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Abstract

Steam production is essential for a wide range of applications, and currently there is still
strong debate if steam could be generated on top of heated nanoparticles in a solar\éeeiver.
performed steam generation experiments for different concentrations of gold nanoparticles
dispersions in a cylindrical receiver under focused natural sunlight of 220 Suns. Combined with
mathematical modellingt is found that steam generatiagnainly caused by localized boiling
and vaporization in the superheated region due to highly non-uniform temperature and radiation
energy distribution, albeit the bulk fluid is still subcooled. Such a phenomenon can be well
explained by the classical heat transfer theang, the hypothesized ‘nanobubble’, i.e., steam
produced around the heated nanoparticéasnlikely to occur under normal solar concentrations.

In the future solar receiver design, more solar energy should be focused armd atapipe

superheated region while minimizing the temperature rise of the bulk fluid.
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1. Introduction

Steam production is essential for a wide range of applications from large scale electricity
generation, energy storage, desalination systems and refrigeration units to compact snall scal
systems such as sterilization and clearjig4]. Conventionally steam is produced by the
combustion of fossil fuels or direct heating from electricity, which is environmentally unfriendly.
Employing solar energy, an abundant, clean and renewable energy source, for steanoproducti
is a rapidy developing ared5-8]. Currently solar-based steam production (i.e., either solar
trough or solar tower systems) is based on heatimglk fluid to its boiling temperature unde
high optical concentrations. The steam generation efficiency heavily relies on the surface
temperature and radiation properties of the absorber, whose high temperature needed for bulk

steam production leads to large heat loss to the ambient and low energy efficiency.



It has been reported recently that certain nanopatrticles, especially those with Localizesl Surfac
Plasmon Resonance (LSPR) properties [9,10], can absorb solar energy efficiently in a liquid
medium [1114]. For an agueous nanopatrticle dispersion [it5jould lead to a rapid increase
of the particle temperature and steam production, albeit the bulk fluid was still in the subcooled
state [16,17]. For example, the research team from Rice University showed that b wesing
dilute gold nanoparticles dispersion, i.e., 16.7 ppm, under focused sunlight via a Fresnel Lens,
rapid steam production was realized while the bulk fluid temperature was still°&t[1H. The
calculation showed that the steam generation efficiency was reached up to 80%, and only a small
portion of the solar radiation was used to increase the bulk fluid temperature. Similar to the
concept of energy localization on the surface [18], it appears that solar ererdycalized by
the nanoparticles. It was further hypothesized that rapid heating of nanoparticles produced
nanobubbles immediately around the nanoparticles, and the rise of nanobubbles to the top
surface of the liquid realized the release of the vapor produce@ljlSubsequent simulation
work [11,16,17,22] showed the possibility of nanobubble formation based on a non-equilibrium
phase change assumption.

The heating of nanoparticles and formation of nanobubbles have become an intensive research
topic in the medical area. It has been confirmed both experimentally and theoretically
[13,14,16,2325] that under an intensive laser heating (-€1000 MW/nf), bubbles can be
generated around the heated nanoparticles [26,27]. By controlling the laser power and pulse
appropriately, the growth and contraction of bubbles can be very fast, which is associated with
the propagation of pressure waves that could bring thermal-mechanical damage to surrounding
cells at a dimension much larger than that of a single nanoparticle [28]. However, it is still

unclear if bubbles can be formed under a relatively low heat flux provided by concentrated



sunlight (i.e., typically <1 MW/rf), and a few concerns have been raised recently. For instance,

Ni et al. [29] showed that there were no nanobubbles produced under a solar concentration of 10
Suns, and suggested that the classical global heating may be responsible for the steam generation.
Through a molecular dynamics simulation study, Chen et al. [19] also showed thad it

difficult to form nanobubbles under continuous heating conditions even under a high heating
power.

