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ARTICLE INFO ABSTRACT

Plasmonic nanoparticles attract great attention owing to their strong light-to-heat conversion properties.
Fundamental understanding of their photothermal performance is critical to develop solar-to-heat systems. Here,
we use gold nanoparticles as the photothermal agent. Solar water evaporation are explored through a hanging
droplet containing the nanoparticles. These nanoparticles induce multiple scattering events, increasing photon
absorption and concentrating the light within the mesoscale domain, leading to an intense collective heating that
trigger the evaporation. The droplets with different initial-particle-concentrations lead to evaporation at various
rates (e.g. K constant in D*law), and an optimal initial-particle-concentration can be expected. With steam
releasing from the surface, shrinking of the droplet increases the particle concentration in the domain that
accelerates the surface evaporation. The surface evaporation rate increases with the increasing concentration of
nanoparticle, reaching an optimized value at a threshold concentration and then stable. K values demonstrate a
nonlinear dependence over the time, reflecting complex heat-transfer physics behind the phenomenon. We as-
sume that the collective heating is controlled by two parameters: one that relates the morphology properties of
the droplet and the other that characterizes the gap between nanoparticles. This work provides an important
insight on the evaporation dynamics of plasmonic droplets, and stands for a basis to design the plasmonic solar
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heating systems.

1. Introduction

Solar water evaporation is an important process in many industries,
such as power generation, absorption chillers, medical and waste ster-
ilization, water purification and desalination systems, etc. (Gao et al.,
2016; John A. Duffie; Kalogirou, 2004; Lewis, 2016; Liu et al., 2017;
Neumann et al., 2013a; Shang and Deng, 2016; Thirugnanasambandam
et al., 2010). The current technologies rely on absorbing solar energy
through macroscopic cavity or vessel surface and transferring the heat
into the surrounding media and thus suffer from energy loss from the
absorbing surface to bulk fluid. High optical concentration are normally
used to overcome the inefficiencies (Weinstein et al., 2015). However,
this adds complexity and cost to the solar thermal system. Alternative
strategies are proposed to use solar energy under a moderate intensity,
for example, directional selectivity of the radiation by spectrally se-
lective vessel inner walls achieving a efficiency of 75% without high
heat fluxes (Weinstein et al., 2014). Other examples introduce carbon
nanofluids (Deng et al., 2017; Loeb et al., 2018; Wang et al., 2016) or
porous graphene materials to assist water evaporation, demonstrating
solar thermal efficiencies above 45 or 80% respectively, due to their
broadband absorption in the solar spectrum (Chen et al., 2017; Ghasemi
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et al., 2014; Li et al., 2016).

Despite of the above approaches, a highly active surface of metal
nanoparticles in a volumetric dispersion can be engineered to locally
enhance the evaporation. The volumetric absorbers ranging from
plasmonic porous membranes, biomaterial aerogels to gas-particle
suspensions and nanofluids have been reported to reduce surface tem-
peratures (Bertocchi et al., 2004; Lenert and Wang, 2012; Neumann
et al., 2013b; Otanicar et al., 2010; Tian et al., 2016; Zhou et al., 2016;
Zhu et al., 2017). Among which, the plasmonic nanofluid is an attrac-
tive route for steam generation since it can implement easily and en-
hance critical heat flux in certain boiling condition (Deng et al., 2017;
Jin et al., 2016b; Kim et al., 2007; Liu et al., 2006; Loeb et al., 2018;
Lombard et al., 2014; Neumann et al., 2013a). Different mechanisms
have been proposed for understanding the underlying physics. Earlier
studies focus on vapor nucleation around the nanoparticles (Fang et al.,
2013; Lombard et al., 2014; Neumann et al., 2013b; Zielinski et al.,
2016). They hold that the initial vapor expand and coalesce to produce
micro-bubbles that can be further released at air-water interface.
However, the nanobubble is unlikely to occur under normal radiation
because that only can be observed under intensive laser heating (Baffou
et al., 2014; Lombard et al., 2017; Metwally et al., 2015; Wang, Y. et al.,
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2017). Other research claim that the global temperature rising in na-
nofluids by collective heating is the key mechanism (Baral et al., 2014;
Govorov and Richardson, 2007; Ni et al., 2015; Richardson et al.,
2009). While non-linearly decay of optical depth in nanofluid un-
doubtly results in temperature difference (Khullar et al., 2014; Lee
et al., 2012). Recent studies assume that an intense localized heating
under focal area induces the evaporation, albeit considerable non-uni-
form temperature exist within the liquid (Amjad et al., 2017; Hogan
et al., 2014; Jin et al., 2016a; Jin et al., 2016b; Wang, X. et al., 2017).
For such cases, it is difficult to control the heat diffusion under sub-
cooled condition as that represents a mixture of material properties and
fluid transport (Baffou et al., 2010; Berry et al., 2015; Roxworthy et al.,
2014). Obviously, a better understanding on solar evaporation of
plasmonic nanofluids is highly demanded.

