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Rapid	industrialization,	urbanization,	and	increasing	energy	demands	have	intensi�ied	environmental	pollution	and	
accelerated	the	depletion	of	conventional	fossil	fuel	resources,	creating	an	urgent	need	for	sustainable	technologies	
that	simultaneously	address	environmental	remediation	and	renewable	energy	production.	Photocatalytic	materials	
have	emerged	as	promising	multifunctional	catalysts	capable	of	utilizing	solar	energy	to	degrade	organic	pollutants,	
remove	 hazardous	 contaminants,	 disinfect	 water,	 reduce	 greenhouse	 gases,	 and	 produce	 clean	 fuels	 such	 as	
hydrogen.	 Semiconductor	 photocatalysts,	 including	 titanium	 dioxide	 (TiO₂),	 zinc	 oxide	 (ZnO),	 graphitic	 carbon	
nitride	(g-C₃N₄),	bismuth-based	materials,	and	metal-organic	frameworks,	have	demonstrated	remarkable	potential	
owing	 to	 their	 excellent	 chemical	 stability,	 photocatalytic	 ef�iciency,	 and	 environmental	 compatibility.	 Recent	
advances	in	nanotechnology,	heterojunction	engineering,	elemental	doping,	plasmonic	nanostructures,	and	carbon-
based	nanocomposites	have	signi�icantly	improved	visible-light	absorption,	charge	separation,	and	catalytic	activity.	
This	 review	summarizes	 the	 fundamental	principles	of	photocatalysis,	classi�ication	of	photocatalytic	materials,	
synthesis	approaches,	 environmental	applications,	 renewable	energy	production,	 current	 challenges,	and	 future	
research	directions.	The	article	also	highlights	emerging	trends	 in	photocatalytic	nanomaterials	 for	sustainable	
environmental	management	and	clean	energy	technologies.
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1.	Introduction
Environmental pollution and energy insecurity have 
become two of the most pressing global challenges of 
the twenty-�irst century. Rapid industrial growth, 
e x p a n d i n g  u r b a n  p o p u l a t i o n s ,  e x c e s s i v e 
consumption of fossil fuels, and increasing discharge 
of hazardous pollutants into air, water, and soil have 
signi�icantly affected ecosystem health and human 
well-being. Conventional wastewater treatment 
technologies and fossil fuel-based energy systems are 
often associated with high operational costs, 
secondary pollution, and greenhouse gas emissions, 
highl ighting the need for  environmental ly 
sustainable alternatives.
Photocatalysis has emerged as an attractive green 
technology because it utilizes abundant solar energy 
to initiate oxidation and reduction reactions capable 
of degrading environmental pollutants while 
simultaneously supporting renewable energy 
production. Semiconductor photocatalysts absorb 
photons with energies equal to or greater than their 
band-gap energy, generating electron-hole pairs that 
participate in various chemical reactions [1]. These 
reactive charge carriers produce highly reactive 
oxygen species capable of mineralizing toxic organic 
compounds into environmentally benign products 
such as carbon dioxide and water. 
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Among the numerous photocatalytic materials 
investigated, titanium dioxide (TiO₂) remains the 
benchmark photocatalyst because of its chemical 
stability, non-toxicity, low cost, and excellent 
photocatalytic performance. Other semiconductors, 
including zinc oxide (ZnO), tungsten trioxide (WO₃), 
bismuth vanadate (BiVO₄), graphitic carbon nitride 
(g-C₃N₄), and metal sul�ides, have also attracted 
considerable attention owing to their enhanced 
visible-light activity and broader application 
potential.  Furthermore, nanotechnology has 
substantially improved photocatalytic ef�iciency 
through particle size reduction, heterojunction 
construction,  elemental  doping,  plasmonic 
enhancement, and surface modi�ication [2]. Beyond 
pollutant degradation, photocatalytic materials have 
demonstrated considerable potential in hydrogen 
generation through water splitting, carbon dioxide 
reduction into valuable fuels,  antibacterial 
applications, self-cleaning coatings, air puri�ication, 
and environmental sensing. These multifunctional 
applications position photocatalysis as a key 
technology for achieving sustainable development 
goals related to clean water, affordable clean energy, 
climate action, and environmental protection [3]. 
This review provides a comprehensive overview of 
recent developments in photocatalytic materials, 
their mechanisms, synthesis methods, environmental 
applications, renewable energy production, current 
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limitations, and future research prospects.

