram of graphene oxide system is complicated. Moreover, the corresponding 2D
phase diagrams on σ − P⊥ and P⊥ − D planes has plenty of overlapped regions which
are hard to understand. Thus, we provide σ − D plane phase diagram in Fig.3.5b,
which is a well defined 2D phase diagram. On the left side of Fig.3.5b, the red line
and orange line represent bilayer ice-to-liquid and liquid-to-bilayer ice spinodal lines
respectively. Due to the disappearance of this transition loop at higher density σ,
I used a star to mark the indicated connection of the first order transition and the
continuous transition. The dashed orange line indicates continuous bilayer ice-toliquid transition. At larger walls separations D, the black line represents liquid-tovapor or liquid-to-trilayer ice spinodals depending on the values of density σ. For
D ≈ 0.9 − 1.0 nm, the system exhibits an extra phase, trilayer ice. Purple, brown and
green lines are trilayer ice-to-liquid (to left side), trilayer ice-to-liquid (to the right
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side) and liquid-to-trilayer ice spinodals. In Fig.3.5b, I marked a small region with
grey color where I saw coexistence of ice and liquid from snapshots and diffusion from
MSD. For large walls separations D, I again saw liquid-to-vapor transition boundary
(black line).
By employing the same bath system (see Fig.3.4a), we explored the connection
between P⊥ and Pres . In Fig.3.5b, the two dashed blue lines are σ − D curves at
Pres = 0 and −100 MPa. At both reservoir pressures Pres , the system can reach
trilayer-ice states. The other interesting result following Fig.3.5b is that the confined
water is more stable than bulk water in the reservoir. At Pres = −100 MPa, close to
the stability limit of bulk water(-150 Mpa), confined water has plenty of space to go
before reaching cavitation pressures. Besides, I observed cavitation in the bulk water
first.
In Fig.3.5c, I added P⊥ − D curves at Pres = 0 and −100 MPa as two dashed
blue lines to P⊥ (D) curves. First, I noted the values of perpendicular cavitation
pressure P⊥cav for GO system was a non-monotonic function of walls separations D.
The cavitation pressures could be as low as -700 MPa at small walls separations D.
Even for larger walls separations (D ≈ 1.15−1.35 nm), P⊥cav are up to −300 MPa. The
extremely low cavitation pressures P⊥cav I observed are important for water-responsive
materials.

3.3.3

Cavitation Pressures of Water confined by Random Graphene
Oxide Plates

Although the ice states observed in patterned GO surfaces are interesting phase
behaviors, it is highly doubtful that ice states will present in real GO confinement,
which has randomly distributed hydrophilic chemical head-groups. So I performed
MD simulations for GO surfaces with randomly distributed hydroxyl groups on both
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Figure 3.5: (a) Pressure perpendicular to the GO sheets as function of D
and for all surface densities studied (including the values of sigma shown
in Fig.??b). (b) Phase diagram on σ − D plane. (c) Add P⊥ − D curves
corresponding to Pres = 0 and −100 MPa added as two dashed blue lines to
Fig.3.5b.
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Figure 3.6: Front view and side view of the hydroxylated graphene plate
with a C/O ratio of 10 : 3, hydroxyl groups are on both sides of the surface.
side of the graphene surface. We also add a monolayer of water behind the wall. In
Fig.3.6, I showed a random GO surface with a C/O ratio of 10 : 3, which is similar
to the C/O ratio of the patterned GO surface. The geometry of the plates used in
our simulations is 15.228 × 15.386 nm2 and the figure shown in Fig.3.6 is part of the
surface.
Since C/O ratios for real graphene oxide surface usually range from 4 : 1 to 2 : 1,
we performed simulations for random GO surfaces with 10 : 2, 10 : 3 and 10 : 4 C/O
ratios. In Fig.3.7a, σ − D curves for these three systems exhibit qualitatively similar
behavior. And the values of cavitation pressures (see Fig.3.7b) are non-monotonic
functions of walls separations D. With the increase of oxidization (decrease of C/O
ratio), the P⊥ − D curve moves to larger walls separations D and to lower cavitation
pressures P⊥ . The shift in walls separations axis could be explained by the effective
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space of the system. Adding hydroxyl groups to the system is equivalent to the decrease of the system volume and hence, the system requires larger walls separations
D to accommodate the same amount water molecules. On the other direction, cavitation pressures shifted to lower values with the increase of oxidization due to the
affinity of hydroxyl group to water. Qualitatively, the cavitation pressures in random
GO confinement are less significant compared to patterned GO surfaces.
As for the C/O ratio of 10 : 4 model, I also performed simulations with the bath
system (Fig.3.4a). In Fig.3.7c, I presented σ − D curves at Pres = 0 and −100 MPa
as red and yellow lines, respectively. For reference, I included the cavitation pressure
line with a C/O ratio of 10 : 4 as the blue line. With the decrease of walls separations
D, densities σ decrease linearly from D = 0.8 nm to 1.4 nm. Compared to σ −D curve
in Fig.3.4b, the random GO model surfaces exhibit no strong signatures of quantized
water layers. However, P⊥ − D curves in Fig.3.7d show peaks at D ≈ 1.03 nm and
shallow peaks at D ≈ 1.40 nm. The prominences of the peaks at D ≈ 1.03 nm are
∼ 100 MPa, much smaller compared to the peaks observed in hydrophilic graphenebased sheets. The peaks at D ≈ 1.03 nm could impose energy barriers with the
decrease of humidity for a real system, depending on the elastic modulus of the
material.
Following Fig.3.7d, I estimated energy densities when Pres changes by following the
same cycle used for hydrophilic graphene-based sheets. From D = 0.92 to 1.20 nm,
I derived energy densities in two scenarios. In the first scenario, I changed Pres from
0 MPa to -100 MPa and the corresponding energy density was 26.5 MJm−3 . In the
other scenario, I calculated the maximum energy density as Pres changing from 0 MPa
to cavitations and the energy density is up to 62.8 MJm−3 . If we extend the walls
separations D to larger value, the energy density could go even higher.
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Figure 3.7: (a) σ − D curves correspond to C/O ratios of 10 : 2, 10 : 3 and
10 : 4. (b) P⊥ −D curves for corresponding oxidizations. (c) σ−D dashed red
and yellow curves corresponding to Pres = 0 and −100 MPa respectively. The
solid blue line is σ − D curve with a C/O ratio of 10 : 4. (d) P⊥ − D dashed
red and yellow curves corresponding to Pres = 0 and −100 MPa respectively.
The solid blue line is P⊥ − D curve with a C/O ratio of 10 : 4.
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Discussion

