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ABSTRACT
To utilize nanofluids for direct absorption solar collectors (DASCs), they need to maintain their performance and physicochemical stability with exposure to solar radiation. In the present studies, three water-based nanofluids were characterized under light exposure, including silver nanoprisms (AgNPrs), silica coated silver nanoprisms (SiO2@AgNPr) and silica (SiO2) nanoparticles. Their temperature profiles and stability were monitored using simulated sunlight (SSL) and natural sunlight exposure (NSL), quantified by UV-vis spectroscopy and, in the case of SSL, characterized by transmission electron microscopy (TEM). With SSL both silver nanofluids showed an increase in maximum temperature of approximately 40 – 45°C, with a photo-conversion efficiency of about three times greater than the SiO2 nanofluid and water base-fluid. Stability tests showed the SiO2@AgNPr nanomaterial to be morphologically unstable, with the AgNPrs etching over a period of several hours. The AgNPrs showed a higher tendency to aggregation than SiO2@AgNPr nanofluids when exposed to NSL sunlight over a two-week period. Contrarily, the latter exhibited notable changing in shape, consequently effecting the absorption band position. The results highlight strongly the need for stability trials under realistic conditions for the development of nanofluids for direct solar absorption.
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Abbreviations:
A		Surface area
AgNP		Silver nanoparticle
AgNPr		Silver nanoprisms
AMw		Average molecular weight
ANOVA	Analysis of variance
CI		Confidence interval
Cw		Heat capacity of base-fluid
DASC		Direct absorption solar collector
DMA		Dimethylamine
I		Incident radiative intensity
IR		Infra-red
MHA		16-mecaptohexadecanoic acid
Mw		Mass of base-fluid
NSL		Natural sunlight
OD		Optical density
ODmax		Maximum optical density
PE		Photo-conversion efficiency
PVP		Polyvinylpyrrolidone
P-A		Procedure A
P-B		Procedure B
P-C		Procedure C
P-D		Procedure D
SD		Standard deviation
SiO2@AgNPr	Silica coated silver nanoprisms
SSL		Simulated sunlight
TEM		Transition electron microscopy
TEOS		Tetraorthosilicate
TSCD		Tri-sodium citrate dihydrate
∆T		Change in Temperature
∆t		Change in time
WP		Wavelength of maximum absorption peak


1 [bookmark: _Toc466362310][bookmark: _Toc473271202][bookmark: _Toc473291794][bookmark: _Toc489001184][bookmark: _Toc522867053]INTRODUCTION
Direct absorption solar collectors (DASCs), which were developed during the 1970s, utilize a volume of liquid as the working fluid to collect solar thermal energy. At their most basic, a DASC consists of a flowing working fluid protected by a glass or glazed front face, which absorbs the solar radiation directly without the need for a conventional selective surface absorber. Compared to selective absorbing surface solar collectors (Gupta et al., 2015a), DASCs exhibit advantages such as simpler manufacturing, saving raw material (in particular copper) (Otanicar and Golden, 2009; Otanicar et al., 2010; Tyagi et al., 2009), improving heat transfer (Iyahraja and Rajadurai, 2015; Lee et al., 2016) and generating an even distribution of the rising temperature through the fluid system, which reduces overall heat loss (Luo et al., 2014; Xu et al., 2015). These factors have led to an overall increase in efficiency of ~10% (Nasrin et al., 2015; Turkyilmazoglu, 2016). Since water-based DASCs absorb only about 13% of the solar radiation (Otanicar et al., 2009), highly solar absorbing additives such as micro particulate carbon black or Indian ink were explored (Gorji and Ranjbar, 2016). However, this addition can cause operational issues such as pump blockage, erosion and sedimentation (Kazemi-Beydokhti et al., 2014; Khullar et al., 2014). In this regard, following the advanced development of nanotechnology, the addition of nanoparticles having notable absorption characteristics has led to the realization of working-nanofluids (i.e. nanoparticles suspended in base-fluid) providing great potential for the improvement of DASC performances.
A nanofluid is an engineered dilute colloid consisting of nanoparticles suspended in a suitable base-fluid (such as water or ethylene glycol) normally with the addition of various stabilizing agents (such as surfactants) to prevent aggregation and sedimentation of the nanoparticles. A wide range of nanomaterials have been adopted for such applications, including carbon based nanomaterials (e.g. graphite, graphene oxide, nanotubes) (Delfani et al., 2016; Gorji and Ranjbar, 2017b; Hordy et al., 2014; Karami et al., 2014; Khosrojerdi et al., 2017; Li et al., 2020; Luo et al., 2014; Otanicar et al., 2010; Shende and Ramaprabhu, 2016), metal oxides (e.g. Al, Ti, Cu, Fe, Zn, Ce and Si oxides) (Gorji and Ranjbar, 2017b; Gupta et al., 2015b; Hatami and Jing, 2017; Karami et al., 2015; Milanese et al., 2016; Turkyilmazoglu, 2016; Xu et al., 2015) and metallic nanoparticles. Nanofluids containing more than one type of nanomaterials, or composite nanomaterials, have been found to be more adaptable, offering potential performance improvements (Akilu et al., 2018; Dhinesh Kumar and Valan Arasu, 2018; Menbari et al., 2017; Ranga Babu et al., 2017; Yu and Xuan, 2018). For the metallic nanoparticle based additives, most work has been focused on gold (Gorji and Ranjbar, 2017a; Sharaf et al., 2019; Zeiny et al., 2018), copper (Luo et al., 2014), nickel (Gorji and Ranjbar, 2017a) and silver (Abdelrazik et al., 2019; Bandarra Filho et al., 2014; Chen et al., 2016; Gorji and Ranjbar, 2016, 2017b; Otanicar et al., 2010). In particular for silver, hybrids have also been studied, including carbon nanohorns (Sani et al., 2015), SiO2 coating (Hjerrild et al., 2016; Hjerrild et al., 2018) and TiO2 (Xuan et al., 2014).