In this paper, we propose a nano/mesoscale engineering concept
that combines the plasmonic properties of nanoparticles and the ex-
tended active surface provided by mesoscale droplet to boost solar
vapor generation. A set of experiments are performed on photoheating
of a water droplet containing gold nanoparticles. Key elements such as
temperature and morphology evolution of the droplet are traced to
understand the evaporation dynamics. A four-stage heating scenario
has been identified based on the results. The highlights of this work are
(i) localizing the light energy into the mesoscale domain by both scat-
tering and absorption that leads to a collective photoheating, (ii) pro-
viding the small fluid volume to minimize the temperature difference
and the large surface area for steam generation and escape, (iii) de-
monstrating a detailed picture on the evaporation process of plasmonic
droplet. These studies will be useful for application of this unique
phenomenon.

2. Materials and methods

2.1. Gold nanofluids

>

Gold chloride hydrate (HAuCly, Au = 49%) solution and aqueous
tri-sodium citrate (NazCe¢HsO,, 99.8%) were purchased from Sigma-
Aldrich and used as received. Deionized water was used throughout the
experiments. Gold nanoparticles generally can be synthesized by the
citrate reduction method, the Brust-Schiffrin and the modified Brust-
Schiffrin method (Zhao et al., 2013). In our experiment, the synthesis of
gold nanoparticles followed by the citrate reduction method (Ji et al.,
2007; Jin et al., 2016b). Specifically, gold chloride hydrate solution was
mixed with trisodium citrate solution. The mixture was then heated to
boiling temperature until its color shift to wine red. After sonication
and aged, the resultant was last purified by a membrane dialysis
method. The obtained nanofluids present good stability and can be
further used for our experiments by diluting it into the required con-
centration.

2.2. Experimental setup

Fig. 1a shows a setup image of the experiment. The main apparatus
consist of (1) data acquisition model (Yokogawa DL750), (2) synchro-
nization hub, (3) computer, (4) Xenon lamp (CEL-S500), (5) thermo-
couple tip (Omega TT-T-36), (6) high speed camera with a micro-focal
lens (IDT Motion Pro Y4 model, MP-E65mm lens), (7) glass cloak, (8)
thermocouple wire, and (9) four-axis positioning guide. The thermo-
couple positioned on an iron beam (Fig. 1b is the circled part in Fig. 1a)
that is linked with the positioning guide to precise control of the dis-
tance between the couple tip and the light source. The thermocouple
has wire diameter of 0.12mm and a tip diameter of 0.40 mm with a
response time of 50 ms, pinned into the droplet center (Fig. 1c). The
thermocouple with data acquisition model was used to measure the
droplet temperature at a frequency of 5Hz. The high-speed camera
captured the images through hole 1 at speed of 10 Hz. The synchroni-
zation hub connected to computer was introduced to synchronize the
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Fig. 1. The experimental setup (a) (1) data acquisition model, (2) synchroni-
zation hub, (3) computer, (4) Xenon lamp, (5) thermocouple tip, (6) high speed
camera with a micro-focal lens, (7) glass cloak, (8) thermocouple wire, and (9)
four-axis positioning guide. (b) A schematic diagram of the circled part in
Fig. 1a. (c) A close-up image of the couple tip and the droplet.
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Fig. 2. Simulated spectrum offered by Xenon lamp with an AM1.5 filter versus
solar spectrum.

both systems, and their acquisition duration was set to 20 min for each
experiment. The light spectrum offered by Xenon lamp with an AM1.5
filter was resembled to the solar spectrum in visible range of
300-800 nm (Fig. 2), which therefore can be used as the simulated solar
source.

