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A B S T R A C T   

High-specification nanofluids can potentially enable cost-effective and highly efficient solar-to-thermal energy 
conversion. However, their implementation is adversely affected by poor absorption spectral range and stability 
challenges of the nanoparticles. Here we demonstrate the synthesis, full characterization and application of Cu- 
oxide nanoparticles with high optical absorption and long-term stability over many months. The synthesis 
method, based on a hybrid plasma-liquid non-equilibrium electrochemical process, ensures a very limited 
environmental impact as it relies on a solid metal precursor while avoiding the use of additional chemicals such 
as surfactants and other reducing agents. We further investigate the fundamental links between the nanofluid 
performance and the material and optical properties and produce a theoretical model to determine the energy 
conversion efficiency. The results show that nanofluids produced with our Cu-oxide nanoparticles can achieve 
exceptional solar thermal conversion efficiencies close to ~90% and can provide a viable solution for an efficient 
solar thermal conversion technology.   

1. Introduction 

Modern society demands clean energy provision and complete reli
ance on renewable energy will require diversification of energy sources 
and technologies [1]. The conversion of solar energy into usable heat (e. 
g. domestic heating, hot water, industrial processes) represents an 
important component to this portfolio [2–5] and the potential exists to 
achieve reliable high conversion efficiencies, drastically reduce costs 
and radically simplify installation and maintenance thus bringing 
solar-thermal conversion technology to the fore en route to the decar
bonization of energy production. 

Dramatic progress in solar-thermal energy conversion requires the 
replacement of old engineering designs [6] with a new concept of direct 
absorbing solar collectors (DASCs) based on the use of nanofluids to 
enable light absorption volumetrically in the fluid without the use of 
inefficient intermediate absorbers [7] whereupon the generated heat is 
transported to where needed or to heat exchangers. Although this 
approach was originally considered by Minardi and Chuang in 1970′s, 

the absorbing fluids used dyes or micron-sized particles [8–10] and the 
technological implementation stalled significantly as rapid particle 
agglomeration, settling and/or dye degradation presented insurmount
able obstacles [8,11–15] The adoption of specific nanofluids, with 
suitable materials design and synthesis, could dramatically improve the 
thermal properties of solar-thermal collectors and importantly yield 
absorption improvements in DASCs [14,16–24]. Advances in this field 
have been reported with important and promising results [25,26]. As
pects that relate to nanofluid preparation methods, optical and other 
properties as well as stability have been discussed [25,27]. The prepa
ration and performance enhancement of nanofluids has included a range 
of techniques such as chemical, physical or plasma-based methodologies 
[25,27–29]. 

However, efforts to date to produce DASCs nanofluids have focused 
on nanostructures (e.g., carbon-based, metals, plasmonic and oxides) [9, 
30,31], that have shown to suffer poor performance and were unable to 
meet the demanding requirements of light to heat conversions, colloidal 
and material stability, leaving substantial challenges to be overcome. 
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Research to date lacked a rigorous scientific investigation into the 
complex interrelationships and synergies involving nanomaterial optical 
and thermal properties, nanoscale solid-liquid interfaces, colloid sta
bility and thermal or optically-induced materials degradation. Under
standing nanofluid behaviour in this context is therefore of paramount 
importance to enable DASC technologies first, and then to enhance their 
performance and durability. 

We have therefore studied a range of nanofluids that include plas
monic nanoparticles and carbon-based materials and here we report on 
the techniques and experimental approaches that we have developed 
leading to our best performing nanofluids, based on metal oxide nano
particles. Metal oxide nanoparticles have so far been ignored for DASCs 
due to their poor absorption properties in the visible range; instead 
oxides have been only used for their wide-ranging chemical stability and 
to optimize nanofluid thermal properties in old solar-thermal collector 
designs [32–35]. Here we show that metal oxide nanoparticles can be 
the basis for the best performing DASC nanofluid, retaining thermal 
properties and chemical inertness whilst boosting solar-thermal con
version efficiency and stability. 

