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Rapid plasma-induced non-equilibrium electrochemistry (PiNE) at atmospheric pressure was used to prepare
surfactant-free gold nanoparticles and copper oxide quantum dots. A suite of chemical and physical char-
acterisation is carried out to assess the as-prepared materials. Nanofluids comprised of these nanoparticles in
ethylene glycol have been prepared. The energy absorptive properties of the prepared nanofluids were in-
vestigated as a potential additive to the traditional working fluids used in solar thermal collectors. The appli-
cation feasibility has been assessed by calculating a value of power which could be transferred to the thermal

fluid. This work demonstrates an alternative and rapid method to produce nanofluids for solar thermal con-

version.

1. Introduction

With a continuing increase in demand for energy and the con-
comitant environmental pollution caused by the use of fossil fuels for its
production, it is essential to obtain as much energy as possible from
zero-carbon, renewable sources. Amongst these renewable options,
solar energy represents a significant potential source for future energy
needs and recently advanced methods of solar energy harvesting have
been modelled. Examples include non-equilibrium plasma-assisted solar
absorption for the thermochemical decomposition of CO, (Elahi et al.,
2020) and also concentrated photovoltaics/solar thermoelectric gen-
erators/Stirling engine hybrid systems (Mohammadnia et al., 2020),
however, simple photoelectrical or photothermal processes are much
more common. Alongside photovoltaic cells, solar thermal collectors
are the most commonly used solar energy collection devices, converting
absorbed solar energy to thermal energy. A typical collector consists of
a selectively coated surface to absorb solar radiation, which is trans-
ferred to a working fluid in the form of heat by conduction and con-
vection. The solar thermal conversion efficiency of this multi-step
process is an issue, as not only does the effectiveness of the heat ex-
change process between the absorber and the fluid affect the amount of
actual heat supplied, but the rate of heat transfer into and out of the
fluid also plays a crucial role in the efficiency (Otanicar et al., 2010;
Phelan et al., 2013).
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As an attempt to reduce heat loss in traditional solar collectors,
directly absorbing solar collectors (DASCs) were developed in the
1970s, where the absorption media is the heat transfer fluid (Minardi
and Chuang, 1975). In order to overcome the poor absorption in the
visible range of typically used working fluids such as water, ethylene
glycol (EG) and diathermic oils (Bertocchi et al., 2004; Minardi and
Chuang, 1975), additives must be incorporated in the fluid to trap the
incident solar energy. With around 90% of the total incident radiation
in the visible range transmitted through water and EG (Otanicar et al.,
2009), the criticality of altering the fluid properties to absorb this sig-
nificant portion of incident energy is apparent (ASTM International and
ASTM, 2012). um-sized carbonaceous particles were previously used,
yielding improved absorptive properties over the base fluid. None-
theless, issues arose with the poor stability, clogging of pumping
equipment and fouling of the transparent cover which hindered the
overall system efficiency and lifetime (Bertocchi et al., 2004; Minardi
and Chuang, 1975). As such focus has shifted towards nanoparticle-
laden fluids, known as nanofluids, which have been proposed as po-
tential absorbing fluids to improve the absorption across this high en-
ergy area of the solar spectra, with significantly reduced pump clogging
compared to micron-sized particles (Chen et al., 2016a; Otanicar et al.,
2009; Tyagi et al., 2009; Wang and Mujumdar, 2007).

