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Abstract 22 

Despite metal oxides offer excellent characteristics in the field of photocatalysis, they often 23 

suffer from charge carrier recombination as well as limited visible response, which indeed reduce 24 

the charge kinetics process and ultimately reduce the photocatalytic output. Defect engineering is 25 

a sophisticated technique to manufacture defects and alter the geometric structure and chemical 26 

environment of the host. The present study provides an all-inclusive outline of recent 27 

developments on the classification of metal oxide defects based on the dimensions of a host 28 

crystal lattice. Precisely, surface modification of metal oxides through 0D (point), 1D (line), 2D 29 

(planar), and 3D (volume) defects with their subsequent mechanism and impact on 30 

photocatalytic performance are presented. By wisely amending the morphology (cores along 31 

with the shells) and electronic structure of metal oxide photocatalysts (TiO2, ZnO, Bi2O3, Fe2O4 32 

etc.)  through different attuned and veritable approaches, their photocatalytic activity can be 33 

substantially improved. Optimal studies on defect engineering not only expose the altered 34 

physicochemical features but also modulate the electron-hole pair dynamics, stability, and active 35 

radical production for various photoredox reactions. Altered atomic, as well as electronic 36 

configuration, facilitated a photocatalyst material to have different optical features, adsorption 37 

properties along with improved carrier transfer as well as isolation rate. Thus, the systematic 38 

exploration of photocatalytic rudiments of defect rich metal oxide for various applications such 39 

as H2 evolution, CO2 reduction, pollutant degradation, and bacterial disinfection could bring 40 

significant research advancement in this field. 41 

Keywords:  42 

Defect engineering; Nanostructured metal oxides; Photocatalysis; Surface reactions; Point 43 

defects; Dislocations; Boundaries; Voids. 44 
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1. Introduction  73 

Escalating environmental and energy problems are becoming one of the biggest challenges in 74 

this contemporary world, which demands substantial attention from researchers to develop 75 

advanced and sustainable routes to overcome them. Shortage of energy resources, increasing 76 

environmental pollution due to green-house gases, organic and inorganic pollutants, rapidly 77 

growing industrialization and urbanization are the severe human facing tribulations [1-3]. Solar 78 

energy conversion into chemical energy has been deliberated as the most effective way to 79 

improve the gradually deteriorating environmental apprehensions and energy catastrophe [4-6]. 80 

Precipitation, filtration, adsorption, and centrifugation techniques are utilized traditionally to 81 

remove toxic environmental contaminants, but they are not considered as efficient methods due 82 

to certain limitations like a generation of toxic by-products, partial organic pollutants removal 83 

etc. Sustainable development of new nanomaterials due to the fast advancement in the field of 84 

material chemistry has led to a noteworthy improvement in various technologies [7, 8]. 85 

Advanced oxidation processes (AOPs) are the designed set of chemical treatment in order to 86 

eradicate various organic as well as inorganic contaminants from the water via the generation of 87 

highly active oxidants like hydroxyl radicals (•OH) and other active oxygen species [9, 10]. 88 

These active species are formed from ozone, hydrogen peroxide, oxygen (primary oxidants), 89 

ultraviolet (UV) light (energy sources), and photocatalysts (like ZnO, TiO2) etc. [11-15]. 90 

A promising photocatalyst is one with captivating potentials of absorbing maximum sun rays, 91 

producing electron (e-) - hole (h+) pairs that ultimately cause various surface reactions and will 92 

regenerate itself after each photocatalytic cycle [16]. These materials are either triggered by UV, 93 

visible or near-infrared (NIR) rays, which generate e- - h+ pair in conduction and valance band, 94 

respectively, for various redox reactions [17]. However, low light absorption ability, high cost, 95 
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rapid e- - h+ pair reassembly, poor stability, and sluggish surface reactions of a photocatalyst 96 

resulted in deprived photocatalytic yield [18]. Therefore, various stratagems like surface 97 

moderations, facet control, defect (surface as well as interface) engineering and morphology 98 

control etc. have been developed to improve the photocatalytic performance by amending band 99 

potentials, light absorption, chemical and surface properties [19-21]. 100 

Recently, defect engineering of semiconductor photocatalyst is considered as one of the most 101 

enlightened and extensive means to overcome the limitations of semiconductor materials. Thus, 102 

defect engineering is a practical approach to understand the electronic, geometric as well as 103 

chemical properties and their synergistic relationships in order to amend the photocatalytic 104 

activity of semiconductor photocatalysts [22-24]. Various applications of defect rich 105 

photocatalysts (like metal oxides, metal chalcogenide, graphene, graphene oxide, and carbon 106 

nitride etc.) include photocatalysis, energy storage devices, organic synthesis, and 107 

electrocatalysis [25, 26]. Photocatalytic materials can be shaped by either top-down chemical 108 

exfoliation or bottom-up self-assembly technique. In contrast, defects in these semiconductor 109 

photocatalysts were created with different methods like high temperature, chemical reduction, 110 

vacuum activation, rapid heating, ball milling, plasma etching, and lithium-induced conversion 111 

etc. Basically, defects are of three types: surface, bulk as well as interface defects which are of 112 

great significance in photocatalysis [27, 28]. Surface defects include modulation in surface area, 113 

energy, and the exposed lattice atoms, whereas bulk defects include a change in bond length, 114 

energy, electron affinity, the density of states (DOS) as well as trapping potential etc. and 115 

interface include both surface as well bulk defects [29-32]. Defects in a semiconductor can be 116 

categorized into four types (Fig. 1): 117 
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1. 0D point defects- Point defects are the defects that occur only at or around a single lattice 118 

point and are not extended in space in any dimension (e.g. TiO2, ZnO, Bi2O3, V2O5, Ga2O3 119 

etc.). 0D defects are either generated by doping or by removing a lattice atom (vacancy). 120 

2. 1D line defects - Line defects are the defects that arise due to the misalignment of atoms in 121 

a crystal lattice (e.g.TiO2 and ZnO), and these are of two types: (i) Edge dislocation and (ii) 122 

Screw dislocation. 123 

3. 2D planer defects - Planar defects include the formation of planes or boundaries that 124 

separate the structure into regions with the same crystal structure but different orientations 125 

(e.g., WO3, TiO2, Cu2O etc.). These are of three types (i) Stacking faults. (ii) Grain 126 

boundaries (iii) Twin boundaries. 127 

4. 3D volume defects - Volume defects include the deviation in crystal structure from ideality 128 

by inducing two or more chemical species in one or more crystal sites, which give rise to 129 

voids or various disorders in the crystal lattice (Fe3O4, TiO2 etc.). 130 

                                            < Please insert Fig. 1 here > 131 

These defects, as mentioned above, are not usually quarantined as they are coexisted (native and 132 

induced) within a semiconductor photocatalyst [33, 34]. The photocatalytic output of Metal 133 

oxides (MOs) strongly depends upon the type of defects generated in the host lattice. Noting that 134 

MOs are considered as potential photocatalytic material owing to their apt physicochemical 135 

properties, cost-effectiveness, stable nature, and thermodynamically favorable band edge 136 

potentials for various photocatalytic applications. Bare metal oxides with broad bandgap energy 137 

generally exhibit photocatalytic performance by utilizing only 5% (UV range) of the total solar 138 

energy spectrum [30]. Therefore, various strategies were developed mainly to improve MOs 139 

absorption competence, enhance e- - h+ pair isolation, improve electronic as well as surface 140 
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properties and activate the absorbed moiety on the photocatalyst [35-38]. In a semiconductor, 141 

defected sites usually act as effective active centers, which mainly accelerate the surface 142 

reactions and substantially expand (visible or NIR) their spectral responses. 143 

Via the DFT (Density functional theory) calculations of defect rich metal oxide (O deficient), it 144 

could predict the increased density of states (DOS) and active facilitation of various gaseous (O2, 145 

CO2, N2) moieties to amplify the photocatalytic output of metal oxides involving TiO2, In2O3, 146 

WO3 etc. The amount of energy required to remove the host atom or ion (cation or anion) from 147 

its surface can be used to rationalize and envisage catalytic output in the photocatalytic process 148 

[39]. For instance, Pan et al. introduced oxygen vacancies at a higher temperature (<300℃) and a 149 

lower O2 environment in wide bandgap semiconductor TiO2 [40]. Oxygen ion (O+) ejection from 150 

the host TiO2 surface indeed stimulated desorption with strong coupling between surface oxygen 151 

defective TiO2 and O2. Shifted band potentials due to defect rich TiO2 thus, accelerated its 152 

structural, optical, reductive, and adsorption properties. The valance states of oxygen (2s, 2p), as 153 

well as metal (3p, 3d, 4s, 4p say for Ti), are overtly treated in DFT calculations to compare 154 

calculated values with experimental data. DFT studies are usually made at 0K for the defect rich 155 

MOs surface and at high temperature for their certain thermodynamic as well as transport 156 

experiments [39]. 157 

A certain amount of defects or imperfections is always present in MOs nanomaterials. MOs 158 

usually exhibit oxygen vacancies, metal ion defect (Mn+), a defect due to dopant insertion etc. 159 

which can modulate their donor densities along with optical and electronic properties resulted in 160 

improved photocatalytic activity [39]. They are useful for avoiding the glass fogging process, 161 

split H2O into O2 and H2 and competently removal of a wide variety of different organic/ 162 

inorganic pollutants and toxic dyes thereby, mineralizing them into nontoxic, stable moieties like 163 
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CO2 and H2O. Photocatalysis produces various reactive oxygen species (ROS), for instance; 164 

•OH, •O2
-, 1O2, H2O2 and h+ by reacting with O2 or H2O/OH- which can smooth the pollutants 165 

degradation progress under suitable conditions [14]. 166 

Herein,  167 

 168 

2. Basics of photocatalysis 169 

Photocatalysis on the surface of semiconductor photocatalyst has grown enormously due to its 170 

analogous behavior with photosynthesis (natural chemical) process. Photochemical e--h+ pairs 171 

generation, charge confinement, migration of interfacial e- are the necessary imperative steps 172 

involved in heterogeneous photocatalysis [41-43]. Photogenerated charge carriers are trapped at 173 

the surface of a photocatalyst where they perform specific interfacial redox reactions (oxidation 174 

and reduction) with the target moiety. The primary products are reactive (short-lived) radicals, 175 

which at last transformed to secondary stable products by the formation of selective chemical 176 

bonds (Fig. 2 a) [44]. All the photocatalyst semiconductors possess a filled valance band (VB) 177 

and an empty conduction band (CB) with suitable bandgap energy. Photocatalytic redox 178 

reactions and light assimilation range of a photocatalyst are totally reliant on its apt VB and CB 179 

band potentials and bandgap energy, respectively. Thus, the above-mentioned factors are known 180 

to be a very decisive one to select a suitable semiconductor photocatalytic material for water 181 

splitting and pollutant degradation applications [45-47]. According to energy band theory, the 182 

VB with e- possesses lower energy, whereas CB occupies a higher energy state at absolute Zero. 183 

The e- from the VB gets excited to the empty CB only on the absorption of photons (light source) 184 

with higher energy as compared to its bandgap, as shown in Eq. 1. 185 

�ℎ���������� + ℎ
 →   ��  
� + ℎ�� 

�               (1) 186 

Jo
urn

al 
Pre-

pro
of



10 

 

Thereby, VB is left out with empty holes while CB is occupied with e- which participates in 187 

oxidation and reduction reactions, respectively [48-50]. From a thermodynamics perspective, 188 

there are different routes of calculating the efficacy of a photocatalytic process due to various 189 

energy interactions. For instance: Intrinsic quantum efficiency (ϕ) as well as apparent quantum 190 

efficiency (ξ), which are classified on the basis of number and energy, respectively [51]. ϕ is the 191 

number of products shaped by total absorbed photons, whereas ξ is the ratio of the rate of the 192 

photocatalytic reaction to the incident light intensity [52]. Both these photocatalytic efficiencies, 193 

therefore, depended on the intensity and λ-value of absorbed solar radiations. Similarly, 194 

according to reaction kinetics (Eq. 2) the photodegradation rate of a photocatalyst is depended on 195 

the number of reactive species formed by redox reactions on its surface (•OH and •O2
-) [53,54]. 196 

� =  −�
����

��
 =  −�

�����

��
                                                                                                                    (2) 

The basic principle of photocatalytic water splitting operation along with potentials depicts the 197 

excellent redox nature of empty holes and excited e- which facilitates the photocatalytic 198 

proficiency owing to surface generated active radical species Fig. 2 b. Precisely, the bottom of 199 

CB should be more –ve than the reduction potential of H+ to H2 (0 V), whereas the top of VB 200 

should be more +ve than the oxidation potential of H2O to O2 (1.23 V) for achieving efficient 201 

overall water splitting [49]. The overall water splitting is an uphill reaction and mainly include 202 

two half-reactions, as shown in Eq.3-5 203 

� � + 2ℎ� →
!

