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Abstract

Nanoscale boiling is relevant to irradiated plasmonic nanoparticles immersed in water and also
to surfaces displaying nanometer scale heterogeneities. Here we show, using molecular dynamics
(MD) simulations, that vapor nucleation around heated nanoparticles may be slower in the case of
weak water/nanoparticle interactions. This result, which is qualitatively at odd with the predic-
tions of isothermal classical nucleation theory, may be explained by the competition between two
antagonist effects : while, classically, hydrophobicity increases the vapor nucleation rate, it also
penalizes interfacial thermal transfer, slowing down kinetics. The kinetics of heat transfer from
the nanoparticle to water is controlled by the interfacial thermal conductance, which turns out not
only to decrease with the nanoparticle hydrophobicity, but also drops down prior to phase change
yielding even long nucleation times. Such conclusions have been reached by considering the com-
parison between MD and continuous heat transfer models. These results put forward the role of
the nanoparticle wettability in the generation of plasmonic nanobubbles observed experimentally

and open the path to the control of boiling using nanopatterned surfaces. .

I. INTRODUCTION

Boiling, understood as the transition from a liquid state to a vapor state driven by a
heated solid surface, may proceed along two different scenarios. Normal boiling occurs when
a vapor nucleus is formed and detaches from the solid. For water, this typically corresponds
to a local temperature T, ~ 373 K [1]. Explosive boiling occurs either when a fluid is heated
up by a solid flat surface in the microscale or when it is heated so fast that it may remain
trapped in its metastable state until it crosses the liquid-vapor spinodal line. On ordinary
surfaces, normal boiling occurs after gentle heating, while explosive boiling may be reached
with high heating rates [2, 3], typically 106 K/s [4].

Boiling may be also investigated at the nanoscale. Plasmonic nanoparticles dispersed in
water, susceptible to be heated up in a picosecond time scale by a laser, act as local hot
spots in the liquid environment and constitute a platform to probe the physics of phase
transitions at the nanoscale [5-7]. From a practical perspective, the possibility to convert
light into vapor has been exploited in several scientific areas, including nanoparticle assisted
cancer therapy [8-10], nano and micro manipulation [11], and photoacoustic imaging [12, 13].

Due to the explosive nature of the generated plasmonic nanobubbles, intense acoustic waves



are emitted, an effect which may be used in the destruction of biological cellular components
at the local scale [14-17].

Most of the studies of boiling around hot colloidal nanoparticles are concerned with
the temperature threshold to generate vapor nanobubbles, in relation to the fluid spinodal
temperature [6, 7, 18-23, 27]. These studies are based on experimental investigations [23—
25] or molecular dynamics calculations (MD) using Lennard-Jones models [7, 18-20]. Few
studies considered the kinetics of boiling and, in particular, the effect of wetting [19].

In this work, we investigate the effects of wetting on the kinetics of nanoscale boiling. We
employ a model of a metallic nanoparticle of tunable wettability immersed in water heated up
to high temperatures by a picosecond pulse, and a model of solid surface displaying nanoscale
contact angle heterogeneities. Previous simulation works have considered a Lennard-Jones
model to describe the fluid [19]. Here, we investigate a nanoparticle immersed in liquid
water to go beyond the Lennard-Jones fluid model. We demonstrate that vapor nucleation
is faster in the case of strongly hydrophilic nanoparticles, in contrast with the predictions
of isothermal classical nucleation theory. In passing, we show that the onset of boiling
may be ~ 100 K lower than water spinodal temperature Ty = 573K [1] in the case of weak
wetting interactions (contact angle around 70°). Nanoscale boiling is found to be a relatively
slow process whose kinetics is controlled by the time-dependent thermal conductance at the
interface between metal and water. This conductance may drop by one order of magnitude
depending on wetting, yielding nucleation times much longer than heat diffusion times. All
these effects compete to slow down the kinetics of phase change around weakly hydrophilic
nanoparticles.

The article has the following structure. In Section 2II, the methodology is presented.
In Section 3III, we present the results concerning both the kinetics of nucleation and the

thermodynamics of boiling. Finally, in Section 41V, we present the conclusions of this work.