It is well known that the optical properties of nanoparticles, such as
scattering and absorption, can be tailored through careful selection of
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nanoparticle material, shapes, size and concentrations (Khlebtsov et al.,
2005). The plasmonic resonance peak of metallic gold nanoparticles
(Au NPs) in particular, is a well-documented phenomenon which can
greatly enhance scattering and absorption of incident light (Beicker
et al., 2018; Chen et al., 2016a; Link and El-Sayed, 2000, 1999; Patel
et al., 2013; Sharaf et al., 2019), though many other materials have
been investigated such as gold nanorods (Jeon et al., 2016), aluminium
(Tyagi et al., 2009), carbon nanotubes (Beicker et al., 2018; Delfani
et al., 2016; Karami et al., 2014), carbon nanohorns (Bortolato et al.,
2017; Gimeno-Furio et al., 2019), graphene/graphene oxide (Rose
et al., 2017; Vakili et al., 2016; Chen et al., 2017), silver (Asmussen and
Vallo, 2018; Mallah et al., 2018; Otanicar et al., 2010; Taylor et al.,
2011), copper oxide nanoparticles (CuO NPs) (Karami et al., 2016,
2015; Menbari et al., 2016) or other metallic nanoparticles (Amjad
et al., 2018; Pustovalov and Astafyeva, 2018), as well as blended or
mixed nanomaterials (Mehrali et al., 2018; Qu et al., 2019; Ulset et al.,
2018). As such it is possible to produce tailored nanofluids in terms of
absorptive properties within the visible light range by careful selection
of additive nanomaterials. Whilst it stands to reason that increasing the
concentration of nanoparticles would increase the amount of energy
harvested, this is not always true, and the concentration must be also
carefully selected as both too high and too low a concentration can be
detrimental to performance (Beicker et al., 2018; Taylor et al., 2011).
This can be attributed to the reduced penetration depth (for the case of
too great a concentration) of the incident light due to the added na-
noparticles. This trapping of energy in the top few millimetres of the
fluid leads to a higher average surface temperature of the receiver,
which presents favourable conditions for loss of thermal energy to the
surroundings (Hewakuruppu et al., 2015; Khullar et al., 2014; Taylor
et al., 2011). Ultimately, this re-emitted energy constitutes a system loss
and results in a less efficient nanofluid.

Au NPs are a well-studied material, with a size-tunable plasmonic
absorption peak in the visible region of the spectra (Beicker et al., 2018;
Chen et al., 2016a; Link and El-Sayed, 2000, 1999; Patel et al., 2013;
Sharaf et al., 2019) and good chemical stability (Patel et al., 2013), and
as such lend themselves as a model material to add to our nanofluids.
Whilst gold is a costly material, the plasmonic absorption effect is of
such magnitude that even at a very low concentration of Au NPs a
significant attenuation of visible light between 520 nm and 580 nm can
be achieved (Haiss et al., 2007). Many works have focused on produ-
cing Au NPs with a very narrow size distribution ( = 5 nm) (Lu et al.,
2008; Steinigeweg et al., 2011; Suchomel et al., 2018), often requiring
time-consuming post-processing steps, which results in dispersions that
absorb very strongly in a very narrow range. For this application it is
vital to absorb as many of the high energy photons in the visible light
region as possible, and as such a narrow size distribution may hinder
the applicability. To this end, a larger size distribution is acceptable,
even beneficial. As such an extremely rapid PiNE system can be used to
rapidly fully reduce gold salts, synthesising surfactant-free Au NPs
within 10 min.

In addition, CuO quantum dots (QDs) are investigated as a com-
plementary additive to Au NPs as these particles have been demon-
strated to greatly increase the attenuation of light (up to four-fold) at
the shorter wavelength end of the visible region into the UV region
(Karami et al., 2016, 2015; Velusamy et al., 2017). Furthermore, these
particles can be created at very low cost from a copper foil submerged
in ethanol and exposed to a cathodic microplasma discharge of only a
few Watts of power. These nanoparticles have been shown to be very
small, with a small size distribution (Velusamy et al., 2017) as well as
remaining stable for a period of over 1 year.

Herein we report the synthesis of surfactant-free Au NPs and CuO
QDs by PiNE. The produced particles are physically and chemically
characterised by a suite of techniques. These particles are then dis-
persed into ethylene glycol and the optical properties are assessed.
Finally, the stability of the nanofluid over a period of 11 weeks is as-
sessed.
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2. Methods
2.1. Gold nanoparticle synthesis

