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Abstract: The surface plasmon resonance of gold nanoparticles causes visible light absorption and 
scattering effects that may be used in optical coatings for eliminating blue light emission from 
display monitors, blocking UV light and for decorative applications. This study examines the 
achievement of functional properties provided by gold nanoparticles in a commercially established 
C60 fullerene-coated eyewear product. The gold nanoparticles used were sourced from recycling 
rapid lateral flow tests (LFIA), which use gold nanoparticles as test markers. After the gold`s 
recovery Ultrasonic Spray Pyrolysis (USP) with freeze-drying was used for the synthesis of new 
gold nanoparticles, to be used in optical coatings. The gold nanoparticles were examined with SEM, 
TEM, DLS, zeta potential, BET, and Vis-NIR for characterising their shapes and sizes, required for 
determination of the surface plasmon resonance effect. After applying the newly produced gold 
nanoparticles with fullerene C60 in a combined coating for eyewear lenses, the absorption and 
transmission of the lenses was determined for establishing changes in the coating functionality. The 
results show that enhancing the fullerene C60 coating with gold nanoparticles improves light 
absorption and reflectance for blue and UV light further, which may be evaluated as beneficial for 
the eyewear user, as the reduction of eye strain is improved due to the coating. 

Keywords: gold nanoparticles; lens; coating; characterisation 
 

1. Introduction 

Eyewear products have long been used to protect the eyes from environmental hazards, to 
improve visual acuity and enhance fashion aesthetics. Optical coatings are used to change the 
absorption, reflection, and transmission of light through eyewear lenses, in order to provide surfaces 
with anti-reflection and high-reflection functionalities, or as colour filters. These coatings are 
produced with thin layers of metals, metal oxides, fluorides and sulphides. The thin layers provide 
visual benefits for the eyewear user, such as increased or decreased transmissibility, reduced surface 
reflections or ghost images, and decreased glare [1]. Colour filters may be used in displays, image 
sensors, decorative solar panels, light-emitting diodes (LEDs) [2], and in lenses for aiding colour 
blindness [3].  

A new type of functional eyewear is emerging, using active materials for achieving additional 
functionalities, such as sunlight-activated antifogging [4], passive or user-controlled light 
transmission and colour states [5]. These active materials may also be nanoparticles [2,4] or 
electrochromic polymers [5]. 

Gold nanoparticles (AuNPs) exhibit remarkable optical properties, such as surface plasmon 
resonance (SPR), which is highly dependent on the size, shape, and dielectric properties of the 
surrounding medium [6]. Harnessing the SPR effect enables the design of eyewear coatings with 
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superior light absorption and reflection properties. A coating with AuNPs can be tuned as a colour 
filter, allowing for a selective transmission or absorbance of different wavelengths of light in the 
optical device (NIR, UV, blue light from displays, or selected colours of the light spectrum), which is 
also useful in eyewear for compensating for colour blindness deficiency [2,3,6]. The photothermal 
effect of light absorption and its dissipation as heat due to SPR, may also be used for antifogging 
functionality in eyewear coatings. When illuminated by sunlight, this coating increases the lens 
temperature by several degrees above the ambient one, and decreases the nucleation of water vapour, 
causing a 4x improvement in the fog resistance and 3x faster defogging of an already fogged up lens 
[4]. AuNPs in optical coatings also offer advantages for producing flexible optoelectronics, display 
technologies and optical sensors, as well as decorations [2–4]. 

Colour blindness is a common congenital condition and is inherited genetically.  It is estimated 
that up to 8 % of males and 0.5 % of females suffer from it. No cure for colour blindness has yet been 
discovered, however, many treatments are being used to help affected individuals, one of them being 
tinted lenses [7]. Tinted lenses are based on filtering the overlapping wavelength (540 – 580 nm), and, 
in turn, activating both cone photoreceptors separately. Tinted lenses were prepared commonly with 
chemical dyes. Nanoparticles and nanostructures have attracted much attention in recent years. 
AuNPs are now used widely in several optical and medical applications [8], one of them being tinted 
lenses for colour blindness utilised in glasses [3] and contact lenses [9]. The SPR of AuNPs provides 
visible light absorption and scattering effects that may be used as a light filter. AuNPs used in 
coatings on glass change the refractive index and the absorption coefficient of the glass product. In 
optics, application examples of AuNPs on glass are spectrally selective coatings, which eliminate blue 
light emission from display monitors, block UV light, and are used for decorative applications. SPR 
in AuNPs occurs at a wavelength of 520 – 580 nm based on their size [10], resulting in an absorbance 
peak due to higher absorption and scattering of visible light [6]. The absorption peak aligns with the 
overlapping wavelengths of the photoreceptors, therefore, AuNPs can be used to tint lenses for help 
with colour blindness. 

