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ABSTRACT 
Nanostructured metal oxides play a crucial role as catalytic materials in photoelectrochemical water 
splitting owing to their favourable electronic properties, chemical stability and earth abundance. With 
the rising environmental concerns and advances in sustainable technologies, renewable energy storage 
and conversion technologies rely heavily on metal oxide–based materials. Metal oxides such as ZnO, 
TiO2, BiVO4 are widely used semiconductors due to their availability, cost effectiveness and stability and 
they can be readily synthesised under ambient conditions, making them suitable for large scale 
production. Beyond energy conversion, these materials have garnered significant attention for their 
potential role in biomedical sensing application. Their high surface area, chemical reactivity and 
sensitivity to chemical species make them a promising candidate for biosensing and metabolic 
monitoring. This review provides a detailed medically oriented insight on nanostructured metal oxides, 
offering an in-depth analysis of their sensing applications in the physiological environment. Current 
challenges related to finding long durable and biocompatible materials are discussed along with efforts 
to connect interdisciplinary advances in energy driven semiconductor materials with medical sensing 
technologies. 

 
1.  Introduction 

With the increasing development in the technology, the 

global rise in energy consumption and over dependence of 

fossil fuel has made the scenario worth noting. It has a direct 

impact on energy sustainability, efficiency and environmental 

concerns. The industrial evolution and the CO2 emission make 

it more significant to switch towards the renewable energy 
sources because of its availability and clean energy [1]. In this 

context, the semiconductor materials-based energy conversion 

helps in converting solar energy to chemical energy via 

Photoelectrochemical water splitting (PEC) systems making it 

scalable keeping a pace with the environment [1,2]. Along 

with the challenge of the global energy consumption and the 

development of semiconducting energy. The semiconductor 

materials drive the hydrogen evolution reaction, 

Nanostructured semiconducting materials such as TiO2, ZnO, 

BiVO4, SnO etc provides an aligned band structure, enhanced 

charge separation, and electrochemical durability making them 
effective as a PEC material [3,4].  

On the other hand, modern biomedical technology 

particularly sensing materials used for metabolic monitoring 

and early disease diagnosis strongly depends on the efficiency 

of functional materials and their ability to transduce signals in 

complex physiological environments. Nanostructured 

materials are especially attractive in this context because they 

provide a high surface-to-volume ratio, tunable band gaps, and 

large interfacial areas that facilitate efficient charge transfer 

between analytes and sensing platforms [5]. 

From a physics perspective, photoelectrochemical (PEC) 

energy conversion and biosensing share several fundamental 

mechanisms. Both processes involve the absorption of 
electromagnetic radiation, generation of charge carriers, and 

their subsequent transport across interfaces. In addition, the 

electric potential at the semiconductor–electrolyte interface 

plays a crucial role in governing charge transfer processes, 

while electrolyte screening effects and the formation of the 

electrical double layer significantly influence the interfacial 

dynamics [6,7]. 

Therefore, understanding the behaviour of the 

semiconductor–electrode interface becomes a key parameter in 

designing multifunctional systems for renewable energy and 

sensing applications. This review aims to bridge 
photoelectrochemical water splitting and biomedical 

biosensing through a physics-oriented perspective, with 

particular emphasis on charge transport mechanisms, the 

behaviour of the electrode–electrolyte interface, and the 

stability of these systems in aqueous environments. 

Furthermore, we discuss the major challenges related to 

performance, durability, and biocompatibility, and explore the 
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potential integration of sensing capabilities into energy-driven 

materials for long-term sustainable technologies [8,9]. 

 

2.  Physical properties of nanostructured metal oxides 
 

Photoelectrochemical water splitting (PEC) mechanism 

comes under transformative technology where they harness 

solar energy to generate clean and renewable source of energy. 

The process uses semiconductor materials as the 

photoelectrode in presence of aqueous electrolyte absorbs the 

sunlight that facilitates chemical reactions necessary for 
effective water splitting. Among various nanostructured 

materials metal oxides are used quiet often because of their 

stability and adaptability. A sensor on the other hand, is a 

miniaturized device that tracks the chemical, biological and 

physical changes and convert it to a signal. The sensor 

comprises of specific components (enzyme, antibody, nucleic 

acid, a receptor protein etc). It mainly works in two sections 

firstly the materials that are used to sense, reacts only in the 

presence of effective analyte, which does not allow other 

elements to participate minimizing the interference secondly 

the detector of the device converts the reaction into sample. It 

is important to understand the charge transport properties and 
the interfacial dynamics between the semiconductor and the 

electrolyte systems [10,11]. 

