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Abstract. A laser-based “green” synthesis of nanoparticles (NPs) was used to manufacture gold
NPs in water. The light source is a Ti:Sapphire laser with 30 fs FWHM pulses, 800 nm mean
wavelength, and 1 kHz repetition rate. The method involves two stages: (1) pulsed laser ablation
in liquids and (2) photo-fragmentation (PF). Highly pure and well-dispersed NPs with a diameter
of 18.5 nm that can be stored at room temperature without showing any agglomeration over a
period of at least 3 months were produced without the need to use any stabilizer. Transmittance
spectra, extinction coefficient, NPs agglomeration dynamics, and thermal conductivity of the
nanofluids obtained were analyzed before and after being submitted to thermal cycling and com-
pared to those obtained for commercial gold/water suspensions. Optical properties have also
been investigated, showing no substantial differences for thermal applications between NPs pro-
duced by the laser ablation and PF technique and commercial NPs. Therefore, nanofluids pro-
duced by this technique can be used in thermal applications, which are foreseen for conventional
nanofluids, e.g., heat transfer enhancement and solar radiation direct absorption, but offering the
opportunity to produce them in sifu in almost any kind of fluid without the production of any
chemical waste. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.
JPE.6.034001]
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1 Introduction

In recent years, the use of nanofluids (dilute suspensions with solid particles smaller than
100 nm) has gained attention due to their enhanced properties compared to conventional sus-
pensions containing solids of millimetric or micrometric particle size. The high surface-to-vol-
ume ratio and, therefore, large heat transfer interface between particles and fluid, the high
dispersion stability with predominant Brownian motion, and reduced particle clogging make
nanofluids suitable for different applications.! The first widely studied application was the
use of colloidal solutions as heat transfer fluids. As early as 1873, Maxwell proposed the addi-
tion of small solid particles into a base fluid to increase the thermal conductivity of the suspen-
sion. However, the use of millimeter- or micrometer-sized particles led to problems such as poor
suspension stability and channel clogging, which limits its practical applicability. To solve these
drawbacks, in 1995, Choi® proposed the use of nanofluids to increase the thermal conductivity of
conventional heat transfer fluids. Since then, many studies and reviews have been published
about different properties of nanofluids. Among these physical properties, the properties that
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are usually evaluated are thermal conductivity and heat transfer.*® Different kinds of nanopar-
ticles (NPs) have been investigated for this purpose, including metallic,”'® semiconducting'!,
and insulating ones,'? as well as carbon nanostructures and carbon-metal complexes.'*™"

The first idea for a new concept of solar collector, where the heat transfer fluid itself also acts
as a solar absorber, dates back to 1975 and employed India ink.'® In recent years, due to both the
development of nanotechnologies and the growing interest in renewable energies, more particu-
larly, thermal solar energy exploitation, an impressive growth in the number of studies on solar
applications of nanofluids has been observed. In particular, the use of a fluid working both as
a volumetric light absorber and heat exchanger is advantageous over the classical solution of a
transparent fluid exchanging heat with a solid absorber (typically, a black-painted or oxidized
surface in close thermal contact with the tubes). Thus, the use of nanofluids as direct solar
absorbers in solar collectors has been investigated by several groups'’ " and with different
NPs 21-25