The synthesis of the Au NPs was performed on the basis of the work
by Patel et al. (Patel et al., 2013). Briefly, Au NPs were synthesized by
PiNE where a plasma was generated above the surface of an aqueous
solution with various concentrations of HAuCl, (Fig. 1a). The process
yields Au NPs within a few minutes, with the concentration of particles
increasing with the processing time until the precursor salt is depleted.
In the previous work (Patel et al., 2013) it was found that the absor-
bance peak of the synthesised Au NPs was greatest at a salt con-
centration of 0.6 mM. As such a stock solution of 6 mM HAuCl, in 15
MQ cm ™! deionised water was prepared and mixed with additional
deionised water to produce an electrolyte of 0.6 mM for processing. No
other reagents, such as reducing agents or surfactants were added to
this gold stock solution, and all glassware was cleaned with aqua regia
solution prior to usage. A direct current (DC) powered helium micro-
plasma was generated across a gap of 1 mm between a nickel capillary
tube (inner diameter of 0.7 mm and an outer diameter of 1 mm) and the
surface of a 10 mL aqueous solution of gold (III) chloride trihydrate
(HAuCl43H50). The helium gas flow of 25 sccm (controlled by a mass
flow controller, MKS Instruments, UK) ensures that the plasma is lar-
gely formed in helium gas, although a degree of turbulent mixing is
expected with the surrounding air. The power supply (Matsusada AU-
10*15) delivers an initial voltage of 900 V, which was applied to a
carbon rod (5 mm diameter) submerged in the solution ~1 cm away
from the capillary to complete the circuit and allow generation of a
microscale discharge. All samples of Au NPs were synthesized at a
constant current of 5 mA and for 10 min, with the applied voltage
dropping during the process as the solution became more conductive.
During synthesis, the solution is seen to change colour from pale yellow
to a red/purple as the salt is reduced and Au NPs form. This colour
change can be measured by ultraviolet—visible spectroscopy (UV-Vis)
as a peak in the red/purple portion of the visible light range and was
consistently used to verify the production of Au NPs throughout the
study and for the quick screening of a larger number of samples by
ensuring the optical characteristics were reproduced accurately.

2.2. Copper oxide nanoparticle synthesis

The synthesis of CuO QDs was carried out on the basis of previous
work (Velusamy et al., 2017) where the synthesis mechanisms have
been discussed in more details. This is also based on a PiNE process
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Fig. 1. (a) A diagram of the experimental setup used for the synthesis of na-
noparticles. The carbon anode was submerged in dilute gold salt with the nickel
capillary tube positioned approximately 1 cm away and maintained 1 mm
above the solution surface. (b) A schematic of the experimental setup used for
the synthesis of copper oxide quantum dots. A copper foil is submerged into
ethanol and is used as the anode, with the cathode of a helium plasma discharge
completing the DC circuit.
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which uses a plasma generated at the surface of an ethanol solution. A
0.1 mm thick, 1 cm wide sacrificial copper electrode is used and im-
mersed in the solution where QDs are synthesized. This ribbon was then
submerged in 5 mL of ethanol in a Pyrex cylinder and acted as the
anode. The cathode, in this case, was the helium gas discharge from a
nickel capillary (50 sccm). This is shown schematically in Fig. 1b. In-
itially, the voltage read 3 kV with less than 0.05 mA of current, with the
current rising as the solution conductivity increases. After reaching
0.5 mA, the voltage was reduced to maintain a constant current for the
remainder of the discharge; this is controlled by the power supply,
which enters constant current mode once the set current is reached. The
solution was processed for a total of 30 min, with interruptions every
10 min to allow for ethanol vapour to disperse, with additional ethanol
being added, refilling the cylinder to its volume before processing.