I performed MD simulations of water confined by hydrophilic plates at T = 300 K
over a wide range of (surface) densities σ and walls separations D. I included both
hydrophilic graphene-based sheets and graphene oxide (GO) surfaces. As for graphene
oxide surfaces, I simulated both a patterned GO model surfaces and random GO
model surfaces.
As for hydrophilic graphene-based sheets, square ice, liquid and vapor phases
were observed in the simulations and phase diagrams were constructed. The phase
behaviors of water under hydrophilic confinement was qualitatively similar to phase
behaviors of water under hydrophobic graphene confinement [45]. The obvious difference was the cavitation pressures of the system, which shifted to more negative
values, reaching −300 MPa. In the case of the patterned GO model surfaces, water
exhibits complex phase behaviors. I presented a 2D σ − D phase diagram in Fig.3.6b.
By switching to a random GO model surfaceGO model surfaces, the ice phases observed in patterned GO model surfaces disappeared. The cavitation pressures for
patterned GO and random GO model surface are −600 Mpa and −300 MPa (30%
case) respectively.
In conclusion, hydrophilic confinements stabilized water molecules at the nanometer scales and significantly lowered perpendicular cavitation pressures. In particular,
I found that P⊥cav is as functions of walls separations D for hydrophiilc graphene-based
sheets and for GO model surfaces. The peaks of P⊥cav at specific walls separations
D are caused by quantized water layers at nanometer scales [135, 73, 67, 100]. By
fixing Pres to 0 MPa and −100 MPa, we explored how reservoir pressures Pres affect
P⊥ . The results also exhibited quantized water layers effects, non-monotonic P⊥ as
functions of walls separations D.
Changing Pres from 0 MPa to −100 MPa, I equivalently changed the humidity
of the environment from 100% to 30%. Using the designed engine cycle, I presented
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the energy densities for hydrophilic graphene-based sheets and random GO model
surfaces which are up to ∼ 40.0 MJm−3 . Since humidity can decrease to lower values
than 30%, I estimated maxima energy densities based on the cavitation pressures of
the system, which are up to ∼ 65.0 MJm−3 . These results are comparable with the
energy density of cortex reported by Sahin Lab [27]).
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Chapter 4
Discussion and Outlook
By performing MD simulations, I showed anomalous and rich phase behaviors of
water under nano-confinement. In Chapter.2, I first presented that water confined by
graphene sheets can crystallize into monolayer and bilayer square ices, or remain in
the liquid and vapor states depending on walls separations and densities. The phase
diagrams I presented covered a wide range of densities and walls separations and
improved our understandings of water confined by graphene. The monolayer square
ice observed in the present MD simulations are consistent with previous computational
studies and experiments [147, 3, 25, 153]. However, the AA stacking bilayer square
ice observed in experiments is missing [3]. Instead, I observed AB stacking bilayer
square ice with simulations.
In Chapter.3, I presented phase diagrams of water confined by hydrophilic surfaces
including hydrophilic graphene and graphene oxide (GO) surfaces. The presented low
cavitation pressures could explain why some water-responsive materials could survive
at low humidities. By performing bath system simulations, which connect confined
water to bulk water, I equivalently changed humidity of the environment from 100% to
∼ 30% and the energy densities achieved are around 40.0 MJm−3 , which is comparable
to the energy density measured for spores [27]. Due to the cavitation of bulk water,
our bath system cannot simulate environments with humidities lower than ∼ 25%.
Instead, I estimated maxima energy densities based on the cavitation pressure lines
and they are close to ∼ 65.0 MJm−3 . To explore drier environments, I propose to
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use Monte Carlo simulation method. In this way, we will understand how chemical
potentials at low humidities will affect energy densities of water-responsive materials.
I found that P⊥cav is non-monotonic with respect to walls separations due to quantized water layers at nanometer scales [135, 73, 67, 100]. Furthurmore, P⊥ − D curves
at fixed Pres are also affected, which could induces multiple metastable states (different layers of water molecules). In our presented simulations, I fixed carbon molecules
to have well-defined walls separations D. We could unfreeze all carbon molecules
in the future. Due to thermal fluctuations, I expect that the system could exhibit
nonuniform layers of water molecules, which could affect the water transportation.