We have synthesized surfactant-free Cu-oxide nanoparticles (CuOx 
NPs) with a hybrid plasma-induced non-equilibrium electrochemical 
(PiNE) process and provided full material characterization, identifying 
the morphology, crystal structure and chemical composition. Cu-oxide 
were chosen for several reasons, such as high thermal conductivity 
and high stability [34,36–38]. In addition, copper is abundantly avail
able at low cost and have a limited environmental impact with low 
toxicity [35]. Our “green” synthesis method has been shown to produce 
stable dispersion of nanoparticles in liquid without the need for sur
factant.[39–52] We have then studied our CuOx NPs optical properties 
in ethylene glycol-based nanofluids and linked their absorption and 
scattering behaviour to their fundamental material characteristics. We 
have further investigated the stability of our NPs over time (almost 1 
year) and under repeated heat cycles. 

2. Experimental section 

2.1. Synthesis of the surfactant-free CuOx NPs 

The setup used for the synthesis consists of a cell of two electrodes: a 
copper foil of 2 cm width, used as Cu precursor and as the sacrificial 
anode, and a nickel capillary tube (0.7 mm and 1 mm inner and outer 
diameter respectively) used to generate a microplasma, which serves as 
the cathode. The capillary tube is grounded through a ballast resistor of 
100 kΩ and carries helium gas at approximately 1 mm above the solu
tion surface. Photos and diagrams of the set-up are included in the 
Supplementary Information (S1). For the synthesis process, a 6-mL 
electrolyte was prepared using sodium chloride (NaCl), sodium nitrate 
(NaNO3) and sodium hydroxide (NaOH) dissolved separately in distilled 
water (3 MΩ cm conductivity) at molar concentrations of 2.57 M, 15.3 
mM, and 25 mM, respectively. The three solutions were mixed at a ratio 
of 1:1:1, i.e., 2 mL each, without using reducing, capping or stabilizing 
agents. The plasma was generated and sustained by applying an initial 
voltage of 2 kV and a constant direct current of 5 mA and discharging 
helium gas at a flow rate of 50 standard cubic cm (sccm). The plasma 
was generated at the surface of the electrolyte and sustained for 30 min 
treatment time; during this period, the voltage decreases to about 0.72 
kV due to the increased conductivity of the solution while keeping the 
current constant. A gradual change in the solution colour from trans
parent to orange was observed during synthesis (S1, Supplementary 
Information). Immediately after synthesis, 6 × 6 mL as-prepared 
colloidal samples were loaded into two separate centrifuge tubes 
(three samples per tube for a total of 18 mL per tube) and centrifuged at 
3000 revolution per minute (rpm) for three times in water followed by 
three more times in ethanol (50 mL each). The supernatant of each one 
of the two tubes was decanted, and a wet, dark brown precipitate was 
obtained and loaded into a glass vial for heat drying on a hotplate at 

40 ◦C for 1 h. The total dry powder from both tubes was carefully 
weighed and shown to be 36 mg (i.e., ~6 mg per synthesized sample). 
Half of the collected powder, 18 mg, was transferred into a glass vial 
using a plastic spatula and annealed in an oven in air at 400 ◦C and for 6 
h and then left to cool down by natural convection overnight. The 
annealed powder was completely black suggesting a phase trans
formation due to thermal oxidation (discussed in the main manuscript). 
Both powder samples, with annealed and not annealed CuOx NPs, were 
separately re-dispersed in EG at volume fractions of 0.001 vol%, 0.005 
vol% and 0.01 vol%. The re-dispersion process was conducted through a 
bath-type sonicator (VWR USC300TH, 230 V, 50 Hz, 370 VA) for 2 h, 
followed by a probe-type sonicator (VCX-130PB ultrasonic processor, 
Sonics Materials) for 3 min at 80% (104 W) to achieve high dispersion 
homogeneity. The colloid samples in EG, from the annealed (AN) and 
not annealed (NA) powder, are the samples referred to as the nanofluid 
(NF) samples, which have been used throughout this work for charac
terization as well as performance analysis of solar-thermal conversion. 

