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Improving the efficiency of environmentally friendly energy sources such as solar energy is one of the

basic objectives for developing the ecological transition required by our society. Thus, in this work,

nanofluids based on NiO nanowires and a polydimethylsiloxane (PDMS) fluid are developed to improve

the efficiency of parabolic trough-based concentrating solar power plants (CSP-PTC). To this end, NiO
nanowires are successfully synthesized in our laboratory and used to prepare nanofluids. Their physical
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stability is thoroughly characterized. Subsequently, the properties of interest for the application of these
nanofluids as heat transfer fluids are characterized. These properties were surface tension, density,
dynamic viscosity, isobaric specific heat and thermal conductivity. Based on these properties, the

efficiency improvement of CSP-PTC systems is estimated, achieving improvements of up to 5% with the

rsc.li/frontiers-materials designed nanofluids.

1. Introduction

One of the main goals in society today is the production of
energy from environmentally-friendly sources that do not con-
tribute to climate change. To this end, improving the overall
efficiency of renewable energy sources is crucial, with solar
energy being one of the most significant. Within the realm of
solar energy, recent studies have accelerated the development
of concentrated solar power (CSP), which generates electricity
using the sun’s energy. This technology focuses solar energy
onto a heat transfer fluid capable of storing and transporting
heat to produce steam that drives a turbine, generating elec-
tricity. Among the different CSP technologies, parabolic trough
collectors (CSP-PTC) are among the most widely used. In this
technology, heliostats with a parabolic trough shape focus solar
radiation onto an absorber tube. A synthetic oil circulates
through the tube, operating at temperatures of up to approxi-
mately 673 K. This fluid reaches a heat exchanger, producing
steam to move the turbine. The efficiency of the collectors and
heat exchanger depends heavily on the thermophysical and
rheological properties of this synthetic oil, so improving its
properties can enhance the overall efficiency of CSP-PTC plants.

One strategy that has attracted attention in recent years
to improve heat transfer efficiency is the use of nanofluids,
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colloidal suspensions of nanomaterials. Nanofluids often exhi-
bit superior thermal properties to the base fluid, making them
promising for heat transfer applications. Recent research has
investigated nanofluids based on several fluids and nano-
materials in great depth.’

The long-term stability of these nanofluids is crucial to
enhance these thermal properties. Factors such as the base
fluid, nanoparticle properties, the surfactant and synthesis
method play a critical role in achieving this stability. The choice
of the base fluid for nanofluid preparation is typically deter-
mined by the operating temperature of the heat transfer
process. In the case of CSP-PTC plants, where temperatures
reach around 673 K, synthetic oils are commonly used. The
most widespread fluid in these plants, a eutectic mixture of
biphenyl and diphenyl oxide, poses issues due to its toxicity,
irritability, and environmental impact. Polydimethylsiloxane
(PDMS) fluids represent an alternative with comparable ther-
mal properties, reduced toxicity and enhanced operational
safety.” These fluids, known as linear silicone fluids due to
their structure as linear polymers of dimethyl siloxane, require
their thermal properties to be enhanced before being suitable
for CSP-PTC applications, particularly thermal conductivity and
heat capacity.

Metal oxide nanofluids are promising for enhancing the
efficiency of CSP-PTC plants. Studies have demonstrated
improvements in thermal properties including thermal con-
ductivity and specific heat capacity when incorporating nano-
particles such as NiO, ZnO, CuO, SiO,, MgO, and Fe;0, into
heat transfer fluids.> These enhancements are attributed to
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mechanisms like Brownian motion and interfacial thermal
resistance.” Simulations predict significant increases in overall
CSP-PTC system performance, with efficiency improvements of
up to 34.8% for surface collectors and 34.3% for volumetric
collectors using NiO nanowire dispersed in the conventional
fluid used, the eutectic mixture of biphenyl and diphenyl
oxide.” In addition, using the same fluid and Fe;O, nano-
particles, promising results were found, with a 9% improve-
ment in thermal conductivity and increased plant efficiency.*”
However, the suitability of nanofluids for volumetric absorp-
tion in parabolic-trough collectors requires careful considera-
tion of their optical, rheological, and thermal properties.®
Nanofluids offer enhanced thermophysical properties but face
stability challenges and achieving stable nanofluids is crucial
for high-temperature applications.” In this context, the use of
surfactants could constitute an effective strategy to increase
their colloidal stability.® However, the optimal surfactant type
and concentration may vary depending on the specific nano-
fluid composition and intended application.’ It is imperative to
carefully evaluate the advantages and disadvantages of this
approach, considering the particularities of each system and
the intended applications. The selection of the surfactant will
depend on the properties of the nanoparticles, the dispersion
medium, and the compatibility with the other components of
the nanofluid to prevent unwanted interactions.