BIBLIOGRAPHY

79

Bibliography
[1] J. L. Abascal and C. Vega. A general purpose model for the condensed phases
of water: Tip4p/2005. The Journal of chemical physics, 123(23):234505, 2005.
[2] P. Agre, L. S. King, M. Yasui, W. B. Guggino, O. P. Ottersen, Y. Fujiyoshi,
A. Engel, and S. Nielsen. Aquaporin water channels–from atomic structure to
clinical medicine. Am. J. Physiol., 542(1):3–16, 2002.
[3] G. Algara-Siller, O. Lehtinen, F. C. Wang, R. R. Nair, U. Kaiser, H. A. Wu,
A. K. Geim, and I. V. Grigorieva. Square ice in graphene nanocapillaries.
Nature, 519(7544):443–445, 03 2015.
[4] H. Arazoe, D. Miyajima, K. Akaike, F. Araoka, E. Sato, T. Hikima,
M. Kawamoto, and T. Aida. An autonomous actuator driven by fluctuations
in ambient humidity. Nature materials, 15(10):1084, 2016.
[5] J. Bai, J. Wang, and X. C. Zeng. Multiwalled ice helixes and ice nanotubes.
Proc. Natl. Acad. Sci. U. S. A., 103(52):19664–19667, 2006.
[6] S. Balibar and F. Caupin. Nucleation of crystals from their liquid phase.
Comptes Rendus Physique, 7(9-10):988–999, 2006.
[7] P. Ball. New horizons in inner space. Nature, 361:297, 1993.
[8] A. Barati Farimani and N. R. Aluru. Existence of multiple phases of water at
nanotube interfaces. J. Phys. Chem. C, 120(41):23763–23771, 2016.

BIBLIOGRAPHY

80

[9] J. Barker and R. Watts. Structure of water; a monte carlo calculation. Chemical
Physics Letters, 3(3):144–145, 1969.
[10] R. Becker. R. becker and w. döring, ann. phys.(leipzig) 24, 719 (1935). Ann.
Phys.(Leipzig), 24:719, 1935.
[11] O. Beckstein and M. S. P. Sansom. Liquid-vapor oscillations of water in hydrophobic nanopores. Proc. Natl. Acad. Sci. U. S. A., 100(12):7063–7068, 2003.
[12] A. Ben-Naim and F. Stillinger. Aspects of the statistical-mechanical theory of
water. Structure and transport processes in water and aqueous solutions, 1972.
[13] H. Berendsen, J. Grigera, and T. Straatsma. The missing term in effective pair
potentials. Journal of Physical Chemistry, 91(24):6269–6271, 1987.
[14] H. Berendsen, J. Grigera, and T. Straatsma. The missing term in effective pair
potentials. J. Phys. Chem., 91(24):6269–6271, 1987.
[15] H. J. Berendsen, J. v. Postma, W. F. van Gunsteren, A. DiNola, and J. Haak.
Molecular dynamics with coupling to an external bath. The Journal of chemical
physics, 81(8):3684–3690, 1984.
[16] J. Bernal and R. Fowler. A theory of water and ionic solution, with particular
reference to hydrogen and hydroxyl ions. The Journal of Chemical Physics,
1(8):515–548, 1933.
[17] B. J. Berne, J. D. Weeks, and R. Zhou. Dewetting and hydrophobic interaction
in physical and biological systems. Annu. Rev. Phys. Chem., 60, 2009.
[18] M. Berthelot. Sur quelques phénomènes de dilatation forcée des liquides. impr.
Bachelier, 1850.

BIBLIOGRAPHY

81

[19] M. J. Bojan and W. A. Steele. Interactions of diatomic molecules with graphite.
Langmuir, 3(6):1123–1127, 1987.
[20] S. Borini, R. White, D. Wei, M. Astley, S. Haque, E. Spigone, N. Harris, J. Kivioja, and T. Ryhanen. Ultrafast graphene oxide humidity sensors. ACS Nano,
7(12):11166–11173, 2013.
[21] L. J. Briggs. Limiting negative pressure of water. Journal of Applied Physics,
21(7):721–722, 1950.
[22] E. I. Calixte, O. N. Samoylova, and K. L. Shuford. Confinement and surface
effects of aqueous solutions within charged carbon nanotubes. Phys. Chem.
Chem. Phys., 18(17):12204–12212, 2016.
[23] F. Caupin. Liquid-vapor interface, cavitation, and the phase diagram of water.
Phys. Rev. E, 71(5):051605, 2005.
[24] D. Chandler. Interfaces and the driving force of hydrophobic assembly. Nature,
437(7059):640, 2005.
[25] J. Chen, G. Schusteritsch, C. J. Pickard, C. G. Salzmann, and A. Michaelides.
Two dimensional ice from first principles: Structures and phase transitions.
Phys. Rev. Lett., 116(2):025501, 2016.
[26] X. Chen, D. Goodnight, Z. Gao, A. H. Cavusoglu, N. Sabharwal, M. DeLay,
A. Driks, and O. Sahin. Scaling up nanoscale water-driven energy conversion into evaporation-driven engines and generators. Nature communications,
6:ncomms8346, 2015.
[27] X. Chen, L. Mahadevan, A. Driks, and O. Sahin. Bacillus spores as building
blocks for stimuli-responsive materials and nanogenerators. Nature nanotechnology, 9(2):137, 2014.

