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In this paper molecular dynamics simulations are performed to study the accumulation behaviour of N2 and Ha

at water/graphite interface under ambient temperature and pressure. It finds that both N2 and Ha molecules can

accumulate at the interface and form one of two states according to the ratio of gas molecules number to square of

graphite surface from our simulation results: gas films (pancake-like) for a larger ratio and nanobubbles for a smaller

ratio. In addition, we discuss the stabilities of nanobubbles at different environment temperatures. Surprisingly, it is

found that the density of both kinds of gas states can be greatly increased, even comparable with that of the liquid N2

and liquid Ha. The present results are expected to be helpful for the understanding of the stable existence of gas film

(pancake-like) and nanobubbles.
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density
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1. Introduction

The nature of the long-ranged hydrophobic force
at the interface between water and hydrophobic sur-
face is a subject of intense interest and hot debates
all along for a long time.'~7 It is believed that hy-
drophobic interactions are involved in diverse phenom-
ena including protein folding, amphiphathic molecule
self-assembly, membrane fusion, oil dispersion and

mineral floatation.8

It is still not possible to un-
derstand why there is such a long-ranged attractive
force from the classical DLVO theory.[”) The hypothe-
sis of the existence of sub-microscopic gas bubbles on
solid surfaces immersed in water was first proposed
to account for this unexpected long-ranged attrac-
tive force between hydrophobic surfaces.['9~13] Since
then, a range of experimental evidences has been pre-
sented in support of the existence of nanobubbles at
water/hydrophobic interface, including direct imag-
ing of nanobubbles by tapping mode atomic force
microscopy (AFM),[>13=19] rapid cryofixation-freeze

[20] and neutron reflectometry.[2!l It was newly

fracture
reported that hydrogen nanobubbles were controllably
produced on graphite surface using electrochemical
approach, which further approved the real existence
of nanobubbles.?2 On the other hand, some exper-
iments detected a thin water layer of density deficit
approximately several nanometres by neutron and x-
ray reflectivity, which predicted the existence of gas
film.[?3:24 More convincingly, Zhang et al have ob-
served the gas pancake very flat gas layers directly
by tapping mode AFM.[?% Interestingly, Li et al ap-
proved theoretically that both nanobubbles and gas
pancake are all the possible existence states of gas
at water/hydrophobic interface.[268l However, the sta-
ble existence of nanobubbles at water/solid interface
is suffering from the classical thermodynamics.27—31
The traditional Laplace—Young equation predicts that
the pressure inside a nanobubble is extremely high
(e.g., 1.4 x 106Pa for 100nm radius in water).?7]
The lifetime predicted by conventional thermodynam-

ics only ranges from several picoseconds to hundreds
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of microseconds,®2 which is too short to be observed
experimentally.

Water molecules have many fascinating dynam-
ical properties due to its extended hydrogen bond
network. Especially, the behaviour of the gas at lig-
uid/solid interface on the nanoscale is usually different
from that in the bulk states.[33=3% We hold a view that
the confliction between theory and experiments may
be due to the lack of knowledge on the nanoscale gas
phases at water/solid interface. It has been reported
that if the densities inside nanobubbles are assumed
to be large enough, the lifetime of nanobubbles in-
creases significantly and even reaches the timescale of
experimental observations.!*® Our previous molecular
dynamics simulations showed that the density inside a
nanobubble in bulk water, if it stably existed, is con-
siderably large.[*”) Simulations with simple Lennard-
Jones liquid and hydrophobic wall by using molecular
dynamics simulations also reported gas enrichment at
hydrophobic interface.!?!

In this paper, we report the accumulation be-
haviour of gas molecules at the water/graphite inter-
face and particularly the density of the gas by us-
Based on the
experiments,?? which could provide continuous, high

ing molecular dynamics simulations.

local concentration of gases, we set the initial gas con-
centrations in solvent water high. Here, in simula-
tions, the accumulation states of two kinds of gases,
Nj, the main content of air, and Hy are studied. The
simulation results confirm that both No and Hy can
be highly accumulated together at the water /graphite
interface. Two kinds of gas states are found depending
on the initial ratio between number of gas molecules
and square of graphite from our simulation results:
gas pancake for a larger ratio and nanobubbles for a
smaller ratio. At the same time, the densities of the
It is found
that the densities of these two kinds of gas states are

two kinds of gas states are calculated.

considerably larger at ambient temperature and pres-
sure than the ambient gas states. We hope that these
results will be helpful to understand the stability of
nanobubbles. Moreover, the high density of hydrogen
nanobubbles at water/graphite interface is expected
to develop a novel hydrogen-storage method.

