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Solar energy, the direct conversion of sunlight into electricity by a photovoltaic cell, is the 

most significant renewable technology and green energy source towards energy sustainability. 

Photovoltaic technology helps the mitigation of the effects of global warming, generating no 

greenhouse gas emissions on the process of generating electric power and, consequently, no 

pollution. The application of nanomaterials and nanocomposites in solar cells enhance solar light 

absorption, and can be easily designed by biological methods, resulting in more efficient and cleaner 

energy sources. The present work explores the ability of fungi to perform the green synthesis of CdS 

semiconductor quantum dots (CdS QDs) in order to assemble a quantum dot sensitized solar cell 

prototype. CdS QDs were synthesized by Pleurotus, Coprinus, Agaricus and Fusarium fungi. UVVis 

spectra of CdS QDs highlighted a broad band of absorption, while the luminescence spectrum 

revealed excitonic bands of nanoparticles with different sizes and TEM images showed that the CdS 

QDs were quasi-spherical in shape and had diameters ranging from 3-7nm. The innovative 

application of nanoparticles synthesized by fungi in solar cells relies on the assumption that the 

metabolites secreted by fungi can act as molecular linkers capable of adsorbing the QDs onto solid 

substrates so as to build an eco-friendly and efficient photovoltaic energy prototype. 
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Introduction 

Green nanotechnology aims to the minimization of environmentally hazardous methodologies 

for the generation of nanostructures by inspiring innovative synthesis methods such as the renowned 

nanobiotechnology, consisting of the integration between nanotechnology and biotechnology, for the 

manufacturing of new materials at the nanoscale level by sustainable approaches (Osman et al., 2024; 

Hosseingholian et al., 2023). Indeed, the biological synthesis of nanoparticles mediated by living 

organisms as plants and microorganisms provides a unique natural bio-compounds coating on the 

surface of the nanoparticles, increasing its application potential in biological systems and promoting 

operational safety when compared to the same nanoparticles synthesized by the conventional physical 

and chemical approaches (Miu et al., 2022; Huston et al., 2021).  

Solar energy is the most significant renewable technology and green energy source towards 

energy sustainability, assigned to the direct conversion of the sunlight into electricity by a 
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photovoltaic cell (Gong et al., 2019; Kabir et al., 2018). Indeed, the application of nanomaterials and 

nanocomposites in solar cells enhance solar light absorption therefore improving energy conversion 

efficiency, which can be easily designed by biological methods, resulting in more efficient and 

cleaner energy sources (Abuzeid et al., 2023). The so-called mycosynthesis, besides easy to culture, 

non-toxic, pollution-free, environmentally-friendly, economical, and more sustainable production of 

nanostructures, is a straightforward approach for achieving stable nanoscale materials from fungi 

(Ying et al., 2022, Singh et al., 2016).  

The development of methods for synthesizing semiconductor nanoparticles is a standing 

challenge, leading researchers in a pursuit for reliable, fast and reproducible methods (Sarma et al., 

2023; Terna et al., 2021). Although chemical and physical approaches are well-established and offer 

satisfactory results, such methods employ expensive and multiple processes, generating toxic residues 

to the environment (Samuel et al., 2022). To overcome these obstacles, the synthesis of nanoparticles 

by fungi offers minimal impacts to the environment (Anjum et al., 2023). Fungi have received great 

prominence in these approaches as they are able to synthesize great amounts of nanoparticles due to 

their capability of secreting large portions of metabolites such as proteins, enzymes and organic acids 

during their development stages (Guilger-Casagrande et al., 2019). 

The harbour notorious plant pathogenic fungi Fusarium oxysporum successfully performs the 

synthesis of CdS QDs from aqueous solution of CdSO4 driven by its reductase enzymes, which can 

promote the chemical reduction of sulfate ions thus generating CdS nanoparticles (Rai et al., 2021;  

Sharma et al., 2016; Borovaya et al., 2015; Ahmad et al., 2002), a strategy that can be extended to the 

edible mushroom Pleurotus ostreatus, describing a safe, green and easy reproducible approach to 

biosynthesize CdS QDs both stable and water-soluble (Borovaya et al., 2015). The synthesis of CdS 

QDs by fungi offer broader applicability, for instance, potential use in light emitting diodes, 

photocatalysis, biological sensors and photovoltaic energy (Ying et al., 2022; Borovaya et al., 2015). 