2.3. Experiment procedure

Evaporation experiments were conducted in batch under irradiation
on calm sunny days. The xenon lamp run for 15min before the ex-
periment to achieve a stable intensity. Then the intensity was quantified
by an optical power meter (NP2000). A knob of xenon lamp was used to
adjust the intensity at 1200 W/m?, and then the light output was shut
with an opaque shade. The diluted nanofluids were sonicated for 5 min
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Fig. 3. Characterization of gold nanofluids (a) image of gold nanofluids at different concentrations with an inset image of the as-prepared gold nanofluid. (c) TEM

image of the gold nanoparticles and (d) zeta potential graph.

before loaded it into the syringe. Droplets with a diameter ~1.5 mm
were produced by a contact angle measuring instrument (OCA15plus,
Dataphysics, Germany) and can be quickly hung on the thermocouple
tip. The glass cloak enveloped the hanging droplet for evaporation. The
synchronizer triggered the camera as well as the data acquisition
system to record the data and images. The solar evaporation was run-
ning after removing the shade. The uncertainty in temperature mea-
surement was about 0.25K and in evaluation of the droplet diameter
was about 1.5%.

3. Results and discussion
3.1. Characterization of gold nanofluids

Fig. 3a presents an image of the diluted solutions at different con-
centrations e.g. ~10, 25, 100 pg/ml, with an inset photographic image
of the initial nanofluid (~1 mg/ml). The shape and size of gold na-
noparticles are characterized by a transmission electron microscopy
(TEM-JEOL 2011). The high-resolution image shows the excellent dis-
persion and quasi-spherical morphology of gold nanoparticles (Fig. 3c).
The nanoparticle diameter is evaluated by analyzing a number of par-
ticles with software. The mean diameter is determined as 16 nm with a
relative standard deviation of 8.6%. The zeta potential of the gold na-
nofluid is about —67.5 mV (Fig. 3d), further supporting a good stability
of the suspension.

Optical properties of the nanofluids were examined by UV-vis
spectrometry (UV3600), where the nanofluid was held in quartz cuv-
ettes with a 10 mm beam path length and the reference fluid was DI
water. As shown in Fig. 4a, due to the strong surface plasmon resonance
effect of the gold nanoparticles in visible light range, an obvious ab-
sorption peak is found at the wavelength of 518 nm for all the sus-
pensions. Such peak is consistent with the result of spherical gold
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nanoparticles with the size of ~16 nm (Guo et al., 2017; Jain et al.,
2006). The absorption coefficient of plasmonic nanofluids at 518 nm
increases with the particle concentration. A linear relationship exists
between the absorbance and the concentration of gold nanofluids ac-
cording to the Beer-Lambert Law (Swinehart, 1962). The transmittance
of gold nanofluids decrease with the increase of particle concentration
(Fig. 4b). The deionized water almost not absorb sunlight during the
visible range and its transmittance is approximately 90%. While the
transmittance of plasmonic nanofluids gradually decreasing as the
concentration increase, it is only about 10% for the nanofluid at 100
ug/ml.

3.2. Solar evaporation of the droplet

The diffusion-controlled approach is commonly used to describe the
evaporation process of a droplet. When the liquid-vapor interface is in
thermodynamic equilibrium, the rate of droplet evaporation is equal to
the rate of mass diffusion at any given moment. The evaporation rate
can be expressed as —‘fi—'t" = 47TRSD‘,%(PS—PQO). (Sadek et al., 2014)
Where R; is the droplet radius, D, the diffusion coefficient of vapor in
air, M the molecular weight, T the temperature, 9% the gas constant, P;
the partial pressure at the surface, and P.. the infinite partial pressure.
Therefore, the evaporation rate of droplet is a function of the radius, the
temperature, the partial pressure, and the transport properties of the air
surrounding of the droplet. The initial conditions are controlled in our
experiments. Size of the droplets are ~1.76, 1.78, 1.76 and 1.80 mm>.
Environment conditions are monitored as temperature of 19.4, 19.2,
18.9, 18.7 °C, humidity of 40%, 32%, 42.2%, 35.4% and pressure of
102.1, 102.2, 101.6 and 101.2 kPa. The partial pressure of water vapor
thus can be calculated as 43.1, 40.9, 32.5 and 35.8 kPa, correspond-
ingly.