The synthesis of AuNPs can be accomplished through various methods, including chemical 
reduction, green synthesis, and physical methods like laser ablation [11,12]. Each technique has its 
advantages and limitations, influencing the size, shape and stability of the AuNPs, which influence 
their refractive index directly [13]. The synthesis parameters are important for tailoring AuNPs for 
specific eyewear applications, such as UV protection or blocking of blue light emissions from 
displays. A method for producing AuNPs is Ultrasonic Spray Pyrolysis (USP), which uses an aqueous 
precursor with dissolved gold salts. Ultrasound generates micron sized droplets of this precursor, 
which are then passed through a tube furnace with a carrier gas, where the AuNPs are formed from 
the droplets at elevated temperatures, in the additional presence of a reaction gas. The AuNPs are 
collected in a liquid medium with stabilisers, which can be freeze-dried to obtain dried AuNPs in a 
stabiliser matrix [14]. 

On the other hand, gold is a valuable and finite resource. Mining and refining of gold has a 
significant environmental impact. If we ignore all the other environmental impacts of gold mining 
and focus on carbon emissions, we see that every kilogram of mined and refined gold produces an 
equivalent of 16 tons of CO2. In comparison, every recycled kilogram of gold produces, on average, 
only the equivalent of 53 kg of CO2 [15]. As the use of gold nanoparticles in various applications from 
medical to electronics has increased it is imperative that robust methods are developed and 
implemented for the recycling of AuNPs [16]. The recycling of nanogold is crucial for environmental 
sustainability, resource conservation, energy efficiency and economic growth. By recycling nanogold, 
we can reduce the environmental impact of gold mining, conserve valuable resources, and contribute 
to a more sustainable and responsible approach to material usage and waste management. 

Another source of gold can also be unused Covid-19 rapid antigen tests. After the pandemic, a 
large quantity of unused rapid antigen tests have now expired for usability, which can be recycled 
for obtaining raw materials for reuse. These tests also use AuNPs as markers for the red colored 
control and positive test lines [17]. The sizes of the AuNPs enable them to be bound to the relevant 
active substances in the test which interact with the virus, and allow them to travel along with the 
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lateral flow of the test medium. The SPR effect of AuNPs then enables these particles to be visible as 
a red line in the designated locations of the test, revealing presence of the virus. 

Nanoparticles are already being used commercially in eyewear coatings. The lenses of the Zepter 
International light therapy products under the trademark Bioptron and Hyperlight eyewear products 
use a coating with carbon nanoparticles of fullerene C60, which creates polarised, polychromatic and 
incoherent (out-of phase) light with low energy and with no UV radiation [18,19]. These light 
properties are found to induce bio-stimulative effects on the skin, beneficial for a range of therapies 
and complementary treatments, dermatological conditions, wound healing and pain relief [20]. The 
application of this coating on eyewear produces less eye strain and symptoms typically associated 
with eye fatigue, as excess light exposure (particularly blue light) may cause photochemical, 
photomechanical, and photothermal retinal damage, as well as influence overnight melatonin 
secretion and circadian rhythms [21,22]. As a result, fullerene coated eyewear products reduce visual 
discomfort, and thus benefit the cognitive abilities of its users (increased attention capacity, quicker 
reactions, faster processing of visual information) [23–25]. 

Eyewear with a combination of fullerene C60 and AuNPs may have additional benefits for 
antifogging lenses (during wearing face masks, for sports use, in the medical, security, energy, 
chemistry and food industries [4]), improved blocking of blue light emissions from display monitors 
for reducing eye fatigue, glare reduction, improving sleep, mood disorders and overall health, while 
also having an added commercial role for a wider public appeal of these products and adoption of 
Nanotechnology as a part of everyday items. 

The goal of this research was to produce on CR-39 organic eyeglass lenses a coating, which is a 
combination of fullerene C60 and recycled AuNPs, and, in the second stage, to carry out the 
appropriate characterisation, and evaluate the achievement of the previously described functionality 
of the lenses. The AuNPs were produced with USP synthesis, intended for the production of large 
quantities. The final coated lenses were examined for confirmation of their beneficial properties. 