2.3. Preparation of the nanofluids

2.3.1. Weighing the nanomaterials

Photographs were taken during the steps to prepare the nanofluids
and are shown in Fig. 2. In Fig. 2a, four vials with 10 mL of processed
0.6 mM salt solution are shown as prepared. Likewise, in Fig. 2b, five
vials of CuO sol are presented as-synthesized. The samples were dried in
pre-weighed glass containers placed on top of a hotplate set to 75 °C
(Stuart, Hotplate Stirrer SB162-3). A total of 100 mL of Au NP and
50 mL of CuO were dried in sample containers separately. As the sol-
vents for the Au NP and CuO QD sols are water and ethanol respec-
tively, they evaporated at a different rate, with the ethanol evaporating
more rapidly. As soon as the solvent is evaporated, the vial was re-
moved from the hot plate. This heating process took approximately 3 h
for the CuO QD vial and 8 h for the Au NP sols. While Au NPs have
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shown to be stable after synthesis, it was observed that Au NPs settled
to the bottom of the vial during heating within several hours as can be
seen in Fig. 2c¢ (left). The CuO sols do not appear to settle to the same
degree as the Au NP sols, but there is a small amount of material settling
out of the solution. This could imply that they are agglomerating and
hence falling out of suspension (Fig. 2¢, right). The mass of the dried
material was measured again, allowing for the determination of the
mass of the sample (see Supporting Information) and thus the volume.
Both materials form a dry powder-like coating on the base of the glass
container as can be seen in Fig. 2d. The equation V = ™ was used to
calculate the volume of the additive particles, where V is the volume, m
is the mass and p is the density. Using the values of 19.32 g cm ™ for Au
and 6.315 g cm 2 for CuO volumes of 0.55 L and 0.17 pL were de-
termined for the Au and CuO particles respectively (National Center for
Biotechnology Information, 2018a, 2018b).

2.3.2. Mixing the nanofluid

Thel0 mL of EG was added to the dried material and a vol:vol
percentage was calculated. The same process was followed for forming
the blended nanofluids, where the volume of both additives was cal-
culated from mass and density and added to 10 mL of EG to form sols
with vol:ivol percentages of each component (see Supporting
Information). The vials containing 10 mL of EG and the dried material
were then vortexed at 1000 revolutions per minute (RPM) for 1 min
(Fisher scientific, TopMIX FB15013), yielding the nanofluids in Fig. 2e.
From Fig. 2f it can be seen that whilst most of the dried particles can be
redispersed into EG to form nanofluids, some dried mass is seen on the
base of the vials, which constitutes a loss of NP in the process.

Fig. 2. Photographs of the different stages of na-
nofluid preparation. Images (a) and (b) show the
gold and copper oxide solutions formed in the PINE
system as-synthesised. Image (c) shows the cylin-
ders on a hotplate taken after 1 h of heating. Image
(d) shows resultant dry mass after full evaporation
of the solvent. Image (e) shows the resultant sols
when ethylene glycol is added to the cylinders
containing dry mass and vortexed. From an image
(P it is clear some dry material remains adhered to
the bottom of the cylinder after vortexing.
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Fig. 3. Representative TEM images of (a) as-prepared Au NP sample and (b) CuO QDs.

3. Results and discussion
3.1. Nanoparticle characterization

To assess our as-prepared materials we have employed a suite of
characterisation equipment, utilising X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD) and transmission electron microscopy
(TEM) analysis, including selective area electron diffraction (SAED).

The as-made Au NP dispersion contains a range of shapes and sizes
(Fig. 3a), with the majority of particles consisting of small spherical
nanoparticles, however, some nanorods and larger triangular particles
were observed. In order to measure the size of different shapes of NPs
we considered the size of rods as that of the longest dimension and the
size of triangular particles was considered as the largest distance from
the tip to the opposite side (see Supporting Information). When the
particle size is assessed inclusive of all the different shapes a mean
particle size of 27 nm is obtained from a log-normal fitting (see
Supporting Information). The CuO particles are found to have a mean
particle size of 3.3 nm, to be nearly spherical and with little to no ag-
glomeration (Fig. 3b and Supporting Information). The mean diameter
was determined by TEM imaging of ~300 particles and fitted with a
log-normal distribution. As the Bohr exciton radius for CuO is expected
to lie between 6.6 nm and 28.7 nm (Borgohain and Mahamuni, 2002),
the CuO particles produced in this work are expected to fall within the
strong quantum confinement regime and are therefore referred to
herein as QDs. This mean size of 3.3 nm is slightly larger than the mean
size of 1.9 nm in our previous work (Velusamy et al., 2017) and can be
attributed to the change in the electrode spacing in the present work. It
has been observed that reducing the electrode spacing from 3 cm to
1 cm (this work) the time required to reach the set current of 0.5 mA is
reduced. This has the effect of enhancing the absorbance of the CuO
dispersion formed for a given treatment time as seen in Fig. 4, and is
likely the cause of the increased particle size.