Undoubtedly, photovoltaic (PV) technology produces sustainable energy helping mitigate the 

effects of global warming, hence PV panels generate no greenhouse gas emissions and, consequently, 

no pollution (El Chaar et al., 2011). Si photovoltaic panels are a widely used technology for producing 

energy from the Sun, the so-called first generation of solar cells, presenting maximum possible 

efficiency of 33.7% (Shockley et al., 1961) besides  high cost and complexity of fabrication and 

installation processes (Vitoreti et al., 2017). Efforts for improving solar panels involve the application 

of thin films, named the second generation of solar cells, which shares Si-based solar cells 

disadvantages with further less energy efficiency, although enabling a plethora of smart designs (Lee 

et al., 2017). The third generation of solar cells, on the other hand, brings in the state of the art 

technology combining the pros of the two previous devices, having the potential of being more 

efficient and low-cost and the possibility of involving green methods on its fabrication. The third 

generation of thin films can be sensitized with organic materials, dyes, quantum dots or even 

hybridized (Krebs-Morberg et al., 2021; Krüger et al., 2018; Conibeer, 2007). 

In order to adhere to the fungi-synthesized nanoparticles aqueous solutions to substrates one 

invariably relies on linking molecules acting as the binding component between the semiconductor 

substrate and the nanocrystal (Krüger et al., 2018). Relying on the assumption that the metabolites 

secreted by fungi can act as molecular linkers capable of adsorbing the QDs onto solid substrates, 

Pleurotus ostreatus, Pleurotus sp., Coprinus comatus, Coprinus sp., Agaricus subrufescens and 

Fusarium oxysporum fungi were employed in the green synthesis of CdS Qds alongside fluorine-
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doped tin oxide (FTO) conductive glasses insomuch to construct a third generation solar cell 

prototype that is both eco-friendly and efficient to harvest energy from the Sun.  

 

Materials and Methods  

Strains and culture conditions 

Pleurotus ostreatus, Pleurotus sp., Coprinus comatus, Coprinus sp., Agaricus subrufescens 

and Fusarium oxysporum belong to the collection of the Laboratory of Edible Mushrooms of the 

Federal University of Lavras, Brazil. Cultivation was carried out in 250 mL Erlenmeyer flasks 

containing three discs (9 mm in diameter) of the fungal mycelia immersed in 100 mL of sterile (1 atm 

for 20 min) starch-dextrose broth (SDB) (16.55 g·L-1 starch, 15 g·L-1 dextrose, 2 g·L-1 yeast extract, 

pH 6.6).  

 

CdS QDs biosynthesis by non-pathogenic fungal biomass  

The mycelial non-pathogenic isolates were cultivated in a shaker at 28⁰C for 10 days, giving 

rise to the fungal biomass. Then, the fungal biomass was washed in ultrapure water (at least 10 times) 

to eliminate the residual culture medium. Thereafter, 100 mL of ultrapure water was added to the 

washed fungal biomass and placed into a shaker at 28⁰C and 160 rpm for 4 days. In order to produce 

CdS QDs, 2 mL of 0.025 mol·L-1 CdSO4 solution (Vetec Química Fina, Brazil, 98% purity) was 

added to the flasks containing fungal biomass, and then incubated in a shaker for 10 days at 28⁰C. 

Hence, 500µL of 0.5 mol·L-1 Na2S solution (Vetec Química Fina, Brazil, 98% purity) was added to 

the flasks, which were incubated in a shaker for 7 days. After the addition of the two salts, three pieces 

of 4cm² FTO glasses were inserted into the flasks to test our hypothesis of CdS QDs adsorption 

through the molecular linker technique. 

 

CdS QDs biosynthesis by pathogenic fungal biomass  

F. oxysporum isolate was cultivated in a shaker at 28⁰C for 4 days, producing fungal biomass. 

Then, the fungal biomass was washed in ultrapure water (at least 10 times) in order to eliminate the 

residual culture medium. Afterwards, 100 mL of ultrapure water was added to the washed biomass, 

and placed into a shaker at 28⁰C and 160 rpm for 3 days. The production of CdS QDs was carried out 

by adding 2 mL of 0.025 mol·L-1 CdSO4 solution to the flasks containing fungal biomass, which were 

incubated in a shaker for 3 days. F. oxysporum exhibits a metabolic arsenal which allows CdS QDs 

synthesis in a single step (Shockley et al., 1961). Once in contact with the precursor solution, three 

pieces of 4cm² FTO glasses were placed into the flasks of F. oxysporum for CdS QDs adsorption by 

molecular linker. 