2. Materials and Methods 

2.1. Recycling of nanogold for USP synthesis 

The recovery of nanogold was performed from conjugate pads of expired, unused rapid Covid-
19 antigen tests, with a process described in a previous study of recycling rapid antigen tests [17]. 
The conjugate pads, with a weight of 10 g, were soaked in 50 ml of aqua regia (1:3 ratio of nitric acid 
(HNO3) and hydrochloric acid (HCl) for 30 minutes, and filtered to remove the conjugate pads from 
the solution. The ICP measurements of this solution showed a content of 0.1 mg/ml of gold, calculated 
into a total of 5 mg of gold content. Gold acetate (Au (III) acetate, Surepure Chemetals, Florham Park, 
New Jersey, USA) was dissolved in the acidic solution, adding 7.990 g of this gold salt with a 50 % 
Au content. The 50 ml solution then had an Au content of 4 g, and was  diluted further with 
deionised water up to 4 litres. The final solution then had an Au concentration of 1 g/l in a total 
volume of 4 l, prepared for USP synthesis. 

2.2. Production of AuNPs for use in eyewear coatings 

The AuNPs were produced on a proprietary USP device at Zlatarna Celje d.o.o. The device uses 
4 ultrasonic generators, a tube furnace with 4 transport and reaction quartz tubes and a system for 
nanoparticle collection. The prepared precursor solution, with dissolved Au (III) acetate 
(concentration of Au = 1 g/l, total volume of 4 litres), was used in the 4 ultrasonic generators, with 1 
litre per generator. The generators produce aerosol droplets from the precursor solution with the use 
of piezoelectric transducer membranes, submerged below the solution, with a frequency of 1.7 MHz. 
The aerosol droplets are transported through quartz tubes with an inner diameter of 35 mm using 
Nitrogen (N2, 99.9 %) as the carrier gas, with a flow rate of 6 l/min per tube. Inside the furnace there 
are three heating zones, each with a length of 50 cm. The three heating zones were set at 130 °C, 250 
°C and 500 °C. After the first heating zone, intended for droplet evaporation, hydrogen gas (H2, 99.9 
%) was introduced in the tubes with a flow rate of 4 l/min per tube, for the reactions in the second 
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and third heating zones, necessary for AuNP formation. The AuNPs were collected by passing the 
gas and particles from the reaction tubes in a total of 3.6 litres of deionised water with 4.5 g/L of 
Polyvinylpyrrolidone (PVP) (Sigma-Aldrich, Shanghai, China), with an average molar mass of 40.000 
g/mol. The PVP is used as a stabilising agent, for increasing the stability of the AuNPs, preventing 
their agglomeration. The total duration of the USP production was 6 hours for producing AuNPs 
intended for use in experimental coatings for eyewear lenses. The AuNP suspension produced with 
these parameters (Au acetate precursor, USP parameters, PVP stabiliser) had a brown colour. 

The AuNPs` suspension produced by USP was concentrated further by rotary evaporation using 
a Büchi Rotavapor R-300 (Büchi Labortechnik AG, Flawil, Switzerland). The parameters were: 
vacuum pressure 25 mPa, evaporation flask rotation speed 200 rpm, bath temperature 50°C. ICP-OES 
analysis was used to measure the concentration of Au in the concentrated AuNPs` suspension before 
freeze-drying. 

Freeze drying was performed on a lyophiliser, Labfreez instruments FD-200F SERIES (Labfreez 
Instruments Group Co., Ltd, Beijing, China). The initial freezing was carried out with a temperature 
of –40 °C for 8 hours, followed by two drying stages, a primary drying stage at 20 °C for 24 hours, 
and a secondary drying stage at 30°C for 40 hours. After a total freeze-drying time of 72 hours, the 
dried AuNPs were embedded in a brownish coloured PVP stabiliser cake. 

The final weight of the prepared dried AuNPs was 480.2 mg in a total weight of PVP and AuNPs 
of 16.35 g. The weight of AuNPs was determined from the Au concentration of the suspension before 
drying (133.4 mg/L), determined by the ICP measurements, multiplied by the suspension volume (3.6 
L). 