 
� + 2�� ��"��                                                                                                            (3)  204 

2�� + 2 � → �  ��"��                                                                                                                           (4) 

� � →
1

2
� + �  ��
& �'' �('����)*�                                                                                              (5) 
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Similarly, CO2 is a linear, highly thermodynamic stable moiety exhibiting higher C=O bond 205 

energy of 750 kJmol-1. Owing to the stable and inert nature, photocatalytic CO2 conversion 206 

requires a high amount of energy input [50]. Photoexcited e-  with apt reduction potential is the 207 

main driving force for CO2 reduction. Multistep and multielectronic (2, 6, 8 or 12) reaction 208 

pathway leads to the generation of different reduced products as depicted by Eq. 6-11; 209 

,� + � → ,� 
•� �"° =  −1.85 1�                                                                                                         (6) 

 ,� + 2�� + 2�  → �,��� �"° =  −0.61 1�                                                                                 (7) 

,� + 4�� + 4� → �,�� + �  �  �"° =  −0.48 1�                                                                     (8)  

 ,� + 6�� + 6� → ,�5�� + �  �  �"° =  −0.38 1�                                                                   (9) 210 

,� + 8�� + 8� → ,�7 + 2�  �  �"° =  −0.24 1�                                                                     (10)  

2,� + 12�� + 12� → , �8�� + 3�  �  �"° =  −0.329 1�                                                   (11)  

Merely a diminutive amount of photocarriers are migrated to the surface of a photocatalytic 211 

material, whereas others endure reassembly attributable to rapid relaxation of excited e- from CB 212 

to VB (10 ~100 ns) [55-57]. Consequently, the most significant issue is to suppress the 213 

reassembly rate of photogenerated carriers in single component photocatalyst for better 214 

photocatalytic productivity, as pristine semiconductor materials with a single component could 215 

not accomplish all the necessary conditions for diverse surface redox reactions. Thereby, the 216 

coupling of two semiconductors having surface intersection (heterojunction), inducing various 217 

dimensional defects (active sites) and loading of cocatalyst etc. are considered as effectual 218 

schemes to overcome the drawbacks of the bare photocatalyst. Among these strategies, the 219 

present review mainly focused on defect engineering strategy owing to various advantages like 220 
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defective states below CB or above VB (Fig. 2c), reduced band potentials, generated active 221 

centers which reduce the carriers reassembly rate, and indeed boost up their migration [58]. 222 

                                                   < Please insert Fig. 2 here > 223 

After an exhaustive literature review on defect engineered photocatalysts, the present study 224 

mainly focused on metal oxide semiconductor photocatalysts owing to their stupendous 225 

properties. Defect induced MOs are promising candidates exhibiting high potential for various 226 

photocatalytic applications. Also, data from the “Scopus” database have been retrieved in order 227 

to have an idea of entire research reports available on defect rich MOs for multiple 228 

photocatalytic applications. “Metal oxide + Defect engineering,” “Metal oxide + Point defects,” 229 

“Metal oxide + Dislocation,” “Metal oxide + Boundaries,” and “Metal oxide + Voids” are the 230 

keywords used to explore the research work on defect engineered MOs from 2011 to 2020. As 231 

illustrated by the bar graph and pie chart (Fig. 3a and b), defect engineered MOs are emerging as 232 

potential photocatalyst for pollutant degradation, water splitting, and CO2 reduction. Based on 233 

the above-mentioned literature survey, it was found that a comprehensive article reviewing the 234 

potential of distinct dimensionality induced defect engineered MOs is still missing. Therefore, 235 

herein, an overview and in-depth knowledge of the importance of distinct defects involving point 236 

defects (vacancy and doping), dislocations (edge and screw dislocations), grain boundary, and 237 

voids in metal oxide photocatalysts have been summarized. Furthermore, various surface 238 

modifications through the above-mentioned dimensionality driven defects in the metal oxide host 239 

lattice have been highlighted. The effect of surface modulation in MOs via controlled creation of 240 

different defects and their identification techniques useful to improve the photocatalytic water 241 

treatment, H2 generation, and CO2 reduction efficacy is systematically reviewed. It will also 242 

exemplify how defects on the surface of metal oxides played an exclusive role in amending their 243 

Jo
urn

al 
Pre-

pro
of



13 

 

morphological as well as chemical features beneficial in photocatalysis. With an up to date, 244 

inclusive study and cumulative efforts from researchers, more efficient defect modified MOs 245 

semiconductor materials with broad applicability can be designed since defect engineering is a 246 

fundamental strategy which brings about enhanced physicochemical properties desired in 247 

photocatalytic nanomaterials along with new useful functionalities that are not present in the 248 

pristine samples. 249 

                                        < Please insert Fig. 3 here > 250 

 251 

3. Potential and Limitations of metal oxides as photocatalyst  252 

MOs possess exceptional thickness (thin layers) with weak interlayer interaction as well as 253 

binding energy, which ultimately results in a blue shift (in the visible range) [59]. Various MOs 254 

nanomaterials for instance: ZnO, TiO2, WO3, Cu2O, ZrO2, CeO2, SnO2, In2O3 etc. have been 255 

used as semiconductor photocatalyst in the field of material chemistry owing to their outstanding 256 

properties (anisotropic, optical as well as electronic) [60-62] as: 257 

1.  The majority of metal oxide photocatalytic materials (TiO2, ZnO, SnO2, CeO2 etc.) are 258 

abundant in nature with crystalline lattice. Sharp, as well as more intense MOs diffraction 259 

facets depicted the refined crystalline nature of MOs lattice. 260 

2. Metal oxide nanomaterials are generally with higher surface area, several surface-exposed 261 

atoms, and active sites, which helps in dropping the charge shift distance, thus accelerates 262 

diverse photoreactions. 263 
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3.  The weak interlayer interactions in 2D MOs would result in swinging chemical bonds in 264 

between their lattice atoms. This result might cause polarized surface rendering surface 265 

instability. 266 

4. The enhanced surface morphology of MOs leads to the maximum utilization of light in 267 

shorter duration under stumpy photon flux density.  268 

5. The fascinating features involving suitable band potentials, chemical, and thermal stability, 269 

biocompatibility as well as reusability promotes the applicability of MOs in photocatalytic 270 

reactions. 271 

6. The absorption of solar light (UV, visible, or both) by MOs accelerates the charge isolation 272 

process with the generation of (VB)h+ that are capable of oxidizing various harmful 273 

organic/inorganic pollutants and (CB)e- which could reduce absorbed species on the surface 274 

of photocatalysts. 275 

The favorable combination of electronic structure, light absorption, charge transport properties, 276 

and a lifetime of exciton in MOs has made it possible for their use as photocatalyst [63, 59]. 277 

Hence, a tremendous devoted effort in research has been made for the formation and 278 

characterization of MOs to apply in the broad fields of photocatalysis. Apart from various useful 279 

properties of MOs mentioned above, there are certain disadvantages of bare MOs photocatalyst, 280 

which obstruct their wide-scale applicability in photocatalysis [64, 65].  281 

1. Applications of earth-abundant, stable, nontoxic broadband semiconductor photocatalyst 282 

(ZnO, TiO2 etc.) are hindered mainly owing to its low quantum efficiency, low utilization 283 

of solar light (UV(4%)  light active), and enormous bandgap potentials (3.2 - 3.4 eV) 284 

which indeed lessened the photocatalytic output.  285 
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2. Instead of having the potential to absorb maximum solar light (visible range), narrow (2.6 286 

– 3.0 eV) bandgap MOs (CuO, Fe2O3, WO3, MoO3, V2O5 and In2O3 etc.) photocatalyst 287 

showed hasty recombination of excited charge carriers, which reduce their efficiency for 288 

photocatalytic reactions. 289 

To overcome these above-listed drawbacks, there is a necessity to design and utilize more 290 

efficient MOs photocatalytic materials with superior efficacy. The utilization of appropriate 291 

designing strategies along with characterization techniques could help to attain better 292 

photocatalytic output with large scale applicability. 293 

 294 

4. Surface defects in metal oxides 295 

Several useful techniques like doping and sensitization (to modify bandgap), charge transfer 296 

complex formation, coupling with other suitable semiconductors (to accelerate carriers 297 

separation), the addition of noble metal nanoparticles (for effective utilization of exciting e-), 298 

defect engineering (to modify the surface, chemical, electronic, light absorption properties) etc. 299 

are vastly employed strategies to improve the photocatalytic performance of MOs [66-68]. 300 

Among these strategies, defect engineering is a potential strategy to overcome the above-301 

mentioned drawbacks of bare MOs and indeed to develop a potential (broadband as well as 302 

narrow bandgap) metal oxide photosystem [69,66]. Defects are generally the disrupted periodic 303 

arrangement of host atoms or molecules; hence, they should be controllably generated and 304 

accurately characterized in crystalline MOs. Defects in Crystalline MOs are widespread as they 305 

are with perfect alignment of lattice atoms. MOs can be simply modified by altering the surface 306 

organization by creating point defects (charge traps), including oxygen vacancies, doping 307 
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(impurities), and metal interstitials, as well as their vacancies [70-71]. Basically, two main types 308 

of defects exist in MOs as described below:  309 

 310 

4.1 Oxygen vacancy defects 311 

Oxygen atoms in bulk or on the surface, subsurface in MOs are with higher electronegativity as 312 

compared to the other metal atom in the lattice [72]. Oxygen removal (Vo, distorted crystal 313 

structure) from the lattice of MOs photocatalyst resulting in the generation of uneven (sub or 314 

nonstoichiometric) charge states, which leads to the effective isolation of excited charge carriers 315 

[73]. Positively charged oxygen vacancies are generally created in MOs by activating the oxygen 316 

via annealing under inert or reductive atmospheric conditions, bombardment with high energy 317 

moiety, under H2 atmosphere, chemical vapor deposition (CVD), reducing agents etc. [74]. For 318 

instance, Pei et al. revealed the effect of generated Vo in TiO2 (reduced) via hydrothermal action 319 

of Ti (II) O in HCl.  The nature and location of Vo in reduced TiO2 played a vital role in reducing 320 

the bandgap energy and extending its response towards visible range [75]. To a certain extent, Vo 321 

(known as effective active sites) defects are useful in optimizing photogenerated charge 322 

migration as well as isolation and accelerating visible light absorption range. But too much 323 

distortion (Vo) in the host lattice will generate recombination centers, which would inhibit the 324 

rapid transfer of excitons to the surface for redox reactions. Furthermore, it is also observed that 325 

a specific concentration of Vo defects is different from the distinct fabrication approach along 326 

with MOs structure [67]. 327 

 328 

4.2 Mn+ defects 329 
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Other than Vo defects in MOs, Mn+ defects were also created by the addition of aliovalent metal 330 

cation dopant (transition metal cation) via mainly self-doping [76]. Self-doped defects (amount 331 

less than parent cation) chiefly act as surface or bulk trappers for effective isolation of charge 332 

carriers and also to inhibit photocorrosion rate. For instance, Lira and co-workers demonstrated 333 

the enabled O2 absorption on reduced rutile TiO2 through effective charge removal from Ti3+ 
334 

(deeper layers).  Bulk Ti3+ defects in a crystal that served as e-/h+ pair trapper leads to the 335 

inhibition of excited carriers reassembly and causing upward band bending [77]. Similarly, Pie 336 

and his team fabricated Ti3+ defect rich TiO2 through high-temperature treatment. The shifting of 337 

g value from 1.975 to 2.02 in Electronic Spin Resonance (ESR) spectra indicated the formation 338 

of Ti3+ defects, as shown in Fig 4 a and b. They further demonstrated that proper location, 339 

distribution of Ti3+ (subsurface/bulk) defects were responsible for improving charge carrier 340 

isolation rate, and visible light absorption response. It was observed that as-fabricated TiO2 341 

showed 30-fold improvement in decomposing methylene blue (MB) as compared to pristine 342 

TiO2 [78]. Surface/bulk Vo, along with Mn+ defects, sometimes occur simultaneously in single 343 

MOs photocatalyst resulting in enhanced photocatalytic output by overcoming the particular 344 

limitations of wide and narrow bandgap MOs. 345 

< Please insert Fig. 4 here > 346 

 347 

5. Fabrication and photocatalytic applications of defect engineered metal oxides 348 

Surface modification is a phenomenon of amending the surface properties (solid) of 349 

photocatalyst nanomaterials by bringing physical, electronic, magnetic, biological, or chemical 350 

characteristics different from the ones originally found on the surface of a semiconductor 351 
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nanomaterial [79, 80]. These surface amendment processes not only provide stability to the 352 

nanoparticles but also useful for enhancing the efficacy of photocatalyst towards various 353 

applications. Modifications on the surface can be done by using different methods with a view to 354 

increment a broad range of characteristics of the surface involving surface energy, and reactivity 355 

as well charge kinetics, active sites, biocompatibility, and hydrophilicity [81-84] etc. Effectual 356 

strategies for controlling the development of various defects in metal oxide photocatalyst along 357 

with their inherent mechanism were summarized as: 358 

(1) High-temperature treatment under reducing or inert atmosphere – This is the best treatment to 359 

generate Vo (surface) defects, whereas reducing atmosphere leads to the change in color and the 360 

conversion of Mn+ to M(n-1)+ in MOs. For instance, Yan et al. reported the successful fabrication 361 

of WO3 nanosheets through two steps post-treatment, i.e. alcohothermal strategy under reducing 362 

(hydrogen) atmosphere (573K) [85]. WO3 nanosheets were facilely synthesized first, followed 363 

by the treatment under vacuum (WO3− x -VT) or hydrogen (WO3− x -HT) atmosphere to generate 364 

Vo defects. The olive color of WO3 nanosheets indicated the generation of Vo in the lattice. The 365 

shift in UV- vis- NIR spectra (Fig. 4c) from 480 to 490-700 nm range depicted the generation of 366 

discrete fermi levels (below CB) due to the generation of Vo (Fig. 4d). As-fabricated WO3 367 

nanosheets exhibit surface plasmon resonance effect owes to the presence of Vo defects, which 368 

definitely showed enhanced charge carrier isolation and light-harvesting in UV as well as the 369 

visible region. 370 

(2) Chemical reduction – Various reducing reagents, for instance: NaBH4, CaH2, N2H4, ethylene 371 

glycol, glycerol etc. react with the lattice (K4Nb6O17, BiOCl etc.) oxygen atoms to generate Vo 372 

on the surface of MOs without altering the host structure as well as crystallinity. For instance, 373 

Ren et al. fabricated reduced TiO2 nanoparticles (dark grey) using NaBH4, a reducing agent via 374 
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hydrothermal route [86]. The light yellow color of TiO2 changes to light grey on increasing the 375 

concentration of NaBH4, indicating the generation of Vo defects as analyzed with the help of 376 

Scanning electron microscope (SEM) images. Consistent lattice spacing (0.351nm) value in 377 

Electrospray ionization (ESI) depicted the successful creation of Ti3+ defects devoid of altering 378 

TiO2 dimensions. Generated Ti3+ defects, as well as Vo in bare TiO2, indeed improved the 379 

bandgap (narrow), visible light assimilation, and absorption rate for the organic dye to 438.2 nm 380 

thus, showed higher photocatalytic output. 381 

(3) Low temperature based vacuum activation – One of the cheapest, simple strategies for only 382 

MOs activation and known to promote their photocatalytic performance. With the increase in 383 

temperature as well as time, surface oxygen tends to get away from the host (ZnO, WO3, MoO3) 384 

lattice due to lack of outside pressure resulting in Vo and Mn+ defects. For instance, Xing and his 385 

group fabricated defect (Ti3+ and Vo) rich TiO2 through a cheap low temperature based vacuum 386 

activation route, without altering the host crystal lattice [87]. Broad EPR peak intensity with 387 

higher g value (2.004, 1.99) demonstrated the existence of Vo and Ti3+, respectively, owing to the 388 

trapping of charge carriers. Generated defects in TiO2promoted the light absorption, H2 389 

generation as well as photodegradation rate by creating defective states. It is observed that 390 

controlled vacuum time and temperature conditions are essential to regulate the concentration of 391 