This work analyses the stability and thermal efficiency of
NiO/PDMS nanofluids with NiO nanowires synthesized in our
laboratory used as the nanomaterial. The surfactant used has
the trade name SPAN20, and the physical stability of the
colloidal suspension with and without surfactant was evalu-
ated. Thermal efficiency was analysed by means of measure-
ments of the following key properties; density, surface tension,
viscosity, heat capacity and thermal conductivity.

2. Experimental

2.1. Synthesis of NiO nanowires

NiO nanowires (NiOnw) were synthesized using the hydro-
thermal method described by Dang et al.' First, 3.65 mmol
of nickel(1r) chloride (NiCl,, purity > 99.9%, Sigma-Aldrich) was
dissolved in a 1:2 mixture of deionized water and ethylene
glycol (purity < 99.50%, Sigma-Aldrich). Next, 0.91 mmol
of sodium oxalate (Na,C,0,, purity > 99.99%, Sigma-Aldrich)
was added, and the mixture was stirred vigorously for 1 hour.

NiCl, Na,C,0,

w Autoclave
1:2H0:EG|
e

Stirring

240,473K

Centrifugation
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The solution was then transferred to a Teflon-lined stainless-
steel autoclave and heated at 473 K for 24 hours. The resulting
product was rinsed three times with deionized water and
ethanol using centrifugation (10000 rpm, 15 minutes, RCF:
10300 x g, rotor radius: 92 mm). It was subsequently dried at
room temperature for 48 hours. The resulting product of this
synthesis is Ni oxalate (NiC,0,) nanowires, which is the NiO
precursor. NiOyw is obtained after an annealing process at
773 K for 2 hours. A schema of the synthesis is shown in Fig. 1.

2.2. Characterization of NiO nanowires

Morphological and structural characterizations were performed
on the synthesized NiO nanowires. Their morphology was
examined through transmission electron microscopy (TEM)
using an FEI Talos F200X microscope (Hillsboro, Oregon, US).
The crystalline phases were identified using X-ray diffraction
(XRD) with a Bruker D8 Advanced A25 DaVinci diffractometer
(Billerica, Massachusetts, US), employing monochromatic Cu
Ko radiation (8.04 keV), operated at 40 kv and 40 mA. The
scanning range covered 20 from 20° to 70° with a resolution of
0.02°. Structural characterization was performed using Raman
spectroscopy with a HORIBA Scientific LabRAM HR Evolution
Raman spectrometer. The instrument was equipped with a
532 nm DPSS laser excitation source, a X50 LD lens, and an
1800 lines per mm diffraction grating. Measurements were
conducted in a backscattering configuration (emission and
collection at the same angle) with an acquisition time of 10 s
and a total of 10 accumulations. Finally, the chemical bonding
and oxidation state of NiO were assessed via X-ray photoelec-
tron spectroscopy (XPS) with a Kratos Analytical Ltd. Axis
UltraDLD spectrometer (Manchester, UK) using monochro-
matic Al Ko radiation (1.49 keV) and a pass energy of 20 eV.
The binding energy scale was accurate to within 0.1 eV, with
electrostatic charging effects stabilized.

2.3. Nanofluid preparation

The NiO-based nanofluids analysed in this study were prepared
using the synthesized NiO nanowires. The base fluid was a
commercially available heat transfer fluid based on polydi-
methylsiloxane (PDMS), supplied by Wacker under the trade
name Helisol 5A. This is a linear, non-reactive polydimethyl-
siloxane with a viscosity of approximately 5 mm®s™'. It is a clear,
odourless and colourless liquid, featuring high heat resistance,
a low pour point and non-corrosive properties. Three different

NiC,04-2H,0

Dried
24-48 h, 273K

Annealing
2h, 773K

Fig. 1 Schema of the synthesis procedure used for obtaining NiO nanowires.
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nanofluids were prepared using 100 mL of the base fluid and the
necessary amount of synthesized NiO nanowires to achieve mass
fractions of 0.01, 0.03, and 0.10 wt%. With these three-mass
concentrations, nanofluids with and without surfactant were
prepared to evaluate their influence on colloidal stability and
thermal properties. SPAN20 (purity > 44.0%, 1058 g cm > at
20 °C, Sigma-Aldrich) was used as the surfactant. A host fluid was
prepared by mixing 0.01 wt% of SPAN20 and 100 mL of PDMS in
an Elmasonic select 30 sonication bath at a frequency of 37 MHz
for 10 minutes at 298 K. Next, the nanofluids were further
processed using an Ultra-Turrax T18 supplied by IKA at
20000 rpm with a 5:10:5 minute on:off:on cycle to prevent a
significant temperature rise. Finally, the nanofluids were ready
for colloidal stability characterization.