Studies on DASCs containing silver nanoparticles (AgNPs) have shown efficiency improvements between 5% and 144% (Bandarra Filho et al., 2014; Otanicar et al., 2010; Walshe et al., 2019). Currently, most of AgNPs related studies have been focused on silver nanospheres, with limited attention paid to anisotropic silver nanomaterials for volumetric absorption (Crisostomo et al., 2017; Hjerrild et al., 2018; Taylor et al., 2018). In our series of research on silver nanoparticles (Carboni et al., 2013; Carboni et al., 2016; Mabey et al., 2019; Zmijan et al., 2014), silver nanoprisms (AgNPrs) that exhibited a strong absorbance of near infra-red (NIR) wavelengths attributed to surface plasmon resonance were used. These may be beneficial for DASC performance. In order to preserve the physical and mechanical properties of AgNPs, a coating strategy using silica as an inert yet optically transparent material has been further developed by our research group (Carboni et al., 2016) and others (Hjerrild et al., 2018). However, there still remains the challenge of maintaining their physicochemical stability as a working-nanofluid during operation of DASCs, due to the possibility of photo-induced chemical processes occurring on exposure to sunlight (Tang et al., 2013). These lead to changes in the absorption spectra of the nanofluid with time effecting the efficiency of the DASC.
To be suitable for DASCs, the nanofluid employed needs to be physically and chemically stable during thermal cycling (Goel et al., 2020), pumping and under sunlight exposure. This includes maintaining the same viscosity, thermal conductivity and freezing / boiling temperature with no particle aggregation, as well as showing no reactions between chemicals within the nanofluid or externally with any material used for the DASC. This is challenging for silver nanofluids due to photo conversion that can change the nanoparticle shape and size, hence the need for protection such as using a coating. Many parameters influence the physicochemical stability of the nanofluid. The base-fluid’s composition is crucial, and pH, contaminants, additives or presence of oxygen may lead to disintegration of the nanoparticles (at high pH) or aggregation (absence of solubilizing and stabilizing agents). In addition, the nature, size, shape and presence of coating or additional stabilizing agents can affect the colloidal or nanofluid stability. Currently there is a lack of knowledge on the stability of AgNPr nanofluids; only very few reports can be found on the investigation of related non-spherical silica coated silver nanodiscs (Hjerrild et al., 2018; Taylor et al., 2018).
Although thermophysical properties of nanofluids such as viscosity, thermal conductivity and specific heat are important for DASC applications, this study has been focused on optical properties. This is primarily because of the significant possibility of photo-induced chemical processes having a detrimental effect on the optical properties and hence performance and secondly because optical properties have traditionally received less attention in the literature (Khanafer and Vafai, 2018).
Here, we have investigated silver and SiO2 coated silver nanoprism, water-based nanofluids for their suitability for DASC applications. By utilizing a solar simulator, real-time temperature profiles were obtained for these nanofluids which exhibited strong absorbance in the near-IR wavelength band (>750 nm). The thus obtained photo-conversion efficiency (PE) was compared to silicon-based nanofluids and to water itself. The stability of the optical properties of the nanofluids were evaluated under real-world application relevant conditions using a static DASC system exposed to SSL in the visible to near IR range, and under natural sunlight exposure. This is the first time that nanofluids containing silver nanoprisms with a maximum absorption peak at a wavelength >750 nm and SiO2 coatings of about 50 nm thickness have been evaluated for optical and morphological stability in such a manner.
Although other SiO2 coated non-spherical silver nanoparticle based nanofluids have been investigated by other researchers for their optical stability (Taylor et al., 2018), the results presented in this paper differ considerably, highlighting the importance of further research into stability for these and other nanofluids.
2 [bookmark: _Toc473291796][bookmark: _Toc489001187][bookmark: _Toc522867070]EXPERIMENTAL METHODS
2. [bookmark: _Toc522867072]Chemicals
Silver nitrate (AgNO3 99%), tri-sodium citrate dihydrate (TSCD), Polyvinylpirrolidone (PVP, average molecular weight AMw ≈ 29,000 gmol-1), hydrogen peroxide (H2O2 30wt-%), sodium borohydride (NaBH4, 99%), 16-mecaptohexadecanoic acid (MHA), tetraethoxysilane (TEOS), and dimethylamine (DMA) solution (40% v/v) were obtained from Sigma Aldrich and used as purchased. Absolute ethanol was obtained from Fisher Scientific. All water employed was of Milli-Q quality.
