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S
olar energy has engendered extraor-
dinary interest for its potential to pro-
vide power for a variety of processes

without relying on fossil fuels.1,2 While
large-scale solar thermal installations are
being developed for electrical power gen-
eration, an alternative and currently unmet
need is in compact solar energy sources that
drive vital processes directly, in addition to
the generation of electrical power. These
types of smaller scale, stand-alone solar
energy converters could directly enable a
range of applications, both in first-world
countries and in the developing world.
Light-to-heat conversionby conductive nano-
particles, under laser illumination, has
been shown to induce dramatic localized
heating and even vaporization of their host
medium.3�15 Here we show that this pro-
cess can be used for solar-based direct
steam generation, without the requirement
of heating the liquid volume to the boiling
point. Submicrometer particles that can
absorb light across the solar spectrum pro-
duce steam in a matter of seconds when
dispersed in water and can achieve steam
temperatures well above 100 �C in compact
geometries. With particles dispersed in an
ethanol�water mixture, solar distillation
yields a distillate substantially richer in
ethanol than what would be obtained
using a conventional heat source. Under

these unusual nonequilibrium conditions, the
water�ethanol azeotrope is breached and
ethanol fractions approaching 99% are
straightforwardly obtained.
Subwavelength metallic particles are in-

tense absorbers of optical radiation, due to
the collective oscillations of their deloca-
lized conduction electrons, known as sur-
face plasmons. When excited on resonance,
energynot reradiated through light scattering
is dissipated through Landau (nonradiative)
damping,16 resulting in a dramatic rise in
temperature in the nanometer-scale vicinity
of the particle surface. This heat generation
process has been of great interest for appli-
cations, for example, in biomedicine, where
photothermal cancer therapy,17 laser-in-
duced drug release,18 and nanoparticle-
enhanced bioimaging19 all rely on this prop-
erty. Carbon-based particles have also been
shown togive rise to very strongphotothermal
heating effects.20,21 Particle-based approaches
have also been of interest for solar energy
applications;22,23 however, such studies have
focused primarily on improving the thermal
conductivity of working fluids and have not
addressed the energy advantage of directly
capturing the latent heat of vaporization
required for liquid�vapor phase transitions.
Light-absorbing nanoparticles, when ap-

propriately illuminated,3,24�26 can reach
temperatures well above the boiling point
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ABSTRACT Solar illumination of broadly absorbing metal or carbon nanoparticles

dispersed in a liquid produces vapor without the requirement of heating the fluid

volume. When particles are dispersed in water at ambient temperature, energy is

directed primarily to vaporization of water into steam, with a much smaller fraction

resulting in heating of the fluid. Sunlight-illuminated particles can also drive H2O�ethanol

distillation, yielding fractions significantly richer in ethanol content than simple thermal

distillation. These phenomena can also enable important compact solar applications

such as sterilization of waste and surgical instruments in resource-poor locations.
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of liquid water,3 creating a nonequilibrium condition
between the hot nanoparticle surface and the cooler
fluid (Figure 1).27,28 Once vapor is formed at the
particle�liquid interface, the metallic nanoparticle is
enveloped in a thin layer of steam with a reduced
thermal conductance compared to the liquid. Under
continued illumination, the vapor volume increases,
may possibly coalesce with other nanobubble com-
plexes, and eventually moves to the liquid�air interface,
where the vapor is released and the nanoparticles revert
back to the solution to repeat the vaporization process.
While steam is produced virtually instantaneously and
quite vigorously, even explosively, depending on illumina-
tion geometry, the nanoparticles remain in the fluid
volume and are not conveyed into the vapor phase. As
thenanoparticlesmove to the liquid�vapor interface, they
exchange heat with the fluid, slightly raising the fluid
temperature. During prolonged periods of illumination,
the bulk temperature of the liquid gradually increases,
ultimately resulting in conventional boiling of the fluid
volume as a parallel effect. However, because there is no
need to heat the fluid, the process is intrinsically more
efficient than any vapor-producing method that requires
volume heating of the fluid in macroscopic quantities,
such as conventional thermal sources.