Vo and Ti3+ defects. 392 

(4) Phase transformation – Nanosheets of MOs like CeO2, In2O3, WO3, Co3O4 etc. under high 393 

temperature undergoes phase transformation resulting in a porous structure with Vo defects [88-394 

90]. For instance, Sun et al. fabricated pitted ultrathin CeO2 (Ce, IV) photocatalyst through a 395 

high-temperature technique [91]. As-constructed thin CeO2 sheets (three-atom-layer) with 396 

numerous surface pits were analyzed with the help of a Transmission electron microscope 397 

Jo
urn

al 
Pre-

pro
of



20 

 

(TEM) as well as atomic force microscopy (AFM) images. Unsaturated pit-surrounding Ce sites 398 

(2.302Å) in CeO2 with low activation energy (61.7 kJmol-1) and increased carrier density (near 399 

the Fermi level) ensured fast CO catalytic activity as well as activation of O2 moiety. Superior 400 

photocatalytic activity (about 50 times more) was observed for as-fabricated CeO2 sheets (pits 401 

rich) than bulk CeO2 (0.89%).  402 

(5) Lithium induced conversion – Novel strategy to create defects, boundaries as well as 403 

dislocations like active sites in crystal structure owing to the formation of ultra-small size (2-404 

5nm) exhibiting large surface area MOs nanoparticles [92-94]. Berger et al. fabricated defect 405 

rich MgO via. Lithium ions (Li+) doping through the thermal annealing route [95]. Results were 406 

monitored with the help of IR and EPR spectrum, which showed the formation of relevant active 407 

absorption sites on the surface of MgO lattice. It was observed that improved ion mobility was 408 

achieved due to the proper localization of Li+ ions in MgO surface or near-surface region. High-409 

temperature conditions (above 1170 K) were accountable for the generation of surface Vo 410 

defects, which indeed altered the surface spectroscopic features of the host MgO nanocrystals. 411 

(6) UV irradiation - UV irradiation is a possible means to create Vo only in MOs with low bond 412 

energy and weak (long) M-O bond length. For example, Magdalane et al. tailored binary 413 

CeO2/Y2O3 (Ce1/Y1, Ce2/Y1) nanohybrids by varying the amount of precursors materials through 414 

chemical precipitation supported hydrothermal route. Raman spectra at 560 cm-1 depicted the 415 

generation of extrinsic Vo defects in as-synthesized Ce2/Y1 nanohybrid, as illustrated in Fig. 4e, 416 

and f [96]. Defect rich CeO2/Ye2O3 showed an absorption shift in blue region 435nm- 460nm 417 

from 350 nm (UV, bare CeO2). It was observed that as-fabricated CeO2/Ye2O3 binary 418 

photocatalyst with improved surface morphology (active sites as well as surface area), visible 419 

Jo
urn

al 
Pre-

pro
of



21 

 

light activity, charge isolation revealed enhanced RhB decomposition rate (98%) under UV and 420 

visible light. 421 

As discussed above, constructing defects in MOs seem as an effective approach to shifting their 422 

absorbance range (UV to visible or NIR) as well as to improve the segregation of excited e--h+ 423 

pairs. Similar to rational synthesis techniques, characterization of several induced MOs defects is 424 

also very imperative to specify a location, density, and the type (surface and bulk) of induced 425 

defects [97]. Thereby, it is necessary to effectively characterize defect rich MOs in order to 426 

evaluate their structure-photoactivity relationship. Characterization is useful for designing high-427 

performance defect rich MOs photocatalytic material. Numerous characterization techniques are 428 

categorized under two main categories which have been proposed to identify MOs defects: (a) 429 

Microscopic characterization: Atomic-level microscopic characterization is an effective tactic to 430 

observe as well as distinguish defect rich MOs directly which include: TEM a powerful, 431 

effective characterization technique to evaluate both surfaces as well as bulk defects in MOs 432 

[98], High-resolution noncontact atomic force microscopy (NC-AFM)  as well as SEM (a useful 433 

technique to characterize surface MOs defects only [99,100], light element sensitive annular 434 

bright-field (ABF)-STEM as well as high-angle annular dark-field (HAADF)-STEM [101], 435 

Scanning tunneling microscopy (STM): Low temperature based technique to observe the 436 

dissociated absorbed moiety on MOs surface [102]. (b) Spectroscopic characterization: To 437 

characterize detailed defect rich MOs lattice structure, the spectroscopic characterization 438 

techniques plays a critical role in providing their in-depth understanding of various 439 

photocatalytic applications. Spectroscopic techniques like X-ray photoelectron spectroscopy 440 

(XPS) is widely utilized to characterize chemical and surface elemental properties of defect rich 441 

MOs. Peak shifting, peak intensity variation, new peak formation in the XPS spectrum are the 442 
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basic indication for defect induced MOs (vacancy, dislocations etc.) [103]. ESR shows the 443 

presence of unpaired e- present either on the surface or in the bulk of MOs [104]. Similarly, X-444 

ray absorption spectroscopy (XAS), X-Ray absorption near edge structure (XANES) as well as 445 

X-Ray absorption fine structure (EXAFS) spectroscopic techniques are used to detect the 446 

chemical as well as coordination environment in defective MOs. Positron annihilation 447 

spectroscopy (PAS) is very powerful in distinguishing the induced intrinsic defects in MOs. 448 

Photoluminescence spectroscopy: PL is known as an ingenious and non-destructive 449 

characterization technique to probe discrete energy levels as well as the structural composition of 450 

defect rich MOs [105]. 451 

Thereby, location, type, concentration, along with the characterization of defects, is mainly 452 

responsible for understanding MOs unique outstanding function. Surface modulations can be 453 

done through (i) point defects, which mainly induced by either vacancy generation or by adding 454 

impurity in the host lattice [106]; (ii) line and planer defects, which are induced by dislocations 455 

as well as by boundaries [107,108]; (iii) volume defects induced by creating void or disorder 456 

[109]. Defects can be introduced either before (where defect formation is not dependent on 457 

growth kinetics of nanoparticles) or during (where it is totally dependent) the fabrication of MOs 458 

semiconductor photocatalyst. Generally, it was observed that 0D, as well as 3D defects, are 459 

mainly independent of the growth kinetics of MOs nanomaterial, whereas 1D, as well as 2D 460 

defects, are unswerving on the MOs growth kinetics [59]. Thereby diverse types of surface 461 

defects with their positive results on photocatalytic activity of MOs for different applications 462 

involving biotic and abiotic pollutant degradation, H2 generation and CO2 reduction are 463 

discussed as below: 464 

 465 
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5.1 Defect engineering through point defects 466 

Point defects are known to alter the composition of semiconductor material through inducing 467 

smaller or similar size dopant (impurity) into the crystal lattice. Impurity ions can be placed 468 

either by replacing lattice ions/atoms or at empty interstitials sites of a crystal lattice. Dopants 469 

can be introduced through a process known as diffusion doping, and its doping degree in a 470 

semiconductor is totally based on the adopted strategies as well as the structure of the host 471 

nanomaterial. Similarly, surface-level vacancies in the host are often established through the 472 

reduction or thermal action of target nanocrystal [110-113]. Vo or doped photocatalyst 473 

semiconductor showed improved activity towards various photocatalytic applications like CO2 474 

reduction, pollutant degradation, H2 reduction etc. In MOs, generally, anion vacancies (lattice 475 

Vo) are easily engendered as compared to cationic vacancies (Mn+ defects) due to high formation 476 

energy as well as lower stability. Point defects (both) mainly results in the generation of 477 

unbalanced charge states, electric field (non-stoichiometry) that indeed mainly reduces the 478 

reassembly rate of excited carriers. Point defects can efficiently regulate the electronic 479 

properties, band potentials reduce the host lattice coordination number, and act as effective 480 

active centers to improve MOs photocatalytic efficiency. Anion vacancies generally create 481 

midgap states in order to narrow the bandgap and to promote MOs light absorption rate (i.e., UV 482 

to Visible or even NIR). Similarly, cationic vacancies act as shallow acceptor, which induces p-483 

type conductivity and hence encourage h+ migration rate [111]. 484 

                                               < Please insert Fig. 5 here > 485 

Among various MOs, ZnO is a wide gap (3.8eV), nature-rich, nontoxic semiconductor 486 

photocatalytic material that utilizes ultraviolet radiations only (λ<380nm). Many researchers 487 

found that under high temperature, vacuum treatment, H2 reduction like techniques, various Vo 488 
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related defects were created in ZnO lattice due to change in color of the host lattice. Therefore, a 489 

lot of research work has been done to study the correlation between the generated Vo defects as 490 

well as their photocatalytic response [114-116]. For instance, Heo and his team reported facile 491 

self-assembled e- rich interface in defected ZnO: rGO-Cu: Cu2O nanohybrid with the help of 492 

various starting materials using the solvothermal method [117]. Defect induced ZnO and other 493 

rGO-def-ZnO, rGO-Cu, def-ZnO@Cu2O as well as rGO/Cu2O nanomaterial photocatalysts were 494 

synthesized using their respective starting materials in alcohol followed by heat treatment 495 

(200℃, N2). Different peaks from Raman at 214, 296, and 625cm-1 in def-ZnO: rGO-Cu: Cu2O 496 

suggested successive loading of Cu2O nanoparticles on the ZnO surface.  Crystalline nature, as 497 

well as disorders or defects in as-synthesized samples, were characterized using X-Ray 498 

diffraction (XRD) and Raman spectroscopy. Besides, XPS results showed that the peak spectrum 499 

of O1s for Zn-O as well as Zn-OH was at 530.2 and 531.0 eV, respectively, suggested the 500 

presence of oxygen vacancies in def-ZnO: rGO-Cu: Cu2O heterostructure (Fig. 5a). Bandgap was 501 

reduced from 3.20 eV (bare) to 2.70 eV due to the generation of Vo defects. From above these 502 

two strategies, i.e., the formation of e- rich interface in between def-ZnO as well as Cu2O and the 503 

induction of Vo (via. TEM) (Fig. 5b), it was observed that there is a transformation of absorbance 504 

edge from UV to visible region which accelerated the photoreduction rate (41.0 ;mol/g) of CO2. 505 

In another report, Al-Sabahi and co-workers used a simple microwave-assisted hydrothermal 506 

process to introduce Vo in the framework of  ZnO nanorods. ZnO with surface defects were 507 

characterized with the help of PL and XRD spectra. Due to the existence of surface Zn 2+ states 508 

and Vo defects, ZnO nanorods exhibited prolonged light absorbance from UV (388 nm) to the 509 

visible (418 nm) region and superior phenol photodegradation activity (50%) than ZnO with 510 

lower surface defects [111]. 511 
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Improvement in various photocatalyst involving their enhanced photocatalytic output, solar light 512 

assimilation power, recyclability is mainly known as important factors in order to achieve multi 513 

photocatalytic applications. Li and his peer group studied the impact of defect engineered ZnO 514 

samples to reduce CO2 into other valuable products via forming its porous nanoplates using 515 

simple precursors (Zinc, sulfur powder, and ethylenediamine) [118]. As-obtained ZnS(en)0.5 were 516 

consequently annealed in the presence of air under varying temperatures to achieve defect rich 517 

(porous) ZnO-600, ZnO-650, ZnO-700℃ nanoplates. Specifically decreased surface morphology 518 

i.e., 17.96 m2/g at 600 ℃, 10.89 m2/gat 650 ℃ and 9.55 m2/g at 700℃, as well as CO2 adsorption 519 

rate, was depicted by porosity and surface detector. FT-IR (Fourier-transform infrared 520 

spectroscopy), as well as XRD (Fig. 5c) analysis, showed no impurity peaks indicating the 521 

complete conversion of ZnS (en) 0.5 to ZnO. VB and CB potentials of porous ZnO-600, ZnO-650, 522 

ZnO-700℃ were (2.87eV, -0.32V), (2.87eV, -0.35V) and (2.87eV, -0.36V), respectively 523 

depicted the increased bandgap potentials (3.21, 3.24, 3.25eV) with increasing temperature 524 

range. Fig. 5d exhibited different Raman peaks at 99, 437 (bare), and 590 cm-1 (Vo) thus, 525 

confirmed the presence of Vo defects in the host lattice. Hence, with above-observed 526 

characteristics, it was confirmed that as-synthesized different defect rich ZnO nanoplates were 527 

well efficient photocatalyst to reduce the absorbed CO2 to CO with 3.8 (600℃), 3.1 (650℃) as 528 

well as 2.5 ;mol/g (700℃), respectively. Therefore, photocatalytic results of ZnO (II-IV) 529 

semiconductor photocatalyst can be boosted by creating Vo, Mn+, like point defects. It was 530 

observed that concentrations of Vo in the host lattice at different temperature leads to unequal 531 

light assimilation capacity. The more the number of Vo in the host, the stronger will be the light 532 

absorption towards the visible region owing to the different alignment of energy levels. 533 

Similarly, TiO2 is another wide bandgap semiconductor photocatalyst whose photocatalytic 534 
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activity was reduced due to various limitations (charge carriers recombination, corrosion, UV 535 

light absorption etc.). Defect rich TiO2 exhibited improved photoactivity, polished surface 536 

structure, colored, extended light absorption range due to the raised local states under CB, and 537 

tailored (decreased) bandgap potential [119]. 538 

For instance, Yu et al. designed hydroxyl-group-rich mesoporous TiO2 photocatalyst through the 539 

hydrothermal route (450-550 ℃) for better photocatalytic CO2 reduction [119]. Results from the 540 

EPR spectrum (Fig. 6a) at 3340 G and negative Ti shift attributed to the presence of Vo along 541 

with the formation of Ti3+in the host TiO2. It was observed that Vo in the host lattice could 542 

encourage the formation of Ti3+ from Ti4+ by accepting e- (from F- during calcination) to 543 

maintain the neutrality of TiO2 lattice. After calcination, XPS along PL peak spectra were still at 544 

684 eV and 385 nm, respectively indicated the unsuccessful replacement of host lattice sites with 545 

F-(Fig. 6b-e) (no peak shifting). The effective photoactivity of an as-prepared visible, active 546 

mesoporous TiO2 sample was appraised by photoconversion of CO2 into CH4 owing to the 547 

narrowed bandgap and functional -OH groups. It was observed that with an increase in the 548 

surface area (9.43 m2/g) the rate of CO2 absorption (67.75 ;mol/g) increases due to more 549 

exposed Vo as well as functional -OH groups. These defects in the TiO2 (host) can serve as the 550 

isolation centers or trappers to trap charge carriers and to boost the photo-absorption efficiency. 551 