2.4. Nanofluid characterization

The stability of the prepared nanofluids was thoroughly ana-
lysed since this property is crucial in heat transfer applications.
UV-Vis spectroscopy was employed to determine the extinction
coefficient, which provides insight into the heat carriers in the
fluid. The extinction coefficient values were measured using
UV-Vis equipment assembled in our laboratory, featuring a
DH-2000-BAL light source and a USB2000+ general-purpose
spectrometer, both supplied by OceanOptics. Measurements
of the extinction coefficient were taken at 500 nm, three times a
day over a month. Additionally, particle size was measured
using the dynamic light scattering (DLS) technique to assess
the physical stability of the nanofluids. This technique allows
the solvodynamic diameter of nanoparticles in suspension to
be determined. The measurements were conducted using a
Zetasizer Nano ZS instrument supplied by Malvern Instru-
ments. Particle sizes were measured for over a month with
three measurements taken daily.

The performance of nanofluids in heat transfer applications
is influenced by several properties, including surface tension,
density, dynamic viscosity, isobaric specific heat, and thermal
conductivity. Consequently, these five properties were mea-
sured to characterize the nanofluids once they reached physical
stability. These properties were then used to evaluate the
application of nanofluids in CSP-PTC plants. Surface tension
was measured using the pendant drop method with an OCA25
device supplied by DataPhysics. The dosage volume was set to
5 uL, with a dosage rate of 0.1 pL s~ ', using a Hamilton 250 uL
syringe. Each nanofluid underwent ten measurements at 25 °C.
Density was measured using the excitation pulse technique
(DM densitometer, Anton Paar) at 25 °C, with five measure-
ments performed for each nanofluid at room temperature.
Dynamic viscosity was measured over a temperature range of
25 to 175 °C under steady-state conditions using a concentric
cylinder geometry (bob diameter: 27.99 mm; bob length:
41.99 mm; cup diameter: 30.36 mm), with a shear rate ranging
from 1 to 100 s, using an HR10 rheometer supplied by TA
Instruments.

Finally, thermal properties, specifically isobaric specific
heat and thermal conductivity, were measured. Isobaric specific
heat was determined using a temperature-modulated differential
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scanning calorimetry technique. The measurements were con-
ducted using a DSC 214 Polyma calorimeter supplied by
NETZSCH. The temperature program involved setting the tem-
perature to 100 °C for 10 minutes to remove contaminants,
followed by equilibration at 20 °C for 10 minutes, with a ramp
rate of 10 °C min~'. Subsequently, a temperature-modulated
dynamic step from 20 to 205 °C was performed at 1 °C min™},
with a modulation amplitude of £1 °C and a period of 120 s to
determine the isobaric specific heat. Finally, the cooling rate was
set to 1 °C min~". Thermal conductivity was measured at various
temperatures (from 25 to 100 °C) using the Transient Hot Bridge
(THB) method, with a hot point sensor connected to a THB-100
system supplied by Linseis. To minimize natural convection
during the measurements, a dry block heater (model DB 5.2)
from IKA was used. This system was set between room tempera-
ture and 100 °C for thermal conductivity measurements, with an
input power of 30 mW to ensure a good signal-to-noise ratio. Ten
replicas were performed for each measurement, with a measure-
ment time of 20 s and a 30 s delay between replicas to equilibrate
the temperature.

3. Results and discussion

3.1. NiO nanowires characterization

The synthesis of NiO nanowires (NiOyyw) performed leads to an
intermediate product being obtained, namely nickel(u) oxalate
(NiC,0,), which is the precursor of NiO. XRD was used for the
structural characterization of the nanoparticles under study to
confirm the formation of the product of the synthesis. The
crystallite sizes were also estimated. For comparison purposes,
a commercial NiO (named as NiO.y,) was analysed. Fig. 2(a)
shows the diffraction patterns obtained for the NiC,0, and NiO
nanowire powders. XRD shows several diffraction peaks for
NiC,0, at 20 values of 22.7°, 30.36°, 37.75° and 47.8°, which can
be assigned to the diffraction of (002), (—402), (—204) and
(—604) planes, aligning well with the reference data for the
cubic phase of NiC,0, (JCPDS no. 25-0851). This pattern clearly
confirmed the formation of nickel oxalate. NiO nanowires were
formed after the annealing process of NiC,0O,. The pattern
obtained for the nanowires is shown in Fig. 2(a), and it is
clearly different to that obtained for NiC,0, and similar to the
pattern for commercial NiO. Thus, diffraction peaks for the
synthesized nanowires and the commercial NiO were observed
at 20 of 37.1°, 43.1° and 62.7°, corresponding to the diffraction
of the (111), (200), and (2 2 0) planes, respectively. These peaks
match the reference data for the cubic phase of NiO (JCPDS no.
47-1049)."* No evidence of other crystalline phases of NiO or
foreign species was found in the patterns. Therefore, these
results confirm the formation of NiO after the annealing
process.