2. [bookmark: _Ref513796278][bookmark: _Toc522867074]Synthesis of silver nanoprisms (AgNPrs)
Silver nanoprisms can be prepared by different methods (Bandarra Filho et al., 2014; Carboni et al., 2013; Chen et al., 2016; Crisostomo et al., 2017; Gorji and Ranjbar, 2016; Haber and Sokolov, 2017; Ledwith et al., 2007; Otanicar et al., 2010; Roy et al., 2015). We used the one-step reducing-oxidizing method modified from (Zhang et al., 2011) to obtain AgNPrs which are stabilized, in water, electrostatically by citrate and sterically by polyvinylpirrolidone (PVP). The produced AgNPrs were expected to exhibit a strong plasmonic absorption with a peak at a wavelength >750 nm and to be mainly comprised of small triangular nanoparticles.
Procedure A (P-A): Briefly, 48 mL of solution containing TSCD (100 mM, 0.75 mL), silver nitrate (AgNO3, 50 mM, 0.10 mL), PVP (0.70 mM, 0.75 mL) and hydrogen peroxide (H2O2, 30 wt.%, 0.25 mL) was stirred vigorously at room temperature. After 7 minutes a freshly prepared solution of sodium borohydride (NaBH4, 25 mM, 2.00 mL) was rapidly injected. After about 30 minutes, the solution color changed through yellow to orange-brown, then green-blue through to blue after a further 5-10 minutes. 
With three 50 mL batches (denoted P-A1, P-A2 and P-A3) of TSCD and PVP stabilized AgNPrs produced, UV-vis spectra (using a Varian Cary 300 Bio spectrophotometer) of each batch were recorded. Half of each batch sample (25 mL) was then set aside for the next step, i.e. SiO2 coating.
Procedure B (P-B): The remaining 25 mL samples were centrifuged at 13,000 rpm (16168 r.c.f.) for 30 minutes, the supernatant removed, and the AgNPrs re-dispersed in 6 mL of water to give 3 batches of AgNPrs with a higher absorbance (denoted P-B1, P-B2 and P-B3). 
2. Coating AgNPr with SiO2
[bookmark: _Toc489001188]The coating of the AgNPrs was achieved using tetraorthosilicate (TEOS) in basic ethanolic solution (Graf et al., 2003; Lismont et al., 2015), which was superior to the water glass method (Ung et al., 1998), to give SiO2@AgNPr. The stabilization of the AgNPrs with MHA, as obtained after synthesis, proved crucial to avoid degradation upon transfer to the basic ethanolic solution (Carboni et al., 2013). For comparison, pure SiO2 nanoparticles were also produced, in order to measure their effect on nanofluid performance when they were present simultaneously with coated AgNPrs in the nanofluid.
Procedure C (P-C): One mL of an ethanolic solution of MHA (1.0 mM) was added to the PVP and TSCD stabilized AgNPr solution from P-A (25 mL) obtaining a final MHA concentration of 40.0 µM. This was centrifuged at 16168 r.c.f. for 30 minutes to remove the excess of PVP and TSCD. The supernatant was removed and the sample re-dispersed in 1.5 mL milli-Q water. To this, 67.5 µL of TEOS was added. This was mixed and then injected into 25 mL of absolute ethanol containing 2.66 mL of 40% DMA solution. The reaction was allowed to proceed for 30 minutes with stirring (600 rpm). After 30 minutes the reaction was stopped by adding excess ethanol (20 mL). The resultant solution was centrifuged at 12857 r.c.f. for 15 minutes and the nanoparticles re-dispersed three times into ethanol to remove as much of the excess SiO2 as possible. Finally, the sample was diluted with water to give 6 mL of SiO2@AgNPrs (denoted P-C1, P-C2 and P-C3). UV-vis spectroscopy and TEM analysis were undertaken.
Procedure D (P-D): Three batches of nanofluids containing SiO2 only were also prepared following the same procedure mentioned above, but using the addition of TEOS as the starting step (denoted P-D1, P-D2 and P-D3). 
2. [bookmark: _Ref490035254][bookmark: _Toc522867071]Performance of nanofluids under simulated sunlight (SSL)
With three batches of the AgNPrs, SiO2@AgNPrs and SiO2 samples prepared, their solar absorption performances were evaluated with a solar simulator. The resulting nanofluids were further examined by UV-vis spectroscopy and TEM, before and after exposure. 
The solar simulator (labelled 1 in Fig. 1) that was employed consists of a xenon light source (type PLS SXE300) and stabilized power supply (type CHF-XM-500W) both manufactured by “Perfect Light” (China). The light has an output power of 50W over a spectral range of 300-2500 nm and a light spot diameter of 30-63 mm. It is cooled by a radial cooling module and metal fan and when used in conjunction with the stabilized power supply has a light instability of ±6 % (dimensions of metal light box are 160 x 210 x 200 mm). The setting on the power supply was kept constant throughout the experiment. The solar flux incident on the samples from the lamp at this setting was measured using a Voltacraft PL110 SM solar meter and found to be 1500 W/m2. The spectra obtained from the Xenon lamp was also measured using a portable spectroscope (An Avantes AvaSpec-ULS2048 portable spectroscope with a range of 360 to 1100 nm and AvaSoft 8 software) and compared to sunlight to show that the lamp gave a good approximation to sunlight exposure. In order to prevent saturation of the spectroscope the aperture was reduced from 9 mm to 1 mm.
A Schneider Electric NSYCRN325150 steel box (labelled 2 in Fig. 1) from Farnell (dimensions 300L x 250H x 150D mm) was modified to cover the light source and provide consistent placement of the sample test holder. The distance from the light source to the front face of the samples was 180 mm.