< Please insert Fig. 6 here > 552 

Dopants (metal or non-metal) usually replace the original metal or oxygen atoms or are either 553 

placed at the vacant interstitial sites in MOs depending on their size as well as electronic nature. 554 

Therefore, in order to study the effect of both anionic and cationic dopants on TiO2, Mandari and 555 

his team designed a convenient technique to synthesize visible active codoped (N and Gd) TiO2 556 

using the sol-gel route [120]. N and Gd (4f) showed strong lattice distortion owing to the 557 
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formation of new O-Ti-N as well as Gd-O-Ti bonds. Dopants with large ionic radii, i.e., N3-(1.71 558 

Å), as well as Gd3+ (0.94Å), usually placed the bare lattice Ti4+ (0.61Å) and O2- (1.32Å) ions, 559 

resulting in the formation of Vo. Obtained N/Gd doped defect rich TiO2 nanohybrid showed a 560 

redshift owing to the generation of more e- and h+ (less recombination rate) in the presence of 561 

solar light. Trapping sites in defect rich TiO2along with e-/h+ pairs transfer and migration rate 562 

during photoexcitation were illustrated with the help of the PL technique. NTi, as well as GdNTi 563 

nanostructures, showed broad range wavelength spectrum (350 to 550nm), where peak at 470nm 564 

contributed to the formation of surface Vo(Ti4+ replaced by Gd3+) and metal defects in the host 565 

lattice (Fig. 7a). Similarly, EPR analysis report of NTi (g = 1.919, 2.001 and 2.079) and GdNTi 566 

(g = 4.11, 3.07, 2.51 and 2.063) displayed the trapping of e- in Vo, presence of Gd3+ and Vo-Gd3+ 567 

ions interaction, respectively (Fig. 7b). Owing to the formation of Vo and Gd3+ defects in the 568 

host, the energy for photoexcitation decreased and accelerated the visible, active redox reactions 569 

with water or methanol. The bandgap of as-fabricated nanostructure was reduced as a 570 

consequence of the new Fermi level below CB (Gd 4f) and above VB (N 2p), as depicted in Fig. 571 

7c. Mechanistic studies revealed that CB e-(surface) reacted with H+ ions to generate H2, and it 572 

was observed that Gd/ N-TiO2 showed 10764 ;mol/g photocatalytic H2 generation, which is 573 

approximately 26 times higher than the bare (N-TiO2 and Gd-TiO2) sample. 574 

< Please insert Fig. 7 here > 575 

Similarly, Zhu et al. synthesized Au, and CoO loaded hollow TiO2 sphere through a 576 

solvothermal route (Fig. 8a) for the superior photocatalytic CO2 reduction than bare TiO2 [121]. 577 

XPS spectrum of oxygen (1s) revealed the generation of Vo (at 530.91eV) defects on the surface 578 

of hollow TiO2. They generated an internal electric field along with e- (CBAu), as well as h+ (VB 579 

CoO) trappers in the as-synthesized Au 2.0@TiO2@CoO heterostructure, facilitated the isolation 580 
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of photogenerated e--h+ pairs (Fig. 8b). It was demonstrated with the help of the EPR (Fig. 8c) 581 

spectrum under dark (g = 2.003, N2) and light conditions that surface Vo defects created in 582 

Au2.0@TiO2@CoO assisted the absorption (7.6 cm3/g) as well as activation of CO2 moiety. 583 

Along with the EPR spectrum, the chemical absorption of CO2 moiety on Vo was also 584 

demonstrated with the help of FTIR spectra. Different FTIR peaks of as-synthesized nanohybrid 585 

with absorbed CO2, H2O, and various active intermediates were illustrated in Fig. 8d. Thereby, 586 

above mentioned results confirmed that the homogenous deposition of the cocatalyst (Au, CoO) 587 

and Vo defects on the surface of TiO2 enhanced CO2 reduction rate (13.3μmol/h/g) approximately 588 

60 times higher than the bare TiO2 sample. 589 

< Please insert Fig. 8 here > 590 

Thus, the above discussion demonstrates that the increase in photoactivity of as-synthesized 591 

nanohybrid OH rich-TiO2, Gd/N-TiO2 andAu2.0@TiO2@CoO photocatalyst is attributed to the 592 

presence of Vo and Mn+ defects, induced surface junction internal electric field, respectively. OH 593 

groups have an excellent affinity for CO2 moiety activation, and hence they are formed by the 594 

decomposition of water (OH- and H+) followed by oxidation (h+). Here, Vo defects in TiO2 are 595 

induced either by replacing host TiO2 lattice oxygen atom by F atoms or by removing O itself. 596 

Similarly, another approach by using dopant (Gd/N) demonstrates that metal or non-metal 597 

doping indeed delays the charge carriers recombination rate by creating intermediate energy 598 

levels in the TiO2 lattice. From dopant studies, it is scrutinized that non-metal dopant (N) slightly 599 

shifted the VB position (uplifted) as compared to CB for improved e- and h+ generation by 600 

reducing energy requirement for photoexcitation. Dopant atomic radii are mainly responsible for 601 

various different MOs photocatalytic mechanisms. Similar to the dopant effect on MOs 602 

photoactivity, cocatalysts (Au and CoO) incorporation also plays a vital role owing to their 603 
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unique architecture as well as a strong synergistic effect. Cocatalyst usually acts as e- sink (CoO) 604 

as well as h+ acceptor (Au). As a result, induced internal electric field by successful interaction 605 

of CoO, Au, and the host, TiO2 significantly imparts a higher segregation rate of charge carriers 606 

and also provides less transmission distance for the photoinduced e-. Therefore, we conclude that 607 

momentous exploration of the photocatalytic mechanism behind various defects rich MOs 608 

becomes more significant than that.  609 

In another report, Lin et al. reported the successful formation (in-situ) of Pt/Vo mediated 610 

defective TiO2 photocatalyst using a diffusion flame aerosol reactor [122]. Defect rich Pt/TiO2-611 

Vo nanoparticles were achieved under the H2 (hydrogenation) atmosphere at a very high 612 

temperature (~700℃). Surface Vo defects and loading of Pt on the semiconductor photocatalyst 613 

helped to trap the photoexcited e- (isolated them from h+) and hence reduced their (e- and h+) 614 

recombination rate. Here, Pt0 as well its oxidized counterparts, act as effective charge carriers 615 

separators owing to its higher e- trapping nature, as illustrated in Fig. 9a. The binding energy of 616 

Ti 2p3/2 at 457.4 eV for both the sample (TiO2-Vo and Pt/TiO2-Vo) and band energy (O1s) at 617 

528.2 eV and 530.6 eV demonstrating the existence of suitable concentration of Vo in the 618 

nonstoichiometric Pt/TiO2-Vo semiconductor (Fig. 9b and c). The amended morphological 619 

properties indeed accelerated the rate of photoreduced CO (26 μmol/g-catalyst/h) and CH4 (115 620 

μmol/g-catalyst/h) production owing to their enriched surface e- density (Pt sites). Furthermore, it 621 

was found that photoactivity of Pt/TiO2-Vo (141 μmol/g-catalyst/h) was higher than other 622 

synthesized TiO2-Vo, Pt/TiO2 photocatalyst. EMSI played a decisive role in preventing not only 623 

the gradual loss of Pt0 as well as Vo but also accelerated the transference of e- from V0 to Pt 624 

surface. Thereby, it was observed from the above-mentioned results that amended electronic 625 
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configuration (Vo) of as-synthesized heterostructure enhanced not only the surface activation for 626 

CO2 moiety but also facilitated the segregation of photoproduced charges. 627 

< Please insert Fig. 9 here > 628 

In another work, Tan and his coworkers prepared a novel dopant free method to fabricate stable 629 

as well as visible light active graphene oxide/oxygen-rich TiO2(GO/O-TiO2), resulting in surface 630 

disorderliness [123]. Oxygen-rich defects were created into bare TiO2 through the wet chemical 631 

impregnation route, which strongly absorbed the CO2 on its surface owing to the hydrophilic 632 

nature of GO, as depicted in Fig. 10a. Here, GO acted as an efficient charge-transporting bridge 633 

(e- sink) and made the TiO2 surface more super-hydrophilic owing to its hydrophilic nature. The 634 

upshift in the potential of VB reduced the bandgap of TiO2 to 2.95eV (UV- vis DRS spectra) and 635 

showed extraordinary efficiency in the visible (400-800 nm) range (Fig. 10b). Owing to the 636 

formation of favorable fermi level positions, CB e- would migrate rapidly across the interface 637 

(GO sheet) and move freely. Hence, isolation of excitons efficiently obstructed the charge 638 

reassembly process, ultimately accelerated the CH4 production, as illustrated in Fig 10c. The 639 

absorbance of CO2 as well as visible light, induced e- and h+ on the surface of as-synthesized 640 

nanoparticles, which on interaction with CO2 undergoes oxidation as well as reduction reactions. 641 

It was observed that optimized surface oxygen defects in GO/O-TiO2 (5wt.% of GO) exhibited 642 

the highest CH4 formation rate of 1.718 μmol /gcat (6h) and reactivity of 95.8%, i.e., 1.6 and 1.4 643 

times more than O2-TiO2 and pristine TiO2, respectively. Remarkable increment in the reduction 644 

of CO2 to CH4 was ascribed to the formation of the Schottky barrier at the interface, which not 645 

only allowed the rapid separation of photoinduced carriers but also improved the photostability 646 

rate of nanohybrids. 647 

< Please insert Fig. 10 here > 648 
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Similarly, porous defect rich TiO2 were prepared by Mustapha et al. using a template-free 649 

hydrothermal process. Enhanced photocatalytic degradation of  MB (90.4%) was observed due to 650 

the visible-light assimilation and prolonged e- - h+ isolation by ample surface-active OH sites and 651 

Vo (ESR peaks) as presented in Fig. 11a [112]. In other reports, analysis of defect rich TiO2 652 

photocatalyst depicted the highest photodecomposition efficiency due to optimum phase 653 

composition and high surface area upon doping the TiO2 lattice with small radii ions of Al3+ and 654 

V5+ [111]. Similar to TiO2 and ZnO photocatalytic materials, generated Vo in WO3 nanomaterials 655 

can also prolong the light absorption range even to the NIR region. Defects can alter the 656 

electronic properties as reported in WO3/Bi2WO6 using the CTAB-assisted hydrothermal route. 657 

The as-fabricated nanocomposite exhibited XPS peak at 531.58 eV owing to the formation of Vo, 658 

as depicted in Fig 11b. Stable face to face WO3/Bi2WO6 heterojunction facilitated the faster 659 

tunneling of e- which degraded 76.3% of Ciprofloxacin (Fig. 11c) under visible and NIR 660 

irradiations [113].   661 

Conclusively, the synthetic routes adopted to synthesize defect induced ZnO, TiO2 and many 662 

other metal oxide photocatalytic nanohybrids are crucial for controlling their size, shape, surface 663 

properties etc. Along with these, concentration, nature, and location of generated point defects 664 

(Vo) played a critical role as excessive vacancies (distorted lattice) in the MOs host would also 665 

inhibit the migration rate of e- - h+ pairs to the surface for their reactions. Moreover, various 666 

occurring oxidation and reduction reactions on the surface of MOs, dispense sufficiently higher 667 

respective potential for different occurring photocatalytic reactions. For instance, in the case of 668 

TiO2, one Vo, and Ti interstitial in lattice unit, provides two and four excess e- which in turn 669 

boosts (even 20 – 30 times) the output of various surface reduction reactions. It is crucial to 670 

consider these parameters for all-encompassing scrutiny and the revelation of the exact 671 
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photocatalytic mechanism of as-fabricated various MOs heterostructure. Various defect mediated 672 

MOs like TiO2, ZnO, and others having desired properties are ecologically affable in order to 673 

stimulate the redox reactions of the assorted organic moiety or toxic pollutants under visible 674 

irradiation. It was observed that in-depth considerate of point defects (role) also helps to study 675 

other 1D, 2D, and even 3D defects in MOs. Table. 1 summarize distinct point defect rich MOs as 676 

efficient defect drove semiconductor photocatalysts with improved performance for various 677 

applications. 678 

< Please insert Fig. 11 here > 679 

5.2 Defect engineering through dislocations  680 

Line defects are mostly 1 D defect, also known as dislocations, which chiefly occur in crystalline 681 

nanomaterials to establish their mechanical strength. Dislocations can move if the host atoms 682 

from one of the adjoining plane crack their bonds and rebond with the lattice atoms at the 683 

terminating edge. Edge dislocation, screw dislocation, and mixed (both) dislocations are the 684 

basic three types of dislocations that can be induced in MOs. Edge dislocations in photocatalytic 685 

nanomaterials are defined along the end of the extra half-plane of atoms and have been reported 686 

for TiO2, ZnO, WO3 like MOs. The imperfection may widen in a straight line through the crystal, 687 

or it may trail an irregular route [131-133]. Edge dislocation may be petite, extending only a 688 

minuscule distance into the host, inducing a slide of one atomic distance along the slither plane. 689 

Screw dislocations can be produced by tearing the crystal parallel to the slip direction in the host, 690 

for instance, TiO2, ZnO, Cu2O, and In2O3 [134-137] etc. If a screw dislocation is followed 691 

around a complete circuit, it will show a slip pattern similar to that of a screw thread. The slip 692 

pattern may be either left or right-handed and necessitates ameliorating of atomic bonds 693 

incessantly so that the form of the crystal remains the same. 1D type of defects generally occurs 694 
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in a single photocatalytic semiconductor and is also generated very frequently at the interface 695 

between two different photocatalytic materials. 1D defect engineering strategy is advantageous 696 

to suppress damaging superficial states, accelerating the e- - h+ pairs migration rate and also 697 

contributes to shifting the band potentials to promote light-harvesting of MOs photocatalyst 698 

[132]. Thereby, various examples of different heterostructures with enhanced photo-efficiency 699 

by introducing edge and screw-type dislocations are discussed below: 700 

Rare earth metal ions with partially filled 4f orbitals (fully filled 5s and 5p) mainly known to 701 

reduce the nucleation rate and the growth of MOs nanocrystals owing to their larger ionic radii 702 

along with higher tendency to attract hosts oxygen atom. From the research of Divya and 703 

