
Metal Oxide Based Nano-Photocatalysts as Antiviral Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27467 1/9

Metal Oxide Based Nano-Photocatalysts as
Antiviral Agents
Subjects: Nanoscience & Nanotechnology

Contributor: Jai Prakash , Suresh Babu Naidu Krishna , Promod Kumar , Vinod Kumar , Kalyan S. Ghosh , Hendrik

C. Swart , Stefano Bellucci , Junghyun Cho

Photocatalysis, a unique process that occurs in the presence of light radiation, can potentially be utilized to control

environmental pollution, and improve the health of society. Photocatalytic removal, or disinfection, of chemical and

biological species has been known for decades; its extension to indoor environments in public places has always

been challenging. Many efforts have been made in this direction since the COVID-19 pandemic started. The

development of efficient photocatalytic nanomaterials through modifications to improve their photoactivity under

ambient conditions for fighting with such a pandemic situation is a high research priority. Several metal oxides-

based nano-photocatalysts have been designed to work efficiently in outdoor and indoor environments for the

photocatalytic disinfection of biological species. 

antibacterial  antiviral  metal oxide

1. Introduction

Even with the fast growing technology and industrial developments, the modern world is still lacking in the control

of environmental and health issues. The best example is the current COVID-19 pandemic, which has made people

realize that the modern world should also take care of the development of novel technologies, materials and

medical innovations to control such health- and environment-related issues . Various unwanted components

present in the environment affect human health directly or indirectly. In this context in particular, different microbial

pathogens such as viruses, bacteria, protozoa, etc. present in the environment may sometimes threaten human

health and cause dangerous infectious illnesses . Recent developments suggest that nanotechnology-based

methods and materials could be alternate options with the huge potential for controlling such bacterial/viral

outbreaks  which have been a serious issue and increased at a disquieting rate over the past decades .

Photocatalysis, which uses nano-photocatalysts, is one of the unique processes occurs in the presence of solar

radiation . This process is promising for the control of environmental issues and for improving the health of the

society due to the presence of unspent solar energy on the Earth . Photocatalysis has multifunctional

applications in the field of environmental studies, including the photocatalytic degradation of toxic/harmful organic

compounds and gases , and the photocatalytic viral and bacterial disinfection of water, air, or on surfaces,

which ultimately protects the environment and improves human health . Photocatalytic removal or

disinfection of such species is a promising and environmentally friendly process using suitable photocatalysts

under the influence of solar radiation. Furthermore, it is also very cost-effective and promising in the open
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environment . In recent years, several metal oxide semiconductor photocatalysts such as TiO , ZnO, CuO,

WO , etc. have been designed as visible active photocatalysts. Their properties have been improved through some

modifications which enable them to work efficiently in solar light towards photocatalytic degradation and

disinfection of chemical and biological species , respectively. These are found to be very useful for

disinfecting surfaces, air, and water by killing several microorganisms i.e., bacteria and fungi, and inactivating

several viruses including influenza virus, hepatitis C virus, coronavirus, etc., . These photocatalysts exhibit

oxidative capabilities via the photocatalytic production of cytotoxic reactive oxygen species (ROS)  for photo-

degradation/inactivation of such species in outdoor as well as indoor environment. It has been found to be very

beneficial for the treatment of various bacterial/viral diseases such as measles, influenza, herpes, Ebola, current

COVID-19, etc., .

These semiconductor nano-photocatalysts are potential candidates as next-generation antibiotics and antiviral

agents to deal with multi-drug-resistant pathogens and viruses, respectively, owing to their outstanding

antibacterial/viral performance. The action of photocatalytic inactivation/degradation of these nano-photocatalysts

on various bacterial and viruses has been successfully explained by several authors; however, the proposed

mechanisms are still under debate and continuous investigations are going on by the scientific community 

. 

2. Metal Oxide Based Nano-Photocatalysts

The photocatalysis method of disinfection using metal oxide semiconductors shows great potential in outdoor and

indoor environments as compared to the conventional methods for the removal of bacteria or viruses. These nano-

photocatalysts can effectively inactivate the bacteria and viruses in the presence of light radiation under ambient

conditions without producing any other by-products as compared to that of using chemicals .