An 80 x 80 x 10mm sample holder (labelled 3 in Fig. 1) was designed (Fig. 2(a)) and laser cut from Perspex and bolted to the steel box using 10 mm bolts (not shown) so that the center of the sample holder was in the center of the light beam. The front face of the holder was 182 mm from the lamp.
The temperature of the samples was monitored in real time using RS PRO type K thermocouples (labelled 4 in Fig. 1) of 0.6mm diameter (temperature range -50 to +250°C) with a welded grounded junction conforming to IEC 60584 standard. The thermocouples were placed 10 mm from the front face of the three samples as detailed in Fig. 2(b). The thermocouples were connected to a National Instruments NI9211 thermocouple data logger utilizing Labview software (labelled 5 in Fig. 1). This was connected to a computer.
1.5 ml of each sample was placed in a disposable solvent resistant micro cuvette (Malvern instruments ZEN0040 – wavelength range 230 - 900 nm), labelled 6 in Fig. 1. The minimum volume of the cuvette was 40 µl with a path length of 10 mm. A thermocouple was placed at the back of each cuvette and the cuvette lid added. The samples were then sealed with PTFE tape, parafilm and o-rings to reduce evaporation. A schematic of the cuvette is given in Fig. 2(b).
[image: ]
[bookmark: _Ref529455123]Fig. 1 Schematic of solar simulator testing setup
The testing procedure was as follows: three 1.5 ml samples of the same nanofluid type were placed in three cuvettes and the UV-vis spectra recorded by rotating the cuvette through 90o giving a path length of 4 mm (to prevent saturation of the Varian Cary spectrophotometer). The thermocouples were added and the cuvettes sealed. These were placed in the sample holder bolted to the steel box with one sample in the front (F) position, one in the middle (M) and the final sample at the back (B). The starting temperature of the nanofluids was recorded for a minimum of 30 seconds prior to switching on the simulator for one hour while the temperature was monitored. The samples were allowed to cool and removed from the sample holder. The UV-vis spectra were recorded using the Varian Cary spectrometer in the same manner as the initial spectra. The samples were then placed back in the sample holder with each sample moved by one position and the procedure repeated to give 6, 9 or 12 hours total exposure (moving each sample by one position following each hour of exposure).
The change in temperature (∆T) was calculated taking the starting temperature as the average of the 30 seconds prior to the lamp being switched on. The slope of the graph ∆T/∆t was calculated in the linear region between t= 90 and t = 150 seconds. For a dilute nanofluid the heat capacity and the mass of nanofluid can be approximated by the heat capacity and mass of the base-fluid. Hence (Equation 1):  

[bookmark: _Ref29372512]Equation 1
Where PE is the photo-conversion efficiency (%), which is a ratio of the internal energy increase to the total incident solar radiation. Cw is the heat capacity of the base-fluid (J/kg K), Mw is the mass of the base-fluid (kg), ∆T is the change in temperature (K), I is the incident radiative intensity (W/m2), A is the surface area exposed (m2) and ∆t is the change in time (s) (Jin et al., 2016). Hence, for a given system where I, A, Cw and Mw are constant the PE is proportional to the rate of temperature rise in the linear part of the graph.
[image: ]
[bookmark: _Ref529456135][bookmark: _Ref24527507]Fig. 2 Detail of (a) sample holder and (b) ZEN0040 cuvette. All dimensions in mm
2. Exposure of nanofluids to sunlight
To ascertain the longer-term stability of the AgNPr and SiO2@AgNPr nanofluids, outdoor exposure tests were undertaken on the six samples (P-B and P-C). Samples were exposed for 2 weeks over the period of 2nd June to 16th June 2018 in Southampton, UK. The samples faced due south and were angled at 30o to the horizontal. The sample volume was 3 mL and the sample containers (diameter 23 mm, total height 48 mm) were made of glass with a plastic lid to prevent evaporation (typically 80% transmittance over the range of 250 - 2000 nm). UV-vis spectroscopy was undertaken prior to and after exposure.
2. Characterization of nanoparticles and nanofluids 
UV-vis spectroscopy analysis employed a Varian Cary 300 Bio spectrophotometer over a wavelength of 200 to 900 nm with either a 10 mm (quartz cuvette) or 4 mm (ZEN0040 micro cuvette) path length for the more concentrated samples. The scan rate was 600 nm/min with a step of 1 nm and a time per step of 0.1 s. All initial values of maximum absorbance were kept below 2 au by choosing the appropriate cuvette. Samples from P-A were directly characterized without the need of intermediate steps, and they were considered as references for optical density (OD) comparison. All the results were normalized in OD, corrected for path length, and compared directly to the same P-A batch (P-A1 used to calculate P-B1 OD, P-A2 for P-B2 OD and P-A3 for P-B3 OD). Two main criteria were used to assess the UV visible spectra, i.e. the wavelength of the maximum absorption peak (WP) and the height of that peak in terms of OD (ODmax).
Transmission electron microscope (TEM), analysis utilized a Hitachi HT7700 100 kV TEM. Preparation of samples involved drop casting onto carbon and Formvar coated Cu/Pd 200 mesh grids and subsequent base-fluid evaporation. Further TEM picture analysis entailed Digimizer image analysis software and Minitab 17.3.1 statistical analysis software. The scale bar on the TEM image was used to calibrate the line length employed in the Digimizer image analysis software and the size of the individual nanoparticles then measured manually for each particle of the same type. Multiple images were used to increase the number of measurements taken to determine the size distribution. The resulting lists of lengths were then input into the Minitab statistical analysis software to obtain the distribution, means and standard deviations. For the SiO2 coated particles, the whole width of each particle was measured.