It shall also be of note that most of the solar steam generation experiments employseonly
point temperature measurement [11,29,30], without knowing the temperature distribution of the
fluid, which may lead to misleading or unconvinced conclusions. Clearly there is still a critical
lack of both strict experimental evidence and well-accepted mechanism analysis in the solar
steam generation. Aiming to address these contradictions, steam generation using gold
nanoparticle dispersions with different concentrations in a cylindrical tube under focused natural
sunlight was investigated experimentally, and a 3-D mathematical model was also established to
reveal the non-uniform temperature distribution inside the nanoparticle dispersions. We revealed
that steam generation during the heating up stage was mainly caused by localized boiling and
vaporization in superheated regimes due to a highly non-uniform temperature distribution, albeit
the bulk fluid is still subcooled. Such a phenomenon can be explained by the classical heat
transfer theory and the hypothesized nanobubble, i.e., steam produced around heated particles,

was unlikely to occur under normal solar concentrations.

2. Experimental details

2.1. Nanopatrticles fabrication and characterization



A one-step method [31] was employed to produce stable gold nanoparticles (GNPSs)
dispersions. First, 5x10mol HAuUCl, (Sigma-Aldrich) was dispersed into 190 ml DI water in a
three-necked flask, then a magnetic blender with a heating source was used to stir thatliquid
the occurrence of boiling. 10 mins later, 10 ml aqueous sodium citrate (Sigma-Aldrich) solution
with a mass concentration of 0.5% was added into the prepared hlAofDtion. The mixed
solution turned dark blue within 30 s, and the final color became wine red after being heated for
an additional 20 mins. The GNPs dispersions maintained good stability for over two months, and
were used for the experiments without further purification and separation. Goldanahep
size and shape were characterized (Fig. 1A anbdyBthe Transmission Electron Microscopy
(TEM) (FEI Tecnai TF20: FEGTEM Field emission gun TEM/STEM fitted with HAADF
detector, Oxford Instruments INCA 350 EDX system/80 mm X-Max SDD detector and Gatan
Orius SC600A CCD camera). A dynamic light scattering (DLS) device (Malvern nanosizer) was
employed to identify the particle size distribution, which is presented in the Supporting
Information.

2.2. Experimental setup

The experiments were performed under focused natural sunlight (Fig. 1C and D). Diluted
GNPs dispersian(with concentrations of 1.02 ppm, 5.1 ppm and 12.75 ppm) and DI water were
placed into four cylindrical tubes (i.e., inner diameter of 25 mm and length of 300 mm),
respectivly. The tubes were custom-made from high temperature resistant quartz, and vacuum
interlayers were employed to reduce the convection heat loss to the ambient as much as possible
(Fig. 2). The outer tube with a diameter of 60 mm had two small-bore pipes, which were used to
fix the thermocouples. Fresnel lensé8Q mm x 400 mm) with a 620 mm focal distance were

used to focus the natural sunlight. The smallest focused spot has a diameter of 30 mm, and the



focused solar intensity in the experiments was 220 SAinsolar radiation intensity sensor
(SPNI1, Delta-T Devices) with a measurement uncertainty of 2% was employed to measure the
solar intensity.

In order to investigate non-uniform temperature distribution within the fluid, three type T
thermocouples (Omega TT-T-40-SLE) with precisiont@t5 °C were placed in the bottom,
middle and top of the test sample fluids, respectively. Another two thermocouples were placed
inside and outside the cylindrical tube to measure the steam and ambient temperatures
respectively (Fig. 2). A microbalance (OHAUS Adventurer) was employed to measure the mass
change of fluid when illuminated, whegewater cooling system was used to condense the
generated steam (Fig. 1D). Before the experiments, all the four cylindrical tubes veeredcle
carefully with pure wateat ambient temperature. These tubes with test sample fluids were then
heated simultaneolysunder the same solar conditions (220 Suns).Due to the movement of the
Sun and the change of liquid position because of steam generation, the focus point was manually

adjusted to keep it on the fluid.

3. Results and discussions
3.1. Temperature profile

Once the tube was illuminated under 220 Suns, fluid temperatures rose immediately, (Fig. 3)

and main observations can be summarized as follows:

(2) 1t was difficult for DI water to reach boiling under such a solar intensity (i.e. 220 Suns)
For DI water (Fig. 3D), the highest temperature was increased to oty (@&3) after 5
minutes’ illumination. One position reached 90 °C after 10 minutes’ illumination, then it
remained nearly constant, indicating the attainment of a steady state where the heat loss

was equal to the absorbed solar radiation energy.