2.2. Materials characterization and optical properties 

Scanning electron microscopy (SEM, HITACHI SU5000) was per
formed at an acceleration voltage of 10 kV, to check the surface 
morphology, size, and shapes of the CuOx NPs. Furthermore, the 
morphology and crystallinity of the CuOx NPs, before and after 
annealing, were investigated by transmission electron microscopy 
(TEM) including bright-field, centre dark-field imaging and selected 
area electron diffraction (SAED) performed on a Thermo Fisher Talos 
F200X G2 in TEM mode operated at 200 kV and equipped with a field 
emission gun cathode and four in-column super-X energy dispersive X- 
ray spectrometer (EDS) detectors having a total collection angle of ~0.9 
sr. For TEM imaging, the samples were prepared by drop-casting a 20 µL 
droplet of each NF sample on a copper-coated carbon grid and left to dry 
overnight. For SEM, samples were prepared by drop-casting several 
droplets of each NF sample on a small piece of a silicon wafer, 0.5 cm ×
0.5 cm, placed on a hot plate at 100 ◦C for drying. In addition, the crystal 
structure was examined by X-ray diffraction (XRD) with scans from 30◦

to 80◦, with 0.01◦ increment, and 2 s/point. X-ray photoelectron spec
troscopy (XPS) and reflection electron energy spectroscopy (REELS) 
were performed using the Thermo Scientific ESCALAB Xi+ spectrom
eter. Monochromatic Alkalpha X-ray source (hv= 1486.6 eV, 650 µm 
spot size) operated at a power of 225 W (15 kV and 15 mA) and the 
photoelectrons were collected using a 180◦ double focussing hemi
spherical analyser with dual detector system. The energy scale of the 
spectrometer was calibrated with sputter cleaned pure reference sam
ples Au, Ag and Cu (Au4f7/2, Ag3d5/2 and Cu3p3/2) positioned at 
binding energies 83.96 eV, 368.21 eV and 932.62 eV, respectively. For 
all the samples analysed, the survey spectra were recorded with a step 
size of 0.1 eV and a pass energy of 20 eV. This pass energy gives a 0.65 
eV width for the Ag 3d5/2 peak measured on a sputter cleaned Ag 
sample. REELS measurements were performed with a primary electron 
beam of energy of 1 keV. All the features were fully resolved with a pass 
energy of 10 eV and a step size of 0.1 eV, with an energy resolution of 
~0.47 eV. Samples for XPS measurements were prepared in the same 
way as for SEM imaging. Moreover, transmittance and scattering spectra 
of the NF samples were measured using ultraviolet-visible-near infrared 
(UV-Vis-NIR) spectroscopy with an integrating sphere (LAMBDA 1050 
+, PerkinElmer Inc.) over a wavelength range from 280 nm to 2500 nm 
using a standard quartz cuvette of 1 cm light path length. For the 
transmittance measurements an empty cuvette was used as reference as 
this approach allows for a direct comparison between the transmittance 
of EG and the nanofluids with limited errors. More details are provided 
in the Supplementary Information (S4) with regard to the measurements 
and calculations of the absorption and scattering coefficients. 
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3. Results and discussions 

3.1. Nanoparticle synthesis, characterization and nanofluid preparation 

The synthesis of surfactant-free copper oxide nanoparticles (CuOx 
NPs) was carried out with a custom-built system based on plasma- 
induced non-equilibrium electrochemistry (PiNE), see Supplementary 
Information-S1. PiNE has shown to be highly effective in initiating re
actions at the liquid interface and leading to the synthesis of a wide 
range of nanomaterials, which would not be achievable using a standard 
electrode and without interfacing the plasma [47–52]. Specifically, the 
synthesis of metal oxides nanoparticles from a solid metal precursor has 
been reported and studied [49–55]. In this case, the solid precursor is 
expected to deliver Cu ions via anodic dissolution while plasma 
electron-induced dissociation contributes to the formation of water 
radicals; the interactions of these species can lead to a sol-gel process, 
which then evolves into forming nanoparticles [55]. The growth of the 
nanoparticles can be controlled by limiting the water content in the 
solution, as for instance ultra-small CuO quantum dots can be produced 
when PiNE is carried out in ethanol with only traces of water [55]. 

Full details of the synthesis steps and nanofluid preparation are given 
in the Methods section. Briefly, each PiNE synthesis process returns 6 mL 
of a water-based CuOx NP colloid, which is subsequently dried to yield 6 
mg of dry CuOx NP powder. Some of the dry powder samples were 
subjected to a post-synthesis annealing step therefore producing two 
different types of samples, i.e., not annealed (NA) and annealed (AN) 
CuOx NPs. The CuOx NPs were then re-dispersed in ethylene glycol (EG) 
to form nanofluid (NF) samples with various concentrations corre
sponding to the NA and AN NPs, hereafter NA NF and AN NF, 
respectively. 

