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Preface 

We are delighted to present this edited volume on the interesting topic of the optical 
properties of Metal Oxide Nanostructures. This book brings together a collection 
of in-depth contributions from well-known experts in the field, providing a broad 
overview of the innovative advancements, research findings, and emerging trends in 
the study of metal oxide nanomaterials and their optical characteristics. 

Nanotechnology has developed as a paradigm-shifting field during the last few 
decades, transforming a variety of scientific fields and creating exciting new oppor-
tunities for technological improvement. Metal oxides, particularly their nanostruc-
tures, have emerged as a vital class of materials with a rich spectrum of properties 
and a huge potential for device applications. Metal oxides show a sensitivity to 
stoichiometry that is unique among semiconductors, which allows the fine-tuning 
of these properties. In addition to bulk materials, nanostructured metal oxides with 
high surface-to-volume ratios are particularly interesting. An extensive variety of 
optical effects can be produced for various applications by simply manipulating the 
shape, size, and surface functionality. The possibility of controlling doping levels to 
tune the electronic and optical properties of these materials offers new avenues for 
potential applications. 

The primary focus of this edited book is to explore many aspects related to the 
optical properties of metal oxides, including material design, structure-property rela-
tionships, different structural fabrications, and their applications. The fundamental 
science and mechanism behind optoelectronic phenomena are discussed to help 
researchers to understand the structure-property relationship in metal oxide nanos-
tructures. Each chapter of the edited book comprises different metal oxide materials, 
such as TiO2, ZnO, Fe2O3, SnO2, and various mixed metal oxides. Each chapter 
explores the methods of synthesis and the structural and optical characterization tech-
niques, particularly for the studied material under consideration, offering a detailed 
understanding of their optical behavior. 

Studying optical phenomena in metal oxide nanostructures is interesting from 
scientific and technological viewpoints. The chapters of this book explore the princi-
ples of light-matter interaction and show the effects of size, shape, composition, and 
surface characteristics on the optical properties of metal oxide-based nanomaterials.

v
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Many optical phenomena, such as scattering, reflection, transmission, absorption, 
luminescence, plasmonic effects, and luminescence, are discussed in this book. The 
unraveling of the complex links between the structural factors and the ensuing optical 
behavior lays the groundwork for the fabrication and modification of the properties 
of metal oxide nanostructures. 

This book examines the different applications of metal oxide nanostructures made 
available by their outstanding optical properties. The chapters also cover the applica-
tions of metal oxides in solar cells, solar energy harvesting, energy storage devices, 
electrochemical sensors, electronics, memoirists, resistive switching, sensors, and 
detectors while emphasizing the methods employed to boost their efficiency and 
performance. 

We express our gratitude to the distinguished authors, who contributed their 
wisdom and ideas to this book. Their invaluable contributions, in-depth study, and 
dedication to advancing the field of metal oxide nanostructures have impacted this 
volume. We hope that the many viewpoints and thorough coverage provided within 
these pages will motivate academics, scholars, and professionals to investigate and 
innovate metal oxide nanoparticles and their optical characteristics. 

Finally, we want to express our sincere gratitude to the editorial and production 
staff, who have worked relentlessly to make this book a reality. The accuracy, coher-
ence, and readability of the information have all been carefully preserved, making 
this book an invaluable tool for both academics and readers. 

We cordially invite you to join us on this enthralling exploration of the optical 
properties of metal oxide nanostructures as we reveal the wonder and complexity that 
lie at the nexus of nanoscience and optics. May this book serve as a catalyst for addi-
tional research, creativity, and cooperation in this dynamic and quickly developing 
field. 

Jammu and Kashmir, India 
Jammu and Kashmir, India 
Chandigarh, India 
Bloemfontein, South Africa 

Vijay Kumar 
Irfan Ayoub 

Vishal Sharma 
Hendrik C. Swart
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An Introduction to Metal Oxides 

Suresh Chandra Baral, P. Maneesha, Srishti Sen, Sagnika Sen, 
and Somaditya Sen 

Abstract Metal oxides (MOs) are important due to their tuneable electrical, 
magnetic and optical properties. These find a wide range of applications. MOs are 
stable and durable and are used widely in industries related to the environment, secu-
rity, medicines, petrochemicals, and agricultural fields. The surface morphology and 
crystalline structure of MOs can be tailored by modifications in the synthesis routes 
and conditions. This opens a wide range of applicability. This chapter briefs about 
a structure correlated study of physical, chemical, and optical properties of several 
important MOs and their potential applications/scopes. There is a clear advantage 
of MOs over sophisticated electronic materials in terms of stability. The electronic/ 
optoelectronic and magnetic properties bear a rich physics. Nanostructured and thin-
film materials and their possible use in diodes, transistors, optoelectronic/electronics, 
magnetic storage media, microstrip antennas, catalysis, energy conversion, sensing 
properties, solar cells, batteries, and other energy devices, will be discussed. Different 
structures and their relevance to the functionalities will also be covered. This chapter 
provides an insight into contemporary research and developments, thus leading the 
reader to experience the structure correlated properties of the MOs. 

Keywords Metal oxides · Opto electronics · Metal oxide synthesis · Perovskite 
oxides · Multifunctional oxides

Suresh Chandra Baral and P. Maneesha—Equal first authorship. 
Srishti Sen and Sagnika Sen—Equal contribution. 

S. C. Baral · P. Maneesha · S. Sen (B) 
Department of Physics, Indian Institute of Technology Indore, Indore 453552, India 
e-mail: sens@iiti.ac.in 

S. Sen 
School of Bioscience, Engineering and Technology, VIT Bhopal University, Bhopal 466114, India 

S. Sen 
Rankers International School, Indore 452016, India 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
V. Kumar et al. (eds.), Optical Properties of Metal Oxide Nanostructures, 
Progress in Optical Science and Photonics 26, 
https://doi.org/10.1007/978-981-99-5640-1_1 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5640-1_1&domain=pdf
mailto:sens@iiti.ac.in
https://doi.org/10.1007/978-981-99-5640-1_1


2 S. C. Baral et al.

1 Introduction 

Reactive metals available on earth are mostly react with oxygen to form MOs. 
Compared to pure metals these MOs are having unique properties and high stability. 
The various exciting properties exhibited by these MOs can tune by various methods 
such as by doping with different metal ions, by varying the morphology, size, 
dimension etc. [1, 2]. Also, they form the basis for developing multiple theories of 
condensed matter physics. Again, metals can react with oxygen to produce Oxides: 
O2−, peroxides: O2− 

2 , superoxide: O
− 
2 out of which MOs thus typically contain 

an anion of oxygen in the oxidation state of −2. The properties exhibited by the 
MOs compounds are extensive. Various crystal structure, optical, magnetic and elec-
trical properties with high stability, chemical and physical properties with different 
phase transitions are a few among them [3]. Due to these properties these oxides 
are used for different technological applications such as gas sensors, solar cell, 
battery, electronic components, transducers, optoelectronic devices, membrane reac-
tors, catalytic, energy storage and bio applications [4–7]. If we talk about the types 
of metal oxides in general, the following two things can be considered. 

I. Simple Metal Oxides: 
A simple metal oxide is one carrying several oxygen atoms that the normal 
valency of its metal allows. Examples include MgO, CaO, CuO, ZnO, NiO, 
Al2O3, Fe3O4, BaO, etc.  

II. Mixed metal oxides: 
mixed metal oxides are produced when two or more simple metal oxides 
combine. For Example, Red lead (Pb3O) is a mixed oxide of lead dioxide (PbO2) 
and lead monoxide (PbO). Another example is ferro-ferric oxide (Fe3O4) which 
is a mixed oxide of two simple oxides—ferric oxide (Fe2O3) and ferrous oxide 
(FeO). 

Minerals can naturally provide some metal oxides. However, these metal oxides 
are not readily available for application. Multicomponent dry or aqueous melts crys-
tallizes to form naturally occurring MOs. The melts formed into rocks that underwent 
a weathering process for millions of years by the natural agencies involving prolonged 
interaction of many ionic constituents [8]. Compared to the above time frame of the 
formation of these natural MOs, laboratory synthesis of various metal oxides, such 
as TiO2 [9, 10], ZnO [11], SnO2 [12] and CuO [13], is a recent affair and has been 
extensively studied for practical use applications. 

At room temperature metal oxides generally are brittle. But, as far as their elec-
trical conductivity is concerned, they cover a wide range from insulators, semicon-
ductors, and metallic conductors to superconductors [14]. Whereas the application 
of these oxides for electrical applications have not been exploited in comparison to 
silicon and copper. The primary reason is the problem to maintain the required level 
of oxygen content. The brittleness is another problem followed by crystalline phase 
transformations. Silicon has a typical carrier orbital of 30 Å. For doping concen-
trations above 4 × 1018/cm3 the orbitals overlap. However, in the case of transition
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metal oxides, typically an orbital is ~1 Å [15]. Only at higher doping concentrations 
~1022/cm3 overlapping of orbitals occurs. Often, the crystalline structure of the host 
material is altered by such high doping levels, and modification of crystal structure 
happens in order to accommodate the dopants. Then concept of doping is no longer 
use in this situation and instead categorize oxides based on crystalline structure. The 
electrical properties are different in different crystal structure of the same MOs [16]. 
This phase change is a disadvantage for MOs application in comparison with Si. 
Whereas it can consider as an advantage to explore variety of properties of MOs over 
the various crystalline structures. 

Metal-Insulator transition is an important electrical property exhibited by MOs 
[17]. In this type of transition an insulator turns to metal at a specific temperature 
or pressure. Even though this change occurs for a particular composition, the word 
transition is usually used. This field had undergone intensive research before high-
temperature superconductivity related research area. Temperature dependent elec-
trical conductivity at higher temperatures is another characteristic feature of MOs. 
Scattering by optical phonons plays an important role in this attribute. In TMOs, 
oxygen 2p- and metal d-orbitals forms the conduction band. Valence band consti-
tuted by the oxygen orbitals which are located lower in energy. The directionality of 
the p- and d-orbitals are correlated to the transport properties. 

The localization of the electrons leads to the various magnetic and dielectric 
properties. Ferromagnetic or ferroelectric applications of MOs are frequent in tech-
nological applications. Whereas conductivity of these oxides can be detrimental for 
such applications [18]. Extensive studies are going on to suppress the conductivity of 
such materials. The hopping conduction studies are widely studied for such applica-
tions. The electrons and phonons in solids and their unavoidable interaction lays the 
roadmap of the modifications of the electronic states. Combined state of an electron 
and phonon is called a polaron. Very low temperature in the superconducting state 
these polarons becomes more stable two carrier state. 

Synthesis of MOs can be done in different structures, morphologies and sizes 
(from bulk to nano). The properties of these different size, shape, form and 
morphology influence the properties of the materials modifying the crystal lattice 
parameters, bond lengths/angles, electronic and other properties. These modifications 
influence their applicability in components in electronics, optoelectronic devices 
[19], memory devices [20], energy storage devices, catalysts [21], solid state batteries 
[22], gas sensors [23] and bio applications [24]. 

When the lattice extends in a single unit beyond 100 nm it is customary to call such 
materials bulk. The properties of bulk are different from the sub-100 nm range called 
nanoparticles. Nanomaterials are defined as materials with one of the three external 
dimensions to be below 100 nm (nanoscale). Some of the materials have nanoscale 
internal structure or surface structure which are also categorized as nanomaterials 
(ISO 2015). There is a separate category of materials in the form of a nearly 2-
D format called thin films which are actually a 3-D structure but with one of the 
dimensions much lesser than the other two. These are generally used in electronic, 
optical and mechanical devices and are generally considered to be a different category
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of materials. These three different forms of the MOs will be discussed in three 
different sections below. 

Bulk MOs can be engineered by doping different materials or by treating at 
different atmospheres to obtain tailored electrical, mechanical, optical and magnetic, 
properties. These materials are very diverse compounds with various properties 
includes almost all fields of material science and physics. Based on the conductivity 
MOs can be superconductors, metallic, semiconductors, and insulators. Bonding 
characteristics also have variations from covalent to ionic. Bulk MOs has many 
applications in the fields of lasing materials, materials for nonlinear optics, sensors 
and catalysis to simple things like paint pigments. One good example of the use of 
a MO single crystal is in the Nd:YAG laser where Nd-doped Y3Al5O12 (Yttrium 
Aluminium Garnet) is used to produce lasing action. BBO (β-barium borate), KDP 
(potassium dihydrogen phosphate), KTP (potassium titanyl phosphate), and lithium 
niobate are examples of materials exhibiting nonlinear optics [25]. There are more 
of these excellent examples where MO single crystals are used in physics. Bulk TiO2 

and ZnO are very well-known examples of sensors and catalytic materials along with 
being used in pigments. Bulk CuO has recently been used in catalysis using visible 
light. 

MO thin films have a vast application in today’s world. Thin films of MOs have 
modifiable properties depending on the dimensions and composition. In the nano 
range there is a huge scope of attaining modified characteristics and also of miniatur-
ization of the device size thereby moving towards better electronics. Today, multilayer 
thin films of MOs are being used to fabricate heterojunction structures for modern 
electronic devices. These MO multilayer thin films are used to exhibit enhanced prop-
erties as compared to monolayer thin films. It is used for transistors, photovoltaic 
applications, gas sensors, and catalytic applications [26–28]. Oxides of ruthenium, 
iridium, manganese, cobalt, nickel, tin, iron, perovskites, ferrites etc. have been used 
for making MO thin film electrode in supercapacitors [29]. 

The fabrication techniques of these MO thin films differ from industry to industry, 
from research group to research group. Among these mostly used current techniques 
are sputtering, spray pyrolysis, sol-gel, thermal or electron-beam evaporation, pulsed 
laser deposition (PLD), rf/dc sputtering, hydrothermal, spin coating, drop coating, 
dip coating, screen printing, atomic layer deposition (ALD), and so on [29–34]. More 
details about the synthesis techniques will be discussed in the later sections below. 

MO nanomaterials can be categorized as nanoparticles, nanofibers, nanotubes, 
nanocomposites and nanostructured materials. MO nanoparticles have unique 
physicochemical properties like large surface to-volume ratio, extremely small size 
and size-dependent optical properties. These enable them to be used in various 
products. TiO2 and ZnO nanomaterials are commonly used in sun care products 
to provide protection for skin from UV rays and pleasant skin aesthetics [35]. Iron 
oxide nanoparticles is having superparamagnetic properties, which can be utilized 
for drug delivery, vivo cell tracking and magnetic separation of cells, magnetic reso-
nance imaging [36, 37]. Similarly, aluminium oxide is having high hardness and 
mechanical strength which is being utilized in textiles industry, fuel cells, solar 
energy application, airbag propellants, paints, polymer coatings etc. [38, 39] Copper
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oxide nanoparticles (CuO NPs) are highly reactive and have antimicrobial activity 
which are used in various commercial applications such as, catalysts, gas sensors, 
antimicrobial agent, batteries and so on [40]. 

2 Different Classes of Metal Oxides 

2.1 S Block Metal Oxides 

The elements of the IA and IIA group of the periodic table are called s-block elements. 
IA [ns1] group elements are called alkali metals and IIA [ns2] group elements are 
called alkaline earth metals respectively. The different binary oxygen compounds 
formed by alkali metals and alkaline earth metals are (1) oxides, O2− (2) peroxides, 
O2 

2−, with oxygen–oxygen covalent single bonds (3) superoxide, O− 
2 , which also 

have oxygen–oxygen covalent bonds but with single negative charge [41]. Alkali 
metals forms all the three types oxides M2O, peroxides, M2O2, and superoxide, 
MO− 

2 . Whereas alkaline earth metals form only oxides, MO, and peroxides, MO2. 
Both alkali metal oxides and alkaline earth metal oxides are ionic and react with 
water to form basic solutions of the metal hydroxide. Thus, these compounds are 
often called basic oxides. 

M2O + H2O → 2 MOH  (where M = group 1 metal) 

MO + H2O → M(OH)2(where M = group 2 metal) 

Group IA consists of lithium (Li), sodium (Na), potassium (K), rubidium (Rb), 
caesium (Cs) and francium (Fr) out of which only lithium (Li) produces oxide, 
sodium (Na) produce peroxides and rest of the elements produce superoxide. The 
alkali metal form oxide, M2O by limiting the supply of oxygen. Peroxides M2O2, or  
superoxide, MO2 is formed by alkali metals when there is excess oxygen. Sodium and 
Lithium reacts with oxygen to form sodium peroxide, Na2O2 and Lithium peroxide 
Li2O2 which are used in emergency breathing devices in spacecrafts and submarines. 
Other group members form (K, Rb, Cs, and Fr) the super oxide. Group IIA consists 
of Beryllium (Be), Magnesium (Mg), Calcium (Ca), Strontium (Sr), Barium (Ba), 
Radium (Ra). Except Ba and Ra, all other metals when burnt in oxygen form oxide 
of type MO. BeO is amphoteric in nature (i.e., can react chemically as a base and 
also as an acid) while other oxides are basic in nature (i.e., when it reacts with water 
gives bases). 

2M + O2 → 2MO
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2.2 D-Block Metal Oxides (D-Block MOs) 

The d-block MOs include the Transition Metals (elements having a partially filled d 
or f subshell in any common oxidation state) Oxides (TMOs) and the 2B metal oxides 
(zinc, cadmium and mercury, which are usually included with the transition elements 
because of their similar properties). TMOs contain metals elements between titanium 
(Ti) and copper (Cu) in the 3d series, between Zirconium (Zr) and silver (Ag) in the 
4d series, or between Hafnium (Hf) and Gold (Au) in the 5d series of the periodic 
table. Binary TMOs contain a transition metallic element and oxygen as in NiO, FeO, 
CuO and TiO2 etc. In ternary and complex compounds additional metallic elements 
are also present. The additional metallic elements can be either transition metal, as in 
Fe2CoO4. But sometimes, the additional metallic elements can be pre-transition or 
post-transition groups as in LaNiO3 and PbTiO3. Most of the transition MOs are solid 
under normal conditions of temperature and pressure, except a few TMOs which 
are volatile (OsO4). TMOs may be good metals (ReO3), semiconductors (CuO), 
insulators (TiO2) and superconductors (YBa2Cu3O7). Many compounds show tran-
sitions from a metallic state to a non-metallic state as a function of temperature 
(VO2), pressure (V2O3) or composition (NaxWO3). The electrical conductivity and 
related properties vary greatly for different TMOs [42]. TMOs possess many spec-
tacular magnetic and electrical properties including high-temperature superconduc-
tivity and colossal magnetoresistance etc. This makes them particularly promising for 
nanoscience technological applications, where finite-size effects (quantum confine-
ment), plays an important role compared to the bulk properties due to the reduction 
of the system dimensions [43]. Similarly, ultrathin MnO2 nanosheets are capable of 
absorbing double-stranded DNA that can be used for gene delivery and TiO2 have 
promising characteristics for efficient gene silencing [44]. TMOs can show multiple 
oxidation states, short diffusion path lengths and large surface area that make them 
extremely efficient to be used as cathode catalyst material in fuel cells. Some exam-
ples are molybdenum oxide (MoO2), tungsten oxide (WO3), manganese dioxide 
(MnO2), vanadium oxide (V2O5), cobalt oxide (Co3O4), iron oxide (Fe3O4), nickel 
oxide (NiO), and zinc oxide(ZnO) [45].  TMO thin films ofWO3, MoO3, V2O5, NiO,  
etc. exhibit a vibrant range of Electrochromic (EC) coloration and hence are exten-
sively used in EC devices [46]. Furthermore, LiMO2 (M = 3d transition metal) with 
a layered rock salt structure are widely used as insertion electrodes in several energy 
related devices e.g. rechargeable lithium-ion batteries along with LiCoO4 [47], Na-
Ion batteries [48] and supercapacitors [49]. TMOs possess important properties like 
visible light absorption potential, fast charge transfer capability, higher mechanical 
and thermal stability, non-toxicity, shorter energy band gap, etc. for which these are 
also used as a photocatalyst for removing organic dyes for water, photo electrochem-
ical cells etc. [50, 51]. The fact that these are cheap materials enable their applicability 
for these purposes. The d-block metal oxides include zinc oxide (ZnO), cadmium 
oxide (CdO) and mercury oxide (HgO). Zinc oxide (ZnO) has been the most studied 
oxide in the last few decades. It has been used in diverse applications including a 
wide range of cosmetics and personal care products e.g., makeup, nail products, baby
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lotions, bath soaps and foot powders. ZnO is also used in skin protectants, such as 
diaper rash ointments and sunscreen products. ZnO has been widely explored for 
thousands of years. Hence, this material in particular is a mature engineering mate-
rial of utmost importance [52]. Cadmium oxide (CdO) is an n-type semiconductor 
with a band gap of 2.5 eV. It has been widely used in cadmium plating baths, elec-
trodes for storage batteries, cadmium salts, catalyst, ceramic glazes, phosphors, and 
nematocide. Major uses for cadmium oxide are as an ingredient for electroplating 
baths, optoelectronic devices, solar cells and in pigments [53]. Elemental mercury is 
provided by Mercury oxide (HgO) for various inorganic mercury salts and organic 
mercury compounds. This is also used as an electrode in mercury batteries and 
zinc-mercuric oxide electric cells by mixing it with graphite [54]. 

2.3 Other Metal Oxides 

Except alkali metal oxides, alkaline earth metal oxides, transition metal oxides and 
rare earth metal oxides, other metals present in the periodic table can react with 
oxygen to form oxides. Most common examples known in science and technology 
are aluminium oxide (Al2O3), gallium oxide (Ga2O3), indium oxide (In2O3), tin 
oxide (SnO2), thallium oxide (Tl2O), lead oxide (PbO), bismuth oxide (Bi2O3), etc. 

Al2O3 (Alumina) is an amphoteric oxide of aluminium. It is an electrical insulator 
but has a relatively high thermal conductivity (30 Wm−1 K−1). Hence, it is used as a 
ceramic material. Alumina nanoparticles are stable over a wide range of temperatures. 
Alumina has many practical applications which includes antimicrobial properties to 
kill bacteria, drug delivery, biomolecular preservation and stabilisation, biosensing, 
cancer therapy and immunotherapy [55]. Last but not the least, the use of alumina 
templates for growing ordered arrangement of nanostructures is an extraordinary 
application [56]. 

Gallium oxides (Ga2O3) has been investigated from different perspectives. Its 
applicability is in microwave and optical maser studies. It is used as a phosphor 
and electroluminescent material. It is also used in chemical sensing and catalysis. 
Electronically, it is used as transparent conductive coatings, power and high voltage 
devices, Schottky diodes, field effect transistors, substrates for III-nitrides epitaxy, 
spintronic devices and many other applications [57]. 

Indium oxide (In2O3) is a transparent semiconducting oxide (TSO) that has been 
investigated for many decades. While trying to deposit indium thin films at high 
temperatures in air, it was observed that it oxidized to a transparent and conducting 
film of polycrystalline In2O3. Depending on the oxygen content of the film and the 
oxygen content of the ambience related to its conductivity. It was sensitive to vacuum 
and illumination. These properties enable it to use for gas sensing applications. The 
conductivity or Seebeck coefficient of this oxide is having significant dependence 
on the gas atmosphere. Since it is activated by illumination it is also known to 
be a prototype ozone sensor. The widespread application of In2O3 as transparent
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conducting oxide (TCO) is extensively studied. Indium-tin-oxide (ITO) is widely 
used as TCO in solar cell and active gas sensor material [58]. 

Tin oxide (SnO2) finds its importance in applicability as a material for solid state 
gas sensing, magnetic data storage, magnetic resonance imaging, catalysis, energy-
saving coatings, anti-static coatings, electrodes and anti-reflection coatings in solar 
cells, oxidation catalysis, transparent conductor, optoelectronic devices and resistors 
[59]. 

Thallium has two oxidation states +1 and +3 to form oxides. Thallium (III) oxide 
is a n-type semiconductor which is a highly insoluble thermally stable thallium source 
suitable for glass, optic and ceramic applications [60]. 

Lead has many oxide forms including PbO (α, β and amorphous), Pb2O3, Pb3O4, 
PbO2 (α, β and amorphous). Although lead oxides are toxic to human health, it has 
many applications. It is used in batteries, gas sensors, pigments, ceramics, and glass 
industry. A recent notable usage of lead oxide has been reported in the field of nuclear 
radiation shielding (gamma rays shielding) using a composite with PVA, etc. [61]. 

Bismuth oxide, similar to lead oxides, has various polymorphs that included 
α-Bi2O3, β-Bi2O3, γ-Bi2O3, δ-Bi2O3, ε-Bi2O3, and ω-Bi2O3 based on synthesis 
temperature [62]. Amongst these, a stable polymorph is the monoclinic α-Bi2O3 

phase synthesized at low temperature and cubic δ-Bi2O3 at high temperature. With 
increasing temperature tetragonal β-Bi2O3 nature decreases and monoclinic α-Bi2O3 

dominates. Bismuth oxide has various applications for photovoltaic, photocatalyst, 
antibacterial and biomedical, gas sensor and solid oxide fuel cells, waste water 
treatment [63]. 

2.4 Rare Earth Metal Oxides (REMOs) 

The rare earth metal oxides are lanthanum oxide (La2O3), yttrium oxide (Y2O3), 
cerium (CeO2), gadolinium oxide (Gd2O3), neodymium oxide (Nd2O3), dysprosium 
oxide (Dy2O3), praseodymium oxide (Pr6O11), samarium oxide (Sm2O3), europium 
oxide (Eu2O3), terbium oxide (Tb4O7), holmium oxide (Ho2O3), erbium oxide 
(Er2O3), ytterbium oxide (Yb2O3), lutetium oxide (Lu2O3), thulium oxide (Tm2O3) 
and scandium oxide (Sc2O3). 

Rare-earth metal oxides (REMOs) have been used as dopants for titania to enhance 
photocatalytic activity and photovoltaic performance of dye-sensitized solar cells 
(DSSCs) [64]. REMOs have many applications that include as a catalyst for oxida-
tion of methane to form hydrocarbons, 1-butene isomerization, hydrogenation of 
1,3-butadiene, acetone aldol addition and dehydration/dehydrogenation of alcohols 
and help to form methanol from CO2 and H2O. In the field of superconductors and 
ceramics, Y2O3, La2O3 and Er2O3 are important ingredients. In carbon arc elec-
trodes the ceramic cores, in optical glass and calcium lights La2O3 is being widely 
use. RE metal oxides glasses are used for optical, electronic and medical purpose 
technological applications [65].
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2.5 Multifunctional Metal Oxides 

Multifunctional metal oxides are those who possess more than one simultaneous 
functional properties. They possess unique physical and chemical properties. Among 
all the multifunctional materials, double perovskites have attracted much scientific 
and technological interest. Ordered double perovskite structure is derived from single 
perovskite (ABO3, where A is rare earth/alkaline earth Metal, B is a transition metal) 
where exactly half of the B-site cation is replaced by another B-cation and a rock 
salt ordering is achieved. 

The properties of double perovskite depend upon the relative cation size and 
valency for which they possess the unique properties such as half-metallic ferromag-
netism which are having high curie temperature TC. These ferromagnetic half-metals 
exhibit large low field room temperature magnetoresistance (MR). La2NiMnO6 

(LNMO) is an ordered double perovskite ferromagnetic semiconductor with a Tc 

= 280 K [66]. The electronic cloud distribution can be modified by the application 
of large magnetic field and hence a change in resistivity and dielectric properties of 
LNMO. Similarly, under high pressure the double perovskite Bi2NiMnO6 (BNMO) 
in the bulk format exhibits both ferroelectricity and ferromagnetism with transition 
temperature of 485 K and 140 K respectively [67]. Such materials with co-existing 
ferroic orders of magnetic and electric properties are referred to as “Multiferroic”. 
These are very rare to find. B-site ordered Sr2MgMoO6, is also a mixed oxide-ion/ 
electron conductor. It provides direct electrochemical oxidation in dry methane due to 
good sulfur-tolerance capacity. La-doped Sr2MgMoO6 exhibits better performance 
on natural gas [68]. Many of the double perovskites exhibits two or more functional 
properties with rich physics. This field of oxides opens up the doors of vast range of 
technological applications. Although the study of double perovskite is still limited, it 
has been reported that many of them display two or more functional properties with 
rich and exciting fundamental physics. This therefore opens up the doors for a wide 
range of potential applications. 

A summary of different classes of metal oxides discussed above is tabulated with 
their examples and properties in Table1.

3 Different Synthesis Procedure of Metal Oxide 

Almost 100 years back the investigation of various MO powders had been started 
for different applications. In order to prepare high quality MOs new methods and 
techniques had been reported by several research groups around the world. The main 
motivation for this intensive research in this area is due to the significant role of these 
oxides for many technological and industrial applications. Natural equivalents to 
these synthetic MOs are not really available. This is a prime reason for an explosion of 
research reports related to MO synthesis in the last few decades. Naturally occurring 
MOs are usually a compositional mixture of several components or structural phases
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with a combination of various properties. Thus, these naturally occurring MOs are 
unsuitable for industrial applications where a particular functionality with precise 
properties is desirable. The improvement in the single-phase nature of natural MO is 
highly expensive and the control of size distribution is also a barrier for their use in 
technological applications. Hence, technology demanded the need of synthetic MOs. 
Today, the synthetically processed materials vary from nano to bulk sized powders 
and single crystals or even thin films or composites with different morphology and 
varying physical/magnetic properties. The preparation techniques have improved 
from once highly difficult and costly affairs to effective, low-cost methods. 

The MO synthesis methods can broadly classify into physical and chemical 
methods. The chemical reactions induced thermally or mechanically are called phys-
ical methods. Whereas the formation of new compounds due to the precipitation 
process or the decomposition process of the used precursors is called chemical 
methods. Other methods are biological which are fungi, bacteria and plant medi-
ated synthesis. Top-down approach and bottom-up approach are involved in all the 
above methods for MO synthesis. The formation of desired structure by assembling 
small building blocks is the bottom-up approach. Examples for these approaches 
are coprecipitation, sol-gel, hydrothermal, solvothermal, microemulsion, and chem-
ical vapor reactions. The removal of bulk matter in order to form a smaller desired 
structure by the usage of mechanical crushing, grinding, milling, pulverization, and 
mechanochemical reaction is the top-down approach. These two approaches are used 
in both physical and chemical methods for metal oxide synthesis. Different types of 
synthesis routes of metal oxide with examples and their advantage and disadvantage 
are tabulated in Table 2. 

Table 2 Different synthesis methods of metal oxides their examples, advantages and disadvantages 

Metal oxide synthesis methods 

Methods Physical methods Chemical methods Biological 
methods 

Examples Laser ablation, Ultra sonication, 
spray pyrolysis, vapour 
condensation, freeze drying 

Sol gel, hydrothermal, 
coprecipitation 

Bacteria, 
fungi, plant, 
algae, peptides 

Advantages • Simple  
• Low  cost  
• Large scale production 
• Catalyst free 

• Obtained nanoparticles, 
nanotubes 

• Various parameters can 
be modified to control the 
growth 

• Non toxic 
• Inexpensive 
reagents 

• Eco friendly 

Disadvantages • Control of parameters is 
difficult 

• Energy  use  

• High cost of precursors 
• Chemical purification is 
needed 

• Use of surfactant 

• Stability of 
the prepared 
MOs 

• Unclear 
reaction 
mechanism
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3.1 Physical Methods 

The larger solid particles reduce to smaller powders through the process of milling, 
grinding and crushing is known as comminution. Different types of milling processes 
like ball milling, vibratory milling, and attrition milling are used to produce metal 
oxide powders. These can be conducted in a dry or wet environment of reaction. For 
the preparation of different MOs high energy ball mill is the widely used milling 
process. By this method micron-sized to nanosized MO powders can be formed. 
In order to prepare nanosized powders extensive milling for a long time is required. 
The size and the size distribution, chemical composition, morphology of the prepared 
metal oxides samples will depend on the milling time. The variation of the grinding 
conditions can be greatly influenced by the grinding conditions. 

In spray drying a slurry or emulsion is sprayed. Droplets containing multiple 
components of the anticipated product are sprayed on the clean surface of an appro-
priate substrate. The substrate is subject to a particular temperature and pressure 
where the sprayed material is converted to the desired metal oxide nano powders 
upon further calcination. The composition, crystallinity, size distribution, shape, etc., 
are controlled by the choice of different stages in the synthesis process, including 
the spray dryer system and the steps and amount of spray used. 

Spray pyrolysis involves more processes compared to spray drying. This method 
involves decomposition of the precursor droplets through different reactions and 
formation of final MOs. The different steps involved in these processes are atomiza-
tion of the liquid feedstock, evaporation followed by drying the sprayed droplets into 
solid particles. The dried precursor spheres undergo pyrolysis followed by sintering 
into MOs [90]. With the variation of the conditions of the pyrolysis reaction, the 
properties of the obtained metal oxides can be varied. Also, this method can be used 
for the preparation of metal oxides on a large scale. 

Freeze drying is another process of metal oxide synthesis in which the desired 
cations salt solution is atomized using liquid nitrogen or liquid hexane into a liquid 
of low freezing point. From these atomized droplets the salt precipitates out during 
freezing. To preserve the solution, homogeneity freezing will be rapid. Porous salt 
particles in soft agglomerates can be produced in low vacuum or low-pressure condi-
tions through sublimation of frozen solvent. By calcination metal oxide powders are 
obtained. The particle size will be uniformly distributed in this method. The sudden 
quenching of the precursor immobilizes the ions within the droplets and leads to the 
homogenous concentration. 

Pulsed laser ablation (PLA) is an eco-friendly process. Very minimal use of chem-
icals is needed. The material in the target is removed impinging a pulsed laser beam. 
On the laser irradiated surface, the temperature increases rapidly during the opera-
tion. A plasma plume will be generated due to the excitation of electron state coupled 
with the light emission and formation of electrons and ions which result from the 
collision of the evaporated species. The metal oxides obtained in this way are highly 
pure without any impurities and do not need further purification. Low cost and easily
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controlled parameters make PLA a good method for metal oxide fabrication. Whereas 
the disadvantages are the agglomeration of the nano powders and low yield. 

Vaporization-condensation method involves heating of the required metal target 
which initiates the vaporization followed by rapid condensation of the vapor of the 
metal on a substrate. The metal particles are either oxidised before being attached 
to the substrate or are oxidized on the substrate to produce MOs. This technique 
has been used for various thin film preparation, MOs nano powders and particles on 
substrate. It has been used for the preparation of various thin film and particles on 
substrates as well as metal oxide nano powders. 

3.2 Chemical Methods 

Chemical methods mainly involve hydrothermal methods and sol gel methods and 
Chemical Vapour Deposition (CVD). These are based on the precursor gel prepa-
ration of the desired component metals needed followed by the decomposition of 
the precursor gel towards crystallisation of MO structure at a particular convenient 
temperature. 

Sol gel process also known as wet chemical or soft chemistry method. The main 
steps in sol gel are preparation of the colloidal solution known as sol, then the gelation 
of the sol followed by the exclusion of the solvent. Schematic of the different stages of 
sol gel synthesis routes is shown in the Fig. 1. The advantage of this method is the low 
cost, low temperature is needed to form the functional material. Also, a very small 
number of precursors are needed for the sol solution which gives maximum yield 
as well. However, there are certain disadvantages to this process. When it is dried 
there will be shrinkage of the product. Alkoxide precursors have different reactivity 
and hence during the sol formation there is a possibility of precipitation of specific 
oxides. The presence of hydroxyl group is difficult to avoid in this method. Further, 
the materials are agglomerated and hence residual porosity is high.

A widespread synthesis method for the fabrication of nanostructure MO with 
different morphology is called the Hydrothermal method. Thin film, single crystal, 
nanocrystals, and bulk powder can be made by using this method. The advantages of 
hydrothermal methods over other solution-based methods are the ability to control 
the size and morphology, flexibility, and energy saving. The disadvantage of these 
methods is the low yield of the product. The morphology of the prepared samples 
can be varied by changing the pH value of the solution, reactant concentrations, 
nature of the substrate, temperature of the deposition and time. As the morphology 
of the samples determine and monitor the functionality of the materials this method 
has emerged to be one of the most important techniques of modern-day research on 
nanomaterials. 

Another example of a chemical synthesis method is the Chemical Vapour Depo-
sition (CVD). Here in the first step the reaction chamber is filled by flowing gaseous 
raw materials. Through a complex reaction process solid material is deposited on the 
substrate. The product of this synthesise method is denoted as vapor ordered crystal
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Fig. 1 Different stages of sol gel synthesis method

growth. Quality and purity will be very high for the samples prepared by these 
methods. For the deposition of thin films in the semiconductor industry mainly use 
this method of preparation. In the CVD process the first step is flowing the precursor 
into the reaction chamber which is in gas state. Chemical reactions will be taking 
place when precursor gas comes in contact with the heated substrate. The product 
of this chemical reaction forms a solid state and deposits to the substrate. Thermal 
decomposition or thermolysis involves high temperature chemical decomposition, 
such that the temperature of deposition will be the temperature of the decomposition. 
This is considered as a subclass of solution-phase synthesis. 

Another important chemical method is sono-chemical method, which uses ultra-
sonic irradiation with high intensity. High purity crystalline nanomaterials are 
prepared by these methods. Molecules undergo many chemical reactions because of 
the powerful ultrasound radiation. Also, different steps such as generation, growth 
and collapse of bubbles in the liquid phase are influenced by these ultrasounds. 
Sono-chemical methods can be classified into homogeneous and heterogeneous. 
In homogenous sono-chemical methods metal oxides are synthesised through free 
radical formation. Whereas there are certain disadvantages as well such as need for 
the argon atmosphere for the proper functioning of the process, long processing 
time and heating during the reaction, random morphology of nanoparticles are the 
disadvantages of this method.
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3.3 Biological Methods 

Nontoxic synthesis of metal oxide powder with various environment-friendly 
processes can also be used. Green synthesis can be done through the mediation 
of microorganisms such as fungi, bacteria and yeast, protein and plants. Apart from 
the nontoxic nature, the other advantages of this method are the high selectivity and 
precision, well defined morphology, easy scaling up, cost effectiveness and good 
reproducibility in production. Recently, MOs powders are prepared using plants 
extracts. There are some compounds present in plants which are acting as the reducing 
agent and capping agent in the process of metal oxide preparation [91]. The capped 
functional groups attached to the MOs further improve the biological utilities of such 
materials. 

4 Crystal Structure and Properties of Metal Oxides 

Different properties and functionalities exhibited by the MOs can be correlated to 
the crystal structure of these materials. Diffraction techniques are used to look at the 
crystal structure of these oxide materials. Analysis of these metal oxide structures can 
explain the different exotic properties shown by them. The modification of crystal 
structure through different methods such as doping can greatly enhance the various 
properties of these materials. 

Metal oxide crystal structure depends on the stoichiometry and coordination. 
In binary oxides the most common stoichiometries are MeO, MeO2, Me2O3, and 
Me3O4. Ternary metal oxides appear as Me(I) Me(II)O3, and Me(l)Me(Il)2O4. In all 
these cases the tetrahedral (surrounded by four oxygen) and octahedra coordination 
(surrounded by six oxygen) of metal ions are common. 

When considering the crystal structure there can be simple binary monoxides 
(NiO, CoO) with NaCl structure or ternary oxides (BaTiO3, SrTiO3) with perovskite 
structure. They also can form complicated structures such as Co3O4 or Fe3O4 with 
the normal and/or inverse spinel structure. Examples of metal oxides for different 
crystal structures are tabulated in Table 3. The close-pack array of oxygen anions 
along with the metal cations at the lattice sites constitute metal oxide structures. 
These close-packed arrays consist of usually face-centred-cubic and hexagonal-close 
packed structures. The smaller metal cations are observed to be in an octahedral or 
tetrahedral crystal field with O-anions. A tetrahedral site with four neighbouring 
oxygen ions (ionic radius ~ 1.21 Å) can accommodate a spherical cation of radius 
0.32 Å without any distortion. On the other hand, an octahedral site with six neigh-
bouring oxygen ions can accommodate a larger ion of radius 0.58 Å. Hence, structures 
are influenced by the ionic size of the component metal ions. For each oxygen atom 
there are two tetrahedral and one octahedral interstice in the close packed lattice [92].

The crystal structure of metal oxides varies from cubic to triclinic. Most transition 
metal oxides have a cubic rock salt crystal structure, but ZnO and CoO are the only
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Table 3 Different MO crystal structures and their examples 

No Crystal structure Examples References 

1 Cubic In2O3, CdO, NiO, CeO2 [93–95] 

2 Hexagonal ZnO, CoO [96] 

3 Tetragonal SnO2 [97] 

4 Orthorhombic V2O5 [98] 

5 Monoclinic CuO, Nb12O29 [99] 

6 Rhombohedral Cr2O3 [100] 

7 Spinel/inverse spinel Fe3O4, Co3O4, MgAl2O4, CuFe2O4, ZnCr2O4 [101–105] 

8 Rutile TiO2, NbO2, RuO2 and IrO2 [10, 106–108] 

9 Perovskite BaTiO3, LaMnO3, BiFeO3, PrNiO3 [109–112] 

10 Double Perovskite La2NiMnO6, Sr2FeCoO6, BiFeCrO6 [113–115]

stable transition metal oxides known to possess a hexagonal structure. ZnO has 
hexagonal wurtzite structure. The structure can be described as a formation of two 
interpenetrating hcp lattices. Both of these hcp lattices have the same axis with one 
of them displaced with respect to the other. In the hcp array of the lattice half of the 
tetrahedral sites are occupied by the metal cations. CuO is a famous metal oxide with 
monoclinic structure. The Cu atom in a CuO lattice is in an octahedral geometry with 
six O around it in a distorted octahedral form. However, the separation of two O atoms 
is too large to be considered as a bond. Hence, practically Cu is four-coordinated 
in CuO lattice. NiO has a cubic close packed structure or rock salt structure with 
Ni2+ and O2− occupying the octahedral sites. The Ni2+ and O2− ratio should be 1:1 
ideally but it may not be always depending on the synthesis conditions. For 1:1 
ratio of cation and anion NiO exhibits green colour when it deviates from the ideal 
behaviour it exhibits black colour. 

A TiO2 rutile structure is formed with Ti-cations in an octahedral field with six O-
anions. This is a polymorph of TiO2 which can also be present in anatase and brookite 
forms. All these polymorphs retain the octahedral field with differences in the octa-
hedral arrangement in the lattice. In general, the rutile structure is a robust one which 
can be obtained due to a permanent phase transition from the other polymorphs on 
account of total structural reconstruction mediated by a thermodynamically assisted 
rotation of the octahedra in order to attain maximum density of the lattice. Other 
rutile phases can be observed for NbO2, RuO2 and IrO2. In the  MO6 octahedra in 
rutile structure the adjacent octahedra are shared by the tetragonal c-axis. In NbO2, 
RuO2 and IrO2, a d-orbital overlap is observed, which generates a metallic nature of 
these oxides. 

Perovskite structures of metal oxides are investigated intensively for a wide variety 
of applications because of their tunability of compositions and structures. Perovskite 
family is having general formula ABO3 where, lattice site A is for 12-fold coordi-
nated cube-octahedral cages of the oxygen sublattice occupied by alkaline-earth or
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Fig. 2 Perovskite ABO3 
crystal structure 

rare-earth metal cation. B lattice site surrounded by six oxygen atoms in an octahe-
dral coordination occupied by a transition-metal cation. Figure 2 provides a general 
schematic of the ABO3 perovskite structure. Where 12 coordinated A cations are 
represented by red balls and the octahedrally coordinated B cations are represented 
by yellow balls. Blue balls represented by the Oxygen anions. The difference in the 
ionic radii of different sites leads to the distortions in the perovskite structure which 
is expressed in terms of tolerance factor. Wide variety of A and B cations having 
different sites and oxidation states can occupy the lattice sites of ABO3. This will 
helpful for tuning various properties of these compounds sites. The valence state of 
the constituent ions determines the oxygen stoichiometry often leading to a lattice 
with oxygen vacancies (deficient) or interstitials (excess). 