Metal oxide semiconductor-based nano-photocatalysts such as TiO , and ZnO have been extensively investigated

for inactivation of several bacteria and viruses. The basic mechanism behind their photoinduced inactivation

involves the photocatalytic production of short-lived but effective biocidal ROS, i.e., hydroxyl radicals (•OH),

superoxide (•O ), and hydrogen peroxide (H O ), through photochemical redox reactions under light irradiation.

. The formation mechanism of various ROS in various cases is shown in  Figure 3. Such an effectively

biocidal ROS further inactivates the bacteria and viruses by damaging deoxyribonucleic acid (DNA), Ribonucleic

acid (RNA), proteins, and lipids . The generation of ROS and the disinfection of bacteria and virus,

including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus inactivation, are shown

schematically in Figure 1a–c.
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Figure 1. Schematic representation of photocatalytic disinfection of: (a) bacteria ; (b) HCoV-NL63 virus ; and

(c) SARS-CoV-2 virus . Under the influence of light irradiation, the photocatalysts produce electrons and holes

that undergo oxidation and reduction processes with O  and H O generating strong free radical on their surfaces.

These radicals interact with the adsorbed bacteria or viruses and inactivate them.

Under the influence of ultra-violet (UV) light radiation, these nano-photocatalysts absorb the radiation resulting in

excitation and promotion of valance band (VB) electrons into the conduction band (CB). The holes in VB interact

with the adsorbed water molecules and produce active OH and H O   free radicals. These free radicals are

powerful oxidants which generally oxidize the components/chemical in the shell and capsid of the bacteria and

viruses . Subsequently, whereas electrons in CB generally reduce the atmospheric O   (or available from the

medium) and produce •O   radicals . Similarly, •O   radicals produced in photocatalysis are effective in

rupturing the capsid shell that results in the leakage and rapid destruction of capsid proteins and RNA  (Figure

1b,c).

The ROS as produced generally attack or interact with the cytoplasmic membrane and cell wall of the bacteria or

viruses during the inactivation mechanism . However, the rate of photo inactivation/disinfection depends on the
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photocatalyst used and the amount of ROS produced under the influence of the available wavelength of light

irradiation, and also depends on the internal as well as external cell structures of the type of pathogens, because

all the bacteria or viruses do not have similar cell wall and membrane structures. These components may have

complicated layered structures and contain various types of RNA/DNA, proteins, or enzymes . For instance,

cyclobutene pyrimidine dimers (CPDs) and pyrimidine-6,4-pyrimidone (6.4 PP) photoproducts, together with the

Dewar-valence isomers, are the most studied and best described UV-induced photoreactions between and within

nucleic acids . Following UV light exposure, pyrimidine dimers (see Scheme 1) are formed. CPD and 6,4PP

dimers are mainly responsible for bending the double helix 7–9 and 44 degrees, respectively, once they are

formed. DNA replication is stopped because of these alterations.

Scheme 1.  Schematic diagram of how pyrimidine dimers form after DNA is exposed to UV light. between two

adjacent thymine (T) nitrogenous bases, the production of cyclobutane pyrimidine dimers (CPDs); and pyrimidine-

6.4-pyrimidone photoproducts (6.4 PP). Similar reactions for uracil in the case of RNA could take place (U) .