II. METHODOLOGY

MD simulations are carried out using the free software Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS). The nanoparticle consists of a metallic spherical
particle immersed in liquid water with fixed diameter of 11 nm, and initially occupies a

volume fraction ® ~ 10 % of the system, as shown in Fig. 1. Periodic boundary condi-



tions are applied in all directions. The metal-metal interactions are described by the Heinz
potential [29] while water is described by the flexible TIP4P /2005 [30] model. This model
has been chosen because it gives a good description of water coexistence curves [33]. The
interaction between the water molecules and the nanoparticle atoms are simulated by a
Lennard-Jones (LJ) 12-6 potential. More information on the simulation details are found in

the Supplementary material [28].

FIG. 1. Representation of the system : a metallic nanoparticle immersed in bulk water.

We consider three different nanoparticle wettabilities: strong, intermediate, and weak
wetting. These are defined by the strength of the LJ interactions between the gold and
the oxygen atoms through a dimensionless parameter o which enters into the definition
of the cross-interaction energy between gold and oxygen atoms €p,_0:€au_0 = Q€a,0 With
€400 = 0.9898 Kcal mol~t. The specific values of a for the different wettings considered in
this article are: i) strong wetting: o = 1.0, ii) intermediate wetting: a = 0.5, and iii) weak
wetting: « = 0.3. The contact angles characterizing the corresponding planar metal /water
interfaces, at room temperature, are 20°, 40°, and 70°, respectively. The procedure to
measure the contact angles is described in the Supplementary material [28].

The time step of the dynamics is 1 fs. The systems are first thermalized in the NPT
ensemble using the Nose-Hoover thermostat-barostat for 300 ps, with a thermostat tem-
perature of 300 K, and a pressure of one atmosphere [31]. After thermalization, isobaric
dynamics are carried out in the NPH ensemble (which corresponds to a isoenthalpic-isobaric

ensemble, where the number of particles, pressure and enthalpy are fixed) using the Nose-
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Hoover barostat.

Mirroring experiments, where a laser pulse heats the nanoparticles, we consider pulses
heating the nanoparticle by rescaling the velocities of the metal atoms every 40 ps. The
target temperature is fixed at a value between 2000 and 3500 K. Below 2000 K, we observe
no boiling of water around the nanoparticle. Note also that after each heat pulse, the
nanoparticle relaxes its temperature by redistributing the internal energy in a time < 500
fs. This effective temperature is hundreds of Kelvin less than the temperature to which the
nanoparticle was originally heated up by rescaling the atomic velocities. For more details,
consult the supplementary material. After each pulse, the temperature of water at a distance
greater than 95 A from the nanoparticle center is set at 300 K just once with the purpose to
dissipate heat in the system. Between each temperature rescaling, the system is allowed to
relax in the NPH ensemble. We have verified that, for low nanoparticle heating, the steady
state temperature profile of water follows the expected 1/r behaviour, thus our methodology

simulates a semi-infinite system.

III. RESULTS
A. Effect of wetting

Nucleation can be put in evidence by looking at the time evolution of the volume of the
system, as represented in Fig. 2. Before nucleation, the volume of the system fluctuates,
displaying both positive and negative fluctuations. When a vapor embryo is formed, the
volume increases sharply and the last moment where the volume change is negative serves
us to define the nucleation time. Strikingly, Fig. 2 shows that the nucleation time increases
with the hydrophobicity of the nanoparticle. This observation is in contrast with isothermal
classical nucleation theory which predicts a lower energy barrier and higher nucleation rate
in the case of weak wetting. To interpret this peculiar kinetics, we will analyze in the
following both the local thermodynamics of water at the onset of boiling and the kinetics of
heat transfer from the nanoparticle to water.

The generation of a vapor nanobubble is monitored by paying attention at the water
density profile, plotted at different times in Fig. 3. Here, we consider that a vapor bubble
is formed when the local density is below the water critical density p. = 322 kg/m? [33].
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FIG. 2. Evolution of the system volume as a function of time, for different wetting regimes. The

nanoparticle heating temperature is 2500 K.