2.3. Scanning Electron Microscopy (SEM) of the AuNPs` suspension 

The AuNPs` suspension was examined using a Scanning Electron Microscope, (SEM), Sirion 400 
NC (FEI Technologies Inc., Hillsboro, USA), with an EDX INCA 350 (Oxford Instruments, UK). The 
samples were prepared by applying an AuNP suspension droplet with a volume of 5 µl onto a SEM 
stub holder with graphite tape. 

2.4. Transmission Electron Microscopy (TEM) of the dried AuNPs 

The samples of the dried AuNPs were examined with a Transmission Electron Microscope, 
(TEM) JEM-2100HR (JEOL, Japan), with an Energy Dispersive X-ray Spectrometer (EDX) JED-2300T 
(JEOL, Japan). A small piece of the dry AuNP cake was dispersed in ethanol and applied on a 200 
mesh Cu TEM grid with carbon formvar film, and left to dry in a desiccator. The electron accelerating 
voltage was 200 kV, and the EDX was performed at high resolution, in live time mode, with an 
acquisition time of 200 s and a probe size of 10 nm. 

2.5. Determination of the sizes and shapes of the dried AuNPs from TEM and SEM 

The TEM and SEM images were examined with the ImageJ software for determining the 
diameter, circularity, aspect ratio and roundness of the particles. 600 particles were analysed for 
statistical relevance of the results. 

2.6. Dynamic Light Scattering (DLS) and Zeta Potential Measurements of the dried AuNPs 

The analysis for DLS and zeta potential measurements was conducted on a Malvern Zetasizer 
Nano ZS instrument (Malvern Panalytical, Worcestershire, UK). A sample was prepared from dried 
AuNPs by dispersing the particles in distilled water. The concentration of the prepared suspension 
was 0.00254 g/mL with a pH level of 2.73. The sample was moved into an omega cuvette and put into 
a DLS analysis machine. The refraction indexes for the suspension material were chosen as gold, and 
for the suspension liquid as water. The results are reported as a mean value from six measurements. 

2.7. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) of the AuNPs` suspension 
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The Au concentration of the suspension was measured with Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS), using an HP, Agilent 7500 CE spectrometer, equipped with a collision cell 
(Agilent, Santa Clara, CA, USA). The following conditions were used for the ICP-MS : The power was 
1.5 kW, Nebuliser-Meinhard, plasma gas flow 15 L/min, nebuliser gas flow 0.85 L/min, make up gas 
flow 0.28 L/min, and reaction gas flow 4.0 mL/min. The instrument was calibrated with matrix 
matched calibration solutions, with an estimated relative measurement uncertainty of ±3 %. 

2.8. Visible-Near Infra Red Spectroscopy (Vis-NIR) of the AuNPs 

The instrument used for the UV-Vis spectroscopy was an Agilent Cary 60 (Agilent, Santa Clara, 
CA, USA). A sample was prepared from the dried AuNPs by dispersing the particles in distilled 
water with a concentration of 0.00912 g/ml. 300 μL of the sample was transferred to a flat bottomed 
transparent polystyrene plate for measurements in the light wavelength range of 400 – 1000 nm. 

2.9. Production of CR-39 lenses with fullerene C60 and AuNPs` coating - Fullerene 

Fullerene C60 (MST, Riga, Latvia) of purity 99.9%, was  mixed mechanically with AuNPs 
(Zlatarna Celje, Slovenia) of purity 99.9%. Both materials were in powder form, and the mixture of 
materials was made in a clean room with the conditions: temperature 20 ± 10C and humidity 28%.  

The mixed nanomaterials (35wt% C60 molecules and 60wt% gold nanoparticles) were then 
placed in a container that was fixed in the chamber of the vacuum deposition machine (Kenosistec, 
Italy) 

Clean CR-39 lenses (Weihai Dingxin Optical , China) were placed on the calotte, and then the 
calotte, with 80 lenses, was placed in the machine for vacuum deposition. Then, the parameters for 
the production process were assigned to the machine (operating temperature, strength of the ion 
cannon, thickness of the layers of the neat material, number of passes, thickness of protective layers, 
etc.). Depending on the parameters set, the layering process takes 6-8 hours. 

2.10. Measurements of light intensity passing through CR-39 lenses with fullerene C60 and AuNPs` coating  

The intensity of light passing through the lenses was measured, compared to a commercially 
obtainable eyewear lens and the control of sunlight. 

2.11. FTIR measurements 

The FTIR measurements were performed on a Shimadzu IRAffinity-1S device (Shimadzu, 
Japan). Measurements were performed on the coating and base material using an ATR fixture. 