The crystallinity of the produced materials was verified with XRD
and SAED measurements (Fig. 5 and Supporting Information). For the
Au NP samples (Fig. 5a), both of these techniques show five features
which could be assigned based on face-centered cubic gold, the {11 1}
plane appears to be predominant, with four other peaks appearing
corresponding to the {2 0 0}, {2 2 0}, {31 1} and {2 2 2} planes (Biao
et al., 2018; Kumar et al., 2014; Verma et al., 2010). For the CuO QDs,
the XRD diffractogram (Fig. 5b) can be fit on the basis of monoclinic
CuO in accordance with JCPDF 89-5896. A total of 10 peaks can be
fitted and amongst these several match the Miller indices obtained from
the electron diffraction pattern. Several of these planes can be observed
in the SAED, notably, {—1 1 1}, {2 0 2} and {2 2 0}, which corrobo-
rates that we have produced monoclinic CuO.
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The chemical state of the produced particles was assessed by XPS,
presented in Fig. 6. To confirm the reduction of the gold salt a sample of
the untreated salt is also compared with the spectrum of the Au NPs
sample (Fig. 6a). It is this Au 4f region that is of significant interest in
the analysis as deconvolution of this region can elucidate any presence
of Au®>* or Au* ions within the sample, which would suggest that the
Ausalt is not fully reduced. For the Au NPs sample only two peaks could
be fitted in the spectra, Au 4fs,, at 87.76 eV and Au 4f, 5 at 84.09 eV,
which correspond to metallic Au® and indicate that the treatment by
microplasma is capable of fully reducing the HAuCl, precursor
(Anthony and Seah, 1984; Turner and Single, 1990). The spectra of the
untreated sample exhibit two peaks shifted to the higher binding energy
(84.5 e.V and 88.2 eV), suggesting the oxidation state of Au™ (Abad
et al., 2005; Corma and Garcia, 2008). Whilst the expected oxidation
state of Au in HAuCl, is Au®*, the photoreduction of Au®* to the lower
oxidation state of Au™ by the XPS instrument (Abad et al., 2005) could
result in the absence of Au®* in the untreated salt sample. Regardless, it
is clear that no peak can be attributed to the Au® state with the un-
treated salt sample and the Au NPs sample does not show any un-
reduced or partially reduced Au; as such a clear distinction can be made
between the salt sample and the plasma-treated sample. The Cu 2p
narrow region spectra for the CuO QDs is presented in Fig. 6b, which
shows a strong peak at 933.2 eV which is a typical position for Cu®*.
This peak is shifted by at least 0.5 eV from the peak centres expected for
either metallic Cu® (932.6 eV) or Cu*t (932.7 eV) and thus these two
states are not present in the sample. In addition to the main Cu®* peak,
two shake-up satellites appear at 940.9 eV and 943.4 eV which are
characteristic of CuO and do not appear strongly for Cu,O or at all for
Cu® (Hassanien et al., 2016; Hernandez et al., 2007; Jiang et al., 2013;
Wang et al., 2015). Therefore, we have confirmed that the material
produced is Copper (II) oxide.

3.2. Optical properties of the nanofluid

Within a nanofluid, incident power from solar radiation can interact
in two ways in addition to being transmitted with no interaction; firstly,
the radiation can be absorbed by the fluid or the NP additive.
Alternatively, the light may be scattered by the NPs, which results in
either the light scattering out of the fluid body and subsequently being
lost from the system, or in light being absorbed in the scattered path.
The absorption coefficient is of great interest to this work and has been
calculated from the UV-Vis data (see Supporting Information) and il-
lustrates how a collimated beam of light is attenuated due to absorption
by the sample within a given path length. Likewise, the scattering
coefficient is calculated in order to assess the attenuation due to scat-
tering of light by the nanofluid. A number of nanofluids with Au NPs
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Fig. 4. The ultraviolet—visible spectra of copper oxide dispersions formed in ethanol when the gap between the electrodes is reduced from 3 cm (black line) to 1 cm
(red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