Fig. 5a shows temperature traces of the base water droplet and the
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Fig. 4. (a) Absorption coefficient and (b) transmission spectrum of the plasmonic nanofluids at different concentrations.
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Fig. 5. (a) Temperature profiles for the evaporation of a water droplet and
nanofluid droplets at various concentrations. (b) Evaporation duration versus
initial volume of the droplet.

plasmonic droplets. It can be seen that there are two heating phases on
the temperature profiles: (1) transient heating phase (A-B), in which the
droplets absorbing solar energy and its temperature rapidly increase to
the wet-bulb temperature. (2) quasi-equilibrium evaporation phase (B-
C), shrinkage of the droplet due to evaporation and the droplet tem-
perature is slowly heating up. The transient heating phase is relative
short compared to the quasi-equilibrium evaporation stage. All the
temperature traces exhibit the same trend, but the evaporation rates are
different. The evaporation duration 7. represents the time consuming
by rising the droplet temperature from its initial temperature to the
sharp increasing of temperature at end of evaporation. We observe that
the evaporation duration of the base water droplet is about 1180s,
while the plasmonic droplet at 25 pg/ml only requires ~757 s to end

the evaporation at a high temperature. The evaporation time of the
droplets at 10 and 100 pug/ml are 1050s and 1030s, respectively.
Clearly, the evaporation process of plasmonic droplets is generally
faster than that of the pure water. This is because water does not absorb
the visible light energy, while the gold nanofluids significantly absorb
the energy due to surface plasmon effect. We also noted that the tem-
perature profiles of plasmonic droplets at 10 and 100 pg/ml is slightly
lower than that of the water droplet during the heating stage. This can
be explained that more energy is paid to latent-heat evaporation since
the plasmonic droplets have a fast evaporation rate.

At initial evaporation, only independent multi-scattering occurs and
interparticle gap does not play role in the absorption. The photo-
heating effect of droplets are increased with the increasing of initial
concentration. While as the evaporation proceeding, the particles
within droplets would agglomerate sooner or later. The droplet at
100 pg/ml agglomerates much earlier on part of its surface than that of
the others due to its high concentration. The resulting nanoparticle
clusters at interface promote electron tunneling between the particles
and reduce the intensity of local electrical field. Moreover, back scat-
tering effect due to the clusters is dominated at air/water interface. An
unneglectable part of light is scattered back to the air, which leads to
the decrease of temperature of the solution. Therefore, we assume the
plasmonic droplet at 25 ug/ml has an optimal initial-interparticle-gap
to enable strong solar-to-heat conversion for supporting both latent
heat of evaporation and sensible heat of the increased temperature
(Ghosh and Pal, 2007; Hentschel et al., 2010; Jain et al., 2007). The
increased temperature is thus higher than that of pure water or 10 pg/
ml case.

Fig. 5b is a diagram of the evaporation time versus the initial vo-
lume of droplet. The data points are the experiments carried out and the
dotted line is the fitting result of the data. It can be seen that the bigger
is the droplet volume, the longer is the evaporation duration, which is
consistent with the D®law (Chen, R.-H. et al., 2010; Langmuir, 1918).
From the data, we noticed that the relative fitting error of the plasmonic
droplets increases with the increasing particle concentration, which
presents a large deviation than that of the base water droplet. This is
due to the droplet at high particle concentration has a strong eva-
poration rate that induces complex heat and mass transfer to enhance
the Brown movement, thus resulting in unstable floating of the ex-
perimental data.

Fig. 6 is snapshots of the evaporating droplets. The initial size of
droplets is well-controlled at ~1.50 mm. The thermalcouple tip pins in
the droplet center throughout the experimant. It can be seen that the
droplet at 25pug/ml appears a fastest drying process and completes
evaporation at 720 s (Fig. 6b). However, the evaporation duration of
the base water droplet extends to ~1080s (Fig. 6a), which consumes
almost 1.5 times of the time than that of the droplet at 25 ug/ml. These
observations are consistent with the temperature results. Moreover, the
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Fig. 6. Successive images of the evaporating droplet with (a) deionized water, and gold nanofluids at concentration of (b) 25 and (c) 100 ug/ml.

morphology of plasmonic droplet presents a quasi-ellipsoid shape as
evaporation proceeding. While that of the base water droplet exhibits a
spherical shape. This difference may be come from the difference of the
apparent surface tension on the evaporating droplets (Chen et al.,
2011).