2.12. FIB measurements of coating thickness 

An SEM with a Focused Ion Beam (FIB) was used for measuring the produced fullerene C60 and 
AuNPs` coating on the lens. A gallium liquid metal ion source on a Quanta 3D (FEI Technologies 
Inc., Hillsboro, USA) SEM was used for the thickness measurements. The samples were applied on 
SEM stub holders with conductive carbon adhesive tape, with an additional preparation with Ag 
paste for increased conductivity for the SEM imaging and FIB cross-section milling. A cross-section 
with a length of 30 µm, width of 6 µm and a depth of 4 µm was prepared on the coated lens surface. 

3. Results 

3.1. AuNPs` characterisation 

The  AuNPs` suspension produced from USP had a brown opaque colour appearance, with a 
red-violet hue (Figure 1). From experience obtained with empirical examinations of the AuNPs` 
synthesis with the proprietary USP device, this colour is apparent with the use of an Au acetate 
precursor with the selected production parameters. During USP synthesis the gold containing 
precursor evaporates, forming gold salts, which are reduced to AuNPs, along with the water vapour 
and acidic constituents. These constituents are then recondensed into the collection medium with 
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PVP. The resulting suspension has a brown colour, as the refraction indexes of the liquid and the SPR 
of the AuNPs are altered in the water medium with dissolved acetic acid and PVP. The measured 
concentration of gold in the suspension using the ICP-OES method was 50 μg/mL. 

 

Figure 1. (a) Suspension with AuNPs produced by USP. (b) AuNPs` suspension, prepared in glass 
containers for freeze-drying. (c) A close-up appearance of one freeze-dried PVP-AuNPs cake, from 
one glass container. (d) A CR-39 lens, coated with AuNPs, prepared for use in an eyewear product. 

After freeze-drying the dried AuNPs and PVP cakes retained a brownish colour. A brown colour 
is favourable for incorporation into the eyewear coating, as it does not alter the visual appearance of 
the final product. This enables easier addition of AuNPs on the already commercially established 
eyewear products. The addition of AuNPs in the coating next to fullerene C60, and their combined 
benefits for the user, can, thus, be marketed more effectively. 

The SEM and TEM results showedsomewhat large AuNPs, with sizes of around 150 to 300 nm 
and several smaller sized AuNPs. The detailed analysis showed that the smaller particles were 
present in a greater number than the larger ones. The size distribution was relatively broad, shown 
in Figure 2 and detailed in Table 1. An average size of 60 nm was measured, with a Standard 
Deviation of 55 nm (60 ± 55 nm). A minimum particle size of 7 nm was measured, indicating the 
presence of very small particles as well. 73.15 % of the measured particles were below 75 nm, as 
displayed in Figure 1 (c). 16.78 % of the measured particles were in the 75 to 150 nm range, while 10 
% of the particles were larger, up to 300 nm. 

The EDX results from the SEM analysis showed the presence of oxygen and carbon along with 
gold, due to the stabiliser PVP and the underlying graphite tape used for the SEM sample holder. No 
impurities or contaminations were detected in the samples. The SEM images have patches around 
the AuNPs, that are not as sharp as practically achievable when imaging the samples. This is due to 
the influence of the PVP stabiliser, which is not conductive, and affects the imaging adversely. In 
TEM this effect was not present, as the dried AuNPs sample was firstly dispersed in ethanol, allowing 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 August 2023                   doi:10.20944/preprints202308.1488.v1

https://doi.org/10.20944/preprints202308.1488.v1


 7 

 

for a thinner sample application on the TEM holder, reducing the effect of the PVP stabiliser bulk on 
the imaging. 

 

Figure 2. Size, composition and morphology characterisation performed by SEM and TEM. (a) TEM 
image of dried AuNPs with size and morphology analysis. (b) SEM image of dried AuNPs with 
marked locations for EDX analysis. (c) Determined particle size distribution from analysing the TEM 
images. (d) EDX results for the selected locations in the SEM image. 

The AuNPs` morphology analysis from the TEM images showed irregular and spherical particle 
shapes, in groups they appear as lumps or nuggets. Their shapes were analysed for circularity, 
roundness and aspect ratio. Circularity was determined in a range of 0-1, where 0 was an elongated 
particle with jagged edges and 1 was a perfect circle with smooth edges. The measured circularity 
was 0.943 ± 0.024 (relatively circular with a smooth edge). Roundness ignores the edge smoothness, 
so it shows how round a particle is from 0-1. Roundness is related to the aspect ratio, which is the 
ratio of the major and minor axes or diameters of the measured particle. Roundness was 0.879 ± 0.075, 
and the aspect ratio was 1.147 ± 0.112, indicating particles of a slightly oval shape. 