It has been demonstrated that the most important factors influencing nanofluid properties are
size, shape, and the agglomeration state of NPs.”*?” These parameters are highly dependent on
the production process followed to obtain the nanofluids and on the presence of additives, often
needed to disperse NPs. Synthesis of high-purity NPs is very important for any practical appli-
cation and it is very challenging for the scientific community. In this context, pulsed laser abla-
tion in liquids (PLAL), a technique to create NPs was created in 1987 when, for the first time,
Patil et al.”® reported the laser ablation of a solid iron target in water. Later, using this method, it
was discovered that it is possible to obtain NPs. The selection of experimental parameters such as
light wavelength, laser fluence, ablation time, repetition rate, or the base fluid itself can modify
the shape and size distribution of particles® and also its production, with a world record to date
of 4 g/h.*® After the PLAL fabrication phase, the shape and size distribution of particles can be
highly modified by a second laser irradiation to promote photo-fragmentation (PF) of NPs in the
fluid.*"** This second process allows a decrease in the size dispersion and the mean size of the
NPs inside the fluid, thereby avoiding the agglomeration phenomenon in the production process.
Consequently, by controlling the time of the PF process, it is possible to control the character-
istics of the NPs in the nanofluids and their stability.*> The combination of PLAL and PF tech-
niques (PLAL-PF) promotes the formation of high-purity, well size-controlled, and dispersed
NPs inside a liquid without the use of any chemical substance as a stabilizer. Moreover, femto-
second radiation, compared to laser ablation at relatively long time scales (e.g., nanosecond and
picosecond), can effectively minimize the laser-plume interaction and reduce the heat affected
zones,>** thus obtaining the highest quality and best shape-controlled NPs. Moreover, gold NPs
generated by laser ablation in liquids are electron acceptors because of surface atom oxida-
tion,**3” which produces a relatively high particle surface charge. The NPs attract oxygen spe-
cies, and the resulting surface charge triggers electrostatic repulsion providing stable colloids of
metallic particles in aqueous media without the need for any stabilizer.

In this work, gold NPs dispersed in water were produced by PLAL-PF and then character-
ized. The thermal and optical properties of the nanofluids were measured and compared to those
of available commercial nanofluids containing additives. The high purity and dispersion of NPs
produced by PLAL-PF were checked by means of dynamic light scattering (DLS), transmission
electronic microscopy (TEM), and energy dispersive x-ray spectroscopy (EDX) tests. The spec-
trally resolved optical absorption properties of nanofluids were evaluated and thermal conduc-
tivity measurements were carried out by the transient hot wire technique. All samples were
submitted to thermal cycles and their properties were evaluated before and after the cycles.

2 Experimental Setup
2.1 Pulsed Laser Ablation in Liquids-Photo-Fragmentation
Experimental Setup

The typical experimental setup for the PLAL-PF method is shown in Fig. 1. The process consists
of two stages. In the first one, the PLAL, a pulsed laser beam is focused on the surface of a target
producing ablation, where the ejected material produced by the ablation is captured in a liquid
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Fig. 1 Experimental setup: (a) arrangement used for PLAL, (b) arrangement used for PLAL-PF.

environment (in this experiment, deionized water § M). The interaction between the strong
electromagnetic field of the laser radiation and the atoms in the surface of the material pro-
motes the extraction of electrons, thus creating an electronic cloud and leaving a lack of elec-
trons in a localized area on the surface of the target. The ions in the surface are attracted by the
electronic cloud through electromagnetic force, thus leaving the bulk material to become NPs
with a lack of electrons in the surface. In this step, the ablation process was carried out with a
Ti:Sapphire laser (Femtopower Compact Pro, Femto Lasers), with 30 fs FWHM pulses at a
wavelength of 800 nm, maximum energy of 1 mJ/pulse, and operating at a repetition rate of
1 kHz. As represented in Fig. 1(a), the laser beam is guided to the sample using a set of mirrors
(M1, M2, and M3) that allow the laser radiation to be focused onto the focusing plane of a gold
disc (99.99% purity Alfa Aesar) with a diameter of 6.5 mm and a thickness of 2 mm, which is
placed at the bottom of a glass cuvette filled with water, using a 75-mm lens, while the beam
diameter is 6 mm at the 1/e? point. The cuvette is attached to a two-dimensional motion-con-
trolled stage that is moving at a constant speed of 0.45 mm/s during the experiment, resulting
in an ablation duration time of 10.4 min. The thickness of the water layer above the gold disc is
about 7 mm while the liquid content in the experimental stage is 1.3 ml, and the peak fluence
used to irradiate the sample is 1 Jem~2. Considering that the optical elements and the liquid
itself are going to introduce dispersion, before the optical setup a user-adjustable postcom-
pression stage based on two fused silica Brewster prisms should be used to control the
dispersion in the beam delivery path.