 

2.1  Significance of band gap engineering 
 

Band gap engineering is the process that governs the 

modulation of band gap of a material as an when required as it 

serves as the critical parameter for almost all technological 

applications. For instant, solar cells, photocatalytic devices, 

lasers etc. This process is typically carried out in 

semiconductors where the composition of alloy can be altered 

and layers of different materials can also be converged to 

attain the desired band gap. Upon illumination, the electrons 
mediate from the valence band to the conduction band 

generating electron-hole pairs. The narrow band helps in 

absorbing the visible light irradiation which covers the greater 

portion of the spectrum enhancing the photocatalytic activity 

[12]. There are different methods opted for alteration (a) 

Doping where new atoms of similar ionic radii is introduced in 

the host material (b) Heterostructures, combining two different 

semiconductors which helps in tuning the band gap as 

required. These are some of them that create new energy states 

for facilitating charge transfer. In nanostructured systems, 

band alignment at the electrode-electrolyte interface has a 

significant role in separating the charges. When two 
semiconductors are connected together, they form an internal 

electric field with fermi equilibration. These internal field that 

is built in the coupled nanostructures helps in directional 

charge transfer inhibiting the recombination losses. This 

internalized functioning is effective for both the 

photoelectrochemical energy conversion and storage along 

with biosensing application. Although there are lot of 

advancements, still there is challenge regarding the precise 

balance between charge separation and recombination 

inhabitation [13,14].  

Recent studies have been carried that showed that band 
gap engineering strategy through incorporation of dopant, 

formation of heterojunction and designing nanostructures are 

some important parameters that enhances the ability of light 

absorption and thereby enhancing charge transport in metal 

oxide matrix. For example, thorough research has been done 

on TiO2, BiVO4, ZnO, Fe2O3 etc. where their strategies of 

band edge modification and defect state incorporation helped 

in visible light accumulation and enhanced PEC efficiency. A 

study on ZnO has shown that using different dopants of similar 

ionic radii has narrowed the band gap where ZnO usually has 

wide band gap (~3.37 eV) while TiO2 has a band gap of (3.2 

eV) making them less effective in absorbing the visible light of 

the solar spectrum. To tackle this limitation, there are band 

engineering approaches that employed to shift the band gap for 

expanding the range of absorption of the material of the solar 
spectrum [13-15]. 

 

2.2  Different strategies used for light absorption  
        expansion 

 

(a) Doping: Doping is a strategy where foreign atoms are 

introduced into the crystal structure with analogous ionic radii 

to modify the band gap. Localized energy states are created 

within the forbidden energy states that narrows the wide band 

gap facilitating the absorption of visible light from the solar 

spectrum which covers the most part of it. Metal ion dopants, 

non-metal ion dopants, co-dopants are used for the strategic 

alteration and their research analysis has been carried till date 
to enhance the photocatalytic efficacy [13].  

 

(b) Heterojunction: Here, two semiconductors of 
different band alignments are connected which comprehends 

the charge separation with the generation of internal electric 

field. The difference in Fermi level helps in separating the 

charges and inhibiting the recombination losses that is a 

common limitation in PEC systems [14]. 
 

(c) Defect Engineering: The strategic introduction of 

oxygen vacancies or crystal defects for creating defect states in 

the material within the band gap significantly enhances the 

conductivity along with the light absorption ability. 
 

(d) Morphological Engineering: Quantum confinement 

approach has been widely studied because of their wide range 

advantages. Nano structuring the materials into different 

dimensions rods, sheets, tubes, wires make it effective for the 

quantum confinement effects. Band alignment in the 

electrode/electrolyte interface plays an important role in 
nanostructured systems. When electrodes are immersed in the 

solution, the electrode and electrolyte connection forms an 

internal electric field due to fermi energy equilibration, 

promoting the directional charge transfer. This strategy 

supresses the recombination of charges facilitating smooth 

charge transfer increasing efficiency both in PEC water 

splitting and PEC biosensing systems. Recent technological 

advancements show that combining multifaceted engineering 

strategies produces synergistic improvements in the materials 

used. For instance, ZnO and TiO2 nanorods have significantly 

improved its light absorption ability when coupled with 

secondary semiconductors or foreign atoms of similar ionic 
radii has been incorporated. On the other hand, BiVO4 and 

Fe2O3 have also increased the photocurrent density and 

photoconversion efficiency with the incorporation of oxygen 

vacancies.  