RESULTS AND DISCUSSION

Solar Steam Generation Experiments. To quantify the
particle-nucleated solar steam generation process,
two solutions of absorbing nanoparticles, (i) SiO2/Au
nanoshells and (ii) water-soluble N115 carbon nano-
particles,21 with equivalent integrated optical densities

(from 400 to 1300 nm in wavelength), were prepared
(see Supporting Information). Each solutionwas placed
in its own transparent tube, where a small thermo-
couple was inserted into the fluid volume far from the
region of optical illumination. The tube was then
partially immersed in an ice bath, except for the re-
gion of the tube that was illuminated (see Supporting
Information). As the tube was illuminated, the steam
pressure and the temperature of the fluid volume
were monitored (Figure 2). Upon solar illumination,
the pressure over the solution of nanoshells began to
increase, indicating steam generation, less than 5 s
after illumination commenced (at t = 0), while for
carbon nanoparticles the pressure increase was de-
layed by just over 20 s. Once started, however, the
steam is generated at a very similar rate for both solu-
tions. Steam generation from themetallic nanoparticle
solution occurred in small, microexplosive “bursts”,
which can be seen in the relatively noisier pressure
increase for these nanoparticles. Although both sus-
pensions of particles show a similar increase in the rate
of steam generation with time, there is a dramatic
difference between the temperature of the fluid vol-
ume during illumination for the carbon nanoparticle
and for the nanoshell solution over this initial time
period (Figure 2B). We observe a slow and measurable
increase in the fluid temperature for the illuminated
nanoshell solution, while the carbon nanoparticle solu-
tion shows only a negligible increase in temperature
for the same illumination conditions during this initial
time period. The observed fluid heating is due to heat
transfer into the solution from the nanoparticle�bubble

Figure 1. Schematic of nanoparticle-enabled solar steamgeneration: initially, light is absorbedby nanoparticles, raising their
surface temperature above the boiling point of the fluid. The nanoparticle surface serves as a boiling nucleation site. Vapor is
formed around the nanoparticle surface, and the complexmoves to the liquid�air interface, where the steam is released. New
liquid is replenished at the hot nanoparticle surface, and the process is repeated.
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complexes, an effect that is most probably linear in
nanoparticle concentration generally, but concentration
independent in this optically dense regime. The differ-
ence in the initial increase in fluid temperature between
the two types of nanoparticles is most likely due to the
metallic nanoparticles heating more rapidly than the
carbon nanoparticles. The carbon nanoparticles initially
lose less energy to the surrounding solution than the
metallic nanoparticles, quite possibly due to their greater
buoyancy during the steam generation process. When
this experiment is performed without an ice bath, the
secondary fluid heating seen in the case of metallic
nanoparticles leads ultimately to conventional boiling
in addition to particle-induced steam generation. Under
these conditions, elevated steam temperatures (140 �C)
are observed within a ten-minute irradiation time.

Analysis of the volatile and condensed vapor showed
no evidence of chemical modification.

To quantify the energy efficiency of solar steam
generation, an open volume with an aqueous solution of
particles was irradiated using focused sunlight for a ten-
minute duration, while both the mass loss due to steam
generation and the temperature increase due to heating
of the liquidwere simultaneouslymonitored (Figure3).We
examined solutions of nanoshells and carbon nanoparti-
cles with equal optical densities and different solution
volumes (25 and 35 mL). Following the initial “turn-on”
period, constant rates of mass loss and fluid heating, the
latter dependent upon the fluid volume, were observed
(Figure 3a, b). These constant rates allowus to assume that
additional loss mechanisms are minimal and, therefore,
quantify the relative amount of solar energy used in the

Figure 2. Pressure�temperature evolution with time of solar steam generation in ice bath conditions: (A) Pressure vs time
and (B) temperature vs time for (i) SiO2/Au nanoshells dispersed in water and (ii) carbon particles N115 dispersed in water
under solar exposure, measured in a transparent vessel isolated with a vacuum jacket to reduce thermal losses and with a
solid copper base for enhanced thermal conductivity. Inset: UV�vis spectra of Au nanoshells (red) and carbon particles (blue).
The vessel was illuminated with solar radiation focused by a 26.67 cm � 26.67 cm Fresnel lens with a 44.5 cm focal length,
while the nanoparticle solution was immersed in an ice bath. The optical density was equivalent for both particle solutions.
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steam generation process and that used to heat the fluid.
For constant incident solar power, the temperature in-
creases for both fluid volumes correspond to a 5 W
consumption of power: however, the rate of energy
consumptionbysteamgeneration, asdeterminedbymass
loss, is 23.5 W (see Supporting Information for analysis).
Thesemeasurements indicate that 82%of the solar energy
absorbed by the nanoparticles contributes directly to
steam generation.