BIBLIOGRAPHY

82

[28] Y. Chen, F. Guo, A. Jachak, S.-P. Kim, D. Datta, J. Liu, I. Kulaots, C. Vaslet,
H. D. Jang, J. Huang, et al. Aerosol synthesis of cargo-filled graphene nanosacks.
Nano letters, 12(4):1996–2002, 2012.
[29] G. Cicero, J. C. Grossman, E. Schwegler, F. Gygi, and G. Galli. Water confined
in nanotubes and between graphene sheets: A first principle study. J. Am.
Chem. Soc., 130(6):1871–1878, 2008.
[30] D. Cohen-Tanugi and J. C. Grossman. Water desalination across nanoporous
graphene. Nano letters, 12(7):3602–3608, 2012.
[31] D. Cohen-Tanugi and J. C. Grossman. Water desalination across nanoporous
graphene. Nano Lett., 12(7):3602–3608, 2012.
[32] B. L. de Groot and H. Grubmüller.

Water permeation across biological

membranes: mechanism and dynamics of aquaporin-1 and glpf.

Science,

294(5550):2353–2357, 2001.
[33] P. G. Debenedetti. Metastable Liquids: Concepts and Principles. Princeton
University Press, 1996.
[34] D. A. Dikin, S. Stankovich, E. J. Zimney, R. D. Piner, G. H. Dommett, G. Evmenenko, S. T. Nguyen, and R. S. Ruoff. Preparation and characterization of
graphene oxide paper. Nature, 448(7152):457, 2007.
[35] G. S. Fanourgakis and S. S. Xantheas. Development of transferable interaction
potentials for water. v. extension of the flexible, polarizable, thole-type model
potential (ttm3-f, v. 3.0) to describe the vibrational spectra of water clusters
and liquid water. The Journal of chemical physics, 128(7):074506, 2008.
[36] A. B. Farimani, K. Min, and N. R. Aluru. Dna base detection using a singlelayer mos2. ACS Nano, 8(8):7914–7922, 2014.

BIBLIOGRAPHY

83

[37] A. L. Ferguson, N. Giovambattista, P. J. Rossky, A. Z. Panagiotopoulos, and
P. G. Debenedetti. A computational investigation of the phase behavior and
capillary sublimation of water confined between nanoscale hydrophobic plates.
J. Chem. Phys., 137(14):144501, 2012.
[38] R. Finch. Influence of radiation on the cavitation threshold of degassed water.
The Journal of the Acoustical Society of America, 36(12):2287–2292, 1964.
[39] J. C. Fisher. The fracture of liquids. Journal of applied Physics, 19(11):1062–
1067, 1948.
[40] M. Foroutan, S. M. Fatemi, and F. Shokouh. Graphene confinement effects on
melting/freezing point and structure and dynamics behavior of water. J. Mol.
Graphics Modell., 66:85–90, 2016.
[41] D. Fu, A. Libson, L. J. W. Miercke, C. Weitzman, P. Nollert, J. Krucinski, and
R. M. Stroud. Structure of a glycerol-conducting channel and the basis for its
selectivity. Science, 290(5491):481–486, 2000.
[42] P. Gallo, M. Rovere, and E. Spohr. Supercooled confined water and the mode
coupling crossover temperature. Physical review letters, 85(20):4317, 2000.
[43] W. J. Galloway. An experimental study of acoustically induced cavitation in
liquids. The Journal of the Acoustical Society of America, 26(5):849–857, 1954.
[44] J. Gao, R. Szoszkiewicz, U. Landman, E. Riedo, et al. Structured and viscous
water in subnanometer gaps. Physical Review B, 75(11):115415, 2007.
[45] Z. Gao, N. Giovambattista, and O. Sahin. Phase diagram of water confined by
graphene. Scientific reports, 8(1):6228, 2018.

BIBLIOGRAPHY

84

[46] N. Giovambattista, P. G. Debenedetti, and P. J. Rossky. Hydration behavior
under confinement by nanoscale surfaces with patterned hydrophobicity and
hydrophilicity. J. Phys. Chem. C, 111(3):1323–1332, 2007.
[47] N. Giovambattista, P. Rossky, and P. Debenedetti. Computational studies of
pressure, temperature, and surface effects on the structure and thermodynamics
of confined water. Annu. Rev. Phys. Chem., 63:179–200, 2012.
[48] N. Giovambattista, P. J. Rossky, and P. G. Debenedetti. Effect of pressure
on the phase behavior and structure of water confined between nanoscale hydrophobic and hydrophilic plates. Phys. Rev. E, 73(4):041604, 2006.
[49] N. Giovambattista, P. J. Rossky, and P. G. Debenedetti. Phase transitions
induced by nanoconfinement in liquid water. Phys. Rev. Lett., 102(5):050603,
2009.
[50] L. Haar, J. S. Gallagher, and G. S. Kell. Nbs/nrc steam tables: Thermodynamic
and transport properties and computer programs for vapor and liquid states of
water in si units, 320 p. Hemisphere, Washington, DC, 1984.
[51] A. Haji-Akbari and P. G. Debenedetti. Computational investigation of surface freezing in a molecular model of water. Proc. Natl. Acad. Sci. U. S. A.,
114(13):3316–3321, 2017.
[52] S. Han, M. Choi, P. Kumar, and H. E. Stanley. Phase transitions in confined
water nanofilms. Nat. Phys., 6(9):685–689, 2010.
[53] J.-P. Hansen and I. R. McDonald. Theory of Simple Liquids. Elsevier, 1990.
[54] M. Heiranian, A. B. Farimani, and N. R. Aluru. Water desalination with a
single-layer mos2 nanopore. Nat. Commun., 6, 2015.

