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electronic band structure of a pristine metal oxide showing the valence band (VB), conduction band (CB), 

bandgap narrowing and enhanced visible-light absorption resulting from defect engineering; (d) charge 

electron–hole recombination through defect-mediated charge trapping; (f) enhanced charge transport and 

optoelectronic performance arising from defect-induced electronic structure modifications. 

and electronic properties of defect-engineered metal oxides. X-ray diffraction (XRD) is widely used to 

electron microscopy (SEM) and transmission electron microscopy (TEM) provide detailed information 

(XPS) is particularly important for identifying oxidation states and detecting oxygen vacancies or dopant 

structural disorder associated with defects. Additionally, photoluminescence (PL) spectroscopy and electron 

charge carrier behavior. Combining multiple characterization methods enables researchers to obtain a 
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The synthesis method plays a crucial role in determining the structural, morphological, and electronic 

crystallinity, surface area, defect concentration, and chemical composition, which ultimately affect the 

synthesis approaches to precisely control defect formation and tailor material properties according to 

vapor deposition, electrochemical synthesis, and green synthesis have gained significant attention due to 

advantages in terms of defect control, scalability, cost-effectiveness, and material uniformity. Therefore, 

metal oxide materials. Fig. 4 presents the major synthesis approaches employed for the fabrication of defect-

methods used to introduce and control defects such as oxygen vacancies, interstitial atoms, substitutional 

hydrothermal, solvothermal, co-precipitation, and combustion methods enable defect formation during 

treatment, laser irradiation, and ion implantation allow precise defect tuning after material formation. The 

optical absorption, catalytic activity, and surface reactivity of metal oxides, thereby enhancing their 
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Fig. 4. Schematic representation of synthesis methods used for defect engineering in transition metal oxides: 

hydrothermal/solvothermal synthesis enabling defect-rich nanostructure formation; (c) co-precipitation and 

reducing or inert atmospheres for oxygen vacancy creation; (e) hydrogen reduction treatment for generating 

implantation and elemental doping for precise defect control; and (h) resulting defect-engineered metal 

The sol-gel method is one of the most widely used chemical synthesis techniques for preparing defect-

control. In this method, metal precursors such as metal alkoxides or metal salts undergo hydrolysis and 

network. The resulting gel is then dried and calcined to produce metal oxide nanoparticles or thin films. One 

controlled particle size and high surface area. Additionally, defect concentration can be adjusted by 

atmosphere. The sol-gel method is particularly suitable for introducing oxygen vacancies and dopants into 

versatility and cost-effectiveness, the sol-gel method is extensively used in photocatalysis, sensors, coatings, 

used for the fabrication of defect-engineered transition metal oxides. The process involves precursor 
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metal oxide nanostructures. During these stages, defects such as oxygen vacancies, dopant-induced lattice 

Hydrothermal and solvothermal synthesis methods are highly effective techniques for producing defect-

reactions in sealed autoclaves under high temperature and pressure conditions, where water or organic 

synthesis utilizes non-aqueous organic solvents. The elevated pressure and temperature facilitate crystal 

particularly advantageous for synthesizing nanostructures such as nanorods, nanotubes, nanosheets, and 

temperature, reaction time, solvent type, and precursor concentration, researchers can precisely control 

synthesis of TiO₂, ZnO, Fe₂O₃, and CeO₂ nanomaterials for applications in photocatalysis, batteries, 

makes these methods highly valuable in advanced materials engineering. Fig. 6 presents the 

oxides. In this method, metal precursors are dissolved in water (hydrothermal) or organic solvents 

subjected to elevated temperature and pressure, promoting nucleation and crystal growth. The reaction 

strongly influence defect formation. Oxygen vacancies, dopant incorporation, lattice distortions, and surface 

enhanced structural, electronic, optical, catalytic, and electrochemical properties. 
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