To investigate the morphology and crystallinity of the CuOx NPs, we 
employed transmission electron microscopy (TEM) bright-field, centre 
dark-field imaging, and selective area electron diffraction (SAED) 
analysis as shown in Fig. 1a-d (NA CuOx NPs) and Fig. 1e-h (AN CuOx 
NPs). Bright-field and dark-field images yield diffraction contrast which 
is helpful in interpreting size, shapes, and defects in the CuOx NPs 
samples. Fig. 1a shows the bright-field image of the NA sample, a typical 
flower-like morphology could be identified resulting from several 

fingers (nanorod-like shape) of sizes up to 200 nm. Interestingly, small 
particles (mainly CuO) of sizes ranging from few nm to less than 15 nm 
are found in these nanorods, indicating that the nanorods consists of 
layers/sheets of CuO particles (Fig. 1c). High resolution images (Fig. 1d) 
confirm that particles are mainly CuO and are crystalline in nature, the 
fast Fourier transform (FFT) in the inset could be indexed with CuO 
(111) reflection. Fig. 1b represents the SAED pattern obtained on the NA 
CuOx NPs sample. We observed several diffraction rings emerging from 
the aggregates of the fingers (nanorods), these present random crystal
lographic orientations with a mixed phase composed of CuO (mono
clinic) and Cu2O (cubic) phases. The diffraction rings were indexed 
completely with the CuO (monoclinic) and Cu2O (cubic) phases, while 
CuO being the dominating phase. 

In contrast, annealed “AN” samples exhibit a different morphology, a 
typical nanosheet or multi-layer-structures can be seen in the image 
(Fig. 1e). The finger-like structure is somehow lost after the annealing as 
we observed fewer fingers and thicker areas due to layered-structures. 
SAED analysis (Fig. 1f) confirmed that the CuOx NPs are mainly 
composed of CuO (monoclinic) with small traces of Cu2O phase. Another 
main difference is that AN samples contain large crystals (up to 100 nm), 
see the dark-field image using (220) reflections of CuO in Fig. 1g. Planar 
defects such as twinning were also observed in these large crystals (see 
bright-field image Fig. 1h) indicating the coalescence of CuOx NPs. This 
suggests that recrystallization of the small particles occurred during the 
annealing process. Additional TEM images are shown in the Supporting 
Information (Fig. S4), which include high-resolution TEM indicating the 
d spacings of 0.275 nm corresponding to (110) reflection of the CuO 
monoclinic structure. In summary, the annealing treatment induced a 
change in morphology of the CuOx NPs, due to coalescence of the CuOx 
NPs fingers (nanorod shape) resulting in a nanosheet or multi-layer- 
structures and where the small (< 15 nm) NPs have transformed into 
larger NPs. Moreover, the recrystallization of the small particles occurs 
in the AN sample yielding a predominantly pure CuO phase with minor 
traces of Cu2O, however also creating widespread defects. These are 
important changes that we will show have impact on the optical prop
erties of the NFs. 

To further assess the macroscopic characteristics of the CuOx NPs, 
XRD scans were performed. As depicted in Fig. 2a, the XRD pattern of 

Fig. 1. TEM characterization of the not-annealed and annealed sf-CuOx NPs. (a) A low-magnification bright-field image. (b) The corresponding selected area 
electron diffraction (SAED) pattern of the CuO NPs in the not-annealed “NA” sample. (c) and (d) High-resolution images of the marked area in (a). Clearly, 
nanoparticles of sizes less than 15 nm are noticed in the images. (e) Overview bright-field image. (f) The corresponding SAED pattern of the CuO NPs recorded after 
annealing the sample “AN”. (g) Cantered dark-field image using (220) reflection of CuO showing crystals of up to 100 nm. (h) Enlarged view of the marked area in 
(e). Planar defects (follow the yellow arrows in (h) such as twinning can be noticed in the “AN” sample. 
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the NA CuOx NPs contains two mixed phases of Cu2O and CuO. The 
highest peak is located at a 2θ angle of 36.11◦ assigned to the (111) 
plane of Cu2O. Another peak corresponding to Cu2O can also be found at 
~43◦ and assigned to the (200) plane. Two small peaks originating from 
CuO (200) and (− 202) are also observed. The AN sample features only 
peaks corresponding to the CuO phase. Fitting of the spectra (S3 Sup
plementary Information) reveals that the AN sample is pure CuO, while 
before annealing the Cu2O phase was predominant. 