BIBLIOGRAPHY

85

[55] S. Henderson and R. Speedy. A berthelot-bourdon tube method for studying
water under tension. Journal of Physics E: Scientific Instruments, 13(7):778,
1980.
[56] S. J. Henderson and R. J. Speedy. Temperature of maximum density in water
at negative pressure. Journal of Physical Chemistry, 91(11):3062–3068, 1987.
[57] E. Herbert, S. Balibar, and F. Caupin. Cavitation pressure in water. Physical
Review E, 74(4):041603, 2006.
[58] B. Hess, C. Kutzner, D. Van Der Spoel, and E. Lindahl. Gromacs 4: Algorithms
for highly efficient, load-balanced, and scalable molecular simulation. J. Chem.
Theory Comput., 4(3):435–447, 2008.
[59] N. Hilal, H. Al-Zoubi, N. Darwish, A. Mohamma, and M. A. Arabi. A comprehensive review of nanofiltration membranes: Treatment, pretreatment, modelling, and atomic force microscopy. Desalination, 170(3):281–308, 2004.
[60] K. Hiro, Y. Ohde, and Y. Tanzawa. Stagnations of increasing trends in negative
pressure with repeated cavitation in water/metal berthelot tubes as a result of
mechanical sealing. Journal of Physics D: Applied Physics, 36(5):592, 2003.
[61] R. Hockney, S. Goel, and J. Eastwood. Quiet high-resolution computer models
of a plasma. Journal of Computational Physics, 14(2):148–158, 1974.
[62] J. K. Holt, H. G. Park, Y. Wang, M. Stadermann, A. B. Artyukhin, C. P.
Grigoropoulos, A. Noy, and O. Bakajin. Fast mass transport through sub-2nanometer carbon nanotubes. Science, 312(5776):1034–1037, 2006.
[63] C. Hontoria-Lucas, A. López-Peinado, J. d. D. López-González, M. RojasCervantes, and R. Martin-Aranda. Study of oxygen-containing groups in a

BIBLIOGRAPHY
series of graphite oxides: physical and chemical characterization.

86
Carbon,

33(11):1585–1592, 1995.
[64] W. G. Hoover. Canonical dynamics: equilibrium phase-space distributions.
Physical review A, 31(3):1695, 1985.
[65] M. Hu, J. V. Goicochea, B. Michel, and D. Poulikakos. Water nanoconfinement
induced thermal enhancement at hydrophilic quartz interfaces. Nano letters,
10(1):279–285, 2009.
[66] G. Hummer, J. C. Rasaiah, and J. P. Noworyta. Water conduction through
the hydrophobic channel of a carbon nanotube. Nature, 414(6860):188–190, 11
2001.
[67] J. N. Israelachvili and R. M. Pashley. Molecular layering of water at surfaces
and origin of repulsive hydration forces. Nature, 306(5940):249, 1983.
[68] H.-K. Jeong, Y. P. Lee, R. J. Lahaye, M.-H. Park, K. H. An, I. J. Kim, C.W. Yang, C. Y. Park, R. S. Ruoff, and Y. H. Lee. Evidence of graphitic ab
stacking order of graphite oxides. Journal of the American Chemical Society,
130(4):1362–1366, 2008.
[69] J. C. Johnston, N. Kastelowitz, and V. Molinero. Liquid to quasicrystal transition in bilayer water. J. Chem. Phys., 133(15):154516, 2010.
[70] W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.
Klein. Comparison of simple potential functions for simulating liquid water.
The Journal of chemical physics, 79(2):926–935, 1983.
[71] R. Joshi, P. Carbone, F.-C. Wang, V. G. Kravets, Y. Su, I. V. Grigorieva,
H. Wu, A. K. Geim, and R. R. Nair. Precise and ultrafast molecular sieving
through graphene oxide membranes. science, 343(6172):752–754, 2014.

BIBLIOGRAPHY

87

[72] G. S. Kell. Early observations of negative pressures in liquids. American Journal
of Physics, 51(11):1038–1041, 1983.
[73] S. H. Khan, G. Matei, S. Patil, and P. M. Hoffmann. Dynamic solidification in
nanoconfined water films. Physical review letters, 105(10):106101, 2010.
[74] K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim, J.-H. Ahn,
P. Kim, J.-Y. Choi, and B. H. Hong. Large-scale pattern growth of graphene
films for stretchable transparent electrodes. Nature, 457(7230):706, 2009.
[75] S. H. Kim, C. H. Kwon, K. Park, T. J. Mun, X. Lepró, R. H. Baughman, G. M.
Spinks, and S. J. Kim. Bio-inspired, moisture-powered hybrid carbon nanotube
yarn muscles. Scientific reports, 6:23016, 2016.
[76] S. Klapp and M. Schoen. Reviews in Computational Chemistry, volume 24.
2007.
[77] K. Koga, G. T. Gao, H. Tanaka, and X. C. Zeng. Formation of ordered ice
nanotubes inside carbon nanotubes. Nature, 412(6849):802–805, 08 2001.
[78] K. Koga and H. Tanaka. Phase diagram of water between hydrophobic surfaces.
J. Chem. Phys., 122(10):104711, 2005.
[79] K. Koga, H. Tanaka, and X. Zeng. First-order transition in confined water between high-density liquid and low-density amorphous phases. Nature,
408(6812):564–567, 2000.
[80] K. Koga, X. C. Zeng, and H. Tanaka. Freezing of confined water: A bilayer ice
phase in hydrophobic nanopores. Phys. Rev. Lett., 79(26):5262, 1997.
[81] A. I. Kolesnikov, G. F. Reiter, N. Choudhury, T. R. Prisk, E. Mamontov,
A. Podlesnyak, G. Ehlers, A. G. Seel, D. J. Wesolowski, and L. M. Anovitz.