Despite these advancements challenges still remain in 

precisely controlling the concentration of the added defects, 

dopant concentration and distribution. Because, excessive 

defect or dopant inculcation may disrupt the equilibration 

thereby increasing the charge recombination further decreasing 

the efficiency. Therefore, careful optimization of band gap 

remains a critical parameter [15-17]. 
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Table 1: Important physical properties of nanostructured metal oxides connecting PEC and Sensing application. 

 

Properties Description Significance in PEC-WS application Significance in PEC Biosensing 

application 

Band gap energy Energy difference between Valence 
band and Conduction band 

Determines range of light absorption 
and photocatalytic efficiency 

Influences photo-induced sensing 
response 

Surface Area Available active area per unit volume Enhances water oxidation/reduction 
active sites 

Increases analyte adsorption and 
sensitivity 

Charge Carrier Mobility 
Ability of electrons/holes to move 
through material 

 

Improves photocurrent and charge 
separation 

Enables rapid electron transfer 
and photo-signal generation 

Morphology Structural shape (nanorods, 
nanotubes, nanosheets) 

Affects light harvesting and transport 
pathways 

Improves analyte accessibility 
and sensor response 

 

3.  Application in photoelectrochemical energy systems 
 

Photoelectrochemical (PEC) are known for their 

outstanding approach of converting solar energy into chemical 

energy, it facilitates a sustainable pathway for generation of 

green and clean energy. And with the implementation of 

nanostructured metal oxides helps in further increasing the 

efficiency of the PEC systems owing to their high surface to 
volume ratio, high surface area, modifying band gaps and 

chemical durability and stability. As the entire concept of PEC 

system depends on charge generation, transfer and separation. 

Recent studies have brought the attention improving light 

absorption capability, charge separation and long-term 

enduring ability. The main mechanism of the PEC systems is 

their photon absorption ability, generation and excitation of 

electrons with precise redox kinetics. However, they come up 

with limitation and restrict the efficiency with charge 

recombination and supressed redox kinetics. To work on these 

shortcomings, several studies have been carried out for 
advanced engineering approaches [4,11,18]. For instance, 

Dong et. al. explored cobalt-based metal–organic framework 

(Co-MOF) modified Ti-doped hematite photoanode for 

enhancing the PEC performance. The material used to modify 

the PEC system has significantly improved photocurrent 

density (1.80 mA cm⁻² at 1.23 V) with excellent increment of 

stability with only 5% decay for duration of 10 hours. This 

modification helped in enhancing the charge separation and 

facilitated a faster redox kinetics [19]. Similarly, Raub et. al. 

gave a thorough analysis of nanostructured metal oxides 

photoanodes such as TiO2, Fe2O3, WO3, and BiVO4 for PEC 

water splitting. The study done in this research mainly 
comprehends the doping and heterojunction strategy that 

enhances the photocurrent density and hydrogen generation 

efficiency [20]. Moreover, Kumar et. al. inherently discussed 

about the significance of co-catalysts in improving the PEC 

stability and efficiency. The research study implied that with 

the addition of transition metal based cocatalysts improves the 

charge transfer dynamics reducing the overpotential thereby 

increasing rate of hydrogen evolution [21]. Banerjee et. al. 
talked about the ZnO nanorods loaded with CuI nanoparticles. 