Different scenarios may be encountered depending on the wettability of the nanoparticle.
In the case of strong wetting, there is layering of the water molecules in the vicinity of the
nanoparticle, which persists when water is heated up by the nanoparticle. As a result of
the presence of this layer, the nanobubble is created at a non-vanishing distance d ~ 1 nm
from the nanoparticle. This layer is less pronounced in the case of intermediate wetting
nanoparticles, and it disappears for weakly wetting nanoparticles. In this latter situation,
an appreciable precursor thin vapor layer grows with time, as can be seen in Fig. 4. For
weak wetting nanoparticles, the thickness is on the order of 0.7 nm, while it amounts to 0.3
nm in the case of strong wetting. All these observations call for a local thermodynamics

analysis of the properties of water in the vicinity d < 1 nm of the nanoparticle.

Fig. 5 shows snapshots of the system just before the creation of a vapor nanobubble.
It is first worth noting the non-uniform nature of early stage boiling. For time scales of
a few tens of picoseconds, nanobubble nucleation around the heated nanoparticle does not
occur uniformly. Fig. 5 shows that the formation of a bubble remains spatially localized.
The non-uniform nature of boiling is found to be common to all the wetting interactions

considered, as presented in the Supplementary Material [28].
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FIG. 3. Density profiles calculated at different times before the generation of a bubble for the
different wetting regimes. From top to bottom : strong wetting, intermediate wetting and weak

wetting. The nanoparticle heating temperature is 2500 K.
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FIG. 4. Evolution of the precursor vapor layer thin film prior to nucleation for different wetting

regimes. The nanoparticle heating temperature is 2500 K.

B. Thermodynamics of the fluid in the vicinity of the nanoparticle

We concentrate here on the analysis of the temperature of water in the vicinity of the
nanoparticle. In the following, we investigate the temperature at a distance 1 nm from the

nanoparticle surface. Such a choice is justified because, first, we already saw in Fig. 3 that
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FIG. 5. Snapshots of the early stages of boiling for the strong wetting nanoparticle. The corre-
sponding times are 625, 640, 655 ps respectively, from left to right. The images display ~ 65 % of
the simulation box. Snapshots for the intermediate and the weak wetting situations display similar

behaviors, as shown in the Supplementary Material [28].

vapor nucleation starts at a finite distance from the nanoparticle. Secondly, we demonstrate
in the supplementary material that our conclusions remain qualitatively the same when we
deal with distances 0.5 and 1.5 nm from the surface. Finally, previous atomistic simula-
tions showed that spinodal crossing occurs at a distance 0.5 — 1 nm from the nanoparticle

surface [7].

Fig. 6a shows the evolution of the thermodynamic state of water at a distance of 1 nm from
the nanoparticle surface. We observe that, locally, water follows the saturation line until
its temperature reaches a maximal temperature and a phase change occurs. The maximal
temperature reached before phase change depends on the nanoparticle wettability, and is
the highest for strong wetting. Fig. 6b shows that the maximal temperature reached by the
water surrounding the nanoparticle surface increases linearly with the nanoparticle heating
temperature. This behavior is observed for all the wetting regimes, but the temperature
reached by water is highest for the strong wetting nanoparticle. From Fig. 6b, one can
identify an onset temperature T;,() which is the minimal temperature to observe boiling. As
seen in Fig.6c¢, this temperature turns out to be a strong function of the contact angle 6 that
characterizes the wetting between the nanoparticle and water. The weaker the interfacial

interaction, the lower the boiling temperature.

The maximal temperature depends on two antagonist effects: the interface thermal resis-

tance between the nanoparticle and water, which is high for weakly wetting interfaces [34—
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FIG. 6. a) Evolution of the thermodynamic state of water at d = 1 nm from the nanoparticle surface
for the nanoparticle heating temperature of 2500 K. b) Maximum temperature reached prior to
nucleation by water at 1 nm from the nanoparticle surface as a function of the nanoparticle heating
temperature. c¢) Minimum water temperature, T}(0), needed to observe boiling as a function
of the contact angle. This temperature corresponds to water at 1 nm from the nanoparticle
surface. The maximal temperatures estimated at distances d = 0.5 and 1.5 nm are displayed in
the supplementary material [28]. The experimental data are taken from [32] while the TIP4P /2005

model saturation curves are extracted from [33?.