2. [bookmark: _Ref29815988]Measurement uncertainty 
The measurement uncertainty was determined according to the method described in (Bell, 2001). For each measurement type (UV-vis spectroscopy, TEM and SSL) the relative uncertainty was calculated for each of the type B (equipment calibration / resolution) uncertainties and combined with the type A (sample variation) uncertainties to give a combined relative uncertainty. A coverage factor of 2 (approximately 95% confidence) was then used to give a final expanded uncertainty.
For the SSL tests, uncertainties in the constant CwMw/IA (Equation 1) range gave an expanded uncertainty of 8.35% for the type B uncertainties (see SI Table S1) and a range of total expanded uncertainties of 9.45 – 9.62% for water in the three positions (see SI Tables S2, S3 and S4.)
For the uncertainty in the measurement of WP in the UV-vis spectroscopy, the type B uncertainties were smaller (<1%) leading to an overall lower uncertainty in general (see SI Table S5 for an example calculation using the data presented in Fig. 3a, which gave an expanded uncertainty of 1.93%). Similarly the type B uncertainties for the absorption maxima were again <1%. However, there was typically more variation in the height of the absorption maxima (this is illustrated for Fig. 3a in SI Table S6, which gave an expanded uncertainty of 5.80%).
For the TEM measurements, type B uncertainties were <3%. However, although multiple measurements were employed there was still considerable variation in particle sizes leading to a higher typical expanded uncertainty (illustrated in SI Table S7 for the triangular P-B1 sample measurements from SI Table S11 – giving an expanded uncertainty of 4.41%). It was also not possible to quantify the uncertainty associated with manually selecting which particle had a particular shape.
3 [bookmark: _Toc522867077]Results and Discussion
In the present study, the variation in temperature on repeated exposure to SSL was measured in real time for AgNPrs, SiO2@AgNPr and SiO2 nanofluids. These were compared to the water base-fluid to show the potential of these nanofluids to improve the PE. The stability of the nanofluids was assessed by measuring the change in UV-vis spectra with different exposure time, and by examining the shape of nanoparticles via TEM. NSL trials over a longer period were also carried out to contextualize the SSL exposure results.
3. AgNPrs-based nanofluids
The synthesis for P-A was based on (Zhang et al., 2011) with some modifications, where AgNPrs were stabilized with both TSCD and PVP. The ratio of silver ions to sodium borohydride in this synthesis was 1:10, similar to that employed previously (Carboni, 2014; Panzarasa, 2015; Tang et al., 2015; Zhang et al., 2011). 
The U-V visible characterisation of the AgNPrs synthesised from procedure P-A is shown in Fig. 3a. The comparison in terms of OD with procedure P-B is given in Fig. 3b. Initially the maximum absorbance for P-A was on average 1.6 ± 0.08 a.u.) with an average WP of 851 ± 13.6 nm for an initial silver concentration of 0.1 mM. After concentration (P-B) the average ODmax was 2.87 ± 0.18 (In all cases the original absorption value was kept below 2 au see SI Table S8). If no material had been lost on centrifuging the value of ODmax should have been ≈ 4 au, hence, this represents about a 28% reduction in ODmax. The WP had also blue shifted to an average of 801 ± 5.0 nm. This shows the non-linear variation of ODmax due to both the possible loss of product during the purification procedure,the effect of mechanical damage and aggregation, and the effect of particle size and concentration on the optical output. It should be noted that a higher than 0.1 mM silver concentration was employed for this work to make the results more application relevant. This can have a small effect on the absorption due to electronic effects between particles.
[image: ]
[bookmark: _Ref514416531]Fig. 3. (a) UV-vis results for P-A (10 mm quartz cuvette), and (b) OD (absorbance normalized to procedure P-A) results for P-A and P-B.
To confirm the morphology, samples from P-B were examined with TEM (Fig. 4). Further size analysis was performed on multiple TEM images and the results are reported in SI Tables S11. The majority of the particles were triangular in shape, with some rounded corners. A range of sizes was seen, but the mean side length was similar for the three batches at about 30 - 45 nm. This mean size is slightly smaller than we obtained previously (Carboni et al., 2016) for a WP of 750 nm and confirms that the position of the WP is affected by the sample geometry as well as the size (Kelly et al., 2003). 
[image: ]
[bookmark: _Ref530053837][bookmark: _Ref531176443]Fig. 4. TEM images for P-B1 (a), P-B2 (b) and P-B3 (c) AgNPrs. All scale bars = 100 nm. 
3. Coating AgNPrs with SiO2
Aiming at the silica coating of AgNPrs, significant modification to the protocol of Lismont et al (Lismont et al., 2015) (for nanospheres) were carried out. Specifically, DMA was used to replace ammonia hydroxide in order to prevent etching of the triangular AgNPrs (Carboni, 2014), while MHA was added to cap the surface (Fig. 5).
[image: ]
[bookmark: _Ref12354020][bookmark: _Ref529448683]Fig. 5. Modified coating procedure for AgNPrs.