Pradyumnan, it can be found that Er3+/ZnO photosystem showed improved visible light 704 

photoresponse owing to the generation of defects like Vo, dislocations, interstitial oxygen defects 705 

etc. in the crystal lattice [138]. They synthesized dislocated as well as Vo rich Er3+/ZnO lattice 706 

through solid-state route at high temperature (900℃). XRD diffraction peaks showed in Fig. 11a 707 

and b depicted no secondary peaks at low (0.6, 0.9 wt%) amount of dopants, whereas at higher 708 

concentration (1.2wt%) different plane peak (222, at 29.42˚) appeared which clearly indicated 709 

the presence of Er3+ in the host. Increased density of various dislocations (0.264*1015m-2) 710 

resulted in the host lattice strain, which further increased the hardness of photocatalyst. Different 711 

elemental (Zn (2p), O (1s), C, Er (4d)) magnified peaks pattern (Fig. 12 c, d and Fig. 13 a, b) 712 

were observed separately with the help of XPS, indicating the presence of Zn (1021.6, 713 

1044.6eV), intrinsic oxygen (529.7eV) and Er3+ (168.2eV).Er3+ acted as a substitution impurity, 714 

which decreased the bandgap potential of as-fabricated photocatalytic material. Er3+ pair in a 715 

lattice required three oxygen atoms, whereas ZnO required only one, due to which the host 716 

lattice went through amendment (dislocations) and other Vo like defects. The fluorescence peak 717 
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spectrum (maximum at 0.75) of bare and Er3+ doped (0.58) nanohybrid (Fig. 13 c and d) 718 

illustrated that impurities as well as dislocations played a vital role in lattice redshift (from 325 to 719 

560nm). As-synthesized Er3+/ZnO is highly stable until 5 continuous cycles, and it was observed 720 

that photocatalytic output for MB degradation (89.35%, 25min) was increased with increasing 721 

the Er3+amount (0.6 wt%) in ZnO. Therefore, lattice distortions, along with impurities (defects) 722 

are considered as the main reason for the peaks decomposition and deep band emissions in green 723 

wavelength. 724 

< Please insert Fig. 12 and 13 here > 725 

In a similar way, Saravanan et al. designed visible active Ce3+ mediated Ag/CeO2/ZnO ternary 726 

nanohybrid with vapor-solid conversion mechanism for superior dye and industrial sewage 727 

degradation [139]. XRD as well as XPS (Fig. 14 a-e) peak spectrum for Ag (3d), CeO2(Ce3+and 728 

Ce4+) and ZnO (Zn2+, 2p) (no impurity peaks) confirmed the fabrication of Ag/CeO2/ZnO 729 

nanocomposite. The presence of Ce3+/Ce4+ in the host lattice confirmed the presence of defects 730 

with newly induced Fermi level (Vo), which easily facilitated the transference of e- (Surface 731 

Plasmon resonance, SPR mechanism) from Ag to CeO2 followed by ZnO (Fig. 15). These CB, as 732 

well as other free e- finally reacted with oxygen moiety to form reactive •O2
-which, further react 733 

with H2O to give •OH for effective dye degradation. Line defects in the ternary composite 734 

generated Vo, which ultimately increased the absorption, desorption and diffusion of oxygen 735 

moiety. TEM images depicted the presence of Vo in the ternary ZnO nanohybrid owing to line 736 

defects. These results showed that as-fabricated distorted nanostructure with reduced bandgap 737 

(2.66eV), high surface area (39.2m2/g), and stable nature efficiently degrade phenol (98%, 120 738 

min), MB  and MO (100%, 90 min) under visible light illumination. The newly generated 739 
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intermediate states reduced the band potentials (CB, VB), indicating the successful, strong 740 

interaction between Ag, CeO2, ZnO nanoparticles. 741 

< Please insert Fig. 14 here > 742 

In order to study the structural, morphological impact on crystal splitting and photocatalytic 743 

behavior, Cha et al. reported a facile synthetic route for the preparation of TiO2 rutile nanobelts 744 

by using diverse precursors [140]. These nanobelts were prepared with the help of a one-pot 745 

hydrothermal method in the presence of concentrated HCl. TiO2 nanostructures like nanoflowers, 746 

nanobelts or nanowires etc. were formed with the replacement of host Ti4+ions with H+ ions. 747 

Consequently, HCl concentration played a vital role in dislocating the TiO2 lattice atoms during 748 

synthesis. PL spectrum was analyzed to compare the bandgap energy of TiO2 nano-flowers, 749 

nanowires, nanobelts, and it was observed that they lie nearly in between 2.1-2.8 eV range. It 750 

was analyzed that the reduced bandgap of the photocatalyst was due to the formation of a 751 

shallow fermi band (0.27-0.87eV) below the CB of TiO2. Decreased band gap and applied strain 752 

in the host lattice, resulted in surface rich (CB) e- density and thus ultimately boosted the 753 

photoactivity of TiO2 nanobelts. Dislocations in the TiO2 host were determined with the help of 754 

burgers vector and dislocation line. Edge dislocations in the TiO2 lattice produced misorientation 755 

(6 degrees) between the atoms that influenced its construction by stimulating the formation of 756 

TiO2 nanowires (5nm) from nanobelts. Dislocations thus, along with HCl concentration, played 757 

an important role in studying the structural, morphological properties of TiO2 photocatalyst. 758 

Edge dislocations are generally formed during the growth of nanocrystals through imperfect 759 

oriented attachments.  In another report, Ren et al. prepared colored nanostructures of TiO2 with 760 

edge dislocations via one step hydrosolvothermal route. Edge dislocations characterized through 761 

HRTEM analysis served as active centers that induced Ti3+ defects, tunned electronic properties 762 
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and ultimately improved the light response region (UV-vis spectra; 400-900 nm). In summary, 763 

the controlled edge dislocations, along with Ti3+ defects, were positive for improving 764 

photodegrading efficacy up to 1.8 times for MB as compared to defect-free TiO2 [131]. 765 

Similarly, Vo-rich Pt/WO3 nanosheets displayed 98% toluene conversion and 95% CO2 766 

reduction ascribed to more host lattice dislocations than bare WO3 [135]. The effective tunneling 767 

of photogenerated e- - h+ pairs from CB of WO3 to Pt was comparatively prolonged due to the 768 

presence of Vo, which significantly enhanced the formation of  •OH and •O2
- on the surface of 769 

Vo-rich Pt/WO3. 770 

                                                     < Please insert Fig. 15 here > 771 

Afforecited examples of 1D defect epitomized the vital role of dislocations for the outstanding 772 

photoactivity under visible light illumination. Thereby, it was observed that screw and edge 773 

dislocations within the 1D host photocatalyst boosted the photocatalytic output for various 774 

applications by altering their bandgap potentials. In macroscopic crystalline photocatalytic 775 

semiconductors, it is sensible to suppose that in the improvement of morphological structures 776 

(like TiO2 nanobelts to nanowires), dislocations played a vital role. Whereas, it is observed that 777 

in comparison to point defects, 1D defects have very little influence on electronic properties 778 

(band potentials, fermi level) of MOs semiconductors. These defects may act as a source or sink 779 

of vacancies and Mn+ (0D defects) hence, indirectly alter the electronic properties. The most 780 

crucial benefit of inducing a 1D defect is to influence the flow of excitons during the redox 781 

reaction process. The induced strain brought lattice disorientation in the host lattice, which 782 

improved their pollutant absorbance rate, exposed their e- and h+ rich surface as well shifted the 783 

optical response towards visible range to make it a good photocatalyst. 784 

 785 
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 786 

 787 

5.3 Defect engineering through boundaries   788 

Planar defects are also known as boundaries, which basically have two dimensions as well as 789 

separate regions of the materials with different crystal structural morphology or crystallographic 790 

orientations. The planar defect arises across a plane and thus are of further two types: grain 791 

boundaries and twin boundaries. The grain boundary is the outside area of a grain that separates 792 

it from the other grains. Grains with different sizes usually rotated with respect to the 793 

neighboring grains, i.e., when one grain stops, another begins. Similarly, twin boundaries are 794 

with different nonrandom crystal orientations on either side of a plane. Twins are either grown-in 795 

during the crystallization or the result of mechanical or thermal work [141-145]. Grown twins 796 

are the consequence of disruption or change in the host lattice during growth attributable to a 797 

possible deformation from a more abundant substituting ion. Defects generally boost up the light 798 

absorption as well as excited charge carriers transport by enhancing effective active surface. 799 

Decreased charge reassembly is mainly due to the increased charge transfer rate as well as 800 

generated grain boundaries in MOs. Several examples of 2D defect rich MOs photocatalytic 801 

nanohybrids are as follows: 802 

Zhu et al. reported the novel synthesis of grain boundary engineered metal (Rh and Pd) nanowire 803 

on the 2D TiO2 (nanosheets) through a solvothermal route followed by heat treatment (160℃) 804 

[146]. Inter band transition due to non-plasmonic Rh or Pd resulted in the absorption of solar 805 

radiation with <>400nm, otherwise pristine TiO2, TiO2-Rh/Pd nanoparticles, TiO2-Rh short 806 

nanowires (SWs) as well as TiO2-Rh Long nanowires (LWs) absorbed only the UV light 807 
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radiations (<<400nm). It was observed from the above UV-vis-NIR diffuse reflectance spectrum 808 

analysis (Fig. 16 a and b) that Rh and Pd (cocatalyst) effectively encouraged the segregation of 809 

photoexcited charge carriers in the TiO2 nanosheets. The highest yield in TiO2-Rh LWs for CO, 810 

CH4, C2H5OH (reduced CO2 products) were calculated to be 13.5 ;mol/g/h, 4.5 ;mol/g/h, 811 

12.1 ;mol/g/h, respectively. Boosted CO2 reduction rates were owing to deprived recombination 812 

rate (charge carriers) and effective e- transmit from the surface of TiO2 (CB) to Rh or Pd but also 813 

due to the formation of highly active (grain boundaries) as well as stable TiO2-Rh photocatalyst. 814 

Increased temperature conditions (280℃) significantly reduced the density of grain boundaries 815 

(from 0.42n/m to 0.11n/m) from the surface of Rh or Pd (from 0.32 to 0.07n/m) cocatalyst 816 

indicating the improved interfacial contact between the two. Increased or decreased 817 

photocatalytic output of various reduced CO2 products with temperature depicted the importance 818 

of grain boundaries on the surface of TiO2-Rh and TiO2-Pd for sufficient CO2 selectivity and 819 

reduced photocatalytic H2 activity. High-temperature conditions during fabrication and the 820 

formed grain boundaries in the host had not altered the surface morphology of the formed TiO2-821 

Rh nanowires. On the other hand, with increasing temperature, TiO2-Pd nanostructures were 822 

showing altered surface morphology from nanoparticles to nanowires. Thereby, ingenious 823 

surface engineering of TiO2-Pd depicted their less stable properties than another TiO2-Rh (Fig. 824 

16 c and d).  825 

< Please insert Fig. 16 here > 826 

Similarly, Senthamizhan et al. found the enhanced photodegradation capacity of as-synthesized 827 

grain boundaries rich electrospun ZnO nanohybrids via electrospinning technique [147]. Grain 828 

boundaries are known as an effective sink for the defects, which facilitates the chemical 829 

absorption of various oxygen-related moieties (pollutants). With an increase in the temperature 830 
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conditions, the sharp XRD diffraction peaks depicting the enhanced crystallinity as well as 831 

increased grain size of the ZnO host lattice. Electrospun ZnO nanofibers photocatalyst showed 832 

higher photoactivity due to their large surface area, more number of reactive oxygen moieties as 833 

well as other dominant properties. Photoactivity with respect to time, temperature for various 834 

pollutants like MB, RhB, and 4-Nitrophenol with diverse ZnO morphologies (ZNF-1, ZNF-2, 835 

ZHT, ZBF, ZSF, and ZNP) depicted the correlation between the grain boundaries and their 836 

respective output. Photodegradation activity of ZNF-2 with a higher rate constant (0.0419 min-1) 837 

was observed for MB (100 %), RhB (91%), and 4-Nitrophenol (92%), respectively. It was 838 

confirmed from the above-mentioned results that with surface area, grain boundaries in the host 839 

also played an essential role in studying various physical as well as chemical characteristics of 840 

the ZnO nanofibers photocatalyst. 841 

In order to boost the photodegradation rate of TiO2 semiconductor for MB dye, Jaimy et al. 842 

constructed Fe3+ as well as Ce4+ codoped visible, active TiO2 with the help of an aqueous sol-gel 843 

route [148]. These rare earth metal (Fe3+) and lanthanide ions (Ce4+) improved the charge carriers 844 

segregation rate owing to rapid e--h+ pairs trapping and transferring as well as stable electronic 845 

arrangement. Ce4+ (at grain boundaries) mainly responsible for the bending of VB as well as CB 846 

levels, which ultimately resulted in TiO2 dislocations with reduced crystal growth. It was 847 

demonstrated with the help of XRD peaks that oxygen vacancies/Mn+ defects were created with 848 

Fe3+ dopant owing to its similar size (0.64 Å) as that of Ti4+ (0.68). However, significant lattice 849 

distortion (strain or defects) were analyzed in the case of lanthanide ion (Ce3+/Ce4+, 0.97/1.143Å) 850 

due to its highly incompatible ionic radii. An increased amount of Ce3+/Ce4+ dopant in the TiO2 851 

crystal usually increased the BET surface area (30.6 m2/g) with decreased crystallinity as 852 

compared to pristine TiO2. Bare TiO2 lattice was free from any type of crystal defects (i.e., well-853 

Jo
urn

al 
Pre-

pro
of



40 

 

arranged fringes), but codoping in the host illustrated (with Energy dispersive x-ray 854 

spectroscopy, EDS) the generation of stress as a result of a line as well as screw dislocations. 855 

Continuous overlapping of the d-orbital (Fe3+) with the CB (TiO2) yielded decreased bandgap, 856 

redshift, and high absorption rate of as-fabricated Fe3+/Ce4+ doped TiO2. Monitored photoactivity 857 

results illustrated the improved MB photodegradation (100%, at 160 min) rates than undoped 858 

TiO2 (32%). Grain boundaries, as well as dislocations in the crystal lattice, were thus known as 859 

active sites to generate labile Vo defects, portable oxygen reactive moieties which facilitated the 860 

trapping as well as migration rate of excited e- and h+. In another report, Kamei and coworkers 861 

investigated the effect of grain boundary induced in crystalline TiO2 for the photoreduction of 862 