The average crystallite size of the NiOyy was estimated to be
12.6 nm using the Debye-Scherrer equation,'® with a shape
factor of 0.94 and the full width at half maximum (FWHM) of
the most intense peak, the (200) reflection. This result aligns
well with the average diameter estimated from the TEM images,
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(a)

20/°
Fig. 2

as is discussed below. The relative intensity of the peaks
associated with the diffraction of the (111) and (200) planes
indicate a predominant presence of these facets on the NiO
grains, which is linked to the formation of thermodynamically
favoured shapes. The particle size obtained for NiC,0, was
24.6 nm.

Structural characterization was accomplished using Raman
spectroscopy. Again, the Raman spectrum for commercial the
NiO was recorded for comparison purposes. Fig. 2(b) further
confirms the identity of the nickel(u) oxalate. It exhibits a series
of low-intensity bands, two bands at 540 cm ™" and 590 cm™*,
corresponding to the longitudinal optical mode (LO) of a
phonon, and a peak at 920 cm ™, representing the combination
of a longitudinal and an optical phonon (LO + TO). Addition-
ally, a doublet is observed, comprising a high-intensity band at
1476 cm ™" and a low-intensity shoulder at 1448 cm ™', which
are attributed to the two-magnon band (2M) arising from the
Ni**-0”" vibration®. The analysis of the Raman spectra for the
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(a) XRD patterns and (b) Raman spectra for NiC,04, NiOyw and NiOcom.

NiO nanowires and commercial NiO (Fig. 2(b)) showed the
presence of three of the four characteristic NiO vibrational
modes. Specifically, we observed a band centred between 530
and 540 cm ', which corresponds to the longitudinal optical
mode, a band at 700 cm™ " attributed to two transverse optical
phonons, and a band in the range of 1040-1080 cm ™, represent-
ing two longitudinal phonons. The band expected at 925 cm ™%,
which arises from the combination of a transverse and long-
itudinal phonon, was not detected. This is probably due to its
overlap with and thus suppression by the intense 1040-1080 cm ™
band.' The Raman results confirmed the formation of NiC,0,
and NiO after annealing, as was shown previously by XRD.

XPS analysis was performed to investigate the chemical
bonding and oxidation states of the NiO precursor, NiC,0,,
the NiO nanowires and the commercial NiO, for comparison
purposes. For all the analysed samples, the peak assignments
were referenced to the adventitious C 1s signal at 284.8 eV.
Fig. 3 presents the XPS spectra, including the Ni 2p (Fig. 3(a))

@ Ni 2 (®) 2
i . . i = .
Nizp Ni2p,, Ni 2p,, Parz O1s O* in the lattice
(sat)  Ni2py, (sat) Adsorbed
species
p =)
c @
% z
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Binding energy / eV

Fig. 3 (a) Ni 2p and (b) O 1s signals for NiC,04, NiOnw and NiOcom.

Binding energy / eV
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and O 1s (Fig. 3(b)) signals, for NiC,0,, NiOxw and NiOcom.
The Ni 2p,,, signal NiC,0, appears at a binding energy (BE) of
874.0 eV, while the contribution of Ni 2p;, is observed at a BE
of 856.4 eV. This split spin—-orbit component with a separation
of 17.6 eV is typical for Ni(u) species.’® Additionally, satellite
peaks at BEs of about 880.2 and 861.4 eV are observed, and they
are typical for the Ni signal. These binding energies align with
the +2 oxidation state of Ni, suggesting the predominance of
Ni(u) in the sample. The O 1s line of NiC,0, exhibits the most
intense peak at 532.6 eV, associated with oxalate ions (C,0,>7).
Specifically, this peak corresponds to the oxygen atoms within
the O-C-O bonds."®

Furthermore, the Ni 2p;z, and 2p,,, contributions for both
NiOxw and NiOgy (Fig. 3(a)) appeared at BEs of about
854.2 and 871.9 eV, respectively, which are lower than for NiC,0,,
as expected. Again, large spin-orbit splitting is observed, and
satellites for both signals were found. But the most interesting
feature is that the signal of Ni 2pj;/, for both NiOnw and NiOom
exhibited a doublet, which is typical for Ni(u) in NiO."” On the
other hand, the O 1s spectra (Fig. 3(b)) for both NiOyw and
NiO.om Showed two contributions. The most intense contribu-
tion appears at about 529.0 eV, typical for the 0>~ in the lattice.
The other contribution appears at a BE of about 530.8 eV, and it
corresponds to adsorbed species on the NiO surface.'® There-
fore, a good correlation was found between the commercial NiO
and the nanowires synthesized. Thus, XPS results confirms the
synthesis of NiO.