The second stage consists of the PF of the particles previously obtained in the first stage.
A pulsed laser beam is focused on the nanofluids placed in a quartz cuvette and the energy
delivered by the beam in the neighborhood of the focal point of the beam is absorbed by
the particles present. The electrons of the atoms on the surface of the particles acquire a lot
of energy, which is eventually transmitted to the whole system of particles. The excess of energy
promotes the instability of the system and the particle tends to explode, in this way forming
smaller particles with a low coalescence rate. PF is carried out by focusing the same pulsed
laser beam into the nanofluid thus obtained while constantly stirring it with a magnet to homog-
enize the process. As depicted in Fig. 1(b), the beam is focused with a 75-mm lens at a depth of
1 cm within the quartz cuvette filled with the nanofluid, the beam diameter being 6 mm, using a
peak fluence of 1 Jem~2 under free propagation; however, due to the refraction effects, the value
decreases to ~0.6 Jem™2. The absorption of high-power radiation generated in the vicinity of the
focal point produces the splitting of the biggest particles into smaller particles, thus promoting
the production of highly size-controlled and well-dispersed particles.

2.2 Characterization Techniques and Materials

The size and shape of primary NPs, as well as the formation of clusters of NPs, were observed by
means of transmission electron microscopy using a JEOL 2100 TEM operating at a voltage of
100 kV. To ensure the purity of the gold NPs obtained with the laser-based method, the elemental
composition of the NPs was analyzed by means of EDX using an EDX system (Oxford
Instruments INCA Penta FETX?3) attached to TEM.

The size distributions of NPs in suspension were measured by DLS using a Zetasizer nano ZS
(Malvern Instruments Ltd., UK) with a 173 deg scattering angle. Particle size was measured from
the velocity of the particles due to their Brownian motion by means of the Einstein—Stokes

Journal of Photonics for Energy 034001-3 Jul-Sep 2016 « Vol. 6(3)



Mondragoén et al.: Synthesis and characterization of gold/water nanofluids suitable for thermal. ..

Table 1 Investigated samples.

Sample label

S PLAL technique

S2 PLAL technique + thermal cycling
S3 PBS

S4 PBS + thermal cycling

S5 Citrate

S6 Citrate + thermal cycling

equation. The diameter measurement range of the NPs is 0.3 nm to 10 gm with an uncertainty
of +£2%.

Optical transmittance spectra at room temperature have been measured using a double-beam
UV-VIS spectrophotometer (PerkinElmer Lambda900). Nanofluids are held in quartz cuvettes,
with a beam path length of 10 mm. The spectral resolution of the measurement was 5 nm.
To assess the optical characteristics of both bare Au NPs and Au-NPs aqueous suspensions,
transmission spectra were acquired with respect to the base fluid and air reference.

The thermal conductivity of all nanofluids was measured using a KD2 Pro conductimeter
(Decagon Devices Inc.). The KD2 Pro is the commercial device that measures thermal conduc-
tivity with the help of the transient hot wire technique. In this method, a thin metallic wire is
embedded in the test liquid to act as both the heat source and the temperature sensor. The tran-
sient hot wire technique works by measuring the temperature/time response of the wire to an
abrupt electrical pulse. The sample was introduced in a sealed glass tube (20 mL), where the
sensor was inserted vertically. To carry out the test at high temperatures, the tube was immersed
in a thermostatic bath with controlled temperature.

Nanofluids produced by the PLAL-PF technique were compared to commercial nanofluids
(Sigma Aldrich) containing gold NPs with a 20-nm nominal primary diameter dispersed in water
and stabilized in either: (1) 0.1 mM of phosphate buffered saline (PBS) solution or (2) in a citrate
buffer solution.

Commercial nanofluids were diluted with distilled water so that the solid content was the
same for all samples and equal to the sample obtained by PLAL-PF. The gold concentration was
measured by inductively coupled plasma mass spectrometry and was found to be 15 mg/L.

All samples were subjected to heating—cooling cycles to study the influence of the thermal
treatment on the properties of NPs and on nanofluid stability. To do this, samples were intro-
duced into a sealed container and heated from room temperature to 100°C in a hot bath. After 1-h
heating, nanofluids were allowed to cool down to room temperature. A total of six cycles were
run for each sample. Table 1 lists the investigated samples.