only (volume:volume percentages of 2.2 x 107 3%, 3.3 x 10~ 3% and
5.5 x 107 3%), with CuO QDs only (of 0.7 x 1073%, 1.0 x 10~ 3% and
1.7 x 107 3%) and with mixed Au NP & CuO QDs (5.1 x 10~ 3% Au
NPs and 2.0 X 1073% CuO QDs) have been considered and the cor-
responding absorption and scattering coefficients are reported in Fig. 7.

The concentrations of NPs/QDs has given the expected behaviour
with increasing coefficient values for higher volume concentrations of
the same nanofluid (Fig. 7). It is noted that the Au NPs nanofluid pre-
sents an absorption coefficient dominated by the plasmonic absorption
between 540 nm and 560 nm (Fig. 7a, red curves) that is well above the
corresponding scattering coefficient (Fig. 7b, red curves) for most of the
spectral range. Contrarily, nanofluids with CuO QDs exhibit scattering
and absorption coefficients that are comparable throughout (blue
curves in Fig. 7a-b). The multicomponent nanofluid also presents in-
teresting features and it can outperform single component nanofluids

for a limited spectral range. Below 588 nm, the blended nanofluid
seems to benefit from the simultaneous presence of both Au NPs and
CuO QDs while the opposite is observed above 588 nm. This result
shows that both positive and negative synergies can occur for blended
nanofluids and that understanding the combined mechanisms is not a
simple additive process. The reason for high absorption (< 588 nm) can
be attributed to a degree of complementarity between Au NPs and CuO
QDs absorption coefficients, where the plasmonic absorption peak of
the Au NPs is still dominant; however, above ~588 nm, the combined
scattering of Au NPs and CuO QDs is clearly attenuating the light to a
level that is negatively impacting absorption. It is not coincidental that
the absorption coefficient of the blended nanofluid becomes lower than
that of Au NPs-only nanofluid within the same wavelength range (see
where the green curve crossovers with the full red curve at ~590 nm in
Fig. 7a) where the scattering coefficient of CuO QDs becomes stronger
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Fig. 5. X-ray diffractograms for the as-prepared nanoparticles, (a) Au NPs sample and (b) CuO QDs.
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than its absorption coefficient (~588 nm); for instance, compare
1.7 x 1073% CuO QDs (full blue curves) in Fig. 7a and b and note that
the absorption coefficient decreases to 0.2 cm ™! just below 600 nm.
On the basis of the nanofluid physical parameters, we will now
calculate the absorbed power for different fluid depth under solar ir-
radiation (see Supporting Information). While a fraction of scattered
light in the nanofluid can be re-absorbed, in our calculations we have
considered scattering as a loss and therefore our results provide a lower
bound to the absorbed power. Fig. 8 reports the calculated absorbed
power for the different nanofluid concentrations and for varying fluid
depth. We report these results both in absolute values of power per
surface area (Fig. 8a) as well as a percentage of the total irradiated
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power (Fig. 8b). For the Au NP nanofluids, a small increase in the fluid
depth from 0.1 cm to 1 cm gives a dramatic increase in power absorbed
to over 300 W m ~ 2, with higher volume concentrations giving a greater
power absorbed for a given fluid depth (Fig. 8a). Beyond this depth,
tending towards 3 cm, the increase of absorbed power with fluid depth
begins to plateau. This can be considered an effect of the high ab-
sorption and scattering coefficients observed for the Au NPs nanofluids
which result in very large portions of incident radiation being atte-
nuated at small fluid depth. Fig. 8b, however, shows that the nanofluid
is not able to absorb all the solar power available, the reason is at-
tributed to the strong scattering coefficient at longer wavelengths,
which will always ensure that a fraction of the incident light escapes the