The morphology and nominal particle size of the NiO
precursor, NiC,0,4, and the synthesized NiO nanowires were
studied using transmission electron microscopy (TEM). In
addition, Fig. 4(a) shows representative images for NiC,0y,,
and the formation of nanowires can be observed. Size distribu-
tion analysis was conducted using lower magnification images.
The average length was determined to be 2432 + 143 nm, with
lengths ranging from 1000 nm to 6000 nm, while the average

NiC,0
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thickness was found to be 60.5 + 1.7 nm, with thicknesses
ranging from 32 nm to 130 nm. Fig. 4(a) confirms the success-
ful formation of NiO nanowires from the NiC,0, precursor after
the annealing process. As illustrated in Fig. 4(a), the nanowires
exhibited a polycrystalline structure, consisting of sintered NiO
grains with an average size of about 12.7 £ 0.2 nm, with a size
range between 7 nm and 21 nm. This architecture is likely
attributed to the formation of NiO crystals in thermodynami-
cally favoured shapes such as octahedra, cuboctahedra, and
cubes during the high-temperature calcination of nickel oxalate
precursor at 773 K. The nominal length of the NiO nanowires
was found to be non-uniform, ranging from 600 to 5500 nm.
In contrast, the nominal diameter was relatively consistent
across all observed nanowires, averaging approximately 45 +
1.5 nm. Finally, the successful formation of NiO nanowire was
further supported by annular dark-field images (Fig. 4(b)) and
the elemental EDX analysis performed. Fig. 4(b) shows the
homogeneous distribution of Ni and O in the nanowires.

3.2. Nanofluid stability

The colloidal stability of the NiOnw nanofluids, both with and
without surfactant, was investigated. The samples without
surfactant were dispersed in PDMS and those with were pre-
pared using a 0.1 wt% SPAN20 solution in PDMS, which acts as
host fluid. Since nanofluids are susceptible to particle aggrega-
tion and sedimentation, stability was assessed through extinc-
tion coefficient and particle size analysis, as described above.
UV-Vis spectra were used to determine extinction coefficients,
which quantify light absorption and scattering, and thus provide
information on heat carrier concentration. Fig. 5 displays the
extinction coefficient values at 500 nm for the NiOyw nanofluids,
recorded over 30 days. Immediately after the preparation of the
nanofluids, higher NiO concentrations correlate with higher
extinction coefficient values, as expected. All the nanofluids
exhibited aggregation during the first few days post-preparation,

(b)

NiOpw

Fig. 4

(a) TEM images for NiC,0O4 and NiOyww. (b) Annular dark-field images and EDX elemental maps for NiOyw.
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Fig. 5 Extinction coefficient values for nanofluids prepared using (a) NiOyw without surfactant, and (b) NiOnw with surfactant, obtained by UV-Vis

spectroscopy at 4 = 500 nm.

evidenced by a decline in extinction coefficient values. Subse-
quently, these values stabilized with minimal fluctuations, indi-
cating equilibrium being reached. Moreover, in all the cases,
when the nanofluids reached stability, the extinction coefficient
values were similar in every case. The sedimentation process was
faster for the nanofluids without surfactant (Fig. 5(a)). In the case
of the nanofluids with surfactant (Fig. 5(b)), the sedimentation
process was slower, stability reached after about 7 days.

Fig. 6 shows the particle size distribution of the NiOnw
nanofluids, prepared without surfactant (Fig. 6(a)) and with
surfactant (Fig. 6(b)). In the case of the nanofluid with the
lowest NiO concentration and without SPAN20 (Fig. 6(a)), the
particle size values initially increased during the aggregation
period, followed by a dramatic decrease within 10 days. This is
attributed to the low concentration of NiO nanoparticles in
suspension, as previously inferred from the extinction coeffi-
cient values. The results for this nanofluid also showed low
goodness and high deviation due to the low concentration of
nanowires in suspension; therefore, the characterization was
stopped after 12 days. The other two nanofluids prepared with

(a)
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surfactant and a higher nominal concentration exhibited a
similar initial increase in particle size during aggregation,
followed by a decrease to several hundred nanometres. These
values then remained relatively constant, indicating stability
being reached. However, a significant deviation in the values
was observed for all the nanofluids during the initial hours.
This is due to nanofluids being a dynamic system, the for-
mation of aggregates changing. The nanofluids prepared with-
out surfactant exhibited a higher deviation of the particle
size over a longer time, suggesting heightened instability
within these systems (Fig. 6(a)). However, but at the end of
the characterization period, the nanofluids seemed to reach a
certain stability. These results corroborate the findings obtained
from the extinction coefficient measurements.