The outline of this paper is as follows. The com-
putational methods and simulation results are de-
scribed in Section 2. There-into, in order to verify
the force field parameters, the droplet of liquid Ny
and H, are studied in subsection 2.1. In subsection
2.2, gas molecules enrichment at water/graphite in-

terface is studied, which can be called a phase separa-
tion process. In subsections 2.3 and 2.4, we study two
gas states at water/hydrophobic interface: gas pan-
cake and nanobubbles, and correspondingly, represent
the detailed simulation results on the densities of the
two states. Conclusions of this study and remarks of
the future directions are given in last section.

2. Computational methods and

simulation results

The molecular dynamics simulations are carried
out with Gromacs 3.2.138 and the SPCP water
mode is taken. Universal Force Field (UFF),[% as
shown in Table 1, is used in our simulations. The oth-
ers used in this paper, including the interactions be-
tween water molecules, are set according to Gromacs
3.2.1.138] All simulations are performed under periodic
boundary conditions in all directions. The particle-
mesh Ewald method! is used to treat the long-range
electrostatic interactions with cutoff 1 nm. All simu-
lations are performed with an integration time step
of 2fs. The bond stretching between two covalently
bonded atoms ¢ and j is represented by a harmonic
potential:

1
V(r) =gh(r =), 1)
where k and b are force constant and standard bond
length of harmonic potential respectively.
The interactions between molecules are expressed
by the Lennard—Jones potential function:

o(r) = 4¢ [(o/r)*~(o/1)] @)

where o and & are the length scale and the energy
scale of the Lennard—Jones potential, respectively.

Table 1. Detailed UFF force field parameters used for the
Lennard—Jones interactions.

atom type b/nm k/(kJ/mol-nm?) e/(kcal/mol) o/nm

N 0.1120 1280025 0.0690 0.3260
H 0.0708 758921 0.0440 0.0392
C 0.1420 334720 0.1049 0.3430

2.1. Liquid droplet simulation

The liquid nitrogen and hydrogen droplet forma-
tion are used in our simulation to demonstrate the
force field chosen to be appropriate. Molecular simu-
lations of liquid droplet Ny at the boiling temperature
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77.3K and liquid droplet Hy at the boiling tempera-
ture 22 K were performed, respectively. In our series
of simulations, the numbers of N9 molecules of the sys-
tems are 1024, 1500, 2048 respectively. Initially, the
nitrogen molecules form a simple cubic structure in a
box with L, = 12nm, L, = 10nm, L, = 10nm, and
a lattice constant 1.8405 on and a maximum random
displacements of 0.01 o for each particle. During pro-
duction runs, the simulations are weakly coupled to a
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Berendsen heat bath to keep the systems tempera-
ture at 77.3K and isotropic Berendsen pressure bath
to keep the systems pressure at 1 atm. Figure 1(a)
shows that 1 ns is long enough to reach an equilibrium
state when the densities at ¢t = 1ns and ¢ = 2ns have
almost no difference. The density profile for different
distances r from the centre of the droplet is shown in
Fig.1(b).
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Fig.1. (a) Density profiles at ¢ = 1ns and ¢t = 2ns when N =1500. (b) Local density profiles for different numbers

of N2 molecules at ¢ = 1ns, where N is number of particles.

The density profile from the bulk liquid nitrogen
region across the liquid—vapour interface fits a tanh

function.[4?]

p(r) =g pldr)(1 — tanh(2(r —r)/d)), (3

where p(dr) is the density of droplet, r. is location of
surface, d is thickness of surface. A fit of the equation
yields a bulk liquid densities of droplet p(dr) which
are 829kg/m?, 812kg/m3, 816kg/m? for three sys-
tems respectively. Those values are very close to the
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Fig.2. (a) Density profiles at ¢ = 1ns and ¢ = 2ns when N = 1728.

experimental value of 807.4kg/m? at the boiling tem-
perature 77.3 K[*3] and a pressure 10° Pa.