Here, ZnO nanorods and CuI nanoparticles form a 

heterojunction structure properly forming an p-n 

heterostructures where both the advantage of p-type structure 

and n-type structure is obtained enhancing the photocurrent 

density and facilitating charge separation ability for a longer 

duration. There was an enhancement in photoconversion 

efficiency (0.18%) while the electrochemical impedance 

spectroscopy (EIS) study confirmed increased donor density 

implying better charge transfer facility and reduced 

recombination [22]. So, the overall recent research studies give 

a comprehensive analysis that the heterostructures, doping 
strategies, cocatalyst implementation and nano structuring of 

metal oxides are some of the effective approaches in the field 

of PEC water splitting systems for enhancing the PEC 

efficiency and performances. Along with proper charge 

separation and transport these strategies also helps in swift 

redox kinetics for evolution and reduction reactions. Despite 

several advantages there are certain key challenges that 

remains intact: such as the limited visible light absorption, 

although the charge separation strategy helps in enhancing the 

efficiency yet the high electron-hole recombination rate 

prevails. The stability of the materials for a longer duration 
still needs to be analysed and worked upon. And there is yet 

difficulty in large scale generation and commercialization of 

energy and long-term energy storage continues to highlight 

difficulties. 

 

 
 

Figure 1: Schematic representation of the photoelectrochemical water splitting process. Adapted from Ref. [4]. 
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Table 2: Recent studies carried out for the nanostructured metal oxide-based PEC water splitting system. 
 

Photoelectrode 

material 

Modification Strategy Key Performance Major Finding Ref. 

Ti-doped Hematite Co-MOF surface 
modification 

1.80 mA cm⁻² at 1.23 V Enhanced charge transfer and improved PEC 
stability 

[19] 

TiO₂, Fe₂O₃, WO₃, 
BiVO₄ 

Nanostructuring and doping Enhanced PEC efficiency Improved charge mobility and hydrogen 
generation 

[20] 

Metal oxide 
photoelectrodes 

Cocatalyst deposition Improved hydrogen 
evolution performance 

Enhanced surface kinetics and reduced 
overpotential 

 

ZnO nanorods CuI nanoparticle loading / 
p–n heterojunction 

0.67 mA cm⁻² at 1.23 V vs 
RHE 

Six-fold enhancement in photocurrent due to 
improved charge separation and donor density 

 

 

4.  Application in photoelectrochemical biosensor 
 

PEC biosensing technique has come up as an innovative 

analytical technique that combines the principles of 

photochemistry and electrochemistry helping in detecting 

highly sensitive biological analytes. Compared to the 

conventional electrochemical sensor, PEC biosensors keep the 

irradiation process separate from the current signal that is 

obtained as output that significantly reduces background noise 

and gives an improved signal-to-noise ratio. This specific 
pathway of PEC biosensor makes it ideal for biomedical 

diagnostics, environmental assessment and food quality 

evaluation. Recent advances in the nanostructured metal 

oxides continued to modify the PEC biosensing through band 

gap alteration, increased photostability, high surface area and 

excellent catalytic properties. The basic idea of PEC 

biosensing is that when light is irradiated in the semiconductor 

surface the electrons excites from valence band to the 

conduction band creating the electron-hole (e--h pair). These 

charges when interacts with the analyte drives the chemical 

reactions generating electric signals (Photo current). At the 

sensing surface when a target interacts it changes the photo 
current. And evaluating this change helps the system to detect 

and measure the target. The efficiency of PEC biosensors 

mainly depends on the ability of charge separation, light 

absorption efficacy and how well the charges transfer. These 

factors can greatly be facilitated using nanostructured metal 

oxides [23,24].  

Among different semiconductor materials, ZnO has 

garnered attention because it has fast electron movement 

facility, strong exciton binding energy and easily modifiable 

surface. Recent study has been carried out by Qiu et. al. 

fabricating ZnO/graphene hybrid photoelectrode using laser 
treatment. Their system allows photocurrent polarity switching 

facility in PEC biosensing combined with a DNA walker 

amplification method. Such fabrication helped in obtaining 

fewer false signals and has the ability to resist interference. 

The amalgamation of ZnO and graphene improved 

photocurrent polarity switching and improved charge transfer 

showing a better scope of the ZnO heterostructures biosensing 

[25]. 

Beyond TiO2 and ZnO, porous photoactive materials have 

become immensely significant in PEC biosensing. Liu et. al. 
researched about the porous material systems and explored 

that their nanostructure synthesis increases more active sites 

for chemical reactions to take place, allows the analytes to 

interact more easily thereby improving the charge transport. 

These features with high sensitivity together help in smoothly 

monitoring pollutants and biomolecules [26]. 