2.	Fundamentals	of	Photocatalysis
Photocatalysis is a light-driven catalytic process in 
which semiconductor materials absorb photons to 
initiate oxidation and reduction reactions without 
being permanently consumed during the reaction. 
When a photocatalyst is exposed to ultraviolet or 
visible light possessing energy equal to or greater 
than its band-gap energy, electrons are excited from 
the valence band to the conduction band, leaving 
positively charged holes behind [4].  These 
photogenerated electron-hole pairs migrate to the 
catalyst surface, where they participate in redox 
reactions with water, oxygen, and adsorbed 
pollutants.
The excited electrons reduce dissolved oxygen to 
generate reactive oxygen species such as superoxide 
radicals, whereas photogenerated holes oxidize 
water or hydroxide ions to produce hydroxyl radicals. 
These highly reactive intermediates effectively 
degrade organic contaminants, destroy microbial 
pathogens, and mineralize toxic chemicals into 
harmless end products [5]. The overall photocatalytic 
ef�iciency depends on several factors, including light 
absorption capacity, band-gap energy, charge carrier 
separation, catalyst morphology, surface area, 
crystallinity, and reaction conditions [6]. Although 
photocatalysis offers numerous environmental 
advantages, rapid recombination of electron-hole 
pairs remains one of the primary factors limiting 
catalytic ef�iciency. Consequently, current research 
focuses on developing advanced photocatalytic 
materials with enhanced visible-light absorption, 
ef�icient charge separation, and improved surface 
reactivity.
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3.	Classi�ication	of	Photocatalytic	Materials
Photocatalytic materials are generally classi�ied 
according to their chemical composition, crystal 
s t r u c t u re ,  a n d  p h o to c a t a ly t i c  m e c h a n i s m . 
Semiconductor metal oxides represent the most 
extensively investigated class because of their 
excellent stability and strong oxidation capability. 
Titanium dioxide remains the most widely studied 
photocatalyst owing to its high chemical stability, low 
t o x i c i t y,  a ff o r d a b i l i t y,  a n d  r e s i s t a n c e  t o 
photocorrosion. Zinc oxide exhibits comparable 
photocatalytic activity while providing higher 
e l e c t r o n  m o b i l i t y,  m a k i n g  i t  s u i t a b l e  f o r 
environmental puri�ication applications. Other 
important oxide semiconductors include tungsten 
trioxide, iron oxide, tin oxide, and bismuth-based 
compounds, each possessing unique optical and 
catalytic properties [7]. Visible-light-responsive 
photocatalysts have received considerable attention 
because they utilize a larger proportion of the solar 
spectrum. Graphitic carbon nitride (g-C₃N₄), metal 
sul�ides such as cadmium sul�ide (CdS), and bismuth 
oxyhalides demonstrate relatively narrow band gaps, 
enabling ef�icient utilization of visible light. However, 
many of these materials require further modi�ication 
to improve stability and suppress charge carrier 
recombination. Nanostructured photocatalysts, 
including nanoparticles, nanotubes, nanorods, 
nano�ibers, nanosheets, and quantum dots, provide 
signi�icantly larger surface areas and shorter charge 
transport distances than bulk materials. Composite 
photocatalysts formed by coupling two or more 
semiconductors create heterojunctions that facilitate 
ef�icient electron-hole separation, thereby enhancing 
photocatalytic performance. Carbon-based materials 
such as graphene, graphene oxide, reduced graphene 
oxide, and carbon nanotubes are increasingly 
incorporated into photocatalytic systems to improve 
electrical conductivity, adsorption capacity, and 
catalytic ef�iciency.

Table	1:	Major	Photocatalytic	Materials	and	Their	Characteristics

4.	 Synthesis	 and	 Modi�ication	 of	 Photocatalytic	
Materials
The photocatalytic performance of semiconductor 
materials is strongly in�luenced by their synthesis 
method, which determines particle size, morphology, 
crystallinity, surface area, porosity, and defect 
concentration. Various physical, chemical, and 
biological approaches have been developed to 
synthesize photocatalysts with tailored structural 
and optical properties. Among these, the sol-gel 
method remains one of the most widely employed 
techniques because it enables excellent control over 
particle size, chemical composition, and homogeneity 
while operating under relatively mild reaction 
conditions. Hydrothermal and solvothermal methods 
are also extensively used to produce highly crystalline 
nanostructures with controlled morphology, 
including nanorods, nanosheets, and hierarchical 