 

Post-treatment of fungal biomass  

Samples (2mL) of colloidal solutions containing biosynthesized CdS QDs were centrifuged 

at 10000 rpm for 10 min (MPW Med. Instruments). Then, the culture supernatants were carefully 

collected and filtered using nitrocellulose filter Millipore (USA) (pore diameter of 0.22µm). Solutions 

without the addition of cadmium sulfate and cadmium sulfate/sodium sulfide were used as controls. 
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FTO substrates  

Pieces of FTO conductive glasses once added to the flasks containing fungal biomass and the 

precursor solutions. After the adsorption, the FTO conductive glasses were harvested and preserved 

in a dark and dry container for further analyses.  

 

Ultraviolet-visible spectrophotometry of CdS QDs  

The ultraviolet UV-visible absorption spectra of CdS nanoparticles were measured using a 

USB2000 spectrometer (Ocean Optics; USA). The absorption spectra of samples were recorded in 

10mm quartz cuvettes with 1mL of volume capacity (transmission range 400-750 nm).  

 

Luminescence of CdS QDs  

Luminescence spectra were measured using a Nanolog-Horiba spectrofluorometer (Horiba; 

Japan) equipped with a xenon-vapor lamp. Standard quartz cuvettes (1cm × 1cm × 3cm) were used 

for spectral measurements. Excitation of the produced QDs was carried out at λ=370 nm and λ=400 

nm.  

 

Transmission electron microscopy (TEM)  

Characterization of CdS QDs was performed using a transmission electron microscope Tecnai 

G2 Spirit TWIN (FEI Company; USA) with an accelerating voltage of 120 kV. Each sample was 

centrifuged at 12000 rpm for 15 min and the supernatant was dispersed ultrasonically for 10 min in 

order to separate individual particles. Two drops of the suspension were deposited onto carbon-coated 

copper grids. Experimental material was precipitated by evaporation inside a container filled with 

blue silica gel. 

 

Results and Discussion 

Non-pathogenic fungi can be sources of biologically active compounds with medicinal 

properties (Borovaya et al., 2015; Synytsya et al., 2009; Han et al., 2006; Kerrigan et al., 2005); in 

contrast, F. oxysporum comprises a large species complex of both plant and human pathogens 

(Thrane, 2014). All the applied fungi are very convenient for cultivation in vitro, and able to secrete 

enzymes that play a significant role in nanoparticle biosynthesis (Sastry et al., 2003). 

The obtained results indicate that the incubation of CdSO4 and Na2S salts in sterile water 

containing non-pathogenic fungal biomass after 17 days caused a change in the color of the solution 

from white to pale yellow, suggesting the formation of water-soluble CdS nanoparticles. At the same 

time, the incubation of both inorganic salts in biomass-free water resulted in the formation of an 

insoluble orange yellow pellet. The same procedure was performed for the samples containing F. 

oxysporum, which presented identical qualitative results after 3 days. It is worth mentioning that all 

samples presented photoluminescent properties under UV-light, another qualitative indicator of the 

presence of QDs, as can be seen in Figure 1. 

 

UV-vis absorption spectra  

UV-visible absorption spectrum analysis was performed and revealed a broad band of 

absorption for all the fungi used in the study, suggesting a variation in the particle size (Borovaya et 

al., 2015; Sastry et al., 2003). Figure 2 displays the absorption spectrum for a sample of Coprinus 

comatus, which contains three clear peaks corresponding to the wavelengths 243 nm, 286 nm and 
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400 nm. Maxima found in the interval between 240-290 nm substantiates the presence of proteins in 

the reaction medium (Ahmad et al., 2002; Cantor et al., 1980). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Optical path of a 375 nm laser crossing a quartz cuvette containing 

a sample of A. subrufescens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. UV-visible absorption spectrum of CdS nanoparticles synthesized by C. comatus 

 

Luminescence spectra  

The luminescence spectra of the synthesized CdS QDs (Figure 3) were typical for nanosized 

CdS (Mirnaya et al., 2012) for all the fungi used in the study. The luminescence maxima for a sample 

of Pleurotus sp. + CdS were found to correspond to wavelengths 431, 453 and 488 nm, indicating 

excitonic bands of nanoparticles with different sizes. The maximum at λ =521 nm indicates the 

presence of CdS nanocrystals (Borovaya et al., 2015; Borovaya et al., 2014). 
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Figure 3. Luminescence spectrum of CdS nanoparticles from a sample of Pleurotus sp.  

