Solar Steam Nanobubbles
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ABSTRACT Silica-gold core—shell nanoparticles that are immersed in water act as
efficient nanoscale generators of steam when illuminated with sunlight. In their paper in this
issue of ACS Nano, Halas, Nordlander, and co-workers demonstrate this intriguing phenom-
enon that results from the nucleation of steam at the surface of individual nanoparticles that
are heated by the sun. The same effect is also used to demonstrate distillation of ethanol. The
solar steam nanobubble generation phenomenon results from the complex interplay of many hi
different phenomena that occur at the nanoscale, and can find a broad range of applications.

n the past 10 years, the science and

technology of materials at the nanoscale

have led to a wealth of new fundamental
insights and applications. The “elemental
particle” of this research field is the nano-
particle, a cluster of closely packed atoms
that arrange themselves into an often spher-
ical assembly with a diameter of typically
5—100 nm. In optics, such nanoparticles are
of great interest because they pack a large
density of polarizable units, the atomic and
molecular bonds, in a small volume. Such
highly polarizable nanoparticles interact
strongly with light, with the strength of this
interaction being dependent on the fre-
quency of the light. Gold nanoparticles, for
example, strongly absorb blue/green light,
because of a resonance in the polarizability
for light at a frequency corresponding to
these colors. For noble metal nanoparticles,
these optical resonances are related to the
high density of unbound electrons in the
metal, called the electron plasma, and
the optical excitations in these particles
are called plasmons.

Several years ago, Naomi Halas and her
research group at Rice University (TX, USA)
added a new degree of freedom to the
design of metal nanoparticles." They de-
signed core—shell nanoparticles, in which
a dielectric core is surrounded by a metal
shell. As it turned out, the optical reso-
nances of these core—shell nanoparticles

POLMAN

pressure

Buoyancy

are highly tunable by varying the core di-
ameter and metal shell thickness.>® Impor-
tantly, these particles can be reproducibly
fabricated at large volumes using chemical
synthesis. Now, in a paper in this issue of
ACS Nano, Halas, Nordlander, and co-workers
demonstrate an entirely new application
for these geometries that may have a large
impact.*

They found that if nanoparticles made
with a silica core and a gold shell are
immersed in water, and the solution is
irradiated by sunlight, small bubbles of
steam emerge from the solution. In this
steam formation process, individual nano-
particles act as efficient absorbers of light,
heat up, and transfer energy to the sur-
rounding water. While intuitively one would
think this would lead to a gradual increase
of the water temperature, Halas et al. found
that steam is generated from the solution
right when the illumination starts.

The microscopic mechanism of this
nanoparticle-catalyzed steam formation is
intriguing. As the nanoparticles are heated
by the incident light, they rapidly transfer heat
to the water in the immediate surroundings.
Because the nanoparticles are strong absor-
bers of light, the thin shell of water that is in
direct contact with the nanoparticle rapidly
heats above its boiling point and transforms
into steam. Then, because steam is a poor
thermal conductor, heat transfer from the
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Figure 1. Known unknowns. Schematic of various interacting processes that play a role in solar steam nanobubble formation.

heated particle to the water is
strongly inhibited. As the nanopar-
ticle is further heated by the sun-
light, the thickness of the steam
shell gradually grows. Once the
steam shell reaches a thickness of
several hundred nanometers, the
weight of the steam/nanoparticle
assembly becomes less than that
of an equivalent volume of water
and, as a consequence, it buoys
toward the surface. Finally, the
steam bubble annihilates at the sur-
face and steam escapes from the
water. In this way, steam is gener-
ated without heating the entire
water volume to the boiling point.
The overall conversion efficiency of
incident energy from the sun to
steam generation as claimed by
the authors is 24%.

The steam generated in such a
relatively simple and compact solar
steam reactor can find many appli-
cations. For example, in developing
countries, the generation of high-
temperature steam can be used for
the desalination and purification of
drinking water. Also, steam can be
used for sterilization of medical in-
struments, replacing conventional
chemical methods. Indeed, the
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temperature of steam generated in
the experiments by Halas et al. is
as high as 140 °C, high enough for
sterilization purposes. The generated
steam may also be used to drive a
turbine directly for electricity genera-
tion. Using solar irradiation of the
metal—nanopatticle solutions, steam
can be generated instantaneously
when it is needed, with no power
source needed other than the sun.
Furthermore, the nanoheating process
can be used for distillation. Halas et al.
demonstrate this too in their experi-
ments, collecting over 99% ethanol
from a water—ethanol mixture, much
higher than the 95% achieved using
conventional processes.