Chemical composition of the CuOx NPs was analysed by X-ray 
photoelectron spectroscopy (XPS) of both NA and AN samples (Fig. 2b- 
d) to provide a more sensitive and detailed analysis of the surface. As 
shown in Fig. 2b, the Cu 2p spectra of both samples are composed of two 
main characteristic peaks, i.e., Cu 2p3/2 and Cu 2p1/2 with binding en
ergies of 933.8 eV and 953.8 eV, respectively [56–58]. In addition, the 
existence of a strong shake-up satellites of Cu(II), resulting from multiple 
excitations on the oxide surface, confirms that CuO is predominant in 
the samples [59]. Cu 2p3/2 and the corresponding shoulder peak were 
fitted according to relevant literature (table 4 in ref. [60]). Peaks rep
resenting the bonds in CuO, Cu2O, Cu(OH)2 and CuCl/CuCl2 were 
included (Fig. 2b-d). The percentage of the CuO phase went from 57% in 
the NA sample to 79% in the AN sample. In addition, the decrease in the 

percentage of the Cl-based impurities from 5% to 3% resulting from their 
degradation at high temperature, also contributed to the increase in CuO 
[61,62]. showing the benefit of heat treatment in purifying the NA CuOx 
NPs. The decrease of the Cu(OH)2 component from 29% to 13% is 
consistent with OH terminations at the NPs surface and also in agree
ment with the decrease of the overall surface area with increasing par
ticle dimension. The differences between the composition percentages 
determined by XRD with those obtained from XPS are due to the XRD 
probing the bulk of the samples, while XPS provides a surface charac
terization. However, both sets of results confirm the phase trans
formation from Cu2O to CuO resulting in the annealed sample being 
formed for the most part of the CuO phase. 

3.2. Optical properties of the nanofluids 

The transmittance spectra of EG and the CuOx/EG NFs at different 
volume fractions were measured over the wavelength range 
300–2500 nm which makes up 99.3% of the solar irradiance (992.6 W/ 
m2) [63]. As can be seen from Fig. 3a, EG is a strong absorber in the near 
infrared (NIR) region at wavelengths above 1350 nm but is mostly 
transparent below that. In particular, EG transmittance is above 90% in 

Fig. 2. XRD and XPS results of the not-annealed and annealed sf-CuOx NPs. (a) XRD spectra showing the peaks identification of CuOx NPs for the not annealed and 
the annealed sample. (b) XPS results of CuOx NPs showing the Cu 2p and shoulder peaks. (c) Deconvolution of the Cu 2p3/2 region of the not-annealed “NA” sample 
using the Thermo Scientific™ Avantage Software. (d) Deconvolution of the Cu 2p3/2 region of the annealed “AN” sample using the Thermo Scientific™ Avant
age Software. 

Fig. 3. Optical properties of the not-annealed and annealed sf-CuOx NPs. (a) UV-Vis-IR transmittance spectra of CuOx/EG nanofluids. The inset gives a clear view of 
the very low transmittance signal of the highest concentration, 0.01 vol%, (NA and AN) which is close to the instrument noise. (b) Coefficients of absorption and 
scattering of the CuOx/EG nanofluids, annealed (AN) and not annealed (NA). 
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the range 450–950 nm, where the NFs are therefore expected to effi
ciently absorb most of the radiation. For our NFs, the introduction of the 
CuOx NPs into EG drastically reduces the transmittance across the full 
range not covered by EG (Fig. 3a, 300–1350 nm). This reaches NF 
transmittance below 10% across the full wavelength range even with a 
concentration as low as 0.005 vol%, while the 0.01 vol% exhibited 
near-zero transmittance at the limit of the system noise (inset Fig. 3a). 