Ag ions. The bunched surface of the bicrystal was the main localization centre for photocatalytic 863 

reduction, as observed with the help of AFM images. Bending of both CB and VB due to 864 

induced grain boundary ultimately suppressed the recombination rate of excited charge carriers 865 

and, in turn, enhanced the Ag precipitation [142]. 866 

Conclusively, an ample amount of grain and twin boundaries with developed surface areas in 2D 867 

nanocrystals suggested more opportunity for the absorption, diffusion, and desorption of 868 

reactants and subsequent products. The generation of more than one type of defect in a 869 

photocatalyst simultaneously can significantly increase their shoulder or tail absorption, which is 870 

known as the root cause for boosted photocatalytic output [33, 68]. Along with these properties, 871 

it was also found that formed boundaries help to assist the interfacial charge relocation process 872 

owing to the presence of intergranular layers. Various stable defective MOs nanohybrids 873 

depicted high pollutant absorption or degradation rate due to the presence of discontinuous 874 

lattice fringes, surface terraces, steps, kinks, and vacancies etc. From the photocatalytic results, it 875 

was analyzed that the density of the grain and twin boundaries in the nanocrystals continuously 876 
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decreased with the increasing temperature conditions. In 2D defect rich MOs photocatalytic 877 

material, grain or twin boundary terminations thus played an essential role in catalyzing various 878 

photoreactions. Table. 2 summarizes distinct 2D defect rich MOs as efficient defect driven 879 

photocatalytic materials with enhanced photoactivity for various environmental and energy 880 

applications. 881 

 882 

5.4 Surface modifications through voids 883 

These defects are 3D macroscopic defects (larger scale) and hence also known as bulk defects. 884 

These are generally introduced into a nanomaterial during refinement from its raw state or during 885 

fabrication processes, for instance: cracks, pores, foreign inclusions etc. [157]. These can exist in 886 

both crystalline and amorphous nanocrystals and are hence categorized into two types: Voids and 887 

disorders. Voids are known as pits small regions where there are no atoms and which can be 888 

thought of clusters of vacancies. In parallel, disorders are also typed of volume defects in which 889 

atoms are dislocated from their position to form anarchy in the host lattices. Low density, high 890 

surface to volume ratio, high shell permeability, excellent optical as well as electronic properties 891 

due to 3D defects are mainly responsible for accelerating various surface redox reactions with 892 

extended MOs photoresponse. 3D voids were showed in the photocatalytic MOs, which are 893 

present either on the surface or on the bulk, e.g., In2O3, ZrO2, CdO, SnO2, ZnO etc. [158-160]. 894 

From various research studies, it is scrutinized that the SPR effect of various Nobel metals boosts 895 

the photocatalytic rate of MOs. For instance, Koppala and his team used an environmentally 896 

friendly microwave-assisted route to fabricate ZnO/Ag nanostructure in order to study the 897 

different phase, structural as well as morphological properties [161]. Ag is known as an ideal 898 
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noble metal owing to its various advantages: e- sink nature, non-noxious, low cost etc. They 899 

compared the different photocatalytic results for RhB degradation at different concentrations of 900 

Ag in ZnO/Ag nanocomposite. XPS spectrum (Fig.17 a-d) illustrated the triumphant fabrication 901 

of ZnO/Ag-2 with corresponding Zn (2p), Ag (3d), O (1s) peaks. At 540, 467, and 378 nm PL 902 

spectrum demonstrated the new fermi trap level, improved excitons segregation rate, and 903 

deposition of h+ on the surface of Ag, respectively. Schottky junction formed at the Ag/ZnO 904 

interface played a vital role in e-displacement as well as its scavenging action. O2 voids in the 905 

ZnO host facilitated trapping of photoexcited e- (CB) and h+ (VB). Charge carriers (trapped) then 906 

reacted with surface absorbed O2 and H2O to produce superoxide and •OH radicals, respectively. 907 

Ag functionalization on the surface of semiconductor ZnO lessened the work function which 908 

significantly, augmented the photocatalytic reaction performance of Ag/ZnO. Therefore, voids 909 

and Ag deposition (SPR effect) on ZnO boosted the RhB degradation rate from 45.5% to 99.8%, 910 

i.e., approximately 8.5 times more than bare ZnO semiconductor.  911 

< Please insert Fig. 17 here > 912 

In another work, Kwiatkowski et al. investigated the effect of voids on photocatalytic yield in the 913 

ZnO/TiO2 core/shell (ZT) photosystem. They fabricated ZnO/TiO2 core/shell nanohybrid 914 

through the sol-gel deposition route, followed by further calcination at a higher temperature 915 

(450℃) [162]. Calcination for 1h generated empty spaces (Fig. 18 a) due to the diffusion of Zn2+ 916 

into TiO2 at the ZT interface called voids (Kirkendall effect). The preferential outward diffusion 917 

of Zn ions into the TiO2 surface would lead to the creation of voids at the ZnO/TiO2 interface, as 918 

depicted with the help of XPS as well as EDX analysis. Voids (more Vo) in the sample shifted 919 

the light-absorbing range (Visible, 420-600nm), reduced the band gap (2.9eV) potential via 920 

generating fermi level as well as generated more excited e- and h+. ZT interface played a crucial 921 
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role in the photodegradation of MB dye, as illustrated in Fig. 18 b, along with different 922 

comparative studies. The above-described results suggested the significantly modified region in 923 

ZT nanostructure, which in result boosted the overall photodegradation rate. 924 

< Please insert Fig. 18 here > 925 

Based upon the structural composition of bacteria, a gram-negative Escherichia coli (E.coli) is of 926 

great concern. Thereby, Liu et al. demonstrated that the PdO loaded TiO2 nanocomposite with 927 

voids showed high disinfection photoefficiency on E.coli [163]. Uniform allocation of PdO 928 

inside as well as on the surface of TiO2 hollow spheres was accomplished through template- free 929 

solvothermal route followed by calcination (Fig. 19 a). Elemental peaks of Ti, O, and Pd were 930 

depicted with the help of surface analysis based on the XPS characterization technique, which 931 

confirmed the synthesis of PdO/TiO2 heterojunction. UV light absorption (365 nm) spectra, as 932 

depicted in Fig.19 b, showed multiple reflections due to photoexcited charges in the hollow 933 

spheres (interior voids) of PdO doped TiO2 photocatalyst. Decreased surface area (35.0m2/g) 934 

with increased pore dimension to 22.2 nm due to the presence of voids acted as charge carrier 935 

trapper which facilitated the migration of h+ and e- more quickly to the outer surface as well as to 936 

PdO, respectively thus, reducing their recombination (Fig. 19 c). As a result, the synergism 937 

between extended light absorption and subsequent charge isolation was attained due to the 938 

creation of voids. Also, it was observed that PdO doping at 0.4 wt% on TiO2  host was found to 939 

disinfect E.Coli cell more efficiently, i.e., 7-log decrease bacterial cell count in 100 min than 940 

bare. Therefore, in the as-synthesized sample, both hollow sphere morphology as well as 941 

generated voids (trappers), contributed to the primarily improved disinfection cell output. 942 

                                         < Please insert Fig. 19 here > 943 

Jo
urn

al 
Pre-

pro
of



44 

 

In a nutshell, with the help of various characterization techniques, it is examined that pits in the 944 

lattice usually decreased the surface area of a photocatalyst. But 3D defect rich MOs still exhibit 945 

higher photocatalytic output because of their distinctive surface morphology rather than defined 946 

decreased surface area. Photoefficacy is affected by the morphological structure of formed void 947 

in a photocatalytic material. From the above-cited examples, it is scrutinized that the initial 948 

photodegradation rate of toxic pollutants or bacteria increased with an increase in the entire void 949 

volume. Both Kirkendall, as well as SPR effects provoked the formation of larger voids at the 950 

boundary of heterostructures. Also, relative increasing voids, sagging bonds as well as ledges 951 

etc. in the host attributed to the redshift (visible range) as well as lower bandgap potential. 952 

Zhao and his team synthesized visible light active yolk porous shell nanospheres from 953 

Ag/TiO2/SiO2 through oxidative chemical polymerization followed by the sol-gel method (Fig. 954 

20 a). The as-fabricated SiO2@Ag@Ag/TiO2 photocatalyst contained three basic units, i.e., 955 

Ag/TiO2, voids from the polypyrrole (PPy) layer, and porous shell-like functional units [164]. 956 

Owing to low density and high surface area for the loading of dopant, varied void space like 957 

properties contributed to its higher efficiency for the degradation of dye, i.e.,>>99.5%.FTIR 958 

spectrum analysis of TiO2, Ag/TiO2, PPy-Ag/TiO2 as well asSiO2@Ag@Ag/TiO2photocatalysts 959 

were analyzed, which inveterate the fabrication of photocatalyst. It was observed that after 960 

calcination, the characteristic peaks (1544cm-1, 1455cm-1, 1192cm-1) for PPy in PPy -961 

Ag/TiO2disappeared thereby demonstrated the formation of voids in the sample. 962 

SiO2@Ag@Ag/TiO2 nanohybrid exhibited strong visible light absorption (420nm) and reduced 963 

bandgap value (2.96eV), as illustrated in Fig. 20 b. Thus, PPy layers removal in the photocatalyst 964 

showed the generation of microreactors called void with large surface area and Ag deposition. 965 

Noteworthy, new energy level formation with apt potential and SPR effect due to noble metal 966 
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deposition is ascribed as a chief factor for efficient dye removal. In another report, Yoo et al. 967 

prepared ordered monodispersive Pt/SiO2-TiO2 microspheres with high void spaces via core-968 

shell silica microspheres [157]. TEM and EDX analysis depicted the successful void formation 969 

in as-synthesized microspheres, which acted as nanoreactors. Pt encased void rich SiO2-TiO2 970 

microspheres exhibited multiple reflections of UV light, which in turn enhanced H2 production 971 

rate to 1518 µmolh-1g-1. 972 

< Please insert Fig. 20 here > 973 

Similarly, Zhao et al. developed a facile strategy to fabricate Pd decorated N-doped carbon 974 

sphere@SnO2 with 3D defects, prolonging the light absorption range to 425 nm and facilitated 975 

the e- transfer from SnO2 to Pd NPs (Fig. 21 a). Increased BET surface area (116 m-1g-1) showed 976 

maximum reactant and active site interactions, resulting in improved reduction efficiency (92%) 977 

of 4- nitrophenol [160]. In another report, Saha et al. developed novel visible active Au 978 

decorated CdS/CdO hollow nanocomposite through the reflux route by use of oleic acid (capping 979 

agent), for the efficient remediation of environmental pollution. Ionic diffusion was mainly 980 

responsible for the generation of voids inside the nanocomposite. The formation of a central 981 

hollow structure was confirmed with the help of TEM images and BET. Increased surface area 982 

(36.74 m2/gm)  depicted that voids in the Au@CdS/CdO nano sample shortened the distance of 983 

photogenerated e- - h+ pairs to reach its surface and effectively reduced the rate of recombination 984 

as shown in Fig 21 b. CB potentials of CdO and CdS were appropriate to design Z-scheme 985 

heterostructure (Fig. 21 c), endowed the higher H2 evolution (7.412 mmol g-1 h-1), RhB (0.1947 986 

min-1), MB (0.095 min-1) degradation and Cr (0.24 min-1) reduction rate [159].   987 

< Please insert Fig. 21 here > 988 

Jo
urn

al 
Pre-

pro
of



46 

 

Recently, Thennarasu et al. prepared visible, active ZnO/ZnCr2O4 nanolayered composite by 989 

combustion route to degrade organic pollutants (AO) in slurry photoreactor with unstable 990 

intermediates [165]. The decomposition of various precursors with abundant gas emission 991 

depicted the creation of voids in the ZnO/ZnCr2O4 as analyzed with the help of FE-SEM 992 

micrographs. As-resulted narrowed bandgap (2.77 eV) further reduced the reassembly rate of e- 
993 

(CB of ZnO) as well as h+ (VB of ZnCr2O4), which ultimately facilitated the AO 994 

photodegradation efficiency. At pH 6.86 (optimal) of the reaction mixture, the highest AO 995 

degradation (99%) was analyzed under visible light range due to the presence of more voids. 996 

Mechanistic studies revealed that adsorbed dye moiety on the photocatalyst was degraded into 997 

H2O and CO2 owing to the production of superoxide and •OH radicals on the surface of ZnO as 998 

well as ZnCr2O4, respectively. 999 

Conclusively, hollow spaces in the MOs-core interface are known as a void channel that 1000 

facilitates the diffusion power of different components across its surface. A large number of pits 1001 

and disorders in nanohybrids (Kirkendall effect) substantially alter their surface morphological 1002 

properties. Along with these advantages, they also accelerated the pollutant or metal ions 1003 

absorption speed, improved the storage power (trapper), tailored the band potentials along with 1004 

electric as well as redox potentials. Thereby, the above-mentioned parameters thus appeared as a 1005 

favorable route to increase the induced e--h+ isolation rate and to improve photocatalytic 1006 

techniques for wide sanitization of wastewater. In a nutshell, for comprehensive studies as well 1007 

as clarification of photocatalytic means, it is very crucial to analyze the above-mentioned 1008 

structure of void generation in a MOs lattice. Distinct void rich MOs as efficient defect driven 1009 

photocatalytic materials with improved performance for various photocatalytic applications are 1010 

summarized in Table. 3. Therefore, defect engineering is known as one of the most common 1011 

Jo
urn

al 
Pre-

pro
of



47 

 

approaches which proved its significance in accelerating the photocatalytic output of most of the 1012 

metal oxides. 1013 

 1014 

6. Other applications 1015 

As reviewed above, defect modulation in MOs semiconductor materials substantially improve 1016 

the photocatalytic performance owing to extended visible light absorption, charge-carriers 1017 

isolation, and boosted surface photo-reaction kinetics. Table. 4 summarize distinct MOs as 1018 

efficient defect driven photocatalytic materials with improved performance. However, the 1019 

utilization of defect engineered MOs are not limited to photocatalysis only, but their significant 1020 

potential is explored in other applications as well. Photoelectrochemical sensors (PEC) have 1021 

gained much attention owing to its several advantages like; simple equipment, high sensitivity, 1022 

fast analysis, and low cost etc. For instance, Nayak and his group synthesized WO3.H2O 1023 

nanoplates and W18O49 nanowires via precipitation and microwave-assisted route, respectively, 1024 

to study both photocatalytic and PEC RhB degradation, photocurrent density, and H2 evolution 1025 

for water splitting applications. From BET and Raman spectra analysis, it was observed that 1026 

large surface area and generated Vo defects in W18O49 could efficiently improve the charge 1027 

isolation rate, resulting fostered photocatalytic RhB degradation to 91%, photocurrent density to 1028 