Because of their wide band gap, the TiO  (3.2 eV) and ZnO (3.37 eV) nano-photocatalysts absorb the high energy

UV radiation. This limits their potential photocatalytic applicability more efficiently in outdoor environments under

the sunlight because it has only 3–5% UV radiation. Furthermore, photocatalytic disinfection processes in indoor

environments are challenging, and modifications of these metal oxide nano-photocatalysts to make them visible

light active photocatalysts need to be explored . There are several ways to modify these nano-photocatalysts,

such as doping with metals/non-metals , surface modification via sensitizing or heterojunction formation 

with other functional nanomaterials such as noble metals, carbon based nanomaterials (i.e., graphene, carbon

nanotubes, graphene oxide, etc.)  other metal oxides, etc.  Emphasis has been given to enhance the

surface area, prevent the recombination of photogenerated charge carriers, and bandgap modification to extend

into visible light absorption for effective use in ambient conditions . For example, Yu et al. 
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demonstrated the enhanced photocatalytic activity of mesoporous TiO   via F doping attributed to the stronger

absorption in UV-visible region with a red shift in the band gap transition. Fe doped TiO  were found to be very

effective in visible region with excellent antifungal activities under natural environment . Similarly, Ag doped ZnO

 and TiO  NPs  showed better antibacterial activities in normal room conditions due to Ag ion-induced visible

light activity in these nano-photocatalysts. These nano-photocatalysts, modified with plasmonic noble metals 

, are effective antibacterial and antiviral agents in dark conditions . Interestingly, such nano-photocatalysts

have also been used as memory catalysis because of their unique talent to retain the catalytic performance in dark

conditions . For example, Tatsuma et al.  demonstrated that TiO –WO  heterojuction nanocomposite

photocatalyst films could be charged by UV light irradiation which showed good antibacterial effect on Escherichia

coli in dark environment. Similarly, Ag-modified TiO  films were also shown to exhibit disinfection memory activity

.

As discussed above, a great deal of research has been performed in real practical applications of such nano-

photocatalysts. Recent developments show that modified metal oxide nano-photocatalysts are promising

disinfection agents in indoor environments in ambient room conditions when applied in the form of surface

coating/thin films on commonly used surfaces in hospitals, offices, home, etc. Additionally, potential practical

applications have been carried out which show excellent results while using these nanomaterials for the

disinfection of polluted water and air (in indoor as well as outdoor environments) which show their potential to

combat pandemics such as COVID-19. The disinfection applications of such nano-photocatalysts in air, water and

on surfaces have been discussed in the next sections, with an emphasis on their mechanism of actions.

References

1. Prakash, J.; Cho, J.; Mishra, Y.K. Photocatalytic TiO2 nanomaterials as potential antimicrobial and
antiviral agents: Scope against blocking the, SARS-CoV-2 spread. Micro Nano Eng. 2022, 14,
100100.

2. Soni, V.; Khosla, A.; Singh, P.; Nguyen, V.-H.; Van Le, Q.; Selvasembian, R.; Hussain, C.M.;
Thakur, S.; Raizada, P. Current perspective in metal oxide based photocatalysts for virus
disinfection: A review. J. Environ. Manag. 2022, 308, 114617.

3. Guerra, F.D.; Attia, M.F.; Whitehead, D.C.; Alexis, F. Nanotechnology for Environmental
Remediation: Materials and Applications. Molecules 2018, 23, 1760.

4. Talebian, S.; Wallace, G.G.; Schroeder, A.; Stellacci, F.; Conde, J. Nanotechnology-based
disinfectants and sensors for, SARS-CoV-2. Nat. Nanotechnol. 2020, 15, 618–621.

5. Aghalari, Z.; Dahms, H.-U.; Sillanpää, M. Investigating the effectiveness of nanotechnologies in
environmental health with an emphasis on environmental health journals. Life Sci. Soc. Policy
2021, 17, 8.

2

2

[41]

[23]
2

[11]

[42][43]

[44] [1][45]

[33][45][46] [47]
2 3

2

[45]



Metal Oxide Based Nano-Photocatalysts as Antiviral Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27467 6/9

6. Soliman, A.M.; Khalil, M.; Ali, I.M. Novel and Facile Method for Photocatalytic Disinfection and
Removal of Organic Material from Water Using Immobilized Copper Oxide Nano Rods. J. Water
Process Eng. 2021, 41, 102086.

7. Chakraborty, A.; Samriti Ruzimuradov, O.; Gupta, R.K.; Cho, J.; Prakash, J. TiO2 nanoflower
photocatalysts: Synthesis, modifications and applications in wastewater treatment for removal of
emerging organic pollutants. Environ. Res. 2022, 212, 113550.