Perovskite oxides may also be arranged as double perovskite or layered perovskite 
based on the composition or crystal structure. If the A site or B site is constituted with 
two different species of cations namely A', A'', B', B'' then one can achieve chemical 
compositions of the formulae A2B'B''O6,A'A''BO6,A'A''B'B''O6. These compounds 
retain the basic perovskite structure with a periodic arrangement of alternating cations 
and are called double perovskites. The physicochemical properties of perovskite 
oxides are based on their structure, composition and morphology [116]. Figure 3 
shows the schematic of the periodic arrangement of the general double perovskite 
structure. Where violet and blue sites represent the ordered periodic arrangement of 
B' and B'' cation which gives the double perovskite structure. Green balls representing 
the A cation in the interstitial sites of theses ordered B', B'' cations. Oxygen anions 
are represented by red balls.

The chemical formula of spinel structure is AB2O4, where A is tetrahedrally 
coordinated and B ions are octahedrally coordinated cations with O-ions. Figure 4. 
shows the representation of the spinel AB2O4 structure with grey site represent 
tetrahedrally coordinated A cations and blue lattice sites represent the octahedrally 
coordinated B cations. The red sites are oxygen ions. The B-site is occupied by 
transition metal ions Fe3+, Cr3+, Mn3+ surrounded by a close-packed array of O-
ions. The A-site is occupied by divalent cations such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, 
Zn2+, or Mg2+, sometimes Li+ or vacancies as well. An addition of a higher valent 
ion other than a trivalent cation at the B-site can lead to a vacancy at the A-site as a
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Fig. 3 Double perovskite 
A2B'B''O6 crystal structure

requirement of charge compensation. This can also be achieved by accommodating 
an O-interstitial. 1/8 of the tetrahedral sites are occupied by the A site cations and 1/ 
2 of the octahedral sites are occupied by B site cations. The spinel lattice A8B16O32 

has 8 formula units which contains 32 oxygen anions. There are two sublattice in 
the spinel structure one with 8 tetrahedrally coordinated cations and other sublattice 
with 16 cations in octahedral sites. In an inverse spinel structure, the A-site ions and 
half of the B-site ions switch places but the same large unit cell as that of spinel. The 
chemical formula includes B(AB)O4, in which the AB ions in the bracket occupy 
the octahedral sites and the B ions outside the bracket occupy the tetrahedral sites. 
The intermediate between the spinel and inverse spinel structure are called mixed 
spinels. The crystal field stabilization energy (CFSE) of ions in the tetrahedral and 
octahedral sites determine the choice of spinels and inverse spinels. 

Fig. 4 AB2O4 spinel crystal 
structure
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4.1 Physical and Chemical Properties 

MOs show a rich variety of electronic properties, ranging from insulating to metallic 
and even superconducting behaviour. Oxide materials are of great scientific and 
commercial interest due to the various applications in high temperature supercon-
ductors, magneto resistive materials, piezoelectrics, ferroelectrics, multiferroic mate-
rials. Metal oxides and metal oxide-based heterojunction materials are interesting 
class of compounds because of the advantages such as optical transparency, mechan-
ical stress tolerance, high carrier mobility, Cost effectiveness etc. MOs are having 
definite crystal structures. They are non-poisonous, and have greater stability, and 
interesting surface properties that make them efficient semiconductors. The modifi-
cation of the bandgaps through doping, nano composites, formation of composites 
leads to the improvement of the physical and electronic properties of MOs. Also, 
this bandgap engineering will be beneficial for the enhanced light absorption in 
the visible region and widens the horizon of application of MOs. For example, MO 
heterojunctions on Si substrates have been studied over the years in order to fabricate 
modern electronic devices. These devices have efficient charge transport properties 
at the interface of different MOs. 

4.2 Magnetic Properties 

The magnetic properties exhibited by the MOs is due to the partially filled d shell 
metal ions such as Fe, Co, Mn, Ni, Cu etc. The first magnetic material to be discovered 
was lodestone, which is a well-known magnetic MO ferrite Fe3O4 which is having 
a cubic inverse spinel structure. Half of the octahedral sites are occupied by Fe2+ 

ions and the remaining octahedral sites and tetrahedral sites are evenly distributed 
by Fe3+. These arrangement of Fe ions leads to ferrimagnetism in these compounds. 
Partial or full replacement of Fe2+ by the divalent ions such as Co, Mn, Zn, etc. 
can create various magnetic interactions. Cations such as Mn2+, Co2+, Ga3+, In3+, 
Cu+, Mg2+, Si4+, Ge4+, Zn2+, Cd2+, can replace Fe3+ ions in the tetrahedral site. 
The magnetism of free atoms and ions can be associated with angular momentum. 
For a free atom the spin and angular momentum of each electron obeys Hund’s 
rule. Following this rule, the magnetic moments can be calculated easily without 
resorting to any particular knowledge about the individual atoms. Whereas when 
ions are placed in a crystal in an environment of oxygen neighbours the effect will be 
different. A complex understanding of spin–orbit interaction, exchange-integrals and 
crystal fielding splitting etc. is necessary to explain the magnetism of these materials. 
Depending on the exchange interaction the material will show Ferromagnetic (FM), 
Antiferromagnetic (AFM), Ferrimagnetic (FM)behaviour. 

When considering the MO nanomaterials, the magnetic properties will be different 
from their bulk counterparts. Curie temperature, Neel temperature, coercive field 
etc. will vary from bulk to nano region [117]. In bulk MOs small regions of a
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particular spin-ordering can be observed called magnetic domains. Different energy 
phenomena like exchange energy, magneto crystalline anisotropy, and magnetostatic 
energy determine how the magnetic domains are formed and their orientation. In nano 
MOs the magnetic contribution is from two regions, surface spins component of the 
particle and core spin component of the particle. So the nanomagnetic interaction 
can be modelled via core- shell interaction. This interaction in AFM or FIM nanopar-
ticle occurs at the interface between FM surface and the AFM (or FIM) core. This 
interaction can also called the exchange bias or exchange coupling [118]. 

4.3 Electronic Properties 

The electronic structure of the metal in the MOs plays an important role in the prop-
erties exhibited by these materials. These MOs include wide band gap insulators, 
semiconductors, metals, and superconductors. There are various ways to change the 
electronic structure of MOs by doping, strain and defect engineering. Depending 
on the type of charge carriers metal oxides have p type and n type semiconductors. 
Doping metal oxides with acceptor or donor atoms leads to the formation of defect 
states in the electronic band structure. This may lead to the changes in the electronic 
properties exhibited by these oxides. The optical, magnetic properties exhibited by 
MOs are closely related to their electronic structure. Hence band structure modifica-
tion with dopants leads to the modification of the other physical properties exhibited 
by them. 

4.4 Optical Properties 

Depending on the band gap of MOs these are semiconductors and larger band gaps 
are considered as insulators. Semiconducting metal oxides with a band gap below 
3.5 eV, have an optical absorption in the range of near UV and visible electromagnetic 
spectrum. But the insulating MO has optical absorption only in the UV or higher 
energy. Depending on the metal the band gap of MO can vary. Also, with doping 
or impurity atoms in MO there is alteration of bandgap. This change in band gap 
with doping is due to the formation of defect states within the bandgap that leads to 
decrease of band gap or removal of inherent defect states in the sample that leads 
to increase of band gap. The colour exhibited by these MOs are depending on their 
band gap such as the Fe2O3 has rich colour due to its small bandgap while ZnO has 
no colour because of its relatively large bandgap.
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4.5 Catalytic Properties 

MO catalyst and catalytic reactions are essential in industrial processes, chemical 
synthesis, petrochemical processes and environmental issues. In the mid-1950s the 
importance of MOs became prominent when they were found to catalyse various acid 
base reactions. These are simple oxides like CuO, ZnO, Alumina, TiO2, and other 
complex oxides, perovskite oxides etc. Research in the field of enhancing the selec-
tivity of the catalyst with various preparation methods are going vigorously and many 
new strategies have resulted in the development of single sites with 100% selectivity 
of the metal oxide catalyst. Usefulness of a catalyst is mainly determined by the 
activity, selectivity, resistance to deactivation, and ability for regeneration. Catalytic 
activity includes oxidation (selective or total), acid and base catalysis, photocatalysis, 
depollution and biomass conversion. Apart from being a catalyst MOs are sometimes 
used as supports of active phases such as silica, alumina, silica-alumina, mesoporous 
oxides etc. The synergistic electron conductivity or/and thermal conductivity effects 
arises due to metal oxide support interaction influences the catalytic properties [119]. 

5 Applications 

Due to their distinctive structure, catalytic capabilities, large surface area, and good 
mechanical stability, metal oxide nanoparticles play important roles in several diverse 
sectors. They are actively applied in gas sensing, energy storage, solar cells, catalysis, 
electronics, ceramic fabrication, etc. Some materials show excellent biocompatibility 
which poses a great role in the biomedical field. The diverse fields in which Mos are 
involved and examples for their utility is schematized in Fig. 5. 

Fig. 5 Schematic of the various applications of MOs in different fields
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There have been significant increases in the discharge of poisonous, explosive, and 
flammable gases in developed countries leading to increased environmental pollu-
tion, manufacturing wastes, and urbanization issues. Gas sensor applications play an 
important role in detecting the presence and quantity of such hazardous gases. Many 
metal oxides are ideal for using conductive measurements to detect combustible, 
reducing, or oxidizing gases. Various factors like chemical composition, surface 
modifications, microstructures, humidity, and temperature are important parameters 
for the sensitivity of the material. The electronic structures of the metal oxides play 
an important role in the selection of gas sensors. By using conductivity measure-
ments, several metal oxides can detect flammable, reducing, or oxidizing gases. The 
conductivity of the following oxides shows a gas response: CuO, Ta2O5, Cr2O3, 
Nd2O3, SrO, Fe2O3, GeO2, WO3, CeO3, Nb2O5, V2O3, NiO, Mn2O3, Co3O4, In2O3, 
MoO3, and TiO2. 

Metal oxides are appealing cathode materials in electrochemical energy storage 
systems considering their relatively low molecular weight and negligible toxicity 
along with their good electrochemical and solid-state properties. Electricity supply, 
transmission, and distribution systems on the grid can benefit from energy storage. It 
removes the need for reliance on other options with a higher greenhouse gas footprint, 
which would otherwise be favoured with zero storage options. 

The integrated circuits, diodes and thin-film transistors, field-effect transistors in 
the electronics are all made of metal oxide semiconductor materials. MO semicon-
ductors are used because they are efficient in regulating the current flow in the device 
as they have highly desirable electron charge transport propertie. Nanoelectronics 
also see the usage of metal oxides rather than any other semiconductor, insulator 
or conductor because of the many electrical, chemical and physical properties that 
are ideal for use in electrical devices. Both n-type and p-type MOs semiconductors 
are observed. Amongst n-type MOs examples are tin oxide (SnO2), indium oxide 
(In2O3), zinc oxide (ZnO), and titanium dioxide (TiO2) while some prominent p-
type MOs can be enlisted as nickel oxide (NiO) and copper oxide (CuO). These have 
been used in different applications. Zinc tin oxide (ZTO) [120], aluminium zinc 
oxide (AZO), magnesium zinc oxide (MgZO), gallium zinc oxide (GaZO), indium 
hafnium zinc oxide (InHfZO), and indium silicon zinc oxide (InSiZO) are important 
examples of functional complex MOs [121]. 

The use of metal oxides in Dielectric Resonator Antenna (DRA) applications has 
become important in the last decade. These antennas transmit and receive microwave 
frequencies and are generally made of ceramic materials. Indium tin oxide (ITO) 
[122] has been used in plasmonic nano antennas. The feature of MO here is that it 
acts as a TCO (Transparent conducting oxide). They have a large band gap dielectric. 
This enhances the usage of antennas for various purposes. 

The property of MO to generate charge carriers when stimulated with suitable 
energy of light makes them important in technology and environment remediation. 
The charge transfer property followed by the light absorption makes these materials 
interesting for photocatalysis for environmental remediation. Considering economic 
and social development the MOs are efficient for organic dye removal and wastewater 
treatment processes.
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Energy production and storage are the two main core areas of research to tie 
up the energy crisis that we are going to face in the near future. The application 
of MOs in supercapacitors and batteries is quite overwhelming. The property of 
variety of charge states in MOs allow them for the oxidation reduction charge transfer 
processes in supercapacitors. The blooming of nanotechnology and the research 
in the field of MO heterostructures paved the way for supercapacitors with good 
efficiency compared to the conventional ones. Device fabrication using MOs for 
thermoelectric and piezoelectric nanogenerators are becoming extremely important 
in recent times by making use of thermal and mechanical energy. The thin film 
preparation of these materials with different synthesis techniques are now used for 
the wearable nanogenerators (Table 4). 

Table 4 Properties and applications of some important MOs 

No Important metal oxides Properties Applications References 

1 ZnO High band gap, 
piezoelectric 

Optical sensor, opto 
electronics, 
piezoelectric 

[123] 

2 CuO Thermal stability, 
high reactivity, low 
band gap 

Photocatalysis, 
antibacterial, photocells 

[124] 

3 NiO Magnetic property, 
Capacitive property, 
electro active 

Supercapacitor, sensor, 
photodetector 

[125, 126] 

4 TiO2 Highly refractive, 
wide band gap 

Pigment, photocatalysis [127, 128] 

5 Al2O3 Electrical insulator, 
high thermal 
conductivity 

Gas purification, 
catalysis, 

[129] 

6 SnO2 Magnetic property, 
wide band gap 

Magnetic data storage, 
electrodes in solar cell, 
optoelectronic devices 

[130, 131] 

7 BaTiO3 Dielectric, 
Piezoelectric 

Capacitor, sensor [132] 

8 Co3O4 High specific 
capacitance, 
Magnetic property, 

Supercapacitor, Bio 
medical application, 
Li-Ion batteries 

[133–135] 

9 Fe3O4 Magnetic property, 
antimicrobial 
property, 

Biosensing, 
Antibacterial, Cancer 
theragnostic, catalysis 

[136, 137] 

10 La2NiMnO6 Ferromagnetism, spin 
phonon coupling 

Spintronics, solar cells [138] 

11 PbTiO3 Pyroelectric, 
transducer 

Pyro detector, acoustic 
transducer 

[139] 

12 LiNbO3 Piezoelectric Pyro detector, surface 
acoustic wave guide 

[140]
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6 Conclusions 

This chapter covers an overview of the MOs in terms of their structure, properties, 
synthesis methods and its wide applications. MOs have prime importance in the 
field of Physics, Chemistry, Biology and Material Science. Hence, understanding 
the science behind this important class of materials is of prime importance. Scien-
tists explore the various properties of MOs for technological applications. Applica-
tions of MOs in energy storage, environmental remediation, biological field, sensors, 
optoelectronics are closely related to their structure correlated properties. Structural 
modification of these materials may unveil the unexplored properties of various 
MOs which may pave a novel pathway for different technological applications. 
Device fabrication based on MOs, MO thin film, MO nanomaterials, flexible MO 
films, MO heterojunctions are growing very fast for their practical applications and 
utility. Different research groups around the world are intensively exploring the exotic 
properties of these materials. 
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Abstract Solid state thermochromic materials are a class of materials that, at some 
specific temperatures, undergo critical temperature changes from semiconductors to 
metals. These materials act as a class of smart materials that change colour because 
of a phase transition caused by the change in temperature. These materials are distin-
guished by the memory capabilities in response to the change in temperature. These 
materials have significant potential for a variety of industrial applications, such as 
smart windows, sensors, and anti-counterfeiting technologies. These materials also 
exhibit various decolorization mechanisms in a wide variety of forms. This chapter 
reviews the general concept of the chromogenic and their different forms, catego-
rization of different thermochromic materials, decolorization mechanisms, and some 
prominent applications. 
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1 Introduction 

Over the last several decades, researchers have been increasingly interested in the 
investigation of metal oxides. Metal oxides belong to the class of ionic compounds, 
as they are composed of positive metallic and negative oxygen ions. The forma-
tion of the ionic bonds results from electrostatic interactions between the oppo-
sitely charged ions. Most of the metal oxides possess excellent thermal and chem-
ical stability because of the presence of an entirely filled s-shell [1, 2]. However, 
partially filled d-shells provide them with a wide range of features and lend them 
the potential to be of considerable utility in different electronic devices. Besides 
electrochromic features, these one-of-a-kind qualities include broad bandgaps, high 
dielectric constants, reactive electronic transitions, and efficient electrical conduc-
tivity [3–17]. As a result of this, metal oxides are commonly regarded as among 
the most intriguing functional materials and are extensively used in a broad variety 
of technical applications. Continuous advancements in nanoscience and nanotech-
nology have inspired and encouraged the scientific community and industrialists to 
investigate new properties of both typical and novel materials at the nanoscale level. 
These materials are classified as having one of the three distinct morphologies or 
nanostructures: 0D, 1D, or 2D. The electrical properties of nanoparticles vary from 
those of their bulk counterparts because of the variation in their size and dimension-
ality [18, 19]. These disparities in the electronic structures result in a wide range of 
shifts in the physical and chemical characteristics of the substance [20, 21]. Nano-
materials with at least one dimension between 1 and 100 nm are classified as novel 
materials. 1D nanostructures offer the greatest potential for nanoelectronic and nano 
devices compared to other nanostructures (2D and 3D) because they all have a 1D 
morphology. The widths and thicknesses of the 1D nanostructures are restricted to 
the nanoscale range (1–100 nm), although the lengths vary from a few millimeters to 
several millimeters or even more. The millimeter length scale makes it possible for 
1D nanostructures to be in touch with the macroscopic environment, which enables a 
wide range of physical measurements to be taken. As a result, the use of two terminals 
in the manufacture of 1D building blocks simplifies electrical measurement [22–27]. 
A significant amount of work has been done to date in the synthesis and characteri-
zation of various metal oxide nanostructures in various shapes, such as rods, wires, 
needles, belts, tubes, ribbons, coaxial cables, and many more [28–36]. As these 
nanostructures have potentially improved the different characteristic properties of 
materials, they are well-suited for a wide range of applications, such as sensor tech-
nology, smart windows, solar cells, supercapacitors, photodetectors, light-emitting 
diodes, transistors, etc. [37–44]. These metal oxide nanostructures have thus sparked 
a great deal of interest and enabled significant advances to be made in different 
technological fields for various functional applications. In the current technological 
domain, the area of functional materials acts as a focal point of research, and at least 
85% of the current research is focused on them. Thermochromic compounds are a 
novel class of functional materials with distinctive color changes that have captured 
the interest of various scientists since the 1970s [45–47]. Thermochromic materials,



Optical and Electrical Switching of Thermochromic Metal Oxide … 37

Fig. 1 Discoloration patterns for different thermochromic materials (A, B and C represents various 
colors) 

commonly known as temperature-sensitive materials, comprise discoloring agents 
and other subsidiary components. The visible absorption spectra of discoloration 
substances or different mixtures may change on receiving heat or on cooling, hence 
resulting in the color change with the change in temperature up to a certain range [48, 
49]. There are two types of thermochromic materials that have reversible and irre-
versible decolorization. There are many pathways of decolorization, as depicted in 
Fig. 1 [50]. In order to improve the usefulness and cognition of these materials, ther-
mochromic discoloration often occurs with a photochromic reaction [51–53]. Many 
industries, including aviation, the military, intelligent windows, printing technology, 
textiles, and architectural coatings, amongst others, have investigated the potential 
uses of thermochromic materials [38, 54–57]. There have been several studies done 
on the use of thermochromic materials in anti-counterfeiting technologies and toys 
for children, but few of those studies have focused on the use of such materials in 
food packaging. Thermochromic materials are going to have tremendous potential 
in the realm of food packaging once people pay more attention to the safety of the 
food they eat. 

This book chapter presents a thorough discussion of the phenomenon known 
as thermochromism, which comes into play when the optical characteristics of a 
substance undergo reversible transformation as a direct consequence of a change in 
temperature. Besides thermochromism, there are other types of chromic materials 
that are also discussed. In this chapter, emphasis is placed on the thermochromism 
shown by the metal oxide-based solid-state materials. Emphasis is also laid on 
discussing the basic concepts that explain the electronic structure and characteristics 
of solids, along with the chronological advancements in the theories underlying the 
thermochromic transitions that resulted in the semiconductor’s discovery to metal 
transition. Last, besides having a brief discussion on the different synthesis methods, 
some applications exhibited by these materials are also discussed. 

2 Chromogenics 

A phase transition is a drastic change from one phase to another under the influence 
of some external stimulus, such as a thermal field, strain energy, surface energy, an 
external force, a magnetic field, etc. [58]. All these transitions are represented by a 
single word called “chromogenic”. The changes are preceded by a considerable shift
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in the physical properties of the system. Chromogenic is a relatively new area of 
research that derives its name from the Greek term chromo, which means color. 
In this field, materials exhibit a change in their optical properties as a function 
of the environmental circumstances to which they are exposed. In the early days 
of photography, this term was used to describe light-sensitive materials. One of 
the prominent examples was photographic paper coated with an emulsion of silver 
halide. Light was the agent that brought about the changes in color of the paper. 
However, the color shift that occurred on the photographic paper was discovered 
to be permanent and irreversible. The term chromogenics is now used in a broader 
context. It refers to any changes that occur in any substance when subjected to 
some external stimuli, including light, an electric field, exposure to gas, and others, 
and can exhibit a change in the optical property that can be reversed [59]. These 
materials make up an important class of smart materials since they undergo reversible 
transformations in their physical characteristics in response to an external stimulus. 
The importance of chromogenic materials has increased because of their optically 
dynamic and interactive properties. This effective responsiveness to different external 
stimuli has led to the progressive development of different smart systems relying on 
the control of light. Depending on the type of external stimulus, there are different 
chromogenic materials such as electrochromic, thermochromic, piezochromic, etc. 
[60, 61]. A brief discussion on different types of chromogenic materials is given in 
the following sections. 

2.1 Electrochromic Materials 

In this class of materials, a modest electric field may elicit a bidirectional change 
in the optical characteristics. Owing to the simplicity of control and reversibility 
of optical characteristics with the help of an applied electric field, electrochromic 
coloration is the most explored and applicable type of chromogenic materials. In 
recent decades, liquid crystal displays have emerged as the most prevalent class of 
electrochromic devices [62]. The alignment of the liquid crystal molecules tends 
to cause a shift in the optical features from a transparent to an opaque state upon 
receiving an impulse from the applied electric field. This phenomenon has been used 
for a long time in a broad range of electronic display devices, such as watches and 
TVs. The use of liquid crystal relying on electrochromic materials has several draw-
backs, the most significant of which is the extremely high-power consumption for 
keeping the device in the ‘on’ state along with the switching of the device between 
the ‘on and off’ states. Electrophoretic deposition also belongs to the class of elec-
trochromic materials. In these systems, an electric field is applied in small amounts, 
and then metal particles suspended in the solution are deposited on a transparent 
electrode for the development of the film and thereby result in a change in optical 
properties [63]. Thus, for the operation of these devices, the presence of a liquid 
component is necessary. Till date, it has been observed that an enormous number 
of organic and inorganic materials possess electrochromic characteristics owing to
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Fig. 2 Pictorial representation of different characteristic features and applications of elec-
trochromic metal oxides 

their different reversible chemical properties. Numerous metal oxides among the 
inorganic substances display an effective kind of electrochromic coloring [64–66]. 

Besides these, different conducting polymers and molecular dyes also act as effec-
tive electrochromic materials. The electrochromic colour exhibited by these different 
kinds of materials is caused by a variety of different phenomena, like redox reactions, 
variations in the oxidation state, the creation of polarons, and other similar processes 
[67]. An overview of the thermochromic materials is depicted in Fig. 2. 

2.2 Photochromic Materials 

When these materials are exposed to some kind of electromagnetic radiation, a 
reversible change in their optical characteristics takes place. The type of colouring 
produced and the metastable conditions of the final product are the parameters 
that determine the reversibility of the colour attained while going through the 
photochromic changes. Other types of activation sources, such as electric fields or 
heat, can be used to directly regulate the discoloration in addition to electromagnetic 
radiation. UV or visible light will always activate the photochromic colouring and 
result in changing its conductivity and other optical properties in the visible and 
infrared spectrums. These changes increased the domain of different applications 
for a wide range of real-world uses. A common example of this type of material is
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eyeglasses, which adjust their opacity depending on the strength of UV light irradiated 
[68]. It has been observed that on applying a small electric field, metal halide-based 
devices transform from a transparent to a reflecting mirror-like state when exposed 
to gases like hydrogen [69]. It has been revealed that a broad variety of materials, 
organic and inorganic, display the phenomenon of photochromic colouring [70]. 
Many organic compounds go through a process of change that involves the break-
down of their bonds when they are exposed to UV or blue light. In this case, it has been 
observed that when a single bond in a compound like spiropyrans, triarylmethane, 
or polymethine is broken, which causes colouring, the resulting photochromism 
remains very temporary since the system swiftly reverts back to its initial condi-
tions. Under the different conditions of photo breakdown and coloration, the creation 
of pairs of radicals is brought about by hemolytic compounds. Compounds such 
as pyrroles, hydrazine, disulfides, etc. are able to exhibit this particular form of 
photochromism. Modifications brought about by this phenomenon are unstable as 
well as very unattractive from an application point of view. However, the cis-trans 
isomeric photochromism shown by compounds like urocanic acid, indigo, cyanine 
dyes, etc. was found to be more stable and interesting for applications as compared 
to the other types of photochromism [71]. Inorganic materials that possess signif-
icant bandgaps display metastable photochromic behavior. Observations have also 
revealed that the presence of defects like F centers, impurities, or dislocations in the 
materials is also responsible for the colour. Only additional activations, such as heat 
or an electric field, can reverse the coloration that is caused by photochromism. This 
type of photochromism effect has been exhibited by a few inorganic metal oxides and 
semi-conductors. The metastable colouring of these materials is what makes them 
more valuable from an application standpoint than other similar materials. 

2.3 Piezochromic Materials 

These are a class of materials that, on being subjected to pressure, undergo a reversible 
colour change. Due to their peculiar sensitivity to strain and variation of pressure, 
these materials are being extensively studied from a research point of view. This 
phenomenon is also sometimes referred to as mechanochromism. There are three 
different mechanisms through which the piezochromic materials can change their 
colour: (1) perturbation of the electronic energy levels in different ways depending 
on the pressure that is being applied to the piezochromic surfaces; (2) initiation of 
the first order phase transition as a consequence of changes occurring while applying 
the pressure; and (3) changes in the geometric configuration by applying the pressure 
to the surface of the piezochromic material, which in turn brings about a change in 
the colour of the material. Seeboth et al. [72] have created different piezochromic 
materials by combining various polymers among the derivatives of cholesteryl. These 
materials, when subjected to pressure, exhibit a colour shift that has the capability 
to move either from red to green or vice versa. For depicting the change in colour, 
different materials need to have activation pressures of different magnitudes, such as
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Fig. 3 a Depiction of the mechanical printing systems one with table press and other one with 
metal pattern moulds. b, c Emission of green and yellow light by the black paper due to variation in 
pressure along with the imprinting of cartoons along with visualization of quenching effect. Reused 
with permission from [74] 

the dimethylglyoxime complex, which reveals the piezochromic response (change 
in colour) when subjected to a pressure of 63–150 Kbar. Similarly, the inorganic 
material samarium monosulfide changes from its semiconducting phase to a metal 
phase when subjected to a pressure of 6.5 bar [73]. These materials have an enormous 
number of applications, but the most prominent one is the detection of any variation in 
the surface pressure. Some of the others include offset printing inks, traditional flexo 
ink, screen printing ink, lamination, and piezochromic paints, which are being used 
on tennis balls, volleyballs, basketballs, bathrooms, and many more. An example of 
the piezochromic effect, that is, a change in colour as a result of a change in pressure, 
is depicted in Fig. 3, where the pressure has been varied from 0 to 30 MPa [74]. 
Observations have also revealed that the colour change in a few of the photochromic 
materials is irreversible at a certain pressure. These kinds of materials are often used 
in the detection of shock or in the monitoring of health-related factors. 

2.4 Magnetochromic Materials 

These are the materials that undergo an immediate and reversible change in colour 
when subjected to the influence of an external magnetic field. Magnetochromic is
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another name for the change in the optical constant of materials under the influence of 
a magnetic field. Because of the sensitivity of the material to an applied magnetic field 
from the outside, the spin-induced electric polarization can be regulated magnetically, 
and significant spin-charge interactions are evident. Materials which are considered 
to be efficient for the development of magnetochromic materials should possess 
high charge spin coupling with magnetic control. Spin-crossover complexes, colossal 
magnetoresistive oxides, and low-dimensional magnetics are some of the potential 
examples that possess the mentioned property and are being used for the development 
of magnetochromic materials [75]. Multiferroic compounds, which are distinguished 
by the simultaneous presence of ferromagnetism and ferroelectricity in the same 
phase, also reveal magnetochromic features. 

An example of this kind of multiferroic magnetochromic material is MnWO4, 
which exhibits spin-induced ferroelectricity in addition to substantial magnetoelec-
tric reactions [76]. Another prominent example is the magnetochromic microspheres, 
which can be dispersed in a variety of media, including water, alcohol, polymers, etc. 
In comparison to other chromic materials, the colour change in these microspheres 
is caused by the action of the magnetic field on the orientation of the microspheres 
[77]. The shift in the colour attained due to the impact of the magnetic field does not 
affect the fundamental qualities or the basic structure of the materials. The rotation 
that occurs as a result of an applied external magnetic field is caused by the presence 
of iron oxide inside the microsphere. The ability to alter the colours can be achieved 
by rotating the microspheres in different directions. These materials possess an enor-
mous number of applications, such as in display units, rewritable signs, sheets, and 
posters. Besides these applications they also act as effective materials for paints, 
printing inks, and anti-counterfeiting. 

2.5 Chemochromic Materials 

Materials are said to be chemochromic if they are capable of altering their colour when 
subjected to some chemical changes. Depending on the external agent used, different 
subclasses of chemochromic materials exist: (1) gasochromic, which refers to mate-
rials that typically exhibit reversible coloration when exposed to some adequate gas; 
(2) halochromic, which are materials that change their colour in response to pH vari-
ation; (3) ionochromic, which are materials that exhibit a colour change when placed 
in an ion-reaching medium; and (4) hydro or hygrochromic, which are materials that 
change either reversibly or permanently in response to exposure to water or liquid. 
These materials are also referred to as solvatochromic. Among the gasochromic mate-
rials, thin films made of WO3 and V2O5 are two of the most well-known examples 
[78, 79]. When exposed to hydrogen gas, both of these materials change colour signif-
icantly. Observation has revealed that when WO3 thin film is exposed to hydrogen, 
it changes its condition from being transparent to a state in which it is dark blue. It is 
being used in double-pane windows, where a thin layer of WO3 is adhered to one of 
the inner sides of the window, and hydrogen gas is collected from the space between
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the two panes of glass. Besides this, the gasochromic devices relying on WO3 are 
being used for the detection of hydrogen leakage, thereby protecting people from 
excessive exposure [78]. 

2.6 Thermochromic Materials 

When subjected to high temperatures, these materials undergo reversible color shifts. 
Nearly every substance undergoes a reversible colour change when subjected to a 
particular temperature. However, thermochromism is used more explicitly for the 
materials that experience a sudden change in their optical characteristics when 
subjected to a temperature of a certain threshold value called the critical temper-
ature (Tc). Thermochromism refers to the changes that occur in the optical charac-
teristics of a substance as a function of temperature. This effect often occurs across 
a wide temperature range and manifests itself as a gradual colour shift. This type 
of thermochromism is referred to as continuous thermochromism. Furthermore, the 
structural shift that occurs at the transition temperature in this process is known as 
discontinuous thermochromism. The thermodynamics of the systems that govern 
whether the phase transition occurs are either first- or second order in nature, along 
with their reversible or irreversible nature [80]. Thermochromic materials possess 
the potential to be used in a variety of technological applications, such as in ther-
mometers as fever indicators, gadgets, designing purposes, as temperature sensors 
for the purpose of safety, laser markings, and warning signals. In addition to inorganic 
oxides, many other diverse materials, including liquid crystals, conjugated oligomers, 
and leco dyes, are known to exhibit reversible colour change with temperature [81– 
83]. Apart from these thermochromic dyes, which rely on organic substances, they 
also undergo reversible colour change when subjected to the required amount of heat. 
The use of these materials has led to an enormous increase in the textile industry. 
Mao et al. [84] investigated the surreptitious capability of the W-doped vanadium 
oxide thin film coatings on cotton textiles employing semiconductor to metallic 
phase transition characteristics. They observed that the emissivity of coated fabrics 
changes abruptly with respect to its surroundings, indicating that W-doped vanadium 
oxide acts as an efficient and viable material for infrared stealth purposes. Because 
of this characteristic feature, these types of textiles are continuously used for secu-
rity purposes in different uniforms, helmets, and shoes, and therefore act as military 
textiles. Many other researchers have also investigated these thermochromic mate-
rials for different purposes and revealed different properties; a few of the studies 
carried out are presented in Table 1.
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Table 1 Different thermochromic materials and their application in different sectors 

Chromic compounds Textiles Applications References 

Rose red TF-R1 and crystal 
violet lactone pigment 

Polypropylene fibers Temperature indicator [85] 

Crystal violet lactone Poly(methyl 
methacrylate) 
microcapsules 

Protective clothing [86] 

Cholesteric liquid crystals 
microcapsules 

Polyvinylpyrrolidone 
fibers 

General [87] 

Paste of blue and orange dyes Cotton fabric Military [88] 

Rear earth materials and 
thermochromic pigments 

Polyacrylonitrile fiber General [89] 

Light fiber containing 
Sr2ZnSi2O7:Eu2+, Dy3+ and 
thermochromic Y2O2S:Eu3+, 
Mg2+, Ti4+ pigment rose red 
TF-R1 

Polyacrylonitrile fibers Optical and thermal 
sensors 

[90] 

Thermochromic inks and 
graphene oxide Ultraviolet 

Double-covered yarns Multifunctional 
applications of elastic 
visual sensors and 
wearable visor 

[91] 

Ultraviolet curable ink Polyester and cotton 
fabric thermochromic 

Non-emissive displays, 
interior design, art and 
as indicators in 
interactive systems 

[92] 

Complex of doped transition 
metal with rare earths 

Leather Heat-resistant safety 
products 

[93] 

Nanofibers containing lauric 
acid 

Polyester/cotton yarns Temperature control [94] 

3 Thermochromic Transition Metal Oxides 

With the discovery of the concept of phase transition, which takes place at a particular 
temperature known as critical temperature (Tc), many new things have evolved in 
science. The concept has become an ideal research point for studying the metallic and 
non-metallic states of a system due to the fact that at the phase transition temperature 
there occurs an abrupt change in the optical and electronic properties of the system. 
Since its establishment, transition metal oxide-based thermochromic materials have 
been investigated thoroughly. The main challenge in investigating these materials, 
according to Alder, was the complexity of developing pure and stoichiometric single 
crystals. He has observed that the electrical measurements performed were not asso-
ciated with the intrinsic properties of the materials but rather were caused by the high 
concentration of lattice defects along with the different particulates present in the 
crystal. The investigations have led to advancements in crystal growth and instru-
mentation. Different advancements have led to the categorization of transition metal
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oxides into metals, semiconductors, and insulators that are capable of undergoing 
semiconductor to metal transition. As a consequence of this, metals are distinguished 
by a low resistivity of the order of 10–2 to 10–6 Ω cm at room temperature, while their 
resistivity rises linearly with the rise in temperature. Similarly, at the normal temper-
ature, the resistivity of the semiconductors and insulators ranges from 103 to 1017

Ω cm, but this value falls off exponentially as the temperature increases [95]. Till date, 
the phenomenon of thermochromism has been studied in different transition metal 
oxides having different crystal structures, such as monoxides, dioxides, sesquioxides, 
spinels, and many more. The thermochromic effects have been evidently observed 
in different oxides of vanadium, tungsten, molybdenum, etc. These materials find 
use in a variety of technical applications, including electrical and optical switching 
devices, as well as other uses, some of which are covered in more detail later in 
this chapter. In the case of vanadium-based oxides, the primary focus has remained 
on studying their metal-insulator and phase transitions as a function of tempera-
ture. These thermochromic materials exhibit exceptional electrical, structural, and 
magnetic properties, but there is still considerable controversy about their theoretical 
implications, especially with regard to VO2 and VO3. Different researchers explored 
some of the enormous number of metal oxides available [96–100]. 

3.1 Vanadium Sesquioxide 

Vanadium sesquioxide, also represented by the chemical formula V2O3, possesses the 
structure of corundum and holds a rhombohedral symmetry at its normal temperature, 
the crystal structure of which is depicted in Fig. 4 [101]. In this structure, the vanadium 
ions are organized into V–V pairs along the axis perpendicular to the honeycomb 
like structure. In the basal plane, there are three subsequent interaction spaces that 
remain occupied by V3+ ions. Due to the presence of one O2− ion around each of the 
V3+ ions, the formation of deformed octahedrons around each cation occurs. Since 
the 1970s, experiments such as photoemission and x-ray absorption spectroscopy 
have been performed to reveal the electronic structure of V2O3. Besides this, there 
exist many computationally based studies such as dynamical mean field theory and 
different density functional methods, with the help of which different calculations 
related to the variation in the spectral characteristics of a material interaction in the 
field of strong electronic columbic potential are made. However, both the electronic 
structure and the contentious nature of the magnetic characteristics of V2O3 have 
continuously remained a subject of research discussion for the researchers [102]. 
Ever since the discovery of V2O3 in 1964 by Foex [103], it has been held in high 
esteem as the best illustration of a tightly correlated electron system that experiences a 
Mott-Hubbard transition. Recently, the notion of 3d-orbital hybridization and charge 
transfer systems are being considered more relevant, as the hybridization between 3d 
orbitals of vanadium and 2p orbitals of oxygen can vary during the phase transition, 
implying that the Hubbard model may not fit significantly. As a consequence of this, 
it is often hypothesized that the fundamental mechanism that will properly explain
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Fig. 4 Crystal structure of 
rhombohedral vanadium 
sesquioxide. Reused with 
permission from [101] 

the transition from semiconductor to metal may reside somewhere in-between the 
Moot-Hubbard model and the charge transfer model [104, 105]. 

The initiation of a first-order phase change starts at a temperature of the order 
of T = 150 K. In this transition, the low-temperature antiferromagnetic monoclinic 
phase changes to its rhombohedral paramagnetic metallic phase [106]. Studies have 
revealed that the distortion of the monoclinic phase occurs because of the shifting 
of cation-ion pairs in the basal plane, which results in the effective rotation of the 
c-axis [107]. Observation has revealed that the distance between V–V bonds along 
the hexagonal c-axis is greater in the monoclinic insulating phase as compared to the 
rhombohedral metallic phase. The importance of this bond in the structure is still a 
matter of debate [108]. Despite this much explanation, there is widespread agreement 
that the single-band Hubbard model does not properly explain the transition from 
semiconductor to metal in V2O3 owing to the unique multi-orbital structure [109]. 

3.2 Vanadium Pentoxide 

Vanadium pentoxide (V2O5) has been observed to display the thermochromic 
behaviour and, thereby, experience a phase shift from semiconductor to metal at 
a temperature of about 530 K [110]. Also because of the presence of intertwined 
optical and electrical properties, V2O5 exhibits the electrochromic properties, which 
cause its colour to shift from blue to green and then to yellow in a period of about two 
seconds [111]. These colour shifts are caused by the material’s ability to change its 
electronic configuration. In response to the applied voltage, these materials possess 
the capability to alter their optical characteristics in a way that is both reversible 
and long-lasting. Thus, the phenomenon of electrochromism reasonably provides a 
straightforward approach for the generation of varying light transmission by applying 
different electrochromic processes. The structure of the V2O5 was figured out by 
Bachmann in 1961 [112]. The studies have revealed that it possesses an orthorhombic 
structure with a band gap energy of 2.24 eV below the transition temperature in the
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Fig. 5 a Coordination geometry of vanadium ion in V2O5 compound. In the b-direction there is 
a puckered chain due to the formation of V-Och bonds. These are connected to one another in the 
a-direction by Obr bridging bonds. Also, the interaction of the weak V-Ov vanadyl bonds in the 
c-direction results in the formation of layers. b Depiction of orthorhombic layered structure of VO5. 
Reused with permission from [114] 

semiconductor state. The orthorhombic structure is composed of a VO6 octahedron, 
which shares its corners and edges with other electrochemical metal oxides. But the 
octahedron lacks the regular configuration because the distance between the V and 
O faces is not constant, as depicted in Fig. 5a [113]. 

Due to the significant distance between the V and O along the crystallographic c-
axis, this orthorhombic structure can be characterized as a layer of square pyramids 
of VO5 (Fig. 5b), where the vanadium atoms remain surrounded by five oxygen 
atoms. The layer structure possessed by V2O5 is well suited for the intercalation 
of cations, which is responsible for its prominent use in thermally activated ther-
mochromic devices. The optical feature of the V2O5 at the low temperature state has 
been thoroughly investigated, but very little effort has been made in investigating the 
metallic state, which therefore needs more attention [115]. 

3.3 Vanadium Dioxide 

The compound vanadium dioxide (VO2) exists in a number of different phases with 
different space groups, that is VO2 (M) [P21/c], VO2 (R) [P 42/mnm], VO2 (A) 
[P 42/nmc], VO2 (B) [C 2/m], VO2 (C) [I 4/mmm], VO2 (D) [P 2/c] and VO2 (P) 
[Pbnm], all of which are depicted in Fig. 6 [116–125]. These different phase structures 
can easily transform into one another under certain appropriate circumstances. The 
different possibilities and the meeting circumstances are depicted in Fig. 7 [120, 121, 
126–128].

Amongst these different phases, VO2 (M), VO2 (R), VO2 (A) and VO2 (B) are 
found to have similar crystal structures with little variation. The main fundamental 
unit of these structures is the VO6 octahedron, wherein the vanadium located at 
the centre is accompanied by the six surrounding oxygen atoms. These octahedral
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Fig. 6 Different polymorph crystalline structure of VO2 [58] 

Fig. 7 Schematic representation of different possibilities and circumstance of phase transformation 
in VO2

structures are formed by the sharing of edges and vertices with the neighbouring 
atoms, which results in the generation of a three-dimensional long-range ordered 
structure. The form of the VO6 octahedron as well as their modes of connectivity 
with one another vary for VO2 crystals holding distinct crystal structures, resulting 
in variance in the atomic coordinates as well as in their spatial symmetry groups. 
Phase VO2 (M) is an insulating monoclinic in nature and contains two phases that are 
VO2 (M1) and VO2 (M2). In most cases of metal-insulator transitions (MIT) in VO2, 
the transformation of VO2 (M1) into VO2 (R) takes place soon after the temperature 
exceeds the MIT temperature. Furthermore, the studies have revealed that the low 
temperature monoclinic phase is an insulating phase (P 21/c) called the M or M1 
phase, while the high temperature rutile phase is metallic (P 42/mnm) in nature and
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designated as the R-phase [116, 117]. In the monoclinic phase, the vanadium atoms 
arrange themselves in a zigzag configuration along the c-axis. However, in the rutile 
phase, vanadium atoms arrange themselves along a line which is perpendicular to 
the c-axis and has a period of 12 CM. 