The UV-vis spectra of the SiO2@AgNPrs (obtained from P-C) and the SiO2 (from P-D) nanofluids are shown in Fig. 6. The WP for the SiO2@AgNPr nanofluids averaged 832 ± 8.2 nm with an ODmax of 3.20 ± 0.26 a.u (see SI Table S8 for absorbance maxima data). The SiO2 coating therefore red shifted the peak position by approximately 30 nm, in agreement with what we reported earlier (Carboni, 2014). The peak height was not significantly different (according to a statistical two-sample T-test – a hypothesis test allowing the comparison of two means – see SI Equations S1 & S2 for further details) to the P-B samples showing that the coating had no detrimental effect on the absorption. This clearly demonstrated the advantage of SiO2 coating as it is optically transparent (Guerrero-Martinez et al., 2010; Li et al., 2015). The presence of SiO2 in the nanofluid samples is identified by its typical absorption below 350-450 nm, which is also shown for the nanofluid containing pure-SiO2 nanoparticles (P-D).
[image: ]
[bookmark: _Ref5710875]Fig. 6. SiO2@AgNPr (P-C) and SiO2 (P-D) nanofluids prior to solar testing (original values of maximum absorption and cuvette details given in SI Table S1).
TEM characterization of the SiO2@AgNPrs (P-C) showed a consistent thickness of the coating of SiO2 onto the AgNPrs (Fig. 7 and SI Table S12). The mean size of the SiO2@AgNPrs was similar for the three batches at 141.4 nm. Although nanoparticles may be generally considered as having structural dimensions of less than 100 nm, other authors still use the terminology of nanoparticles or nanofluids to describe hybrid nanoparticles ≤ 200 nm (De Matteis et al., 2017; Kang et al., 2015; Lismont et al., 2015). The presence of SiO2 nanoparticles without an Ag core was also confirmed. It also showed that the majority of SiO2@AgNPrs were well monodispersed individually, with a low percentage of multi-cored silver. This and the enhanced stability of SiO2 nanofluids in aqueous solutions (Guerrero-Martinez et al., 2010) suggest that aggregates reaching the micron scale are unlikely. The thickness of the SiO2 coating was similar but slightly lower to that obtained after 25 minutes reaction time by Lismont et al of 177.8 nm (Lismont et al., 2015). The coating was thicker than that produced using different coating procedures reported on silver nanodiscs (Hjerrild et al., 2018; Taylor et al., 2018). This could potentially be beneficial for our applications.
[image: ]
[bookmark: _Ref12355588]Fig. 7. TEM images for P-C1 (a), P-C2 (b) and P-C3 (b) SiO2@AgNPr, before solar testing. All scale bars = 100 nm. The yellow line on (a) shows how the measurement of the SiO2@AgNPr particles was undertaken.
3. Performance of nanofluids under simulated sunlight (SSL)
The emission spectra of the solar simulator was compared to sunlight and shown to be similar (See SI Fig. S2), and hence suitable for these comparative tests. The reproducibility of the solar simulator test method was tested by repeat measurements of the water base-fluid (SI Table S13). The pooled standard deviation (pooled SD) for ∆T was 1.096 °C, and 0.0015 °Cs-1 for the slope ∆T/∆t. However, the position of the sample in the simulator was found to be a significant factor with the sample in the middle (M) position having consistently higher values. It was therefore necessary to rotate the batches in the simulator in a consistent manner to ensure that each batch of each type of nanofluid had the same amount of time in each position over the total number of testing cycles. This allowed a statistical analysis of the results.
The measurements of mean changes in temperature ∆T on exposure to SSL are depicted in Fig. 8. All the fluids showed an initial linear increase in temperature, followed by a levelling out of the temperature rise. The results from the SSL exposure were analyzed using response surface methodology utilizing Minitab 17.3.1. This showed that the batch number (1 – 3) and time (0-12 hours) did not significantly affect ∆T. On the other hand, the nature of the nanofluid and the position in the solar simulator caused ∆T variations. The mean results (mean of all results for that sample type in a given position in the solar simulator) (Fig. 8) showed that the middle sample position in the solar simulator (see Fig. 1) gave a larger ∆T than the other two positions. In addition, both the SiO2@AgNPr (P-C) and the AgNPr (P-B) nanofluid had a much higher final temperature than the SiO2 (P-D) nanofluid and the base-fluid water.
[image: ]
[bookmark: _Ref12355511]Fig. 8. Mean ∆T as a function of SSL exposure time. W = water, P-D = SiO2, P-C = SiO2@AgNPr, P-B = AgNPr. Position in solar simulator = Back (B), middle (M) or front (F).
After 1 hour exposure to SSL, analysis of variance (ANOVA) showed the AgNPr (P-B) nanofluid to have a slightly higher maximum ∆T (stagnation temperature) than the SiO2@AgNPr (P-C) nanofluid. Both the silver containing nanofluids had a ∆T significantly greater by about 20°C than the SiO2 (P-D) nanofluid and the water (W) base-fluid. The value of ∆T for the AgNPr nanofluids was about double that of the water base-fluid and the SiO2 nanofluid, showing the potential of the AgNPr nanofluid for solar applications. Even when the uncertainty of the experiment (see Section 2.7) is taken into consideration, there is still a measureable increase in ∆T for the AgNPrs and SiO2@AgNPrs compared to water and SiO2. 