4.08 mA/cm2, and higher photocatalytic H2 production rate than WO3.H2O [191]. In another 1029 

report, Rahman et al. fabricated visible-active TiO2 nanowires with abundant surface Vo using a 1030 

catalyst-assisted pulsed laser deposition route. Surface Vo defects were identified with the help of 1031 

XPS spectrum analysis. Prolonged charge carrier tunneling and longer wavelength absorption 1032 

resulting from Vo exhibited improved current density from 1.6 mA/cm2 to 2.2 mA/cm2 i.e. 87% 1033 

of the overall PEC current [192]. Similarly, to analyse the electrocatalytic properties of NiCo2O4, 1034 
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Yang et al. fabricated stable NiMn LDH/NiCo2O4 nanohybrids via a hydrothermal route. 1035 

Interestingly, incorporated defects investigated through XPS spectra in the NiCo2O4 provided 1036 

large surface area and active sites on the exposed edge sites, which indeed reduced the energy 1037 

barrier for O2 evolution and thereby increased the electrocatalytic oxygen evolution performance 1038 

of NiCo2O4 [193]. In another report, versatile catalysts using TiO2-x nanosheets supported by a 1039 

CNT were fabricated for Li-S batteries. Wang et al. investigated the effect of CNT@TiO2-x 1040 

defects (through XPS) on the electronic conductivity and chemical adsorption and depicted that 1041 

the surface rich vacancies accelerated the surface e- exchange process through bandgap 1042 

engineering. As-synthesized catalyst showed long cycle stability, high area capacity of 5.4 mAh 1043 

cm-2s, the large surface area of 256.5m2g-1 [194]. Similarly, Yu et al. exploited defect engineered 1044 

and highly stable NiCeOx electrocatalyst via a two-step dip-coating method. XPS and Raman 1045 

spectral analysis depicted the formation of Vo defects, which leads to stronger electronic 1046 

interactions between Ni and CeO2. A large number of active sites and favorable reaction kinetics 1047 

for O2 in the as-fabricated NiCeOx sample showed improved O2 evolution rate, a high current 1048 

density of 10 mA/cm2 and a low overpotential of 470 mV [195]. Chen et al. developed defect 1049 

rich MgH2/CuxO composite by three-step ball-milling method contributed to the improved CO2 1050 

hydrogenation. As a result, defect rich hydrogen storage MgH2/CuxO composite exhibited 54.8% 1051 

olefins formation and 20.7% CO2 conversion rate [196]. Thereby, from the above-reviewed 1052 

reports, it is clear that defects in MOs semiconductors could serve as highly active (catalytic) 1053 

sites, which accelerated e- - h+ isolation by tunning band potentials thus, holding promising 1054 

potential for achieving high catalytic, PEC, and electrocatalytic performances. 1055 

 1056 

7. Conclusive outlook 1057 
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Modulation in photocatalytic efficacy through defect engineering seems to play as an effective 1058 

approach to improve numerous solar light-driven environmental restoration and energy 1059 

conversion applications. In recent years significant attention has been drawn to simultaneously 1060 

modify the optical, electronic, and photoinduced surface reaction kinetics of semiconductor 1061 

photocatalysts. Thus, the present study has been devoted to highlighting recent progress in 1062 

defect-engineered MOs photocatalyst for various applications, with significant advances being 1063 

made. Potentials and certain inherent bottlenecks of MOs as photocatalyst has been concisely 1064 

summarized, followed by surface modification through anion/cation vacancy. Furthermore, the 1065 

influential role of defect engineering in MOs through the generation of point defects, 1066 

dislocations, boundaries, and voids has been explored with their fabrication, identification, and 1067 

the subsequent effect on photoactivity. Different possible routes to modify the photocatalytic 1068 

performance of MOs either by generating point defects, dislocations and boundaries or voids 1069 

were highlighted. Noteworthy, defect induced MOs exhibit superior photocatalytic activity than 1070 

bare nanomaterial owing to the substantial impact of defect creation on optoelectronic properties. 1071 

Thereby, assorted defects involving anionic, cationic and multi vacancies, vacancy associates, 1072 

distortions, dislocations, voids as well as boundaries are introduced to alter the bandgap, 1073 

morphological arrangement, coordination number, conductivity etc. in various MOs. Defect 1074 

mediated MOs are fabricated using different effective strategies (high-temperature conditions, 1075 

UV radiations, Chemical reduction etc.) and are identified by utilizing valid diverse, and 1076 

advanced characterization methods (EPR, XPS, Raman, STEM etc.). Defects played a pivotal 1077 

role in a semiconductor photocatalyst owing to the following reasons: Firstly, defects in MOs 1078 

can improve the dissociative adsorption of moieties like pollutants, CO2 as well as H2O etc. 1079 

Secondly, they tune the electronic band potentials in order to boost optical absorption efficacy. 1080 
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Thirdly, they act as charge carrier trappers to enhance the segregation rate by exposing excited e- 1081 

on to the surface of MOs. Of note, the applications of defect modified MOs are not only limited 1082 

to photocatalysis, but they also offer great potential in the field of energy storage devices, photo-1083 

electrochemical systems, electrocatalysts, catalysts, and membranes for biological functions.     1084 

 1085 

8. Challenges and perspectives 1086 

Despite various positive effects of defect engineering in MOs semiconductors, there still remain 1087 

certain challenges involving fabrication techniques of defect rich MOs, mechanistic studies for 1088 

their identification, and the role of defects in improving various photocatalytic applications. The 1089 

efficient production of defect mediated MOs with unique surface area and morphology will be of 1090 

crucial concern. Besides, certain disadvantages also tend to associate with defect modified MOs, 1091 

which need critical attention, as follows: 1. Excessive concentration of any (0, 1, 2, and 3D) bulk 1092 

defects in MOs will form reassembly centers and thus responsible for the reunion of excited 1093 

carriers, 2. High-temperature conditions (calcination) sometimes even destroy the primary 1094 

chemical bonding present in between the host atoms, 3. Some defects like surface anion defects 1095 

in a semiconductor are not much stable and hence could be easily renovated 4. Fabrication of 1096 

defects in MOs is random, i.e., one impurity may lead to more than one defects in host 1097 

semiconductor etc. and 5. The stability of a photocatalyst is an essential key factor while 1098 

fabricating a photocatalyst. Numerous MOs nanomaterial with varied photocatalytic mechanisms 1099 

and defects can demonstrate different photocatalytic results towards full range applications. 1100 

Proper understanding of the correlation between induced defects and the resulted modulation in 1101 

photocatalytic property can help to overcome the limitations or to resolve the problems like 1102 

quantitative defect analysis, involvement in e- - h+ isolation, in-situ characterization, controlled 1103 
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generation and concentration at the desired location in MOs. These issues mentioned above can 1104 

provide new insight for defect induced effective e- - h+ pairs segregation and for boosted 1105 

photocatalytic output.  1106 

In order to achieve economic as well as environmental benefits, we have to follow specific 1107 

directions as i) Understanding the origin of certain defects in MOs, ii) Exploring the 1108 

photocatalytic mechanism (photodegradation, photoreduction, and disinfection etc.) involving 1109 

certain defects, iii) Fabricating defect mediated metal oxide photocatalyst showing elevated-1110 

performance. Appropriate synergism between controlled defect designing, suitable identification 1111 

technique, and in-situ characterization for investigating the reaction pathway involved in 1112 

photocatalysis can effectively help researchers working in the field to explore new insights and 1113 

attain amended photoactivity.  Therefore, in a nutshell, defect engineering is known as an 1114 

essential objective for synthesizing visible light active MO photocatalyst exhibiting higher 1115 

stability with superior photocatalytic output for environmental and energy-related applications. 1116 
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Table 1. 0D defect rich metal oxides photocatalytic system 1 

Photocatalyst 
heterostructure 

Modified 
band gap 

Synthetic route Surface 
area 

Photocatalytic 
Applications 

Characterization 
techniques 

Ref. 

Bi/α-Bi2O3/g-
C3N4 

2.83eV Calcination- 
photoreduction 
technique 

 Degradation rate: 
Tetracycline (90.2%) 
Rhodamine B 
(95.6%) 

PL and XPS 
spectrum 

[124] 

α-Bi2O3 (Enlarged 
Microrods) 

In 
between 
2.82-
2.85eV 

Chemical 
precipitation 
method 

1m2/g Indigo carmine dye 
degradation (6.8 
times more than 
bare) 

Diffuse 
reflectance and 
UV spectrum 

[125] 

Micro 
nanostructured 
Bi2O3 with surface 
Vo defects 

2.85eV Solvothermal 
method 

~24 m2/g Capture hypertoxic 
SeOx

2- ions specially  
SeO3

2-anions 

XPS spectra [126] 

Beta –Bi2O3:Ce 2.3eV Simple 
Hydrolysis 
technique 

1 m2/g Biocide triclosan 
decomposition 

XPS spectra [127] 

Bi2O3/V2O5@g-
C3N4 

2.17eV Co-pyrolysis 
approach 

83.75 m2/g Degradation rate was 
98.1 %  for phenol 
red (i.e. 1.2 and 1.8 
times higher than 
bare Bi2O3 as well 
asV2O5 respectively) 

XPS and UV- 
spectrum 

[128] 

Vo-rich Pt/Ga2O3 4.75eV Hydrothermal 19.41 m2/g CO evolution rate 
was 21.0μmol/h 

EPR and XPS 
spectrum 

[129] 

TiO2-ZrTiO4-SiO2  
heterostructure 

2.54eV Sol-gel method 121.41 m2/g RhB degradation 
(95%, 90 min) 

XPS spectra [130] 
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Table 2. 1D and 2D defect rich metal oxides photocatalytic system 3 

Photocatalytic 
material 

Band gap 
and 
 �-value 

Characterization 
techniques  

Mode of 
fabrication 

Surface 
area 

Photocatalytic 
application  

Ref. 

Fe doped ZnO 
nanorod arrays 

>3.37eV 
(480-680nm) 

HRTEM and XPS Wet chemical 
method 

 MO degradation [149] 

TiO2 2.29Ev 
(UV-visible 
range) 

HRTEM and 
EELS(e- energy 
loss 
spectroscopy) 

One step 
hydrosolvothermal 
method 

190m2/g MB degradation 
(100%, 5h) 

[150] 

TiO2 

(Surfactant 
effect) 

300-400nm HRTEM Simple sol-gel 
route 

54.3 m2/g 4-Chlorophenol 
degradation 

[151] 

Ag/TiO2 2.93eV 
(>350nm) 

SEM and XPS Sol-gel spin 
coating technique 

 Methylene blue 
degradation 
(51.81%) 

[152] 

ZnO/Ag 
nanoassemblies 

>420 nm TEM and UV-vis 
spectrum 

One pot 
nonaqueous 
method 

 RhB dye 
degradation 
(80%) 

[153] 

ZnO 
nanoparticles 

3.29eV 
(370-390nm) 

FESEM and TEM Facile solution 
method 

7.8703m2/g RhB dye 
degradation 
(95%) 

[154] 

Er/ZnO 
nanostructures 

 
(430-600nm) 

 
FESEM and TEM 

Facile and 
surfactant-free 
chemical solution 
route 

 Phenol 
degradation 

[155] 

F/TiO2 2.85eV 
(450nm) 

XRD Solid state  MO degradation [156] 
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Table 3. 3D defect rich metal oxides photocatalytic system 6 

Photocatalytic 
system 

Pore 
size 

Mode of 
fabrication 

Calcination 
temperatur
e  

Surfac
e area 
(m2/g) 

Light 
absorbed 

Photocatalytic 
application 

Ref. 

TiO2 
nanocrystals 

5-7nm Novel facile 
microwave 
assisted hydrolysis 

400℃ 73.7 UV Methyl orange and 
4-Chlorophenol 
degradation 

[166] 

Fe3O4@Void@P
MAA@Void@T
iO2 

40nm Dispersion 
polymerization 
and hydrothermal 
strategy 

Heating in 
autoclave at 
160℃ 

61.4 UV Removal of Pd 
(II) and Cr (VI) 

[167] 

ZnO nanorods  Low temperature 
wet chemical 
method 

300℃ 3.52 UV Methylene blue 
degradation 

[168] 

Pt/TiO2  20 Facile chemical 
approach using 
ionic liquid 

5℃/min 132 Visible H2 evolution 
(11.2mmol/h/g) 

[169] 

Fe2TiO5 - TiO2 

yolk- shell 
hollow spheres 

 Facile sacrificial 
hard template 
strategy 

1℃/min  UV-
visible 

High oxygen 
evolution rate 
(148μmol/g/h) 

[170] 

Zn-Al-In metal 
oxides 

5-
100nm 

Co-precipitation 
method 

450-600℃ 65.8 Visible MB dye 
degradation 

[171] 

SiO2@TiO2/CDs 
nanocomposite 

8 nm Facile method In heating 
mantle at 
60℃ 

37 Visible Dinitraphenols 
dye degradation 

[172] 
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Table 4. Examples of various metal oxides photocatalysts with different band potentials and 8 

defects 9 

Photocatalytic 
materials 

CB/VB or 
bandgap 

Types of 
defects 

Synthetic 
route 

Characterization Photocatalytic 
application 

Ref. 

Bi2O3 
Bi2O3/Bi2O2CO3  O 

vacancies 
Hydrothermal  HRTEM, Raman 

and ESR 
Photocatalytic NO 
removal 

[173] 

Bi2O3 

polymorph 
Eg = 2.6 
eV (β- 
Bi2O3) 
Eg = 2.1 
eV (α- 
Bi2O3) 
 
 

O 
vacancies 

Solvothermal 
method 
followed by 
calcination 

DRIFT spectra 
And ESR 

NO removal rate: 
β-Bi2O3 = 52.0% 
and 
α-Bi2O3 = 20.1%. 