Fig. 7 presents the images and corresponding models for an initial
droplet and a plasmonic droplet under evaporation. The mass of initial
droplet is larger than the evaporating droplet due to the steam releasing
reduces the mass (m < m;), while the tension attached to the thermo-
couple wire is quasi-constant as 0. So the whole action of the forces
tending to achieve a balance on the droplet and that gives rise to 6 > 6;,
thus presenting an ellipsoid shape. To quantify the physical parameters,
D, and D, are defined as the lateral and longitudinal diameter of the
droplet, respectively. Hereby, the droplet volume can be calculated as
V= f(D D2 d®), the droplet surface area A = S.psoid T
(D + 2D ) = Sqhere=4 T D?> and the equivalent diameter
D2 = (D + 2D, D,)/4, where d is the tip diameter of thermalcouple.
To determine the mass loss, density of the loss volume can be set at a
density of water ~1000kg/m? since the nanoparticles do not escape
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Fig. 8. Transient parameters during the evaporation process. (a) D2, (b) the mass of droplet, (c) the evaporation rate and (d) the particle concentration within the

droplet as a function of time.

from the droplet with the produced steam. Hereby, transient droplet
mass can be evaluated as m = pV = p% (DnyZ—d3). The mass data then
can be fitted as a cubic function versus time, and thus we can obtain the
evaporation rate by deriving the function. The transient particle con-
centration dynamic changes with steam releasing. Following the mass-
conservation law, we calculate the transient particle concentration as
¢ = c,m,/m, where c,, m, are the initial concentration and the droplet
mass.

Fig. 8 shows the transient physical parameters including D? the
droplet mass, the evaporation rate as well as the transient particle
concentration. The evaporation constant is defined as K = (D,2 — D)/
t, where D, is the initial droplet diameter and D, is the transient droplet
diameter. According to the above formula, the mean evaporation con-
stants of the droplet with base water, 10, 25 and 100 pg/ml nanofluids
are 1.90 x 1073,2.12 x 1072, 2.76 x 10~ % and 2.14 x 10~ > mm?/s,
respectively. The evaporation constant of droplet at 25ug/ml is the
largest one that is consistent with the temperature result. More im-
portantly, as the evaporation proceeds, K values of plasmonic droplet
exhibit no-linear properties over time that causing deviation from the
classical D*law for pure fluid droplet evaporation (Chen, R.-H. et al.,
2010; Chen et al., 2011). This is because the droplets not only absorb
heat from the surrounding medium but also generate volumetric heat
by themselves when exposed to light. Fig. 8b indicates the mass loss
over time. The mass losing rate is slowly decreased as the evaporation
progress. Fig. 8c presents the evaporation rate of the droplets. The rate
decreasing slowly is due to the reducing the effective liquid surface area
for both light harvesting and evaporation, which is consistent with the
mass loss result. Fig. 8d shows the particle concentration profiles de-
pending on the thermal conditions and aggregation kinetics, and that
tends to be infinity at end of evaporation due to dry out. For this
transition, Peclet number, a non-dimensional ratio of particle diffusion
time to the droplet lifetime, and initial particle concentration possible
play an important role (Wei et al., 2016).

Plasmonic droplet evaporation is a uniform process for solar energy
utilization because the particle concentration of the nanofluid as well as
the surface evaporation rate is dynamic varying with the time. The
surface evaporation rate (K, = %/A) as a function of the particle
concentration is presented in Fig. 9. It shows that as the concentration
increases, the surface evaporation rate first increases steadily, achieving
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Fig. 9. Surface evaporation rate versus the particle concentration as shrinking
of the droplets due to evaporation.

a threshold value and then remains stable. The droplet at 25 ug/ml
reaches an optimized rate at the concentration of ~900 pug/ml. The
optimized concentration of 10 and 100 pg/ml droplets are ~1800 and
~13500 pg/ml, correspondingly. These optimum values maybe corre-
spond to a certain critical point before crushing of the droplet.