3 Results and Discussion

3.1 Nanoparticles Morphology, Size, and Purity

To determine the morphology of the gold NPs and the purity of the final solid material, a droplet
of nanofluid was dispersed on a carbon-coated copper-based TEM grid. The liquid content
was then removed by evaporation so that solid particles could remain on the grid surface,
thus facilitating the capture of micrographs. Figure 2 shows TEM micrographs of PLAL-PF
and commercial nanofluids, both before and after cycling. From the results, it can be observed
that the NPs obtained by the PLAL-PF technique present a higher sphericity than those obtained
by chemical processing. In addition, the NPs do not present any changes in terms of morphology
or size after the thermal treatment.

Figure 3 shows the EDX patterns that were obtained. In all cases, the presence of copper and
carbon has been detected and this is related to the composition of the microscope grid. It can be
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Fig. 2 TEM micrographs of the samples before and after the thermal cycles.
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Fig. 3 EDX spectrum of: (a) PLAL-PF produced NPs (S1), (b) commercial NPs in PBS (S3), and
(c) commercial NPs in citrate buffer (S5).

observed that, even if gold has been correctly detected in each sample, no other contaminants are
present only in the case of PLAL-PF nanofluids. In fact, commercial samples, stabilized with
chemicals, also show the elements contained in their dispersants or from the chemical production
process itself, such as Na.

The size distributions of NPs suspensions were determined by DLS just after the production
of the nanofluid. This technique provides the size distribution of the particles or agglomerates of
particles as they are present in the nanofluids in static conditions. Results are shown in Fig. 4.
The mean particle size d s is defined as the size below, of which 50% of particles are comprised,
and is very close to the diameter at the peak of the distribution.
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Fig. 4 Particle size distribution: (a) NPs produced by PLAL (S1), (b) commercial NPs in PBS (S3),
and (c) commercial NPs in citrate buffer (S5).
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Table 2 Mean particle size of nanofluids.

dpso (NM)
Sample Not cycled Cycled
PLAL-PF 18.5 (S1) 17.4 (S2)
Commercial PBS 15.4 (S1) 14.1 (S4)
Commercial citrate 21.3 (S5) 20.3 (S6)

Results are shown in Table 2. It can be observed that the primary average size of NPs for
commercial PBS and citrate buffer nanofluids is 15.4 and 21.3 nm, respectively. In all samples,
the NPs are very well dispersed with almost no clustering (clustering is considered to happen
when particle sizes larger than 2d 5, are detected). In all the cases, the NPs distribution is quite
narrow, with standard deviation values lower than 5 nm. After thermal treatment, the NPs did not
present any noticeable change. A slight reduction in the diameter of the NPs is below the exper-
imental error of the DLS system.

3.2 Optical Properties

Figure 5 shows the overall transmittance spectra of the as-prepared samples with respect to air,
corrected for the reflectance term. They represent the spectral transmittance of the whole system
built with NPs and a base fluid.

It can be appreciated that the spectra show the surface plasmonic peak, corresponding to a
minimum in the transmittance spectrum, in a similar spectral position, i.e., at 522.5 + 2.5 nm, in
agreement with the rough similarity of NPs dimensions in the various samples detected by DLS
measurements. The difference in the absolute transmittance values of different samples near the
plasmonic peak could be due to differences in the molar concentration of different NPs sizes
within each polydispersion. In fact, as reported in the literature, both molar concentrations and
dimensions of NPs strongly affect optical spectra®** and polydispersed suspensions show an
inhomogeneous broadening in the spectra.*’ If the pre- and postcycling spectra (Fig. 6) are com-
pared for each preparation technique, it can be noticed that PLAL and PBS samples show practi-
cally no changes; while for citrate samples (S5-S6), the postcycling transmittance is slightly
decreased, probably because of some degradation of the citrate additive.