(2) All GNPs dispersions reached the boiling temperature fast and then remained unatanged
that value. Increasing the volume concentration could reduce the time required to reach the
boiling point. For 1.02 ppm GNPs dispersion (R4, it took more than 3 min for all the
three measured positions to reach the boiling point. While for higher concentrations such as
12.75 ppm (Fig. 3C), it was reduced to only 90 seconds.

(3) Large temperature differences existed within the fluid before reaching the boiling point,
and the temperatured the measured positions was highly non-uniform for all the sample
fluids. For instance, an impressive temperature difference was observed, i.€C 46.5
between TC1l and TC3, in less than 1 mihutdlumination for 12.75 ppm GNPs
dispersion. However, for all GNPs dispersions, the temperature non-uniformity became
much smaller after reaching the boiling point.

(4) Steam can be generated under subcooled conditions and was highly particle concentration
dependent. For 1.02 ppm and 5.1 ppm GNPs dispersions, appreciable steam temperature
increase was only detected when the bulk fluid temperature reached approximately the
boiling point (as shown by arrows in Fig. 3). However, for 12.75 ppm GNPs dispersion,
almost immediately air temperature rise inside the tube was observed, indicating that vapor
was generated rapidly. At that time, all the three thermocouples indicated that the bulk
fluid temperature was still very low and impossible for boiling to happen. This suggested
that vapor was produced when the bulk fluid waghe subcooled state, similar to the
results reported by the research group from Rice University [11].

3.2. Steam production characterization
During the experiments, it was observed that after a few minilitgsination, most of the

bubbles were originated around the top of the inner surface of the tube, or from the thermocouple



wires. The initial generation of bubbles was related to the presence of nucleation sites on these
rough surfaces, which benefits the embryo bubble nucleation and growth without large superheat
Once the surrounding temperature reached the boiling point, a large amount of vapor bubbles
were generated continuously from the thermocouple wires located just below the focused point,
where solar radiative energy would be converted into thermal energy leading to a high energy
localization, and superheat can be easily reached. An examg@ebobbling process in a
subcooled bulk fluid is shown in Fig. 4 (i.e., video in Supporting Information) where three stages
can be identified: the bubble formation, growth and release. When bubbles passed the focused
area, the growth rate was obviously accelerated. The generated vapor was condensed to liquid,
and the remaining GNPs dispersions were also analyzed, which showed no evidence of any
chemical modification.

The evaporated water mass loss in dimensionless form (i.e., evaporated water mass divided by
the total sample fluid mass before the experiment) is shown in Fig. 5. Clearly GNP dispersions
showed much larger mass loss. Similar to the temperature profile, the mass loss was also highly
dependent on the nanoparticles concentration. For instance, only 10% reduction was observed for
DI water after 30 minutes’ radiation, while 9 times more water was evaporated for the 12.75 ppm
GNP dispersion in 25 minutes. It should also be noted that for the first 5 minutes, the difference
in the mass loss was small for all GNP dispersions with different concentrations, albeit all the
thermocouples indicated the attainment of the boiling temperature. This shall be related to the
re-condensation phenomena due to the initial cold conditions of the tube inner surface, where
most of the vapor was likely to be re-condensed. Nearly constant vaporization rate was observed

after the initial 5 min, which indicated the presence of saturated boiling in the tube.