Finally, the extinction coefficient and particle size values
were observed to reach a plateau over time in the nanofluids
with the surfactant, suggesting that they reached a certain
stability. The incorporation of the surfactant seems to allow a
more controlled system, with changes slower, but the surfactant
does not result in more nanowires in suspension. This behaviour
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Fig. 6 Particle size distributions for nanofluids prepared using (a) NiOnw without surfactant, and (b) NiOww with surfactant, obtained by DLS.
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can be attributed to the inherent properties of the base fluid; its
low surface energy hinders its reactivity and restricts interactions
with metal oxide nanoparticles'. Therefore, the nanofluids
reached a certain level of stability but with a low concentration
of heat carriers.

3.3. Nanofluid properties

The heat transfer coefficient (%) of a heat transfer fluid, directly
related to the Mouromtseff number (Mo), is a crucial parameter
for assessing thermal performance and efficiency. Since Mo is
influenced by fluid properties such as density, surface tension,
viscosity, specific heat, and thermal conductivity, these proper-
ties were measured for the nanofluids to evaluate their suit-
ability for heat transfer applications.

3.3.1. Surface tension. Surface tension values are shown in
Table 1. They exhibited minimal variation for all the nano-
fluids, with a slight decrease observed compared to the PDMS
used as the base fluid. As expected, the addition of the
surfactant, SPAN20, led to a reduction in surface tension.
However, it is important to note that changes in surface tension
typically have a negligible impact on heat transfer within single-
phase systems. In contrast, density and dynamic viscosity
significantly influence flow patterns, consequently affecting
convective heat transfer and pressure losses within the system.

3.3.2. Density. Density is a fundamental property in heat
transfer phenomena. Extensive research has demonstrated that
the incorporation of nanoparticles into base fluids results in an
increased density of the nanofluid, attributable to the higher
intrinsic density of the nanoparticles.”® The density of the base
fluid at 298 K was measured at 918.14 + 0.05 kg m >, which is
in excellent agreement with the value supplied by the manu-
facturer, that is 918.8 kg m™* at the same temperature.*! The
density values obtained for all the nanofluids are summarized
in Table 1. These values were slightly higher than that of the
base fluid, as expected given the higher density of the nano-
particles, 0.057% being the biggest increase, which is within
the uncertainty of the measurements. Regarding the concen-
tration, no significant density differences were observed for the
nanofluids with varying amounts of nanowires, which is in
good agreement with the extinction coefficient values shown
previously. These results suggest that the inert nature of the
base fluid only allows a limiting value of nanoparticles in

Table 1 Values of density, p, the increase in density with respect to the
pure PDMS, Ap, and surface tension, vy, for the nanofluids and the base
fluids

HTF y/mN m~* plkg m—? Ap/%
Base Fluid 18.76 £ 0.01 918.14 £ 0.05 —

Host fluid (PDMS + SPANZO) 18.73 £ 0.01 917.90 £ 0.00 —

0.01 wt% NiOnw 18.74 £ 0.01 918.34 £+ 0.05 0.022
0.03 wt% NiOnw 18.69 £+ 0.01 918.44 + 0.05 0.033
0.10 wt% NiOnw 18.72 £ 0.01 918.54 £ 0.05 0.044
0.01 wt% NiOynw + SPAN20 18.71 £ 0.01 918.50 £+ 0.07 0.039
0.03 wt% NiOynw + SPAN20 18.70 £ 0.01 918.66 £ 0.05 0.057
0.10 wt% NiOynw + SPAN20 18.70 £ 0.01 918.52 £ 0.04 0.041

2652 |

View Article Online

Research Article

suspension, indicating that the system may reach a saturation
point for nanoparticle loading.

3.3.3. Dynamic viscosity. Typically, adding nanoparticles to
a fluid increases its viscosity, a disadvantage in heat transfer
applications due to higher pumping energy and pressure
drops.”? Therefore, the rheological behaviour and the dynamic
viscosity values were measured to analyse the effect of the
suspension of NiO nanostructures in the PDMS.

In order to analyse the rheological behaviour, the shear flow
plots were recorded using a concentric cylindrical geometry in
the 298-448 K temperature range. Fig. 7 shows the plots for the
PDMS and for the solution of SPAN20 in PDMS (Fig. 7(a)), in
addition to the nanofluids prepared using NiO nanowires
without surfactant (Fig. 7(b)) and with surfactant (Fig. 7(c)).
The nanofluids presented a similar behaviour to the base fluid.
All fluids exhibited Newtonian behaviour characterized by
constant apparent viscosity within a shear rate range of about
5-40 s~'. The observation of the Newtonian behaviour in a
small shear rage range is a known limitation of the measure-
ment geometry used.>?