To decouple the contribution to light extinction due to NPs and base fluid, the transmission
spectra were acquired using a cuvette filled with distilled water as a reference. Figure 7 shows the

100 o Ty
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o Pure water

%T

v I X I % I ] L I
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Fig. 5 Transmittance spectra of as-produced samples. The spectrum of pure water is also shown
for reference (red dots).
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Fig. 6 Comparison of transmittance spectra of as-produced and cycled samples.
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Fig. 7 Extinction coefficient of NPs decoupled from the base fluid contribution.

extinction coefficient of as-produced samples, obtained by means of the Lambert—Beer law from
the experimental transmittance corrected for the reflectance term. Again, the surface plasmonic
peak (transverse surface plasmon resonance) can be clearly recognized, as well as a secondary
small shoulder at wavelengths below 400 nm, in agreement with the literature.*’

The small features at around 965 and 1157 nm are probably due to instrumental artifacts, as
the contingent presence of nonspherical particles exhibiting longitudinal surface plasmon res-
onances in this spectral region*® could be ruled out by TEM analyses. The difference in the
absolute value of the extinction coefficient for the different samples can be ascribed to the differ-
ent particle size distribution and polydispersion, and distribution of NPs concentration, as men-
tioned above. The extinction coefficient ., (1) is the sum of the absorption and scattering
coefficients. Thus, to give an estimation of the absorption properties of the nanofluid, it is
also necessary to evaluate the light scattering characteristics. The spectral scattering albedo
() is defined as the ratio between scattering and extinction coefficients and can be obtained
from the calculated extinction and scattering efficiencies Q. and Q.,, respectively. Following
the notation in Ref. 47 they are given by

m?—1 X2 (m? =1\ m* +27 m? +38 8 m* —1\?
Qext xm{m2+2|: +]5(,/”2_|_2> 2m2—|—3 :|}+3x e{<m2+2> } ()
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8 ,|m>—1]?
Ogea = §X4 mZ+ 2| 2
where m is the complex relative refractive index
n, + ik
=2 P 3)

defined in terms of the real (n,,n;) and imaginary parts (k,.k) of the complex refractive
indexes of particles and fluid, respectively; and x is the particle size parameter

2zn ra
l 9

X = “
where a is the particle radius and A the light wavelength in a vacuum. In the Rayleigh regime
|m|x <« 1, the expression in brackets in Eq. (1) is approximately unity. The extinction efficiency

thus becomes
m?—1 8 m?—1\2
Qext =4x Im{mz——l—Z} + §x4 Re{ <m2—+2) } (5)

For polydispersed particles, the scattering albedo is given by*

W = ZiNiQsca.i t d; ) ©6)
Zi NiQext.i : ﬂ-alz

where N;, O, ;> and Q. ; are the volume concentration, the scattering efficiency, and the extinc-
tion efficiency, respectively, of the spheres of radius a;. Equation (6) was used to calculate the
single-scattering albedo for our samples in the Rayleigh regime. The real and imaginary parts of
the complex refractive index of water and gold considered in the calculation were taken from
Refs. 48-50, considering spectral values in the range of wavelengths from 300 to 2300 nm. For
the sake of simplicity, the experimental NPs size distributions (Fig. 4) have been approximated as
trimodal dispersions, by considering, for each sample, the measured populations for three par-
ticle sizes around the peak of the distribution and including at least 85% of the total number of
particles. It should be noticed that the Rayleigh hypothesis is not satisfied for wavelengths in the
range around 300 to 350 nm for the largest particles in the distribution (which represent about
30%, 20%, and 5% of the population considered in samples S1, S5, and S3, respectively). Thus,
in this spectral region, the scattering albedo is probably underestimated. The spectral scattering
albedo w(4) was used to obtain the spectral absorption coefficient y (1) of the nanofluid from
the experimental extinction coefficient ., (1) as

/’labs(’l) = /"ext(’l)[l - w(i)] @)

To quantitatively evaluate the sunlight absorption capability of samples for the proposed solar
collector application, calculations were performed to determine the fraction F of the incident
power absorbed in the fluid after a path length / within it

F(A) =1 f“” 1(2) - e+an@ld) )
! [hrayda

where I(A) is the spectral distribution of the incident irradiance integrated in the wavelength
range (Apin, Amax)- For a still and cold isotropic medium, p.(4) is considered constant
along /. In Fig. 8, the calculated absorbed light fraction is compared as a function of the propa-
gation depth within the fluid for pure water and for the as-produced gold nanofluids. The cal-
culation has been performed according to Eq. (8), keeping the CIE solar spectrum with air mass
m = 1.5°" as I(1) and considering 4., = 300 nm and Aysx = 2300 nm.
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Fig. 8 Absorbed sunlight fraction as a function of the propagation distance in the nanofluid for
the as-produced samples.