We quantified the amount of solar energy consumption for heating the fluigingf and
producing steam (Ram) during the heating-up process (i.e., subcooled stage ), and energy
consumption for producing steamsgRn) during the saturation boiling stage (i.e., Fig. 5 gray

area) by the equations below (where the uncertainty analysis is provided in Supporting

Information):
(cwmy+cymp)AT  cyymyAT
l)heatingl === wAtn . ~ WA‘tN (1)
rwlAmyyq
Psteam1 = WAtw (2-3.)
Psteamz = I'wlily (2-b)

wherec,, andc, are the specific heat capacity of water and gold nanopatrticle, respeatiyely;

and m,, are the total mass of water and nanoparticle, respectindlyis the averaging
temperature increase of the three thermocouples within the sample fluids, representing the
increment of bulk temperaturdt is defined as the time needed for the first thermocouple
temperature to reach the boiling point (2aD from the beginning of the experimeny; is the
evaporative latent heat of watém,,, is the vaporized mass loss during periodtpfn,, is the
evaporated water mass loss rate due to vaporization during the saturated boiling stage, which is
defined ash,, = Amy,, /At 5 nin (WhereAm,,, is the mass loss during 15 min), which remains

at a relatively constant value during the period of 10 ~ 25 minutes for all sample fluids, as
shown in the stable mass change zone in the gray area of;Fig. 5)

The calculated results are shown in Fig. 6, which indicates that adding gold nanoparticles into
water increased the power for both heating the fluid and steam generation dramatically. For
example, for 12.75 ppm gold nanoflulleatings = 97.3 W, almost 7 times higher than that of
water. The calculated energy consumption in Fig. 6 also exhibits that the converted solar energy

is mainly consumed to heat up the bulk fluid in the heating-up stage However, the consumed



power for steam production should be higher if heat leak and re-condensation are considered: i)
heat leak in steam generation was much higher than that in a bulk heating due to higher
temperature at the top surface; and ii) a certain amount of steare-e@®lensed and stayed on
the inner wall of the tube, which was not measured by the scale. It shall be noted that after the
bulk fluid reached the boiling point, most of the solar energy would be used for steam production.
In a separated study, Neumann et.al [11] observed that 80% of the solar energy absorbed by
the nanoparticles dispersions was used for steam generation, and only 20% was for sensible
heating. However, it shall be cautious to interpret these data considering the Bxineme
uniform temperature distribution within the fluids. In their work, the sensible heat contribution
was calculated from one-point temperature measurement in a cold region, which may easily
under-estimate the enthalpy increase of the bulk fluid. In this paper, the sensible heating
contribution based on the aveeagmperature and only one thermocouple were calculated
(Table .1). Clearly it shows that the sensible heating contribution can be significantly
underestimated if only one temperature measurement was used. For example, the sensible
heating efficiency during the heating-up stage based on only TC1 is 11.7% for 1.02 ppm gold
nanofluid, less than one third of that from the avetagperature, which is 37.9%. The relative
contribution between the sensible heating and vapor generation becomes 64:36 for TC1 only, and
85:15 for the averaged three temperature measurement. If a colder regime temperature was used,
more sever underestimation of the sensible heating contribution would occur, leading to a large
steam production efficiency, due to the large non-uniform temperature distribution

3.3. Photothermal Conversion Characteristics

10



Considering the energy balance, the solar energy utilization efficiency is expressed as the
photothermal conversion efficiency (PTH)for both GNP dispersions and DI water, whish
calculated by dividing the absorbed solar energy over the total incident solar radiation:

(cwmw+cnmn)AT+fg rwhy (Ddt chWAT+f(;E rwihy (Ddt

nf-f; IAdt - nf-fot IAdt

n( = 3)

whereA is the area of Fresnelebs,ns = 90% is a modest optical efficiency for Fresnel Lens
without optimization [32,33]. The efficiency was calculated based on the heating-up stage,
including the contribution from both sensible heating and steam generation over the period
between the beginning of the experiment and the point when the first thermocouple reached the
boiling point for GNP dispersions. For DI water, the time interval for the calculation was
determined as 8 minutes from the beginning of the experiment, because no thermocouple reached
the boiling temperature. The photothermal conversion efficiency (Fig. 7) under 220 Suns
illumination increased nonlinearly with the increase of the volume concentration of GNP
dispersions, and a shift hapeelhwhen the concentration reached a certain value. A maximum
PTE of 80.3% is obtained for 12.75 ppm GNPs dispersion. To quantify the capability of gold

nanoparticles in absorbing solar energy, the specific absorption rate (SAR) is calculated [34]:

_ (cwmy+cnmp)ATy —cyymy ATy,

SAR

(4

mpAt
a)

whereAT, andAT,, are the average temperature increases of GNPs dispersions and DI water at
the same time interval, respectively. The time interval for SAR calculation is the same as that in
the calculation of PTE . SAR (Fig. 7) decreases with the increase of the nanoparticle
concentration, which is consistent with those from previous studies under non-focused solar

radiation [34,35]. An impressive high value of 50 kW/g for gold nanoparticles with a

11



concentration of 1.02 ppm is achieved under 220 Suns solar radiation, which suggests that the
absorbed solar energy by one gram of gold nanoparticles in only 3 seconds is more than the
released thermal energy of 10 L hydrogen combustion under standard temperature and pressure

conditions (i.e., T= 273 K and P=1 atm) [36].

3.4. Steam generation mechanisms

The experimental results clearly show that employing gold nanoparticles can significantly
increase the absorption of solar energy, leading to more efficient steam generation. The
experimental results are similar to those reported from the research group from Rice University
[11,30]. However, there is no evidence to support the claim that steam production was caused by
nanobubbles, i.e., bubbles were formed on top of heated nanoparticles. It should be noted that the
sdar intensity employed here was 220 Suns, as a few previous workJ4T]37Yas suggested
that nanobubbles were unlikely to be generated under relatively low heat fluxes. Foreexampl
both Kotaidis et al. [42] and Keblinski et al. [43] pointed out that a laser power density
equivalentto more thar8 x 107 Suns was required to form nanobubbles. We explore possible
steam generation mechanisms below.
3.4.1 Classical Nucleation and Heat Transfer Analysis

Bubble nucleation depends strongly on the morphology of thedwatface. Usually, surfaces
have tiny pits and scratches can act as active nucleation sites, where embryonic bubbles can
easily form. From the classical nucleation theory, the radius of the mouth of a cavity determines

the superheat required for the vapor bubble to nucleate at that site [44] according to:

Tsatveg [2
AT =Ty — Tope = h:gfg [r—f] (5)

12



where AT =T — Tsac is the excess heating (superheating), he,, o are the specific volume
difference between the vapor and liquid, latent heat of vaporization, and surface tension

respectively at the saturation temperaffig , andr. is the radius of a cavity mouth. It was
found that the surface tension calculabgdYoung-Laplace equatiol\p = ZTG whereAp is the

pressure difference across a spherical bubble @the radius of the bubble) is independent on

the bubble size and agrees with the surface tension of a plane interfadd][4Bor a
nanoparticle (i.,ex = 10 nm, as shown in Fig. 1) to act as an active nucleation site,,@400
superheat and a Laplace pressure difference of ~ 120 atm will be needed. Much higher superheat
is needed if the bubble embryo is first formed on somecatiebn the nanoparticle surfaces.
Clearly to initiate bubbles on top of nanoparticles, extremely high nanoparticle temperature is
required according to the non-homogeneous nucleation theory.

As it is rather difficult to measure directly the nanoparticle surface temperature, a 3-D heat
transfer model with isolated boundary conditions, was established and solved for a single gold
nanoparticle immersed in water (see Supporting Information), corresponding to the experimental
conditions (220 Suns, 1=220x0.94 kW#m206 kwW/nf, f, = 12.75 ppm, D = 20 nm). A global
temperature rise (Fig. 8) within the fluid is observed and the temperature difference between the
nanoparticle and surrounding water is rather small, i.e., at an order®oK.1This can be
explained by the classical heat transfer theory. The Fourier number, which is a dimensionless
parameter that characterizes transient heat conduction, is very high (i.e., almost 10000 for the
present work) at the nanoscale, which leads to a rapid establishment of a steady state temperature
distribution around the nanoparticle only in a few seconds. At the macroscopic measurable
timescale, the temperature difference between the nanoparticle and the surrounding fluid is

negligible.
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Clearly classical nucleation and heat transfer theory does not support the formation of
nanobubbles on top of nanoparticles at < 1 Mt is typical fora Fresnel Lens, albeit it

may be possible under high fluence lasers (i.e., > 1000 MW1i3,14,16,23,24].