Table 1. Obtained AuNPs` size and morphology parameters: circularity, aspect ratio and roundness. 

 
AuNPs` 

diameter [nm] 
Circularity Aspect ratio Roundness 

Mean value 60.31 0.943 1.147 0.879 
St. Deviation 55.77 0.024 0.112 0.075 

Max value 267.97 0.994 1.700 0.986 
Min value 7.44 0.842 1.015 0.588 
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The DLS measurements of the aqueous AuNPs` suspension showed a hydrodynamic diameter 
of 267.7 ± 122.8 nm, with a distinct peak at the interval of 100 – 700 nm in Figure 3. The polydispersion 
index was relatively low, so we can assume that the particle sizes were not dispersed too broadly. 
The larger size distributions may be the result of particle clustering and soft agglomeration, as the 
SEM and TEM measurements showed significantly smaller particles. The smaller particles are also 
usually visible in the vicinity of the larger particles, which may be a contributing factor for the DLS 
size measurements results. The zeta potential was measured as being 8.67 ± 0.68 mV, showing low to 
mid-level stability of the particles, which is an additional reason for the larger particle sizes from the 
DLS measurements. 

  

Figure 3. DLS particle size distribution and zeta potential measurements results. 

The Vis-NIR measurements performed on the AuNPs` suspensions showed a slight peak for 
SPR absorption around 550 nm, shown in Figure 4. The SPR effects are, thus, not expressed greatly. 
This may be due to the broad size distribution and larger AuNPs present in the suspension, which 
have diminished SPR properties of light absorption and scattering. An increase in absorption was 
visible near the infra-red wavelengths and UV wavelengths of light, which may have beneficial 
effects for application in eyewear products. 

  

Figure 4. Vis-NIR measurement results with a close-up view of the typical wavelengths for peak SPR 
absorption. 

3.2. Characterisation of a CR-39 lens with fullerene C60 and AuNPs` coating  
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The base layer of a CR-39 lens consists of polyvinyl acetate (PVAc), with typical PVAc peaks at 
1735 cm-1 (acetate), 1452 and 1398 cm-1 (Asymmetric C-H bending), 1232 cm-1 (C-O asymmetric 
stretching) and 785 cm-1 (O-C=O vibrations), as are visible in Figure 5. 

 

Figure 5. FTIR spectrum of a CR-39 lens. 

The coating with fullerene C60 and AuNPs blocks all the base layer signal, and shows a 
characteristic peak at 1035 cm-1 corresponding to P-O-P or phosphate glass – see Figure 6. 
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Figure 6. FTIR spectrum of C60 and AuNPs` coating. 

The measured intensity of light (Figure 7) passing through the lens with a fullerene C60 and 
AuNPs` coating showed a higher blocking rate of UV, blue light and IR light than the commercially 
obtained eyewear lens. Based on the effects that these light wavelengths have on well-being, the 
intensity measurement results of the fullerene C60 and AuNPs` coating may be interpreted as an 
improvement in decreasing eye-strain and improving the cognitive abilities of the eyewear user. 

  

Figure 7. Measured light intensity across UV, visible light and NIR wavelegths of a lens with a 
fullerene C60 and AuNPs` coating, and a commercial eyewear lens, with a comparison for sunlight. 

The FIB measured thickness of the fullerene C60 and AuNPs` coating on the surface of the lens 
was approximately 42-48 nm. The thickness of the coating was smaller than the average sizes of the 
AuNPs by themselves, indicating that only the smaller sized AuNPs were incorporated in the final 
coating. 

 

Figure 8. Thickness of the fullerene C60 and AuNPs` coating on the surface of the lens, cross-section 
prepared and measured with FIB. 
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4. Discussion. 

The produced AuNPs had an  opaque brown colour, which is an advantage in using them as 
additional coating materials in existing eyewear products, which already have a brown colour due 
to their fullerene coating. The brown colour of AuNP suspensions is not characteristic for mostly 
spherical AuNP suspensions, which typically have a red to violet colour, depending on their sizes. 
The change in colour may be attributed to the production route, and subsequent physical and 
chemical properties of the AuNPs and their surrounding medium. The acetic acid vapours produced 
during droplet evaporation in the USP process are redissolved in the collection medium, along with 
the PVP stabiliser. The final combined constituents of the collection medium, along with the AuNPs, 
result in the brown colour of the suspension and the freeze-dried cakes. 