8. Samriti, M.; Chen, Z.; Sun, S.; Prakash, J. Design and engineering of graphene nanostructures as
independent solar-driven photocatalysts for emerging applications in the field of energy and
environment. Mol. Syst. Des. Eng. 2022, 7, 213–238.

9. Prakash, J.; Sun, S.; Swart, H.C.; Gupta, R.K. Noble metals-TiO2 nanocomposites: From
fundamental mechanisms to photocatalysis, surface enhanced, Raman scattering and
antibacterial applications. Appl. Mater. Today 2018, 11, 82–135.

10. Gupta, T.; Cho, J.; Prakash, J. Hydrothermal synthesis of TiO2 nanorods: Formation chemistry,
growth mechanism, and tailoring of surface properties for photocatalytic activities. Mater. Today
Chem. 2021, 20, 100428.

11. Prakash, J.; Kumar, P.; Harris, R.A.; Swart, C.; Neethling, J.H.; van Vuuren, A.J.; Swart, H.C.
Synthesis, characterization and multifunctional properties of plasmonic Ag–TiO2 nanocomposites.
Nanotechnology 2016, 27, 355707.

12. Singh, N.; Prakash, J.; Gupta, R.K. Design and engineering of high-performance photocatalytic
systems based on metal oxide–Graphene—Noble metal nanocomposites. Mol. Syst. Des. Eng.
2017, 2, 422–439.

13. Rajput, V.; Gupta, R.K.; Prakash, J. Engineering metal oxide semiconductor nanostructures for
enhanced charge transfer: Fundamentals and emerging SERS applications. J. Mater. Chem. C
2022, 10, 73–95.

14. Ahmadi, Y.; Bhardwaj, N.; Kim, K.-H.; Kumar, S. Recent advances in photocatalytic removal of
airborne pathogens in air. Sci. Total Environ. 2021, 794, 148477.

15. Channegowda, M. Functionalized Photocatalytic Nanocoatings for Inactivating COVID-19 Virus
Residing on Surfaces of Public and Healthcare Facilities. Coronaviruses 2021, 2, 3–11.

16. Saravanan, A.; Kumar, P.S.; Jeevanantham, S.; Karishma, S.; Kiruthika, A.R. Photocatalytic
disinfection of micro-organisms: Mechanisms and applications. Environ. Technol. Innov. 2021, 24,
101909.

17. Liu, Y.; Huang, J.; Feng, X.; Li, H. Thermal-Sprayed Photocatalytic Coatings for Biocidal
Applications: A Review. J. Therm. Spray Technol. 2021, 30, 1–24.



Metal Oxide Based Nano-Photocatalysts as Antiviral Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27467 7/9

18. Kumar, P.; Mathpal, M.C.; Prakash, J.; Viljoen, B.C.; Roos, W.; Swart, H. Band gap tailoring of
cauliflower-shaped CuO nanostructures by Zn doping for antibacterial applications. J. Alloys
Compd. 2020, 832, 154968.

19. da Silva, B.L.; Caetano, B.L.; Chiari-Andréo, B.G.; Pietro, R.C.L.R.; Chiavacci, L.A. Increased
antibacterial activity of ZnO nanoparticles: Influence of size and surface modification. Colloids
Surf. B. Biointerfaces 2019, 177, 440–447.

20. Matsuura, R.; Lo, C.-W.; Wada, S.; Somei, J.; Ochiai, H.; Murakami, T.; Saito, N.; Ogawa, T.;
Shinjo, A.; Benno, Y.; et al. SARS-CoV-2 Disinfection of Air and Surface Contamination by TiO2
Photocatalyst-Mediated Damage to Viral Morphology, RNA, and Protein. Viruses 2021, 13, 942.

21. Gold, K.; Slay, B.; Knackstedt, M.; Gaharwar, A.K. Antimicrobial Activity of Metal and Metal-Oxide
Based Nanoparticles. Adv. Ther. 2018, 1, 1700033.