architectures that exhibit enhanced photocatalytic 
activity. Co-precipitation, chemical vapor deposition, 
electrospinning, microwave-assisted synthesis, 
combustion synthesis, and ultrasonic-assisted 
methods have further expanded the range of available 
photocatalytic materials [8]. Green synthesis has 
recently emerged as an environmentally sustainable 
alternative to conventional chemical methods. Plant 
extracts, microorganisms, algae, fungi, and naturally 
occurring biomolecules act as reducing and 
stabilizing agents during nanoparticle synthesis, 
eliminating the need for hazardous chemicals and 
reducing energy consumption. Green-synthesized 
p h o t o c a t a l y s t s  o f t e n  p o s s e s s  i m p r o v e d 
biocompatibility, lower toxicity, and enhanced 
surface functionality, making them attractive for 
environmental and biomedical applications. 
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D e s p i t e  s i g n i � i c a n t  p ro g re s s  i n  s y n t h e s i s 
technologies, pristine semiconductor photocatalysts 
often suffer from limited visible-light absorption and 
rapid recombination of photogenerated electron-
hole pairs. Consequently, numerous modi�ication 
strategies have been developed to overcome these 
limitations. Metal-ion doping with elements such as 
silver, iron, copper, cobalt, and nickel introduces 
intermediate energy levels within the semiconductor 
band gap, thereby extending light absorption into the 
visible region and improving charge separation. 
Similarly, non-metal doping using nitrogen, sulfur, 
phosphorus, carbon, and boron modi�ies the 
electronic structure and enhances photocatalytic 
ef�iciency under solar irradiation [9]. Construction of 
semiconductor heterojunctions represents another 
h i g h l y  e ff e c t i v e  a p p r o a c h  f o r  i m p r o v i n g
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 photocatalytic  performance.  Coupling two 
semiconductors with compatible band structures 
facilitates directional migration of electrons and 
holes, thereby suppressing charge recombination and 
increasing the availability of reactive species. Carbon-
based materials such as graphene, graphene oxide, 
reduced graphene oxide, carbon nanotubes, and 
b ioc ha r  have  a lso  b een  in c orp ora ted  in to 
photocatalytic systems because of their excellent 
electrical conductivity, large speci�ic surface area, and 
superior electron transport properties. Surface 
plasmon resonance induced by noble metal 
nanoparticles such as gold and silver further 
enhances visible-light utilization by increasing local 
electromagnetic �ields and promoting ef�icient 
electron excitation.

Table	2:	Common	Synthesis	Methods	for	Photocatalytic	Nanomaterials

5.	 Environmental	Applications	of	 Photocatalytic	
Materials
Photocatalytic materials have become one of the most 
promising technologies  for  environmental 
remediation because they are capable of utilizing 
solar energy to eliminate a broad spectrum of 
pollutants without generating signi�icant secondary 
contamination. Their ability to completely mineralize 
toxic organic compounds into carbon dioxide, water, 
and inorganic ions distinguishes photocatalysis from 
conventional treatment methods that merely transfer 
c o n t a m i n a n t s  f ro m  o n e  p h a s e  to  a n o t h e r. 
Consequently, photocatalysis has found widespread 
application in water puri�ication, wastewater 
treatment, air pollution control, antimicrobial 
disinfection, and self-cleaning surfaces. Wastewater 
treatment represents one of the most extensively 
investigated applications of photocatalytic materials. 
Industrial  ef�luents generated from textile, 
pharmaceutical, petrochemical, paper, leather, 
pesticide, and dye manufacturing industries contain 
persistent organic pollutants that are resistant to 
conventional biological treatment processes [10]. 
Semiconductor photocatalysts effectively degrade 
dyes such as methylene blue, rhodamine B, methyl 
orange, and Congo red, as well as pharmaceuticals, 
antibiotics, endocrine-disrupting chemicals, 
pesticides, phenolic compounds, and various 
emerging contaminants. Reactive oxygen species 
generated during photocatalysis attack complex 
organic molecules, resulting in their complete 
mineralization and substantial reduction in chemical 
oxygen demand. Photocatalytic technology has also 
demonstrated considerable effectiveness in air 
puri�ication. 

Volatile organic compounds, nitrogen oxides, sulfur 
d i o x i d e ,  c a r b o n  m o n o x i d e ,  a n d  a i r b o r n e 
microorganisms contribute signi�icantly to urban air 
pollution and human health risks. Titanium dioxide-
based photocatalytic coatings applied to building 
materials, pavements, glass surfaces, and air 
puri�ication systems oxidize these pollutants under 
sunlight, thereby improving air quality. Self-cleaning 
architectural materials coated with photocatalytic 
nanoparticles additionally prevent accumulation of 
dust, organic matter, and microbial bio�ilms, reducing 
maintenance costs while enhancing environmental 
sustainability. Another important application is 
antimicrobial activity. Photocatalytic nanoparticles 
generate reactive oxygen species that damage 
bacterial cell membranes, proteins, lipids, and nucleic 
acids, leading to effective inactivation of pathogenic 
microorganisms. This property has stimulated the 
development of antimicrobial coatings for hospitals, 
food processing facilities, medical devices, water 
disinfection systems, and public infrastructure [11]. 
During the COVID-19 pandemic, photocatalytic 
antiviral coatings gained increased attention for their 
potential to reduce viral persistence on frequently 
touched surfaces. Photocatalysis also contributes to 
environmental protection through carbon dioxide 
conversion and pollutant monitoring. Advanced 
photocatalysts can convert carbon dioxide into value-
added chemicals such as methane, methanol, formic 
acid, and carbon monoxide using solar energy, 
thereby contributing to carbon recycling and climate 
change mitigation. Simultaneously, photocatalytic 
materials have been integrated into environmental 
sensors for detecting toxic gases, heavy metals, 
pesticides, and organic pollutants with high 
sensitivity and selectivity.
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Table	3:	Environmental	Applications	of	Photocatalytic	Materials