The broad size distribution and particle clustering is another factor in producing the brown 
colour. As the SPR effect is not  demonstrated very strongly by the AuNPs, it is not the dominant 
factor in the particles` appearance. Larger particles do not contribute greatly to the SPR effects, while 
smaller ones do. As they are also present in a significant number, a red-violet hue is seen when 
observing the AuNPs` suspensions in ambient light. Their presence in great volumes was also 
confirmed in the characterisations. They are usually found in the vicinity of larger particles, which 
makes them difficult to detect using DLS measurements, which can then only detect the 
hydrodynamic diameters of particle clusters. The SEM and TEM measurements are more relevant for 
determining the primary particle sizes, which affect the SPR light absorbance and scattering. The zeta 
potential also does not show strong particle stability, promoting clustering of the particles, which is 
another factor to consider in elaborating the AuNPs` properties in regard to their colour and shelf-
life when in a suspension form. 

A slight peak for SPR absorption at a light wavelength of 550 nm was visible, while it was not 
very distinct, which may be attributed to a greater rate of agglomeration occurring in the AuNPs` 
suspension. The SEM and TEM images however did show clusters of discrete primary particles, and 
we can estimate that the PVP stabilizer had performed its function. The acid and PVP constituents of 
the suspension influence the measurements of the particles, resulting in measuring the overall zeta 
potential and the SPR light absorption of the AuNPs-PVP clusters in the medium. 

The measured thickness of the fullerene C60 and AuNPs` coating showed smaller values than 
the average sizes of the produced AuNPs. The size distribution, measured from TEM and SEM, 
showed a great number of nanoparticles smaller than 75 nm, down to 7 nm. During coating 
production, the larger particles were not incorporated into the coating. 

The combined effects of the AuNPs` sizes and shapes, with their surrounding medium (aqueous 
or dried), gives the main property of these particles, desired for use in the selected existing eyewear 
product – their brown colour, along with increased absorption in the relevant light wavelengths (UV, 
blue light, NIR). This makes them beneficial for adding them in the combined fullerene C60 and 
AuNPs` coatings for eyewear products, for decreasing the eyestrain of the users and increasing their 
overall welfare. Further work is needed for improving the size distributions for increased light 
absorption effects, while retaining the colour appearance. Incremental improvements in this area are 
also valuable, as the results may be used for improving the marketability of the coated eyewear 
products and promoting nanoparticle production technologies in the general population.  

5. Conclusions 

The following conclusions can be drawn from the study of the application of recycled gold 
nanoparticles in coatings for eyewear lenses: 

1. After USP synthesis and freeze-drying the dried AuNPs and PVP cakes retained a brownish 
colour. 

2. The recycled AuNPs had an average size of 60 nm, with a Standard Deviation of 55 nm (60 ± 55 
nm).  

3. The SEM and TEM analysis showed slightly larger AuNPs with sizes around 150 to 300 nm and 
several smaller AuNPs. 
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4. The EDX microchemical analysis did not show the presence of any impurities or contaminations 
in the AuNPs.  

5. The AuNPs` morphology analysis using the TEM figures showed that they are irregular in 
shape, whereby some spherical particles were also detected. In the AuNPs` groups, their shape 
was characteristic of agglomerates. 

6. The DLS measurements of the aqueous AuNPs` suspension showed a hydrodynamic diameter 
of 267.7 ± 122.8 nm, with a distinct peak at the interval of 100 – 700 nm. The larger size 
distributions may be the result of particle clustering and soft agglomeration. 

7. The Vis-NIR measurements performed on the AuNPs` suspensions showed a slight peak for 
SPR absorption around 550 nm 

8. The coating with fullerene C60 and AuNPs blocked all the base layer signal, and showed a 
characteristic peak at 1035 cm-1 corresponding to P-O-P or phosphate glass. 

9. The measured intensity of light (Figure 7) passing through the lens with a fullerene C60 and 
AuNPs` coating showed a higher blocking rate of UV, blue light and IR light than the 
commercially obtained eyewear lens. 

10. The FIB measured thickness of the fullerene C60 and AuNPs` coating on the surface of the lens 
was approximately 42-48 nm.  
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