The octahedral structure composed of V–O bonds gets transformed from partial 
octahedral at low temperature to the standard octahedral structure at high tempera-
ture in the process of phase transition (insulating-metallic). Also, during this trans-
formation, the bond angles of V–O get shifted from 90° to 78°–99°, as depicted in 
Fig. 6c. During the transformation, it has been observed that in comparison to the 
high temperature tetragonal phase, the lattice constants of the M-phase, that is, “a” 
and “b” are significantly raised by 0.6% and 0.4%, respectively, while the lattice 
constant “c” gets reduced by 1.0%. This variation in the lattice constants results in a 
change in the volume by 0.044. These structural changes eventually cause a change 
in the macroscopic properties such as electrical, optical, magnetic, mechanical etc. 
Both the phases of VO2 (M), that is VO2 (M1) and VO2 (M2), have a monoclinic 
structure and are insulating. However, the vanadium atoms in the VO2 (M1) phase 
arrange themselves into a zigzag chain of V-V pairs along the c-axis, while in the 
case of VO2 (M2) the atoms arrange themselves into regular pairs. These regular 
pairs generally form two shapes that are composed of paired chains of vanadium 
atoms, but the atoms are not inclined and vice versa, as depicted in Fig. 6a, b. On 
exerting strain along 1–10 directions or doping with +3 valence ions, it is possible 
to convert the VO2 (M1) phase to the VO2 (M2) phase [126]. Besides this, the phase 
VO2 (M2) is often considered an intermediary phase of the phase transition from VO2 

(M1) to VO2 (R) [129]. In the c-plane of the VO2 (A) phase, four sets of double-
sided octahedrons couple with one another, resulting in the formation of a square 
of 22 units in size. The formation of a Z-shaped long chain of vanadium atoms is 
accomplished by staking blocks of 22 along the c-axis in the form of shared edges, as 
depicted in Fig. 6d. It has also been found that all the phases of VO2 (A) have obvious 
MIT behaviour. VO2 (A) exhibits a normal first-order phase transition with a critical 
temperature (Tc) of 435 K, which is significantly greater than the Tc of VO2 (M). 
The phase transition of VO2 (A) is accompanied by an abrupt shift in the resistance 
that ranges between 1 and 2 orders of magnitude [124]. In contrast to the monoclinic 
VO2 (M) and VO (A), VO2 (B) does not exhibit any apparent MIT characteristics 
and does not undergo any sudden changes in its characteristic properties. The crystal 
structure of VO2 (B) is composed of two octahedrons which are connected to one 
another by the proper sharing of edges and vertices. Also, relative to the first layer, 
the second layer of the atoms is shifted by some fractional coordinate, that is (12, 12, 
0) in the unit cell as depicted in Fig. 6e. Also, at an ambient temperature, VO2 (B) 
possesses an adequate square sheet resistance of the order of 20–50 K along with an 
outstanding temperature coefficient resistance (TCR) of 7.0%/K [130]. As a result 
of this, VO2 (B) is an excellent candidate for use in batteries as an electrode and ther-
mally sensitive material. Also, VO2 (B) can be potentially converted into VO2 (A) 
when subjected to a pressure of about 440 MPa [127]. In addition, VO2 (A) and VO2 

(B) may be converted into VO2 (R) through an annealing process at a temperature of 
about 475 °C for at least an hour in the presence of argon gas [128]. VO2 (C) has been
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first reported by Hagrman et al. [123] wherein they employed hydrothermal synthesis 
techniques for its fabrication. The structural configuration of VO2 (C) is built up of 
VO5 square pyramids, each of which is connected to the neighbouring four pyramids 
via the base edges. On the contrary, only a few studies have been conducted on it, and 
thus more attention is required to uncover its chemical and physical properties. Simi-
larly, Liu et al. [120] developed a micro/nanostructure that is made up of nanosheets 
and possesses a novel phase of VO2 (D). They have concluded from their studies that 
the formation energy of VO2 (D) is very similar to that of rutile-type VO2 (R). They 
have also proved that VO2 (D) can be converted to VO2 (R) by performing annealing 
at 320 °C for two hours in a gas medium. Following the mentioned procedure, VO2 

(M) can be acquired by performing the cooling of the sample after the annealing 
process. In addition to this, the Arrhenius-type behaviour has been revealed by the 
VO2 (D), which possesses a bandgap of 0.33 eV. The magnetic characteristics of VO2 

(D) were determined by observing the variation of its magnetic susceptibility with 
temperature. Due to the presence of efficient magnetic properties in VO2 (D), it acts 
as a potential candidate for being used in different electrical and magnetic devices. 
In addition, there is another new phase that is VO2 (P), which has been produced by a 
straightforward chemical reaction pathway [121]. Finally, it has also been observed 
that by undergoing a quick annealing process, VO2 (P) can be converted into VO2 

(M). 

3.4 Tungsten Trioxide 

The electrochromic nature of tungsten trioxide (WO3) was discovered for the first 
time by Deb in 1969 [131]. Since then, it has become one of the most extensively 
studied transition metal oxides due to the fact that it possesses very effective elec-
trochromic and photochromic capabilities. Studies have shown that the fundamental 
structures of ReO3 (general structure formula) and perovskite have a great deal of 
bearing on the characteristics of WO3 in both its natural form and its electrochemi-
cally switched state. In its natural state, WO3 possesses a ReO3-type structure that 
is composed of corner-sharing octahedral units of WO6. In each of these octahe-
dral units, each of the tungsten ions (W+6) is surrounded by six oxygen ions (O2−). 
The clear visualization can be obtained from Fig. 8a, which depicts the octahedral 
networking structure where each pair of the tungsten ions is separated by an oxygen 
ion. These octahedral units are considered the fundamental building block of WO3, 
as the numerous configurations of them lead to the generation of its different forms.

The corner sharing that occurs at the oxygen site is what results in the generation of 
crystalline and stoichiometrically defined regular network structure. As depicted in 
Fig. 8a, the resultant network possesses an enormous vacant space that plays a crucial 
role in the electrochromic property of WO3, as this vacant space is responsible for 
the functionalization through foreign ions. WO3 possesses a monoclinic structure at 
ambient temperature. The variation in the temperature, bond lengths, and octahedral 
displacements results in the generation of different possible structures of WO3, from
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Fig. 8 Illustration of WO3 structures. a Developed by sharing the octahedral units of WO6 
octahedral units. b Developed by sharing the edges of WO6 octahedral units

orthorhombic to monoclinic to triclinic. There exists a sub-stoichiometric phase of 
WO3, also known as the Magneli phase, which is depicted in Fig. 8b [132, 133]. The 
Magneli phase of transition metal oxides is generated from the original perovskite 
structures via sharing of the edges and by the structural deformation caused by 
the arranged oxygen deficits. In the perovskite structure of WO3, the possibility of 
variation in the position of W as well as in the orientation of the WO6 octahedron 
provides large space between the octahedral units of the network. The possibility 
of these variations results in the generation of eleven distinct structures of WO3 

[134]. Among these structures, besides the standard perovskite structure, two others, 
tetragonal and hexagonal, are depicted in Fig. 9. It has been observed that the free 
space depicted in Fig. 9a continuously increases when the perovskite evolves from 
the perovskite to the tetragonal to the pyrochlore and so on. Although stoichiometric 
WO3 is optically transparent and electrically insulating, oxygen-deficient WO3 may 
appear faintly blue to brown depending on the severity of the oxygen shortage. In 
the sub-stoichiometric configurations, the oxides exhibit the characteristics of both 
optical absorption and electrical conductivity. The fact that the electrical characteris-
tics of the WO3 structure arise from the orbitals of tungsten and oxygen can be clearly 
understood from the bandgap diagram depicted in Fig. 10 [135, 136]. As is evident 
from Fig. 10, there exist two separate bands: the valence band, which is totally filled 
with regard to the 2p bands of oxygen, and the vacant conduction band, composed of 
5d orbitals of tungsten. The fermi levels (Ef) reside in between these two bands. The 
bandgap in the case of the WO3 thin films has been estimated to reside at between 
2.6 and 3 eV [137]. In contrast to the regular network, the amorphous phase of the 
polycrystalline WO3 is characterized by the absence of any long-range ordering of 
the octahedral network [138].

This is the case despite the fact that WO6 octahedrons are distorted and there is a 
variation in bond lengths within the octahedrons. Thus, the structure of amorphous 
films is considered to be composed of a random network of microcrystals with WO6 

octahedrons as the basic building unit. The bandgap of the amorphous form of WO3 

was found to be greater than that of its crystalline form, with a value falling in the 
range of 3.2–3.5 eV. [139]. Besides the mentioned deficits, due to the amorphous 
nature of WO3, it may also include additional defects such as interstitials, dangling 
bonds, vacancies, etc. [140]. These defects are often present in these structures and 
occur during the formation of WO3 thin films by a variety of different processes. 
These defects play a significant role in enhancing the thermochromic behavior of
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Fig. 9 Perovskite, tetragonal and hexagonal structures of WO3 molecule 

Fig. 10 Energy level band 
diagram of WO3. Besides the 
fermi level (Ef), the 
unoccupied bands emerging 
from the tungsten 5d orbitals 
are depicted at the top and 
the occupied 2p orbitals 
arising from the oxygen are 
represented at the bottom

materials. It is anticipated that different deposition methods often employed for the 
creation of WO3 thin films will produce a variety of species of WxOy form, where x 
and y vary over a large range [133]. 

It is envisioned that the electrochromic coloration of WO3 will be brought about 
by the double insertion of either protons, electrons, or different alkali ions because 
of a reversible chemical reaction. This ca be symbolized through a straightforward 
transformation that is: 

WO3 + xM+ + xe− 

(Transparent) 
↔ MxWO3 

(Blue) 

In the above equation, M represents the particular kind of ion that was put in. As 
a result of the intercalation of a certain number of ions and electrons into the WO3, 
the material’s optical characteristics shift from the transparent blue to the invisible 
portion of the spectrum. This occurs concurrently with the reversible production of 
MxWO3, also known as tungsten bronze. Since WO3 possesses an open structure 
similar to that of perovskites, different ions are easily able to intercalate inside the 
material. This causes vibrant colorization in the materials. This whole process shows 
its reversible nature until an optimum value of x is obtained. Continuing the insertion
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of ions beyond the optimum value of x, although technically feasible, results in the 
nullification of the reversible nature of the reaction. For instance, in the process of 
lithium-ion insertion into WO3, the reversibility of the reaction is retained up to an 
x value of 0.7 [136]. It is not anticipated that the size of the inserted ion will have 
any effect on the value of x, which is the number of ions that can be intercalated into 
the tungsten bronze. In order to assess the impact of the inserted ions and electrons 
in defining the electrical, structural, and optical characteristics of the intercalated 
WO3, a number of different models have been presented (MxWO3). These models 
cover a wide range of phenomena, from oxygen-vacancy-generated F centers to the 
intervalence charge transfer (IVCT) of inserted electrons to polaron absorption as 
well as oxygen extraction [135, 141–144]. However, as discussed, there exist many 
configurations of the octahedral units with different phases, which results in the 
generation of a large range of energy bandgaps and structures, some of which are even 
contrary to one another. Therefore, the search for an all-encompassing theoretical 
model capable of explaining the process responsible for the electrochromic coloration 
of WO3 is still a challenge [71]. 

4 Decolorization Mechanisms of Thermochromic Materials 

These materials are broadly classified into three different categories: organic, inor-
ganic, and liquid crystals. Inorganic thermochromic materials primarily consist of 
metal iodide, double salt, transition metal oxides, metal alloys, etc., which possess 
different characteristic features such as being resistant to high temperatures, long-
lasting, easy to fabricate, and not affected by light [50]. On the other hand, organic 
thermochromic compounds include most quantities and species such as spiropy-
rans, fluoranthene, triarylmethane, organic complexes, and many more. These mate-
rials possess different advantages, like optional and adjustable colours, being cost-
effective, effective thermochromic behaviour at low temperatures, and high sensi-
tivity for colour change. Because of this, the organic thermochromic materials offer 
substantial benefits over other ones, which are under consideration in the research 
community. The third category, that of liquid crystal, has been further classified into 
three distinct types, namely smectic, nematic, and cholesteric, on the basis of their 
molecular configurations. Although this class of thermochromic materials possesses 
good stability and efficient thermal stability, its applications are restricted due to its 
greater sensitivity to chemicals and high cost [50]. Thus, under these sections, the 
different decolorization mechanisms involved in reversible organic and inorganic 
materials are briefly discussed.
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4.1 For Organic Materials 

The decolorization mechanisms in reversible organic materials mainly occur via 
two different phenomena, which are intermolecular electron transfer or different 
structural changes occurring in the molecule. The first mechanism occurs in the 
thermochromic materials, which are composed of electron donors, electron accep-
tors, and some solvent compounds. In most cases, the oxidation-reduction potential 
of an electron donor is approximately equal to that of the electron acceptor. As a 
result, slight temperature variations cause electron transfer between them, changing 
the molecular structure of the electron donor. The direction of the reduction process 
is determined by the temperature, which in turn causes a change in the colour of 
the system [145]. The most common procedure involved in the transfer of elec-
trons is depicted in Fig. 11a. The second mechanism occurs in such compounds, 
the molecular structures of which are sensitive to temperature changes. Due to the 
rise in temperature, these materials exhibit discoloration phenomena of their own. 
The decolorization occurs through different processes depending on the tempera-
ture, that is, (I) by intermolecular proton transfer (Example Fig. 11b), (II) through 
dimensional structural changes (Example Fig. 11c), (III) ring opening of molecules 
(Example Fig. 11d), and many more [10, 50, 146, 147]. 

Aside from the major factors mentioned above, there are a few other variables 
that contribute to the discoloration of organic compounds, such as electron spin state 
and pH value. Different researchers have successfully developed the spin-crosslinked

Fig. 11 Depiction of configurational changes in the molecule. a Transport of electrons in 
crystal violet alctone. b Intermolecular proton transfer in N-salicylideneaniline via keto-enol 
tautomerization. c Conformational variations of polythiophene. d Process of ring opening in 
spiropyrane 
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composite transparent films in a high spin state, which are colourless when main-
tained at 27 °C. It has been observed that as the temperature drops, the film attains 
a purple colour. In most discoloration systems, phenol red or phenolphthalein is 
used as an acid-base indicator. These systems also contain weak fatty acids, which 
assist in increasing the availability of protons. The carboxyl protons are triggered at 
a temperature where they can react with the affinity materials, thereby culminating 
in the gain and loss of protons. When the carboxyl cools, the proton will go back to 
how it was before, and the colour of the substance will return quickly [50]. 

4.2 For Inorganic Materials 

Crystal lattice changes, ligand geometry, and crystal water are the primary factors that 
contribute to discoloration in inorganic thermochromic materials. The discoloration 
in the inorganic complexes occurs due to variation in the coordination structure or by 
changing the degree of hydration. On the other hand, in the case of inorganic oxides, 
the discoloration is due to changes in the crystal structure. 

The crystal transition is responsible for the discolorations revealed by majority 
of the metal ion compounds. It has been observed that most of the discoloured crys-
talline materials on heating produce lattice displacement as a result of which the 
crystal structure gets changed. Soon after the crystal returns to the ambient tempera-
ture, the original crystal shape and colour are eventually recovered. For example, the 
compounds Cu2HgI4 and Ag2HgI4 possess a dual crystal structure that is positively 
tetrahedral at low temperatures and cubic at higher temperatures. The colour of these 
compounds fluctuates due to their dual crystal forms, which rely on temperature 
change [148]. Another factor involves the variation in the geometry of the ligands 
with the variation in the temperature. This type of thermochromism phenomenon 
has been observed in the Cr3+, as the heating in it causes broadening in the ionic 
lattice, thus causing changes in its geometry. It has been discovered that the distance 
between the central atom and Cr3+ ions vary with temperature in compounds where 
an octahedral site is occupied by Cr3+ ions. Due to this variation, there occurs a 
change in the colour of the compound in accordance with the change in tempera-
ture [149]. Similarly, the modifications of the coordination number in the complex 
molecules are the fundamental cause of colour change. Thermochromism due to 
this factor has been mainly observed in crystallised inorganic salts. For example, 
iron phosphate dihydrate (FePO4, 2H2O), which possesses either an orthogonal or 
monoclinic structure. In its pure form, it looks like white or yellowish white powder. 
However, the colour eventually becomes pure yellow due to loss in the crystallised 
water. Lastly, cholesteric liquid crystals are the most common form of reversible 
liquid crystal thermochromic materials. Liquid crystals made by cholesterol often 
have spiral shares. The variation in temperature results in shifting the pitch of the 
screw along with the variation in the wavelength of the reflected visible light, as a 
result of which the discoloration of the liquid crystal takes place [150]. The length 
of the screw pitch is proportional to the wavelength of the visible light, with both
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having the same magnitude. Because of this, some liquid crystal thermochromic 
materials have unique visual qualities in addition to a clear change in colour when 
the temperature changes. 

5 Applications 

As defined earlier that the Chromogenic substances are ones whose optical char-
acteristics modify with response to external stimulation. Such substances are most 
frequently found to be photochromic, thermochromic, as well as electrochromic, in 
which the stimuli are, alternately, exposure to sunlight (photons), change in tempera-
ture, and then an applied electric field. As a result, when a thermochromic substance 
reaches a specific transition temperature, it changes colour [80]. Different transition-
metal oxides including such as Ti2O3, V2O3, VO2, as well as VO exhibit a transition 
together into metallic state at the Neel temperature and they are all semi-conducting 
under low temperatures. Morin conducted extensive thermo-conductive experiments 
on these oxides’ electrical characteristics in 1959 [151]. The discovery of the phase 
transitions which take place at a critical temperature (Tc) in which an abrupt change 
throughout optical and electronic properties is observed, transition-metal oxides have 
attracted attention in research especially among solid-state thermochromic mate-
rials, making them excellent research subjects for examining both metallic and non-
metallic states. They are currently being used for different applications in the field of 
optical and electrical switching devices as well as in memory devices because to their 
outstanding MIT (metal insulator transition) characteristics. In this section some of 
the major application that is smart windows, switches, field effect transistors (FET) 
etc., are briefly discussed. 

5.1 Smart Windows 

The adoption of the thermochromic materials for the mart windows has been a focused 
topic in recent years as a result of challenges of limited available energy and global 
warming. Smart windows assist the buildings in maintaining the high energy states by 
dynamically boosting and decreasing the heat gain cold and hot weather respectively 
[152]. By adjusting the incident solar heat flux, the adjustable absorbing layer on the 
glass surface possess the capability to alter the optical characteristics [153]. Among 
the different thermochromic materials, VO2 are being considered as an effective 
material for the thermochromic smart windows that has proved to be energy effi-
cient. This is due to VO2’s ability to modify the temperature to efficiently regulate 
thermal transfer and solar thermal transmission effectively [154–157]. Whenever 
MIT happens, VO2 displays a significant shift in optical characteristics. Insulating 
VO2 (M) has a high infrared light transmittance prior MIT. Because when tempera-
ture increases to the Tc, VO2 (M) transforms into VO2 (R), which leads to decreased
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infrared transmittance. It is really appealing when it comes to using thermochromic 
smart windows due to its distinctive property. At low temperatures, infrared rays 
may generally travel through the glass. The infrared beam is isolated and the inside 
temperature stays constant when the temperature exceeds a particular level. VO2-
based smart windows have been the subject of much research, although they have 
not yet been put to commercial use. The inadequate inherent characteristics of VO2 

smart windows severely restrict their practical uses. To create VO2 thermochromic 
windows, researchers have been attempting to find solutions to these difficulties for 
the past few decades. Doping with high-valence tungsten elements is indeed a useful 
way to manage the phase transition temperature [158]. Since hydrogen is the smallest 
and lightest atomic element, it may easily change the spacing location of VO2, there-
fore influences the behaviour of the MIT [159, 160]. Yoon et al. [160] revealed that 
even at low hydrogen concentrations, VO2 stabilizes in the metal phase, whereas at 
high hydrogen concentrations, it stabilizes in the hydrogenated insulating phase yet 
again. Utilizing this unique capability, Chen et al. [161] created an electrochromic 
smart window system based on a VO2 film under room-temperature solid-state elec-
trolyte gate voltage control. The phase transition of VO2 thin films might well be 
controlled by gate voltage at room temperature, and the gate-controlled VO2 phase 
transition is a reversible process. During three separate VO2 film stages, significant 
colour shifts could be seen. Although strongly hydrogen-doped VO2 thin films were 
nearly transparent, pure VO2 thin films and low hydrogen-doped VO2 thin films 
(HxVO2) exhibit comparable yellow colours. At 650 nm, the original VO2 film and 
metal HxVO2 have a transmittance of around 56%, while the insulating HVO2 film 
seems to have a transmittance of up to 72%. According to the MIT procedure, the 
transmittance variation between a pure VO2 film at 2000 nm is approximately 40.3%, 
as well as the gap between a metal HxVO2 film and an insulating HVO2 film is 49.1% 
[161]. Outstanding performances of these gadgets surpass the potential of conven-
tional VO2 smart windows as well as shatter all prior records. The above implies 
that their technology holds promise for energy-saving use. The prototype for just an 
electrochromic smart window device based on VO2 film for solid-state electrolyte 
gate voltage control is illustrated in Fig. 12.

5.2 Electrical Switches 

One significant characteristic of VO2 that considers this one a fantastic prospec-
tive substance for electrical switches is indeed the abrupt change in conductance 
throughout MIT [162, 163]. Typically, temperature or even the application of a static 
current as well as a static voltage might control the electronic switches relying on 
VO2 [164, 165]. In terms of speed as well as broadband functionality, the electronic 
switches based on VO2 perform well [166]. Whenever VO2 is linked in series to the 
circuitry, the metal or insulating phase of the gas may be changed to regulate the 
circuit’s connection and disconnection. Majority of the electronic switches require 
triggering by voltage-driven MIT of VO2 to activate. A VO2-based electrical switch
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Fig. 12 a The source, drain, & gate electrodes on the VO2 device’s gating diagram. b Gating-
controlled hydrogen ion migration. c The VO2 hydrogenating content is tuned with either positive 
(blue) or negative (red) gating voltages, yielding into reversible insulator-metal-insulator tristate 
phase transformations

device was devised by Stefanovich and collaborators [164]. The I–V characteris-
tics of VO2 switching devices with various temperatures were also examined by 
Boriskov et al. [165] and they have observed that when the ambient temperature 
changes, different voltages are needed to trigger MIT. Crunteanu et al. [166] also  
investigated voltage mode and current-mode VO2-based switches. They established 
that VO2-based switches functioned for more than 260 million cycles without break-
down when propelled by current, which is a greater lifespan than that when powered 
by voltage (breakdown at about 16 million cycles). Especially devices with many 
reliable and reproducible switching cycles, the incorporation of VO2 provides there-
fore a lot of promise. On the other hand, temperature is a simple way to achieve 
VO2’s resistance switching, that everyone is aware of. As a result, the accompanying 
resistance switching matches MIT behaviour. 

5.3 Memory Appliances 

Broadly speaking, in addition to temperature, an electric field is thought to be an 
additional efficient approach to influence MIT activity. The differing phase transi-
tion routes throughout the cooling and heating processes are typically blamed for 
hysteresis, which is typically present even during MIT. Strain, doping, and flaws in the
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Fig. 13 Schematic 
representation of a 
ferroelectric memory device 
with a VO2 layer operating 
as the gate insulator 

lattice during the MIT process all impact this hysteresis. When grown on a substrate, 
VO2 can get the mismatch strain from the substrate. Further, majority of the electrical 
equipment frequently accumulate VO2 on the substrate, creating a significant external 
strain during MIT. Hysteresis causes the metallic phase of VO2 to be held at a compar-
atively small temperature (or applied voltage). As a result, VO2 can indeed be turned 
into an additional possible memory device application [167–169]. Another multi-
state memory with two-terminal current control was developed by Pellegrino et al. 
Investigators created multistate memory devices close to the Tc of 70 °C employing 
VO2/TiO2 free-standing thin film heterostructures as well as a Joule self-heating 
procedure. Optimizing the development and creation of metal clusters inside the 
micrometric zone by efficient Joule heating results in the memory effect [158, 170]. 
Also, Bae et al. [171] has reported a two-terminal memristor memory based on a 
single VO2 NW at room temperature. Coy et al. [167] revealed the optoelectronic 
and so all multiple memory states in VO2, which is noteworthy. Investigators exam-
ined the VO2/SiO2 specimen’s resistance as well as near-infrared transmittance just 
at proper temperature inside the heating branches of the hysteresis loop. A variety 
of reading-writing modes may be produced by efficiently blending electrical and 
optical loads. Apparently numerous memory regions were discovered to be stable 
for at least a few hours, and in this case possibly permanently, if the proper temper-
atures were maintained. Furthermore, a well-developed chemical doping technique 
or strain effect may be employed in VO2-based memory devices to modulate the 
hysteresis gap of VO2 to produce a more stable memory effect [172]. Employing 
traditional CMOS processing technologies, ferroelectric memory devices with VO2 

films serving as insulators were manufactured. The architecture of the device is quite 
similar to a flash memory, as illustrated in Fig. 13. 

6 Field-Effect Transistor (FET) 

The gate voltage regulates the conductivity of field-effect transistors (FETs), which 
are conducting devices based on early triodes. FETs have many benefits over triodes, 
including a high input impedance, a low temperature effect, low noise, low power 
consumption, a high switching speed, as well as a simple manufacturing method. The 
metal-oxide-semiconductor FET (MOSFET) is perhaps the most frequently utilised 
semiconductor devices across all FETs [173]. While using drift as well as carrier
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diffusion, MOSFET develops current. Although in contemporary MOSFETs, which 
produce current by carrier diffusion and drift, silicon-based FETs have emerged as a 
crucial electronic component. However, in contemporary semiconductor technology, 
silicon-based FETs have turned into a crucial electrical component. Unfortunately, 
silicon cannot be used to create small FET devices due to its intrinsic size restriction. 
The maximum allowed sub-threshold swing rate is 60 mV/dec. If not, FET device 
integration, switching rate, and power consumption would all be negatively impacted. 
Therefore, the demand for silicon-alternative materials is critical. For nanoscale 
FETs, MIT materials are regarded as potential channel materials. The fluctuations in 
carrier concentration in MIT materials are greater than those in conventional silicon-
based materials [173, 174]. Because of their exceptionally high MIT speeds as well as 
significant fluctuations in carrier concentration, VO2, based FETs have received the 
most research attention among all FETs based on MIT substances. The concentration 
of free carriers produced by MIT in VO2 were shown by Hormoz et al. to be many 
orders of magnitude higher than those in silicon. As a result, the VO2-based FET can 
easily get beyond the classic MOSFETs carrier transit-time barrier [174]. 

7 Photodetector 

In addition to smart windows, the distinctive optical characteristics of VO2 discov-
ered at MIT also indicate other intriguing properties for being used in photodetectors, 
tunable photonic crystals, and many other fields [160, 175, 176]. Wu et al. [176] 
constructed VO2 nanodevices based on photoinduced phase transitions of VO2 NWs 
under ultraviolet (UV) light at ambient temperature. They found that the synthesized 
gadgets had exceptional photo-responsiveness (R) and external quantum efficiency 
(EQE). The photodetector responded quite well to UV light. A heater based on Ag 
NW  was used by Li et al.  [177] to measure the infrared (IR) response of self-heating 
VO2 NPs. IR photodetector technology is crucial for both civil and military appli-
cations. An IR photodetector constructed on a network of as-grown VO2 (M1) NRs 
was also investigated by different researchers [184]. The device’s I–V characteris-
tics beneath various IR light intensities (980 nm) were evaluated. The gadget clearly 
showed a low-current condition in the dark and a high-current state when exposed 
to light. With rise and decaying periods of 1.6 and 1.0 s, respectively, and excep-
tional stability of much more than 150 cycles at room temperature, the gadget was 
employed with high photosensitivity. Their findings suggested that the networks of 
VO2 (M1) NRs are the best method for using an IR photodetector [178].
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8 Conclusion 

In recent years, thermochromic materials have emerged as a popular research area; 
however, only a few studies have been published on practical applications. Its high 
transition temperature and high cost limit its application. In addition, other chal-
lenges that must be overcome with widespread use materials are finding ways to 
successfully lower the transition temperature and enhance the variation ranges of 
electrical and optical properties before and after transition. The trend in the growth 
of thermochromic materials reveals that the most important factor in improving the 
transformation properties is to optimize the synthesis parameters, and the doping of 
different elements has proven to be the most effective way to lower the temperature at 
which the phase transition occurs. The lowering of the phase transition temperature, 
which may be accomplished by doping with ions and annealing, is a significant step 
forward in broadening the range of applications of thermochromic materials. Using 
thermochromic materials also benefits from microencapsulation, which has become 
increasingly relevant in recent years. It is crucial to create innovative technologies to 
full use thermochromic materials since they play an important role in the growth of 
contemporary society. Functional materials play an important part in the progression 
of modern civilization. One proposal that may be considered is packaging, partic-
ularly for food packaging. People in today’s contemporary society are much more 
concerned about the safety of the food they eat, and thermochromic materials will 
play a significant role in the testing of food quality and the enhancement of its shelf 
life in the future. 
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Optical Properties of Metal Oxide-Based 
Perovskite Structures 

Neeraj Rathee and Nirat Ray 

Abstract Perovskite materials with the composition ABO3, where A and B are 
cations and O is the oxygen anion, have been studied extensively for their intriguing 
physical properties as well as the potential for practical applications. Perovskites 
have been at the forefront of revolutionary discoveries ranging from ceramic high 
temperature superconductors to high-efficiency photovoltaics. Many different types 
of lattice distortions can occur owing to the flexibility of bond angles within the ideal 
perovskite structure. A broad range of novel functional materials and device concepts 
have been envisaged through fundamental understanding of the relationships between 
the structural and chemical compatibility, thermal stability, solid solubility, and lattice 
strain. In this chapter, we review some of the fundamental optical properties of metal 
oxide perovskites. We highlight the role of defects, and shape anisotropy to show 
the variation of optical properties from nanocrystals to nanowires and nanosheets. 
We discuss the advancements in photovoltaics and other optoelectronic devices, and 
conclude with a comparison of optical properties of metal oxide perovskites with 
halide perovskites. 

Keywords Optical properties · Band gap · Photovoltaics · Photocatalysis 

1 Introduction 

Metal oxide perovskites, denoted by the chemical formula ABO3, can be understood 
as a simple cubic Bravais lattice superimposed with a 5-atom motif. The A cation 
(typically an alkaline earth metal or rare earth metal) occupies the sites at the corners 
of the cube. The B cation (typically a transition metals) occupies the body centre and 
is co-ordinated by 6 oxygen atoms (O) in an octahedral geometry [1]. Figure 1 shows 
a schematic of the ideal perovskite structure. Given the large number of permutations

N. Rathee · N. Ray (B) 
Department of Materials Science and Engineering, Indian Institute of Technology Delhi, Hauz 
Khas, New Delhi 110016, India 
e-mail: nirat@iitd.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
V. Kumar et al. (eds.), Optical Properties of Metal Oxide Nanostructures, 
Progress in Optical Science and Photonics 26, 
https://doi.org/10.1007/978-981-99-5640-1_3 

71

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5640-1_3&domain=pdf
mailto:nirat@iitd.ac.in
https://doi.org/10.1007/978-981-99-5640-1_3


72 N. Rathee and N. Ray

Fig. 1 An ideal unit cubic 
perovskite crystal structure 
of metal oxide perovskites 

that can be created with different A and B atoms, an extraordinarily wide variety of 
nanostructures and phases with entirely distinct properties can be produced. Possible 
variations also include double perovskites or stacked perovskites also known as 
layered perovskites. 

Perovskite oxides can be synthesized using a variety of routes, but the most 
commonly used methods include soft and hard template assisted synthesis, colloidal 
route, electrospinning technique, and hydrothermal method. The heat released during 
synthesis processes is quite advantageous for synthesis of phase-pure perovskites [2]. 
Defect formation does not include the partial or complete substitution of anion or 
cation but can also be considered if both processes are occurring simultaneously. If 
the A3+ ion is replaced by A2+ ion, then this substitution leads to a distorted lattice 
structure, and the creation of oxygen vacancies [3]. On the other hand, if allowed, the 
B component may also undergo partial oxidation [4, 5]. The defect-rich structures are 
particularly relevant for application of perovskites in heterogeneous catalysis [6, 7]. 

Perovskites are also widely used in photocatalysis in addition to their growing 
popularity as catalyst for oxygen reduction and oxygen evolution reactions [8, 9]. 
They are effective catalysts for low-temperature oxidations [10, 11], particularly 
for the oxidative dehydrogenation of propane [12]. Certain variables [13], like the 
chemical composition, the number of defects present, or the fractional reduction of 
metal ions, can have an effect on the photocatalysis characteristics [12, 14]. Several 
experimental and theoretical have shown how the catalytic performance of perovskite 
oxides can be dynamically modified through the inductive change of oxygen stoi-
chiometry to produce oxygen-vacant structures for a variety of applications. One 
method that is commonly used to enhance the electrocatalytic activity of a complex 
oxide is the modification in surface anionic defects, specifically creating oxygen 
vacancies [15]. Oxygen deficiencies can significantly improve catalytic efficiency 
by modifying the electric structures and charge transport, with the change in elec-
tronic structure the absorption and desorption behaviour changes The band structure
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alignment of the absorber close to the charge transport layers could be affected by 
the defects generated in metal oxide perovskites [16]. Therefore, it is essential to 
eliminate or passivate these defects in order to achieve high efficiency. 

Metal oxide perovskites are also known to exhibit luminescence, and while a 
variety of advanced theories have validated various mechanisms, new research on 
the luminescence mechanism is constantly providing different insights [17]. Photo-
luminescence (PL) spectroscopy is among the most significant and effective tech-
niques for investigating the optoelectronic characteristics of broad band gap mate-
rials. Recently, in SrTiO3, a typical perovskite material, unique PL bands have been 
found [18]. After doping of SrTiO3 perovskites the PL spectra lies in the blue region 
wavelength provides a chance to deeply understand the charge carrier dynamics and 
electron characteristics [19, 20]. 

In this chapter, we first begin by describing the various optical transitions in 
these materials. We highlight the role of defects, quantum confinement, excitons in 
shaping the optical properties. We also discuss PL reports in metal oxide perovskites. 
We then focus on specific metal oxide perovskites, and discuss photovoltaic and 
optoelectronic device applications. We conclude our discussion by exploring the 
newly emerging metal halide perovskites (ABX3). 

2 Optical Transitions in Metal Oxide Perovskites 

The wavelength of light absorbed by a semiconductor material is controlled by its 
energy band gap. Table 1 lists optical bandgaps of few metal oxide perovskites, 
along with the observed morphology and possible synthesis routes. We note that 
typical values of bandgap range from 2 to 4 eV, primarily due to the large difference 
in electronegativity between the oxygen and metal atoms. Systematic studies have 
investigated bandgap variations with change in B cations. An important example 
is the study of optical band gap in RMO3 (R = La, Y) where M is the series of 
transition metals Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu. The authors reported an almost 
linear decrease in the optical bandgap from Sc to Cu. Interestingly, the authors also 
reported a crossover between Mott insulator, where the charge gap is determined by 
the Hubbard splitting (U) of the d band and a charge transfer (CT) insulator, where the 
charge gap is typically an energy difference between filled p bands of ligand anions 
and unoccupied upper Hubbard 3d band. This crossover was reported at M = Cr [21]. 
The optical bandgap decreases from 3.4 to 3.2 eV as we move from CaTiO3 to SrTiO3 

(going down the group). Similarly, the bandgap of MSnO3 [22] perovskite stannate 
were found to be 4.44, 4.06, 3.10 eV for CaSnO3, SrSnO3, BaSnO3, confirming the 
trend of decrease in the bandgap down a group in the periodic table. However, an 
increase in the bandgap from 2 to 2.4 eV was reported for LaFeO3 to BiFeO3 (same 
period).

Yousef et al. [34] studied the structural and optical properties of double 
perovskites, A2YVO6 (where A = Mg, Sr with different ionic radii). The band gap 
for Mg2YVO6 was 2.9 eV while for Sr2YVO6 it was around 2.4 eV. This trend in
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Table 1 Bandgap of some perovskite materials 

Material Band gap 
(ev) 

Morphology Synthesis route References 

CaTiO3 3.41 Nano cuboids Hydrothermal route [23] 

SrTiO3 3.20 – Solid state reaction [24] 

MSnO3 (M = Ca, 
Sr and Ba) 
CaSnO3, SrSnO3, 
and BaSnO3 

4.44, 4.06, 
and 3.10 

– Solid state reaction [22] 

NaTaO3 4.0 Microspheres Two-step synthesis 
approach-molten salt in 
combination with 
hydrothermal processing 

[25] 

CaTiO3 3.62 Nanostructures Wet chemical synthesis [26] 

BiFeO3 2.40 Nanoparticles Sol-gel technique [27] 

LaFeO3 2.00 Nanoparticles Sol-gel technique [28] 

NaNbO3 3.48 Nanowires Hydrothermal [29] 

Bi2WO6 2.70 Nanostructures Ultrasonic solvothermal 
treatment 

[30] 

In2S3/NaTaO3 2.15–2.52 Composite 
nanostructures 

Hydrothermal [31] 

NaTaO3/reduced 
graphene oxide 

3.87 Composite 
nanostructures 

Hydrothermal [32] 

Bi2MoO6 2.81–2.85 Nanosheets/ 
microrods 

Hydrothermal [33]

the band gap was attributed to a reduction in the transition distance between valence 
electrons with increasing ionic radius. 

2.1 Role of Defects 

Defects in metal oxide perovskites are inevitable, regardless of their material 
processing conditions, and play a critical role in the functional behaviour of the mate-
rial. The most common defect in these materials are oxygen vacancies. However, 
grain boundaries, dislocations etc. are also found. The nature, concentration, and 
arrangement of these defects strongly influences the material behaviour and can 
result into significant enhancement/suppression of their electronic, optoelectronic, 
and magnetic device properties. A consequence of existence of point defects on the 
band structure of the material is the formation of additional energy levels known 
as defect states near conduction and valence band and in the forbidden energy gap. 
These extra energy levels may act as traps (deep or shallow) for the charge carriers 
(electrons and holes) hindering the process of optical and electronic transitions.
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Oxygen vacancies may be created even during the synthesis of the material, and 
therefore depend on the synthesis route to some extent. Oxygen defects may be 
generated post-synthesis by treating with Ar and H2 plasma. The incorporation of 
oxygen vacancies can be used as a tool to enhance adsorption of molecules on the 
oxygen deficient surface [35]. Yunmin et al. [36] have developed oxygen defects 
in PrBa0.5 Sr0.5Co1.5Fe0.5O5+δ (PBSCF), in a controlled manner to improve Oxygen 
Evolution Reaction (OER) in electrochemical water splitting processes. 

Substitutional defects, where another atom replaces either the A or B cation have 
also been explored. As an example, the introduction of noble metals (Pd, Pt and Rh) 
in LaFeO3 show potential for catalysis of n-propane [37]. While pure LaFeO3 sample 
exhibited a propane conversion of 18 with 42% olefin selectivity, after doping, the 
samples showed an improved 85% propane conversion and 79% olefin selectivity. 
Another interesting implication of substitutional defects is revealed by first-principles 
investigations. The study of Cu doping at Sr site in SrTiO3 affects the electronic band 
structure significantly by introducing new states at Gamma point. The consequence 
is that the bandgap of the material transitions from indirect to direct, making it an 
appealing candidate for optoelectronic devices. In transition metal oxide perovskites 
defects and impurities can modify the electronic and physical level both by disrupting 
the crystal lattice normal periodicity and, more crucially, by introducing extra energy 
levels to the band gap [38]. Metal oxide perovskites will become more conducting 
in nature when more electrons or holes are introduced into the conduction band or 
valance band [39]. 

The role of oxygen vacancies of LaCrO3 and LaMnO3 on their electronic and 
optical properties have already discussed by Park and his co-workers [40]. By intro-
ducing oxygen single vacancies, the band gap reduces in LaCrO3 while in case of 
LaMnO3 the band gap completely vanishes. These band gap assessments were used 
for optimizing the role of oxygen vacancies in perovskites oxides with reference to 
optoelectronic parameters that can have a potential in optical sensors. The genera-
tion of oxygen vacancies have improved the catalytic properties in energy conversion 
processes [41]. 

2.2 Shape Anisotropy and Quantum Confinement Effects 

Quantum confinement, or the restriction of motion of charge carriers in 1, 2 or 3-
dimensions is known to have a strong impact on the band gap and consequently optical 
properties. The simplest model to understand these effects is that of a particle-in-a-
box. Quantum theory tells us that the energy levels of a particle confined to move 
in a box are quantized, and quantization effects can be observed clearly as the size 
of the box becomes comparable to the de Broglie wavelength of the particle. Exper-
imentally, confinement can be achieved in multiple ways. One route harnesses the 
shape anisotropy effects, and uses different nanoscale shapes such as the creation of 
nanorods, spherical nanocrystals or dots to achieve confinement. The other approach
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may use single crystal growth to create heterostructures and the band alignment can 
be used to create quantum wells, which can be further confined with electric fields. 

One interesting recent development with 2D oxide perovskites is the achievement 
of freestanding SrTiO3 and BiFeO3 ultrathin crystalline films down to a thickness of 
1–4 unit cells [42]. 

With careful calibration and understanding of the properties, these could be 
now considered to be part of the wider family of 2D materials, and the reduc-
tion in dimensionality could be used as a knob to modulate properties for opto-
electronic applications. A key fact to consider here would be the dangling bonds 
in oxides, which could impact the properties. 1D oxide perovskites, such as 
BaMnO3 nanorods, La0.5Sr0.5MnO3 (LSMO) nanowires, La0.8Sr0.2MnO3 nanofibers, 
and La0.7Ca0.3MnO3 and La0.325Pr0.300Ca0.375MnO3 nanotubes, have been synthe-
sized and investigated for applications in transistors and spintronics [43]. 

The impact of quantum confinement in atomic layered perovskites in various 
heterosystems have already been explored [44]. Miri and co-workers [45] used  
quantum wells created by growing SrTiO3 on LaAlO3 substrate. The thickness of the 
quantum wells was studied by varying the growth thickness and the resulting band 
gap variation could easily be measured. Other studies include quantum confinement 
behaviour of metal oxide SrVO3 where the perovskites structures were embedded in 
an insulating layer [46]. In another study [47] formation of 2D electron-liquid states 
was carried out by growing SrVO3 thin films on Nb: SrVO3 substrate. The quantum 
well states showed a orbital dependent quantization derived out of anisotropic orbitals 
of 3d electronic states. 

A lot of research has recently been devoted to nano porous perovskite metal 
oxides because of their distinctive appearance and characteristics in addition to their 
better productivity. When nano porous design techniques are employed on perovskite 
metal oxides, these techniques have proved to be better for characteristics and high 
performance in a variety of applications. Grosso et al. [48] created nano islands 
and mesoporous perovskite oxide layer of SrTiO3 using a quasi-organic template. 
Brezesinki and co-workers [49, 50] have developed nano porous layered films by 
using evaporation-induced self-assembly method. This method includes the fabrica-
tion of NaTaO3, BiFeO3 by using co-polymers for high temperature stability along 
with 3-D honeycomb structures for their application in phototcatalysis. 

Recently [51], novel core-shell nanostructures of PbTiO3 were fabricated and 
utilized in reduction in presence of light from CO2 to CH4 by introducing Basalt 
fibre. With the introduction of sensitizer, a narrow band gap of 1.92 eV was generated 
for the perovskite, and photoreduction was improved. While CaTiO3 have already 
been reported as a perovskite with wide band gap ranging from 3.0 to 3.6 eV. This 
material usually referred as photocatalytic material where the catalysis depends upon 
the ratio of Ca and Ti ions. Additionally NaTaO3 nanostructures [52] reported to have 
a broad energy band gap in a range from 4.0 to 4.2 eV and accepted as an appropriate 
material for photocatalysis activity and splitting of water.



Optical Properties of Metal Oxide-Based Perovskite Structures 77

2.3 Excitons 

The generation of excitons is one of the most typical defects in insulating or semicon-
ducting structures. An exciton is basically a bound electron-hole pair and is gener-
ated whenever photon with energy higher than the energy band gap are absorbed by 
a material. Theoretical studies on metal oxide perovskites have estimated the exciton 
binding energies for perovskite oxides. The exciton binding energies for SrTiO3, 
SrZrO3, SrHfO3 and KTaO3 range from 0.2 to 0.3 eV. The exciton binding energies 
for La series perovskites fall within the 120–190 meV range and are overall smaller 
than those of their cubic nonmagnetic counterparts [43]. 