BIBLIOGRAPHY

88

Quantum tunneling of water in beryl: a new state of the water molecule. Phys.
Rev. Lett., 116(16):167802, 2016.
[82] A. Kozbial, Z. Li, C. Conaway, R. McGinley, S. Dhingra, V. Vahdat, F. Zhou,
B. D’Urso, H. Liu, and L. Li. Study on the surface energy of graphene by
contact angle measurements. Langmuir, 30(28):8598–8606, 2014.
[83] P. Kumar, S. V. Buldyrev, F. W. Starr, N. Giovambattista, and H. E. Stanley. Thermodynamics, structure, and dynamics of water confined between hydrophobic plates. Phys. Rev. E, 72(5):051503, 2005.
[84] R. Kumar, F.-F. Wang, G. R. Jenness, and K. D. Jordan. A second generation
distributed point polarizable water model. The Journal of chemical physics,
132(1):014309, 2010.
[85] L. D. Landau, E. M. Lifshitz, and L. Pitaevskii. Statistical physics, part i, 1980.
[86] C. Lee, X. Wei, J. W. Kysar, and J. Hone. Measurement of the elastic properties
and intrinsic strength of monolayer graphene. Science, 321(5887):385–388, 2008.
[87] S. H. Lee and P. J. Rossky. A comparison of the structure and dynamics of
liquid water at hydrophobic and hydrophilic surfaces—a molecular dynamics
simulation study. The Journal of chemical physics, 100(4):3334–3345, 1994.
[88] N. E. Levinger. Water in confinement. Science, 298(5599):1722–1723, 2002.
[89] H. Li, Z. Song, X. Zhang, Y. Huang, S. Li, Y. Mao, H. J. Ploehn, Y. Bao, and
M. Yu. Ultrathin, molecular-sieving graphene oxide membranes for selective
hydrogen separation. Science, 342(6154):95–98, 2013.
[90] H. Lorentz. Ueber die anwendung des satzes vom virial in der kinetischen theorie
der gase. Annalen der physik, 248(1):127–136, 1881.

BIBLIOGRAPHY

89

[91] D. Lucent, V. Vishal, and V. S. Pande. Protein folding under confinement: a
role for solvent. Proc. Natl. Acad. Sci. U. S. A., 104(25):10430–10434, 2007.
[92] M. Ma, L. Guo, D. G. Anderson, and R. Langer. Bio-inspired polymer composite
actuator and generator driven by water gradients. Science, 339(6116):186–189,
2013.
[93] M. W. Mahoney and W. L. Jorgensen. A five-site model for liquid water and
the reproduction of the density anomaly by rigid, nonpolarizable potential functions. The Journal of Chemical Physics, 112(20):8910–8922, 2000.
[94] M. Majumder, N. Chopra, R. Andrews, and B. J. Hinds. Nanoscale hydrodynamics: enhanced flow in carbon nanotubes. Nature, 438(7064):44, 2005.
[95] E. Mamontov, C. Burnham, S.-H. Chen, A. Moravsky, C.-K. Loong,
N. De Souza, and A. Kolesnikov. Dynamics of water confined in single and
double wall carbon nanotubes. J. Chem. Phys., 124(19):194703, 2006.
[96] C. Mattevi, G. Eda, S. Agnoli, S. Miller, K. A. Mkhoyan, O. Celik, D. Mastrogiovanni, G. Granozzi, E. Garfunkel, and M. Chhowalla. Evolution of electrical,
chemical, and structural properties of transparent and conducting chemically
derived graphene thin films. Advanced Functional Materials, 19(16):2577–2583,
2009.
[97] J. A. McCammon, B. R. Gelin, and M. Karplus. Dynamics of folded proteins.
Nature, 267(5612):585, 1977.
[98] K. Murata, K. Mitsuoka, T. Hirai, T. Walz, P. Agre, J. B. Heymann, A. Engel, and Y. Fujiyoshi. Structural determinants of water permeation through
aquaporin-1. Nature, 407(6804):599–605, 10 2000.

BIBLIOGRAPHY

90

[99] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth,
T. Stauber, N. M. Peres, and A. K. Geim. Fine structure constant defines
visual transparency of graphene. Science, 320(5881):1308–1308, 2008.
[100] M. Neek-Amal, F. M. Peeters, I. V. Grigorieva, and A. K. Geim. Commensurability effects in viscosity of nanoconfined water. ACS Nano, 10(3):3685–3692,
2016.
[101] G. Ni, G. Li, S. V. Boriskina, H. Li, W. Yang, T. Zhang, and G. Chen. Steam
generation under one sun enabled by a floating structure with thermal concentration. Nature Energy, 1(9):nenergy2016126, 2016.
[102] T. Nishino, M. Meguro, K. Nakamae, M. Matsushita, and Y. Ueda. The lowest
surface free energy based on- cf3 alignment. Langmuir, 15(13):4321–4323, 1999.
[103] S. Nosé. A molecular dynamics method for simulations in the canonical ensemble. Molecular physics, 52(2):255–268, 1984.
[104] L. Pauling. The Nature of the Chemical Bond..., volume 260. Cornell university
press Ithaca, NY, 1960.
[105] R. Pecha and B. Gompf. Microimplosions: cavitation collapse and shock wave
emission on a nanosecond time scale. Physical review letters, 84(6):1328, 2000.
[106] M. Pettersen, S. Balibar, and H. Maris. Experimental investigation of cavitation
in superfluid he 4. Physical Review B, 49(17):12062, 1994.
[107] P. H. Poole, M. Hemmati, and C. A. Angell.