36], and the probability to create a vapor bubble which depends on the liquid-solid interface
tension and is high for weakly wetting interfaces [37]. The decrease of the boiling tempera-
ture with the contact angle that we report demonstrates that the effect of thermal interface
resistance dominates over the energy barrier to create a bubble.

In the literature, water spinodal temperature is reported to be Ty ~ 573 K [1, 38]. The
onset temperature observed in our simulations may be below water spinodal temperature.
This contrasts with the general belief that nanobubble generation coincides with the crossing
of spinodal temperature [7, 18-23]. Note that the deviations may be large and exceed 100
K for the weak wetting nanoparticle considered here. The strong effect of wetting is also
observed when we analyze the temperature of water at distances 0.5 and 1.5 nm from the
nanoparticle surface, as shown in the Supplementary material [28].

It is also important to emphasize that the boiling temperatures measured here may be
well below the kinetic spinodal temperature of water Tk . The kinetic spinodal temperature,
which accounts for the possibility to nucleate vapor by thermal fluctuations of the system,
is the effective maximal temperature for which a liquid metastable state can be sustained.
From experiments [33, 39-43], we have that Ty varies typically in the range of 560 — 578
K for water. We also estimated this temperature by employing a free energy model which
describes accurately the phase coexistence of water [44] and found that Tk is 18 K below
water bulk critical temperature, as detailed in the Supplementary Material [28]. Therefore,
the low nucleation temperature that we evidence here are below the water kinetic spinodal

temperature.

C. Nucleation kinetics

We turn out to quantify the nanobubble generation kinetics. Fig. 7 displays the nucle-
ation time as a function of the nanoparticle contact angle. This time corresponds to the
first instant for which the volume systematically increases, as illustrated in Fig.2. The time
to initiate boiling depends on the nanoparticle contact angle. The nucleation time turns
out to be longer for large contact angles, a result which contrasts with an isothermal het-
erogeneous nucleation scenario for which the nucleation energy barrier decreases with the
contact angle [46]. The peculiar kinetics outlined here is related to the ability of the heated

nanoparticle to transfer energy to its surrounding fluid, as quantified by the interface ther-
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mal conductance Gk which is represented as a function of time in Fig. 7b. This quantity
is measured between each pulse by considering the evolution of the nanoparticle tempera-
ture, as shown in Fig. 7c. More precisely, we fit the nanoparticle temperature decay by an
exponential function which is found to well describe the MD data between two successive
pulses. From the time constant 7 of the exponential, we can deduce a value of the thermal
conductance using [57]:

o Rxpenp

G = e (1)

where R,, and c¢,, are the nanoparticle radius and specific heat capacity per unit volume,
respectively. In Fig. 7b, we report the values of the interfacial conductance Gk determined
in this way every 40 ps. Further details concerning the calculation of the time-dependent
interfacial conductance may be found in the Supplementary material [28].

It is also important to remark that boiling is a relatively slow process. The nucleation time
measured in MD is at least 10 times larger than the characteristic heat diffusion time over
a distance d = 1 nm in bulk water, tgg = d2/aw ~ 10 ps << 1 ns, where o, = 1.5 x 1077
m? /s denotes thermal diffusivity of water. Therefore, our results indicate that the phase
change phenomenon observed here is not diffusion limited. In the case of low interfacial
conductance, an additional relaxation time 7., = cnpRnp/3Gk [47] may characterize the
nanoparticle cooling. This relaxation time measures the kinetics of the interfacial heat
transfer from the nanoparticle to the fluid. In this latter expression, ¢,, = 2.5 10° J/m?/K
and R,, are the specific heat capacity per unit volume and the radius of the nanoparticle,
respectively, and Gk the gold-water interfacial thermal conductance.

The interfacial conductance Gk is found to depend on the contact angle, an effect which
has already been investigated [34-36]. In particular, Gk decreases with the nanoparticle
hydrophobicity, consistently with a slower kinetics of nucleation for weak nanoparticle-water
interactions. More surprisingly, the interface conductance significantly decreases with time
prior to nucleation, as reported in Fig. 7b. Note that the conductance drop strongly depends
on the nanoparticle contact angle, and is more striking for the strong wetting nanoparticle
(around 11 fold drop) than for the weakly wetting nanoparticle (2 fold decrease).