Excitons in the ferroelectric perovskite BaTiO3 are of special interest. In the 
ferroelectric tetragonal phase, it was found that the hole and electron parts were well 
localized on oxygen and titanium atoms, respectively, with an interparticle distance 
of 7.0 Å. The exciton-induced dipole moment, however, was opposite to the existing 
ferroelectric polarization, and can lead to the loss of bulk ferroelectricity in the 
material [53]. Deexcitation of the exciton can gives rise to luminescence, and the 
luminescence energy estimated was ~0.94 eV. 

2.4 Photoluminescence (PL) and Quenching 

To investigate the optoelectronic features of broad band gap materials, lumines-
cence spectroscopy is one of the most important tools. Extensive research has been 
done to understand the characteristics of luminescence in a variety of perovskites. 
Many broad-gap perovskite TMOs do not exhibit efficient photoluminescence (PL) 
at room temperature, however, a broad PL band can be seen at low temperatures. 
Recently, Yamada et al. [17] worked on SrTiO3 which exhibited a novel emission 
spectrum in pure form under continuous wave excitation while the doped SrTiO3 

crystals showed a broad band. Band edge emission was observed at low temper-
ature for the doped and undoped crystals. The broad band gap for other TMO 
perovskites KTaO3, BaTiO3, LiNbO3, SrTiO3 and LiTaO3 showed weak or no lumi-
nescent bands at room temperature while if the temperature was lowered a broad PL 
band was obtained. After illuminating with Ar ions at room temperature, the bands 
were enhanced. 

Another study was carried on CaZrO3:Eu3+ for its application in White LED’s 
[54]. The doping concentration was varied and at 5 mol% maximum emission inten-
sity was recorded. Zhang [55] and co-workers synthesised Bi3+ and Eu3+ doped 
Ca2LaTaO6 double perovskites and discussed their energy transfer mechanism. From 
the luminescence studies it was found that Ca2LaTaO6 can act as a good host for 
phosphors. The luminescence studies showed a broad band spectrum corresponding 
to charge transfer from Eu3+ to O2− ions. The prominent peaks in the UV region 
demonstrates that the doped nanophosphors have their excitation wavelength in the 
UV and blue region which is suitable for applications in LED devices.
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Another strategy has been to employ co-doping; Priti et al. [56] co-doped Eu3+ ions 
along with Li+, Na+ and K+ ions in CaTiO3. The doped perovskites emit at 613 nm 
which lies in the red region upon excitation at 398 and 466 nm of wavelength. 12 Eu3+/ 
10 Na+ co-doped CaTiO3 perovskites showed the maximum emission intensity, and 
showed red emission in warm light area. Ho3+ and Yb3+ ions have been employed as 
co-dopants in CaZrO3, where Yb3+ ions transfer their excitation energy progressively 
and cooperatively across various energy levels of Ho3+ ions, significantly enhancing 
the emission intensity (Fig. 2a). The presence of Mg2+ ions further multiplies the 
emission intensity of the phosphor (Fig. 2b). Consequently, the Ho3+/Yb3+/Mg2+ 

co-doped CaZrO3 phosphor holds potential as a candidate for generating intense 
monochromatic green light [57]. Rare earth ions are often used for doping/co-doping 
as they possess a unique ability to transform low-energy near-infrared (NIR) photons 
into higher-energy visible photons, known as up conversion (UC). This non-linear 
process involves either the sequential absorption of multiple low-energy photons 
through intermediate meta-stable levels or the cooperative absorption of two photons, 
resulting in the emission of a photon with higher energy. 

Yan et al. [58] have studied the synthesis of double perovskites for its application 
in white LED’s. The Sr2InSbO6 perovskites were activated by Europium ions, the 
emission spectrum of the perovskites exhibited an orange emission in the region 
594 nm wavelength. The nature of the perovskites was converted to water insolvent 
with a coating of Oleic Acid. The luminescent studies showed that Eu activated double 
perovskites have a great possibility for its application in white LED’s and latent 
fingerprints. Sanni and co-workers [59] have synthesised novel double perovskites 
for its application in LEDs. Mn doped Ba2CaWO6 nanostructures were fabricated 
by solid reaction method. The emission spectra for the doped and undoped structures 
were observed and it was found that for doped nanostructures under UV excitation

Fig. 2 a Up conversion emission spectra for Ho3+/Yb3+ co doped CaZrO3 metal oxide perovskites 
with different concentration of Yb3+ ions at an excitation of 976 nm wavelength. Reproduced with 
permission from Ref. [57] © 2016 Royal Society of Chemistry. b Up conversion emission spectra 
for Ho3+/Yb3+ co doped CaZrO3 metal oxide perovskites with different concentration of Mg2+ ions 
at an excitation of 976 nm wavelength. Reproduced with permission from ref [57] © 2016 Royal 
Society of Chemistry 
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the emission was noted at 695 nm wavelength which lies in the deep red region. 
Temperature dependent photoluminescence spectra have shown a potential for its 
application in plant cultivation red region LED’s. 

3 Materials and Devices 

Historically, perovskite research has focused on oxide compounds, such as 
CaTiO3 (discovered by Rose in 1839 and named after Lev Perovskiy) [60] BaTiO3, 
PbTiO3, SrTiO3, BiFeO3, and others, and the targeted applications have been ferro-
electric, piezoelectric and pyroelectric. They have also found applications in photo-
voltaics (PVs), but the wide band gap of typical perovskite oxides has historically 
limited efficiencies. Metal oxide perovskites’ potential catalytic activity has been 
displayed in a variety of ways. The abundance of oxygen vacancies or deficiencies 
on the surface has allowed scientists to utilize them in the reaction-based sensory 
readings [9, 61, 62]. 

Numerous mixed-metal oxides in the dense perovskite phase can transport signif-
icant amount of oxygen at high temperatures. At higher temperatures, the perme-
ability of oxygen can exceed than that of porous membranes. Perovskite metal oxides 
that have been effectively used for oxygen transport includes LiNbO3, SrCeO3, and 
SrTiO3 [63, 64]. These properties of more oxygen flux transport at higher temper-
atures have potential application in in several high-temperature membrane reactor. 
Due to the remarkable hole conductivity (σ = 100 S/cm), perovskite oxides such as 
LaCoO3, LaFeO3, and LaMnO3 were just used as cathode materials in solid oxide 
fuel cells (SOFCs) [41]. Table 2 lists some of the applications of perovskite oxides 
along with the materials studied for those applications. 

Table 2 Perovskite materials with their applications 

Materials Applications References 

LaFeO3 Photocatalytic [65] 

LaVO3 Solar cells [66] 

BaSnO3 Solar cells [67] 

Pt/LaCoMnO/Nb:SrTiO3 Magnetic memory devices [68] 

PbZrTiO3 Sensors and actuators [69] 

Ho3+/Yb3+/Mg2+ doped CaZrO3 Phosphor materials in photoluminescence [57] 

SrMgTiO3 Oxygen gas sensor [70] 

GdCaCoMnO3 Fuel cells [71] 

CsPb2Br5/BaTiO3 Humidity sensor [72] 

LaSrMnO3 and LaBaMnO3 Magnetic field sensors [73] 

CuO/BaTiO3 Carbon di-oxide sensor [74]
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3.1 Optical and Excitonic Properties of Transition Metal 
Oxide Perovskites 

Transition metal oxides (TMO) are those where the B cation contains 4d or 5d elec-
trons. The optical band gap can be calculated by a numerous technique experimentally 
including absorption spectroscopy, inverse photoemission while theoretical measure-
ments of band gap can be done by using DFT. The band gap can further be modulated 
by doping with transition metals. We consider a few examples here. Doping with Cr, 
Ti, V, Mn, Fe has been used to tailor the band gap of KNbO3 [75]. The band gap 
of KNbO3 can be reduced from 3.3 to 1.1 eV when co-doped with Ba and Ni ions 
and the doped structures also showed multiferroic characteristics [76]. Hiroshi et al. 
[77] studied the room temperature luminescent spectra for BaSnO3 perovskites. The 
sample was excited at 380 nm and the emission was recorded in near infrared region 
at wavelength of 905 nm. The broad band with tail at 760 nm suggests the presence of 
defects in the energy states. At lower temperature up to 77 k the luminescent spectra 
showed a sharp and broad band. When Sr ions were added as impurities the band 
gap and luminescence spectra were shifted. 

3.2 Perovskite Based Photovoltaics 

The interest in development of green technologies, and harnessing renewable energy 
sources such as solar and wind energy, has greatly expanded during the past few 
years. Due to their wide availability and high stability, metal oxide perovskites have 
been considered as candidates for replacing conventional amorphous Si based solar 
cells. 

The first effort to fabricate perovskite based solar cell was held in 2013 with an 
working efficiency of 2.6% [78]. A rapid enhancement in the efficiency was observed 
in the perovskite solar cells due to their amazing charge transport properties. When 
stable metal oxides were mixed together with inverted device structure, the efficiency 
was recorded to be 17.7% while the flexible perovskite solar cell with a triple-cation 
arrangement resulted an efficiency of 18.6% [79]. Liu et al. has reported an efficiency 
of 17.3% for perovskites solar cells with metal oxide SnO2 nanoparticles as the 
electron transport layers [80]. Figure 3 represents the power conversion efficiency 
over the time for metal oxide and halide perovskites and their comparison with the 
conventional Silicon solar cells.

With the development in the methods of fabrications of perovskites including inter-
face engineering, creating oxygen defects, charge transport compound optimisation 
the efficiency of metal oxide perovskites has started from 3.4% reached up to 25.7% 
in just few years [81, 82]. Seong and co-workers have studied La doped BaSnO3 

metal oxide perovskite for their application in solar cells [83]. The doped nanopar-
ticles were synthesised by a colloidal route at not so high temperature of 300 °C. 
The modified perovskites showed an efficiency of 21.2%. Perovskites BaSnO3 were
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Fig. 3 Evolution of the 
power conversion efficiency 
of solar cells with time. Red 
markers denote efficiency for 
silicon based solar cells, 
black markers are for metal 
oxide and green for metal 
halide
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treated with TiCl4 to study the changes in their physical, chemical and charge trans-
port properties. After treating with TiCl4 a very thin layer of TiO2 got deposited on 
the perovskites where the thickness of the layer deposited depends on the run time for 
deposition. The photo current density was increased and a maximum was achieved 
after 3 min of deposition with a power conversion efficiency of 5.5%. 

3.3 Other Opto-Electronic Device Applications 

Besides the broad categories discussed above, there are many other applications for 
perovskite oxides. Electro-optic modulators based on the perovskite KNbO3 rely on 
the polarization optic coefficients [84]. Studies on different phases of AgTaO3 [85] 
revealed that AgTaO3 is a potential material for practical application in thermoelectric 
devices with low electrical conductivity and Seebeck coefficient of 2955 μV/K and 
power factor of 1.17 × 1012 W/K2ms. 

A key application of MOPs is in photocatalysis. Photocatalysis is viewed as a 
promising remedy for a clean and sustainable future. Significant work has gone 
into generating highly effective photo catalytic materials for several uses, including 
the reduction of Carbon dioxide, water pollutant degradation and the elimination 
of nitrogen from the environment. The photo generated electron–hole pair’s short 
recombination time and the photocatalyst material’s specific absorption wavelength 
are the significant barriers in photocatalysis. The majority of compounds are UV 
triggered, yet the UV band makes up just 5% of the spectrum. As a result, for increased 
photocatalysis, the compound energy band gap should be sensitive to visible and 
near-infrared radiations as well as the long electron–hole pair recombination time. 
In Perovskites compounds there are three different active sites (A, B and O) available
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for doping. The energy band gap modification induced by doping at these sites can 
increase light absorption in both the visible and Near infrared bands. 

Yeqiu et al. [86] have synthesised Ag–SrTiO3 perovskite nanoparticles by electro-
spinning technique. They have heated the nanofibers up to 700 °C and observed that 
the fabricated nanofibers show the perovskite structure. The photocatalytic activity 
was carried on RhB and MB organic dyes under visible light irradiation. It was found 
that the dyes have degraded due to the presence of plasmonic effect generated in Ag. 
In the degradation process loads of hydroxyl radicals were generated which were 
found to be responsible for the decomposition of organic dye molecules. 

Venkatesan and co-workers [87] have studied the photocatalysis for different 
organic contaminants by utilizing the composites of two nanomaterials. BiFeO3 

nanoplates and V2O5 nanoflowers were mixed and annealed in different concen-
trations to degrade the pollutants. Zahra et al. [88] have studied the degradation 
of organic compounds by using rare earth metal oxide perovskites CuO(wt%)/ 
SmFeO3 composites with metal oxide. The nanocomposites were synthesised in 
different concentrations by simple physical mixing followed by calcination. The 
absorbance spectra were recorded with different concentration of organic pollutant 
and it was found that there is a decrease in intensity of absorbance with increase in 
organic pollutant. Also, the role of varying pH was measured for the nanocomposite 
material. The maximum catalytic efficiency of 65% was attained under the influence 
of mercury lamp irradiation for 10% CuO composite with SmFeO3 for 8 mg L−1 of 
RhB dye. An enhancement in the photocatalytic efficiency up to 85% was observed 
when 0.05 ml H2O2 was added to the nanocomposite material. The presence of H2O2 

in the composite played a great role for photo catalytic activity along with the pres-
ence of Fenton-like oxidation. Thus, the hybrid nanocomposite proved a potential 
material for water treatment processes. 

Arabi and co-workers presented the degradation of MB under visible light by 
utilizing doped perovskite nanowires [89]. LaMnO3 was doped with Calcium and 
its morphological and optical changes were recorded. XRD results showed that only 
single-phase nanowires were present. The photocatalytic efficiency came to be 73% 
under 360 min of illumination under visible light. The results were stable after six 
repetitions. Parvaneh et al. [90] synthesised novel material by doping Mn and N in 
rare-earth LaCoO3 perovskites. Upon doping, the band gap of the doped materials 
decreased due to the formation of impurity bands. Malachite green dye was degraded 
under visible light illumination. It was found that the degradation of dye was increased 
two-fold due to the presence of Mn dopant. For N doped perovskite the catalytic 
activity was increased due to the presence of more oxygen vacancies. Similar study 
was also carried out by Jayapandi et al. [91] where MB was degraded by LaCoO3 

activated by Ag ions. Due to the presence of Ag ions the electron transport kinetics 
was found to be increased and in just 10 min the photocatalytic efficiency reached 
to 99% which was 75% for bare perovskites. Table 3 summarizes the photocatalytic 
activity, linking the materials and their morphology with the targeted pollutant.
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4 The Rise of Halide Perovskites 

While oxide perovskites show high stability, they are limited by typical high tempera-
ture synthesis processes required to fabricate these materials Halide perovskites, with 
the flexibility of low temperature synthesis routes, have seen tremendous interest over 
the past few years. In general, the crystal structure for metal halide perovskites is 
represented as—ABX3 (where X = Cl−, Br−, I−). Based on the conventional crys-
tallisation methods, various mixed-metal and mixed-halide perovskites [98, 99] 
have already been designed utilising components with tunable bandgap, resulting 
in various application [100]. Besides metal halide perovskites, organic–inorganic 
hybrid perovskites have also been explored and allow for much larger range in terms 
of materials. 

Metal Halide Perovskites were primarily utilized as sensitising substances in dye-
sensitized photovoltaic cells; however, it was quickly discovered that, in addition to 
increasing the absorbance, these materials have outstanding charge transfer char-
acteristics. Metal halide perovskites due to their tunable size properties have been 
found to be the promising materials for their application in LEDs, Lasers, Opto-
electronic materials. They have unusually high photoluminescence quantum yield. 
Unfortunately bulk metal halides showed very low quantum yields [101]. Imran and 
co-workers have studied the effect of benzoyl halides used as an alternate precursor 
for the preparation of different in-organic and hybrid metal halides. These prepared 
hybrid structures possess purity in the crystal phase, tunable size [102]. Nowadays 
researchers are more focused on the metal halide nanocrystals for better photolu-
minescence quantum yield and tunable size variation. The very first metal halide 
nanostructures were fabricated by Schmidt [103] in year 2014. Since then, the study 
of these metal halide compounds has practically exploded. Shi and co-workers [104] 
have studied the optical properties of MAPbBr3 and MAPbI3 and studied the energy 
band gap of the materials. Both compounds display a significantly narrow bandgap in 
single-crystalline form than those in equivalent films. A narrow bandgap can increase 
photon absorption and results in improvement of photocurrent generation. Both the 
materials show a narrow photoluminescence spectrum and a small hump at 790 nm 
is also visible in MAPbI3 which matches with the literature results [105] of a thin 
film for MAPbI3 material. The tunning of luminescence in the entire visible region 
can be achieved by varying the sizes of these nanocrystals and their initial ration 
of precursors. The mixed metal halides can be synthesised by just simply varying 
the concentration of the halides salts [106]. The mixed-perovskite nanocrystals also 
exhibit remarkable both optical and electrical characteristics with increased stability, 
including a very low trapping density and significant mobilities [107, 108]. Neverthe-
less, the impacts of defects in perovskite materials are inevitable at the interface and 
grain boundaries, even though the single-crystal structure has smaller grain bound-
aries and can thus go away with the ion migration channel. Therefore, it is important 
to research how imperfections affect perovskite single crystals in order to stop the 
electrical loss due to charge carrier recombination.
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Peng and co-workers [109] have studied the solar cell characteristics of MAPbBr3 
using ITO substrate. The PCE of the fabricated solar cells was recorded to be 6.53%. 
Ni et al. [110] have studied the PCE for trapped states in polycrystalline perovskites. 
The results for the thin film of MAPbI3 fabricated by DLCP method was found to be 
20.8%. Yang and co-workers [111] have developed single crystal thin film MAPbBr3 
photodetector where they have utilized ITO as a substrate and Au as an electrode. 
When negative voltage was applied a Schottky barrier was formed at the barrier and 
the device was open where the value of current increases. The increase in current 
was proportional to the incident light. Thus, the resulting photoconductive gain value 
comes to be 5.0 × 107, it came out to be the higher value when compared with the 
literature pervious results. Chen et. al. [112] have developed MAPbBr3 based Light 
Emitting Diode deposited on ITO substrate with an Au electrode. When the voltage 
was applied there was an increase in emission intensity but at 4.0 V a decrease 
was recorded in the emission intensity. The decrease was due to the reduction in 
light collecting efficiency as the photons were emitted from the side surface. The 
electroluminescence spectrum was studied and two different peaks at 542–544 and 
548–551 nm wavelength was recorded. With the increase in bias voltage the intensity 
for the second peak lying at the higher wavelength was increased due to the more 
injection current density and a red shift in the wavelength was also noted. 

Li and co-workers [113] have designed FAPbBr3 micro disks for laser application. 
The emission spectrum was recorded at 542 nm wavelength at a lower pumping rate. 
When the pumping rate was increased there is a red shift in the emission peak at 
553 nm. The red shift was due to the reabsorption held in one photon pumping. The 
intensity of the emission spectra also depends on the pumping rate. Anna and co-
workers have studied the quantum confinement behaviour of metal halide perovskite 
materials for their application in optoelectronic devices. They have used water as an 
additive in the chemical reaction with the precursor material methylammonium lead 
bromide nanoparticles to study the mobility of species and their variation in lattice 
parameters. This method has regulated the size of fabricated metal halide quantum 
dots in the range of 4–7 nm. Due to quantum confinement effect with the addition of 
water the band gap decreases while the quantum yield was increased [114]. In the past 
ten years, a significant amount of research has been conducted on the photovoltaic 
properties of metal halide perovskites, and its efficiency for the application solar 
cells have been reported up to 25.8% [115]. 

5 Conclusions 

In conclusion, perovskites are a highly versatile family, exhibiting a wide range of 
properties with the potential to target a far wider range of applications. Most single 
oxide perovskites have a wide band gap (~2–4 eV), and are therefore poor solar 
absorbers, but may be more suitable for water splitting. Single perovskites have been 
widely investigated for photocatalysis (PC), where electrocatalysts are deposited on 
a solar absorber material and immersed in an electrolyte. Again, the main concern
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arises as most single perovskites are only capable of absorbing in the UV part of the 
solar spectrum. Perovskites, such as SrTiO3, NaTaO3, AgNbO3, KNbO3, NaNbO3, 
and BiFeO3 have been studied for PC applications, with dopant strategies being used 
to reduce bandgaps. The more recently trending halide perovskites offer advantages 
but also disadvantages compared to the oxide counterparts. The biggest advantage 
stems from ease of processing for halide perovskites, which can be done at relatively 
low temperatures. The biggest disadvantage is the limited thermal and environmental 
stability of halide perovskites. 

Overall, the perovskite field offers rich opportunities for development of materials 
for the future. However, the optical properties are not independent of the electrical 
properties and attention needs to be paid towards the electronic band structure and its 
modulation with doping and/or defects. While the introduction of defects or dopants 
may help tailor the bandgap, increasing relevance for solar absorber or water splitting 
applications, they may also influence trap states and care then needs to be paid to 
non-radiative processes. With advances in nanofabrication, and our understanding 
of phenomenon at those length scales, dimensionality may also be used as another 
knob to tailor the electronic and optical properties. This is definitely an avenue where 
more work continues to be done, and insights gained may guide future efforts in these 
materials. 
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Optical Behavior of Metal-Oxide-Based 
Nanofluids 

A. S. Abdelrazik 

Abstract How to make the best use of the unique properties of nanomaterials, in 
different fluidic applications, has gained a lot of attention in the last few decades. 
Dispersing the nanomaterials in a conventional fluid can provide a wide range of 
alternative thermal, rheological, and optical properties for the new nano-enhanced 
fluids (nanofluids), depending on different affecting parameters. Different metal, 
metal oxide, and carbon-based nanomaterials were used for this purpose. This chapter 
provides a step forward in understanding the optical behavior of metal-oxide-based 
nanofluids and how metal oxides play a major role in controlling the optical response 
of several nanofluids. This flexible controlled optical behavior has met great interest 
to increase the absorption of solar energy from one side and work as a spectral-
selective filter for solar radiation from another side. This chapter, in different sections, 
deals with a number of topics in this regard starting from the techniques used for the 
synthesis of nanofluids, passing by the parameters influencing the optical behavior 
of nanofluids, the analytical evaluation of optical properties, the optical behavior of 
metal-oxide-based nanofluids, and ending by their applications in different solar-
harvesting-related systems. 

1 Introduction 

The thermal behavior of nanofluids gained high attention from scholars and 
researchers during the last 3 decades, due to the unique thermal properties of the 
induced nanomaterials, but what about the optical behavior? The optical behavior 
of nanofluids did not take that much attention at that time, since the main scope of 
using these new emerging kinds of fluids was only to enhance the thermal properties 
and consequently the heat transfer capabilities of the conventional existing fluids.
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Choi and Eastman [1], in the annual meeting of the American Society of Mechan-
ical Engineers (ASME), were the first to propose the nanofluid term to the world. 
Nanofluid is a solution of conventional fluid and nanomaterials, that be synthesized 
either using one-step or two-step methods. Since then, strong research has been 
conducted on this new emerging fluid to present its high potential with future projec-
tions. “Mechanisms of heat flow in suspensions of nano-sized particles (nanofluids)” 
by Keblinski et al. [2] in 2001, “Nanofluids for thermal transport” by Keblinski et al. 
[3] in 2005, “Nanofluids: From Vision to Reality Through Research” by Choi in 
2009, “Applications of Nanofluids: Current and Future” by Wong et al. in 2010, 
“Nanofluids: A New Field of Scientific Research and Innovative Applications” by 
Choi [4] in 2011, and many other studies that have been proposed on nanofluids in 
the last 25 years. 

The talk about the optical, rather than the thermal, behavior of the nanofluids 
have started in 2006 through a study proposed by Kim et al. [5]. The researchers 
have examined that the nanofluids can provide unique optical properties, besides 
their unique thermal properties, that can be useful for solar harvesting applications. 
It was useful for solar absorption and solar filtration. 

Introducing nanomaterials with unique optical properties spectrums was able to 
change the absorption and transmittance spectrum of any conventional base fluid and 
come up with new fluids that have different optical behavior compared to the base 
fluid. The nanomaterial type [6–8], size [8–13], shape [8–10, 13, 14], concentration 
[8, 9, 15–25], basefluid [8, 23–30] and surfactant types [8, 20, 31], and in-suspension 
stability are parameters that were found to highly affect the ending nanofluid optical 
behavior. 

Different nanofluid mixtures existed in the literature as a result of dispersing 
various nanomaterials in different basefluids. However, the nanofluids can be clas-
sified as per their basefluid or nanomaterial constituents. Carbon, metal, and metal-
oxide-based nanomaterials are the common nanomaterials classifications, while 
water, glycols, refrigerants, and oils are the main categories of basefluids. 

While the oxide-based nanomaterials are one of several nanomaterials that have 
been introduced for the formation of nanofluids, they have shown a relatively better 
behavior in terms of in-suspension stability compared to the other nanomaterials [19, 
32]. On the other side, in terms of better thermal properties, carbon and metal-based 
nanomaterials were showing significant improvements in the thermal properties of 
the formed nanofluids [33–37]. For solar absorption, carbon-based nanofluids were 
the best to satisfy this need because of their color and optical behavior nature [38–43]. 

Metal-oxide-based nanofluids have gained a lot of attention in the last few years 
due to the raised concept of spectrally-selective optical filtration. This concept 
depends on mainly manipulating the optical behavior of a basefluid using nanoma-
terials to achieve a completely different optical spectrum that allows the transmis-
sion of a specific solar-radiation-spectrum range. This transmitted radiation should 
reach the photovoltaic (PV) cells and be in line with the electrically-efficient spec-
tral range, depending on the PV cell type. Metal-oxide-based nanofluids with their 
high stability and optical properties were in the spot of light to reach the optimized 
spectrally-selective optical-filtration window.
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In this chapter, we are discussing the optical behavior of metal-oxide-based 
nanofluids. We will start in the next Sect. 2 with more explanation of the metal-
oxide-based nanofluids and the techniques of preparation and characterization of 
nanofluids, followed by the parameters that significantly affect the optical behavior 
of nanofluids (Sect. 3). After that Sect. 4 discusses the analytical ways for the evalu-
ation of the optical behavior of nanofluids as a two-phase fluid. The optical behavior 
of the metal-oxide-based nanofluids under the influence of the different affecting 
parameters explained in Sect. 3, is presented in Sect. 5. Section 6 demonstrates 
the different applications of the optical behavior of metal-oxide-based nanofluids 
in solar absorption and filtration. Finally, the conclusions of the chapter and future 
prospectives are summarized in Sects. 7 and 8. 

2 Metal-Oxide-Based Nanofluids (Preparation 
and Characterization) 

A nanofluid is simply a mixture of a basefluid and a nanomaterial that has been 
synthesized using specific techniques to fulfill certain purposes. These purposes 
were mainly serving toward improving the thermophysical and optical properties of 
the fluid. Several nanomaterials are used for this purpose; such as carbon, metal, 
and metal-oxide-based nanomaterials. Additionally, different basefluids are used to 
prepare these nanofluids. Water, refrigerants, oils, and glycols are the common fluids 
used as basefluids for these nanofluids. 

Carbon-based nanofluids were the magic of nanofluids, which researchers have 
conducted several studies on due to their high thermal and absorption capabilities. 
However, the stability of these nanofluids remained a big challenge that needs to be 
sorted out before commercialization of these nanofluids. On the other side, oxide-
based nanofluids have got more attention compared to plain nanomaterial-based 
nanofluids due to their comparatively higher stability which make them more feasible 
and applicable. 

Metal-oxide-based nanofluids were the highest nanofluids of interest in the past 
few years due to their high spectral-selective-transmittance capabilities. Introducing 
metal-oxide-based nanomaterials with unique optical properties spectrums was able 
to change the absorption and transmittance spectrum of the basefluids to reach new 
fluids that have different optical behavior compared to the base fluid. Different metal-
oxide-based nanofluids exist in the literature, however, most of them were not yet 
examined. Examples of metal-oxide-based nanomaterials are Aluminum oxide or 
Alumina (Al2O3), Titanium dioxide or Titania (TiO2), Copper oxide (CuO), Iron 
oxide (Fe3O4), Tungsten oxide (WO3), and Cerium oxide (CeO2).
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2.1 Preparation 

There are two approaches for synthesizing nanofluids: one-step and two-step. 

2.1.1 One-Step Method 

Is described as preparing nanoparticles by chemical or physical techniques and 
dispersing them in a specified nanofluid in a single process. When compared to the 
two-step procedure, the one-step method provides greater dispersion of nanoparticles 
in based fluids [44]. This process gives the produced nanoparticles a good desper-
ation and a very stable suspension in the fluid. The one-step procedure produced a 
molten salt nanofluid with improved physical and chemical characteristics over the 
two-step method [45]. 

2.1.2 Two-Step Method 

The two-step process is the most commonly utilized method in nanofluid produc-
tion. Two processes are carried out sequentially. The first step is to prepare dry 
nanomaterial powders using a physical or chemical process, and the second step is to 
disperse the nanoparticle powder in the based fluid. This approach had poor control 
over nanoparticles, which hampered stability. The use of surfactants is critical in 
obtaining more stable nanofluids and the stirring speed and sonication and stirring 
times, during preparation, are found as dependent on the surfactant type [46]. The 
two-step approach was discovered to be an effective cost-cutting solution in industrial 
applications [47]. 

2.2 Characterization 

Characterization of a nanofluid simply refers to conducting several measurements to 
end up with a full description of the synthesized nanofluid. Description of nanofluid 
includes its homogeneity, thermal and dynamic stability, particle size distribution, 
and nanoparticles distribution, in addition to its thermal, rheological, and optical 
properties. In the following few subsections, different characterization parameters 
and techniques are discussed. 

2.2.1 Nanoparticles’ Morphology and Distribution 

Both Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM) are used to examine the morphology and distribution of the nanomaterials,
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in wet (dispersed) and dry conditions. This helps in having a better understanding 
of the effects of these parameters on the different resulting properties and nanofluid 
stability. Different morphologies can be achieved under different preparation condi-
tions (sonication and stirring time and power, temperature [48], surfactant existence 
…etc.). Discovering higher sizes of nanomaterials dispersed in the nanofluid after 
preparation reflects a high degree of agglomeration [49] and low stability for this 
nanomaterial when dispersed in that basefluid in the applied synthesis conditions. 

Several other pieces of equipment besides the SEM and the TEM are used for the 
assessment of the quality of the nanomaterial and nanofluid preparation and stability. 
Field Emission Scanning Electron Microscopy (FE-SEM), High-resolution Trans-
mission Electron Microscopy (HR-TEM), Fourier Transform Infrared spectroscopy 
(FTIR), Energy-Dispersive X-ray spectroscopy (EDX), X-ray diffractometer (XRD), 
X-ray Photoelectron Spectroscopy (XPS), and Raman spectroscopy are some of the 
equipment used for this purpose as per [50–53]. 

2.2.2 Nanoparticles’ Size Distribution and Stability 

The nanoparticles’ size distribution is usually measured using the Dynamic Light 
Scattering (DLS) method. The DLS method evaluates the particle size distribution 
by correlating it to the Brownian motion of the particles [54]. The distribution of the 
nanomaterial sizes while dispersed in the nanofluid usually reflects the homogeneity 
of the nanomaterial distribution in the nanofluid and any agglomeration tendency 
that exists. 

Several parameters could be used to evaluate the stability of nanofluids. pH value 
and zeta potential are used to evaluate the physical stability of nanofluids, while time-
dependent visual inspection and properties degradation are used for the assessment 
of their chemical stability [55]. The zeta potential represents the potential difference 
between the dispersion medium and a stationary layer attached to a nanoparticle. 
Electrically stabilized nanofluids, with less tendency of agglomeration, are usually 
found with high absolute zeta potential values [46]. Suspensions with a zeta potential 
of >60 mV, 30 mV–60 mV, <20 mV, and <5 mV reflect excellent, physical, limited, 
and low stability conditions, respectively [56]. Homogeneous nanoparticles’ distri-
bution, high zeta potentials, and lower pH values, with negligible degradation in 
the visual inspection and nanofluid properties, altogether is a strong sign of a stable 
nanofluid suspension. 

2.2.3 Thermal Properties 

Thermal conductivity and specific heat are the main thermal properties of concern 
in the characterization of nanofluids because of their importance as a sign of the 
improved thermal behavior of nanofluids compared to basefluids. Different types 
of equipment were found as capable of measuring thermal conductivity, however, 
Differential Scanning Calorimetry (DSC) is the equipment that is normally used
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for specific heat measurements. On the other side, the Thermogravimetric analysis 
(TGA) is used to evaluate the thermal stability, decomposition, and purity of the 
nanomaterial before dispersing it into the nanofluids [57, 58]. Very high temperatures 
are applied to the nanomaterials and the weight degradation with temperature, due 
to evaporation, is monitored. 

2.2.4 Optical Properties 

As our main concern in this chapter is to discuss the optical behavior of metal-oxide-
based nanofluids, we are going to dig more into the optical properties measurements. 

The nanofluid optical properties are measured using Ultraviolet-Visible (UV-Vis) 
Spectroscopy equipment. UV-Vis Spectroscopy (or Spectrophotometry) is a quanti-
tative method for measuring the amount of light absorbed by a chemical compound. 
This is accomplished by comparing the intensity of light passing through a sample 
to the intensity of light passing through a standard sample or blank. As a function 
of wavelength, it quantifies the absorption/transmission or reflection of a substance. 
Despite being referred to as UV-Vis, the commonly employed wavelength range 
extends from 190 to 1100 nm in the near-infrared (NIR) [59]. 

In the following couple of sections, we are going to put more focus on the optical 
behavior of the metal-oxide-based nanofluids in terms of their absorptance and trans-
mittance capabilities and applications in different solar systems. Recent research 
achievements are going to be discussed in a short, interesting, and informative way. 

3 Parameters Affecting Optical Behavior 
of Metal-Oxide-Based Nanofluids 

Nanofluids interact with the incident radiations by either absorption, transmittance, 
or reflection. Therefore, several nanomaterial-based parameters affect the optical 
behavior of the nanofluids. From these parameters: the base fluid and nanomaterial 
types, nanomaterial size, shape, concentration, and stability in the nanofluid solution. 
All the aforementioned parameters formulate the shape of the nanomaterials content 
in the nanofluid solution, which in turn affects its optical behavior. 

3.1 Nanomaterial Type 

Dispersing different nanomaterial types, separately, in the same base fluid results in 
nanofluid samples that are different in optical and thermophysical behavior [6–8]. 
These differentiations come as a result of different interactions between the nano-
materials and base fluids on the molecular level, which affects their dispersibility in
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the fluid. In addition, each single nanomaterial type has its optical imprint, which is 
integrated with the optical imprint of the base fluid to come up with a nanofluid with 
a new optical behavior imprint. 

3.2 Nanomaterial Size 

The nanomaterial size means diameter, length, and/or surface area, which all formu-
late the volume of the nanoparticle that finally affects the optical behavior of the 
synthesis nanofluid [8–13]. The size if large or small affects the direct absorption of 
the incident radiation and the homogeneity of optical behavior across the nanofluid. 
Assume that 2 mg of a metal-oxide-based nanomaterial has been dispersed in two 
cups of water. One time, it was dispersed as one large nanoparticle weighing 2 mg, 
while for the other cup, it was powdered into thousands of smaller nanoparticles. 
Logically, the distribution in the 2nd case will be better and the optical impact of 
the nanomaterial will be equally distributed among the fluid, which will not happen 
in the 1st case. Figure 1a, b illustrate how the nanomaterial type and size affect the 
optical behavior of different nanofluids.

3.3 Nanomaterial Shape 

The shape plays another important role that influences the optical behavior of the 
nanofluid [8–10, 13, 14]. The nanomaterial might be circular, tubular, or sheet shape. 
Similar to the size, the nanomaterial shape affects the homogeneity of the optical 
behavior as well as, sometimes, the stability of the nanofluid. Specific shapes for some 
nanomaterials have been proven as of high probability to result in better suspension 
for the nanomaterials in the fluid that affects the current and long-run optical behavior 
of the system. 

3.4 Nanomaterial Concentration 

Without a doubt, the nanomaterials’ concentration is one of the key parameters that 
affect the optical behavior of the constituting nanofluid as demonstrated in different 
studies [8, 9, 15–25]. Higher concentration means more opaque solid particles that 
are suspended in the nanofluid, which in consequence decreases the transmissivity of 
the nanofluid and increases its absorptivity. The rate of change of the optical behavior 
with concentration is not fixed but is dependent mainly on the nanomaterial type and 
solution stability. Figure 1c, d illustrate how the nanomaterial concentration affects 
the transmittance of nanofluids.
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Fig. 1 The effects of a, b nanomaterial type and size [60], c, d nanomaterial concentration [16, 
22], e, f basefluid and basefluid mixtures types [30], g surfactant type [20], and h preparation dura-
tion [24] (with permissions #5479251046650, 5457770593969, 5457770995255, 5457771184913, 
5479261078378, and 5479261330366 from Elsevier)
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3.5 Basefluid Type 

Additionally, the basefluid (or basefluid mixture) type is one of the major param-
eters that affect the optical behavior of nanofluids [8, 23–30]. Each basefluid has its 
spectral optical properties that in case of integration with a specific nanomaterial type 
mush affects the resulting nanofluid optical behavior. The spectral transmittances of 
several basefluids and basefluid mixtures are depicted in Fig. 1e, f. 

3.6 Surfactant Type 

Surfactants are usually added to the nanofluid mixtures, prepared using the two-step 
method, for the sake of increasing the suspension stability. As a constituent, in this 
case, its optical properties that vary based on the surfactant type contributes also to the 
final nanofluid optical shape [8, 20, 31]. The influence of different surfactants were 
examined in the literature, such as the sodium dodecylbenzenesulfonate (SDBS), 
cetyltrimethylammonium bromide (CTAB), polyvinylpyrrolidone (PVP), and gum 
arabic (GA) [20, 31]. Figure 1g illustrates how the SDBS and CTAB surfactants 
affect the optical behavior of nanofluids. 

3.7 Nanofluid Stability 

Last and not least, the nanofluid stability. It is considered as of playing a magic 
role in the optical behavior of nanofluids. Nanofluids with similar constituents (base 
fluid, nanomaterial type, size, shape, and concentration) may have different optical 
behaviors if their stability and the suspension of the nanomaterials in their solutions 
are different. Hence, sustaining stability became of high importance to achieve the 
expected optical behavior and unify it among similar nanofluid samples. Several 
parameters were found as affecting the stability of nanofluids, such as the synthesis 
method, pH value, ultrasonication and stirring periods [24], existence of surfactants 
[20, 31], and ionic length. The impact of the preparation period on the nanofluid 
transmittance is demonstrated in Fig. 1h, while Fig. 2 presents the apparent nanofluid 
stability using different surfactants and for several nanoparticles’ concentrations, 
immediately after preparation and after 7 days from preparation.

The measurement of nanofluid properties is a straightforward way to evaluate its 
optical behavior. However, as nanofluids are mixtures of liquids and nanomaterials, 
which can be considered as simply a two-phase fluid, different correlations were 
proposed to evaluate its optical properties as explained in the next section.
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Fig. 2 Effect of a, c CTAB and b, d SDBS surfactants on the apparent stability of nanofluid at 
different concentrations and examined, a, b immediately after preparation and c, d after 7 days [20] 
(with permission 5480651210006 from Elsevier)

4 Evaluation of the Optical Properties of Nanofluid 

This section provides the mathematical equations, based on the Rayleigh method, 
that are implemented to analytically evaluate the transmittance and absorptance of 
nanofluids. 

The dimensionless equation below defines the nanoparticle size parameter: 

α = π dn p  

λ 
(1) 

where, dnp is the diameter of the nanoparticle in nm, and λ is the wavelength in nm. 
The incoming radiation intensity is calculated using the following equation: 

∂ Iλ 

∂ y 
= −(

K o f  ,λ + σ o f  ,λ
)
Iλ = −βo f  ,λ Iλ (2) 

where, Iλ is the spectral solar irradiance in W/m2 nm, Kof,λ, σof,λ and βof,λ are the 
nanofluids’ linear absorption, scattering, and extinction coefficients, respectively. 

Due to the fact that they are independent, the extinction coefficient of the nanofluid 
is the total of the absorption coefficient of the base fluid and the extinction coefficient
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of the nanoparticles (Eq. 3) [61]. 

βo f  ,λ = β b f  ,λ + βn p,λ (3) 

where, βb f,λ and βnp,λ are the extinction coefficients of the base fluid and nanofluid, 
respectively, evaluated using the equations from Eqs. 4 to 11. 

For the extinction coefficient of the base fluid: 

β b f  ,λ = K b f ,λ + σ b f ,λ (4) 

where, Kbf,λ is the linear absorption of base fluid estimated as follows [62]: 

K b f  ,λ = 4π kb f  ,λ 

λ 
(5) 

where, kbf,λ is the imaginary part of the refractive index of water. 
Equation 6 [63] defines the extinction coefficient of nanoparticles as the sum of 

the linear absorption and scattering coefficients of the nanoparticles. 

βn p,λ = 3 
2 

∅ Qext,λ 

dnp  
(6) 

where, Qext,λ is the extinction effectiveness of the nanoparticles as derived by Eq. 7 
[64] using the Mie theory. 

Qext,λ = Qabs,λ + Qscat,λ (7) 

where, Qabs,λ and Qscat,λ are the absorption and scattering efficiency of the nanopar-
ticles, which can be determined using Rayleigh’s approximation equations as stated 
in a number of classic texts by Eqs. 8 and 9. 

Qabs,λ = 4α ∗ Im
{
m2 − 1 
m2 + 2

[
1 + α

2 

15

(
m2 − 1 
m2 + 2

)
× m

4 + 27m2 + 38 
2m2 + 3

]}
(8) 

where Im {} refers to the imaginary part for the number between brackets. 

Qscat,λ = 8 
3 
α4

∣∣∣∣
m2 − 1 
m2 + 2

∣∣∣∣

2 

(9) 

In this equation, m represents the relative complex refractive index of the 
nanofluid, which may be determined by applying the following connection to the 
formula: 

m = mnp  

nb f  
(10)



104 A. S. Abdelrazik

where, nbf  is the real component of the refractive index of the base fluid and mnp is 
the complex refractive index of the nanoparticles calculated by Eq. 11. 

mnp  = nnp  + i kn p (11) 

where, nnp and knp are the real and imaginary components of the refractive index of 
the nanoparticles. 

Following this step, the extinction coefficient of the nanofluid is computed, and 
the spectral transmittance of the nanofluid is obtained by applying the Beer-Lambert– 
Bouguer rule in the manner described in [65]: 

τ n f  ,λ = Iλ 

I0,λ 
= e−hn f  βn f  ,λ (12) 

where Iλ is the transmitted irradiation, I0,λ is the incident irradiation (AM1.5 Global 
[ASTM G-173]), and hn f  is the nanofluid thickness, penetration length, or optical 
path length of the nanofluid. 

The total transmittance of the nanofluid-based is then calculated using Eq. 13. 

τ n f  = I 
I0 

=
∫ 2.5μm 
0.28μmτ o f  ,λ I0,λdλ
∫ 2.5μm 
0.28μm I0,λdλ 

(13) 

As a result and neglecting the reflectance of the nanofluid, the total absorbance 
of the nanofluid is then calculated using Eq. 14. 

αn f  = 1 − τ n f (14) 

5 The Optical Behavior of Metal-Oxide-Based Nanofluids 

Different properties evaluate the optical behavior of nanofluids and how it is influ-
enced by the aforementioned parameters. The transmittance, absorptance, and extinc-
tion coefficient are considered the most commonly used parameters for this purpose, 
however, other several parameters are also used, such as refractive index, scattering 
coefficient, and illuminance. 