Theoretical Analysis. The steam generation in this pres-
ent experiment is a dramatic nonequilibrium process. A
bubble without an encapsulated heat-generating nano-
particle has no chance of escaping the liquid, but instead
would collapse within milliseconds. In the following, we
analyze the heat generation around a gold nanoshell of
the same dimensions as those used in the experiment. A
calculation using the conventional macroscopic model
for nanoparticle-induced heating of a surrounding liquid3

yields a negligible heating of the surroundingwater. In the
conventional approach, the temperature of the nanopar-
ticle is estimated using the heat transfer equation:

F(rB) c(rB, t)
DT(rB, t)

Dt
¼ r 3 [k(rB, t) rT(rB, t)]þ P(rB, t)

Considering the time scales on which the processes
involved here occur, the time dependence of the thermal
conduction and heat capacity due to convection are
negligible, and the equation can be solved analytically in
the steady-state regime, yielding amaximumtemperature
located at the surface of the nanoparticle:3

ΔT(RNP) ¼ VNPPabs
4πk0RNP

where RNP = 85 nm and VNP ≈ 2.57 � 106 nm3 are the
radius and volume of the nanoparticles, k0 = 0.6062
W/(m K)29 is the thermal conductivity of the surrounding
liquid, and Pabs is the local light induced heating of the
nanoparticle, which in the present experiment is equal to
9.93 � 1012 W/m3. Using these parameters, the conven-
tional model predicts a steady-state temperature increase
of the surrounding water of only ΔTwater = 0.04 �C. With
such a modest heat increase, no bubble formation can
occur, in drastic disagreement with the steam generation
clearly observed in our experiment.

While there is no physical reason to expect that a
macroscopic heat transfer model would be appropri-
ate in realistic nonequilibrium nanoscale systems,
it is interesting to speculate on why the conventional
model fails. The most problematic assumption with
this model is the neglect of the interfacial thermal
resistance between the nanoparticle and the surround-
ing water. Interfaces present obstacles to heat flow,
creating thermal barriers.

There are many possible mechanisms that could
introduce thermal barriers, particularly at the nano-
scale. One example is the Kapitza resistance for vibra-
tional energy transfer,30 which here can be induced
through the surface potential induced shifts of the
vibrational energies of water molecules adsorbed on
the gold surface compared to water molecules in
bulk. An energy mismatch of the vibrational modes
of two nearby molecules prevents energy transfer. In
the present situation the mismatch of the vibrational
energies of a layer of water molecules next to the
nanoparticle and a layer further away would limit the
energy transfer between these two layers and thus
from the nanoparticle into the surrounding water.
Another possible mechanism that could introduce a
thermal barrier could be thermal desorption of ad-
sorbed water molecules because of the nanoparticle
heating. A spatial separation between the water mol-
ecules and the surface of the gold nanoparticle would
result in an immediate loss of thermal contact, greatly
reducing the heat transfer into the surrounding water.