As the transmittance measurements represent only a partial picture 
of the solar-thermal conversion process, we have then taken measure
ments with an integrating sphere and we have calculated the absorption 
and scattering coefficients for the NFs at the different CuOx NP con
centrations (Section S4, Supplementary Information). Here we have not 
considered the highest concentration (0.01 vol%) because the trans
mittance measurement values were too low to allow the calculation of 
the absorption and scattering coefficients. Fig. 3b clearly shows that all 
nanofluids exhibited high and broad absorption coefficients over the 
wavelength range of interest, (450–950 nm) with the highest values in 
the visible region. It can be also seen that the absorption significantly 
increased with increasing the concentration up to 0.005 vol%. In addi
tion, the heat treatment greatly enhances the absorption coefficient 
(Annealed-AN samples, solid lines in Fig. 3b). For instance, within the 
range 450–950 nm that covers ~61% of the solar irradiance, the ab
sorption coefficient at a volume fraction of 0.005% of the NA nanofluid 
dropped almost linearly from 2.9 cm− 1 to a much lower value of 
0.27 cm− 1, but when the annealed-AN NPs were used at the same con
centration and within the same wavelength range, the absorption co
efficient was above 3 cm− 1 from 450 nm to 630 nm and then dropped 
reaching values still above 1 cm− 1 at 950 nm. NFs exhibited increased 
scattering with increasing the wavelength and became stronger for the 
two higher concentrations at wavelengths above 750 nm, where they 
poorly absorb, while the lower concentration showed constant scat
tering over the entire range. However, the NFs with the AN CuOx NPs, 
particularly at 0.05 vol%, exhibited a much lower scattering than that of 
the samples containing the powder that was not annealed (NA NFs) 
confirming the benefits of the annealing in terms of reducing losses that 
could originate from scattering. 

The increased absorptivity for the AN NFs with respect to the samples 
that were not annealed can be in part attributed to the “purification” of 
the Cu-oxide phase from Cu2O to CuO, where CuO is known to have a 

lower bandgap (1.2 eV) [64] and therefore a larger absorption range 
(S5, Supplementary Information). The samples that were annealed show 
a fairly high phase purity as confirmed by TEM, XRD and XPS. 
Furthermore, as per our TEM analysis, the NA CuOx NPs include very 
small CuO NPs (<15 nm, Fig. 1c) which are not present in the AN 
samples. CuO of such small diameter is to be considered under strong 
quantum confinement and is expected to exhibit a bandgap well above 
2 eV [49]. However, the absorption coefficient of the AN NFs presents a 
clear different trend above 500 nm compared to the NF with NPs that 
were not annealed (Fig. 3b) and defect states may have also contributed 
to this. Indeed, our TEM analysis have indicated an increase of the defect 
density in the AN CuOx NPs (Fig. 1h). 

3.3. Nanofluid solar-thermal conversion efficiency & computational 3D 
model 

We have studied how the optical properties lead to solar-thermal 
conversion and have evaluated the corresponding conversion effi
ciency. A description of the experimental set-up used is provided in the 
Supplementary Information (S6). We used a solar simulator with light 
intensity of approximately 1000 W/m2 and 940 W/m2 reaching the NF 
surface since the fused quartz cover has transmittance of 94% (S9, 
Supplementary Information). The temperature variation of the NF 
samples was recorded until thermal equilibrium. As depicted in Fig. 4a, 
all nanofluids exhibited a faster temperature increase through the first 
few minutes, during which the heat loss rate was not significant since the 
temperature difference between the nanofluid and the ambient air and 
surrounding walls is relatively small. With the rise in nanofluid tem
perature, heat loss became significant and continued to increase until 
thermal equilibrium was reached. It can be also seen that increasing the 
concentration resulted in a significant enhancement in temperature rise. 
For each concentration, the temperature rise achieved with AN NFs was 
greater than those of NA NFs, Fig. 4a. 

While these experimental results provide important qualitative in
formation, in order to determine the STC efficiency, a model needs to be 
developed to take into account all the heat transfer losses and light in
teractions at interfaces etc. Hence, the results shown in Fig. 4a are then 
used to validate a 3-D steady-state model that was implemented in 
ANSYS® Fluent using the discrete ordinates (DO) method for non-grey 