100
90

4(b)— 5.5x10° % - -- 3.3x10° % ---- 2.2x10° % Au
—1.7x10° % ---1.0x10° %---- 0.7x10” % CuQ
—5.1x10° % Au 2.0x10° % CuO

~N @
o o
1 1

a o0
o o
1 1

IN
=)
|

w
o
1

Power absorbed (%)

N
o
1

-
o
1

o

10 15 2o
Fluid depth (cm)

Fig. 8. The calculated power absorbed by nanofluids is determined for lengths scales ranging from 0.1 cm to 3 cm. (a) Power absorbed per m? is plotted from the solar
irradiance spectra between 300 and 900 nm. (b) The percentage of power absorbed per m? was determined and charted.
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nanofluid. A similar trend can be observed for the CuO nanofluids, with
an increase in power absorption between 0.1 cm and 3 cm, albeit less
rapid, and higher volume concentration nanofluids absorbing more
power. The performance of CuO as a nanofluid additive in the calcu-
lations appears to be inferior to that of Au NPs, where, even for com-
parable concentrations (2.2 X 1073% Au NPs and 1.7 X 1073% CuO
QDs), the Au NP nanofluid absorbs more than double that of the CuO
nanofluid. Interestingly, the blended nanofluid of 5.1 x 10~ 3% Au NPs
and 2.0 X 107 3% CuO QDs is outperformed by the nanofluid consisting
of 5.5 x 1073% Au NPs alone. As an example, at a fluid depth of
1.5 cm, the blended nanofluid can absorb ~50% of the incident power
(Fig. 8b), whilst the 5.5 x 10~ 306 Au NP nanofluid can harvest close to
60%. The performance of the multi-component nanofluid in Fig. 8 is the
outcome of competing mechanisms, which have shown to benefit ab-
sorption at lower wavelengths (< 588 nm) but are counterproductive at
longer wavelengths as per our discussion of Fig. 7. Our calculations of
absorbed power indicate that, overall, the negative impact of the
scattering phenomena introduced by the CuO QDs are significant to the
point that nanofluid with Au NPs only are preferable.

3.3. Nanofluid stability

The ability of a nanofluid to retain its absorptive properties
throughout its working life is paramount to its industrial uptake. As
such the stability of the prepared nanofluids, in terms of power ab-
sorption capability, was assessed over time for the CuO QDs and Au NPs
nanofluids with the highest concentrations as well as for the nanofluid
with blended NPs. The samples were stored in a dark cupboard and
were not shaken, sonicated, vortexed or otherwise disturbed during the
storage period of 11 weeks. The stability of each of the nanofluids was
investigated by re-measuring the optical properties of the samples after
a few seconds of shaking and calculating the potential to absorb power.
A reduction in the absorption coefficient for each nanofluid is seen in
Fig. 9a, with the decrease in absorption coefficient most severe for the
CuO nanofluid and blended nanofluid, with a very slight decrease for
the Au nanofluid. This would suggest that some of the NPs and/or QDs
may have agglomerated and sedimented to the point where they are no
longer active in absorbing incident power. In Fig. 9b the scattering
coefficient is observed to remain constant for the Au NPs nanofluid and
increases substantially for the CuO QDs nanofluid. Interestingly, the
scattering coefficient is seen to decrease in the case of the blended
nanofluid. Whilst the behaviour of the Au NPs nanofluid and the
blended nanofluid are expected with a stable nanofluid and one where
some material is sedimenting, the behaviour of the CuO nanofluid is
more complex as the scattering coefficient is larger after 11 weeks. The
increase of the scattering component can possibly be explained through
the equations for the scattered light intensity by Rayleigh scattering Eq.
(1) (Seinfeld and Pandis, 2006).
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where Is is the intensity of scattered light, I, is the intensity of incident
light, R is the distance from the source to the particle, 0 is the scattering
angle, A is the wavelength, n is the refractive index of unpolarised light,
d is the diameter of a spherical particle, « is the size parameter and m is
the complex refractive index. This equation highlights the sixth power
relationship between the diameter d of a sphere and the scattered light
intensity Is. Additionally, the scattering efficiency, Qs;, is known to be
linked to the fourth power of the nanoparticle size a parameter, equa-
tion (2) (Chen et al., 2016b; Saidur et al., 2012; Taylor et al., 2011).
Therefore, if the CuO QDs were to grow even slightly by agglomeration,
this enhanced scattering could be accounted for.