Note: Excitation λ=370 nm 

 

 

Transmission electron microscopy  

It was observed that CdS QDs form large conglomerates (Figure 4). Individual particles that 

presented quasi-spherical shape, were homogeneous in morphology and had diameters in the range 

of 3-7nm (Figure 5). Moreover, the fact that the absorption spectra is placed in the region of 400-500 

nm suggests the presence of a significant amount of CdS QDs with diameters ranging from 5-7 nm 

(Borovaya et al., 2014). Thus, this size range of the biosynthesized QDs corroborates the TEM data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. TEM image of CdS nanoparticles biosynthesized by A. subrufescens 
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Note: Scale bar=50 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Particle size distribution histogram based on TEM images 

 

Conclusions  

Fungi can be considered as a functional biological matrix for easily reproducible and low 

environmental impact nanotechnological transformations. The biosynthesized quantum dots obtained 

in these analyses presented optical properties typical of conventional synthesized QDs, such as 

specific absorption, luminescence spectra and morphology ascribed to 4-7 nm CdS nanoparticles. The 

green approach enables the production of a great amount of stable and water-soluble CdS QDs. The 

metabolites secreted by fungi, which prevent nanoparticle aggregation, can also act as molecular 

linkers capable of adsorbing the QDs onto FTO conductive glasses thus building an eco-friendly and 

efficient photovoltaic energy prototype. The characterizations regarding the FTO substrates are in 

development and will be published elsewhere.  

 

Acknowledgement 

The authors acknowledge FAPEMIG, FINEP, CNPq, CAPES for financial support. The 

authors are grateful to I. Oliveira, T. Oliveira, R. Motta and R. Lima for the significant assistance on 

the characterizations. 

 

Conflict of interest 

The authors state no conflict of interest. 

 

References  

Abuzeid, H. M., Julien, C. M., Zhu, L., Hashem, A. M. (2023). Green synthesis of nanoparticles and 

their energy storage, environmental, and biomedical applications. Crystals, 13(11), 1576. 

Ahmad, A., Mukherjee, P., Mandal, D., Senapati, S., Khan, M.I., Kumar, R., Sastry, M. (2002). 

Enzyme mediated extracellular synthesis of CdS nanoparticles by the fungus, Fusarium 

oxysporum. Journal of the American Chemical Society, 124(41), 12108-12109.  



263 

Selected Papers of VІ International Conference on European Dimensions 

of Sustainable Development, May 15-17, 2024. – Kyiv: NUFT, 2024 

Anjum, S., Ashish V., Tariq S. (2023). Fungi‐mediated synthesis of nanoparticles: Characterization 

process and agricultural applications. Journal of the Science of Food and Agriculture, 

103(10), 4727-4741. 

Borovaya, M.N., Naumenko, A.P., Matvieieva, N.A., Blume, Y.B., Yemets, A.I. (2014). Biosynthesis 

of luminescent CdS quantum dots using plant hairy root culture. Nanoscale Research Letters, 

9(1), 1-7. 

Borovaya, M., Pirko, Y., Krupodorova, T., Naumenko, A., Blume, Y., Yemets, A. (2015). 

Biosynthesis of cadmium sulphide quantum dots by using Pleurotus ostreatus (Jacq.) P. 

Kumm. Biotechnology & Biotechnological Equipment, 29(6), 1156-1163.  

Cantor, C.R., Schimmel, P.R. (1980) Biophysical chemistry: Part II: Techniques for the study of 

biological structure and function: Macmillan. 

Conibeer, G. (2007). Third-generation photovoltaics. Materials today, 10(11), 42-50. 

El Chaar, L., El Zein, N. (2011). Review of photovoltaic technologies. Renewable and sustainable 

energy reviews, 15(5), 2165-2175. 

Gong, Jinlong, Can Li, and Michael R. Wasielewski (2019). Advances in solar energy conversion. 

Chemical Society Reviews, 48(7), 1862-1864. 

Guilger-Casagrande, M., Lima, R. (2019). Synthesis of silver nanoparticles mediated by fungi: a 

review. Frontiers in bioengineering and biotechnology, 7, 287. 

Han, C; Yuan, J; Wang, Y; Li, L. (2006). Hypoglycemic activity of fermented mushroom of Coprinus 

comatus rich in vanadium. Journal of Trace Elements in Medicine and Biology, 20(3), 191-

196.  

Hosseingholian, A., Gohari, S. D., Feirahi, F., Moammeri, F., Mesbahian, G., Moghaddam, Z. S., 

Ren, Q. (2023). Recent advances in green synthesized nanoparticles: from production to 

application. Materials Today Sustainability, 100500.   

Huston, M., DeBella, M., DiBella, M., Gupta, A. (2021). Green synthesis of nanomaterials. 

Nanomaterials, 11(8), 2130. 

Kabir, E., Kumar, P., Kumar, S., Adelodun, A. A., Kim, K. H. (2018). Solar energy: Potential and 

future prospects. Renewable and Sustainable Energy Reviews,  82, 894-900. 