When the same ANOVA was undertaken on the rate of change in temperature, ∆T/∆t (i.e. the slope) the water and SiO2 nanofluid were comparable with a lower slope than the two AgNPr nanofluids. Again, the AgNPrs (P-B) had a slightly larger value of ∆T/∆t than the SiO2@AgNPrs (P-C). The statistical results are summarized in Table 1 for samples in the middle position (M). The slope of the AgNPr containing nanofluids was about three times the other samples, giving a better indication of the potential improvement that these nanofluids could offer (as slope is directly related to PE, according to Equation 1 (Jin et al., 2016; Otanicar et al., 2010)).
The results obtained were higher than those observed by Otanicar et al (Otanicar et al., 2010) and Hjerrild et al (Hjerrild et al., 2016), but of a similar magnitude to others (Al-Nimr and Al-Dafaie, 2014; Bandarra Filho et al., 2014; Chen et al., 2016). This may be attributed to the test geometry and nanofluid silver concentration used in this work that was optimized to maximize the nanofluid absorption of the solar radiation. In contrast, silver nanoparticles are known to increase the thermal conductivity of the fluid (Lee et al., 2016; Roy et al., 2015; Salehi et al., 2013). This is likely to have a detrimental effect on ∆T at 3600 s with an increase in thermal conductivity leading to an enhancement of losses to the surroundings and a lower stagnation temperature. This may explain why the improvement in the PE was larger than the improvement in ∆T.
[bookmark: _Ref531686011]Table 1 SSL results for samples in the middle (M) position
	Nanofluid
	∆T after 1 hour/ °C
	Slope (∆T/∆t) / °Cs-1

	
	Mean
	SD
	Grouping
	N
	% improvement
	Mean
	SD
	Grouping
	N
	% improvement

	AgNPr (P-B)
	44.1
	1.37
	A
	12
	102
	0.074
	0.006
	A
	12
	270

	SiO2@AgNPr (P-C)
	41.7
	1.16
	B
	6
	91
	0.068
	0.004
	B
	6
	240

	SiO2 (P-D)
	23.6
	1.16
	C
	9
	8
	0.021
	0.002
	C
	9
	NA

	Water (W)
	21.8
	1.25
	D
	9
	NA
	0.020
	0.002
	C
	9
	NA



To assess the stability of the nanofluids repeated exposures to SSL were carried out (Fig. 9 & 10). Fig. 9 shows the change in position of the maximum absorption peak on exposure to SSL, while Fig. 10 shows the average spectra for the three batches before and after exposure. The WP for the AgNPrs (P-B), blue shifted by about 100 nm, with a drop in ODmax of about 10% whereas the SiO2@AgNPrs (P-C) had a change in WP of about 200 nm (from about 800 to 600 nm), and a similar drop in ODmax of 9% (For absorption maxima values please see SI Table S10). All SiO2@AgNPr (P-C) nanofluids appeared to show a reduction in stability when compared to the AgNPr (P-B) nanofluid. This reduction in stability was not expected from reviewing the literature (Hjerrild et al., 2016; Taylor et al., 2018). There was some variation in the results obtained for the different batches with P-C2 being especially unstable, although its uncoated counterpart (P-B2) was the most stable.
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[bookmark: _Ref514668810]Fig. 9. Change in WP with SSL exposure time for AgNPr (P-B) and SiO2@AgNPr (P-C) nanofluids.
It was noted that the SiO2@AgNPr P-C2 appeared to change color before testing. To investigate this, UV-vis spectra of the coated samples were recorded after storage in the dark at 4 °C for three weeks (Fig. 11). A blue shift of 15, 98 and 23 nm was observed for the WP of P-C1, P-C2 and P-C3 respectively. ODmax decreased by 5% for P-C1, 46% for P-C2 and 17% for P-C3 (for absorption maxima values see SI Table S10). The order of stability in the dark for the three batches was hence P-C1 > P-C3 > P-C2, in line with that obtained in SSL for the same three batches (Fig. 9). The change in the position of the peak in the dark was not as enhanced as for the SSL exposed samples.
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[bookmark: _Ref530664507]Fig. 10. UV-vis spectra after exposure to SSL (Average OD results shown).
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[bookmark: _Ref514669929]Fig. 11. UV-vis spectra of SiO2@AgNPr (P-C) initially and after storage in the dark for 3 weeks.
TEM characterization further demonstrated the morphological change of the SiO2@AgNPrs (P-C), indicating the lack of stability. TEM images of the P-B and P-C nanofluids following SSL exposure are depicted in Fig. 12 (and the results of the size analysis are reported in SI Table S14). To further understand the stability, the size of the silver particles inside the SiO2 shells were measured, where a smaller size would indicate that the silver was being etched. In addition, particles present in the P-C samples which are no longer coated would indicate that the SiO2 coating is not stable.
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[bookmark: _Ref514673556][bookmark: _Ref5704087]Fig. 12. TEM pictures of AgNPr (a: P-B1, b: P-B2, c: P-B3) and SiO2@AgNPr nanofluids (d: P-C1, e: P-C2, f: P-C3) after SSL exposure (P-B = 12 hours, P-C = 6 hours). All scale bars = 100 nm.