Quite generally, the thermal conductance at solid-liquid interfaces depends primarily on
the density of the liquid and on the bonding strength of the interface, which is related to the
potential energy between the solid and the liquid [58]. Indeed, in the spirit of acoustic mis-

match models, a strong bonding at the interface facilitates the transmission of heat between
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two media and vice-versa [59]. Note that, for solid-liquid interfaces, a correlation between
Gk and the first fluid density peak has been proposed in the literature [60], but we found
that such a correlation does not hold in our systems, in line with previous simulations [61].

To interpret physically the decrease with time of the interface thermal conductance Gk,
we therefore consider in Fig. 8a, the evolution of the interfacial potential energy as a function
of time. Initially, the potential energy is the lowest for the highly hydrophilic nanoparticle,
in accordance with the strength of the water-gold interactions. With time, we observe an
increase of the potential energy, for all the wetting interactions considered. Eventually, the
potential energy vanishes. The increase of the potential energy is related to the decrease of
the first density peak as shown in Fig. 8b. The increase of the density is explained by the
gradual heating up of the liquid in contact with the nanoparticle. All in all, we see in fig. 8c
that the decrease of the interface conductance Gk is strongly correlated with the decrease
of the interfacial potential energy. We therefore come to the conclusion that Gk drops with
time beause of the gradual decrease of interfacial bonding, an effect which is due to the
fluid dilation induced by local heating. The drop is emphasized for strongly hydrophilic
nanoparticle, because in this situation the initial interfacial bonding is the largest.

The conductance drop is consistent with the decrease of the cooling rate due to the
formation of a vapor layer observed experimentally [5, 48]. As G decreases, T,, begins to
increase and reaches eventually ~ 500 ps for conductances on the order of ~ 10 MW /(K
m?), which are typical values prior to boiling obtained in this work. The conductance drop
is therefore responsible for relatively long cooling times 7, (ns) as Fig.7 gives evidence and
thus plays a leading role in the phase change kinetics, as we will confirm by a comparison

between MD results and continuum models.

D. Comparison with continuum models

To highlight the role of the time dependent interface conductance, we compare the MD
results with the predictions of different continuous models.

In the model denoted Model 1, we take into account the variation of the temperature
within the nanoparticle, and the interface conductance between the nanoparticle and water,
which is supposed to be constant. The equations are of diffusion type in each medium and

are given by:
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Effect of the heating pulse
Tnp(T, 0) = TnpO
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Continuity of the flux at the nanoparticle-water interface :

0Ty (r,t)

Ay
or

’r:Rnp = Gy (Tnp(Rnpa t) - TS(t)) ) (3)
Boundary condition at infinity :
TW(T' — OO,t) = ng, TS<0) = TW().

Thp(r,t) is the temperature of the nanoparticle at a radial distance r and time ¢, oy, is
the thermal diffusivity of the nanoparticle, R, its radius and A, its thermal conductivity.
The same definition is used for the water variables and Ti(t) = Ty (Rup, t) is water surface
temperature. Thermal diffusivity is defined as o = \/(pc,), where A is the thermal conduc-
tivity, p is the density, and ¢, the specific heat capacity. The value T,y corresponds to the
effective temperature after the heat pulse and the subsequent energy redistribution inside
the nanoparticle. More information may be found in the Supplementary material. T, is
the initial water temperature, here T, = 300 K.

To solve the coupled Eqgs. 2 and 3, a finite difference method is used. To this end, it is
necessary to know the values of the thermophysical parameters characterizing the nanopar-
ticle and the surrounding fluid. These values are presented in Table I. The values of the
interfacial thermal conductance in the case they are considered constant are the following: )
strongly wetting: Gk = 138.175x10® W/(m? K), #7) intermediate wetting: Gk = 95.04 x 10°
W/(m? K), and i7i) weakly wetting: Gx = 59.4 x 106 W/(m? K). These values were obtained
through independent simulations for the systems of this work. In parallel, we also considered

the case where G — oo.
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Parameter Value Reference

Ap LT W/(mK)  [49-51]
Aw 1.01 W/(K m) [52]
Gop 1200/(Kkg) 53]
cpw 4184 J/(K kg)  [54]
Prp 19.3 g/cm? [55]
D - MD data

TABLE I. Parameters used in the different continuum models.