Kerrigan, RW. (2005). Agaricus subrufescens, a cultivated edible and medicinal mushroom, and its 

synonyms. Mycologia, 97(1), 12-24.  

Krebs-Moberg, M., Pitz, M., Dorsette, T. L., Gheewala, S. H. (2021). Third generation of 

photovoltaic panels: A life cycle assessment. Renewable Energy, 164, 556-565. 

Krüger, S., Hickey, S.G., Tscharntke, S., Eychmüller, A. (2011). Study of the attachment of linker 

molecules and their effects on the charge carrier transfer at lead sulfide nanoparticle sensitized 

ZnO substrates. The Journal of Physical Chemistry C, 115(26), 13047-13055.  

Lee, T.D., Abasifreke U.E. (2017). A review of thin film solar cell technologies and challenges. 

Renewable and Sustainable Energy Reviews, 70, 1286-1297. 

Mirnaya T.A., Asaula V.N., Volkov S.V. (2012). Synthesis and optical properties of liquid crystalline 

nanocomposites of cadmium octanoate with CdS quantum dots. Physics and Chemistry of 

Solid State. 13(1), 131-135.  

Miu, B. A., Dinischiotu, A. (2022). New green approaches in nanoparticles synthesis: An overview. 

Molecules, 27(19), 6472. 

about:blank
about:blank


264 

Selected Papers of VІ International Conference on European Dimensions 

of Sustainable Development, May 15-17, 2024. – Kyiv: NUFT, 2024 

Osman, A. I., Zhang, Y., Farghali, M., Rashwan, A. K., Eltaweil, A. S., El-Monaem, A., Yap, P. S. 

(2024). Synthesis of green nanoparticles for energy, biomedical, environmental, agricultural, 

and food applications: A review. Environmental Chemistry Letters, 1-47. 

Rai, M., Bonde, S., Golinska, P., Trzcińska-Wencel, J., Gade, A., Abd-Elsalam, K. A., Ingle, A. P. 

(2021). Fusarium as a novel fungus for the synthesis of nanoparticles: mechanism and 

applications. Journal of Fungi, 7(2), 139. 

Samuel, M. S., Ravikumar, M., John J, A., Selvarajan, E., Patel, H., Chander, P. S., ... & 

Chandrasekar, N. (2022). A review on green synthesis of nanoparticles and their diverse 

biomedical and environmental applications. Catalysts, 12(5), 459. 

Sarma, D. D., Prashant V. K. (2023). 2023 Nobel Prize in Chemistry: A Mega Recognition for 

Nanosized Quantum Dots. ACS Energy Letters, 8(12), 5149-5151. 

Sastry, M., Ahmad, A., Khan, M. I., & Kumar, R. (2003). Biosynthesis of metal nanoparticles using 

fungi and actinomycete. Current Science, 162-170.  

Sharma, D., Jha, R., Kumar, S. (2016). Quantum dot sensitized solar cell: recent advances and future 

perspectives in photoanode. Solar Energy Materials and Solar Cells, 155, 294-322.  

Shockley, W., Queisser, H.J. (1961). Detailed balance limit of efficiency of p‐n junction solar cells. 

Journal of Applied Physics, 32(3), 510-519.  

Singh, P., Kim, Y. J., Zhang, D., Yang, D. C. (2016). Biological synthesis of nanoparticles from 

plants and microorganisms. Trends in biotechnology, 34(7), 588-599. 

Synytsya, A; Míčková, K.; Synytsya, A; Jablonský, I.; Spěváček, J.; Erban, V.; Čopíková, J. (2009). 

Glucans from fruit bodies of cultivated mushrooms Pleurotus ostreatus and Pleurotus eryngii: 

Structure and potential prebiotic activity. Carbohydrate polymers, 76(4), 548-556. 

Terna, A. D., Elemike, E. E., Mbonu, J. I., Osafile, O. E., & Ezeani, R. O. (2021). The future of 

semiconductors nanoparticles: Synthesis, properties and applications. Materials Science and 

Engineering: B, 272, 115363. 

Thrane, U. (2014) Fusarium. Encyclopedia of food microbiology: Elsevier.  

Vitoreti, A.B.F., Corrêa, L.B., Raphael, E, Patrocinio, A.O.T., Nogueira, A. F., Schiavon, M.A. 

(2017). Células solares sensibilizadas por pontos quânticos. Química Nova, 40, 436-446.  

Ying, S., Guan, Z., Ofoegbu, P. C., Clubb, P., Rico, C., He, F., Hong, J. (2022). Green synthesis of 

nanoparticles: Current developments and limitations. Environmental Technology & 

Innovation, 26, 102336. 

 

  