As can be seen from Fig. 12, the AgNPrs (P-B) are all more rounded. The increase in the number of non-triangular (other) particles in the size analysis also confirms this. The size of the particles has, however, remained about the same at 30-45 nm (diameter of rounded particles compared with edge length of prisms) showing that the predominate process is the rounding of the corners of the AgNPrs rather than a breaking up of AgNPrs into smaller particles. This phenomenon is largely the cause of the blue shifted absorption maxima.
For the SiO2@AgNPrs (P-C), the AgNPrs inside the SiO2 shells all appear to have more rounded corners. The size analysis also shows that the AgNPrs are smaller on average than the initial uncoated AgNPrs reducing in size by about 10 nm, suggesting that the AgNPrs are continuing to etch inside the coating. In addition, the size of the SiO2 shells has reduced slightly (between on average 4 - 9 nm), suggesting that the SiO2 shell is also degrading. There is, however, a lack of free silver particles showing that this is a slow process (no free silver particles were seen in the TEM pictures taken before SSL exposure). The main cause of the lack of stability would therefore likely be the etching of the AgNPrs inside the SiO2 shell.
With our modified synthesis, we produced thick SiO2 coatings, which should have reduced instability caused by SiO2 dissolution of thin SiO2 coatings seen by others (Hjerrild et al., 2018). However, in doing so we seem to have accelerated the shape conversion of the silver on exposure to light. This acceleration in shape conversion was not seen with SiO2 coated silver nanodiscs in water, produced using a different synthesis (Taylor et al., 2018). This highlights the complex nature of the interactions within the nanofluid and clearly demonstrates the need for further testing and understanding of nanofluid stability.
3. Exposure of nanofluids to sunlight
To further characterize the stability of SiO2@AgNPr fluids under application relevant conditions, NSL exposures were conducted to compare with and contextualize the SSL test results.
The results of UV-vis spectral measurements, before and after exposure to NSL, are presented in Fig. 13 (for absorption maxima data see SI Table S9). These show the complexity of the stability issue with the P-B samples exhibiting a large decrease in ODmax of 75% (possible aggregation), with a smaller blue shift in WP (80 nm). This aggregation of the particles in bigger clusters was confirmed by the presence of eye-visible seeds. The P-C samples in contrast were more stable against aggregation (ODmax diminished by 12%) but were less shape-stable (200 nm blue shift in WP). There was no evidence of UV light leading to a densification of the SiO2 shell on the SiO2@AgNPrs resulting in an increase in peak height (or ODmax) as suggested by others (Taylor et al., 2018). The increased stability of the SiO2@AgNPrs (P-C) to aggregation showed one of the benefits of coating silver with silica.
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[bookmark: _Ref523489257]Fig. 13. Change in UV-vis spectra following exposure to NSL for 2 weeks for P-B and P-C (average OD shown).
Comparison with the SSL results (Fig. 10) showed that the shift in WP for the two types of nanofluids were similar to that observed for the NSL exposure trials in Fig. 13, but the drop in ODmax was not. This suggests that initial shape modification of the nanoparticles was a faster process than aggregation, occurring within the time-period of the SSL trials, whilst aggregation took longer to occur becoming only obvious after the prolonged NSL exposure trials. It also indicates that the rate of shape alteration was fastest when it was first exposed to solar radiation, as the shift in peak position was similar for both the SSL and natural exposure trials. The results in Fig. 9 also support the hypothesis that the initial shape change for the SiO2@AgNPrs is rapid and occurs in the first few hours of exposure.
4 [bookmark: _Toc489001190][bookmark: _Toc522867080]Conclusions
Following a modified Stöber procedure to form thick consistent coatings of SiO2 AgNPrs, two types of nanofluids in water base-fluid were produced with either uncoated AgNPrs or SiO2@AgNPrs. By using a solar simulator, real time temperature profiles were obtained for AgNPrs and SiO2@AgNPr nanofluids with strong absorbance in the near-IR wavelength band. The results showed an almost doubling in maximum temperature compared to that using only water base-fluid or a SiO2 nanofluid, and an approximately three times increase in PE. This illustrates the potential for enhanced solar capture that is possible using these nanofluids. Compared to SiO2 based nanofluid, the advantage of utilizing silver nanoparticles having a strong plasmonic absorption was hence demonstrated. Even when the measurement uncertainty is taken into consideration, this result is still significant. However, the magnitude of the improvement is limited to these specific nanofluids tested and the static geometry employed in this study. More realistic solar testing under flow conditions with larger nanofluid volumes and different silver concentrations will be needed to ascertain and then optimize the actual magnitude of the improvement in PE.
This is the first attempt to examine the stability of these nanofluids under natural sunlight exposure (NSL). The NSL results indicated the importance of SiO2 coating to prevent aggregation. The change in position of the maximum absorbance peak was similar in both the SSL and NSL tests, revealing that in the case of the nanofluids measured the shape change occurred more rapidly than aggregation. The similarity between SSL and NSL tests in terms of WP was encouraging and showed the potential of SSL tests as a means of assessing real world performance. The relative rates of the different processes (aggregation versus shape change) is limited to the specific nanofluids investigated here but could have implications to understand and improve stability of other nanofluids for related applications; this is currently under active investigation in our laboratories.
The rapid change in position of the WP with exposure to simulated sunlight (SSL) for the SiO2@AgNPr nanofluids indicate challenges for improving shape stability. Therefore, further work is required on the coating procedure to firstly understand, measure and then improve the shape stability of the coated nanoparticles. 
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