Fig. 4. Experimental results of the solar-thermal energy conversion of sf-CuOx/EG nanofluids and validation of the numerical model. (a) Experimental transient 
temperature followed by the steady-state temperature at thermal equilibrium of EG and NA and AN CuOx/EG NFs under solar irradiation of one sun (3.5-mm sample 
depth without using thermal insulation). (b) Steady-state solar thermal conversion efficiency of the not-annealed “NA” and annealed “AN” CuOx/EG NFs at different 
volume fractions over the UV-Vis-IR region (300–2500 nm), which make up 99.3% of the solar power (992.6 W/m2) at AM1.5 [63]. (c) Steady-state solar thermal 
conversion efficiency of the not-annealed “NA” and annealed “AN” CuOx/EG NFs at different volume fractions over the Vis-NIR region (450–950 nm) which make up 
60.7% of the solar power (992.6 W/m2) at AM1.5 [63]. 
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participating media (Section S7, Supplementary Information). The 
model allows us to gain insights into the spatial distribution of the en
ergy transfer processes, temperature gradients and to have an accurate 
estimation of the NF solar-thermal conversion (STC) efficiency. In order 
to determine the STC efficiency we have evaluated the transient 
behaviour and solved for an arbitrary period of irradiation time (ten 
minutes) with thermally insulated NF and by applying adiabatic 
boundary conditions to all NF surfaces. Under these conditions the rates 
of temperature change over time and the STC efficiency did not change 
considerably across the NF volume (see Supplementary Information, 
Fig. S16b). 

As illustrated in Fig. 4b, simulating a 3.5 mm deep NF, EG exhibited 
15% STC efficiency, owing primarily to its UV and IR absorption, with 
only 2.8% absorption in the Vis-NIR region (Fig. 4c). With the addition 
of CuOx/EG NPs, the efficiency increased to 20% and 22% for the NA 
and AN samples, respectively, at 0.001 vol% (Fig. 4b). They, however, 
performed poorly in the Vis-NIR region with only 6% and 11% respec
tively (Fig. 4c), owing to their low absorption in this region (see Fig. 3b). 
At higher concentrations within the UV-Vis-IR spectra, the efficiency 
was enhanced significantly, reaching 46% and 55% for the NA and AN 
samples of 0.005 vol%, respectively, which further increased at 0.01 vol 
% to reach values of 73% and 84% for the NA and AN samples, 
respectively (Fig. 4b). In the Vis-NIR region at higher concentrations, NA 
sample efficiency decreased compared to UV-Vis-IR, while the AN 
sample efficiency reached their maximum of 89% for 0.01 vol% 
(Fig. 4c). This may be attributed to reduced scattering with AN samples 
at high concentration compared to NA, Fig. 3b. 

Simulations of AN NFs with different depths were carried out and the 
total absorbed power, temperature and thermal conversion efficiency 
versus depth are quantified, Fig. 5. At the higher concentrations, ~90% 
of the total power is absorbed by nanofluids with only 10 mm depth, 
Fig. 5a, while EG has absorbed < 30% of the total solar power at the 
same depth. At lower concentrations > 50% of the solar power is 
absorbed by nanofluid with a 10 mm depth. Simulations also show that 
high concentration samples with a depth of 10 mm or less, after 600 s, 
surface temperatures can reach 60–100 ◦C, falling to near ambient when 
a depth of 7 mm is used, Fig. 5b. The solar thermal conversion efficiency 
peaks for nanofluid with a depth of ~3.5–5 mm, with a maximum of 
89% (0.01 vol%), Fig. 5c. When the samples with a shallow depth are 
used, the efficiency is lower, as illustrated in Fig. 5; this is because some 
of the solar power is not absorbed and it is transmitted through the full 
depth of the samples. On the other hand, increasing the depth beyond 

the values that produce the highest efficiency, i.e. above 4–5 mm, the 
volumetric power density is reduced; in other words, when the depth 
exceeds the optimal values, a fraction of the nanofluid volume at the 
bottom of the sample is not contributing to the absorption as most of the 
solar power has been already absorbed in the top part of the sample. Our 
model could therefore be used to optimize operating conditions for 
different deployment scenarios through adjusting the fluid depth, ge
ometry and concentration. 

3.4. Stability of the nanofluids 

Nanofluids stability and its characterisation is of major importance. 
We have monitored the colloidal stability of AN and NA static samples 
(0.005%), via transmittance measurement, for 30 days at room tem
perature and with up to 20 one-hour heating cycles at 90 ◦C. 