Correspondingly, simulations with 1331, 1728,
2197 Hs molecules are carried out keeping system tem-
perature 22K and pressure at 10° Pa. The densities
at the centre of the liquid droplet are 79.0kg/m3,
79.2kg/m3, 80.0kg/m?3, for T = 22K, as shown in
Fig.2(b), which are close to the experimental value of
70.9 kg/m? at boiling temperature 22 K[*4 and a pres-
sure 10° Pa.
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(b) Local density profiles of Hy at time ¢t =

1 ns at boiling temperatures 22 K, where N is particle number.
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2.2. Process of gas enrichment at wa-
ter /graphite interface

In this subsection, the simulations are performed
to describe the spontaneous process of most of Ny
and Hy molecules separating from bulk water and as-
sembling at water/graphite interface, despite the gas
Initially, 200
N5 and Hy molecules are solved symmetrically in two

molecules disperse in water initially.

water boxes with size L, = 4.20nm, L, = 3.70nm
and L, = 6.00nm. Fixed graphite plates with size
4.06 nm x 3.49 nm (576 carbon atoms) are located par-
allel to x — y plane in the centre of boxes as shown in
Figs.3(a) and 4(a).
with the NVT (constant volume-constant tempera-
ture) ensemble. Figures 3(c) and 4(c) display that the

The simulations are performed
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average distances between gas molecules (No and Hs)
and graphite are constant and independent of time
after t = 1.2ns, which implicates that the systems
reach equilibrium. Clearly, the equilibrium states with
gas molecules assembling on the graphite are shown in
Figs.3(b) and 4(b).

The next question is: what causes the gas en-
richment at hydrophobic water/graphite interface?
Energetically the systems benefit from the differ-
ent strength of interactions between gas—water and
water—water, due to water—water interactions (hydro-
gen bond) are stronger than that of gas—water (van der
Waals interactions). Thus, the gas molecules are ex-
cluded from bulk water and adsorbed by the graphite
due to van der Waals interactions between them.
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Fig.3. (a) Snapshot of initial model system. (b) Snapshot of model system when ¢ = 5ns, with gas molecules
adsorbing at graphite. (c) Average distance in z axis between N2 molecules and graphite, where two lines indicate
gas molecules upper and below the graphite both assemble at the hydrophobic interface, versus simulation time t.
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Fig.4. (a) Snapshot of initial model system. (b) Snapshot of model system when ¢ = 5ns. (c¢) Average distance
in z axis between Ha molecules and graphite, where two lines indicate gas molecules upper and below the graphite

both assemble at the hydrophobic interface.
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2.3. Gas films
ter /graphite interface

(pancake-like) at wa-

Previous experimental results have shown that
the contact angles for nanoscale gas bubbles are usu-
ally smalll*5] and the gas pancakes are very flat gas lay-
ers by tapping mode AFM.[25] Theoretically, Li et al
approved that nanobubbles and gas pancake are all the
possible existence states of gas at water/hydrophobic
interface. In this subsection, numerical simulations
on gas films at water/solid interface are performed
and on nanobubbles in next subsection. From pre-
vious simulation results mentioned in subsection 2.2,
we conclude that the Ny and Hy enrichment process
at water/graphite interface is spontaneous process, de-
spite the gas molecules disperse in water. On the basis
of this conclusion, the initial locations of No and Hs
molecules in next simulations can be localized to save
simulation time.

Molecular dynamics simulations of Ny and Hs
A

frozen graphite, which consists of four staggered sheets

films (pancake-like) at water/graphite interface.

with an interlayer distance of 0.340nm, with size

(2)

600
450

300 1

p/(kg/m?®)

150

Fig.5. (a) Snapshot of the initial model system.

states, where the densities are calculated in a thickness of 1.0nm < z < 1.3nm.

6.91nm x 6.53nm, (1734 carbon atoms per sheet) is
parallel to z — y plane. Additional sheets of graphite
are omitted because they are not expected to have a
significant influence on the water due to the employed
cutoff radius of 1 nm. Initially 1800 N5 molecules, with
minimal distance 0.3nm above the graphite, which
form a simple cubic structure with a lattice constant
of 1.2270y, are immersed in the simulation box, which
is full of water molecules and has size of L, = 7.15nm,
Ly, =6.75nm, L, = 12.00nm. The Berendsen semi-
isotropic coupling is used to maintain temperature
and pressure stable around the ambient temperature
(300K) and 10° Pa, which allows the length of the
box along the z axis (parallel to the graphite) scaled
while the box dimensions in z and y fixed jointly. The
time constant for scaling is set to 1000 fs, with an
L. After
3ns run time, Ny molecules begin to assemble at the

assumed compressibility of 4.5 x 1070 Pa~

hydrophobic interface and form a state with several
nanometres height gas film perpendicular to the z axis
(see Fig.5(a)) but yet unstable. Thus, various systems
are performed by artificially removing gas molecules
from gas film randomly (629, 829, 1029 Ny molecules

are removed respectively). Figure 5(b) displays the
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(b) Densities versus time t starting from three different initial

(c) Density profiles in z axis of

the No gas films when ¢ = 12ns. (d) Density profile of gas films at different temperatures 7' = 290 K, 300K, 310K,

respectively.