3.4.2 Non-uniform temperature distribution

Experimental results indicated that the heating up and vaporization processes were highly
non-equilibrium with highly non-uniform temperature distribution fGNP dispersions.
Considering limited thermocouple measurement positions in the experiment, potential maximum
temperature difference within the fluids could be much larger than those measured in this work.
It is possible that nucleate boiling may be initiated at some superheated regions, leading to rapid
steam production. To reveal the transient steam generation mechanism, a 3-D mathematical
model was proposed based on the radiative transfer equation and conductive heat transfer
equation coupled with the phase change assumptions (detailed in Supporting Information). In the
model, the absorption and scattering coefficients were calculated based on the Mie scattering
theory [48] and the spectral intensity was described by the radiative transfer equation. A
simplified 3-D transient conductive heat transfer equation with phase change and without
consideration of the effects of gravity and two-phase flow, was used to obtain the temperature
field within the fluid. The set of equations was numerically solme@OMSOL.

Corresponding to the experimental conditions, Bi4. shows an example of non-uniform
temperature increases in 3 minutes for 1.02 ppm GNPs dispersion. Once the fluid is illuminated,

its temperature increases immediately. The temperature of a small area near the top surface of the
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tube reaches nearly 100 within 30 s, and a large temperature difference (i.e’Ch®an be
observed during that period. The temperature of most fluid reaches higher titaaf@® ~150 s
which is in good agreement with the experimental results shown in Fig. 3A. There is clearly a
superheated region (i.e., temperature higher than°@fOwhich appears after 75 s and is
represented as gray areathe figure. In this region, water could be possibly boiled or vaporized
to steam, and a typical superheat dCavas chosen irthe mathematical model. In order to
simplify the mathematical model, no fluid flow (due to buoyancy force and phase change) was
considered. For bulk fluid boiling to occur (especially when the superheated region extends to
the thermocouple wires), only a few degrees of superheat are needed, and the active nucleation
sites could be from either the inner surface of the tube or the thermocouple wires, which is
supported by our experimental observations. Clearly conventional bulk fluid boiling may occur
within this superheated layer, leading to rapid steam production. For a high nanoparticle
concentration (12.75 ppm, Fig. 9B), the illuminated area reaches the boiling point in only 9
seconds, which can lead to a nearly instant production of steam, albeit the bulk fluid still remains
atthe initial temperature. The simulation results support the experimental obseriraian 3C,
where steam was generated (measured air temperature inside the tube began to increase) shortly
after the GNP dispersion was illuminated under 220 Suns. The simulation results agree
gualitatively with the experimental data. In addition to possible bulk boiling from the
superheated region, strong vaporization at the fluid-air interface could also be responsible for
some steam generation, especially before the boiling is initiated in the superheated region.

Both experimental and numerical results show that the mechanism responsible for solar steam
generation of nanoparticle-based volumetric receivers is not due to the nanobubble formation,

but because of extremely localized solar absorption in the focal area, where a superheated region

15



is easily formed and highly non-uniform temperature distribution exists within the fluid. With the
increase of the volume concentration of GNP dispersions, more solar energy is localized at the
top surface of the receiver, leading to stronger boiling and surface vaporizatiore in th
superheated region, although the bulk fluid is still in the subcooled state. However, such a
subcooled state is not at the nanoscale, but at the bulk scale. Classical heat transfer theory is
appropriate to explain the nanoparticle-based steam generation process. This supports the idea of
employing nanoparticles to increase the efficiency of trapping solar energy. Clearly to produce
steam more efficiently, future solar receiver design should focus more solar energy in the

superheat region while minimizing the temperature rise of bulk fluid.