Fig. 6a shows that the transmittance variation with time which in
dicates a very slow sedimentation of the CuOx NPs, with the annealed 
samples displaying a lower sedimentation rate. Under realistic operating 
conditions, nanofluids are continuously re-circulated. Manual shaking of 
stored samples (30 days) for a few seconds was sufficient to restore the 
original Day 0 transmittance. Note that the D0 data and ‘After shaking’ 
data completely overlap in Fig. 6a. AN and NA samples (0.005 vol%) 
were subjected to 90 ◦C thermal cycling to test the impact on stability 
(Fig. S17, Supplementary Information). After 20 heating cycles, little 
change in the transmittance spectra (Fig. 6b) and absorption coefficient 
(Fig. 6c) has occurred with a maximum decrease in the absorption co
efficient of 8% (at 480 nm) and 4% (at 590 nm) for NA and AN samples 
respectively, indicating a high degree of thermal stability. 

Our nanofluids show exceptional stability under heat cycles that can 
be ascribed to the inorganic oxide phase of our NPs and the absence of 
any ligand or surfactant. This is because inorganic oxides are expected to 
be highly stable for a wide range of temperatures, while the use of 
organic materials, ligands or surfactant can easily degrade at relatively 
low temperatures. Furthermore, surfactants, in addition to compro
mising the optical properties, can introduce a high thermal resistance at 
the NP-liquid interface hence further increasing the temperature at the 
surfactant organic components. The absence of specific surfactants can 
however negatively impact the long-term stability and while the long- 
term static stability of our NFs have outperformed some of the nano
fluids reported in the literature [65–67] they have also shown poorer 
long-term static stability when compared to some other nanofluids that 
have used organic or functionalized NPs [27,68–72]. We should 

Fig. 5. Numerical model results of the solar-thermal energy conversion of sf-CuOx/EG nanofluid. (a) The effect of varying the depth of annealed “AN” CuOx/EG NFs 
on the absorbed power. (b) The effect of varying the depth of annealed “AN” CuOx/EG NFs on the temperature obtained at the midpoint of each sample depth. (c) The 
corresponding solar-thermal energy conversion efficiency. A parametric study was carried out to determine these three varying parameters at each depth. 
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however note that many performance measurements in the literature do 
not report sufficient details for a comprehensive comparison and in some 
cases working fluids that are ultimately not suitable for DASCs have 
been used [27,65,66,68,69,72]. As expected, due to the surfactant 
opto-thermal properties and degradation, when the thermal stability 
and the energy conversion efficiency of such 
functionalized/organic-based nanofluids have been assessed, these have 
presented poorer outcomes than our NFs [27,28,68,70,71]. Hence, the 
assessment of DASCs nanofluids needs to take into consideration the 
operational conditions and consider the wider range of performance 
parameters such as energy conversion efficiency, thermal stability as 
well as static and ‘dynamic’ stability and where a trade-off may be 
required. Further work will be required in the development of optimal 
DASC nanofluids where the compromise between solar-to-thermal en
ergy conversion efficiency and stability parameters can be minimized. 

Overall, these results show that our NFs exhibit suitable stability and 
continued exceptional energy conversion performance under a range of 
important realistic operational conditions. These characteristics can be 
attributed to the optical and thermal properties as well as chemical 
stability of metal oxide and CuO more specifically. The OH-terminations 
that we observed in the CuOx NPs may have also contributed to the 
exceptional stability. 

4. Conclusion 

We have shown that a judicious and rigorous investigation from 
material synthesis to application and modelling can deliver high per
formance materials for solar-thermal energy conversion. Our results 
show that combining PiNE synthesis with a subsequent annealing step 
can produce NPs with suitable morphology, crystal structure, purity and 
surface characteristics. We have in this case shown that narrow size 
distributions and control over specific morphologies are not required to 
improve the nanofluid macroscopic properties. Our nanofluids with 
CuOx NPs have exhibited a broad and strong absorption range that 
covers the UV-Vis-NIR spectrum which complements the EG absorption 
spectra at longer wavelengths. Furthermore, we have been able to verify 
their stability against sedimentation for many months and for 90 ºC 
thermal cycling. The solar to thermal energy conversion efficiency in
creases with NP concentration, from < 20% for EG only up to ~90% for 
CuOx - EG nanofluids at a nanoparticle concentration of 0.01 vol%. This 

exceptional increase in efficiency demonstrates that almost all solar 
energy can be potentially converted into heat with appropriate optimi
zation of materials, concentration and collector geometry. 
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