The first application that attracted the researchers towards interest in studying the 
optical behavior of nanofluids was using them in the direct absorption of solar radi-
ation. Therefore, the main focus was on studying the absorptance of nanofluids and 
how to increase it as a function of the different nanomaterial-base fluid individual 
properties and constituents. This in consequence led to more studies on the high-
absorption-based carbon-based nanofluids. Few studies were conducted to evaluate 
the absorptance of non-carbon-based nanofluids. Recently, and with the release of
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a new direction toward using nanofluids in spectral-selective filtration of solar radi-
ation, different studies were proposed to evaluate the optical behavior of metal and 
metal-oxide-based nanofluids. 

For the metal-oxide-based nanofluids, the optical properties of Al2O3 and TiO2-
based nanofluids have been investigated by Leong et al. [31]. The authors used UV-
Vis spectroscopy to measure both the transmittance and absorptance of nanofluids 
under variant nanomaterial and surfactant types, besides the pH of the prepared 
solutions. The measurements declared a high dependency for the transmittance of 
nanofluids on the examined parameters. Higher absorbtance was reported for the TiO2 

compared to the Al2O3-based nanofluids, but with lower nanofluid stability. Higher 
surfactant influence and nanofluid absorptance were observed at higher nanomaterial 
sizes. Yaseen et al. [66] reported a degradation in the refractive index and transmit-
tance of cerium oxide (CeO2)-based nanofluid after 7 days from preparation. Higher 
absorption was also reported at higher nanomaterial sizes. 

Karami et al. [67] observed higher absorption with the dispersion of CuO into a 
DW-EG (70:30) basefluid mixture compared to the parent case without nanomate-
rial. Lower transmittance and higher extinction coefficients were achieved at higher 
CuO concentrations. In addition, thicker layers resulted in more energy absorption. 
Applying the theoretical approaches of Rayleigh, Maxwell-Garnett, and Lambert-
Beer, besides the experimental measurements, Said et al. [6] evaluated the optical 
behavior of Al2O3/DW and TiO2/DW nanofluids. Higher extinction coefficients and 
refractive indexes were generally recorded for the titania nanofluid compared to 
the alumina nanofluid. It was concluded that in terms of solar absorption, titania 
nanofluid will be the best choice. 

Milanese et al. [68] conducted an intensive study on the optical behavior of six 
different metal-oxide-based nanofluids including Al2O3, CuO, TiO, ZnO, CeO2, 
and Fe2O3 nanomaterials at different concentrations. Different optical behaviors 
have been observed depending on the nanomaterial type as presented in Fig. 3a, b). 
The highest and lowest solar absorption percentages were achieved using the Fe2O3 

and Al2O3-based nanofluids and the difference was more distinguished at lower 
concentrations. On the other side, the spectral transmittances of the six nanofluid 
groups illustrated in Fig. 3c–h declared that the concentration negatively impacted 
the nanofluid transparency.

Crisostomo et al. [10] examined the core-shell Ag–SiO2/water nanofluid at 
different concentrations of 0.006–0.025 wt.%. Increasing the concentration resulted 
in more energy absorption. The absorption was more pronounced in the VIS range 
(Fig. 4a). Negligible changes were observed above 950 nm. Li et al. [22] evaluated 
the optical behavior of Ag–TiO2/water nanofluid. The measurements uncovered a 
high absorption coefficient in the visible range, with high absorptance at higher nano-
material concentrations (Fig. 4b). More energy from the incident radiation could be 
absorbed using high-concentration nanofluid samples (Fig. 4c).

The optical behavior of magnetic electrolytes, a recently developed nanofluid, was 
assessed by Jin and Jing [12]. Fe3O4 was dispersed in a water-EG mixture (1:1). Two 
nanofluids (NF1 and NF2) were produced by modifying the aforementioned mixture 
with either methylene blue (MB) or copper sulfate (CS), which caused the difference
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Fig. 3 a Spectral transmittance at 0.05 vol.% and b Solar absorption at different concentrations, 
of six metal-oxide-based nanofluids [68], and Spectral transmittance at different concentrations of 
c Al2O3, d TiO, e CuO, f ZnO, g CeO2, and  h Fe2O3-based nanofluids [68] (with permission 
#5457780471082 from Elsevier)
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Fig. 4 a The optical characteristics of the Ag–Si core-shell nanofluids [10], b Absorbance, and 
c the absorbed energy of beam splitters [22] (with permissions # 5458120446083 & 5458130745477 
from Elsevier)

in their absorptance schemes. Few negative changes in absorptance were reported 
as well with time. The absorptances of the synthesized nanofluids were found as 
negatively affected by the increase in their temperature and the corresponding heating 
periods. 

Research on the stability and optical characteristics of water/SiO2 nanofluid at 
extremely high temperatures has been conducted by Adam et al. [69]. Increasing 
the sonication temperature was negatively affecting the nanofluid absorptance. The 
nanoparticles had a strong propensity to agglomerate at higher exposure tempera-
tures. On the other side, a little reduction in the spectral absorptance, with time, 
could be noticed in the VIS range after the preparation. It was revealed that only at 
very short wavelengths there were discernible differences in transmittance across the 
spectrum as a result of concentration increase. Additionally, between 25 and 90 °C 
of exposure, the nanofluid’s absorption coefficient decreased.
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Fig. 5 a Spectral transmittance at different concentrations and b Absorbed energy at different 
concentrations and optical distances, of a Fe3O4/water nanofluid [73] (with permission 
#5460030056133 from Elsevier) 

Huaxu et al. [23] examined the glycol/ZnO nanofluid at different concentrations 
of 11.2, 22.3, 44.6, and 89.2 ppm. The corresponding samples were named solutions 
A, B, C, and D, respectively. Higher spectral transmittance values were reported for 
the lowest-concentration solutions. Xu et al. [70] dispersed the CuO into the synthetic 
oil and evaluated its optical behavior at a concentration of 0.055 wt.%. A significant 
increase was observed in both the absorption and extinction coefficients of the fluid 
after the CuO dispersion. Menbari et al. [71] achieved similar results for the CuO/ 
water nanofluid showing a higher absorption coefficient at higher CuO loadings. 

In a comparable study, Khalil et al. [72] examined the impact of adding both 
CuO and Al2O3 to water, on the optical behavior of the resulting hybrid nanofluid. 
The measurements revealed a significant difference between the spectral absorp-
tance distribution of the hybrid nanofluid, in comparison to the individual nanofluids. 
Ham et al. [73] examined the optical behavior of Fe3O4/water nanofluid at different 
concentrations and optical distances. The contours presented in Fig. 5 reveal lower 
spectral transmittance values and higher energy absorption at higher concentrations 
and optical distances. 

6 Applications of the Optical Behavior 
of Metal-Oxide-Based Nanofluids 

Two main applications are targeted by manipulating the optical behavior of 
nanofluids. The first is related to maximizing the absorption of incident solar radia-
tion in direct absorption solar collectors (DASC). The second is related to allowing 
for a defined spectrum range from the incident solar radiation to reach the PV panel 
while absorbing the remaining spectrum inside the nanofluid itself and this is applied 
in PV-based hybrid solar systems.
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In the following sections, the applications that benefit from the unique optical 
behavior of nano-enhanced fluids are discussed. 

6.1 Direct Absorption Solar Collector (Absorptance 
Behavior) 

The direct absorption solar collector (DASC) is a solar harvesting system that aims at 
converting solar energy into thermal energy through absorption of the incident solar 
radiation. Solar energy is usually absorbed in the operating fluid of the DASC and 
is used for several heat supplies. Increasing the absorption capability of the DASC 
is of utmost importance to increase the overall effectiveness of the system and this 
is the targeted impact of using nanofluids in this application. 

Figure 6 illustrates the difference between the conventional absorption solar 
collector that was mainly depending on absorbing the incident radiation in the 
collector tube itself. High-absorption tubing materials with/without coating were 
the main parameters evaluating the functionality and solar-harvesting capabilities of 
the absorption solar collector (Fig. 6a). At that time, the nanofluids were of interest, 
but only with their thermal properties to increase the heat collection from the surface 
of the collector tubes. Later and with increasing interest in the optical behavior of 
nanofluids and that they can replace the high-absorption tubes and absorb the incident 
radiation directly, the conventional tubes have been replaced by glass tubes without 
coatings (Fig. 6b) and we started to have the DASC. 

6.1.1 Experimental Efforts 

Several experimental setups were established to examine the optical capabilities of 
nanofluids to suffice for the high absorption needs in direct absorption solar collectors 
(DASC). The experimental setups aimed at maximizing the solar energy absorption 
through the DASC by examining the deed capability of lab-synthesized nanofluids,

Fig. 6 a Old indirect absorption solar collector and b Direct absorption solar collector [70] (no  
permission is needed) 
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Fig. 7 Samples of the DASC experimental setups: a [70], b [71], c [74], d [75], e [76], and 
f [77] (with permission #5457780828691, 5457781041593, 5480671389889, 5457790097404, and 
5457790235343 from Elsevier) 

with unique absorption properties, to absorb the maximum spectrum of the incident 
solar radiation. Different nanofluids and system designs with and without concen-
trators were examined. Samples of these experimental setups as schematics or real 
systems are illustrated in Fig. 7. 

Considering the high potential of nanomaterial addition in maximizing the optical 
absorption of the incident radiation on the DASCs, several experiments over years 
were conducted using various kinds of nanofluids. For sure, metal-oxide-based 
nanofluids have contributed extensively to these studies. 

Xu et al. [70] have utilized the CuO/oil nanofluid as a novel nanofluid for solar 
absorption in a DASC with a parabolic trough concentrator. Better overall temper-
ature distribution along the system’s nanofluid was reported with higher absorption 
efficiency in comparison to the conventional distribution using the conventional indi-
rect absorption solar collector. Mixing it with water instead of oil, Menbari et al. 
[71] examined the impact of the CuO nanomaterial on the absorption efficiency of 
the DASC. Again, better thermal distribution of the absorbed solar irradiance was 
detected. Additionally, higher thermal efficiency was reported; at higher nanomaterial 
volume fraction and flow rate specifically. With the addition of γ-Al2O3 nanoma-
terials to CuO, Menbari et al. [78] prepared a binary metal-oxide-based nanofluid 
to combine the high absorption and scattering capabilities of CuO and γ-Al2O3, 
respectively. Their finding revealed a significant increase in the collected sensible 
heat along the DASC pipe, again with higher values at higher nanomaterials concen-
trations. Using water alone as a basefluid was found as showing higher thermal 
efficiency compared to the case of a water-EG mixture. Similar results were reported 
for the DAPTC [71].
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In a comparable study, Khalil et al. [72] examined the impact of adding both 
CuO and Al2O3 to water, to form a hybrid nanofluid, on the performance of a direct 
absorption parabolic trough collector (DAPTC). The CuO was selected for its high 
absorbtivity, while the Al2O3 was chosen for its high scattering capabilities. Using the 
developed hybrid nanofluid, the thermal efficiency increased to 31% compared to the 
basefluid condition, with a 19% difference between the DAPTC and the conventional 
one. Additionally, increasing the concentration of the nanomaterial content resulted 
in higher efficiency values. Gupta et al. [79] employed the Al2O3/water alone as the 
absorption nanofluid. In all the studied nanomaterial loadings, the results revealed 
efficiency enhancements, however, it was not correlated with the loading percentage. 
It peaked at certain loading and decreased for the other ones. 

Kasaeian et al. [80] in their study, have examined the influence of several nanofluid 
combinations on the outlet fluid temperature and the DASC efficiency. Higher fluid 
temperatures were recorded at higher silica (SiO2) concentrations when dispersed 
in Ethylene Glycol (EG). The temperature has increased by 2.2, 5.3, and 7.7 K at 
0.1, 0.2, and 0.3% of SiO2, respectively. The reported thermal efficiencies were ~19, 
22.5, and 24.5% respectively, compared to 16.5% for the pure EG. 

Evaluating the potential of metal-oxide-based hybrid nanofluid, Joseph et al. [77], 
prepared a SiO2/Ag–CuO plasmonic nanofluid and studied how its optical properties 
affected the functionality of the DASC. A maximum enhancement in the thermal 
efficiency of 48.19%, compared to water fluid. Additionally, the exergy efficiency has 
increased by 9.4%, in comparison to water. Karami et al. [81] changed the basefluid 
and studied the influence of the CuO loadings on the optical and overall functionality 
of the DASC. A water-EG mixture (70:30) was used for this purpose. The existence 
of nanoparticles boosted the efficiency by 9–17% depending on the volume fraction 
and flow rate. Higher values were achieved at higher volume fractions. 

Using different nanomaterials and basefluids, Subramaniyan and Rajangam [82] 
dispersed a TiO2 and Carbon-doped TiO2 (C–TiO2) in water and EG, respectively. 
Carbon doping was performed to enhance the absorptivity of the nanomaterial. 
Higher solar absorption was achieved using the C–TiO2/EG nanofluid, but with lower 
suspension stability compared to the TiO2/water nanofluid. C–TiO2 was recom-
mended for utilization but at low volume fractions, to assure good stability and 
absorption altogether. 

6.1.2 Numerical and Theoretical Efforts 

Conducting experimental testing of nanofluids usually faces several challenges, 
starting from the availability of the materials, the preparation of enough samples, 
having these samples in high stability conditions, and ending with the difficulty 
of examining different structures of nanofluids, in terms of the nanomaterial 
concentrations, sizes, and shapes. 

Therefore, using the numerical techniques was of high importance to have a better 
understanding of the potential of these new coming nanofluids, especially since they 
provide testing varieties, with some approximations. The main and commonly used
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approximation is examining the nanofluid’ impact on different systems in the shape of 
a single-phase fluid, but with equivalent thermal, rheological, and optical properties. 

Very few studies were conducted to examine the impact of the metal-oxide-based 
nanofluids, used for optical filtration, on the performance of DASCs. Kasaeian et al. 
[83] developed a mathematical model to evaluate the impact of SiO2/EG nanofluid 
on the functionality of the DASC. They have reported the optimum nanomaterial 
concentration for high efficiency and less agglomeration of 0.4% with a thermal 
efficiency of 70.9%. Saray and Heyhat [84] proposed a numerical model for the 
DAPTC operated with either a CuO/water nanofluid or a CuO-MWCNT/water hybrid 
nanofluid. In comparison to several nanofluid solutions, the hybrid nanofluid at high 
CuO concentration provided the highest energy and exergy efficiencies (Fig. 8). The 
results indicated that using CuO/water nanofluid 30.8 GJ of embodied energy could 
be saved, while CuO-MWCNT/water hybrid nanofluid could save 40.44 GJ. This 
was attributed to the high thermal and absorption properties of the MWCNT. 

The impacts of the size and concentration of TiO2 on the extinction coefficient of a 
water-based nanofluid were examined by Said et al. [85] using the Rayleigh method. 
The authors aimed at assessing the factors affecting the increase in solar absorption. 
At TiO2 sizes of less than 20 nm, a negligible impact on the optical properties was 
noticed, while with higher concentrations, more solar radiation could be absorbed. 

Table 1 presents a summary of the experimental and numerical studies conducted 
on the DASCs operated by metal-oxide-based nanofluids, highlighting the examina-
tion conditions and the resulting impacts on temperature and efficiency, as provided 
by Sainz-Mañas [86].

Fig. 8 Comparison between the impact of several nanofluids on the a energy and b exergy effi-
ciencies of a DAPTC at different piping diameters [84] (with permission #5460030383680 from 
Elsevier) 
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6.2 Spectral-Selective Hybrid PV/Thermal (Transmittance 
Behavior) 

Spectral-selective optical Filtration, often known as SSOF, is a novel method that 
was created to mitigate the negative effects of exposing photovoltaic (PV) cells 
directly to the full spectrum of solar radiation that is incident onto them. The optical 
filtering method is predicated on the capability of the filter, which is placed in front 
of the photovoltaic panel, to transmit a specific spectral range of the incident light 
while absorbing the remainder spectrum. This range corresponds to the range in 
which the cells are most capable of producing electricity. Spectrally selective optical 
filtration is used to absorb the solar radiation spectrum ranges that are not efficiently 
utilized by the PV cells, while the remaining spectrum is sent to the PV cells for the 
production of energy [13]. This allows the PV cells to more effectively utilize the 
solar radiation spectrum ranges that are not efficiently utilized by them. The optical 
properties of the filter are chosen so that it will transmit the solar radiation in the 
spectral range that will be utilized by the PV cells (visible and near-infrared), while 
the remaining solar radiation will be absorbed by the thermal receiver. This will result 
in the fluid being able to collect a greater quantity of heat. Several distinct methods 
of filtering, including those based on solids as well as liquids, have been suggested 
for the achievement of this goal. 

Figure 9a, b illustrate a schematic illustration of an OF channel in conjunction with 
a typical PV system. On the other hand, it displays the expected interaction function 
that the OF channel should have in terms of attenuating the inefficient solar radiation 
spectrum. In Fig. 9c, we have a representation of the expected interaction participation 
of the OF channel in the poor absorption of solar energy. A wide variety of liquids, 
ranging from base fluids with traditional optical properties to nano-enhanced fluids 
(also known as nanofluids) with advanced optical properties, have been used for 
filtration purposes. In particular, nanofluids have a greater optical tenability [88–91] 
and more desirable thermal characteristics [92, 93] than pure fluids. In recent years, 
there has been a significant uptick in the number of technological endeavors that 
make use of nanomaterials. The use of nanomaterials to transmit and absorb light 
based on a selection criterion designed for a certain wavelength spectrum [10] is  
one of the most exciting new applications that has recently been developed. When 
nanoparticles are dispersed in a variety of base fluids, their optical properties can be 
more easily customized to get the required spectrum response of PV cells [10, 13]. 
This can be accomplished by tailoring the sizes and shapes of the nanomaterials.

It is possible to think of nanofluids as a low-cost alternative to spectrum-splitting 
mirrors due to the fact that they can work as both a cooler and an optical filter 
at the same time [25]. Again, nanofluids are considered to be powerful spectral 
beam splitters (optical filters) that have the capability of enhancing the functionality 
of hybrid PVT systems [21]. Nanofluid-based optical filters have been employed to 
provide efficient operation for standard PVT systems without causing any side effects 
[22]. This is possible due to the remarkably tuned optical properties that these filters 
possess. According to An et al. [94], the majority of the nanofluids that have been
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Fig. 9 Schematic diagrams for the liquid-based optical filtration (OF) arrangement attached to the 
conventional PV system: a Explanation, b Integration [8], and c The anticipated interaction effect 
of the OF channel in absorbing the inefficient solar radiation that is received by cSi PV cells [8] 
(with permission 5457790499320 from Elsevier)

produced for use in solar collectors have been utilized at moderate temperatures. 
However, it is possible to design additional nanofluids that can be employed at high 
temperatures. Finding the appropriate nanofluid that can transmit the spectrum that is 
theoretically expected while also matching the requirements of the PV cell continues 
to be a difficult task [12]. 

6.2.1 Experimental Efforts 

In order to investigate the actual behavior of nanofluids for the purpose of spectral-
splitting filtration, several different experimental settings were developed. The 
primary objective of the experimental designs was to enhance the performance 
of hybrid photovoltaic (PV) solar systems. This objective was to be accomplished 
by investigating the ability of lab-synthesized nanofluids, which have distinctive 
optical properties, to fully transmit the beneficial spectral range while absorbing the 
remaining portion of the light. Various designs for the channels, including single 
and double channels, with and without concentrators, an air gap or being directly 
coupled to the PV panel, and either still or moving filtration fluid. Figure 10 provides 
illustrations of several of these experimental settings, either in the form of schematics 
or actual systems.
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Fig. 10 Sort of experimental setups for the sake of investigating optical filtration: a [95], 
b [96], c [97], d [10], e [22], and f [23] (with permissions #5458110979702, 5458110614994, 
5458111225464, 5458111405112, 5458120042511, and 5458120209542 from Elsevier) 

Due to the high potential of nanomaterial addition in optimizing the optical 
behavior of the basefluids to fit the spectrally-selective needs of the optical filtration 
channel attached to the PV-based hybrid systems, a few experiments were carried 
out utilizing a variety of nanofluids. These experiments were successful in meeting 
the spectrally-selective requirements of the optical filtration channel. There is little 
doubt that nanofluids based on metal oxides have made a significant contribution to 
these investigations. 

Experimental research was carried out by Hjerrild et al. [98] to investigate the 
effectiveness of a combined photovoltaic and thermal system that was also equipped 
with an optical filter. Both Ag–SiO2/water and carbon nanotube/water were used 
to create core-shell nanofluids for the experiment. The rate of heating rose when 
carbon nanotubes were coupled with water nanofluid; nevertheless, this resulted in 
a decrease in the amount of electrical output. When a conventional water filter was 
substituted by an Ag–SiO2/water nanofluid, there was an increase in performance 
across the board. The authors demonstrated that the increased costs associated with 
the nanoparticles were negligible (1 USD per liter). 

Crisostomo et al. [10], who also employed core-shell Ag–SiO2 dispersed in water, 
studied the effect that optical filtering had on the overall performance of a photo-
voltaic/thermal prototype system. Their findings showed that optical filtering had a 
negative influence. The tool was put through its paces in the natural environment 
it was designed for. The authors developed a hybrid configuration, which consisted 
of a thermal receiver channel and a PV module that were physically separated. The 
impacts of different nanoparticle loadings as well as different intensities of solar radi-
ation were investigated. In comparison to the PV system that was operating on its 
own, this solution resulted in a 12% increase in the overall weighted energy output. 
The created nanofluid samples transmitted light with a spectrum that was almost
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exactly the same as what was required by the solar panel, with the exception of the 
infrared and short wavelength regions. It follows that utilizing the nanofluid samples 
in the settings that were tested resulted in a reduction in the output of electrical 
power while simultaneously increasing the output of thermal power and the overall 
efficiency of the system. 

Jin and Jing [12] investigated the possibility of using the magnetic electrolyte, a 
nanofluid that was only recently produced, as an optical filter in a hybrid PVT system. 
The magnetic electrolyte nanofluid was created by dispersing Fe3O4 in a mixture of 
water and EG, in which EG contributed a share of 50%. The previously described 
mixture was modified with either methylene blue (MB) or copper sulfate, which 
resulted in the production of two different magnetic electrolyte nanofluids (CS). The 
ability of the created nanofluids to satisfy the spectrum requirements of cSi and GaAs 
solar cell materials was evaluated using these nanofluids. The spectral requirements 
of the ideal filter were more closely satisfied by the recently discovered nanofluids. It 
was discovered that an increase in the temperature of the newly optimized nanofluid 
filters, as well as the associated heating times, had a detrimental impact on the 
absorptance of the filters. 

Experiments with nanofluid optical filtering were carried out by Hjerrild et al. 
[25] on three different types of PV cell materials: c-Si, GaAs, and Ge solar cells. 
The optical parameters of the fluid filter need to be tuned such that they are compat-
ible with the spectrum responses of GaAs, Ge, and Si PV cells. The nanofluid was 
produced through the combination of nanoparticles. The mixture included gold and 
gold-copper nanorods that had silica coatings on them, as well as silver-silica (Ag– 
SiO2) nanocores that were encased in silica shells. Because it can take in both visible 
and infrared rays, we decided to go with it. In order to get the desired spectrum 
for each cell, the researchers used a variety of loading percentages when dispersing 
nanoparticles in either water or Multi-Therm PG-1 oil. The most inefficient cells were 
those that used a Multi-Therm PG-1-based fluid with Ge PV. The water/Ag–SiO2 

nanofluid and the c-Si PV cells had the highest degree of productivity. Because of its 
relatively low price and high spectrum-splitting efficiency, this hybrid PV-nanofluid 
system produced some encouraging results (optical filtration). 

For the purpose of optical filtration, Huaxu et al. [23] have introduced a nanofluid 
made of glycol and ZnO that is relatively affordable. The authors have generated 
glycol/ZnO nanofluids with varied amounts of nanoparticles in each fluid. The 
decrease in transmittance that occurred at higher concentrations brought in a reduc-
tion in the amount of irradiance and electrical output that was transferred (Fig. 11a). 
When the loading concentration of ZnO nanoparticles was increased from 11.2 to 
89.2 ppm, there was a 47% increase in the photothermal efficiency (Fig. 11b). In 
general, the system was very effective at larger concentrations, despite the fact that 
it required a less amount of electrical contribution (Fig. 11c). When compared to the 
cost of gold, silver, and polypyrrole nanoparticles, ZnO was found to be an extremely 
cost-effective alternative.

According to Li et al.’s research [22], the presence of Ag–TiO2 in water functions 
as an optical filter when PVT systems are also present. Because of its high selective 
absorptivity, Ag–TiO2 was chosen as the material of choice. An investigation into
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Fig. 11 a Solar irradiance and electrical outpower, b Photothermal efficiency, and c Efficiency 
of the system, under different glycol/ZnO solutions [23] (with permission #5460030729816 from 
Elsevier)

the optical performance of the nanofluid revealed a high transmittance coefficient 
in the region of the spectral spectrum where the Si PV cells were most electrically 
efficient. Figure 12a shows that increasing the nanoparticle loading led to improved 
photothermal conversion efficiencies but decreased the PV conversion efficiencies 
(0–200 ppm). It can be seen in Fig. 12b that the loading concentration of 100 ppm 
resulted in the best possible merit function being obtained. Because an increase in 
the nanoparticle loading led to an increase in the thermal energy efficiency but a 
decrease in the electrical efficiency, and vice versa, the loading can be controlled 
depending on how the hybrid system is being utilized.

Hashemian et al. [15] published their findings on a new nanofluid for optical 
filtering in 2022. The nanofluid was created by dispersing Ag–Cr2O3 nanoparticles 
in glycerol. The researchers believe that their recently developed nanofluid is unique 
in that it possesses the optimal transmittance spectrum, high nanofluid stability, and 
a low cost of manufacture all at the same time. In order to achieve the best possible 
spectrum response from the Si PV cells, it was necessary to tune the nanofluid for 
transmission between 650 and 1075 nm. The authors measured the overall exergy 
efficiency, merit function, and conversion efficiency of the nanofluid while testing 
its effectiveness as a filter by adjusting the loading on it from 10 to 80 ppm and 
changing the range over which it was evaluated. As can be observed in Fig. 12c, 
the temperatures of the PV devices got lower as the number of nanoparticles that 
were introduced got higher. The conversion efficiency reached its highest point with 
the 80 ppm loaded glycerol/Ag–Cr2O3 nanofluid and reached 31.55%, which is an 
increase from 13.25% without filtration. Figure 12d demonstrates that the nanofluid 
filter loaded with 40 ppm attained the highest merit function of 1.558 and the highest 
overall exergy efficiency of 41%. 

6.2.2 Numerical and Theoretical Efforts 

Conducting experimental testing of nanofluids usually faces several challenges, 
starting from the availability of the materials, the preparation of enough samples, 
having these samples in high stability conditions, and ending with the difficulty
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Fig. 12 a PV conversion results under different nanoparticle concentrations and b the power conver-
sion efficiency and merit function without and with nanofluid splitters [22], and Comparison between 
the c temperature near the PV cells and d generated power and system efficiency, for different 
examined systems with and without optical filtration [15] (with permissions #5460030582280 & 
5460030936113 from Elsevier)

of examining different structures of nanofluids, in terms of the nanomaterial 
concentrations, sizes, and shapes. 

Therefore, using the numerical techniques was of high importance to have a better 
understanding of the potential of these new coming nanofluids, especially since they 
provide testing varieties, with some approximations. The main and commonly used 
approximation is examining the nanofluid’ impact on different systems in the shape of 
a single-phase fluid, but with equivalent thermal, rheological, and optical properties. 

Crisostomo et al. [10] evaluated the impact of core-shell Ag–SiO2, distributed in 
water, optical filtration on the overall performance of a photovoltaic/thermal system. 
The high potential of this material was demonstrated in a number of different exper-
imental studies, and the authors used a numerical technique that has been demon-
strated to be effective in experimental settings. When the loading of nanoparticles 
was increased, the thermal performance of the material as a whole was improved. 
With higher loading, the samples might be able to absorb sunlight in the near visual 
area of the spectrum (300–700 nm). However, because of the excessive loads, the 
system’s electrical output has been significantly reduced. 

A numerical CFD analysis has been provided by Abd El-Samie et al. [17] in order 
to evaluate a hybrid PVT system that makes use of a nanofluid-based spectrally
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selective optical filter. There were a lot of nanomaterials and base fluids that were 
examined. Nanomaterials include the elements silver (Ag), iron oxide (Fe3O4), and 
silicon dioxide (SiO2), as well as the elements water (H2O), therminol VP-1, and 
propylene glycol (PG). The exergetic and energetic performance of the hybrid system 
were both impacted by the loading of nanomaterials, the flow rate of nanofluids, 
and the intensity of incident solar radiation. The results declared that the nanofluid 
combination as well as the loading of nanoparticles had an effect on the hybrid 
system’s electrical and thermal energies. The figures illustrate that Ag and Fe3O4 

nanoparticle loading lowered electrical efficiency and enhanced thermal efficiency, 
however, SiO2 nanomaterial did not. The performance of the nanofluid based on SiO2 

was superior across all loadings. The nanofluid made of water and iron oxide has the 
highest thermal efficiency. In comparison to standalone PV systems, the amount of 
energy produced by hybrid PV systems that utilized nanofluid-based optical filters 
was between 79 and 140% higher. Thermal efficiency was improved by flow velocity 
and irradiation from the sun, but electrical efficiency was not affected. 

Adam et al. [69] have theoretically analyzed the effectiveness of a hybrid PV/ 
thermal system employing the nanofluid for optical filtering based on their observa-
tions of the nanofluid’s optical properties. These measurements were based on the 
nanofluid’s ability to filter light. An investigation of the relationship between the 
volume percentage of nanoparticles and performance was carried out. The exam-
ination of the optical filtering that was attached to the hybrid CPVT found that it 
promoted a greater overall performance at higher loadings while simultaneously 
reducing the amount of electrical sharing. The findings of the scientists indicate that 
the filter’s absorbance can be increased by the addition of nanoparticles, and as a 
consequence, the filter’s total efficiency can be improved in comparison to the filter 
designed for pure water. 

Table 2 provides a summary of several studies that were conducted to evaluate 
the optical behavior impact of metal-oxide-based nanofluids on the performance of 
spectrally-selective optical filtration hybrid PV/thermal sstems.

7 Conclusions 

Understanding the optical behavior of metal-oxide-based nanofluids and the crucial 
role of metal oxides in influencing the optical response of numerous nanofluids was 
advanced by this chapter. To maximize solar energy absorption from one side and 
act as a spectral-selective filter for solar radiation from the other side, this adaptable 
controlled optical behavior has garnered a lot of attention. This chapter covered a 
wide range of relevant topics, from the methods used to create nanofluids to the 
factors that affect their optical properties to how metal oxides’ optical properties 
are affected, and finally to how these metal-oxide-based nanofluids are put to use 
in various solar-harvesting systems. Several salient conclusions can be extracted as 
follows, while more conclusions can be extracted from the chapter discussions:
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Table 2 Summary of the experimental and numerical research articles published on liquid-based 
optical filtration 

Approach Filter fluid Main findings References 

EXP Magnetic electrolyte (Fe3O4/ 
50%water + 50%EG) 
nanofluid 

• Compared to water/core-shell 
nanofluids, the spectrum matches the 
ideal filter 

• Stable, thermally conducting 
nanofluids 

[12] 

NUM Nanofluid • Higher nanoparticle loadings 
increased thermal output 

• Nanofluid temperatures increased 
cut-on wavelengths 

• 1100 nm cutoff frequency 
• Nanofluid temperatures and sunlight 
concentrations increased efficiency 

[94] 

THE Magnetic electrolyte (Fe3O4/ 
50%water + 50%EG) 
nanofluid 

• Higher merit functions than water/ 
core-shell nanofluids 

• Hybrid PV/T with OF system 
outperforms standalone PV system 

[12] 

NUM Different mixtures (Water, 
Therminol VP-1, and Glycol) 
+ (Ag, Fe3O4, and  SiO2) 

• Nanofluid type affected performance 
• Ag  and  Fe3O4 loading lowered 
electrical efficiency but boosted 
thermal efficiency 

• SiO2 loading had little effect 
• SiO2 was the most electrically 
efficient nanomaterial 

• Water/Fe3O4 produced the most heat 
• Hybrid systems collected 79–140% 
more energy than standalone PV 
systems 

[17] 

EXP Water/Ag–TiO2 • High VR absorption 
• High electrically-efficient spectrum 
transmittance 

• Higher photothermal conversion 
efficiency, poorer electrical efficiency 

• High-loadings’ thermal efficiency 

[22] 

EXP CoSO4/Ag • Higher UV and V absorption than 
water-based nanofluids 

• Lower electrical output than water/ 
Ag nanofluid 

• Higher merit function than water/ 
Ag–SiO2/Ag nanofluids 

[21]

(continued)
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Table 2 (continued)

Approach Filter fluid Main findings References

EXP Water/ZnO and Glycol/ZnO 
nanofluids 

• Glycol/ZnO was more stable and 
homogeneous than water/ZnO 

• At wavelengths below 800 nm, 
nanoparticle diameter affected optical 
characteristics 

• Lowering nanoparticle diameter and 
loading increased Glycol/ZnO 
UV-Vis transmittance 

• Lower path lengths increased Glycol/ 
ZnO transmittance 

• The optical path length worked better 
around 850–1400 nm 

[24] 

EXP (CoSO4 + PG)/Ag • High absorption outside 325–670 nm 
• Highly efficient 615–970 nm 
transmittance 

• 500% more efficient than a PV 
system alone 

• 9% more efficient than (CoSO4 + 
water)/Ag 

[97] 

NUM Ideal filter, water, Therminol 
66, Valvoline, and Nanofluid 

• Si and CdTe PV cells might absorb 
27 and 39% of unnecessary incident 
radiation with a perfect filter 

• CdTe cells increased electrical 
efficiency 

[98]

• Using the two-step method in nanofluid preparation resulted in a need to use 
surfactant for stability assuring. This impacted the optical behavior of nanofluids 
as an affecting constituent.

• Several parameters, such as the basefluid, nanomaterial, and surfactant types, 
nanomaterial size, shape, and concentration, besides nanofluid stability, play 
important roles in formulating the final optical shape of nanofluids.

• The optical behavior of nanofluids is an integration of the optical specifications 
of the constituting basefluid, nanomaterial, and surfactant (if any).

• Various basefluid and nanomaterial combinations showed varying degrees of 
filtration performance. They were, however, unified in their reduced transmittance 
and thus electrical output as compared to pure basefluid.

• Conclusions of optical behavior
• It has been demonstrated that lower nanomaterial loadings, smaller diameters, 

and shorter optical lengths create a more efficient electrical output (for SSOF). 
Nevertheless, the contrary was more successful from a thermal standpoint (for 
DASC).

• Nanofluids were initially proposed to improve solar absorption in different direc-
tion absorption solar systems and therefore, more focus was directed towards the 
carbon-based nanofluids, due to their high absorption capabilities. Few studies 
were conducted on metal-oxide-based nanofluids.
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• The launch of the new application of nanofluid as a spectrally-selective optical 
filter provided a high potential solution to the unnecessary absorption of the out-
of-PV-spectral-response solar radiation. The metal-oxide-based nanofluids were 
a challenging applicant for this target that has gained more research attention to 
evaluate the optical behavior of several PV-based solar systems with integrated 
spectrally-selective optical filtration channels placed on the front side of the PV 
panel.

• Among the DIW, IPA, IBA, DMSO, and GLY basefluids, DIW performed best 
for heat extraction and transmittance, while IPA/DIW and DMSO/DIW mixes 
performed best for SSOF.

• For SSOF, among the water-based nanofluids containing Ag, SiO2, and Fe3O4, 
the Fe3O4 nanomaterial produced the maximum thermal output, whereas SiO2 

produced the highest electrical efficiency with negligible dependence on loading 
%.

• For SSOF, when the water/CNT and water/Ag–SiO2 nanofluids were compared, 
the first produced a faster heating rate, while the second demonstrated higher 
electrical and overall efficiency. In general, the water/core-shell Ag–SiO2 trans-
mittance was quite close to the efficient spectral range of the cells.

• For SSOF, lower nanomaterial loadings, smaller diameters, and shorter optical 
lengths have all been shown to provide more efficient electrical output. However, 
from a thermal standpoint, the reverse proved more successful. 

The SSOF fluid’s side-cooling capabilities can compensate for the poor transmit-
tance and, as a result, the low radiation received by the panel via extra-cooling of the 
PV cells. 

8 Future Perspectives 

However the optical behavior of nanofluids has been studied numerously, the optical 
behavior of metal-oxide-based nanofluids still has a lot to provide to the research and 
application community. Many research ideas and floors are still open in this regard. 
A few of these future research perspective ideas can be listed as follows:

• Doping the metal-oxide-based nanomaterials with carbons provides a high-
potential solution for the lack of absorption in some spectral ranges of the 
metal-oxide-based nanofluids.

• The parameters impacting the optical behavior of metal-oxide-based nanofluids 
have not been optimized until now. Providing the optimized ranges of parameters’ 
values will help in better controlling the optical behavior for various applications.

• More understanding of the optical behavior of metal-oxide-based nanofluids can 
be achieved using molecular dynamics simulations, which did not break into this 
topic to date.
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• The application of spectrally-selective optical filtration using nanofluids, with PV-
based systems is still a very hot topic. Balancing between reducing the PV temper-
ature increase, increasing the heat absorbed in the filtration nanofluid, and assuring 
no obstruction of incident solar radiation, to maintain the electrical efficiency of 
the system, has not been achieved. 
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Nonlinear Optical Properties of Metal 
Oxide Nanostructures 

Vineet Gunwant, Preeti Gahtori, and Ravindra Pandey 

Abstract Metal oxide nanostructures (MONS) have attracted substantial research 
interest due to their unique possibility of engineering their electronic and optical 
properties through material design. MONS, such as BaTiO3, LiNbO3, ZnO, CuO, 
BiFeO3, etc., have shown promising applications in optoelectronics, photonics, and 
biomedical devices. This chapter provides insight into specific nonlinear optical 
properties, such as Second Harmonic Generation, Z-scan, Hyper Rayleigh scattering, 
two-photon absorption, optical limiting, etc. In addition, we have summarized recent 
results of several nonlinear optical properties and potential applications of MONS 
in cell labeling, fluorescence excitation, sensing, and optoelectronics. 

Keywords Metal oxide nanostructures (MONS) · Non-linear optics (NLO) ·
Second harmonic generation (SHG) · Cell labeling · Optoelectronics 

1 Introduction 

Metal-oxide nanostructures (MONS) have great potential for several applications in 
energy storage [1], biosensing [2], optoelectronics [3], and light emission due to their 
ability to interact with light [4]. The resonant wavelength at which MONS interact 
with light depends upon metals [5], their size, shape [6], the distance between neigh-
boring objects, the surrounding dielectric medium, etc. [7]. These nanostructures can 
act as antennae to harvest light surrounding them by enhancing the intensity of the 
coupled electric field [5, 8, 9].
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In a linear optical regime, the optical properties of MONS depend linearly on the 
incident electric field. However, this linear variation of their properties is broken when 
a strong electric field is applied, which results in nonlinearity. Various optical devices 
have continuously shaped the advancement in nonlinear optics (NLO), ranging from 
optical fibers to photonic crystals [10–12]. The unique property of MONS is to 
localize electromagnetic fields at nanoscale volumes which helps to control the 
properties of light at dimensions much smaller than their wavelength. Moreover, 
the localized electric field at the metal surface enhances the weak Raman process, 
which is used in surface-enhanced Raman scattering [7]. 

Nonlinear optical effects arise when the motion of electrons under a strong elec-
tromagnetic field cannot be considered harmonic. As a result, the anharmonicity 
in the field strength mixes the incident fields. It produces new fields that oscillate 
either with the same frequency (optical rectification) or at the sums or differences 
of the incident frequencies [13, 14]. Moreover, the nonlinear phenomena respond 
on the time scale of picosecond and femtosecond, allowing ultrafast processing of 
optical signals [7], which enables nonlinear phenomena in MONS to be applicable 
for biosensing and monitoring chemical growth [6]. Apart from these applications, 
MONS are also used as fluorescent probes for tracking biological processes to study 
cellular morphology, functions, cell targeting, etc. [9] which are advantageous with 
respect to organic fluorescent probes that are highly susceptible to photobleaching 
[15]. MONS such as potassium niobate (KNbO3), lithium niobate (LiNbO3), Barium 
titanate (BaTiO3), potassium titanyl phosphate (KTiOPO4), and zinc oxide (ZnO) 
have higher cell imaging than organic chromophores [5]. Also, to achieve the desired 
optical and nonlinear optical properties, it is crucial to have reasonable control over 
the synthesis of MONS of precisely controlled size and shapes [16]. This book 
chapter covers the following sections, from explaining the nature of the interaction 
of light with MONS to their nonlinear properties and applications. Section 2 describes 
the interaction of light with MONS. Section 3 discusses various nonlinear optical 
techniques used to study MONS, such as second harmonic generation (SHG), Z-
scan, Hyper Rayleigh scattering, etc. Section 4 presents several properties of MONS 
such as optical limiting effect, imaging, and photostability, wavelength tunability, 
nonlinear wave mixing, etc. Section 5 presents various applications of MONS e.g., 
cell labeling, fluorescence excitation, sensing, optoelectronics, etc. In Sect. 6, the  
effect of conjugating metal to MONS is explained. Section 7 explains challenges 
and gives future perspectives for MONS.
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2 Interaction of Metal Oxide Nanostructures (MONS) 
with Light 

A ray of light reaching at an interface between two materials is reflected and trans-
mitted. The properties of reflection and transmittance are governed by Snell’s law 
and Fresnel coefficients. These laws are valid for the case when the size of the mate-
rial is greater than the wavelength of light [1]. For those materials which are having 
subwavelength size or structures smaller a size than the wavelength of the light, these 
laws are not valid. In these cases, the light is diffracted, absorbed and scattered by 
subwavelength structures. These nanostructures have optical properties that are direct 
consequence of their energy band structures [2]. Metals have free electrons due to 
partially filled conduction band, which can transport energy and electric current effi-
ciently. For such structures, the electrons oscillate due to the external excitation, from 
the entire volume (Fig. 1). All free electrons in the nanostructures are displaced along 
the polarization of the incident electric field, that forms a dipole which oscillates with 
the incident frequency [4, 7]. With the help of these oscillations, nanostructures can 
interact with light efficiently [4]. 

The incident field couples with the dipole at a frequency which depends upon the 
nanostructure type, size, shape, surrounding dielectric medium etc. By varying these 
properties, MONS of potential applications can be made. Some MONS show size 
dependent tunability of their optical properties [5], the representative examples are 
given in Fig. 2. In addition, the nanostructures concentrate the light energy which 
intensifies the electric field between them. The property of these nanostructures to 
absorb, scatter visible light, act as an electron sink enables them to be used for 
photovoltaics, biosensors and photocatalysts applications [1, 6].

Fig. 1 Illustration of 
oscillation of metal electron 
cloud when electric field is 
applied. All the electrons are 
displaced along the 
polarization of incident 
electric field 
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Fig. 2 Absorptin spectra of 
BaTiO3 (BT) nanoparticles 
of different size. BT 1–6 
were prepared by varying 
citric acid percentage at 
same temperature. BT, A–D 
were prepared at different 
temperatures. The 
broadening of absorption 
peaks are due to increase in 
band gap energy with 
decrease in grain size of the 
nanoparticles. Reprinted 
with permission from Ref. 
[5]. Copyright 2015 Elsevier 

3 Nonlinear Optics (NLO) 

NLO is a subfield of optics, that occur as a consequence of the modification of 
the optical properties of a material by light. They are nonlinear in the sense that 
they occur when the response of the material to an applied optical field varies in a 
nonlinear manner, that depends on the strength of the optical field. In most of the 
cases, the laser light of very high intensity can modify the optical properties of the 
material by mixing incident pulses or exciting higher order frequencies from the 
material. The study of NLO properties of materials started in the late 19th century, 
with the discovery of the Pockels or electro-optic effects. This effect refers to the 
change in refractive index by an external electric field applied to the material. As 
light propagates through such crystals, their phase and polarization can be tuned [7]. 