In glucose biosensing, nanostructured ZnO and TiO2 are 

widely used because of their efficient biocompatibility and 

their amazing enzyme holding capacity. Sengupta et. al. 

showed that TiO2 nanotube-based biosensors improve glucose 

glucose detection by providing enhanced electron transfer, 

larger number of active sites and increased stability for a 
longer duration. Such properties make them suitable to be used 

as implantable and wearable glucose monitoring systems [27].  

Recent studies shows that nanostructured metal oxides 

make PEC biosensors more effective by enhancing light 

absorption, charge separation, and providing large number of 

active sites to interact with the biomolecules. Still, there are 

challenges prevailing upon weak absorption of visible light, 

poor stability and durability, recombination losses and their 

large-scale commercialization. To solve these issue, future 

focus should be impeded into heterostructures, precise control 

of defect concentration, hybrid nanocomposites etc. With the 
progress in making new nanomaterials and miniature devices. 

PEC biosensors could become important tools in real-time 

monitoring and wearable healthcare diagnostics. 

  
Table 3: Recent advancements in Nanostructured metal oxide-based PEC Biosensor 

Materials Target Application Key Findings Ref. 

ZnO/Graphene hybrid 
photoelectrode 

DNA biosensing Developed a photocurrent-polarity-switching PEC biosensor with 
enhanced DNA detection sensitivity. Thereby, decreased false signals and 

improved efficiency 

[25] 

Porous nanostructured 
photoactive materials 

Biomolecule and 
pollutant sensing 

Porous photoactive structures help analytes move more easily, provides 
more active sites, and improve charge transport. 

[26] 

TiO₂ nanotube-based PEC 
biosensor  

Glucose biosensing 

Reported better glucose detection because of improved electron transfer, a 
larger surface area, and strong long-term stability of the sensor. 

[27] 

 



RP Materials: Proceedings 
 

 

Page | 5  

 

 
Figure 2: Schematic representation of the photoelectrochemical biosensing process. Adapted from Ref. [28]. 

 

 

5.  Future prospects 
 

The future of nanostructured metal oxides in 
Photoelectrochemical systems whether in energy conversion or 

health care diagnostics appears to be promising. It is because 

of the continuous nanofabrication, progress in material 

synthesis and design and the interdisciplinary approaches. 

Although photocurrent density and efficiency have increased 

effectively but the limitation of charge recombination, weak 

light absorption, photocorrosion still hinders their practical 

use. Future research is mostly directed towards advanced band 

gap engineering method for instance the co-doping strategy, 

defect control and strategic heterojunction design and also 

combining it with doping are some of them. Incorporating 

hybrid nanocomposites and plasmonic nanoparticles helps in 
boosting the light absorption of the base surface, directional 

charges and recombination. Fabricating hierarchical 

nanostructures and multi-faceted designs also may offer active 

sites for interaction and better migration enhancing the overall 

efficiency. Another future parallel directional is to create 

multifunctional self-powered systems that comprises of energy 

harnessing and sensing in a single automation. Combining 

PEC energy conversion with biosensing can bring forth solar 

power-driven devices such as implantation and wearable 

diagnostic devices, portable monitoring canvas. Usage of 

Artificial Intelligence can further aid the material designing 
and safety with its advanced computer modelling techniques. 

Scalable and low-cost materials are also important in building 

large scale production and commercialization. With these 

ongoing nanotechnology advancement and miniaturization, 

PEC based nanostructured metal oxides are expected to play a 

transformational role in energy, health care and environmental 

sector [2,29]. 

 

6.  Conclusion 
 

Nanostructured metal oxides are wide-ranging materials 

with strong potential in Photoelectrochemical energy 

conversion and biomedical sensing because of their 

multifunctional properties. Such as their potent optical, 
electronic, chemical properties. Their modifiable band gap, 

large surface to volume ratio, strong photocatalytic activity 
and efficient charge transport makes them viable for solar 

driven hydrogen generation and sensitive biosensing. 

Strategies like band gap doping, fabrication of heterostructures 

and morphological optimization have already facilitated its 

current transfer and efficiency. Still, limitation of charge 

recombination, weak light absorption, corrosion and poor 

durability prevails. Recent advancements in material tuning 

and nanostructure designing have helped in overcoming these 

problems at a certain limit. Overall, using these nanostructures 

in advanced functional PEC systems offers a promising step 

towards sustainable energy and advanced medical diagnostics 

showing their significance in future smart technologies.  
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