Dynamic viscosity values were extracted from these plots in
the shear rate range described above, the values obtained
shown in Fig. 8. The viscosity of the base fluid was found to
be 5.29 mPa s at 298 K, closely matching the value of 5.34 mPa s
given by the supplier,>* a deviation of about 1%. The base fluid
and NiO-based nanofluids exhibited a decrease in viscosity as
the temperature increased, as expected. The dynamic viscosity
values for the nanofluids did not increase significantly com-
pared to those of the base fluid, which is a similar behaviour for
other nanofluids prepared using the PDMS as the base fluid.**
In some cases, a slight decrease in viscosity was observed, but
these differences are within the experimental uncertainty.”®
In addition, the dynamic viscosity values of the nanofluids
did not change significantly, either with increasing the nano-
particle concentration or in the presence of SPAN20. This can
be attributed to the limited quantity of nanowires in suspen-
sion, as discussed in the stability section, indicating that
colloidal stability has a maximum particle concentration which
remained quasi unchanged in all cases. In summary, all the
NiO-based nanofluids presented only a negligible increase in
dynamic viscosity compared to the base fluid, which is a good
result for the application of our nanofluids in heat transfer
processes.

3.3.4. Isobaric specific heat. For nanofluids, especially in
heat transfer applications, isobaric specific heat is a critical
property that defines their heat storage capacity. This study
measured the isobaric specific heat of all the NiO-based nano-
fluids and the base fluid, as shown in Fig. 9. The specific heat
capacity of the base fluid, measured at 298 K, was determined
to be 1.544 J g~* K", This value showed a relative deviation
of 2.1% compared to the value given by the supplier, that is
1.587 J g ' K™' at the same temperature,® indicating satis-
factory measurement accuracy. The relative standard deviation
of the experimental measurements was less than 1.0%. The
most interesting result is the difference between the behaviour
of the nanofluids prepared with (Fig. 9(b)) or without surfactant
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Fig. 7 Shear stress flow plots for: (a) the PDMS, and the solution of SPAN20 in PDMS,

temperatures from 298 K to 448 K.

(Fig. 9(a)). The nanofluids prepared with surfactant show
similar values compared to the pure PDMS, while those without
show a slight increase in isobaric specific values, as shown in
Fig. 9(a). The increase is up to 4%, the nanofluid prepared with
the highest nominal concentration showing the highest values.
The differences between the three nanofluids are slight,
however, within the uncertainty of the measurements. Despite
the increase being slight, these isobaric specific heat values for
the nanofluids without surfactant are interesting due to the
small amount of NiO that the base fluid supports, as shown by
the extinction coefficient of the nanofluids (Fig. 6). These
values are in line with previous studies that have reported
increases in isobaric specific heat for various nanofluids,>®
and elucidating the underlying mechanisms of this molecular
configuration of the fluid phenomenon is of significant

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2646-2657 |

Shearrate / s™

Shear rate / s™

(b) the nanofluids without surfactant, and (c) with surfactant, at

interest. Typically, it is attributed to the surrounding the
nanomaterial and the strength of the interactions between
the system components.?*?*

3.3.5. Thermal conductivity. Thermal conductivity is a
critical property for assessing heat transfer fluid performance.
This property was measured for all the NiOyy-based nano-
fluids, and the base fluid for comparison purposes. The mea-
sured thermal conductivity for the base fluid at 25 °C was
0.1251 Wm™ ' K%, closely aligning with the supplier’s reported
value of 0.126 W m~ ' K ',** demonstrating a 0.7% deviation.
Fig. 10 shows the thermal conductivity values for all the NiO-
based nanofluids and the base fluid across the temperature
range of 298-384 K. All the nanofluids, once stabilized, exhib-
ited a low concentration of suspended nanowires, as shown in
Fig. 5. However, the results suggest an increase in thermal
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conductivity for the nanofluids relative to the base fluid of up to
3% (Fig. 10), which is similar to nanofluids based on oxides, for
example CuO, reported in the literature.?*? Nevertheless, all the
measured thermal conductivity values were within the uncer-
tainty of the method.