[174] 

β-Bi2O3 /TiO2 
Nanotubes 

(β-Bi2O3) 
Eg = 2.51 

eV 
CB = -
0.23 V 
VB = 2.28 
V 
 

Dislocatio
n 

Pulse 
electrodepositi
on method 

UV-vis DRS Photoelectrocatalyti
c degradation of 
carbamazepine =  
98% 

[175] 

BiVO4 
BiVO4 thin 
films 

Eg = 2.4 
eV 

Surface 
defects 

rf- sputtering 
method 

Raman and UV-
Visible 
absorption 

Rh6G dye 
degradation = 95% 
in 4 h 

[176] 

Hydrogenated 
BiVO4 

Eg = 2.31 
eV 

Surface 
oxygen 
vacancies 

Hydrogenation 
treatment 

XPS and EPR degradation rate for 
tertracycline = 98% 

[177] 

BiVO4 Eg = 2.4 
eV 

Dislocatio
ns and 
voids 

Coprecipitation 
method 

SEM 90% MB 
degradation 

[178] 

Ga2O3 
β – Ga2O3 
nanorods 

Eg = 4.59 
eV 

O and Ga 
vacancies 
 

Reflux 
condensation 
method 

Raman and PL RhB 
photodegradation 
rate = 90% 

[179] 

Ga2O3 

polymorphs 
Eg = 4.2 – 
4.9 eV 

O and Ga 
vacancies 

Precipitation 
method 

Raman and PL 
spectra 

Maxi. Hydrocarbon 
removal rate (β- 
Ga2O3)  =  0.42 
µmol h-1m-2 and 
CO2 production rate 
(β- Ga2O3)  = 2.4 
µmol h-1m-2  

[180] 

WO3 
C-Dots/WO3 Eg = 2.84 

eV (WO3) 
CB = 0.20 
V 
VB = 3.07 
V 

Surface 
defects and 
lattice 
disorders 

Oil bath reflux 
method 

Raman spectra RhB degradation; 
under UV light = 
97.1% 
under visible light = 
97.7% under NIR 
light = 60.1% . 

[181] 

Carbon-coated 
WO3 

Eg = 2.40 
eV 
 

Surface 
defects, O 
vacancies 

 Ultra-rapid 
solution 
combustion 

HRTEM, XPS Aerobic amines 
oxidation  

[182] 
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synthesis 
method 

TiO2/WO3 Eg = 2.50 
eV (TiO2), 
3.1 eV 
(WO3) 
 

W5+,Surfac
e oxygen 
vacancies 

Hydrogen 
annealing 

EPR, XPS Gaseous toluene 
conversion rate = 
72% 

[183] 

Fe2O3 
Fe2O3-MgAl 2O4 - O 

vacancies 
Co-
precipitation 
method 

STEM-EDX CO yield = 0.6 mol 
kgOSM-1 

[184] 

Iodine doped 
Fe2O3 

Eg = 2.14 
eV 

Surface 
defects and 
dislocation
s 

Sol-gel method XPS, FESEM and 
UV- VIS DRS 

MB degradation rate 
=  97.72% 

[185] 

α-Fe2O3 
nanoblades 

Eg = 2.2 
eV 

Oxygen 
vacancy, 
dislocation 
and dense 
voids 

Oxidation and 
vacuum 
reduction 

TEM, BET and 
Electron energy 
loss spectroscopy 

RhB degradation = 
100% 

[186] 

TiO2 
Ti3+/TiO2 - Ti3+ 

defects, 
oxygen 
vacancies 

Electrochemica
l anodization 
followed by 
reduction 

XPS Degradation rate of 
Mb and RhB =  
100% phenol = 99%   

[187] 

Hollow TiO2 

micro/nanostruc
tures 

- voids Surface sol-gel 
process 

N2 adsorption –
desorption 
isotherms 

H2 production rate = 
62.55 µmol h-1 

[188] 

NiO 
Biosynthesized 
NiO 
nanocrystals 

Eg = 3.4 
eV 

Grain 
boundary, 
voids, Ni2+ 
and 
Oxygen 
vacancy 

Biosynthetic 
followed by 
heating method  

XRD, HRTEM, 
PL 

MB degradation rate 
= 46%  

[189] 

NaTaO3/NiO - voids Sol-gel and 
solid – state 
methods 

UV-Visible 
absorption 

H2 evolution rate = 
9000 µmol h-1 

[190] 
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 12 

Graphical Abstract: Representation of different dimensionality driven defects in MOs 13 

photocatalysts along with strategic modification in photocatalytic activity.  14 
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 15 

Fig. 1. Schematic illustrating the defects with different atomic arrangement structures in 16 

photocatalytic materials, reproduced with permission from Elsevier (license No. 17 

4820611494141) [33]. 18 

 19 

 20 

 21 

 22 

 23 

 24 
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 26 

 27 

 28 

Fig. 2. (a) Basic principle of photocatalysis depicting photo-activation of a photocatalyst and 29 

primary surface reactions, (b) Schematic illustration of probable mechanism of various 30 

photocatalytic applications mediated by suitable redox cocatalyst, (c) UV light active metal 31 

oxides and visible light active metal oxides showing photo excitation. 32 

 33 
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 35 

Fig. 3. (a) Bar graph depicting Scopus data interpretation results for number of publications from 36 

2011 to 2020, using keywords “Metal oxide + Defect engineering”, (b) pie chart showing the 37 

proportion of Metal oxide-based materials using keywords “Metal oxide + Point defects”, Metal 38 

oxide + Dislocations”, “Metal oxide + Boundaries” and Metal oxide +Voids”. 39 

 40 

 41 

 42 

 43 

 44 
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 46 

Fig. 4. (a-b) ESR spectra of different as-prepared samples recorded at 77 K in liquid nitrogen, 47 

reprinted with permission from Elsevier (license No. 4877150926938) [78], (c-d) UV–vis -NIR 48 

spectra, and band level arrangements of tungsten oxide nanosheets with oxygen vacancies, 49 

respectively, adapted with permission from Wiley (license No. 4877160450987) [85], (e-f) 50 

Raman spectrum of CeO2/Y2O3 nanohybrid (e) pure ceria (f) Ce2/Y1 nanomaterials, reprinted 51 

with permission from Elsevier (license No. 4877161353660) [96]. 52 
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 53 

Fig. 5. (a)XPS peaks of Cu 2p in def-ZnO: rGO-Cu:Cu2O heterostructure, (b) Mechanistic 54 

studies of as prepared def ZnO:rGO-Cu:Cu2O heterostructure, reproduced with permission from 55 

Elsevier (license No. 4820630113683) [117], (c) XRD patterns of ZnS(en)0.5starting material and 56 

the samples by annealing ZnS(en)0.5 at different temperature for 2 h, (d)Raman spectra of the as- 57 

prepared porous ZnO nanoplates, reprinted with permission from Elsevier (license No. 58 

4820630765968) [118]. 59 
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 60 

Fig. 6. (a) Quantitative EPR results for TiO2 samples before calcined and after calcined for 2h 61 

and 4 h respectively, (b-d) XPS spectra of TiO2 before and after calcined (O 1s, Ti 2p and F 1s 62 

respectively), (e) PL spectrum of TiO2 before and after calcined for 2 h, reproduced with 63 

permission from Elsevier (license No. 4820631475099) [119]. 64 
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 65 

Fig. 7. (a) PL spectra of NTi, Gd1.0NTi and Gd2.0NTi, (b) EPR spectra of NTi (a), Gd2.0NTi (b), 66 

(c) Schematic representation of excitations in N-doped TiO2, Gd-doped TiO2 and Gd, N co-67 

doped TiO2, adapted with permission from Elsevier (license No. 4820640600542) [120]. 68 
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 69 

Fig. 8. (a) Illustrations of formation process of Aux@THS@CoO, (b) The possible mechanism 70 

for photoreduction CO2 over Aux@THS@CoO, (c) EPR spectra of Au2.0@THS@CoO in the 71 

presence of CO2 and N2 before and after the simulated sun light irradiation, (d)In situ FTIR 72 

spectrum of CO2 and H2O interaction with Au2.0@THS@CoO and THS in the dark and light for 73 

different times, reproduced with permission from Elsevier (license No. 4820740271566) [121]. 74 
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 75 

Fig. 9. (a) Proposed mechanism for the formation of CO and CH4 from CO2 photoreduction with 76 

H2O on Pt/TiO2-VO, adapted with permission from Elsevier (license No. 4820780394645), (b-c) 77 

XPS spectrum of Ti 2p and O1s of the TiO2, TiO2-VO, Pt/TiO2 and Pt/TiO2-VO samples, 78 

respectively, adapted with permission from Elsevier (license No. 4870171142651) [122]. 79 
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 80 

Fig. 10.  (a) Synthesis procedure of GO–OTiO2 binary nanocomposites, (b) UV–vis DRS for O2–81 

TiO2 and GO–OTiO2 composites, (c) Schematic illustrating the proposed charge transfer and 82 

isolation processes in GO–OTiO2 binary nanocomposite for the photoreduction of CO2 under 83 

visible light irradiation, reprinted with permission from Elsevier (license No. 4870630646826) 84 

[123]. 85 
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 86 

Fig. 11.  (a) ESR spectra of FTN photocatalyst depicting different g value, adapted with 87 

permission from Elsevier (license No. 4900640102691) [112]; (b) The survey of high resolution 88 

XPS spectra of 1Os depicted Vo, (c) Photocatalytic degradation mechanism of UWB 89 

photocatalyst under visible light irradiation, Adapted with permission from Elsevier (license No. 90 

4900631140091) [113]. 91 

 92 
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 94 

Fig. 12. (a-b) XRD pattern of samples and Shift observed in the pattern for the peak 95 

corresponding to (101) plane of ZnO with erbium doping, respectively (A) heat treated pure 96 

ZnO, (B) 0.3 wt% Er doped ZnO, (C) 0.6 wt% Er doped ZnO, (D) 0.9 wt% Er doped ZnO and 97 

(E) 1.2 wt% Er doped ZnO, XPS spectra of 0.6 wt% Er-doped ZnO particles: (c) full spectrum, 98 

(d) O1s, reproduced with permission from Elsevier (license No. 4820780821714) [138]. 99 

 100 

 101 

 102 
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 104 

Fig. 13. XPS spectra of 0.6 wt% Er-doped ZnO particles:(a) Zn 2p and (b) Er 4d, reproduced 105 

with permission from Elsevier (license No. 4820780821714) [138], (c-d) Fluorescence spectra of 106 

the samples in the UV range and Visible range, respectively. (A) pure, (B) 0.3 wt% Er doped 107 

ZnO, (C) 0.6 wt% Er doped ZnO, (D) 0.9 wt% Er doped ZnO and (E) 1.2 wt% Er doped ZnO, 108 

reprinted with permission from Elsevier (license No. 482079077912) [138]. 109 Jo
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 110 

Fig. 14. XPS spectra of ternary Ag/CeO2/ZnO nanohybrid (a) Survey spectrum, (b) HR-XPS 111 

spectrum of Zn 2p, (c) HR-XPS spectrum of Ag 3d, (d) HR-XPS spectrum of Ce 3d, and, (e) 112 

HR-XPS spectrum of O 1s, reproduced with permission from Elsevier (license No. 113 

4820791429547) [139]. 114 
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 116 

Fig. 15. Schematic diagram depicting the e- flow and photocatalytic degradation mechanism of 117 

pollutants using ternary Ag/CeO2/ZnO nanohybrid, adapted with permission from Elsevier 118 

(license No. 4820791429547) [139]. 119 
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 120 

Fig. 16. (a) UV–vis-NIR diffuse reflectance spectra of TiO2, TiO2-Rh NPs, TiO2-Rh SWs and 121 

TiO2-Rh LWs, (b) UV–vis-NIR diffuse reflectance spectra of TiO2, TiO2-Pd NPs and TiO2-Pd 122 

NWs, (c) Stability studies of CO, CH4 and C2H5OH evolution rates as well as the selectivity for 123 

CO2 reduction over (a) TiO2-Rh LWs and (b) TiO2-Pd NWs in photocatalytic CO2 reduction 124 

reaction, reproduced with permission from Elsevier (license No. 4820800272558) [146]. 125 
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 126 

Fig. 17. XPS spectra (a–d) of ZnO/Ag-2 sample, (e) Possible photocatalytic mechanism of 127 

ZnO/Ag-2 Sample, reprinted with permission from Elsevier (license No. 4821281041421) 128 

[160]. 129 
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 130 

Fig. 18. (a) A schematic illustration resulting presumable thermal diffusion process of Zn ions 131 

into TiO2 at the ZnO/TiO2 interface at 450◦C accompanied with formation of ‘voids’ in ZnO-132 

core, (b) Photodegradation of MB with the use of the ZnO/TiO2 composites before (blue scatter 133 

1, ZT) and after dissolution (red scatter 2, ZT-HCl) of ZnO cores in HCl (A). Inset: values of 134 

pseudo first-order rate constants (k400) calculated for ZT (blue) and ZT-HCl (red), reproduced 135 

with permission from Elsevier (license No. 4821281375028) [161]. 136 
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 137 

Fig. 19. (a) Schematic illustration of the synthesis processes of PdO and Pd loaded TiO2hollow 138 

spheres, respectively, (b-c) Schematic illustrations for the multiple reflections in the hollow 139 

sphere and the e-/h+ pair segregation in the composite photocatalyst, respectively, adapted with 140 

permission from Elsevier (license No. 4821290102257) [162]. 141 
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 143 

Fig. 20. (a) Schematic representation of SiO2@void@Ag/TiO2 yolk-porous shell nanospheres, 144 

(b) Possible mechanism for dye removal by as-prepared photocatalyst SiO2@void@Ag/TiO2, 145 

reproduced with permission from Elsevier (license No. 4821290425051) [163]. 146 

 147 
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 149 

 150 

Fig. 21. (a) The proposed synergistic mechanism of yolk-shell Pd/NCs@SnO2 nanoreactor with 151 

improved photocatalytic activity, reprinted with permission from ACS [160]. (b-c) BET surface 152 

area of CdO , CdS/CdO nanocomposite, (d) The proposed synergistic mechanism of Au 153 

decorated CdO/CdS nanocomposite, adapted with permission from Elsevier, (license No. 154 

400640651325) [159]. 155 
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Highlights 

• Distinctive surface step defects heighten the photoactivity of porous metal oxides 

• Diverse strategies for controlled vacancies, metal defects in metal oxides nanostructure 

are highlighted 

• Spectroscopic techniques were used to reveal the role of dislocations, boundaries, and 

voids on performance of metal oxides 

• Dimensionality driven defects in metal oxide catalysts is explored with systematic 

modifications in lattice compositions 
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