22. Liaqat, F.; Khazi, M.I.; Awan, A.S.; Eltem, R.; Li, J. 15-Antimicrobial studies of metal oxide
nanomaterials. In Metal Oxide-Carbon Hybrid Materials; Chaudhry, M.A., Hussain, R., Butt, F.K.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 407–435.

23. Kumar, V.; Prakash, J.; Singh, J.P.; Chae, K.H.; Swart, C.; Ntwaeaborwa, O.M.; Swart, H.C.;
Dutta, V. Role of silver doping on the defects related photoluminescence and antibacterial
behaviour of zinc oxide nanoparticles. Colloids Surf. B Biointerfaces 2017, 159, 191–199.

24. Zacarías, S.M.; Satuf, M.L.; Vaccari, M.C.; Alfano, O.M. Photocatalytic inactivation of bacterial
spores using TiO2 films with silver deposits. Chem. Eng. J. 2015, 266, 133–140.

25. Park, G.W.; Cho, M.; Cates, E.L.; Lee, D.; Oh, B.-T.; Vinjé, J.; Kim, J.-H. Fluorinated TiO2 as an
ambient light-activated virucidal surface coating material for the control of human norovirus. J.
Photochem. Photobiol. B Biol. 2014, 140, 315–320.

26. Si, Y.; Zhang, Z.; Wu, W.; Fu, Q.; Huang, K.; Nitin, N.; Ding, B.; Sun, G. Daylight-driven
rechargeable antibacterial and antiviral nanofibrous membranes for bioprotective applications.
Sci. Adv. 2018, 4, eaar5931.

27. Kumar, A.; Soni, V.; Singh, P.; Khan, A.A.P.; Nazim, M.; Mohapatra, S.; Saini, V.; Raizada, P.;
Hussain, C.M.; Shaban, M.; et al. Green aspects of photocatalysts during corona pandemic: A
promising role for the deactivation of COVID-19 virus. RSC Adv. 2022, 12, 13609–13627.

28. Khaiboullina, S.; Uppal, T.; Dhabarde, N.; Subramanian, V.R.; Verma, S.C. Inactivation of Human
Coronavirus by Titania Nanoparticle Coatings and UVC Radiation: Throwing Light on SARS-CoV-
2. Viruses 2021, 13, 19.

29. Tong, Y.; Shi, G.; Hu, G.; Hu, X.; Han, L.; Xie, X.; Xu, Y.; Zhang, R.; Sun, J.; Zhong, J. Photo-
catalyzed TiO2 inactivates pathogenic viruses by attacking viral genome. Chem. Eng. J. 2021,
414, 128788.



Metal Oxide Based Nano-Photocatalysts as Antiviral Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27467 8/9

30. Bono, N.; Ponti, F.; Punta, C.; Candiani, G. Effect of UV Irradiation and TiO2-Photocatalysis on
Airborne Bacteria and Viruses: An Overview. Materials 2021, 14, 1075.

31. Mullenders, L.H.F. Solar UV damage to cellular DNA: From mechanisms to biological effects.
Photochem. Photobiol. Sci. 2018, 17, 1842–1852.

32. Prakash, J.; Samriti, K.A.; Dai, H.; Janegitz, B.C.; Krishnan, V.; Swart, H.C.; Sun, S. Novel rare
earth metal–doped one-dimensional TiO2 nanostructures: Fundamentals and multifunctional
applications. Mater. Today Sustain. 2021, 13, 100066.

33. Cai, T.; Liu, Y.; Wang, L.; Zhang, S.; Ma, J.; Dong, W.; Zeng, Y.; Yuan, J.; Liu, C.; Luo, S. “Dark
Deposition” of Ag Nanoparticles on TiO2: Improvement of Electron Storage Capacity To Boost
“Memory Catalysis” Activity. ACS Appl. Mater. Interfaces 2018, 10, 25350–25359.

34. Prakash, J. Mechanistic Insights into Graphene Oxide Driven Photocatalysis as Co-Catalyst and
Sole Catalyst in Degradation of Organic Dye Pollutants. Photochem 2022, 2, 651–671.