It can be observed that even with the low concentrations considered, an absorption of nearly
80% can be obtained after a 10-cm propagation length in the nanofluid. This value is nearly twice
that obtained for simple water. The samples show small absorption differences due to the
differences in their extinction coefficient mentioned above. A larger absorption can be obtained
with more concentrated suspensions. The results shown demonstrate that gold NP-based nano-
fluids can be used as volume absorbers in direct absorption solar collectors. Moreover, they also
offer the opportunity to optimize the sunlight absorption for the specific solar collector archi-
tecture of interest by changing the concentration and sizes of NPs.

3.3 Thermal Properties

As noted before, one of the first applications of nanofluids was their use as heat transfer fluids
due to their improved thermal properties, thermal conductivity being one of the key properties. In
this work, the thermal conductivity of nanofluids produced by PLAL-PF and commercial nano-
fluids was measured at 80°C. Six measurements were performed for each sample. The exper-
imental error could be determined at a confidence level of 95%. Results are shown in Table 3. It
can be observed that the thermal conductivity of the base fluid always increases when NPs are
present, as expected. Differences between PLAL-PF and commercial nanofluids, as well as
before and after cycling, lie within the experimental uncertainty. Therefore, it can be concluded
that PLAL-PF nanofluids provide an increase in thermal conductivity similar to commercial
suspensions and stable with thermal cycling. As a final comment, it should be noted that
the nanofluids investigated have a very low particle concentration. A larger thermal conductivity
enhancement can be obtained with more concentrated suspensions.’> However, as the NPs con-
centration increases, nanofluids could show stability problems, which, in the case of chemically

Table 3 Thermal conductivity measurements at 80°C.

k (W/m - K) Ak (%)
Sample Not cycled Cycled Not cycled Cycled
Distilled water 0.652 £0.013 — — —
PLAL-PF 0.667 +0.018 0.666 + 0.020 2.23 2.20
Commercial PBS 0.687 4+ 0.022 0.677 £0.010 5.42 3.88
Commercial citrate 0.681 £+ 0.009 0.669 +0.013 4.36 2.53

Journal of Photonics for Energy 034001-9 Jul-Sep 2016 « Vol. 6(3)



Mondragoén et al.: Synthesis and characterization of gold/water nanofluids suitable for thermal. ..

stabilized samples, translates into the need for a higher amount of surfactant with a detrimental
effect on the thermal conductivity properties themselves.>® Within this framework, physical tech-
niques like PLAL-PF, which are able to produce stable nanofluids without the use of surfactants,
can have an even larger impact.

4 Conclusion

This work reports on the production, by means of the PLAL-PF technique without the use of
chemical additives, of gold NP-based aqueous nanofluids. The laser-produced samples have
been compared with PBS and citrate chemically stabilized commercial suspensions as regards
to their composition, NP’s shape and size distribution, optical properties, thermal transfer coef-
ficient, and stability under thermal cycling. While offering the great advantage of a higher purity
with no need for additional chemicals, PLAL-PF samples show physical properties comparable
to commercial chemically stabilized samples and in some cases even better for their potential use
in the harvesting of energy industry, e.g., a higher sphericity of suspended particles, which could
lead to a better nanofluid motion or the purity of the particles. In all cases, nanofluids have been
shown to be able to work in thermal cycling. The stability of PLAL-PF samples under cycling
appears to be better than that of citrate samples and comparable to that of PBS-stabilized nano-
fluids. From the measured extinction coefficient and the calculated spectral scattering albedo,
sunlight absorption characteristics have been assessed with a view to the possible use of gold-NP
nanofluids as direct absorbers in solar collectors. It should be noted that optical absorption can be
tuned by changing the concentration and size of the NPs. Moreover, it is known that the thermal
conductivity of nanofluids increases with the NP volume load. Thus, the advantage of using the
PLAL-PF technique, which produces stable nanofluids without chemical surfactants, can be
even larger when high NP concentrations are required.
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