No. 7

High density gas state at water/graphite interface studied by molecular dynamics simulation

2651

densities p of gas film for various systems. All of them
approach a same p value, which indicates that all the
systems reach the equilibrium. Here the densities are
also computed in a thickness of 1.0nm < z < 1.3 nm.
The density profiles along z axis, shown in Fig.5(c),
are calculated by dividing gas film into thin slabs
with Az width (Az = 0.3nm), parallel to the z —y
plane. Obviously, two pronounced density peaks can
be identified at distances of 0.35 nm and 0.70 nm with
peak heights of 740kg/m? and 370 kg/m? respectively.
The first peak relates to the van der Waals interac-
tion between the first layer molecules and graphite,
and the second peak is due to the molecules near the
first layer molecules. The average density is approx-
imately 330kg/m? in plateau in the region of 1.0 nm
< z < 1.8nm as shown in Fig.5(c). This density value
p is a dramatic increase of the gas in the vicinity of
the hydrophobic interface when it is compared with
the gas density in the bulk water, even more than 2
orders of magnitude for the gas density in the bulk wa-
ter, which is consistent with that in Ref.[3]. Moreover,

60 : : . :
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ma \ \
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= Yo L H S X 0w [y
T o g SRR Dl
301 b [ L
o of
:Ph/‘:‘ (a)
20 . . . .
0 1 2 3 4 5

t/ns

different No molecules solved in water almost do not
affect the high density in plateau, but only affect the
height of gas film, as shown in Fig.5(c), which shows
that the high density of gas state is quite stable during
our simulation time.

Similarly, simulations with the number of Hy 2000
are performed after first 3ns and two systems are set
up subsequently by artificially removing gas molecules
from gas film randomly as described previously. Fig-
ure 6(a) shows that the densities approach a same
p value, which indicates that the two systems reach
the equilibrium though starting from different initial
states. From Fig.6(b), one can immediately observe
two pronounced density peaks at distances of 0.3 nm
and 0.6 nm, which are less than corresponding values
of Ny, due to og smaller than on. The two peak
heights are 90 and 42 kg/m? respectively and the av-
erage density is around 35kg/m?3 for Hy in plateau,
which is a dramatic increase of the gas when it is
compared with the gas density in the bulk water, by
a factor of ~ 30.

100 T T T T

80

60

40

p/(kg/m?)

20

z/nm

Fig.6. (a) Densities versus time ¢ starting from two different initial states, where the densities are calculated in a

thickness of 1.0nm < z < 1.3nm. (b) Density profiles in z axis of the Hy gas film when ¢ = 5ns.

It is necessary to examine whether environment
parameters, such as temperature or pressure etc., have
influences on the properties of nanobubbles. Very
recently, Borkent et al found that the nanobubbles
were not only stable under ambient conditions but
also under enormous reduction of the water pressure
down to -6 MPa. They denoted this phenomenon as
superstability.[*] We focus on the influence of envi-
ronment temperature on N nanobubbles solely, due
to the similarity between Ny and Hs. Successive runs
of stable gas film described before are performed for
0.5ns at T= 290K, 310 K, respectively, while keeping
other parameters invariable. Figure 5(d) shows that
different temperatures induce the different densities of
bulk gas film, but the gas films states are quite sta-

ble. In addition, we find that the densities of gas film
decrease as the temperature increases.

2.4. Gas nanobubbles simulation at wa-
ter /graphite interface

Due to the limitation of the computer capacity,
we cannot perform numerical simulations for a whole
nanoscale gas bubble at water/solid interface as ob-
served experimentally, which usually has a coverage
of several tens of nanometres, together with sufficient
numbers of water molecules. In this subsection, we
present our study on gas bubbles with smaller size
of approximately 2-3 nm at water/hydrophobic inter-