It is interesting to note that the conventional model
described above predicts a monotonically increasing
temperature with decreasing thermal conductance, k0.
Thus for a sufficiently large thermal barrier, arbitrary
large temperature increases would result even in the
conventional model. Once a bubble has formed
around the nanoparticle, the conventional model,

Figure 3. Measurements of mass loss due to steam genera-
tion and heating of the fluid volume during solar irradiation
of particle suspensions. (A) Mass loss and (B) temperature
increase of solution for two different solution volumes,
25 mL (blue) and 35 mL (red), for nanoshell solution (solid
dots) and (opendots) carbonparticles. Inset of (A) illustrates
the experiment schematically.
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which assumes direct contact between the nanoparti-
cle and the surrounding liquid, clearly fails because the
thermal conductance of water vapor is significantly
smaller than that of water. If the dimension of the
initially formed nanobubble is smaller than the mean
free path of the water molecules, the thermal conduc-
tance will be even lower than what it would be for a
macroscopic gas in equilibrium. While realistic model-
ing of heat transfer across the water layer is likely to be
quite complex;beyond the naïve classical model, and
instead requiring a rigorous, atomistic molecular dy-
namics approach;this task lies beyond the scope of
the present paper. Here we show that the observed
bubble formation and steam generation do not violate
energy conservation and can, just as observed, give
rise to large water vapor bubbles.

The experiments show that bubble and steam
generation occurs after nominally tabs =10 s of illumi-
nation. With the solar illumination intensity used in the
experiment, a total energy of Qabs= tabs � Pabs = 1.7 �
10�7 J is absorbed by a single nanoparticle (Figure 4A).
This is an enormous energy at the nanoscale. If none of
this energy is dissipated into the surrounding water,
the temperature of the nanoparticle would increase by
4.37 � 107 K. Since the experiment does not show any
evidence of nanoparticlemelting, it is clear thatmost of
this energy is dissipated into the surrounding water.
However, the experiment clearly reveals that this en-
ergy is not squandered by heating the liquid, but
results instead in the generation of water vapor.

In the presence of a thermal barrier at the nano-
particle interface, the induced local temperature can
be very large. We now make the simple assumption
that the energy absorbed by the nanoparticle is parti-
tioned between the metal and water vapor in a sur-
rounding bubble, which for simplicity is assumed
thermally isolated from the surrounding water. This
assumption can be justified from the experimentally
observed effect: bubbles and steam appear after just a
few seconds, without appreciable bulk heating of the
surrounding fluid.

The observed steam temperature is approximately
150 �C. The internal pressure within the bubble is
almost certainly larger than the ambient pressure of
1 atm due to surface tension, in particular for small
bubbles. For simplicity, we assume an internal pressure
of 2 atm. The creation of water vapor from liquid water
at 25 �C requires an energy of qvapor = 3.06� 10�21 J/nm3.
The heating of the nanoparticle from25 to 150 �C costs an
energy ofQNP = 7.30� 10�13 J. In this model the radius
R of the bubble can then be estimated from

4
3
π(Rbubble

3 � RNP
3)qvapor þQNP ¼ Qabs

giving Rbubble = 27.1 μm. This simple estimate is based
on rudimentary approximations, but most importantly
shows that macroscopic bubble formation around

nanoparticles indeed is energetically possible. We note
that the total mass of such a bubble including the
nanoparticle is 9.54 � 10�11 g, which is smaller than
the mass of the displaced water by 3 orders of magni-
tude. Such a bubble with its encapsulated nanoparticle
is therefore expected to rise to the surface of the liquid,
where the steam will be released, with the nanopar-
ticle subsequently sinking back into the liquid. On the
basis of this picture, we plot the increase in weight
of the bubble�nanoparticle complex versus the
weight of the displaced water, for the incident solar
power in our experiment (Figure 4B). Here we see that
after just 4 μs, the nanoparticle-generated bubble is
capable of buoyancy. Also, for the concentrations used
in the experiment, the average nanoparticle separa-
tion in the liquid is 6 μm. With the present solar
intensity, bubbles with their encapsulated nano-
particles are expected to be large enough to coalesce
into neighboring nanoparticle-generated bubbles after
just 20 ms (Figure 4C). For the case of two identical
nanoparticle�bubble complexes, coalescence will
double the volume of the vapor and double the heat
absorption while only increasing the radius by a
factor of 21/3 and the surface area of the bubble
by 41/3. Since the heat transfer from the vapor into the
surrounding liquid is proportional to the area of the
vapor liquid interface, coalescence of bubbles reduces
the heat transfer into the surrounding liquid.