We now considered the effect of time on absorbed power and
compare the power absorbed by a nanofluid of 3 cm depth over the 11-
week period considered earlier (Fig. 10). Whilst the CuO QDs nanofluid
absorbed power has diminished, both the Au NPs and blended nano-
fluids are able to retain their absorptive properties over the 11 weeks of
storage. This is of course very interesting in terms of a DASCs as it
suggests that these surfactant-free Au NPs could maintain high ab-
sorptive properties over extended periods of operation, with no addi-
tional mixing required beyond that of the pumping system. This sta-
bility will result in lower maintenance costs, making the solution much
more economically attractive. It is interesting to note that in this spe-
cific case, the performance degradation of the CuO QDs is not affecting
that of the blended nanofluid, which indicates no detrimental physical

Fig. 9. Calculated estimates of the ab-
sorption and scattering coefficients for
a range of different concentration of
gold (red), copper oxide (blue), and
gold-copper oxide (green) nanofluids.
(a) Absorption coefficient. (b)
Scattering coefficient. (For interpreta-
tion of the references to colour in this
figure legend, the reader is referred to
the web version of this article.)
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interactions between Au NPs and CuO QDs. While this specific combi-
nation of absorber-scatterer could outperform single component nano-
fluid only in a limited spectral range, a more careful selection of NPs
with more complementary properties could bring greater benefits.

4. Conclusion

Au NPs and CuO QDs nanofluids have been produced by PiNE. The
produced nanofluids are capable of increasing the amount of energy
captured from the incident light on a solar thermal collector by the fluid
when compared to the EG base fluid alone, with larger particle con-
centrations yielding greater absorption. A strong plasmonic absorption
centred between 540 nm and 560 nm is present for the Au NP nano-
fluid, which when coupled with the strong scattering coefficient at
longer wavelengths leads to a large fraction of the incident light es-
caping the nanofluid for a given length. However, as the absorption
coefficient is much larger than the scattering coefficient a significant
proportion of the attenuated photons is absorbed by the nanofluid. The
performance of CuO as a nanofluid additive in the calculations (where
scattering is considered a system loss) is demonstrably lower than that
of Au NPs, where even for comparable concentrations, the Au NP na-
nofluid absorbs more than double that of the CuO nanofluid and can be
attributed to the comparable scattering and absorption coefficients of
the CuO nanofluid. Interestingly, the blended nanofluid is out-
performed by the nanofluid consisting of a comparable concentration of
Au NPs alone. As an example, at a fluid depth of 1.5 cm, an additional
10% of the incident power can be absorbed by the Au NP only nano-
fluid. However, the blended nanofluid possesses superior absorption in
the < 588 nm region which highlights a degree of complementarity
between the two additives materials. Contrarily, at wavelengths longer
than ~588 nm, the combined scattering of Au NPs and CuO QDs is
attenuating the light to a level that is negatively impacting absorption.

The stability of the dispersions was tested after storage for 11 weeks,
with the Au NP and the blended nanofluid retaining their full absorp-
tive capabilities. The CuO-based nanofluid only managed to retain ap-
proximately one-third of its power absorption capabilities. This serves
to highlight that a nanofluid based on Au NP is a viable option for DASC
application. While these CuO-nanofluids or a mixture of the two par-
ticle types did not produce better results than Au NPs nanofluid, there is
scope to investigate combinations of “optically complementary” NPs in
blended nanofluids. Importantly the full understanding of optical in-
teractions among different NPs in nanofluid is more complex than a
simple additive process.

The PiNE system used in this work has been demonstrated to be
highly suitable for producing additives for nanofluids with attractive
optical properties. The flexibility of reagents in the PiNE system can
further facilitate a range of alternative additives such as titanium-based
NPs or other plasmonic silver NPs, with no additional equipment re-
quirements.
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