face.
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N5 and Hs; nanobubbles simulations at wa-
ter/graphite interface. In our model as shown in
Fig.7(a) (water molecules are omitted), the frozen
graphite with size 9.715nm x 9.869nm (3852 car-
bon atoms per sheet) is parallel to  — y plane. The
computation box has the size of L, = 10.20nm,
L, = 10.20nm, L, = 6.00nm. Initially 800 Ny
molecules, with minimal distance 0.3nm above the
graphite, which form a simple cubic structure with
a lattice constant 1.227 oy, are immersed in box full

of water molecules. An isothermal-isobaric ensemble

1200 T T T

1000

800

(normal pressure and temperature (NPT), 10° Pa and
300 K) is also used in simulations as aforementioned
in subsection 2.3. The system is believed to reach
the equilibrium when the average radius of the bot-
tom of the bubble is independent of time as shown
in Fig.7(b). The density profile along z axis is shown
in Fig.7(c), with two distinct density peaks at dis-
tances around 0.35nm and 0.70 nm. The average den-
sity is approximately 340 kg/m? in the region of 1.0 nm
< z < 2.5nm, which is consistent with the density of
N, films (see Fig.5(c)).
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Fig.7. (a) Side view (top row) of the equilibrium state (water molecules are omitted) (b) Radius r of bottom of the

N2 nanobubble versus time t. (c¢) Density profile of nanobubbles in z axis. (d) Density profile of nanobubbles at
different temperatures T' = 290 K, 300 K, 310 K, respectively.
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Similarly, the simulation for Hy with identical
water-filled box and graphite is performed under same
isothermal-isobaric ensemble (NPT, 10° Pa and 300 K)
for 3.5ns. Figure 8(a) shows that system reaches the
equilibrium, In addition, the density profiles along z
axis are shown in Fig.8(b), with two density peaks at
distances of 0.03nm and 0.06 nm and average density
is approximately 30 kg/m?, which is almost consistent
with the result of Hy films in subsection 2.3.

We also verify whether the densities of gas bub-
bles are sensitive to environment temperatures. Pa-
rameters are set as described in subsection 2.3. After
0.5 ns equilibrium runs, we show the density profile of
Ny nanobubbles in Fig.7(d) at different temperatures
T = 290K, 300K, 310K, respectively. Obviously,
temperature affects the densities of gas bubbles and
the densities decrease as the temperature increases,
which is consistent with previous simulation results in
subsection 2.3.

3. Conclusions

Our simulations show that No and Hy molecules
can separate from bulk water despite of initial dis-
persion in bulk water, enrich at hydrophobic wa-
ter /graphite interface, and finally form two kinds of
gas states: gas films (pancake-like) and nanobub-
bles, which are consistent with the experimental ob-
servations on the gas film (pancake-like) and surface
nanobubbles. This phenomenon results from the com-
petition between water-water interactions (hydrogen
bond) and gas—water (van der Waals interactions) (the
former is stronger than the latter). In addition, a
pronounced density peak can be identified at distance
around o, which is contributed by the interaction be-
tween the first layer molecules and graphite. These
results demonstrate that van der Waals interaction
could help to stabilize the adsorption. Interestingly,
both gas films and gas nanobubbles could hold very

high densities of gas states, i.e. 41% of the density of

liquid Na, 52% of liquid Ha, respectively. In addition,
we discuss the stabilities of nanobubbles at different
environment temperatures.

Although it is not our intention here to present a
detailed analysis of the mechanism why the densities
of the two gas states are so high, it is still of value to
give some qualitative explanation. On the one hand,
the adsorption of gas molecules on the graphite surface
is a process of heterogeneous nucleation, which makes
the gas molecules easier to nucleate or adsorb on the
graphite surface. On the other hand, van der Waals
interaction between the gas molecules and graphite
surface favours the adsorption of gas molecules, and
at the nanometre scale, as in our simulation, there are
only several absorbed gas molecules layers. According
to the gas adsorption theory, the density of the initial
several layers is very high due to the strong adsorp-
tion. Therefore, the high densities of the two states
in our simulations are conceivable. Detailed investi-
gation on this issue is underway.

We should emphasize that the time duration for
each simulation is still very short. From our study, we
cannot predict the longtime stability of the nanobub-
bles and gas pancakes. Moreover, the extra high-
densities of the Ny and Hs molecules inside the gas
pancakes and nanobubbles are unexpected and con-
tradicted to convectional knowledge although it has
been argued that the large density is helpful to the un-
derstanding of the stability.[*8] This should be further
tested by experiments. If this has been demonstrated,
high coverage of hydrogen nanobubbles can be used
as a new potential technique for hydrogen storage at
ambient temperature and pressure.
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