Figure 4. Steam bubble formation through solar absorp-
tion by gold nanoshells. (a) The absorption cross section of
the gold nanoshells is tuned to overlap the solar spectral
irradiance (AM 1.5 G). (b) Comparison of the combined
weight of a gold nanoshell and its surrounding steam
bubble (red curve) with the weight of the displaced water
(blue curve) over time. After 4 μs, the density of the en-
capsulated nanoshell becomes less than that of the sur-
roundingwater, causing the nanoshell to rise to the surface,
releasing the steam bubble. (c) Size of the steam bubble
surrounding a nanoshell over time (red curve). After 20 ms
of steamgeneration, the size of the bubbles becomes larger
than half the average distance between the nanoshells
(horizontal gray line), allowing the bubbles to coalesce,
thus further enhancing the steam generation process.
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While a more refined model is clearly needed, the
observed effect introduces a multitude of legitimate
questions and casts serious doubt on the appropriate-
ness of the conventional macroscopic model as an apt
description of nanoscale heat flow in this context. This
is a very important conclusion, because until now, the
conventional macroscopic model has been the ac-
cepted canon by the vast majority of researchers in
this field. As the bubble grows, energetic gas phase
watermolecules fueled by the hot nanoparticle surface
will also sputter water molecules from the interior of
the bubble�water interface, transferring some of their
kinetic energy to the liquid. The kinetic distribution of
water molecules inside the bubble is likely to be far
from local thermal equilibrium. Optically induced elec-
tronic effects, such as intense local field enhancements
or even optically excited electrons, may lead to the
initial formation of a thin vapor around the nano-
particle. Once a thin bubble is formed, heat cannot
transfer directly into the surrounding liquid, but in-
stead must pass through the vapor layer with its much
lower thermal conductivity. The coalescence of bub-
bles with their encapsulated nanoparticles may also
play a crucial role in steam generation. Because the
buoyancy of the encapsulated nanoparticles as calcu-
lated previously is large enough to bring the bubble
complex to the surface of the liquid, the coalescence of
bubbles is probably not essential for the release of the
vapor shell. However, it may greatly reduce the heat
loss of the nanoparticle�bubble complex into the
liquid, thereby increasing the efficiency of solar steam
generation.

Distillation. Nanoparticle-enabled vaporization can
also be applied to the separation of liquids, for a
solar-based distillation process with distillate fractions
significantly richer in the more volatile component
than the case of distillation using a conventional
thermal heat source (Figure 5). We distilled ethanol�
water mixtures (20 mL) with Au nanoshell particle
dispersants (2.5 � 1010 particles/mL) using focused
sunlight (a 26.67 cm� 26.67 cm area Fresnel lens with
a 44.5 cm focal length). The mixtures were initially con-
tained in a 100 mL vessel with a vacuum jacket to
prevent heat loss. Vapors generated by solar illumina-
tion were cooled by a simple water-cooled condenser
(Figure 5A), and 10 drops of each distillate fraction
were collected. The distillation samples were diluted
(1/1000 inwater) and analyzedby gas chromatography
(GC) on a Hewlett-Packard 5890 GC equipped with a
glass column containing 80/120 Carbopack B-DA*/4%
Carbowax 20 M (Supelco, Bellefonte, PA, USA) and a
flame-ionization detector (Agilent Technologies). A
5 μL sample of the diluted distillate was injected into
the GC unit, and the heating program was set to 250,
110, and 250 �C for the injector, oven, and detector,
respectively. Identification and quantification were
performed using a calibration curve with ethanol

standards prepared by diluting 200-proof ethanol with
MQ water (see Supporting Information). The vapor�
liquid phase diagram of ethanol and water produced
by solar distillation, relative to a standard equilibrium
distillation curve at 1 atm and 25 �C, is shown in
Figure 5B. Themole% ethanol obtained in the distillate
is consistently higher than that obtained by conven-
tional flash distillation, most likely because the hot
surfaces of the illuminated nanoparticles induce pre-
ferential vaporization of the more volatile component
of the mixture. Analysis of the distillate showed no
presence of particles in the distillate nor any evidence
of methanol, acetic acid, or othermolecules that would
result from chemical degradation of the ethanol. Re-
gions of larger and smaller error bars reflect concen-
tration ranges where qualitatively different behavior of
the ethanol�water mixture was observed. For exam-
ple, from 10% to 45% ethanol mole fraction, particle-
based steam generation results in turbulent fluid be-
havior, while from 45% to 75% ethanol mole fraction,
particle-based steam generation occurs with virtually
no turbulence, under identical illumination conditions.
The larger error bars in the regime of >75% ethanol
mole fraction are due to the high levels of humidity in
the air ambient. For this reason it is quite likely that the