3.4. Nanofluid performance in CSP-PTC

The performance in a CSP-PTC system of the nanofluids pre-
pared in this work has been evaluated by using a phenomen-
ological model that allows the efficiency to be estimated of the
parabolic trough collector and the heat exchanger typically
designed for this application. The collector efficiency (Ycon)
was evaluated using the analytics expressions reported pre-
viously in the literature by Bellos et al.>” and O’Keeffe.*® The
initial conditions considered are that the flow is under turbu-
lent flow and steady-state conditions. In turn, the heat exchan-
ger efficiency (f.,) was estimated using the number of transfer
units (NTU) methodology. The total efficiency of the system
(Wsys) was calculated as Yoy = Weon'¥nex- These efficiencies
were estimated for the pure PDMS because it is a fluid
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used in CSP-PTC plants, and for one of the nanofluids pre-
pared. The nanofluid chosen was the one prepared without
surfactant because all its properties were similar to those of the
nanofluids with surfactant, except the isobaric specific heat,
which was higher for the nanofluids prepared without surfac-
tant. The lowest concentration of NiO nanowires was chosen
because the properties measured did not increase significantly
with the concentration, and using a low concentration to
prepare the nanofluids costs less. All the details of the equa-
tions, variables and parameters used are described in greater
depth in the (ESIf). Fig. 11 shows the values obtained for
the efficiency of the collector, the heat exchanger and the
overall system for several flow rate values, between 100 and
300 L min~'. The collector efficiency values do not change
significantly for the nanofluids with respect to the pure PDMS
(Fig. 11(a)), probably due to the non-significant changes in the
thermal properties. However, the heat exchanger is more
efficient when the nanofluid is used, as shown in Fig. 11(b).
An enhancement of about 4.5% was observed for all the
flow rates tested. This enhancement in the heat exchanger

Mater. Chem. Front., 2025, 9, 2646-2657 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qm00283d

Open Access Article. Published on 16 July 2025. Downloaded on 5/19/2026 9:06:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

0.130

View Article Online

Materials Chemistry Frontiers

0.125

0.120 +

0.115 1

0.110 +

0.105 1

Thermal conductivity / W m™ K

HBE-CHEH
HEEOHEHH

o PDMS
o PDMS + SPAN20
o 0.01 wt.% NiOy,, + SPAN20

5 0.03 wt.% NiOy,, + SPAN20
5 0.10 wt.% NiOy,, + SPAN20

]

0.100

0.130
' X 01251
5
2 0.1201
T 2
Ii s
% 5 01151
=
©
: :
% 8 0.110
= PDMS i =
= 0.01 wt.% NiOyy =
; 105 4
= 0.03 wt.% NiOyy ' £ 0105
= 0.10 wt.% NiOyy
; . . . . 0.100
300 320 340 360 380

Temperature / K

320 340 360

Temperature / K

300

380

Fig. 10 Thermal conductivity values for nanofluids prepared using (a) NiOyw without surfactant, and (b) with surfactant, in the 298-384 K temperature

range.

(@)
0.9

—~
(e
~

0.8 1
0.7 ]
0.6 ]
0.5
0.4

0.3

Collector efficiency, ¥,

0.24

0.1

0.0

Fig. 11

efficiency leads to an increase in the overall efficiency of the
CSP-PTC system, as observed in Fig. 11(c). The estimated
increase is about 5% when nanofluid is tested. This increase
is not very high, but we have to bear in mind that a low
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concentration of nanowires is kept in suspension. Therefore,
efforts to improve the suspension of this kind of material in
the PDMS used are needed to enhance the performance of the
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4. Conclusions

Nanofluids based on NiO nanowires and a polydimethylsilox-
ane (PDMS) fluid were developed to improve the efficiency of
parabolic trough-based concentrating solar power plants (CSP-
PTC). To this end, NiO nanowires were successfully synthesized
in our laboratory and used to prepare nanofluids with and
without surfactant. Their physical stability was thoroughly
characterized. In both cases, the nanofluids reached a certain
stability but with a low concentration of nanowires in suspen-
sion. Subsequently, the properties of interest for heat transfer
applications were characterized. The changes in surface ten-
sion, density and dynamic viscosity were non-significant with
respect to the pure PDMS used as the base fluid. In addition,
isobaric specific heat increased by 4% in the case of the
nanofluids prepared without surfactant. Moreover, the thermal
conductivity of all the nanofluids increased by up to 3%.

Finally, a theoretical analysis was performed of the effect of
the use of nanofluids in CSP-PTC system. The efficiencies of the
collector and the heat exchanger were estimated to obtain the
overall efficiency of CSP-PTC plants. The collector efficiency did
not improve by using nanofluids, but the heat exchanger
efficiency improved by 4.5%, leading to an increase in the
overall efficiency of the CSP-PTC system of about 5%. This
increase is not very high, but we must bear in mind that a low
concentration of nanowires is kept in suspension. Therefore,
efforts to improve the suspension of this kind of material in the
PDMS used are needed to enhance the performance of the
nanofluids.
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