We consider another model for the evolution of the temperature of the nanoparticle, de-
noted Model 2. This model assumes that the nanoparticle temperature is uniform, however,
we take into account the possibility of nanoparticle melting [56]. The evolution equation for

the nanoparticle is described by:

dT,,(t
VioGo T g (Tptt) ~ To(0)
(@)
_AHfH(Tnp - Tf)exp (_t - tf)
Tf Tf

Vip is the nanoparticle volume, C, = 2.5 x 10% J/(m?® K) is the volumetric heat capacity,
A,p the surface of the nanoparticle, AH; = h,,V,, with h,, = 1.24 x 10° J/m?® the bulk
melting enthalpy of gold, H (T, — T%) is the Heaviside step function, and 7y = 30 ps is the
characteristic gold melting time [56]. ¢y is the last time when the nanoparticle exceeds the
gold melting temperature, which in our case is set to T = 1200 K a value which takes into
account the finite nanoparticle size. Ts(t) is the instantaneous surface liquid temperature
obtained with Eq. 3.

The last model to be considered is denoted Model 3 and is an extension of Model 2
because it deals with the temporal variation of the interfacial conductance as given in Fig.
7b.

We compare now the predictions of these different models with the molecular dynamics
data. Figs. 9a and 9b show that initially the continuum medium models and the MD
data quantitatively agree for the strongly wetting and intermediate wetting nanoparticles.

Nevertheless, for these two wettings, Model 1 and Model 2 predictions begin to deviate from
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FIG. 9. Figs. 9a, 9b, and 9c¢ compare the different continuum models and molecular dynamics

data for the temperature of water at a distance 1 nm from the surface of the nanoparticle.

the simulation data around time ~ 400 ps. Model 3 describes relatively well all the simulation

data for the strongly and intermediate wettings. For the weakly wetting nanoparticle, we
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note deviations between the continuum medium models and the simulation data. These
relative discrepancies are explained by the existence of a thin layer of low density water that
surrounds the nanoparticle, as seen in Fig. 4. In particular, the low density layer is thicker
in the weakly wetting case as compared to the strongly and intermediate wettings. The thin
vapor layer plays the role of a thermal insulator between the nanoparticle and the liquid
water, and should be associated with a local thermal conductivity lower than in the bulk.
Heat transport for a weakly wetting interface appears to be more complicated due to the
existence of a thin vapor layer, and continuum medium models cannot describe it.

Fig. 10 compares the predictions of the continuous models and the simulation data for
the maximal water temperature, as measured 1 nm away from the nanoparticle surface. The
highest values of temperature are predicted for the infinite conductance model. Models 1 and
2, which consider a constant conductance, predict also a maximal temperature higher than
MD data. Only the model that takes into account the decrease of the thermal conductance
with time (Model 3) gives a good account of the simulation data. For the weakly wetting
nanoparticle, we note a slight difference between Model 3 predictions and the MD data, but
again this should be related to the existence of a thin low density water layer close to the
nanoparticle.

Overall, Fig. 10 shows that the kinetics of water heating is controlled by the decrease of
the interface conductance with time, and models which ignore this time dependence predict

higher maximal temperature, which is faster heating kinetics.

E. Comparison with previous simulation works

A few previous simulation works addressed the phenomenon of nanocavitation around
nanoparticles heated by irradiation of laser light, and in this section we discuss some of
these studies.