In the case of conventional (linear) optics, the induced polarization P(t) of the 
material depends linearly on the strength of the applied electric field E(t), 

P(t) = ε0χ (1) E(t) 

where, χ (1) is the linear susceptibility and ε0 is the permittivity of free space. For 
nonlinear optics, the optical response of the material can be described by expressing 
the induced polarization P(t) as a power series of applied electric field strength E(t). 

P(t) = ε0[χ (1) E(t) + χ (2) E2 (t) + χ (3) E3 (t) + . . .  ] 

P(t) = P (1) (t) + P (2) (t) + P (3) (t) + . . .  

χ (2) and χ (3) denote second and third order nonlinear susceptibilities, respectively. 
P (2) and P (3) are second and third order induced polarization of the material [8]. The
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second order nonlinear interactions occur only in the crystals that are noncentrosym-
metric in nature. On the other hand, third order nonlinear interactions can occur in 
both centrosymmetric as well as noncentrosymmetric crystals. 

The NLO processes like multiphoton absorption, where several photons are 
absorbed can be used for laser cutting and ablation. Nonlinear phenomena are useful 
as they allow rapid change of the material properties by using only light [9]. Nonlinear 
techniques such as second harmonic generation, Z-scan, hyper-Rayleigh scattering 
etc. have become useful to characterize MONS [20]. 

3.1 Second Harmonic Generation 

On atomic scale, atoms develop a dipole moment which oscillates with the same 
frequency as the applied electric field and emit secondary radiation. If magnitude 
of applied electric field is large enough, like in case of laser, the emitted radiation 
can contain higher frequencies compared to the incident one. For example, in the 
case of second harmonic generation (SHG), two photons with the same energy are 
annihilated at the same time and one photon with the double energy is emitted from 
the atom (Fig. 3). The excitation of the atom leads it to the virtual energy state 
from where, it instantaneously relaxes back to the ground state. The excitation of 
atoms in the virtual state leads to the three useful characteristics of the SHG, (I) The 
SHG is not a resonant process, it can occur at any wavelength. (II) The emission 
of photons in the SHG process occurs instantaneously compared to the resonant 
processes such as two photon absorption, which has finite lifetime in the excited 
state. (III) The bandwidth of the emitted SHG signal is narrower than the bandwidth 
of the excitation radiation, whereas in the case of the resonant process, the bandwidth 
is broader due to non-radiative losses [8, 10]. 

SHG being a second order nonlinear process, the induced polarization is given as: 

P (2) (2ω) = ε0χ (2) (ω)E2 (ω)

Fig. 3 Energy level diagram 
of SHG process 
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where, P (2) (2ω) is second order induced polarization, χ (2) (ω) and E2(ω) are second 
order susceptibility and applied electric field at frequency ω, respectively. 

Application of various MONS uses the advantage of SHG process such as nanos-
tructures with high refractive index e.g. silicon, gallium, arsenide etc. are good 
nonlinear emitters but these materials have significant losses in the visible and 
ultraviolet region [1]. Therefore, new materials are required for applications in the 
near ultraviolet-visible range. Ferroelectric metal oxide lithium niobate (LiNbO3) 
nanocubes show applications in nonlinear photonics in the near ultraviolet-visible 
range [11]. These LiNbO3 nanocubes are efficient SHG emitters as a result of the 
strong electric field confinement at the SHG wavelength. Hence, they emit second 
harmonic signal in the near ultraviolet range and therefore useful for near ultraviolet 
photonic applications. Some other materials e.g. BiFeO3 [12], KTiOPO4 [13] etc.  
have been utilized in cell imaging and photo stability. 

3.2 Hyper-Rayleigh Scattering 

In nonlinear optics, the frequency, phase of an incident electromagnetic field is modi-
fied through its nonlinear interaction with matter. The interaction leads to the induced 
dipole moment which depends on the power series of the applied electric field (E). 

μ = α.E + β.E2 + . . .  

where, α is linear polarizability and β is the first hyper polarizability. The macro-
scopic nonlinear response of materials is proportional to the molecular hyper polar-
izabilities, which is directly related to the performance of MONS [14]. In 1991, the 
Hyper-Rayleigh Scattering (HRS) technique was developed for the measurement of 
molecular hyperpolarizabilities. It can measure β, directly of all molecules, irrespec-
tive of symmetry or charge. For dipolar molecules, the hyperpolarizability can be 
calculated without the knowledge of the dipole moment. The HRS can be measured 
by measuring the intensity of the incoherently scattered light, at the second-harmonic 
wavelength, that can be generated by an intense laser beam in a nanostructure. The 
intensity of the light scattered by a single molecule at the harmonic wavelength 2ω 
can be calculated by performing orientational average over β [15]. 

Is(2ω) = 
32π 2 

cε3 0λ
4r2

〈
β2 
HRS

〉
I (ω)2 

where, Is(2ω) is intensity of light scattered by MONS at harmonic frequency, and 
I (ω) is intensity of incident light. The effective hyperpolarizability for a MONS 
(〈βHRS〉) is characteristic of the MONS SH generation efficiency. If nanostructures 
are large enough to neglect surface contribution of the scattered SH signal, then the 
effective hyperpolarizability 〈βHRS〉 has the same properties as χ (2) and is related to
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the averaged SH coefficient <d> by mean particle volume V.

〈βHRS〉 = 〈d〉V 

<d> is an intensive physical property of each material. Consistently, large size nanos-
tructures (ZnO 90–200 nm) have a higher hyperpolarizability than small nanostruc-
tures (ZnO 20 nm). Application of the HRS technique on nanostructures allows 
one to achieve a reliable assessment of the SH efficiencies of noncentrosymmetric 
nanomaterials for applications in bio-imaging as nonlinear optical markers [15, 16]. 

3.3 Z-Scan 

Materials having third-order optical nonlinearities have been explored for their appli-
cation to high-speed optical switching devices. To assess a material for this applica-
tion, nonlinear refraction index (NLR) and two-photon absorption coefficient (TPA) 
should be known. These parameters can be determined by Z-scan technique, in which 
a sample is scanned near the focal region of a laser beam [17]. As the sample is moved 
along the propagation direction of the laser beam, it experiences modulation in phase 
and intensity, that can be measured by its transmittance as a function of the sample 
position. If all the transmitted light is measured, then only TPA affects the Z-scan, 
which is known as open -aperture Z-scan. On the other hand, if some of the trans-
mitted light is detected due to the presence of an aperture in front of the detector, 
both NLR and TPA contributes to the Z-scan, which is referred as closed aperture 
Z-scan [18]. 

In the experiment, a continuous variation of the input fluence can be achieved by 
moving the sample through the focal region of a focused laser beam. As the position 
of sample is taken as z with z = 0 for the focal point of incident laser beam, hence 
named as Z-scan. 

Z-scan curves of graphene and graphene-CuO nanocomposites are shown in Fig. 4. 
The NLO properties of graphene-CuO nanocomposites are larger compared with 
graphene, due to doping of CuO, which increases the time of electron transfer and the 
photon transition. Also, it suppresses the recombination between electrons and holes 
that ultimately provides longer time for free carriers to work. This leads to enhance-
ment in the NLO properties of the nanocomposites [19]. These nanocomposites have 
potential applications in various nonlinear optical devices such as optical switches 
[20], optical sensors [6] and so forth. These applications of MONS are discussed in 
later sections.
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Fig. 4 Normalized Z-scan 
curves of multi-photon 
absorption of graphene and 
graphene-CuO 
nanocomposites. Reprinted 
with permission from Ref. 
[19]. Copyright 2019 
Elsevier 

3.4 Multiphoton Excitation Processes 

Multiphoton absorption is simultaneous absorption of several photons. Multiphoton 
based processes are applicable in many scientific areas such as confocal scanning 
microscopy, 3D data storage etc. It provides tunable excitation wavelength in the 
near infrared (NIR) range in which absorption probability depends nonlinearly on 
the excitation intensity [21]. The confocal scanning microscopy based on multi-
photon absorption is considered as promising luminescent technique for imaging 
living systems which allows subcellular resolution without photodamage [1]. 

The efficiency of multiphoton absorption of a compound is determined by its 
absorption cross section. The three-photon absorption cross section is defined by: 

dN  = σ (3) p(t, z)3 cdz 

Here, dN  denotes the number of absorption events along the interval dz, c is the 
concentration and p(t, z) is the time and z-dependent photon flux. Compared to the 
one photon absorption, there are sufficiently small number of photons in three photon 
absorption process during propagation of the laser beam through the sample. Hence, 
the z-dependence can be neglected for three photon absorption. The photon flux can 
be calculated by considering only temporal dependence: 

p(t) = 
E/hν 
2πwx,y 

1 

wt 

√
2π 

e
− t2 

2w2 
t 

The photon flux is given for laser pulse with energy E, frequency ν, beam width 
of circular gaussian beam wx,y and temporal width wt [21].
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Fig. 5 Visible light-activated gas sensing mechanism of ZnO sensor, induced by multiphoton 
excitation process. Reprinted with permission from Ref. [22]. Copyright 2013 Elsevier 

The photo response in ZnO and TiO2 MONS can be used in gas sensing appli-
cations which can be induced by two-photon or multiphoton excitation processes. 
The photo responded property of ZnO and its sensing response were observed under 
visible light irradiation (two photon absorption), while in absence of visible light it 
shows no sensing response (Fig. 5). It is suggested that native defects of ZnO are 
responsible for photo-responded behavior under visible light irradiation [22]. 

4 Nonlinear Optical Properties 

4.1 Size and Excitation Wavelength Tunability 

MONS have strong dependency on their size for nonlinear absorption. For BaTiO3 

nanoparticles the size ranging from 16 to 26 nm have nonlinear absorption coeffi-
cient which ranges from 11 × 10–11 to 6.2 × 10–11 m/W. The nonlinear absorption 
coefficient is larger for particles having smaller size and vice-versa. For a spherical 
nanostructure surface area to volume ratio is given by 3/r, where r is the radius of 
spherical nanostructure. For the smaller size MONS the surface to volume ratio is 
high, which implies that there is maximum distribution of particles on the surface 
[5]. Hence, the smaller size MONS are having large quantum confinement which can 
enhance the nonlinear absorption. By optimizing nonlinearity and size dependency, 
the nonlinear absorption in MONS can be tuned. The MONS are smaller than the 
coherence length of the material, hence no destructive interference can be possible 
between the emitted signals from different locations within the nanostructures. Also,
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laser sources can cover a wide spectral range from deep ultraviolet to the near infrared. 
This property becomes advantageous with respect to resonant excitation [23]. 

Compared to bulk materials, the SHG intensity from MONS is more wavelength 
dependent. Also, the MONS are less sensitive towards excitation wavelengths, except 
for ZnO and BaTiO3. For these particles, in the 760–970 nm excitation range, the 
shorter excitation wavelengths are having higher efficiency than larger ones because 
for shorter excitation wavelengths the spectral position of the bandgap is close to 
resonance for ZnO and BaTiO3 [10]. These material specific characteristics of signal 
can discriminate between two different types of MONS by recording the SHG at 
different wavelengths. In addition to this, using the sum frequency generation (SFG) 
spectroscopy, Shultz and co-workers [24] showed that smaller TiO2 nanoparticles 
are more reactive than the larger on. The relative amount of dissociative adsorption 
of the methanol in the gas phase is larger in case of smaller nanoparticles compared 
to larger one. 

Apart from MONS, nonlinear optical techniques can be applied to study the size 
dependency of metal nanostructures. Chandra et al. [25] used Hyper-Rayleigh scat-
tering (HRS) to show the size to wavelength ratio (r/λ) affects the SH response from 
Cu nanoparticles. It was shown that hyperpolarizability values of the Cu nanoparti-
cles vary with particle size. It was concluded that SH response from nanoparticles 
were electric dipolar in origin if r/λ was 1/20 or less. For larger sized nanoparticles 
The SH response was disturbed by quadrupolar contribution as a result of retardation 
effect. 

4.2 Optical Limiting Effect 

Optical limiting is a nonlinear effect in which transmittance of a sample decreases 
on applying high intensity light source. Optical limiting property of MONS can 
be utilized to protect the delicate optical instruments and human eye from intense 
light sources. They strongly reduce the intense laser pulse thereby transmitting low 
ambient light. Optical limiting in MONS such as Fe2O3 [26], Fe3O4 [27], spinel 
ferrites [28], graphene oxide-Fe3O4 [29], BaTiO3 [5] have been reported. The large 
nonlinear optical response of these materials makes them as potential materials 
for optical limiting and optical switching applications [30]. Cd-Fe co-doped CuO 
MONS absorb more photon in the visible region and shows lower onset optical limit 
threshold, therefore higher nonlinear coefficients. These properties of doped CuO 
MONS can be used as a potential candidate for the development of laser safety 
devices [31]. Spinel ferrites are versatile MONS, having applications in magnetic 
and biological fields. Panit et al. [28] investigated the optical limiting properties of 
ZnFe2O4 and its Ni/Cu mixed forms and compared the results with C60, which was 
extensively studied for its optical limiting effect [33, 37]. The ferrite MONS show 
a slight increase in transmittance in low fluence regions, while efficient limiting at 
higher fluences. The depth of the valley in the z-scan curve directly indicates the 
optical limiting efficiency of a material.
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Fig. 6 Z-scans of different 
MONS, compared with C60. 
The depth in the valley is 
indicative of optical limiting 
by each MONS. Reprinted 
with permission from Ref. 
[28]. Copyright 2012 
American Institute of 
Physics 

Figure 6 shows that C60 exhibits optical limiting throughout the range of the 
measurement while the MONS show optical limiting for a specific fluence region. 
However, for application purposes these MONS have unique advantage compared 
to C60 as they can increase the sensitivity of a detector by switching suddenly to 
optical limiting region when input fluence exceeds the threshold limit of the detector 
[32]. The increase in optical limiting in the case of Ni/Cu mixed ferrite MONS 
can be attributed to self-trapping of charge transfer states as there is increase in 
excited state absorption due to charge transfer between 2p orbital of oxygen and 3d 
orbital of metal. Further, the trapping of charge transfer transition is dependent on 
lattice strain. In the case of Ni and Cu zinc ferrite, introduction of these new ions 
create distortion and produces strain in the nanostructure which further increases the 
excited state absorption thereby enhancing optical limiting of Ni and Cu mixed zinc 
ferrite MONS [28]. In addition, the optical limiting increases with increase in the 
grain size of MONS and has dependence on their structural phase e.g. when MONS 
undergo transition from cubic to tetragonal phase, an increase in the nonlinear optical 
absorption has been observed [5, 17]. 

4.3 MONS as Imaging Agents 

Several medical diagnoses rely on imaging by MONS. MONS based imaging 
agents with non-invasive optical techniques are essential to obtain high contrast 
images for applications in drug delivery [33], biomedical therapies [34] etc. Label 
free optical techniques such as high resolution optical coherence tomography [35], 
harmonic generation microscopy, two photon fluorescence [36] have been used for 
3-dimensional imaging with enough depth penetration in biological species [37]. 
Moger et al. [36] showed that contrast from TiO2, CeO2 and ZnO can be used to 
image low particle concentration within biological species.
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Fig. 7 a Size distribution of KTP MONS centered at 185 nm. b White light image of the KTP 
MONS on the waveguide. The dashed lines indicate the extension of the waveguide mode. c SH 
image of the same sample region. Reprinted with permission from Ref. [13]. Copyright 2010 Optical 
Society 

Ronja et al. [13] used Potassium-Titanyl-Phosphate (KTiOPO4, KTP) MONS, 
spread on a waveguide, to show their imaging property, as shown in Fig. 7. When 
these MONS are excited with laser radiation, they show enhanced contrast. The region 
(b) represents the nanoparticles under white light illumination. The differences in 
intensity originate from the size dispersion of MONS in the sample. In region (c), they 
are excited with intense laser source. Their positions (A-D) spatially correlate with 
those of MONS observed under white light illumination. It provides the possibility to 
employ MONS as molecular probes in experiments based on evanescent excitation. 

4.4 Enhancement of Nonlinear Efficiency of Nanostructures 

Several research efforts have been focused on increasing the conversion efficiency 
of incident light into the nonlinear signal. Pure metallic nanostructures emit strong 
nonlinear signals despite having symmetric structure, the reason being shape asym-
metry [38], surface contributions [7] etc. However, the nonlinear signal emitted by the 
pure metallic nanostructures suffers from high losses in the visible range and small 
volumes which requires complex fabrication methods. On the other hand, hybrid 
nanostructures such as BaTiO3 nanoparticles [39], KNbO3 nanowires [40], LiNbO3 

disks surrounded by gold nanorings [41] enhance SHG signal.
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Gold nanorings filled with lithium niobate (LiNbO3) generates SH signal which 
comes out to be larger than unpatterned LiNbO3 MONS. The larger refractive index 
of the substrate (MONS) than the surrounding medium provides enhanced field 
in close vicinity to the particle-substrate interface [42]. Hence, the nonlinear field 
generated at the interface region is stronger than the same substrate without resonant 
nanostructure [41]. These nanorings offer a self-organized core-shell model and work 
as nano-optical device to enhance SHG inside their core. Enhancing nonlinear optical 
response can contribute to fabricating efficient nanoscopic light sources. 

Another approach to enhance the SHG response of nanostructures is to take 
advantage of intrinsic Mie scattering resonances. Timpu et al. [43] utilized mie 
scattering resonances of the nanostructures to enhance the SHG signal from indi-
vidual BaTiO3 nanostructures. They have used BaTiO3 nanoparticles, which are 
transparent in visible and infrared range. In addition, BaTiO3 has a noncentrosym-
metric crystal structure and due to its large refractive index, BaTiO3 nanostructure has 
several resonances in their linear scattering cross section, which helps a strong SHG 
response even at nanoscale. Due to the large refractive index and noncentrosymmetric 
structure, BaTiO3 nanostructures show strong bulk SHG signal. 

4.5 Nonlinear Wave-Mixing by MONS 

Wave-mixing by MONS could lead to develop applications such as nanoscale light 
sources, optical switching [20, 44], and pulse characterization [45]. MONS having 
varied chemical compositions, size can readily generate multiple signals such as 
various harmonic generation, sum or difference frequency combinations. Liu et al. 
[46] used GaAs based dielectric metasurface to report simultaneous emission of 
harmonics and wave-mixing signals. Campargue et al. [47] reported multiple signals 
from KNbO3 nanoparticles, upon two-color excitation at 1045 nm and 1300 nm that 
are resolved spectrally from deep UV (260 nm) to near infrared (874 nm). Excitation 
at 1045 nm produces two harmonics (523 and 348 nm) and four (650, 433, 325 and 
260 nm) at excitation of 1300 nm (Fig. 8). Apart from this, sum frequency involving 
three wave mixing (3WM, 586 nm) and four wave mixing (373, 401 nm) associated 
with χ(2) and χ(3), respectively [47]. This response of KNbO3 nanoparticles was 
shown to be conserved, when they are embedded in biological medium, which can 
be useful for bioimaging and photo interaction applications.

It is also interesting to study other nonlinear effects such as sum frequency 
generation (SFG). LiNbO3 nanowires have been reported to generate and guide 
second-harmonic (SH) signals. As, nanowires provide superior surface properties 
and stronger optical confinement due to extended length of light matter interactions, 
they can be used for understanding optical switching. 

Sergeyev et al. [48] used LiNbO3 nanowires to generate sum frequency signal by 
overlapping the laser beams. To confirm that the generated signal was from SFG, 
they took spectral measurements of the signal that depend linearly on the power and 
wavelength of the incident laser source. Based on their results, they concluded that
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Fig. 8 Spectrograms of KNbO3 nanoparticles under 1300 and 1045 nm excitation. Harmonic 
signals appear as continuous vertical strips contrary to superposition (mixing) of the two pulses. 
Reprinted with permission from Ref. [47]. Copyright 2020 American Chemical Society

phase matching of the guided SFG signal is possible in the nanowires that can be 
used to enhance the SFG signal. The signal enhancement due to phase matching 
condition was also shown in the case of SHG in LiNbO3 nanowires [49]. 

4.6 MONS Show Larger Non-linear Response as Compared 
to Non-oxidized Nanostructures 

MONS having good chemical stability and mechanical strength have been used 
for investigation of their non-linear optical properties [50]. MONS such as CuO, 
V2O5, Co3O4, Cr2O3, Mn3O4 have shown higher nonlinear susceptibility than their 
non-oxidized counterparts [51, 52]. The optical properties of nanostructures can be 
perturbed by changing their surface area to volume ratio. It means a decrease in the 
radius of sphere increases the ratio (the quantum confinement effect). In other words, 
the concentration of carriers increases with decrease in the size of nanostructures. 
Further, the higher concentration of carriers can have direct implications on the non-
linear response of the nanostructure. Boltaev et al. [53] showed that red shift of 
the band gap of oxidized nanostructure (CuO) can increase its non-linear efficiency 
compared to non-oxidized one (Cu nanoparticles). In the case of Cu nanoparticles, 
the SPR was observed at 620 nm while a broad SPR was observed at 300 nm, which is 
characteristic of nanoellipsoids. The shift in the SPR band is a direct consequence of 
quantum confinement effect, which arises due to the presence of smaller nanoparticles 
and nanoellipsoids. Having the idea of quantum confinement, the non-linear response 
of both Cu nanoparticles and CuO nanoellipsoids was measured by z-scan technique. 
In the case of CuO nanoellipsoids, positive non-linear refractive properties were 
observed at 800 nm probe pulse. In addition, open aperture z-scan was used to 
measure the optical limiting properties of both materials at 800 nm, 60 fs probe pulses. 
The presence of optical limiting effect in CuO nanoellipsoids was attributed to the 
two-photon absorption process. However, no such optical limiting was observed in the 
case of Cu nanoparticles. The observed nonlinear response in CuO nanoellipsoids was
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attributed to be associated with decrease in the band gap of CuO nanoellipsoids. Apart 
from it, CuO nanoellipsoids are having 3D shape, which makes the nanostructures 
to have tunable properties as compared to 2D shaped Cu nanoparticles, which have 
inherent properties. 

5 Applications of Metal-Oxide Nanostructures 

5.1 MONS for Cell-Labeling 

As discussed in the previous section, MONS have high photostability, nonlinear 
efficiency, biocompatibility, which makes them excellent for cell labeling applica-
tions. For example, MONS, which are capable of showing non-linearity, have many 
advantages over conventional fluorescent materials. Such MONS maximize imaging 
depth and maintain high specificity. Bismuth ferrite (BiFeO3) MONS can monitor 
pulmonary macrophages in mice. Macrophages are immune cells which evolve as a 
result of lung diseases such as asthma. BiFeO3 stably label exogenous or endogenous 
macrophages and produce excellent SHG signal after their in vivo application to mice 
[54]. The externally applied BiFeO3 loaded macrophages can be tracked in the lung, 
allowing precise localization of the cells and monitoring their distribution over the 
time. In addition to this, BiFeO3 MONS have shown long term photostability in vivo, 
because of their nonlinear interaction with the excitation field. The excitation wave-
length flexibility in MONS widens the scope of molecular probes that can be used for 
fluorescence staining (Fig. 9). It is likely that longer wavelength excitation can enable 
visualization of deeper tissue segments, which can be helpful for the exploration of 
third harmonic generation (THG) and fourth harmonic generation (FHG) produced 
by tissue structures thereby minimizing the need of tissue labeling [54, 55].

Emission in ZnO nanoparticles lies in visible range which makes them very useful 
for cell labeling applications. The successful attachment of ZnO nanoparticles to the 
cell can be ascribed to the green color emission from the cells (Fig. 10). As the particle 
size increases, ZnO nanoparticles undergo a red shift due to quantum confinement 
effect. The visible emission in ZnO is a result of transitions that involve trapped states. 
These trapped levels are formed by the oxygen vacancies present on the surface of 
nanoparticles [9]. Also, by varying pH conditions, they can show different color 
emissions with good intensity. Zeta potential study shows that at pH 12, the surface 
charge is dominated by O2− i.e., surface is having less vacancy of oxygen, while at 
pH 6, it is dominated by Zn2+ i.e., surface is having more vacancy of oxygen. Hence, 
due to presence and absence of oxygen vacancies, color emission from ZnO varies 
in the visible range. In the case of ZnO nanoparticles, with the increase in surface 
oxygen vacancies, the wavelength in the visible range increases from blue to orange 
color [56]. Although, we have discussed two MONS BiFeO3, and ZnO, there are 
several other MONS which have been used for cell labeling applications such as 
BaTiO3 [57], iron oxides [58], KNbO3 [59] etc.
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Fig. 9 Illustration of MONS-based labeling of stem cells which can be used to track cells or tissues. 
SHG (in blue color) from BiFeO3 (inset) and collagen. Reprinted with permission from Ref. [55]. 
Copyright 2017 American Chemical Society

Fig. 10 a Differential interference contrast photograph and b fluorescent image of NIH/3T3 cells 
labeled with ZnO nanoparticles with green color emission. Reprinted with permission from Ref. 
[56]. Copyright 2010 American Chemical Society 

5.2 Applications in Monitoring Chemical Growth 
of Formation of MONS 

Nonlinear optics can be efficiently used to monitor the formation and growth of the 
nanostructures that are having significant hyperpolarizability. Hyper-Rayleigh scat-
tering (HRS) is a nonlinear optical tool to monitor MONS formation in liquid [15]. 
Segets et al. [60] observed HRS from ZnO nanoparticles. The hyperpolarizabilities, 
βZnO, of different sized particles was shown to increase with particle size.
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Fig. 11 Hyper rayleigh 
scattering (HRS) signals 
monitored for three different 
time resolutions. Four 
different regions are (I) only 
one reactant; (II) nucleation; 
(III) growth; (IV) ripening. 
Reprinted with permission 
from Ref. [60]. Copyright 
2009 American Chemical 
Society 

A long-term time resolved observation of ZnO nanoparticles allowed the different 
steps of the particle formation process and to monitor nucleation, growth, and 
ripening rates from the nonlinear optical signals. Figure 11 shows the evolution of 
the HRS signal as a function of time for three different time resolutions of 20, 50 and 
100 ms. Region I represent, the observed signals for solvent and zinc acetate. Region 
II, III, and IV represent the nucleation, growth and ripening, respectively [60]. These 
time dependent studies clearly show the capability of the MONS based nonlinear 
optical technique to study and monitor growth of a chemical reaction. Sahyun et al. 
[61] observed significant hyperpolarizability from TiO2 nanoparticles. The gener-
ated second harmonic could be used to monitor the formation and growth of these 
particles. Further, HRS can also be used to quantify the origin of NLO properties in 
such particles [62]. 

5.3 MONS in Sensing Applications 

Optical sensors have been developed for a number of applications ranging from 
industry, defense to health monitoring and medicine. The popularity of these sensors 
can be attributed to their small size, light weight and immunity to electromag-
netic interference, temperature dependence, higher sensitivity [10]. LiNbO3 is an 
anisotropic material which shows spontaneous polarization dependent on temper-
ature. As LiNbO3 is heated, there is movement of lithium and niobium ions, and 
the crystal expands those results in change in the polarization. As the polarization 
changes, there is change in refractive index of the material. Hence, temperature vari-
ation causes refractive index to change therefore LiNbO3 can be used as temperature 
sensor [63]. 

Distinct crystalline structures may lead to various optical properties. Sodium 
niobate (NaNbO3) is another MONS having seven structural phase-transitions which
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can be used as temperature sensor as a function of its phase transition. Pure NaNbO3 

has an antiferroelectric structure, which undergoes phase transition from an antifer-
roelectric to ferroelectric on cooling at around 73 K and the reverse transition at 
245 K, here the two phases coexist from temperature ranging from 12 to 280 K. 
This is because at this temperature range, the free energy difference between the two 
phases is small and within thermal fluctuations [64]. The small free energy difference 
between the two phases is interesting as it would allow to switch from the antifer-
roelectric to ferroelectric state using electric fields, which in turn will be helpful in 
determining the potential of this material in applications such as high-density optical 
data storage [65], sensing [6], enhancing nonlinear optical properties and hologram 
recording materials [66]. 

Niobate NWs (KNbO3, LiNbO3 and NaNbO3) propagate and maintain nonlinear 
optical signals, such as SHG, along their length. The maximum SH signal generated 
from a nanowire depends on the polarization of incident laser light, crystal structure 
orientation and design of NW. SH signal propagates in periodic manner inside the 
NW as the coherence length of the SH process is smaller than the NW length. Also, 
the cross section design of NW influences the conversion efficiency between the 
fundamental harmonic and second harmonic signals that propagate inside the NW. 
Sergeyev et al. [67] showed that at the LiNbO3 NW output, the average SH signal 
power was 347 ± 40 pW for the incident power of laser beam (85 ± 3 mW). It was  
stated that the propagation process inside the NW may be a combined form of wave 
guiding and scattering along the length of the NW. 

The tunability of size and shape of MONS makes them a good candidate for 
sensing and catalytic applications [68]. Lee et al. [69] used an electrode made 
up of metal oxide to show electrochemical behavior for glucose biosensor. As the 
biosensing behavior often relies on the free active site and surface area of a nanos-
tructure, tuning the size of MONS can help in improving the biosensing ability. Sun 
et al. [70] showed that cupric oxide (CuO) nanourchins having size smaller than 
100 nm are more effective than the bigger ones for glucose biosensing applications. 
The CuO samples were employed as glucose-sensing anode materials. The glucose 
biosensing activity was measured by linear-sweep voltammograms to examine the 
glucose oxidation process at the CuO anode. As the concentration of glucose was 
increased, there was step-wise increment in the current, flowing through the cell. 
Here, the CuO anode acts as a sensor for glucose such a way that a small amount 
(~100 μM) of glucose increases the current in the cell. Also, the sensing process was 
increased due to the smaller size of CuO nanourchins. The smaller sized nanourchins 
facilitate larger surface to volume ratio which increases the quantum confinement, 
ultimately increasing the surface area so that more number of molecules can be 
adsorbed. MONS can also be used to quantify organic dyes, which can be used in 
biomedical applications. Rao et al. [63] used LiNbO3 NWs for localized delivery of 
light. At the NW output, fluorescence signal detected as 17.6 ± 1.9 fW for 1 μg/ 
ml concentration of dye. This dye concentration range is the same as is used for 
cell staining which indicates that using the NW (of appropriate crystal structure and 
orientation) for fluorescence excitation requires low dye concentration and can be 
used for cell studies.



Nonlinear Optical Properties of Metal Oxide Nanostructures 151

5.4 MONS in Optoelectronics 

The term optoelectronics refers to a branch of electronics in which electronic devices 
are used for sensing, emitting and transmitting light. One-dimensional (1D) MONS 
such as ZnO nanowires [71], TiO2 nanorods [72], Ga2O3, Nb2O5 nanobelts [73, 74] 
with varying morphology have been used in nanoscale optoelectronics. 1D MONS 
have large surface to volume ratio, which results in increasing the lifetime of photo-
carriers thereby increasing the photoconductivity of MONS. Jin et al. [71] fabricated 
a flexible photoconductor based on ZnO nanostructures. When these were combined 
with 8-hydroxy-quinoline, the device displayed high responsivity at moderate elec-
tric field. Li et al. [73] used individual Ga2O3 nanobelts to monitor ozone layer. 
These nanobelts have deep ultraviolet (DUV) sensitivity (200–290 nm) which makes 
them suitable for monitoring ozone layer, since ozone layer absorbs radiation with 
wavelengths shorter than 290 nm. 

Fang et al. [74] showed the photoconductivity in Nb2O5 nanobelts. The I-V curves 
for the device were taken at different wavelengths (320, 400, 500, 600 nm) and in 
the dark. Under dark condition, the current was very low (15.5 pA at 1.0 V). Also, 
illumination under 500 and 600 nm light, there was very less change in photorespon-
sivity, while large photocurrent was monitored for 320 nm light. Moreover, there 
was very small variation in the device performance which exhibits reproducibility of 
the device. These findings suggest that Nb2O5 nanobelts have excellent performance 
with respect to sensitivity, spectral selectivity and stability [75]. 

5.5 MONS as Ultraviolet and Near Ultraviolet Nanoprobes 

Certain MONS emit nonlinear signal in Ultraviolet (UV) or Near Ultraviolet (NUV) 
range such as LiNbO3 nanocubes [11], ZnO nanowires [76], SnO2 nanowires [77], 
Ga2O3 nanobelts [73] etc. UV photodetectors are applicable to be utilized in high 
temperature conditions such as for fire detection purposes. The conventional semi-
conductor (Si) based UV photodetectors are prone to degradation when exposed to 
high temperature conditions [75]. Hence, it is required to develop such detectors 
which can resist the temperature variation. For this purpose, Hu et al. [78] synthe-
sized MONS based on Ga2O3 nanobelts and studied UV photodetection performance 
at high temperature (433 K) with respect to sensitivity, stability and response speed. 

Timpu et al. [11] showed that LiNbO3 nanocubes emit sufficient SHG signal 
in the NUV range which can be used in NUV photonic applications. The lower 
refractive index of these nanocubes makes them good candidate for confining elec-
tromagnetic field inside them compared to semiconductor materials such as silicon, 
germanium, gallium arsenide etc., which have higher refractive index. Moreover, 
LiNbO3 nanocubes with small size (below 250 nm) show efficient SHG emission in 
NUV range than the visible range due to increased confinement of electromagnetic 
field inside the nanocubes which enables the electromagnetic field to couple strongly
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Fig. 12 LiNbO3 nanocubes. a–d SEM images of nanocubes and e–h corresponding SHG polariza-
tion dependence at 400 nm. Reprinted with permission from Ref. [11]. Copyright 2019 American 
Chemical Society 

with the nanocubes. Further, the dependency of SHG signal on the polarization of 
incident light was shown to predict the crystal orientation which is shown in Fig. 12. 
Hence, orientational details of the nanocube can be predicted, which is an impor-
tant requirement for photonic device fabrication [11, 47]. These nanocubes serve as 
multifunctional materials for various NUV range applications such as sum-frequency 
generation, single photon sources etc. [75]. 

6 Effect of Conjugating Metal to Metal-Oxide 
Nanostructures 

Nonlinear optical phenomena require a large distance of interaction between light 
and nonlinear material, devices which accompany this process tend to be bulky. 
For many applications such as gas sensing [79], environmental analysis, diagnosis 
[75] etc., the nonlinear light sources are required to be confined in three dimensional 
volumes at subwavelength scale [80]. One of the excellent choices is to place metallic 
nanostructures on top of the nonlinear substance. Choi et al. [81] synthesized a CuO/ 
Cu2O nanowire sensor for sensitivity towards acetone analytes. These nanowires 
were incorporated with silver nanoparticles which resulted in greater sensitivity 
towards the analyte than CuO/Cu2O nanowires alone. Apart from it, Pt incorporated 
PdO nanowires exhibited enhanced gas sensing responses than PdO sensor [82]. 
Pt is known to have better performance for hydrogen sensing applications at room 
temperature. Pt nanowires conjugated to In2O3 nanoparticles significantly improved 
hydrogen sensing response [79]. 

High loading ability and surface properties of MONS makes them an excellent 
candidate for probe applications. Metos et al. [54] synthesized a nanoconjugate based
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on LiNbO3 core chelated by gadolinium ions (Gd3+) to showcase the ability of hybrid 
nanoprobes for near infrared (NIR) fluorescence, MRI, tumor imaging. MONS shown 
to be efficient for NIR probes having various advantages such as excitation wave-
length flexibility, non-saturation, absence of bleaching/blinking, and localization of 
emitted second and third harmonic signals to identify malignant cells such as tumors. 
Dubreil et al. [55] showed cell labeling and tracking with the help of bismuth ferrite 
(BiFeO3) MONS. 

Timpu et al. [83] showed that the nanodimer, consisting of barium titanate 
(BaTiO3) conjugated to gold nanoparticles (BaTiO3–Au) leads to enhancement 
in second harmonic generation efficiency. The spectrum of the nanodimer shows 
pronounced resonance at 580 nm which is red shifted compared to the gold nanopar-
ticles plasmonic resonance (Fig. 13a). The red shift is due to the BaTiO3 nanoparticles 
attached to gold nanoparticles. The maximum SHG signal was obtained at 580 nm 
(Fig. 13b), which is close to the measured linear resonance for the nanodimer. The 
enhancement in SHG efficiency is due to the localized surface plasmon resonance of 
gold nanoparticles which couples with the resonance from BaTiO3 nanoparticles. It 
was shown up to 15-fold enhancement compared to a single BaTiO3 nanoparticles. 
Here, gold nanoparticles act as nanoantenna at the second harmonic wavelength [6]. 

The composite materials are useful for optical limiters and high-performance 
optical switchers. The applicability of these composites relies on their non-linear 
efficiency. It is established that metals in conjugation with MONS tend to increase 
the non-linear efficiency which, in turn, can increase the performance of MONS. 
Among the most suitable metals for composite formation are gold, silver, copper, 
cobalt, tin etc. which induce high values of nonlinear susceptibilities in MONS [52].

Fig. 13 a Linear spectra of gold nanoparticles (green line) and gold-BaTiO3 nanodimer (blue line). 
Blue line is red shifted to 580 nm. b SHG intensity at 580 nm (resonance wavelength, green line) 
and 570, 640 nm (off resonance wavelengths). SHG signal of the nanodimer at linear resonance 
wavelength (580 nm) is enhanced compared to the off-resonance wavelengths. Reprinted with 
permission from ref [83]. Copyright 2017 American Chemical Society 
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Ryasnyansky et al. [84] studied the non-linear optical properties of composite made 
from Cu nanoparticles fabricated in indium titanium oxide (ITO) matrix. The non-
linear optical phenomena and parameters were measured by z-scan technique. It was 
observed that the absorption of 600 nm light increased with the increment in Cu 
nanoparticles concentration, which implies that the nanoparticles are fabricated on 
the ITO matrix. The enhanced absorption is due to the surface plasmon resonance 
of Cu nanoparticles. Using non-linear optical technique i.e., close aperture z-scan, 
they have demonstrated that for unimplanted ITO, there was no transmittance in 
the z-scan profile. However, in the presence of Cu nanoparticles the transmittance 
increases with particle concentration. The enhancement of nonlinearity in presence 
of Cu nanoparticles was attributed to the interband transitions and surface plasmon 
resonance field enhancement in Cu nanoparticles. 

7 Challenges and Future Outlook 

In past years, several advances have been made to design MONS of different sizes, 
compositions, and symmetry to control nonlinear optical properties for various appli-
cations. Several studies have shown that nonlinear optical properties from MONS 
are governed by the surface dipole excitations, magnetic dipole interactions, electric 
quadrupoles, etc. One of the potential applications of MONS is to use them as cell 
labeling agents for therapeutic and diagnostic purposes. These applications may be 
controlled by the design of MONS (e.g., coating materials, size, shape, and surface 
charges). However, there are some challenges in the applications of MONS in thera-
peutic applications. One of the concerns that MONS applications may lead to toxicity 
in a living system. Hence, MONS should be removable systematically from living 
systems. Also, an understanding of biological response and environmental remedia-
tion is necessary. Once such issues are fixed, MONS can be extended to cure diverse 
medical diseases in the future. 

Sensing and photo detection are other areas where MONS are being extensively 
used. Although several attempts have been made to develop different kinds of sensors 
and photodetectors based on MONS, there is still a requirement for significant 
improvements in their performance and low-cost production to meet future appli-
cation demands. Besides, to improve the optoelectronic properties of MONS, more 
hybrid nanostructures can be synthesized since the complexity in these nanostruc-
tures produces a number of interfaces, which can give rise to unique optical and 
optoelectronic properties. In addition, MONS also have potential to act as multi-
functional devices such as solar cells, gas sensors etc. to have better potential for 
practical applications and enhanced economic viability.
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8 Conclusion 

In this chapter, we have provided a comprehensive overview of the significant NLO 
properties inherent in MONS. These properties have been instrumental in enabling 
diverse applications across various fields such as cell imaging, sensing, and optoelec-
tronics. The exceptional high optical contrast, photostability, and wavelength tunable 
properties of MONS makes them a potenial substitute for organic dyes based fluores-
cent probes. Expanding beyond these applications, the distinctive optical properties 
of MONS has led to the creation of innovative hybrid materials, such as metal conju-
gated to MONS and multifunctional nanodevices, aimed at enhancing the perfor-
mance of optoelectronic devices. Furthermore, the remarkable electrochemical and 
physical properties exhibited by MONS render them suitable candidates for electrode 
materials in the development of next-generation supercapacitors. 
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Abstract In recognition of their distinctive properties and diverse spectrum of appli-
cations in sectors such as catalytic processes, photocatalysis, biomedicine, biology, 
delivery of drugs, and sensing devices, core-shell nanostructures are currently 
attracting increased attention. The chemical composition and morphology of the 
core along with the shell of such nanomaterials can be transformed, leading to a 
wide range of tunable characteristics that may be essential in the development of 
catalyst and photocatalytic, and provide potential better and more efficient platforms 
for biomedical research. Due to their adjustable nanoscale functionality in both the 
core and shell parts, metallic materials such as Au, Ag, and Zn, along with metal 
oxide semiconductors such as ZnO, TiO2, SiO2, and SnO2, have generated a lot of 
research attention in areas such as biomedicine, catalysis, and photocatalysis. In this 
chapter, the main focus was on some major synthesis techniques for the fabrication 
of core-shell nanostructures and various techniques employed for functionalizing 
the core, shell, or both in order to achieve improved and enhanced performance in 
different applications. 
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1 Introduction 

Nanotechnology can be understood as a branch of modern science that deals with 
materials having sizes in the range of 1–100 nm [1]. This technology has brought 
about advancement in many aspects of our day-to-day lives, such as biomedical, phar-
macological, agricultural, environmental, chemical science, physics, electronics, and 
information technology. The size of this kind of range has revolutionized most mate-
rials and technologies and thus has huge significance in a number of biomedical 
domains, including bioimaging, drug carrier systems, diagnostics, and many other 
domains that assist in achieving advancements in many fields and at the same time 
save lives. Because of the discovery of numerous novel characteristics such as flex-
ibility of functionalization, and coupling of proteins, nanomaterials have proved to 
be valuable in almost all fields of modern technology, and their reduced dimen-
sion along with increased surface-to-volume ratio are the major characteristics that 
contribute to this. During the early 90 s, very few research articles were documented, 
which increased exponentially after that [2]. Our comprehension of intricate biolog-
ical mechanisms that are directly accountable for illness diagnosis and therapy has 
been greatly expanded by the use of such novel nanostructured materials. While a 
number of techniques are still in the early stages of development, several are already 
being used in routine clinical settings. For many applications, including cellular 
healing, drug distribution, therapeutic uses, and diagnostic tools, the effective surface 
functionalization of newly produced nanoparticles is also crucial [3, 4]. Core-shell 
nanostructures can be understood as a family of particles that are made of two or 
more distinct layers of materials with distinct properties. Amongst them, the central 
part is known as the core, while the rest of the layers constitute the outer part of 
this core/shell nanostructure [5, 6]. Such an architecture offers the chance to synthe-
size a material that demonstrates traits and behaviors not possible with the core or 
shell components alone. Based on the synthesis parameters as well as the specific 
requirement, the central part can be in a solid, liquid, or gaseous state, whereas the 
exterior shell is often in solid form and synthesized using either organic or inor-
ganic components [6]. Core-shell nanostructures could be divided into four classes 
on the basis of components used to synthesize core and shell material; these four 
groups can be identified as a combination of materials with core and shell made 
from inorganic/organic, organic/inorganic, organic/organic, and inorganic/inorganic 
nanoparticle components. Several biological, chemical, magnetic, and optical char-
acteristics of core-shell nanoparticles are affected by changing the constituents of the 
core and shell. Core-shell nanomaterials are used in a variety of industries, including 
beverage and beauty products, biomedicine, healthcare, and material science, due 
to their distinctive qualities. Core/shell materials have been used as bioreactors, 
sustained release technologies, packaging systems to shield active payloads from 
deterioration and chemical change, as well as storage devices for heat energy [7, 8]. 
Additionally, medicines may be placed in several layers in a core/shell nanostruc-
ture to allow for their successive delivery inside the body [9, 10]. These types of 
structures can contain materials with hydrophobic properties as well as substances
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with hydrophilic characteristics [11]. Cellular encapsulation during the process of 
transplantation of cells to a wounded region for restoring damaged tissue is among 
the main applications of core/shell-structured materials. Because of the presence of 
shell material, these cells are shielded from the surrounding environment, allowing 
them to have a prolonged life and hence eventually adapt to the host tissue [12]. 