Comparison of thermody-

namic properties of simulated liquid silica and water. Physical review letters,
79(12):2281, 1997.
[108] P. H. Poole, F. Sciortino, U. Essmann, and H. E. Stanley. Phase behaviour of
metastable water. Nature, 360(6402):324–328, 1992.

BIBLIOGRAPHY

91

[109] P. H. Poole, F. Sciortino, U. Essmann, and H. E. Stanley. Spinodal of liquid
water. Physical Review E, 48(5):3799, 1993.
[110] H. Qiu, X. C. Zeng, and W. Guo. Water in inhomogeneous nanoconfinement:
Coexistence of multilayered liquid and transition to ice nanoribbons. ACS Nano,
9(10):9877–9884, 2015.
[111] J. Rafiee, X. Mi, H. Gullapalli, A. V. Thomas, F. Yavari, Y. Shi, P. M. Ajayan,
and N. A. Koratkar. Wetting transparency of graphene. Nat. Mater., 11(3):217–
222, 2012.
[112] A. Rahman and F. H. Stillinger. Molecular dynamics study of liquid water. The
Journal of Chemical Physics, 55(7):3336–3359, 1971.
[113] J. C. Rasaiah, S. Garde, and G. Hummer. Water in nonpolar confinement:
From nanotubes to proteins and beyond. Annu. Rev. Phys. Chem., 59:713–740,
2008.
[114] O. Reynolds. On the internal cohesion of liquids and the suspension of a column
of mercury to a height more than double that of the barometer. Memoirs of
the Literary and Philosophical Society of Manchester, 7:1–19, 1882.
[115] V. Satarifard, M. Mousaei, F. Hadadi, J. Dix, M. S. Fernandez, P. Carbone,
J. Beheshtian, F. Peeters, and M. Neek-Amal. Reversible structural transition
in nanoconfined ice. Phys. Rev. B, 95(6):064105, 2017.
[116] H. C. Schniepp, J.-L. Li, M. J. McAllister, H. Sai, M. Herrera-Alonso, D. H.
Adamson, R. K. Prud’homme, R. Car, D. A. Saville, and I. A. Aksay. Functionalized single graphene sheets derived from splitting graphite oxide. The Journal
of Physical Chemistry B, 110(17):8535–8539, 2006.

BIBLIOGRAPHY

92

[117] G. Scocchi, D. Sergi, C. D’Angelo, and A. Ortona. Wetting and contact-line
effects for spherical and cylindrical droplets on graphene layers: A comparative
molecular-dynamics investigation. Physical Review E, 84(6):061602, 2011.
[118] C. Sendner, D. Horinek, L. Bocquet, and R. R. Netz. Interfacial water at
hydrophobic and hydrophilic surfaces: Slip, viscosity, and diffusion. Langmuir,
25(18):10768–10781, 2009.
[119] M. A. Shannon, P. W. Bohn, M. Elimelech, J. G. Georgiadis, B. J. Mariñas,
and A. M. Mayes. Science and technology for water purification in the coming
decades. Nature, 452(7185):301–310, 2008.
[120] C.-J. Shih, Q. H. Wang, S. Lin, K.-C. Park, Z. Jin, M. S. Strano, and
D. Blankschtein. Breakdown in the wetting transparency of graphene. Physical
review letters, 109(17):176101, 2012.
[121] C.-J. Shih, Q. H. Wang, S. Lin, K.-C. Park, Z. Jin, M. S. Strano, and
D. Blankschtein. Breakdown in the wetting transparency of graphene. Physical
review letters, 109(17):176101, 2012.
[122] Y. J. Shin, Y. Wang, H. Huang, G. Kalon, A. T. S. Wee, Z. Shen, C. S. Bhatia,
and H. Yang. Surface-energy engineering of graphene. Langmuir, 26(6):3798–
3802, 2010.
[123] R. J. Speedy. Stability-limit conjecture. an interpretation of the properties of
water. The Journal of Physical Chemistry, 86(6):982–991, 1982.
[124] H. E. Stanley. Phase transitions and critical phenomena. Clarendon, Oxford,
9, 1971.
[125] H. E. Stanley. Phase Transitions and Critical Phenomena. 1971.