6.	 Photocatalytic	 Hydrogen	 Production	 and	
Renewable	Energy
Photocatalytic hydrogen production has emerged as 
one of  the most  promising applications of 
semiconductor photocatalysts because it offers a 
sustainable route for generating clean energy directly 
from water using solar radiation. Hydrogen is widely 
regarded as a future energy carrier due to its high 
energy density, carbon-free combustion, and 
compatibility with fuel cell technologies. Unlike 
conventional hydrogen production methods that rely 
on fossil fuels and generate signi�icant greenhouse 
gas emissions, photocatalytic water splitting utilizes 
renewable solar energy to produce hydrogen and 
oxygen without releasing carbon dioxide. In 
photocatalytic water splitting, semiconductor 
materials absorb photons and generate electron-hole 
pairs that drive oxidation and reduction reactions. 
Photogenerated electrons reduce hydrogen ions to 
molecular hydrogen, while holes oxidize water to 
produce oxygen [12]. The ef�iciency of this process 
depends on appropriate band-gap energy, effective 
charge separation, catalyst stability, surface reaction 
kinetics, and ef�icient utilization of visible light. 
Titanium dioxide has historically served as the 
benchmark photocatalyst for hydrogen evolution; 
however, its wide band gap limits solar energy 
utilization primarily to ultraviolet radiation. 
Consequently, extensive research has focused on 
developing visible-light-responsive photocatalysts, 
including graphitic carbon nitride, bismuth vanadate, 
cadmium sul�ide, and various heterojunction 
nanocomposites capable of improving solar-to-
hydrogen conversion ef�iciency. Recent advances in 
n a n o t e c h n o l o g y  h a v e  f u r t h e r  e n h a n c e d 
photocatalytic hydrogen production through 
cocatalyst deposition, plasmonic enhancement, 
defect engineering, quantum dots, and Z-scheme 
heterojunctions that facilitate ef�icient electron 
transfer while suppressing charge recombination. 
These innovations have signi�icantly increased 
hydrogen evolution rates and improved catalyst 
stabil ity,  bringing photocatalytic  hydrogen 
product ion  c loser  to  pract ica l  large-sca le 
applications. Although several technical challenges 
remain, continued progress in material design and 
reactor engineering positions photocatalytic 
hydrogen production as a key component of future 
renewable energy systems and the global transition 
toward carbon-neutral energy technologies.

7.	Conclusion
Photocatalytic materials have emerged as one of the 
m o s t  p r o m i s i n g  g r e e n  t e c h n o l o g i e s  f o r 
simultaneously addressing environmental pollution 
and the growing demand for renewable energy. By 
h a r n e s s i n g  s o l a r  e n e r g y,  s e m i c o n d u c t o r 
photocatalysts can effectively degrade a wide range of 

organic and inorganic pollutants,  eliminate 
pathogenic microorganisms, purify water and air, and 
facilitate the production of clean hydrogen fuel 
through photocatalytic water splitting. Their ability 
to convert solar energy into chemical energy without 
generating harmful secondary pollutants makes 
photocatalysis an environmentally sustainable 
alternative to conventional remediation and energy 
production technologies. Signi�icant advances in 
nanotechnology, materials science, and surface 
engineering have greatly improved the performance 
of photocatalytic materials. Strategies such as 
elemental doping, heterojunction construction, 
plasmonic modi�ication, defect engineering, and 
incorporation of carbon-based nanomaterials have 
enhanced visible-light absorption, accelerated charge 
carrier separation, and increased photocatalytic 
ef�iciency. In addition, green synthesis approaches 
employing plant extracts and other biological 
resources have contributed to the development of 
environmentally friendly photocatalysts while 
reducing the use of hazardous chemicals and energy-
intensive manufacturing processes. Despite these 
remarkable developments, several challenges 
continue to limit the large-scale commercialization of 
photocatalytic technologies. Rapid recombination of 
photogenerated electron-hole pairs, limited visible-
light utilization by conventional photocatalysts, 
catalyst deactivation, low solar-to-hydrogen 
conversion ef�iciency, and dif�iculties in catalyst 
recovery remain important research priorities, these 
limitations requires the development of highly 
ef�icient, stable, cost-effective, and scalable 
photocatalytic systems capable of operating under 
natural sunlight and realistic environmental 
conditions.
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