4. Conclusions

This work investigated the steam generation mechanism of gold nanoparticles-based solar
volumetric receivers. Experiments were performed for GNP dispersions in cylindrical tube
under focused natural sunlight conditions, an@ Bumerical models were also established to
simulate the temperature profile within the sample fluid and the heat transfer between a single
particle and the surrounding fluid. It is found that steam generation of nanoparticle-based
volumetric solar receivers is not due to the nanobubble formation on top of heated particles, but
caused by a highly localized solar absorption in the focal area where intense boiling and
vaporization occur, while considerable non-uniform temperature distribution within the fluid
may exist in the heating-up stage . By increasing the volume concentration of GNP dispersions
more solar radiation energy is localized at the top surface of the receiver, leading to stronger
boiling and surface vaporization the superheated region, although the bulk fluid is still in the

subcooled state. Under a solar concentration of 220 Suns, 12.75 ppm gold nanoparticles

16



dispersion can achieve a photothermal conversion efficiency up t808@ld a specific
absorption rate of ~50 kW/g atconcentration of 1.02 ppm can be reached. The work reveals
that in the future solar receiver design, more solar energy should be focused aedlitréipe

superheated region while minimizing the temperature rise of the bulk fluid.
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Fig. 1. (A) and (B) TEM images of gold nanoparticles; (C) Focused solar illumination

experiment under natural sunlight conditions (located on the roof of Engineering Building in

Beihang University in Beijing, 39° 59' 5.49" North, 116° 21' 18.70" East.), sun light is focused
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220 times by a Fresnel Lens (400 mm x 400 mm) with a 620 mm focal distance; (D

Experimental setup for steam generation measurement.

Solar radiative
intensity sensor
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e Computer
acquisition

Quartz tube

Fig. 2. A schematic view of the temperature measurement system. Three thermocouples were
uniformly distributed along optical depth inside the nanofluids, respectively. Another two
temperature sensors were placed inside and outside the tube to measure the evaporated steam and

ambient temperature.
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Fig. 3. Experimental results for GNPs dispersions with different volume concentrations and DI

water. (A)1.02 ppm; (B)5.1 ppm; (C)12.75 ppm; (D) DI water. Three thermocouples were

employed to measure temperature of fluid inside the tube, another two measured the gas (or

vapor) temperature inside the tube where the arrow shows the initial time of salient gas (or

vapor) temperature increase, and the ambient temperature. Solar radiative intensity is also

recorded as shown in B
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ACCEPTED MANUSCRIPT

T=0225s

Fig. 4. Trace of one individual bubble in 0.225 s after 62 s solar illumination for 5.1 ppm gold

nanofluid under 220 Suns, where each frame was taken every 0.045 s.
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Fig. 5. Dimensionless mass change (the percentage mass loss) as a function of time for gold
nanofluids and DI water illuminated by 220 Suns of radiation (1=220x0.94 kw286 kw/nf);

Stable mass change rate happens in gray zone.
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Fig. 6. Calculated power consumption for fluid heating (blugsaify) determined by
temperature rise and steam generation (regh through mass loss before bulk boiling, and

power consumption for steam generation (pinkai) during the saturated boiling period.
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Fig. 7. Volume concentration dependence of photothermal conversion efficigranyd(specific

absorption rate (SAR) ¢ghe beginning of solar illumination.
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Fig. 8. Simulated temperature distribution between a single gold nanoparticle and surrounding
water (in normalized distance) after 60 s illumination under 220 Suns for 12.75 ppm GNPs

dispersion where label represents (T-332.24904) K.
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Fig. 9. Simulated temperature distribution evolutions with time for GNPs dispersions under 220
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Table. 1Sensible heating efficiency and steam generation efficiendifferent periods

Samples Before bulk boiling Saturation boiling perioc

Sensible heating Sensible heatin¢ . .
‘ Steam generatior Steam generation
(3 thermocouples  (only TC1)

DI water 9.4% 4.7% 2.5% 8.3%

1.02 ppm 37.9% 11.7% 6.7% 20.5%

5.1 ppm 52.7% 39.5% 7.8% 40.1%

12.75 ppm 71.9% 31.8% 8.3% 64.1%
Highlights

e Steam generation is due to boiling/vaporization in localized solar absorption area.
e Hypothesized nanobubbigunlikely to occur under normal solar concentrations.
e A photothermal efficiency of 80.3% was achieved for 12.75 @M dispersion

e A specific absorption rate of ~50 kW/g was achieved for 1.02 @piR dispersion
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