BIBLIOGRAPHY

93

[126] F. W. Starr, F. Sciortino, and H. E. Stanley. Dynamics of simulated water
under pressure. Phys. Rev. E, 60(6):6757, 1999.
[127] J. Staudenraus and W. Eisenmenger. Fibre-optic probe hydrophone for ultrasonic and shock-wave measurements in water. Ultrasonics, 31(4):267–273, 1993.
[128] F. H. Stillinger and A. Rahman. Improved simulation of liquid water by molecular dynamics. The Journal of Chemical Physics, 60(4):1545–1557, 1974.
[129] P. Sun, M. Zhu, K. Wang, M. Zhong, J. Wei, D. Wu, Z. Xu, and H. Zhu.
Selective ion penetration of graphene oxide membranes. Acs Nano, 7(1):428–
437, 2012.
[130] S. P. Surwade, S. N. Smirnov, I. V. Vlassiouk, R. R. Unocic, G. M. Veith,
S. Dai, and S. M. Mahurin. Water desalination using nanoporous single-layer
graphene. Nature nanotechnology, 10(5):459–464, 2015.
[131] T. Szabó, O. Berkesi, P. Forgó, K. Josepovits, Y. Sanakis, D. Petridis, and
I. Dékány. Evolution of surface functional groups in a series of progressively
oxidized graphite oxides. Chemistry of materials, 18(11):2740–2749, 2006.
[132] F. Taherian, V. Marcon, N. F. van der Vegt, and F. Leroy. What is the contact
angle of water on graphene? Langmuir, 29(5):1457–1465, 2013.
[133] E. Tajkhorshid, P. Nollert, M. Jensen, L. Miercke, J. O’Connell, R. Stroud, and
K. Schulten. Control of the selectivity of the aquaporin water channel family
by global orientational tuning. Science, 296(5567):525–530, 2002.
[134] T. M. Truskett, P. G. Debenedetti, and S. Torquato. Thermodynamic implications of confinement for a waterlike fluid. J. Chem. Phys., 114(5):2401–2418,
2001.

BIBLIOGRAPHY

94

[135] T. Uchihashi, M. Higgins, Y. Nakayama, J. Sader, and S. Jarvis. Quantitative measurement of solvation shells using frequency modulated atomic force
microscopy. Nanotechnology, 16(3):S49, 2005.
[136] C. Vega and J. L. Abascal. Simulating water with rigid non-polarizable models:
a general perspective. Physical Chemistry Chemical Physics, 13(44):19663–
19688, 2011.
[137] L. Verlet. Computer" experiments" on classical fluids. i. thermodynamical properties of lennard-jones molecules. Physical review, 159(1):98, 1967.
[138] G. J. Wang and N. G. Hadjiconstantinou. Why are fluid densities so low in
carbon nanotubes? Phys. Fluids, 27(5):052006, 2015.
[139] J. Wang, D. Bratko, and A. Luzar. Probing surface tension additivity on chemically heterogeneous surfaces by a molecular approach. Proc. Natl. Acad. Sci.
U. S. A., 108(16):6374–6379, 2011.
[140] S. Wang, Y. Zhang, N. Abidi, and L. Cabrales. Wettability and surface free
energy of graphene films. Langmuir, 25(18):11078–11081, 2009.
[141] H. E. Warriner, S. H. J. Idziak, N. L. Slack, P. Davidson, and C. R. Safinya.
Lamellar biogels: Fluid-membrane-based hydrogels containing polymer lipids.
Science, 271(5251):969–973, 1996.
[142] A. Warshel and M. Levitt. Theoretical studies of enzymic reactions: dielectric,
electrostatic and steric stabilization of the carbonium ion in the reaction of
lysozyme. Journal of molecular biology, 103(2):227–249, 1976.
[143] T. Werder, J. H. Walther, R. Jaffe, T. Halicioglu, and P. Koumoutsakos. On the
water-carbon interaction for use in molecular dynamics simulations of graphite
and carbon nanotubes. J. Phys. Chem. B, 107(6):1345–1352, 2003.

BIBLIOGRAPHY

95

[144] G. Xue, Y. Xu, T. Ding, J. Li, J. Yin, W. Fei, Y. Cao, J. Yu, L. Yuan, L. Gong,
et al. Water-evaporation-induced electricity with nanostructured carbon materials. Nat. Nanotechnol., 12(4):317–321, 2017.
[145] G. Xue, Y. Xu, T. Ding, J. Li, J. Yin, W. Fei, Y. Cao, J. Yu, L. Yuan, L. Gong,
et al. Water-evaporation-induced electricity with nanostructured carbon materials. Nature nanotechnology, 12(4):nnano–2016, 2017.
[146] R. Zangi. Water confined to a slab geometry: a review of recent computer
simulation studies. J. Phys.: Condens. Matter, 16(45):S5371, 2004.
[147] R. Zangi and A. E. Mark. Monolayer ice. Phys. Rev. Lett., 91(2):025502, 2003.
[148] Y. B. Zel’dovich. Ya. b. zeldovich, zh. eksp. teor. fiz. 12, 525 (1942). Zh. Eksp.
Teor. Fiz., 12:525, 1942.
[149] L. Zhang, H. Liang, J. Jacob, and P. Naumov. Photogated humidity-driven
motility. Nature communications, 6:7429, 2015.
[150] W.-H. Zhao, L. Wang, J. Bai, L.-F. Yuan, J. Yang, and X. C. Zeng. Highly
confined water: Two-dimensional ice, amorphous ice, and clathrate hydrates.
Acc. Chem. Res., 47(8):2505–2513, 2014.
[151] Q. Zheng, D. Durben, G. Wolf, and C. Angell. Liquids at large negative pressures: water at the homogeneous nucleation limit. Science, 254(5033):829–832,
1991.
[152] Y. Zhu, F. Wang, J. Bai, X. C. Zeng, and H. Wu. Compression limit of
two-dimensional water constrained in graphene nanocapillaries. ACS Nano,
9(12):12197–12204, 2015.

BIBLIOGRAPHY

96

[153] Y. Zhu, F. Wang, J. Bai, X. C. Zeng, and H. Wu. Ab-stacked square-like bilayer
ice in graphene nanocapillaries. Phys. Chem. Chem. Phys., 18(32):22039–22046,
2016.
[154] Y. Zhu, F. Wang, and H. Wu. Buckling failure of square ice-nanotube arrays
constrained in graphene nanocapillaries. J. Chem. Phys., 145(5):054704, 2016.