3.3. Physical evolution and heating mechanism

Evaporation of plasmonic droplets is a complex process in con-
sideration of not only liquid-side diffusion and gas-side heat and mass
transfer, but also light-to-heat transformation as well as aggregation as
a particulate process (Chen, H. et al., 2010; Deegan et al., 1997; Gerken
et al., 2014; Ming et al., 2008; Roxworthy et al., 2014). The removal of
moisture from a plasmonic droplet involves simultaneous phase change
phenomena, heat and mass transport, and the process is coupled to
concurrent particle movement within the droplet. Both the evaporation
rate and particle concentration depend upon the air temperature, hu-
midity, pressure, light source intensity and the transport properties, in
addition to the initial temperature and diameter of the droplet. Based
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on our observation, we propose a four-stage heating scenario for the
plasmonic droplets (Fig. 10). In the first stage (A-B), the droplet is
subjected to light irradiation and flow of air steams, gains sensible heat,
and the temperature rapidly increase to wet-bulb temperature. Then the
droplet at wet-bulb temperature is evaporated at a quasi-constant rate
(B-D). This excess liquid evaporation results in droplet diameter
shrinking and simultaneous increase of particle concentration within
the droplet, thus can harvest more solar energy to accelerate the surface
evaporation rate. At end of this stage, the strong local evaporation leads
to the precipitation of solid fraction on the interface of droplet/ther-
malcouple wire, eventually, the interface depositing with a layer of
crust (Farid, 2003). On this moment, the droplet turns into a scattered
wet particle assembly and the evaporation continues until the particle
moisture content reduces to an equilibrium with the drying air (D-E)
(Handscomb et al., 2009). After that, the evaporation process finally
stops and the nanoparticle is heated up to the equilibrium temperature
(E-B).

The nature of heat transfer between plasmonic nanoparticle and
water cannot be fully understood through the classical models and
suggest collective effects including hot spots and electrons (Brongersma
et al., 2015; Hogan et al., 2014; Richardson et al., 2009). This me-
chanism is extremely efficient because the heat fluxes from a large
ensemble of nanoparticles resulting in water temperature a few orders
of magnitude larger than the temperature induced by a single nano-
particle. In our experiment, plasmonic droplets have a small volume
fluid with a high concentration of the particle number. This small vo-
lume delivers the generated heat to its water/air interface for vapor
release in a shorter time. In this situation, rapid mixing and tempera-
ture equilibration inside the droplet can be expected and non-linearly
optical depth is ignored. Thus, a collective heating effect of many na-
noparticles dominate within the excitation volume, in particular, the
particle assembly leads to a bulk heat distribution due to simultaneous
light absorption and scattering (Fig. 10). This collective heating are
controlled by two parameters: one that relates the morphology prop-
erties of the droplet and the other that characterizes the inerparticle
gap. We now explain the mechanism by modelling of a photo-excited
droplet containing nanoparticles. The ratio between the collective
temperature in the droplet center and the single-nanoparticle tem-
perature can be estimated as § = Aleolieeive Nip.or7/R, where,

surface of single particle
r and R = D/2 are the particle radius and the equivalent radius of
droplet, and Nyp  is the total number particle within the droplet (Baral
et al., 2014; Govorov et al., 2006; Richardson et al., 2009). In our case,
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the collective ratio is a large number § ~ 45800, since the nanoparticle
density is ~4.24 x 10''/ml for the droplet at 25ug/ml. This is the
regime where the heating is intense due to its collective property.
Therefore, a temperature amplification is input to the surrounding li-
quid, and the macroscale domain of temperature is increased, not just a
local region around the gold nanoparticle. The small volume liquid thus
can be triggered at relatively low optical intensities to the boiling point
where steam releasing with high efficiency.

4. Conclusion

The nano/mesoscale engineering concept coupling plasmonic na-
noparticles within a mesoscale droplet were demonstrated to be an
efficient platform for solar water evaporation, leading to intense vapor
production under a moderate optical density. The plasmon effect and
highly active surfaces offered by the gold nanoparticles greatly improve
photon absorption of solar energy. Even at a low mass concentration of
gold particle ~25pg/ml, the evaporation duration of the droplet can
reduce by 36% compared to that of the base water droplet. The eva-
poration rate with particle concentration of 10 and 100 pg/ml are si-
milar, which is slower than the droplet at 25 ug/ml, indicating an op-
timal initial-particle-concentration exists. This discloses an effective
approach to modify the optical and thermodynamic properties of the
nanofluids. We also observed that shrinking of the droplet significantly
enhances the surface evaporation. The surface evaporation rate increase
with the increasing particle concentration, reaching an optimized value
at a threshold concentration and then stable. The K value presenting a
nonlinear property implies a complex heat-transfer physics. A collective
energy absorption by multiple light scattering within the droplet ac-
counts for the vapor generation. The heating intensity is related to the
droplet morphology as well as the interparticle gap. This work provides
a first study of solar evaporation of plasmonic droplets and the findings
is significant important for further development of the plasmonic na-
noheaters. Future studies on the interplay between plasmonics and
nanoscale heat transfer are required for a thorough understanding of
the beneath mechanism, which could have a far-reaching impact on the
field.
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