Using nanoparticles immersed in a Lennard-Jones fluid, Sasikumar et al. showed that
when considering intense heating of the nanoparticle, the curvature of the interface played an
important role in the existence of a nanobubble [18]. They found that for small nanoparticles,
the liquid surrounding the surface can maintain temperatures above boiling point without
a liquid-vapor phase transition. They even reported that for nanoparticles with a radius

smaller than 2 nm, steam generation is not observed even when the fluid is heated up above
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models for the maximum water temperature at a distance 1 nm from the nanoparticle surface.
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its critical temperature. They associated the behavior of the fluid close to the interface to
the existence of high pressures induced by the surface curvature (Laplace’s equation), which
suppresses liquid-vapor phase transition. In another work, by considering a similar system,
Sasikumar et al. studied the dynamics of the bubbles generated around heated nanoparticles
[7]. They observed that for a 8 nm diameter nanoparticle, bubble formation begins when
a 1 nm thick liquid layer surrounding the nanoparticle reaches a temperature, close to the
bulk spinodal temperature of 0.97,, with T, the critical temperature. For this reason, they
interpreted the formation of bubbles around heated nanoparticles as a spinodal process.

Also, we can deduce from previous works that the evolution of the nanobubble may de-
pend upon the way in which the nanoparticle is heated up. Pu et al. used solid nanoparticles
with two different wettabilities immersed in a Lennard-Jones fluid, and they were heating
up the nanoparticles slowly until they reached melting temperature [19]. The authors of
this work put a constant heating energy that is deposited continuously in the nanoparticle.
They observe that for a superhydrophobic (weak wetting) nanoparticle, the radius of the
nanobubble grows continuously and slowly until it reaches a maximum value of 10 A, but
this does not occur in an explosive way. They also observed that for a superhydrophilic
(super strong wetting) nanoparticle, after a certain time, a bubble appeared with a rapid
growth and then had a slow growth until reaching a radius close to 20 A. In this case, they
never observed an explosive growth of the volume of the system.

In the present work, an explosive nanocavitation is observed regardless of wetting, the
only thing that is different is the time to reach nanocavitation. It could be that the authors of
the previously mentioned work are in the vapor layer growth regime discussed in a previous
subsection, and they never reach an explosive nanocavitation because energy is deposited in
the nanoparticle in a very slow way. In contrast, in the present work, a large amount of energy
bringing the nanoparticle to high temperatures is deposited frequently. These differences
in the ways the nanoparticle is heated up could establish methodologies to realize either a

vapor layer or an explosive nanocavitation.

IV. CONCLUSION

Using molecular dynamics simulations, we model experiments in which plasmonic nanopar-

ticles dispersed in an aqueous medium are heated by means of strong ultra-short pulsed
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lasers. Of particular interest, here, is the effect of the nanoparticle wettability on the
dynamics of nanobubble generation, which occurs under situations of strong heating.

We show that nanobubbles may nucleate faster on hydrophilic nanoparticles, a result
in contrast with isothermal classical nucleation theory. This kinetics may be explained by
the competition between two antagonist effects : on the one hand, the thermodynamics of
boiling, and on the other hand, the kinetics of heat transfer from the nanoparticle to water.

We saw that the thermodynamics of boiling may be characterized by an onset temperature
which decreases with the hydrophobicity of the nanoparticle. In passing, we noted that
locally the onset temperature may be well below water spinodal temperature ~ 573 K.
Therefore, the generation of nanobubbles does not necessarily coincide with the crossing of
the spinodal line, as commonly assumed in the literature.

Nanoscale boiling kinetics is controlled by the solid/water interfacial thermal conduc-
tance, which determines the rate of heat exchange between the nanoparticle and water. The
interface thermal conductance is found to decrease with the hydrophobicity of the nanopar-
ticle, but importantly depends also on time. This time dependence may be related to the
gradual formation of a low density layer in contact with the nanoparticle, which hinders
interfacial heat transfer. The comparison between the atomistic simulations and the predic-
tions of continuum models allows us to explain quantitatively the peculiar kinetics of vapor
embryo generation. From this analysis, we found that the interface thermal conductance,
and its variation with wetting and time, plays the leading role in the nanobubble generation
kinetics. In particular, long nucleation times observed for weakly hydrophilic nanoparti-
cles are explained by the relatively low interface thermal conductance, despite lower boiling
temperatures.

Beyond spherical nanoparticles, it remains a future direction of research to investigate
boiling close to composite surfaces displaying nanometer scale heterogeneities. Considering
nanoscale patches with different contact angles is a promising strategy to tune the boiling

properties of solid surfaces.
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