While using nanomaterials in the biomedical field, morphological properties must 
be taken into account when talking about surface functionalization. While taking into 
account the magnetic properties of a nanostructure, its size and the surface propor-
tion of atoms within are crucial factors. As a result, the nanoparticle itself as well as 
the oxide of a nanomaterial generally possesses ferromagnetic properties. Research 
has shown that some nanomaterials, such as niobium nitride, possess ferromagnetic 
properties, while non-magnetic nanomaterials such as cerium oxide and aluminum 
oxide exhibit magnetic hysteresis at standard temperatures. This information tends 
to help further understand the attributes of ferromagnetism. Due to their small size, 
nanostructured substances have enhanced ferromagnetic characteristics [13]. A nano-
material’s total magnetization is comprised of two consequences: one that takes place 
on the exterior and the other that takes place within the inner core of the core/shell 
nanostructure. This study indicates that the presence of surface defects tends to 
encourage a magnetic perturbation that persists inside the nearest stratum. Both the 
surface effect as well as the anisotropic magnetic property of a nanoparticle are the 
most important properties to comprehend; as a result, comprehension of these prop-
erties is essential in the creation of nanomaterials having use in healthcare, such as 
magnetic resonance imaging and magnetic hyperthermia [13, 14]. Investigators have 
enhanced the attributes of nanomaterials, particularly stability, in a novel and impor-
tant way through the process of surface modification or functionalization [15, 16]. 
Due to its superior stability against deterioration in comparison to biological-based 
shells, the silica covering can be considered one of the optimal solutions for surface 
modification. According to the study, functionalized silica has better characteristics 
than unfunctionalized silica, and to enhance the stability of the nanomaterial, biolog-
ical substances such as enzymes and medications have been immobilized onto the 
porous morphology of silica [17]. Regarding various biological and ecological uses, 
silica comprises units of silanol on its exterior, and their existence enhances their 
ability for modification, biocompatibility, and hydrophilic-hydrophobic proportion 
[18]. Throughout the tests, Hui et al. [19] coated silica on nanomaterials using the 
Stöber technique, and Roca et al. [20] covered silica over magnetite nanostructures 
using the sol-gel procedure. The research material contains numerous publications 
involving microemulsion and reversed microemulsion that outlines both silica and 
iron oxide coating techniques. Such fabrication techniques have important ramifica-
tions in the biomedical field and provide key benefits for generating preferred nanos-
tructures. To create a novel substance for biological uses, scientists have to success-
fully integrate the architecture of cubic magnetic nanomaterials into the framework 
of magnetite and then functionalize it with silica. Via this investigation, it emerged 
how easily and creatively the tunable silica thickness could be developed, as well as 
how the stability and biocompatibility of Fe3O4/SiO2 core/shell nanocubes could be 
improved. They are interesting candidates for a variety of biosensing applications
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because they exhibit outstanding magnetic properties and sensitivity for attaching 
molecules to the synthesized core/shell structure [21]. Numerous studies demonstrate 
how to employ magnetism in various specialized applications, such as the elimina-
tion of metal objects such as safety pins [22, 23], gunshots, grenade shrapnel, dental 
prostheses, and catheters moving within the body and brain [14, 24]. 

2 Synthesis of Metal Oxide Core-shell Nanoparticles 

During the past few years, metal oxides (MO) have proved to be an important group of 
chemicals that have been extensively used to generate core as well as shell materials 
in the case of core/shell nanomaterials because of their peculiar properties. Based on 
the manner of transition, the fabrication of MO can be divided into two groups: the 
first being the transition to the solid phase from the gas phase, and the second being 
the transition from the liquid phase to the solid phase [25]. While performing the 
transition from gas to solid phase, mostly two techniques are employed: chemical 
vapor deposition (CVD) and pulse laser deposition (PLD). Generally, compared to 
the gas-to-solid phase transition, liquid-to-solid phase transformation is the more 
prevalent mode for the synthesis of core or shell material in the process of generation 
of metal oxide-based core-shell nanostructures. The most prominent techniques in 
the case of liquid-to-solid phase types of synthesis are either sol-gel types of synthesis 
or co-precipitation methods. Among the two synthesis methods mentioned, the co-
precipitation method has been more prevalent for the fabrication of metal oxide 
core-shell nanoparticles, while the sol-gel process is most frequently used to create 
silicon and titanium oxides. 

2.1 General Overview 

The sol-gel method of synthesis (Fig. 1) can be described as a wet chemical procedure 
that is frequently employed in material fabrication techniques that can be used for 
a variety of applications in several associated fields of science and technology such 
as biomedicine, sensors, water purification, and much more. This synthesis method 
has been extensively used for the fabrication of metal oxide nanostructures. The 
progressive creation of the solid-phase network is achieved through the integration of 
two stages, hydrolysis, and polycondensation, of specific molecular constituents. Sol-
gel synthesis has attracted attention since the mid-1800s, after which this technique 
was later modified by Werner Stober in 1968 [26]. Studies in this field have greatly 
expanded since the 1990s, which resulted in more than 35 k research articles up 
to the year 2000 wherein different nanostructures were synthesized via this method 
[27, 28]. Improved sol-gel techniques were employed by multiple research teams 
to synthesize various types of metal oxides [29–32]. For the synthesis of MOs, 
the fabrication method generally employed is hydrolysis and polycondensation of
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Fig. 1 Schematic diagram representing the sol-gel synthesis technique 

metal alkoxide precursors, followed by aging and drying with the help of ambient 
conditions in the surrounding atmosphere. 

Another synthesis technique employed to synthesize metal oxide core-shell 
nanoparticles is the co-precipitation method. Due to its adaptability and affordability, 
the precipitation reaction technique is one of the most popular ways to make core-
shell nanoparticles. In this reaction, at least one water-insoluble salt forms a precip-
itate out of the medium after being mixed with two or more water-soluble salts. 
The most crucial factor that needs to be taken into account is the solubility product 
of the precipitated compound, which is essential in deciding whether the reaction 
is successful. The reaction product initially forms in the liquid phase; however, as 
soon as its content exceeds the compound’s solubility product value in the reaction 
medium, particles begin to form through nucleation and growth. Nucleation, growth, 
and agglomeration are three separate steps in the procedure of nanoparticle fabri-
cation by precipitation. Reactions such as acid-base processes, which take place in 
the liquid phase but produce solid-state particulates, can start precipitation reactions, 
including redox precipitation. A number of energy factors have an impact on this 
technique, which is also referred to as reactive crystallization. The activation energy 
of the reaction in the liquid phase is the first stage in the procedure, and lower acti-
vation energy levels are associated with faster reaction rates. After the reaction is 
finished, a few embryos in the bulk liquid phase are produced that contain atoms. 
These embryos change from a liquid to a solid state when they reach a critical radius 
or nucleus. New solid–liquid interfaces with particular surface energies inversely 
correlated to their radii are produced as a result of the generation of solid particles 
in the bulk phase. The energy increase that results from the formation of a solid
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particle is proportionate to the cube of its radius in terms of bulk energy, and these 
two energy terms have diametrically opposed natures. These two energy compo-
nents are the primary determinants of the change in the system’s total energy, though 
other elements such as particle motion in the medium, crystal defects, and electro-
static contributions may also have a small impact [33]. Nucleation is typically the 
quicker stage, and the development time is subsequently determined by the overall 
rate of reaction when the solubility product of the particulate substance is exceed-
ingly limited. Nanomaterials develop throughout the process of growth while the 
reaction diffuses from the bulk stage to the nuclei’s surface. The development speed 
primarily depends on the time taken to complete the reaction, and the rate of diffu-
sion of molecules from the bulk phase to the nuclear interface is delayed [34]. The 
last stage is the process of agglomerating synthesized particles, in which very small 
particles are made into bigger ones by shrinking the boundary to lower the system’s 
total energy level. 

Spray-drying is an advanced technique that is capable of scaling up for large-
scale manufacturing of core-shell-structured nanoparticles in a single process. But 
typically, the consequent product fragments aggregate into a solid dispersion [35]. 
Such particles are produced by pumping a solution of liquid or a suspension through 
a spray-drying device, in which it is divided up into tiny drops because of heated 
nitrogen gas [36]. After being separated in a cylindrical device, drops are dried and 
then gathered in a collector. Particulate matter possessing a particular shape and size 
could be generated by means of capillary forces, and to some extent, agglomeration 
is caused by the evaporation-driven contraction of the enclosed droplets. The compo-
sition of the precursor solution, along with the drying procedure, has a big effect on 
the surface morphological characteristics [37]. Large-scale core-shell nanoparticles 
that are sensitive to heat can be produced via this approach in an accurate and simple 
manner [38]. For example, Li et al. [39] created silicon/carbon hybrid microspheres 
to be utilized as anodes in lithium-ion batteries using a spray drying technique and 
surface coating process. These microspheres have a hierarchy-type core-shell struc-
ture. Spray drying has also been employed by Bruinsma et al. [37] to produce hollow, 
spherical particulates. 

A popular approach for producing polymer-type core-shell nanoparticles with 
dimensions starting from tens of nanometers is the electrohydrodynamic atomiza-
tion process, additionally referred to as electro-spraying. In order to create a jet and 
droplets, this technique involves feeding a high voltage to a conductive polymer-
based sludge-type mixture at the top of a needle [40]. Surface tension is surmounted 
by the force of electrostatics, which also produces monodisperse drops at a regu-
lated pace [41]. While electrospinning and electrospraying operate on essentially the 
same principles, they vary in terms of the degree of concentration of the chemical 
solution employed and the chain attachment density of the polymeric slurry [41, 42]. 
While electrospinning uses an increased concentration of solution to create fibers, 
electrospraying uses a lesser concentration to generate nano- and micro-sized parti-
cles [43]. In a single process, electrospraying can produce droplets without using 
a lot of solvents or templates, and by adjusting the needle diameter, it is simple to
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change the dimensions of the droplets from nanoscale to microscale [44]. The dimen-
sions and form of the droplets generated through this technique can be regulated by 
changing the variables that are being experimented with, and they typically exhibit 
a narrow size distribution. The fabrication parameters for electro-spraying equip-
ment are more straightforward and affordable than those for traditional mechanical 
spraying setups [45]. As an example, using helical electro-spraying, Hwang et al. [46] 
created core-shell capsule-type structures with uniformly sized polymethylmethacry-
late (PMMA) core and PCL shell and polystyrene (PS) core and PCL shell. Owing 
to the autonomous flow of solutions from an inner or exterior capillary nozzle, the 
combination of polymeric species in the core and shell can be tailored. Micro-sized 
capsules have been created by introducing different polymeric solutions in a one-step 
procedure. In accordance with some research, corona discharge can be reduced and, 
at the same time, the size of particles can also be controlled by combining single-
nozzle electro-spraying with spray drying [47, 48]. The coaxial electro-spraying and 
spray-drying processes, on the other hand, produce particulates that possess a higher 
degree of uniformity in size and structure. Additionally, the agglomeration of parti-
cles can be avoided through the use of electrical potential [47, 49]. In order to create 
core-shell nanoparticles for protein drugs, Ho et al. combined spray drying and elec-
trohydrodynamic coaxial jetting, and as a consequence, the electrohydrodynamic 
force reduced agglomeration and the size of the particles. The particle and release 
analysis of a model protein (lysozyme) demonstrated that the use of an electric field 
also increased its encapsulating effectiveness [47]. To create polymer or ceramic-
type hollow spheres, other studies combined the sol-gel synthesis technique with 
hetero-phase polymerization [50]. 

Many different types of compounds and elements used as a core in core-shell 
nanoparticles, such as cholesteric fluid crystalline structures [51], dyes [52], oils [53], 
and peptides, along with protein molecules [54], have been successfully encapsulated 
using the process of interfacial polymerization or polycondensation. The moderate 
encapsulating properties of this technique enable the protein’s biological properties to 
be preserved [53]. This kind of polymerization takes place once monomer compounds 
are polymerized at an emulsion surface, causing the shell to expand quickly. At first, 
an aqueous solution is used to emulsify a phase that is organic and made up of reactive 
monomers that are solvable in oil and core components, resulting in the formation 
of droplets. Isocyanate or acidic chloride are the typical reacting monomers utilized 
in the aqueous phase. When a highly reactive monomeric compound that degrades 
in water is added, the reaction among the two different monomers at the boundary 
of the core particles distributed in the liquid phase causes the polymer to expand 
[54]. Interfacial polymerization has been used by Shenoy et al. [55] to produce 
core-shell nanoparticles possessing liquid centers. The interfacial structure begins 
via an enzymatic interaction between glucose and glucose oxidase, which results in 
the formation of hydrogen peroxide that, when present with iron (Fe2+), generates 
hydroxyl radicals. The methacrylate monomer strands are polymerized as a result of 
the hydroxyl radicals. In order to prevent the initiation reaction from spreading, one 
or more of the starting materials are kept in a hydrogel center while the remaining 
components and monomers are kept in a shell solution.
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In-situ polymerization has recently attracted more attention as a technique for 
altering the exterior of inorganic particulates such as silica and copper sulfide and 
nanolayers such as carbon nanotubes. This can be attributed to the strong interfacial 
contact, broad coverage, and durability it provides [56, 57]. The explosive crys-
talline material and polymeric bonding agent have weakened van der Waals inter-
actions, which means that this method can’t fully fix imperfections in the surface 
covering [56]. In-situ polymerization frequently results in imperfect polymerization 
and cannot be applied to all polymers [58]. The primary distinction between in-situ 
polymerization and interfacial polymerization is that the former does not involve 
reactive monomers in the core structure. A number of research studies have been 
done during the past few years on the development of core-shell particles employing 
in-situ polymerization [48]. Lin et al. [59] developed core-shell 1,3,5-triamino-
2,4,6-trinitrobenzene/polydopamine (PDA) particles by employing this technique. 
In both instances, the teams altered the coating duration to modify the quantity of 
PDA covering on the exterior layer. Nabavi et al. [60] also documented synthesis 
of Fe3O4@polyaniline core-shell microspheres with clearly established blackberry-
such as morphological characteristics, and Xuan et al. [61] published the fabrication 
of microcapsules with an n-hexadecane core and melamine formaldehyde as the outer 
covering. 

Suspension polymerization is a form of chemical reaction employed to fabricate 
core-shell nanoparticles via encapsulation methods. Although the monomers and 
initiator elements are both insoluble in the solution, this technique includes starting 
polymerization in monomers using a dissolvable initiator. The monomeric stage, 
which comprises monomers, a bursting substance, and an initiator, is suspended in 
the solution alongside a stabilizing substance, employing a stirring device in the initial 
phase to create microdroplets. Inside the drops, the subsequent step starts the proce-
dure of polymerization, which eventually results in the formation of identical-sized 
polymeric microbeads. Monomer, polymer, and water are the three distinct stages that 
make up the final granules [62, 63]. In order to expand using heat-core-shell frame-
works with hollow interiors that contained an inert hydrocarbon of about 10–20 m 
in dimension, Jonsson et al. [63] utilized the suspension polymerization technique. 
Particulate surface morphology is greatly influenced by the monomer input makeup 
and polymerization temperature. Identical to this, Ting et al. [64] produced core-
shell structures made of poly(vinyl neo-decanoate) interior cross-linked using poly 
(ethylene glycol di-methacrylate) and a poly (ethylene glycol methacrylate) exte-
rior using suspension polymerization and a traditional radical-free polymerization 
method. To generate polymeric bead-such as core-shell structures, Besteti et al. [65] 
and Lenzi et al. [66] utilized a mix of suspension and emulsion polymerization tech-
niques. Both of them started by using the common suspension polymerization proce-
dure to produce a non-porous polymeric core material. Consequently, throughout the 
suspension phase, they incorporated all the elements required for conventional emul-
sion polymerization into the reaction solution. The emulsified polymeric particles 
gathered on the outside of the suspended polymeric granules due to the elevated 
viscosity and adhesion of the suspended polymer particulates, which resulted in the 
development of a core-shell bead.
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Precipitation polymerization is an effective method for creating microscopic core-
shell particles. In contrast to the dispersion polymerization technique, this technique 
starts out with a solution that is uniform in consistency; however, it’s starting particu-
lates do not expand in the solution, and hence the procedure known as “precipitation 
polymerization” is a consequence [62]. Precipitation polymerization, in contrast with 
alternative techniques that employ inhibitors or emulsifiers, yields polymeric micro-
scopic particles with spotless interfaces and functional groups [67]. Li et al. [67] have  
effectively produced core and shell polymeric particles lacking stabilizers using the 
two-step precipitation polymerization technique. Fabricated particles are comprised 
of an inner core of divinylbenzenes with a diameter of between two and eight m and a 
shell material consisting of functional monomers such as mono-vinyl, chloromethyl-
styrene, or divinyl methacrylic. The reaction substrate and the chosen monomer deter-
mine whether the shell is porous or non-porous. Acetonitrile along with toluene/ 
acetonitrile combinations have been used as the reaction mediums, and monodis-
perse copolymer particles were generated by adding functional co-monomers such as 
maleic anhydride, chloromethyl-styrene, and methacrylates. Toluene, for example, 
is an appropriate co-solvent that produces permeable spheres with sizes ranging 
from nanometers to micrometers. Precipitation polymerization has additionally been 
effectively utilized in other investigations to create core- or shell-structured mate-
rials [68]. Through precipitation polymerizing styrene and divinylbenzene in the 
midst of titanium dioxide, Werts et al. [69] were able to cover titanium dioxide using 
cross-linked polystyrene shells, resulting in inorganic and organic core and shell 
particulates. They observed that, as a pretreatment procedure, 3-(trimethoxy-silyl) 
propyl methacrylate enhanced the titanium dioxide particulate’s ability to be encap-
sulated. Precipitation polymerization was used in a two-step procedure by Barahona 
et al. [70] to produce microscopic molecularly imprinted polymeric (MIP) particles 
that possess a core-shell design. They created impermeable polymeric cores initially 
by precipitation polymerizing divinylbenzene-80 (DVB-80) in acetone, which they 
subsequently utilized as seeds for the useful molecularly imprinted polymeric shell 
materials. The shells were developed by copolymerizing DVB-80, methacrylic acid 
(MAA), and thiabendazole (TBZ) with each other in a mixture of the solvents toluene 
and acetonitrile to create a permeable shell. 

The fabrication of core-shell particles containing a polymer-based core and shell 
utilizing a variety of polymerization techniques has been described in multiple scien-
tific articles. Rudin et al. [71] used a series of seeded growth emulsified polymeriza-
tions to generate mono-disperse 3 m diameter rubber core-shell microparticles. Laus 
et al. [72] created monodisperse polystyrene microparticles with sizes varying from 
3 to 10 m by stabilizing their outer layer by utilizing poly-carboxylic acid or poly-
epichlorohydrin steric. Polystyrene seeds have been subjected to a two-step polymer-
ization procedure by Okubo et al. [73]. In the initial phase, they used dispersion poly-
merization within an ethanol–water mixture having 2,20-azobisisobutyronitrile as the 
initiator and poly (acrylic acid) as the stabilizing agent in accordance with different 
circumstances to create monodisperse polystyrene particles possessing micrometer 
dimensions. Consequently, in the presence of 1.9-Mm monodisperse polystyrene



168 U. Mushtaq et al.

particulates, seeded copolymerization of styrene and chloromethyl styrene was 
observed to take place. 

Typically, agitation by mechanical means has been used to produce intense shear 
in two distinct emulsification stages in an attempt to produce several low-order emul-
sifications [60, 74]. Initially, two solutions that do not get mixed well are thoroughly 
combined to create an initial single emulsion. A double emulsion is generated by care-
fully combining the initial emulsion with a sizable amount of a solution that doesn’t 
mix with the other two [75, 76]. In comparison with alternative techniques, emulsi-
fication is a relatively straightforward technique for creating numerous emulsions; 
however, bulk combining has several disadvantages, such as poor batch-to-batch 
reproducibility, increased consumption of materials and energy, uncertain regulation 
of processing variables, and challenges in managing the amount and size of encap-
sulated core droplets [60]. The generation of core-shell particles that serve as proto-
types for core-shell particulates using the microfluidic approach is a substitute for 
conventional techniques. The drawbacks of techniques involving the mixing of large 
amounts could be solved by the use of microfluidics. Microfluid-based systems are 
compact and have an affordable production cost [77]. The ability to regulate small 
amounts of fluid in microchannels with extreme precision with microfluidic tech-
nology makes it possible to precisely alter the dimension of the core material along 
with the thickness of the shell [76]. This technique is capable of producing particles 
with a small distribution of size periodically. The ability to create microemulsions 
using two, three, or multiple cores represents one of the most noteworthy benefits of 
microfluidics [78]. Microemulsion-based cell packaging has advanced significantly 
in recent years owing to advancements in microfluidic technology [78]. Due to the fact 
that the complicated procedures involved, including coating, modifying the surface, 
chemical responses, centrifuging, cleansing, and dispersing, may damage the synthe-
sized particles, traditional emulsifying techniques for encasing live cells have proven 
to be problematic. Microfluidics, on the other hand, can preserve consistency and 
cell viability [79]. 

2.2 Other Factors Affecting Core-shell Nanoparticle 
Synthesis 

Complete and total control over synthesis variables, viz., nucleation and growth of 
semiconducting shell nanomaterials enclosing the metal core-based nanostructure, 
is necessary for the development of metal core-metal oxide shell nanostructured 
materials. Multiple experimental variables, including heat provided during synthesis, 
duration of synthesis, solution concentration, mismatches in the lattice characteris-
tics, availability of surfactants, and interfacial energy, are used to modulate such 
pathways. A large amount of interfacial energy is typically generated between the 
metal oxide and metal as a result of this discrepancy in structural characteristics and 
the lack of chemical interaction among metal and metal oxide surfaces. However, it
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would be extremely difficult to produce the core-shell design if the two-component 
materials had a structural mismatch. To change interfacial energy among these two-
component materials, however, an appropriate ligand or surfactant could be useful. 
Although the SiO2 shell and noble metal-based core nanomaterial combination are 
very well known, this type of method hasn’t been frequently used for other oxide 
shells, primarily due to the agglomeration caused within the solution [80]. Addition-
ally, the use of metallic precursor salt is required for the synthesis of many metal 
oxides, with the exception of SiO2, which might cause the seeds of nanomaterials to 
aggregate. However, if using metallic salt as a starting material is mandatory, incor-
porating the right surfactant, and ligand, could be a more advantageous substitute 
for developing core-shell structured materials with nanosized morphology. Because 
of this, even if their corresponding pure oxides are frequently accessible, there is 
still relatively little research material addressing the fabrication of core-shell nano-
materials using metal oxides. The option of a suitable ligand or surfactant remains 
intriguing. This is probably the most probable reason why core-shell nanostructures 
made of metal and metal oxides are unique in this circumstance. Both TiO2 and SnO2 

have cube-type crystalline structures similar to noble metals such as Ag, Au, and Pt, 
and have their crystallite properties for core-shell building well matched, enabling 
the synthesis of TiO2 and SnO2 core-shell nanostructures to be significantly simpler. 
Moreover, because ZnO possesses a hexagonal crystal structure and gets generally 
developed unevenly along the c-axis of a crystal structure, it gets exceedingly chal-
lenging to build a ZnO-based shell around a noble metal to generate a core-shell type 
design. Due to this result, the development of a core-shell structured material by the 
use of metal and ZnO has proved to be difficult due to their mismatched lattices, and 
unfortunately, a surfactant or a ligand could not assist in solving the problem of encap-
sulation throughout the fabrication procedure [81]. In order to address this issue, Zhao 
et al. [82] successfully developed Ag–ZnO core-shell nanostructures using the laser 
ablation method. They suggested that the manufactured nanomaterials could possess 
exceptional potential for use in the creation of micro- and nano-sized optoelectronic 
devices. These researchers successfully created a core-shell nanostructure with a 
silver core and zinc oxide shell for the first time by laser ablation with the help of a 
248 nm KrF excimer pulsed laser within a liquid solution. The thickness of the ZnO-
based shell could be adjusted to vary the Ag–ZnO core-shell nanomaterial’s strong 
surface plasma resonance absorbing property. The metal-based core with ZnO shell 
architecture and a unique structural design was effectively synthesized by Sun et al. 
[83], thus allowing a thorough understanding of the growth mechanism. Regarding 
encapsulating ZnO over different types of cores such as metals, oxides, polymeric 
nanostructures, graphene oxide, and carbon nanotubes, these scientists developed 
a universal method in which they also demonstrated that such a method is effec-
tive and can be expanded to use a wide range of different semiconducting materials 
as the shell, including Fe3O4, MnO2, MnO4, MnO, Co2O3, TiO2, Eu2O3, Gd2O3, 
ZnS, Tb2O3, CdS, and β-Ni (OH)2. They discovered that 4-mercaptobenzoic acid 
and polyvinylpyrrolidone (PVP) was crucial for the production of Au–ZnO core-
shell nanostructures. Researchers have also demonstrated that the interfacial energy 
between Au and ZnO could be significantly reduced by the use of 4-mercaptobenzoic
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acid. The amphiphilic property of PVP is essential for encapsulating ZnO over a 
metallic core containing hydrophobic ligands, as indicated by the fact that ZnO 
doesn’t interact effectively with the hydrophobic binding sites present on the exte-
rior of the gold core in the absence of the PVP polymeric substance. Xu et al. [84] 
employed a hydrothermal technique to fabricate an innovative core-shell type of 
structure using Ag metal along with WO3 metal-oxide nanoparticles for efficient 
localized surface plasmon transmission. Efficient preparation of Ag nanoparticles 
having a diameter between 25 and 60 nm is primarily dependent on morphology and 
dimensions. Ag nanostructures were first dissolved in a Na2WO4 liquid, and then 
nitric acid was added. This solution was observed to precipitate Agx–H2WO4. This  
precipitation was then calcinated at high temperatures, through which the excess 
water was removed, thus allowing the generation of an Agx–WO3 core-shell nanos-
tructure with a shell width of ~60 nm and a total particle size of ~200 nm. Figure 1 
[85] shows the same core/shell nanoparticle synthesis by two different techniques, 
viz., the facile synthesis technique and the laser ablation method, and clearly high-
lights some of the very minute variations present in their structure. Figure 2a displays 
a TEM image of the zinc oxide outer shell covering the silver nanomaterial-based 
core, where it can be very clearly seen that these Ag ZnO nanostructures appear to 
be largely spherical with a diameter of ~90 ± 10 nm on the TEM image, along with 
having a characteristic core-shell type structure. The size of the Ag core was found 
to be in the range of 10–15 nm, while the width of the ZnO shell was calculated 
to be ~45 ± 5 nm. The formation of this core-shell structure was further supported 
by the STEM image in Fig. 2b. The inter-planar distance in the case of the silver 
core was revealed with the help of HR-TEM imaging, as shown in Fig. 2c, to be 
0.235 nm, which was found to be consistent with the (111) plane of the FCC crystal 
structure. The wurtzite hexagonal structures (002) and (101) planes match the zinc 
oxide shell’s interplanar spacing’s of 0.271 and 0.256 nm, respectively.

Ag/ZnO core/shell nanostructures have also been synthesized via the laser abla-
tion technique, which displayed a slight variation in the structural properties of such 
nanomaterials as observed from Fig. 2d–f [82]. Figure 2a displays the TEM image of 
nanostructures with a silver core and zinc oxide outer shell, which showed the diam-
eter of such nanomaterials to be ~50–60 nm. High-resolution TEM images (Fig. 2e) 
of these nanostructures clearly show the shell thickness of ~5 nm covering a silver 
core of diameter ~15 nm, and the structural characteristics of this core-shell nanos-
tructure have been shown in Fig. 2f. In order to create hollow Au–Cu2O core-shell 
structured nanomaterials, Lu et al. [86] developed a reliable and room-temperature 
wet-chemical approach in which, by adjusting the nanostructured dielectric copper 
oxide shells, they are able to regulate and enhance the plasmonic characteristics of 
the core, composed of hollow Au nanomaterials. It became clear that the strong 
affinity of copper oxide for the Au surface, along with their corresponding crystallo-
graphic symmetry, promoted the epitaxial development of Cu2O on the Au nanoma-
terial surface. Very little is known about the fabrication of core-shell nanostructures 
utilizing Co3O4 as the shell component, but by using the solvothermal fabrication 
technique Hu et al. [87] tried to develop Au–Co3O4 core-shell nanostructures with
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Fig. 2 a TEM image of Ag/ZnO core/shell nanostructures synthesized using facile synthesis tech-
nique, b high-angle annular dark field scanning TEM image, c corresponding high-resolution TEM 
of Ag–ZnO core-shell nanomaterials. Reproduced with permission from Ref. [85], Copyright 2018, 
Elsevier. d TEM image of Ag/ZnO core/shell nanostructures synthesized using laser ablation 
technique. e, f High-resolution TEM images of such nanostructures confirming their structural 
characteristics Reproduced with permission from Ref. [82]. Copyright 2015, APL materials

a cube-such as design; however, the fabricated nanostructures were not observed to 
possess a well-defined core-shell type structure. 

3 Surface Functionalization of Metal Oxide Core/Shell 
Nanoparticles 

Functional nanoparticles are becoming recognized as a distinct type of nanosystem 
because of their exceptional benefits, such as their large surface area and ease of 
surface modification and functionalization. These benefits make it possible for core-
shell nanoparticles to combine multiple functional properties in a single nanosystem, 
resulting in the desired physicochemical properties needed for efficient targeted drug 
delivery [88]. A graphic representation for functionalizing core-shell nanostructure 
is given in Fig. 3 [89].
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Fig. 3 General schematic representation for functionalization of core/shell nanomaterial [89] 

3.1 Functionalization Via Covalent Bond 

Noble metals covered with silica-based shells, along with a variety of silane 
compounds, can be used for coupling chemical reactions and are commonly linked 
to the idea of covalent binding. Spots for encapsulating biological molecules, medi-
cations, and coordination compounds can be generated through the condensation 
of silane linkers onto the outermost layer of a silica shell via alkoxysilane groups 
[90, 91]. Traditional conjugation procedures were originally used for covalent bond 
attachments because biological molecules and organic ligands have functional groups 
such as amines, carboxylic acids, and thiols (Fig. 4) [92]. 

Fig. 4 Instances of modifying the surface of core-shell M@SiO2 (where M represents Au or Ag) 
using organosilane agents [92]
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3.1.1 Formation of Amide Bond 

Carbodiimide crosslinking chemistry, utilizing a water-soluble compound called 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) to generate bonds of amide, 
is the most efficient and practical way of attaching chemical modifying agents 
to the exterior of noble metal nanostructures covered with silica (Fig. 2). The 
carboxylate compound (regardless of being on the exterior of the silica shell or a 
component of the chemical modifying agent) is initially coupled with EDC before 
undergoing a reaction with N-hydroxysuccinimide (NHS) to create a stable inter-
mediary compound, that proceeds to react with an appropriate amine [93, 94]. 
Li and colleagues [95] designed Au@SiO2 nanostructures featuring different core 
morphologies and coupled them to H2N–DNA via EDC/NHS. The outcome of 
the experiment served as a probing device for surface-enhanced Raman scattering 
(SERS), which was employed to keep track of DNA hybridization. Similar techniques 
were used for attaching DNA with one strand to the exterior of Ag@SiO2@SiO2 

core-shell nanomaterials, in which the energy-donating ligand complex RuBpy was 
incorporated together with the external silica coating. The DNA was used as a 
fluorescent detector to measure PSA levels after being hybridized with a prostate-
specific antigen (PSA) aptamer [96]. By using the plasmon-enhanced fluorescent 
property of the silver core, Brouard, and coworkers [97, 98] also used this method 
to create Ag@SiO2–DNA, enabling the identification of the human SRY gene. Prior 
to bioconjugation, eosin dyes were integrated using a covalent bond into the exterior 
silica layer. They also attached DNA and a cationic polymer-based transducer onto 
Ag@SiO2 nanostructure exteriors to build a highly accurate metal-enhanced fluores-
cent (MEF) detector for DNA identification [97]. A sandwich-such as architecture 
was created in another investigation using a DNA-functionalized gold nano-star, a 
Raman reporter, and SiO2. The resulting structure was employed for the SERS detec-
tion of small levels of heavy metallic contaminants in human saliva, especially silver 
and mercury released by dental fillings [99]. Finally, using a modified Stober process, 
Guo and associates developed Ag@SiO2 nanostructures with varying shell thick-
nesses, to which they later attached rhodamine B isothiocyanate via covalent bonds 
[100]. A number of investigations have employed the EDC/NHS binding approach 
to link various compounds to core-shell nanostructures. For instance, in a particular 
investigation, hemoglobin was bound to gold nanomaterials encased in an amino 
group-containing titanium dioxide casing [101]. Following that, a biological sensor 
was created using this framework to identify the presence of hydrogen peroxide. 
In an alternative investigation, gold core-shell nanostructures were combined with 
rhodamine ligands to produce a luminous substrate for microbial identification [102]. 
The molecules were attached to the nanostructures using EDC/NHS, and the resultant 
substrate was subsequently applied to E. coli to produce sharp pictures utilizing laser 
fluorescence microscopy. For quicker evaluation, an identical procedure was executed 
with a microfluidic device. A separate study functionalized silver-titanium oxide 
core-shell nanomaterials with vancomycin for antibacterial action [101]. Dopamine 
was applied to the surface of the nanomaterial in order to produce primary amine 
groups, and the unbound amine groups on the nanostructures were used to interact
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with the antibiotic vancomycin. It was demonstrated that the resultant nanostructures 
with antibiotic functionalities, specifically photo-kill harmful microorganisms. 

3.1.2 Imine (Schiff Base) Formation 

An organic amine and an appropriate aldehyde can easily be combined to generate 
Schiff bases with the standardized formula R'-N]CR2. Over the exterior of M@SiO2, 
multiple molecules possessing main amine groups have been linked together through 
Schiff base formation, for which aldehyde-modified core-shell nanostructures have 
been employed. The conjugates created by attaching NH2–DNA to M@SiO2 nanos-
tructures functionalized using aldehydes are currently being utilized for medical uses 
[103–105]. Anti-h-IgG was immobilized on the exterior of amine-functionalized 
Ag@SiO2 and Au@SiO2 to create a range of SERS biosensors. Before adding the 
amine-functionalized antibodies, glutaraldehyde (GA) was applied to the outside of 
the nano-composites [106–108]. For instance, Gong and colleagues utilized an iden-
tical method to attach anti-h-IgG to the outer layer of Ag@SiO2 using a covalent 
bond, while Wang et al. [108] utilized imine production to produce a colorimetric 
biological sensor for the identification of h-IgG antigens. As a dual-mode biosensor, 
an anti-h-IgG antibody was incorporated into fluorescent dye-doped silica-coated 
gold nanomaterial aggregates. The improved nanocomposite with strong surface-
plasma bands and SERS activity, combined with a coupled antibody, was utilized in 
multiplexed bio-detection. Biotinylated antibodies have been grafted onto the exte-
rior of Ag@SiO2 employing the identical method, and improved nanocomposite 
structures, that had been earlier doped by the lanthanide metal europium in the 
shape of a chelate complex (BHHCT-Eu-DPBT) have been proven to be appro-
priate for fluorescent biological imaging of cells [107, 109, 110]. Ag@SiO2 was 
modified by Yin and colleagues [111] via a method including the application of 
amine-reactive 4-formylphenylboronic acid. A stable C=N imine bond was created 
by reacting the amino groups on the external layer of Ag@SiO2 with the CHO func-
tional group. Using this link and the boronic acid −B(OH)2 functionality group’s 
selectivity for sugar sialic acid as a substrate, an efficient ion-imprinted substrate 
for SERS monitoring of cancerous cells and tissue was designed. Bovine serum 
albumin (BSA), a protein, was cross-linked to the outside of Au@SiO2@NH2 nanos-
tructures by Narayan and colleagues [112] by employing a glutaraldehyde cross-
linker. They made use of the amine and aldehyde groups’ reactivity as well as 
the imine linkage stability, coupled BSA via EDC/NHS couplings, and evaluated 
the altered Au@SiO2 nanostructures using electrostatic absorbance relying on their 
physicochemical composition. In a different work, glutaraldehyde conjugation was 
used to covalently bond the metalloproteinase myoglobin (Mb) to amine-Ag@SiO2 

SERS tags. In order to identify proteins in biological research, functionalized AuNP 
with 2-(iminodiacetic acid) ethanethiol (IDA) was added to a colloidal solution of 
Mb-conjugated Ag@SiO2 [113]. Ag@SiO2 nanostructures functionalized with anti-
HER2 were produced by Xia and associates [114] utilizing a Schiff base formation 
procedure. They used this technique to covalently couple H2N-antibody to oxidize
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dextran 500 altered Ag@SiO2. The resultant compound was used as a SERS tag 
for detecting tumor cells and contained 4-MBA. To sum up, the formation of imine 
(Schiff base) has been identified as an efficient method for linking molecules to 
the exterior of core-shell nanostructures with a metal-based core and shell made 
from a metal oxide-based material. However, the primary challenge that remains in 
synthesizing these structures is the insufficient availability of appropriate amine and 
aldehyde precursors. 

3.1.3 NHS Ester-Maleimide Conjugation 

Proteins and oligonucleotides, which contain thiol and amine groups, are capable 
of being joined to the outside of silica-coated noble metal core-shell nanostruc-
tures using maleimide compounds as linking agents. For the purpose of identifying 
heavy metals and protein molecules, scientists have developed a maleimide-activated 
Ag@SiO2 substrate using sulfosuccinimidyl-4-(N-maleimidomethyl)-cyclohexane-
1-carboxylate (sulfo-SMCC) [115, 116]. Comparable to this, SH-ssDNA was applied 
to Au@SiO2 nanostructures, which were then employed as SERS detectors for 
identifying DNA [117, 118]. The Au-nanocage@SiO2 functionalized using amine 
groups was additionally customized with peptide tags possessing thiol endings 
utilizing sulfo-SMCC cross-linkers, and employed as a flexible SERS nanoprobe 
for imaging, drug administration, and photothermal treatment [118]. A compa-
rable strategy was used to effectively cross-link DNA to the outside of silver 
nanoprisms covered with silica, utilizing the cross-linker succinimidyl 4-(p-mal-
aminophenyl) butyrate (SMPB) [119]. Utilizing monoclonal antibodies that identify 
antigens, Kustner and associates [120] changed the exterior of silica-coated gold 
and silver nanostructures. A maleimide dual-functional cross-linker combined with 
a polyethylene glycol spacer was utilized to bind amine-functionalized nanomate-
rials with a core-shell configuration. The functionalized core-shell nanostructure was 
next joined to an antibody that had undergone thiol group modification. Addition-
ally, they used a maleimide coupling to adhere a paramagnetic contrast substance 
known as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-Gd3+ 

to the exterior of Au@SiO2. The magnetic resonance imaging (MRI) procedure 
utilized customized core-shell nanomaterials with Raman receptors [121]. Maleimide 
(MAL)-discretePEG3-biotin and NHS-d-PEG3TM-biotin were the two reagents 
used to bind biotin to amine and thiol functionalized-Ag@SiO2. The changed tags 
showed improved fluorescent characteristics, suggesting a possible application in 
biological imaging [122]. A 51 kDa protein called CD4 is present on the outside 
of T-cells. Antibodies against CD4 can be used to research how cells communi-
cate. Sulfo-SMCC was employed by Dong et al. [123] for attaching CD4 anti-
bodies to the surface of Ag@SiO2 nanostructures, which were subsequently utilized 
for labeling cells. Maleimide-PEG-NHS compounds of varying molecular weights 
were used to generate reactive Au-nanorod@SiO2 substrates, and they were further 
attached with peptide moieties due to thiols such as tLyP-1 peptide and SH-RGD 
[124, 125]. Targeted imaging, photothermal treatment (PPT), and drug delivery
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were all possible with these tailored nanomaterials. Jokerst et al. [126] covered 
Au@SiO2 with 1,11-bismaleimido-triethyleneglycol (BM(PEG)) and succinimidyl-
ester (SM(PEG)), proving that a number of linkers can be used for coupling. The 
adaptability of the approach was demonstrated by the subsequent conjugation of its 
altered shell to numerous biological molecules with sulfhydryl and amine moieties. 
The amine-end-encapsulated antibodies were attached to Au@SiO2 nanostructures 
using the maleimide-thiol linking technique, and the resulting particles were subse-
quently used as SERS sensors for identifying biological indicators. These detectors 
were made by modifying monoclonal antibodies (mAbs) and fluorescent compounds 
with various excitation wavelengths on gold nanomaterials using a Raman reporter 
and a shell of silica incorporating reactive thiols. The aforementioned platforms 
have been employed to image molecules on the exteriors of new tissue [110, 127]. 
In conclusion, the maleimide-thiol linking method offers a flexible and successful 
method for covalently coupling molecules to the outside of core-shell nanostruc-
tures. By including a PDI dye containing an alkoxysilane molecule that interacted 
with silanol molecules on the silicon oxide shell, Ribeiro and colleagues [128] altered 
Au@SiO2 nanostructures, and then their impact on dye discharge was investigated. 
Utilizing the fluorescein monomer (FITC) doped with silica in a single-particle 
study, Yan et al. [129] conducted research on the effect of Ag@SiO2 nanostructures 
on fluorescent compounds. Furthermore, they grafted europium compounds onto 
Au@SiO2 nanomaterials for identifying singlet oxygen, and they attached samarium 
and dysprosium benzoate compounds to the exterior of Ag@SiO2 nanomaterials to 
explore their luminescent characteristics [130]. Furthermore, phenylazathiacrown 
monomers containing a silane group had been added to Au@SiO2 nanostructures 
for usage in surface-enhanced Raman spectroscopy (SERS) for identifying mercury 
ions [130]. 