Using solar irradiation
of the metal—
nanoparticle solutions,
steam can be generated
instantaneously when it
is needed, with no
power source needed

other than the sun.
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Previously, the formation of steam
by the irradiation of metal nanoparti-
cles had only been marginally investi-
gated. The formation of nanobubbles
and catalytic reactions by gold nano-
particles were studied in microfluidic
circuits, where the behavior of indivi-
dual nanoparticles could be investi-
gated>® Steam formation was also
observed from a nanostructured Cu
surface under laser irradiation.” Other
plasmon-induced (pulsed) laser heat-
ing experiments in solution have
been performed as well.®® More
generally, laser-excited plasmons
in metal nanoparticles have served
to catalyze many different chem-
ical reactions, such as the growth of
semiconductor nanowires.'® The nu-
cleation of steam was also observed
during pulsed-laser melting of silicon
under water."" Under pulsed laser
irradiation, heat flow into the sub-
strate is much slower than the heat-
ing rate by the laser, so that water can
transform into steam, even in geome-
tries that would not generate steam
under continuous-wave irradiation. All
of these prior studies relied on the use
of lasers. The strength of Halas' new
work is that it demonstrates the for-
mation of large volumes of steam in a
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quantitative way using only the sun
as the energy source. In addition,
the direct demonstration of distillation
using sunlight is an important novel
finding. The optical system that guides
light from the sun into the nanosteam
reactor is simple, involving only a
planar Fresnel lens to focus the light.

Steam formation around solar-
heated metal nanoparticles is a highly
nonequilibrium process. As described
in the paper, a simple thermal heat
flow model does not predict the for-
mation of steam nanobubbles, but
rather a gradual increase in tempera-
ture of the water bath. Indeed, at the
nanoscale, the interface between two
dissimilar materials acts as a barrier to
heat flow. A first-order model de-
scribed in the paper predicts the for-
mation of a several-micrometer-thick
steam shell within a few microse-
conds. A more detailed study of
the transfer of heat at the metal—
nanoparticle/water/steam  interface
would be interesting, but is quite
complex (see Figure 1). It would need
to include studies of the (time and
spatially varying) molecular vibra-
tional energies in water molecules
that mediate the energy transfer in
(high-pressure) steam at the interface.
The intermolecular coupling between
these excited states and the coupling
of these vibrational excitations to the
metal shell are key elements. In addi-
tion, the metal surface may play a
catalytic role in the nucleation and
growth of the steam from liquid water,
possibly assisted by hot electrons gen-
erated by the light-induced plasmons.
Effects induced by the strong optical
near field must also be taken into
account as well as temperature gradi-
ents inside the nanoparticle. Further-
more, sputtering at gas—solid and
gas—liquid interfaces may occur, and
thermal desorption at the metal—
water interface may affect the heat
transfer as well. Formation of the
steam shell will affect the plasmon
resonance energy as well as the plas-
mon damping. Simple model sys-
tems are required to provide initial
insights into each of these processes.
Once these processes are better
understood, the nanothermal steam
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generation process could be further
optimized.

An intriguing fact described in
the paper by Halas et al. is that the
metal nanoparticles remain in solu-
tion and are not released from it
when the steam bubbles escape.
More research is necessary to inves-
tigate this further, in particular for
the distillation experiments, where
it is essential that the distillates
not be contaminated with nano-
particles. It should be noted that
the overall volume density of nano-
particles required to achieve boiling
is relatively small. The effective ab-
sorption cross section of core—shell
nanoparticles is much larger than
their geometrical size because of
the nanoparticles high polarizabil-
ity. As a result, a single monolayer of
closely spaced core—shell particles
has an optical density high enough
to absorb incident light fully.'? In
the experiments here, Au/SiO, col-
loids with a plasmon resonance
peaking at 800 nm were used, over-
lapping favorably with a major por-
tion of the solar spectrum. In a
further optimized geometry, colloids
with different dimensions and, thus,
different resonance wavelengths
can be embedded in the solution to
cover the entire solar spectrum from
400—2500 nm.

An intriguing fact
described in the paper
by Halas et al. is that the
metal nanoparticles
remain in solution and
are not released from it
when the steam bubbles

escape.

While many challenging studies
on the fundamental aspects of
nanoscale steam are ahead, a key
imminent challenge is to develop
the various applications of this
new process. Demonstrator devices

have already been made, as re-
ported in the paper by Halas and
colleagues;* the next step is to de-
velop practical steam generators for
water desalination and purification
as well as sterilization. It appears
that these technical developments
can be accomplished in a relatively
short time. If successful, steam nano-
bubble generation would be an ex-
traordinary example of fundamen-
tal research in the lab leading to
practical applications in a short period

of time.
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