Figure 5. Solar distillation of ethanol. (A) Photo of the solar
distillation apparatus including (a) vacuum-jacketed glass
container, (b) connector tube, (c) water condenser, and (d)
fraction collector vessel. The solution was irradiated by a (e)
26.67 � 26.67 cm Fresnel lens with a 44.5 cm focal length
(inset). (B) Vapor�liquid diagram of ethanol�water frac-
tions produced by solar distillation. Mole % of ethanol in
vapor phase for Au nanoshell alcohol�water mixtures
under solar exposure (red dots) and standard equilibrium
distillation curve at 1 atm and 25 �C (blue curve). The Au
nanoshell concentration is 2.5 � 1010 particles/mL.
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distillates are even higher in ethanol content than
the measured averages plotted in the figure. The
unusual behavior in these regimes and the effects
of ambient humidity are being addressed in on-
going studies using conventional laser sources in
nitrogen-purged environments.

The overall energy efficiency of the steam genera-
tion process in this unoptimized experimental geome-
try is 24% (see Supporting Information), which could
be improved by minimizing losses, such as improving
the collection optics by using reflectors. These results
clearly indicate that solar steam generation is a process
that has significant potential for use in awide variety of
energy- and sustainability-relevant applications. Solar-
driven, stand-alone waste processing or water purifica-
tion systems could be developed based on this pro-
cess. High-temperature (∼115 �C and above) steam
produced directly using sunlight could also be used for
compact sterilization or sanitation purposes, from the
processing of medical waste to the cleaning of medical
or dental equipment, minimizing the resource, time,
and input chemical requirements demanded by cur-
rent methods. With further development, this ap-
proach may be adaptable to higher pressures and
other working fluids to drive turbines in solar energy

harvesting applications. This approach may also be
modified to harvest radiant energy from sources other
than the sun, for instance, for the capture of waste
energy from geothermal, residential, or biological
sources.

CONCLUSION

Using absorptive nanoparticles dispersed in water,
we demonstrate efficient direct steam generation us-
ing solar illumination. A thermodynamic analysis shows
that 80% of the absorbed sunlight is converted into
water vapor and only 20% of the absorbed light energy
is converted into heating of the surrounding liquid. In an
application to ethanol distillation, we show that the
distillate contains a higher percentage of ethanol than
what is predicted by the water�ethanol azeotrope.
These findings cast doubts on the conventional macro-
scopic models for thermal transport between nanopar-
ticles and their environment and suggest that signif-
icant thermal barriers may be present at the nanopar-
ticle liquid�vapor bubble interfaces. Most importantly,
our findings open up a wide range of novel compact
solar energy applications such as distillation, desalina-
tion, and sterilization and sanitation applications in
resource-poor locations.

METHODS
Fabrication and Characterization of Particles. Carbon black N115

particles were purchased from Cabot, Inc. (Billerica, MA, USA).
SiO2 core�Au shell nanoshells were fabricated as previously
described.31,32 Briefly, 120 nm diameter silica nanoparticles
obtained from Precision Colloids, Inc. were suspended in
ethanol. The particle surface was then functionalized with
3-aminopropyltriethoxysilane (Gelest). A very small gold colloid
(1�3 nm diameter) was grown via the method of Duff et al.33

This colloid was aged for 4�14 days at 6�8 �C. The functiona-
lized silica particles were then added to the gold colloid
suspension. The gold colloid adsorbs to the amine groups on
the silica surface, resulting in a silica nanoparticle covered with
islands of gold colloid called the seed. Au/SiO2 nanoshells were
then grown by reacting HAuCl4 (Sigma-Aldrich) with the seeds
in the presence of formaldehyde.
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