35. Verma, S.; Mal, D.S.; de Oliveira, P.R.; Janegitz, B.C.; Prakash, J.; Gupta, R.K. A facile synthesis
of novel polyaniline/graphene nanocomposite thin films for enzyme-free electrochemical sensing
of hydrogen peroxide. Mol. Syst. Des. Eng. 2022, 7, 158–170.

36. Sharma, P.; Kherb, J.; Prakash, J.; Kaushal, R. A novel and facile green synthesis of SiO2
nanoparticles for removal of toxic water pollutants. Appl. Nanosci. 2021.

37. Prakash, J.; Harris, R.A.; Swart, H.C. Embedded plasmonic nanostructures: Synthesis,
fundamental aspects and their surface enhanced Raman scattering applications. Int. Rev. Phys.
Chem. 2016, 35, 353–398.

38. Qi, K.; Cheng, B.; Yu, J.; Ho, W. A review on TiO2-based Z-scheme photocatalysts. Chin. J. Catal.
2017, 38, 1936–1955.

39. Yu, J.; Wang, W.; Cheng, B.; Su, B.-L. Enhancement of Photocatalytic Activity of Mesporous TiO2
Powders by Hydrothermal Surface Fluorination Treatment. J. Phys. Chem. C 2009, 113, 6743–
6750.

40. Yu, J.C.; Yu, J.; Ho, W.; Jiang, Z.; Zhang, L. Effects of F- Doping on the Photocatalytic Activity and
Microstructures of Nanocrystalline TiO2 Powders. Chem. Mater. 2002, 14, 3808–3816.

41. Li, J.; Ren, D.; Wu, Z.; Huang, C.; Yang, H.; Chen, Y.; Yu, H. Visible-light-mediated antifungal
bamboo based on Fe-doped TiO2 thin films. RSC Adv. 2017, 7, 55131–55140.

42. Kumar, P.; Mathpal, M.C.; Prakash, J.; Jagannath, G.; Roos, W.D.; Swart, H.C. Plasmonic and
nonlinear optical behavior of nanostructures in glass matrix for photonics application. Mater. Res.
Bull. 2020, 125, 110799.

43. Prakash, J.; Tripathi, A.; Gautam, S.; Chae, K.H.; Song, J.; Rigato, V.; Tripathi, J.; Asokan, K.
Phenomenological understanding of dewetting and embedding of noble metal nanoparticles in



Metal Oxide Based Nano-Photocatalysts as Antiviral Agents | Encyclopedia.pub

https://encyclopedia.pub/entry/27467 9/9

thin films induced by ion irradiation. Mater. Chem. Phys. 2014, 147, 920–924.

44. Kumar, P.; Mathpal, M.C.; Jagannath, G.; Prakash, J.; Maze, J.-R.; Roos, W.D.; Swart, H.C.
Optical limiting applications of resonating plasmonic Au nanoparticles in a dielectric glass
medium. Nanotechnology 2021, 32, 345709.

45. Li, J.; Ma, R.; Wu, Z.; He, S.; Chen, Y.; Bai, R.; Wang, J. Visible-Light-Driven Ag-Modified TiO2
Thin Films Anchored on Bamboo Material with Antifungal Memory Activity against Aspergillus
niger. J. Fungi 2021, 7, 592.

46. Ma, R.; Li, J.; Han, S.; Wu, Z.; Bao, Y.; He, S.; Chen, Y. Solar-driven WO3·H2O/TiO2
heterojunction films immobilized onto bamboo biotemplate: Relationship between physical color,
crystal structure, crystal morphology, and energy storage ability. Surf. Interfaces 2022, 31,
102028.

47. Tatsuma, T.; Takeda, S.; Saitoh, S.; Ohko, Y.; Fujishima, A. Bactericidal effect of an energy
storage TiO2–WO3 photocatalyst in dark. Electrochem. Commun. 2003, 5, 793–796.

Retrieved from https://encyclopedia.pub/entry/history/show/68365