3.1.4 Miscellaneous Methods 

Apart from the techniques explained in the previous sections, there are other ways 
of modifying the surface of core-shell nanostructures. For instance, a reactive 
compound containing an epoxy group called (3-glycidol-propyl) triethoxysilane 
has been utilized to attach thiol, amine, or hydroxy compounds to the outside of 
a SiO2 shell. In accordance with Krishnan et al. [131], an epoxy-amino process was 
implemented for attaching anti-E. coli McAb to Ag@SiO2 core-shell nanoparticle 
surfaces, and this bioconjugate was then used for precisely identifying E. coli bacte-
rial cells. The outer layer of the nanomaterials was functionalized through the use 
of (3-glycidoxypropyl) triethoxysilane before the antibody was linked to it. Epoxide 
chemical processes were used by Zhang and his associates [132] to investigate the 
bonding of a europium chelate to the outside of Ag@SiO2 core-shell nanomate-
rials. They used the phenanthroline derivative epoxyphen to modify the exterior of 
amine-functionalized nanostructures. subsequently using Eu(ttfa)3, they introduced 
europium (III) ions to epoxyphen on the external layer of Ag@SiO2. The created 
core-shell nanostructures with luminescence were employed in optical multiplexing
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devices. The rhodamine B iso-thiocyanate (RITC) cyanate compound responded 
to amine-functionalized core-shell nanostructures in a simple method to produce 
fluorescent-labeled Ag@SiO2 nanomaterials. The resultant framework was used to 
look into the ways the silver core’s ability to glow is affected by the degree of 
thickness of the covering. The hydroxyl compounds of Ag@SiO2 were salinized 
with N-ethylenediamine (TMPED) and subsequently coupled with RITC to produce 
terminal primary amines on the outermost layer. Finally, tert-butyldimethylsilyl chlo-
ride (TBDMS) was used to preserve the free phenolic OH in order to create a metal-
enhanced fluorescent (MEF) biological detector [133, 134]. Furthermore, monomers 
were successfully joined to the −OH group using Ag@TiO2 nanomaterials that have 
been SH-functionalized. Ag@SiO2 nanostructures coated with quantum dots (QDs) 
and containing the Raman reporter p-amino thiophenol (PATP) have been developed 
and employed for concurrent SERS and SEF immunoassays [135]. Identical tech-
niques were employed to create CD47 antibody-SERS nanomaterials for the detec-
tion of breast cancer [136]. The Ag@SiO2 interface has been attached to several vita-
mins, such as nicotinic acid, pantothenic acid, and biotin, using N-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (EEDQ) as a binding agent [137]. Europium complexes 
(III) were affixed onto the outer layer of Au@SiO2 through the reaction of siloxane 
compounds from N-(4-benzoicacidyl) and N-(propyltriethoxysilyl) urea (RABI), 
followed by interaction with europium [138]. Luminescent nanostructures with a 
dual shell and silver shell identified as Ag@SiO2@SiO2-RuBpy were developed by 
Xu et al. [139] for the fluorescent-based detection of prostate-specific antigen (PSA), 
a tumor marker for identifying prostate tumors. The greatest enhancement in phos-
phorescence occurred when the silica shell doped with RuBpy was positioned around 
10 nm away from the surface of the silver core. This was achieved by encapsulating 
RuBpy in the external silica layer of the nanomaterials. The study demonstrated the 
ability of Au@SiO2@pMMA nanostructures to form a thick film on the interface of 
water and air; however, the resulting layer lacked the plasmonic characteristics of free 
nanomaterials in a solution. Metal oxide core-shell nanomaterials have been used for 
a variety of biomedical applications, as represented in the schematic representation 
given in Fig. 5 [89].

3.2 Functionalization Via Electrostatic Interaction 

Whenever nanomaterials possessing a positive or negative charge come into contact 
with comparable cations or anions, electrostatic adsorption occurs. Surface inter-
action occurs more quickly with electrostatic modification of the surface than with 
covalent alterations to the interface, which is its main benefit. The primary draw-
back of this approach is that the molecule’s link is rather weak, making it simple 
for different molecules and ions to take their positions. Recent research contains 
an extensive number of examples of electrostatic modification of surfaces. For
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Fig. 5 Graphical representation of biomedical applications [89]

instance, a new kind of biological sensor has been created by combining posi-
tively charged conjugated polymers (CPs) such as bis(6-(bromohexyl) fluorene-2,7-
ylenevinylene-co-alt-1,4-phenylene) (PFV) and poly(1H-imidazolium,1-methyl-3-
[2-[(4-methyl-3-thienyl)oxy]ethyl]-chloride) (CCP) onto the surface of negatively 
charged Ag@SiO2 [140, 141]. Yang et al. [142] electrostatically plated the exterior 
layer of fluorophore-doped mesoporous silica-covered AgNP by using poly (ally-
lamine hydrochloride, or PAH). In another example, negatively charged Ag@SiO2 

became absorbed by polydimethyldiallylammonium chloride (PDDA). IgG-FITC 
was subsequently adsorbed onto Ag@SiO2@PDDA, where it was transformed and 
used as a biomarker [143]. In a comparable manner, an identical method was 
utilized for immobilizing the negative-charged Au@SiO2 interface with the posi-
tively charged cancer-fighting drug doxorubicin hydrochloride (DOX) [144, 145]. 
Because DOX’s electrostatic adsorption is permanent, it is suited for delivering 
drugs that need simple therapeutic release. Owing to DOX being absorbed onto 
the hollow/rattle mesoporous Au@SiO2 surface, it exhibited an elevated DOX 
loading potential. According to Sudeep et al. [144], adding the anionic tricarbo-
cyanine dye IR-125 to Ag@TiO2 core-shell nanostructures improved their photore-
sponse, enabling the development of dye-sensitized solar cells. The coupling of IR-
125 to Au-nanostar@SiO2 significantly increased the intensity of the fluorescence 
[147]. Ag@SiO2 has been immobilized with 1-hydroxypyrene-3,6,8-trisulfonic acid 
(HPTS) by Bai et al. [146] by means of electrostatic absorption, creating a pH-
sensitive probing device exhibiting beneficial uses as a pH sensor in biological 
structures. The efficient antibacterial fluoroquinolone levofloxacin hydrochloride 
(LEVO), which is effective against gram-negative and gram-positive microbes, was
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electrostatically attached to the exterior of a mesoporous silica-coated silver nanopar-
ticle interface due to its zwitterionic molecular composition [147]. The primary goal 
of the work was to determine how the electric fields on the surfaces of silver nanopar-
ticles can improve pyrene’s Raman outputs. The silica shell’s width was adjusted by 
the scientists in order to accomplish this. Furthermore, they altered the exterior of 
Ag@SiO2 using Py-A, pyrene methylammonium. This alteration utilized the electro-
static bond that exists between the cationic ammonium group of the pyrene derivatives 
and the negatively charged surface of the core-shell nanomaterial [148]. 

4 Conclusion 

Metal oxide core-shell nanostructures belong to a novel class of metal-semiconductor 
hybrid materials that have special optical electrical properties that render these 
materials as highly valuable in a wide range of operations, such as photocatalysis, 
and biomedical applications. The development of effective photocatalytic reactors, 
medical devices, systems for drug delivery, and biological engineering have been 
significantly influenced by core-shell nanostructures, along with their added func-
tionalities. They may additionally be employed in environmental rehabilitation and 
bacterial decontamination. Owing to their distinctive physicochemical and electrical 
characteristics, metal nanoparticles, including Ag, and Au, have recently attracted 
a lot of curiosity as core elements. Metallic oxides have proven to be an excellent 
choice as a semiconductor shell material because of their availability and simplicity 
of manufacturing. Core-shell nanostructures can be used to create highly effective 
transistors, sensors, drug delivery systems, bioimaging systems, and photovoltaic 
devices; because of their superior electrical, magnetic, optoelectronic, photocatalytic, 
and photon-absorbing properties. Due to their ability to carry out effective solar light-
driven photocatalysis, such nanoparticles exhibit significant promise for restoring the 
environment via the photocatalytic treatment of wastewater. Core-shell nanostruc-
tures with a semiconducting shell and metal core are a good contender for microbial 
decontamination along with decontamination of air since metal-core nanoparticles 
such as Ag and Au also have antibacterial capabilities, although metal-oxide photo-
catalysts are recognized for their ability to eliminate microorganisms through the use 
of UV light. Core-shell nano-catalysts are simple to recycle and reuse because of their 
distinctive physicochemical characteristics, such as their nanoscale shape, porosity, 
and magnetic properties, thus making them of particular importance to researchers.
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Role of Defects in Metal Oxide 
Nanostructures 
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Abstract Metal-oxide nanostructures (MOs) are ideal systems for exploring a large 
number of novel phenomena. The intrinsic defects and the induced defects in MOs 
can have a major role in the various properties exhibited by them. The modification 
of defects in a MO lattice can be done through different ways such as by varying 
synthesis conditions, by varying dopant, with changes in the morphology, and by 
various thermal treatments. This article provides a comprehensive review on basic 
principle and the state of art research activities related to role of defects in controlling 
the various parameters suitable for application of the MOs. The construction and inte-
gration of the metal oxide-based devices such as optoelectronic devices, photodetec-
tors, sensors, memory devices and for energy storage devices must need knowledge 
about the role of defects in MOs. This chapter is dealing with the general concept 
of defects in solids, its formation and related changes in the properties exhibited by 
them. It further deals about the different types of defects and correlated properties of 
some of the well-known MOs such as ZnO, CuO/Cu2O, NiO and perovskite oxides. 
The defects modified properties and related applications are also given in detail. 
This book provides readers about the different pathways of modification of defects 
in MOs, and ways of identifying the defects in MOs and their characterization. This 
chapter will be beneficial for the readers to understand the rich physics of defects in 
MOs. 
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1 Simple Oxides and Their Functionalities 

Nanoparticle research is now a hot topic in science due to its various possible uses in 
several sectors like material science, agriculture, biomedical engineering, IT, optics, 
electronics, energy, catalysis, and sensing [1–4]. The electronic band structure of 
nanoparticles can be modified by changing the crystallite size or by doping or by the 
application of external forces like a magnetic field, pressure, temperature etc. The 
nature of the materials can vary from being a semiconductor, a metal, or an insulator. 
In simple oxides nanoparticles of materials like ZnO, CuO, NiO, TiO2, MgO, Al2O3, 
SnO2, AgO, CeO2, ZrO2, etc., can exhibit size-related structural abnormalities [5–8]. 
The difference in size means differences in the lattice strain and hence is correlated 
to the structure, i.e., the bond lengths and bond angles involved in the lattice. Such 
changes can be a resultant of any minor changes in the purity of the materials or 
be caused by the modifications in the synthesis conditions or be a consequence 
of the conditions at which the material is being subjected to. These changes in 
the atomic level of interaction of the electronic clouds of the ions composing the 
lattice can modify the band structure of the materials. Such modifications in the band 
structure can affect the electronic, optoelectronic, magnetic, and other properties of 
the materials. Hence, such modifications lead to applicability of such materials in 
optoelectronics, optical and magnetic sensors. Further these modifications can lead to 
usage in wastewater treatment, and antibacterial characteristics, which have recently 
received greater attention. 

Morphology of these metal oxide nanostructures have received an emphatic 
emerging interest and is due to the fact that some properties are all highly sensi-
tive to sample shape, i.e., the terminating surfaces of the crystallites. This allows the 
formation of new and enhanced characteristics that can be significantly altered by 
finite size effects in systems with shorter length scales. The high surface-to-volume 
ratio of nanomaterials, which is most pronounced in nanoparticles, can also have a 
significant impact on the optoelectronic properties. In such materials due to their finite 
size the possibilities of surface defects are high and hence, the defect concentration 
in MO nanostructures is often higher than that in bulk systems. This hence correlates 
their significantly larger surface to volume ratio where the enhanced surface states 
are more prone to defects [9–11]. Apart from the surface defects, the termination 
of the lattice at a shorter distance affects the regularity of the lattice and hence the 
bond lengths. Such changes in the bond lengths often result in absence or excess of 
constituent ions known as vacancies and interstitials [12]. Occasionally there are anti-
site defects due to one type of cation or anion being misplaced at the site of another 
type anion or cation. All such defects often create distinct energy states due to the 
different formation energies of such defects. These are intrinsic defects due to modi-
fications of the constituent ions and hence are called latent defects. Apart from these 
latent defects there can be other defects due to doping which generally are extrinsic 
in nature [13]. When describing metal oxide nanostructures, it is necessary to take 
these defects into account which significantly impacts the physical characteristics of 
nanomaterials.
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Fig. 1 Flow chart 
representations indicate 
multi-functionalities of 
nanomaterials 

In this chapter we will briefly go through the different types of defects such as 
stoichiometric, non-stoichiometric and other noticeable defects which have a major 
impact on metal oxide properties and related applications. However, our focus will be 
defect states found in different metal oxide nanostructures. These will be discussed 
in detail separately for a few important simple oxides, like ZnO, CuO, NiO and some 
complex perovskite oxides as well. These examples may help us better understand 
how the defect states affect different oxides in a unique way and in turn contribute 
to a wide range of applications in several domains of life (Fig. 1). 

2 Defect States in Solids 

A solid is created from a variety of tiny crystals. However, defects found in solids 
arise due to fast and moderate rates of crystallization process. Larger crystalline 
solids are created by the accumulation or joining of several tiny crystals together 
thereby initially forming polycrystalline samples. Defects arise at the interface of 
these crystallites often leading to planar defects or much more complicated forms of 
defects. These defects are an arbitrary arrangement of those ions at the interface of 
neighbouring crystallites. The larger crystallites grow with time due to a continuous 
evolution of the entire assembly of the crystallites when the smaller particles subside 
and are absorbed into the larger ones by the process of diffusion at the interface 
of the two crystallites from the smaller to the larger crystallite. In the process, the 
defect states at the interface undergoes modifications with time as the diffusion
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continues. Therefore, the synthesized crystals can have a variety of defects after 
the completion of the crystallization process [13]. In such a process the imprints 
of such a rearrangement of the irregularities or inconsistencies can be of numerous 
types including point defects, line defects, planar defects etc. When there are any 
inconsistencies in the arrangement of any atom or point in an ideal crystal, it is referred 
to as a deviation point defect. Different forms of point defects can be observed. When 
the process of crystallization occurs at a very rapid rate, point defects are considered. 
These defects are primarily caused by variations in the arrangement of the constituent 
particles. A point defect occurs when the ideal configuration of solids in a crystalline 
solid is distorted around an atom or point. Like this, a line defect occurs when there is 
any divergence in the arrangement of the crystal’s entire row of lattice points. Below 
is a short discussion on the same as per the literature [14]. 

Point defects, line defects, surface defects, and volume defects are the four 
categories into which defects or imperfections in crystalline solids can be subdivided. 
Historically at the very beginning of defect study, ionic crystals were first known to 
have point defects. With further investigation and research, such defects were also 
found in simple metal crystals as well [14]. 

There are three types of point defects which are mainly observed such as: 

• Stoichiometric defect 
• Frenkel defect 
• Schottky defect. 

Besides these, we also have impurity defects, non-stoichiometric defects, metal 
deficiency defects, etc. 

2.1 Stoichiometric Defects 

The defect in which the compound’s stoichiometry, as represented by their chemical 
formula, remains unchanged is known as stoichiometric defect. Keeping the solid’s 
electrical neutrality in mind, this type of point defect maintains the stoichiometric 
ratio of positive and negative ions. It is well known as intrinsic or thermodynamic 
defects. These defects basically fall into two categories:

• Vacancy defect: When an atom is absent from one of its lattice sites, leaving the 
site unoccupied, then a vacancy defect is created. This is associated with another 
vacancy of an ion of opposite polarity. As a result, the density of the substance 
is expected to reduce. In a different situation such an ion may be displaced to an 
intermolecular space of the crystal and thereby a charge neutrality is maintained 
without the loss of any other ion. In such cases the density may or may not be 
affected [15]. 

• Interstitial defect: When an atom or molecule occupies the intermolecular spaces 
of crystals, then interstitial defects are created. Such defects are created due to 
the presence of some other ion with a larger opposite polarity than the regular
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Fig. 2 Schottky Defect 
[Here one cation (Zr4+) and  
two anions (O2−) are  
missing from the lattice] 

type, thereby requiring more quantity of such an ion. The density of the substance 
increases due to this defect. However, if this interstitial ion is due to a misplacement 
of the ion the density remains unaltered [15].

2.2 Schottky Defects 

This kind of defect arises when an equal number of cations and anions get missing 
from the lattice site. The material having a high coordination number, shows this type 
of defect. In ionic compounds, the Schottky defect typically appears when the radius 
ratio of the cation and anion [r+/r−] is not too far below unity. It is a type of vacancy 
defect in which the crystal retains its neutrality despite having an equal number of 
cations and anions missing from the lattice. A representation of the Schottky defect 
in ZrO2 crystal structure is shown in the Fig. 2. The density of the crystal decreases 
as a result of this defect. Examples include CeO2, cubic ZrO2, UO2, ThO2 and PuO2 

[15]. 

2.3 Frenkel Defects 

Such a defect arises when some cations are absent from their original lattice site and 
instead occupy the interstitial sites of the lattice. Generally, substances having low 
coordination number show this type of defect. The dielectric constant of the crystal 
increases when similar charges come close to each other. 

Frenkel defect is a type of interstitial defect or dislocation defect in which the 
smaller ions, mostly cations, dislocate from their original position and occupy the 
interstitial site of the crystal lattice. Since there is no ion movement outside the 
crystal, the density of such crystals remains constant. The ionic compounds in which 
the radius ratio[r+/r−] is low exhibit such kinds of defects. Example: Lu2O3, MgO,  
etc. [15]. A schematic of the Frenkel defect in Lu2O3 crystal structure is shown in 
the Fig. 3.
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Fig. 3 Frenkel defect [One 
cation (Lu3+) missing from 
the lattice occupying the 
interstitial site] 

Fig. 4 Impurity defect 
(crystal of ZnO containing 
impurity of Si4+) 

2.4 Impurity Defects 

Sometimes, simple compounds can contain small amounts of impurities of some 
other compounds in them. Such defects are known as impurity defects. For example, 
as in Fig. 4, ZnO can contain a small amount of Si4+ as impurity in the crystal. Some 
of the Zn2+ ion positions can be replaced by one Si4+ ion. Sometimes, two Zn2+ 

ions can get replaced by one Si4+ ion to maintain charge neutrality of the crystal 
leaving one site of Zn2+ as vacant. In another condition the extra charge of Si4+ can 
be compensated by a O2− interstitial [11]. 

2.5 Non-stoichiometric Defects 

Compounds of d-block elements (i.e., transition metals) of the periodic table gener-
ally demonstrate this type of defect. These defects are described as metal excess 
defects which can be mainly of two types i.e., (i) metal excess defect due to anionic
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Fig. 5 Metal excess defect 
owing to presence of 
interstitial cation 

vacancy and (ii) metal excess defect owing to presence of interstitial cation. Metal 
oxides generally show the latter type of defect which is briefly discussed below. 

2.5.1 Metal Excess Defect 

When a compound contains an excess of cations, it releases these extra cations 
upon heating it. These cations then occupy the interstitial sites in crystals while the 
neighbouring interstitial sites are also occupied by an equal number of electrons. For 
example, ZnO exhibits this type of defect. ZnO loses oxygen reversibly on heating. 
For maintaining electrical neutrality, extra Zn2+ goes into the interstitial sites, while 
neighbouring interstitial sites are occupied by electrons as shown in Figure 5. ZnO  
changes from white to yellow colour upon heating due to removal of oxygen [11]. 

ZnO 
Heating −→ Zn2+ + 

1 

2 
O2 + 2e− 

2.5.2 Metal Deficiency Defect 

This defect is caused when some cations are missing from the lattice site and 
another cation still present increases its valency to keep the lattice electrically neutral. 
Consider the FeO mineral, which has a composition of Fe0.95O. It might range from 
Fe0.93O to Fe0.96O. Some Fe2+ cations are absent in the FeO crystal but the presence 
of the necessary amount of Fe3+ ions make up for the loss of positive charge. The 
metal deficiency defect in FeO is represented in the Fig. 6. The removal of one Fe2+ 

from the FeO crystal structure leads to change of oxidation states of two Fe2+ ions 
(from 2+ to 3+) to form Fe3+ ions in neighbouring sites to maintain the electrical 
neutrality [12].
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Fig. 6 Metal deficiency 
defect [Here one cation 
(Fe2+) is missing but two 
Fe3+ ion compensates for 
this cation loss] 

3 Defects in Some Important Metal Oxides 

By moderating the defects within the semiconductor, the properties of the MOs can be 
varied. The roles of defects differ from application to application. In microelectronics, 
intrinsic defects such as interstitials, intrinsic, or vacancies mediate the diffusion of 
dopant atoms. As the feature size of the device becomes smaller the importance of the 
defects will become more pronounced. For example, in nanometer scale structures, 
the effect of a single point defect cannot be ignored since the size of the structure is 
small enough. Hence, in the device development the ability to control the defects is as 
much important for the proper functioning. Here we have discussed a few important 
MOs and their defects and correlated properties [9, 16–19]. 

4 Zinc Oxide (ZnO) 

ZnO has three possible crystalline structures: Rock salt, Zinc blende, and Wurtzite. 
Amongst the three, the highest stability of the hexagonal ZnO wurtzite phase makes 
it a technologically important material [6]. The wurtzite structure of ZnO in a ball 
and stick representation (Fig. 7), can be illustrated as below.

Wurtzite ZnO is a tetrahedrally oriented II–VI semiconductor with a direct band 
gap of ~3.37 eV and an exciton binding energy of ~60 meV [6]. Each anion is 
surrounded by four cations in a tetrahedral geometry. This is a result of the sp3 

covalent bonding. A strong ionicity of ZnO from the covalent nature of the bonding 
is observed which shapes the bandgap of the material. Hence, small changes in the 
bond length and bond angles in these materials due to whatever reason, be it synthesis 
parameters or doping or any other physical changes in its applicability, can modify the 
covalent bonding nature and hence the electronic localization of the lattice and hence
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Fig. 7 Wurtzite form of ZnO and its tetrahedral Zn and O atoms arrangement in detail

modify the band structure and transport properties of the materials [6]. Thermally 
stable wurtzite ZnO nanostructures have excellent optoelectronic and piezoelectric 
properties and are biocompatible. ZnO is environmentally friendly in nature. This 
makes them the most potential candidate for optoelectronic devices such as solar 
cells, ultra-violet laser diodes, solar cells, light-emitting diodes (LEDs), etc. Other 
devices like field-emission devices, actuators, sensors, spintronics and piezoelectric 
devices are also important. ZnO is also used as a potential photocatalyst [9]. 

4.1 Defects in ZnO 

The structure of ZnO is known to have inherent point flaws. Oxygen vacancies (VO), 
oxygen interstitial (Oi), zinc vacancies (VZn), zinc interstitial (Zni), oxygen antisite 
(OZn), and zinc antisite (ZnO) are the inherent point defects of ZnO. As illustrated 
in the image, these defects have formation energies corresponding to defect levels 
inside the bandgap of ZnO. The transition from conduction bands to these levels 
causes green, blue, violet, yellow, and orange-red emission (Fig. 8). The following 
can be formulated for different emissions [17, 20–22].

• Violet emission → 3 eV (413 nm) ~ 2.75 eV (450 nm) → Zni 
• Blue emission → 2.75 eV (450 nm) ~ 2.50 eV (496 nm) → VZn 
• Yellow and orange-red emission → 1.65 eV (750 nm) ~ 2.17 eV (571 nm) → Oi 
• Green emission → 2.17 eV (570 nm) ~ 2.50 eV (496 nm) → VO. 

Besides these intrinsic or native defects, ZnO is also known to observe some 
extended defects. These defects can be found almost throughout the crystal but they 
remain largely confined along at least one direction and can have a profound effect on 
the properties of the crystal. Similarly, a high density of grain boundaries can increase 
the material’s hardness and hence can also modify the conductivity of the ZnO crystal
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Fig. 8 Energy level diagram illustrating major defect levels in ZnO

which may result in an increase in the rate of diffusion of the charge carriers [23]. 
Sometimes, these defects can be in the form of surface conduction where only the 
material surface exhibits conductivity and very less conductivity is observed in the 
bulk material [24]. Also, these kinds of defects can arise from dislocations in the 
crystal lattice as well as from the synthesis route used for the preparation of these 
materials that leads to stacking faults in the lattice [25]. 

4.1.1 Oxygen Vacancies (VO) 

Oxygen vacancies, VO, are  loss  of  O2− ion from the lattice. The removed O2− had 
electrons bonded to four neighbouring Zn2+ ions. For an uncharged defect, the elec-
trons will persist even after the removal of the O2− ion, resulting in an abundance of 
electrons. Electron donor states are chemical defects that possess extra electrons and 
therefore can donate the excess electrons to an absorption process. By donating elec-
trons, it is itself oxidized but reduces other entities involved in the process. Therefore, 
the VO defects function as donors. The defect state energy is mostly reported below 
the CB boundary at 2.2–2.5 eV, i.e., a transition is possible from these defects to the 
VB emitting a wavelength of 496–563 nm, which corresponds to green luminescence
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[17, 20, 22, 26]. Exceptions to this trend are also found in literature. Janotti et al. 
[27] found states belonging to VO which are ~1.0 eV lower than the CB minimum. 

4.1.2 Oxygen Interstitial (Oi) 

In the ZnO lattice, two probable configurations for oxygen interstitial (Oi) have  
been proposed. The first is a tetrahedral arrangement, while the other is octahedral. 
The tetrahedral Oi was found to be unstable, while the octahedral was stable. In a 
semi-insulating and p-type ZnO, these Oi can be electrically inactive while in n-type 
materials these can remain as deep acceptors in an octahedral configuration. In fact, 
the Oi species may be held responsible for defect recombination on the O-sub lattice 
for n-type ZnO materials. The Oi levels are placed above the VB maxima. A literature 
reports the Oi defect states at 1.93 eV higher than the VB while these were observed 
at 1.96 eV above the VB. Others report these states to be 1.70–2.10 eV above the 
VB. When electrons transit from the CB or Zni–Oi, a yellow and orange-red color 
emission is obtained. An Oi to VB transition results in an orange emission. Hence, 
either way, the Oi defects are responsible for either yellow or orange or orange-red 
emissions [21, 28–31]. 

4.1.3 Zinc Vacancies (VZn) 

The removal of a Zn2+ from the lattice results in four dangling oxygen bonds, which 
are known as zinc vacancies (VZn). The four oxygen bonds combine to form a doubly 
occupied symmetric state in the valence band, whereas, they form three almost degen-
erate states close to the VB maxima in the bandgap. These three almost degenerate 
states contain four electrons. However, they can only take two electrons. Electron 
acceptor states are chemical defects that can accept electrons transferred to it from 
other sources. Therefore, these states can accept electrons from electron donors or VB 
and result in absorption. By accepting electrons, it is itself reduced but oxidizes other 
entities involved in the process. Hence, VZn shows an acceptor behaviour. Above the 
VB, two charge states are possible for VZn. These states have a ~0.8 eV energy 
difference. VZn states were found at 2.51–2.60 eV below CB maxima. These were 
also found at a lower range of 2.60–2.77 eV below CB maxima. These were even 
found as low as ~2.84 eV below CB maxima. Hence, a range of ~2.5 eV (460 nm) 
~2.84 eV (387 nm) can be safely allotted to a CB to VZn transition, thereby providing 
a blue emission [27, 32–34]. 

4.1.4 Zinc Interstitial (Zni) 

There are two probable places for zinc interstitial in ZnO: one as a tetrahedral site 
and the other as an octahedral site. According to reports, the octahedral Zni site is the 
most stable, whereas the tetrahedral Zni site has larger energy and is more unstable.
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The nearest neighbours at the tetrahedral site are one Zn and one O atom, whereas 
the octahedral site includes three Zn and three O atoms. In ZnO lattice, the Zn-ion 
is in a predominant Zn2+ state. To maintain charge neutrality, an introduced extra 
Zn2+ ion will need two electrons to leave a Zni site uncharged. This introduces a 
two-electron state addition. These states are generally above the conduction band 
minimum (Fig. 8). With the supply of a very small amount of energy, these two 
electrons can be transferred to the CB. Hence, Zni is a shallow donor. This allows 
Zni → VB transitions of energy range, 2.75 eV (387 nm)–3 eV (460 nm). Zni can 
also be a defect state located deep inside the bandgap. It can be located at ~0.5 eV 
above the VB (deep donor). Zni is also discussed just 0.22 eV below CB (i.e., shallow 
donor; this is the most accepted position). The most accepted value of Zni is a shallow 
donor providing a luminescence that is violet in color [17, 22, 27, 34]. 

However, some literature also reports these states in the CB, ~1.2 eV above CB 
minima. This model ensures the n-type nature of the materials. 

4.1.5 Zinc Antisites (ZnO) 

When a Zn2+ ion is replaced at the site of O2− ion, a zinc antisite, ZnO, defect is 
created. The formation energy of this type of defect is high and hence at equilib-
rium condition or proximity to the steady state, the contribution from these states is 
unlikely. Even if this state is a double donor state the ZnO antisite in an n-type ZnO 
cannot take part in the n-type conductivity [27]. Oba et al. [34], on the other hand, 
discovered that ZnO are equivalent to VO defects in a Zn-rich lattice. The distinct 
charges of these states might result in the alteration of the energy levels. ZnO has 
high formation energy. Equilibrium conditions with Fermi energy in the bandgap are 
difficult. Therefore, like Zni the ZnO defects can exist in the CB, ~1.2 eV above CB 
minima. This enables an n-type nature [34, 35]. 

4.1.6 Oxygen Antisite (OZn) 

The oxygen antisite (OZn) defect occurs when an O2− is substituted at the Zn2+ site. 
Despite being an acceptor-type defect, the OZn has an extremely high energy demand 
for production and is electrically inactive even under favorable O-rich circumstances. 
As a result, the concentration of OZn defects in ZnO at equilibrium is quite low. OZn, 
on the other hand, is a point defect of the acceptor type. It requires very high formation 
energy and hence these states are difficult to form even in the excess of O2 in the 
synthesis process. As a result, antisite faults of this sort play a little role in deep level 
emission [27, 34, 36]. The various kind of defects found in ZnO can be listed as 
(Table 1).

Kung et al. [37] reported that ZnO and ZnO: Y nanorods have been successfully 
prepared at low temperature using the hydrothermal method. A detailed study was 
done on the relationship between the Y-doped induced defects and their structural,
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Table 1 Tabulation of intrinsic defects or native defects in ZnO for different colors and centers 

Deep level 
transitions 

Wavelength range 
(nm) 

Energy (eV) Emission color References 

Zni → VB ~385–435 ~3.22–2.85 Violet [34] 

Zni → VZn or CB 
→ VZn 

~435–495 ~2.85–2.50 
~0.21 eV near to CB 

Blue [34] 

CB → VO or VZn 
or CB → VO and 
VZn 

~495–570 
532 

~2.50–2.18 
~2.32 

Green [34] 

CB → Oi ~570–590 ~ 2.18–2.10 Yellow [34] 

CB → Oi or Zni 
→ Oi 

~590–620 ~ 2.10–2.00 Orange/Red [34]

optical, and magnetic properties in ZnO: Y nanorods. It was discovered that Y doping 
causes an increase in defects: VO 

+, VO 
++, and Oi. 

According to Srivastava et al. [38], the additional charge of Si4+ in the ZnO lattice 
lowers the amount of VO. Owing to the fact that Si4+ is smaller in size than Zn2+, 
defects like VZn and Oi reduce to give space for Si4+. Si doping causes nominal 
distortions that increase Zn interstitials. As a result, orange-red luminescence now 
reduces the dominance of green luminescence. Hence, in order to enable a more 
regular lattice, Si4+ substitution enhances the bandgap in modified ZnO and correlates 
to a decrease in oxygen-related defects. 

Bajpai et al. [39] performed Si4+ substitution in Fe3+-doped ZnO to reduce oxygen 
vacancies. This makes the lattice more crystalline. However, with the gradual substi-
tution of Fe3+ in Si4+-substituted ZnO, Oi and Zni as well as VO’s increase. This 
results in increased lattice strain. The presence of Si4+ in Fe3+-doped ZnO lattice 
seems to facilitate oxygen interstitials. 

Mishra et al. [20] showed a decrease in the oxygen-related defects for Fe/Ga co-
doped samples. Such a reduction of VO and Oi can result in an increase in VZn, which 
emits blue light. Mishra et al. [40] further reported that for Ga/Si co-doped samples, 
the PL spectra show that the NBE and DLE peak intensities are lower in the doped 
samples compared to pure ZnO. Hence, surface defects decrease with substitution 
of Ga/Si in ZnO. The orange–red shift in the CIE plot is consistent with a decrease 
in VO and  a rise in Oi in the lattice. 

According to Ayaz et al. [21], samples with increased Li+ content showed 
enhanced green emission, which suggests that there are more oxygen vacancies in 
the ZnO lattice. 

Zong et al. [41] reported that Co2+ doping can significantly enhance the oxygen 
defects as well as improve the magnetic behaviour of ZnO nanoparticles while having 
minimal impact on its structural and morphological properties. Air annealing exper-
iment serves as an additional confirmation to the significant role of oxygen defects 
on the magnetic properties. From the DFT (Density Functional Theory) studies, 
it has been calculated that Co doped ZnO nanoparticles have long range magnetic 
ordering due to the localized spin moments of 3d electrons of Co2+ ions. According to
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theoretical and experimental findings, in Co-doped ZnO system presence of oxygen 
defect-induced bound magnetic polarons in which coupling Co2+ − OV 

+ − Co2+ 
leads to the ferromagnetic behaviour [41]. 

Okada et al. reports that concentrations of defects such as (Zni, VO and VO 
+) 

increase with increase of Al doping which provide more electrons to the conduction 
band of ZnO crystal. 

Apart from this, these formed defect levels resist the direct transfer of electrons 
from conduction band to the valence band. This enhances the effective number of 
holes and electrons. Hence, the reduction of electron hole recombination leads to the 
increase in the photocatalytic activity [42]. 

The electronic charge distribution in the vicinity of Zn in the ZnO lattice is modi-
fied by the change of the local charges brought in by a foreign dopant’s influence on 
the O-neighbourhood due to the differences in size and valence state of the dopant. 
Hence, the electronic band structure gets modified, thereby modifying the amount 
and nature of the latent crystal defects. The ionic size difference between the dopant 
ion and the host ion can modify the strain in the lattice and thereby modify the crys-
tallite size, amount and nature of the defects and also affect the morphology, surface 
charge, etc. The role of VO, as an effective electron trap, increases the efficiency of 
separation of the electron/hole pairs generated through photons [17, 26–28, 32]. 

Pure ZnO is known to be a dominant n-type semiconductor. In search of a p-
type ZnO, a majority of research has been focused on the production of p-type 
ZnO thin films and the impact of acceptor–donor co-doping on physical properties. 
VO is a common hindrance in achieving a solution-processed p-type ZnO thin film. 
Hence excess oxygen supply was required for the fabrication of such thin films. Such 
techniques have helped remove VO or introduction of Oi as acceptor level in ZnO 
and enable the formation of a possible p-type ZnO. 

ZnO latent defects can be a source of n-type nature: 
The microscopic equilibrium processes of intrinsic doping asymmetry occurring 

in ZnO were investigated by Zhang et al. ZnO was assumed to be in equilibrium 
with a hypothetical reservoir containing Zn and O atoms. With this assumption, the 
enthalpy of formation of a defect α of charge q and defect transition energy was 
computed using Eqs. (1) and (3) respectively [43].

ΔH (q,α) = ΔE (q,α) + nαμα + qEF (1) 

where

ΔE (q,α) = ΔE (q,α) (defect + host) − E(host only) + nαμα(solid) + qEv (2) 

Here, ΔE (q,α) (defect + host) represents the cell’s total energy containing both the 
host and defect α. The total energy of the cell is represented by E (host only). EF 

denotes Fermi energy, Ev denotes the host crystal’s valence band maximum, nα is 
the number of atoms that are removed from the host crystal to the atomic reservoir 
during the defect formation stage.
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ε(q/q ') = [ΔE(q, α)  − ΔE(q ', α)]/(q ' − q) (3) 

where q and q' are the two different states of defect α. The defect is in state q i.e., 
higher charge state when EF < E(q, q') as opposed q' i.e., lower charge state when 
EF > E(q, q'). From the above calculation in Eqs. (1) and (3), it can be observed that 
acceptor-like defects such as VZn and Oi in ZnO have quite high formation energies 
which clearly indicates a low equilibrium concentration [44]. 

Creation of shallow donor states like Zni and antisite ZnO close to the VB maxima 
or CB minima can act as donors since they readily produce electrons. Increase in 
donor concentration by possible reduction of the formation enthalpy ΔH is possible 
by synthesis in an O-deficit environment resulting in the creation of VO and Zni. 
Even if EF is high in the gap, donors must have low formation enthalpyΔH, for them 
to become abundant. It is applicable for VO and Zni in Zn-rich conditions whereas 
electron-killer centers (Oi, VZn) must have a high formation enthalpy to form. This 
is favorable for the Zn-rich conditions and unfavorable for O-rich circumstances. 
Therefore, Zni can be the root cause of an intrinsic n-type ZnO because electron-
killer centers (Oi, VZn) should possess high formation enthalpy despite EF being high 
in the gap, so that they do not form. It is thus approximately valid for Zn-rich but not 
O-rich conditions [45]. 

During the p-type doping scenario, acceptors (Oi, VZn) need to have shallow levels 
in respect to VB maxima to conveniently produce holes. Oi, on the other hand, is 
not a shallow acceptor. For acceptors to become widespread, they should have a low 
formation enthalpy ΔH, even when the gap’s EF is low. It only applies to circum-
stances that are O-rich; it does not apply to situations that are Zn-rich. As a result, 
the inherent n-type in ZnO in a Zn-rich environment is due to Zni, which accords 
well with experiment results. It is therefore concluded that due to lower formation 
enthalpies of hole-killer defects, ZnO could not be a p-type semiconductor in thermal 
equilibrium and Zn rich circumstances. Acceptor levels like Oi, VZn conveniently 
produce holes being close to the VB maxima (shallow levels). VZn is a shallow 
acceptor, but not Oi. Hence, they should have a low formation enthalpy ΔH, even 
when the gap’s EF is low, for them to become common. It only operates in O-rich 
settings, not in Zn-rich ones. To avoid forming, hole-killer centers (VO, Zni, and 
ZnO) must have a high formation enthalpy, even if the gap’s EF is low [45]. 

Pure ZnO has higher resistivity than doped and co-doped ZnO due to the lower 
carrier density. The electronic and band structures of ZnO can be modified in order 
to increase the conductivity of ZnO. 

The following three types of electronic transitions are possible to exist in ZnO 
nanostructures: 

(i) Electron excitation from the ZnO host’s VB to CB. 
(ii) Dopant-induced d–d internal transitions. 
(iii) Charge transfer transitions between the host CB and the dopant d-state, as well 

as between the host VB and the dopant d-state. 

The type (ii) and (iii) transitions can appear in the visible range. This means 
that introducing foreign elements changes the energy states, which has a significant
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influence on aspects like optoelectronics, photo-sensing, and photocatalysis. Based 
on the change in functionalities of ZnO, the dopants were chosen and employed to 
examine the functional views of the parameters [46]. 

4.2 Applications of ZnO 

The intrinsic defects developed in ZnO due to the various fabrication methods leads to 
the enhancement of properties that can be used for different applications. Eisenberger 
et al. [47] developed a new synthesis procedure that controls certain defects in pure 
ZnO nanoparticles. The created defects lead to the decrease in the bandgap and 
contribute to the n type conductivity. The control of the defects which are responsible 
for the green emissions leads to the strong emission in the violet to blue region. This 
can be applicable to bioimaging using fluorescent microscopy techniques. Most of 
the ZnO nanoparticles requires UV sources for excitation, this work allows 405 nm 
laser source for live-cell imaging experiments using a confocal microscope. The 
high sensitivity of ZnO can be utilized for application as sensors. The Ov on the 
surface which are responsible for the changes in the electronics property are involved 
for sensing action. The adsorption of gases like NO2 on the vacancy site through 
oxidation leads to the withdrawal of electrons and depleted from the conduction 
band and hence reduction in the conductivity. Whereas gases like H2 can react with 
surface adsorbed oxygen and undergo reduction process and leads to the increase in 
the conductivity. These can be utilized for the sensing of different types of gases. 
The major challenge is the selective sensing of various gases [48]. 

The modulation of intrinsic defects in ZnO can be utilized for the Resis-
tive switching memory device application. The concentration of defects and the 
microstructural properties can modulate the area of switching region. In order to get 
promising memory effect, high resistivity ZnO film is required. Less leakage current 
and high resistivity can be obtained through the suppression of the native defects. 
Thin switching layer and lower current operation can be achieved with high resistive 
ZnO. One of the promising approach for scalable memory devices with low power 
is ZnO nanoisland-based switching memory device [49]. Room temperature ferro-
magnetism in pure ZnO is another field of research interest. Many researchers have 
proved that this magnetism is due to the VO present in ZnO [50, 51]. The investi-
gations have revealed that the magnetic property of the ZnO is strongly correlated 
with the concentration of Vo at the surface [52]. This observed ferromagnetism can 
be utilized for the magnetic memory devices applications. 

For the photocatalytic waste water treatment application, the defects present in 
ZnO play a major role. The modification of the surface defects will help for the 
adsorption of dye molecule. The intrinsic defects will modify the band gap and act 
as charge trap centres lead to decrease of electron hole recombination rate. These 
defects are helpful for enhancing the photodegradation of the dye molecule present 
in the waste Water. Heavily doped n-type ZnO is currently a particularly desirable 
transparent conductive oxide material due to its high conductivity, and it can be
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utilized for solar cells and light emitters. There is a global scarcity of the industry 
standard ITO. Hence, industry has started searching for replacements in a possible 
substitute: Ga and Al-doped ZnO [53]. 

5 Cupric Oxide (CuO) and Cuprous Oxide (Cu2O) 

CuO having a narrow indirect bandgap (~1.4 eV), belongs to the transition metal 
oxide group and shows p-type behaviour. It possesses a monoclinic structure and has 
many interesting characteristics including high stability, super thermal conductivity, 
photovoltaic properties, and antimicrobial activity. It is widely used in many tech-
nological applications as solar cell devices, gas sensors, magnetic memory devices, 
active catalysts [54–61]. CuO is a C62h symmetric monoclinic structure (Fig. 9). 
Cupric oxide which has four formula units, has a coordination number of 4 i.e., 
having square planar configuration (110) plane. 1.95 Å and 1.96 Å are the Cu–O 
bond lengths in this plane. The lattice parameters of cupric oxide are a = 4.6837 Å, b 
= 3.4226 Å, c = 5.1288 Å, β = 99.54°, and α = γ = 90°. 

The space group of Cu2O is Pn3m (Fig. 10). All oxygen atoms have a tetrahedral 
coordination with Cu atoms and each Cu atom is linearly coordinated to oxygen 
atoms. The lattice parameters of the Cu2O unit cell are (a = b = c = 4.252 Å). 
The calculated direct band gap of Cu2O is 0.46 eV. The point defects dominant 
in Cu2O in various oxygen conditions, obtained from experimental and theoretical 
results are both neutral and single negatively charged VCu. The growth conditions 
and sub-stoichiometry will influence the electronic and magnetic properties of Cu2O.

Fig. 9 CuO unit cell (Red ball = “Cu”, Yellow ball = “O”) 
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Fig. 10 Crystal structure of 
Cu2O (Red Ball  = “O”, Blue 
Ball = “Cu”) 

5.1 Defects in CuO and Cu2O 

In intrinsic CuO semiconductors, the different types of defects are oxygen vacancy 
(VO), copper vacancy (VCu), copper interstitials (Cui) and oxygen interstitial (Oi), 
Oxygen antisites (OCu) [62–64]. They are generated through the following defect 
reactions: 

Oo → Vo 
x+ + xe− +

(
1 

2

)
O2

(
1 

2

)
O 

2 

→ VCu 
x− + xh+ + Oo

(
1 

2

)
O 

2 

→ Oi 
x− + xh+ 

Cux+ 
i → CuCu + xh+ 

where, OO is a normal oxygen atom occupying an O-site, CuCu is a normal copper 
atom occupying a Cu-site, and x (= 0, 1, 2) indicating the ionization degree of the 
defects (i.e., neutral, mono-/dual-ionized defect). Accordingly, the two prominent 
defects (cation defects) in CuO are VCu and Oi, which are a reason for the free 
holes for the p-type conductivity. VCu has the minimum formation energy (O-rich 
condition) which indicates its p-type character. VCu prefers to capture an electron. 
Therefore, copper vacancy acts as an acceptor in CuO. VO has the minimum formation 
energy (O-poor condition). VO is a kind of anion defect which produces electrons and 
hence annihilates the holes, thereby being termed as a hole-killer. The optoelectronic 
property of CuO is determined by the most probable reaction above. 

CuO has a complex structure consisting of a chain of tilted CuO6 octahedra 
connected through an O-atom (Fig. 9). Compared to Cu2O (octahedral symmetry
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with space group Pn3m), CuO crystallizes in a monoclinic crystal structure having 
less symmetry (space group C2/c). The typical unit cell of CuO consists of eight 
atoms where four O atoms surround a Cu atom thereby forming a square planar 
configuration, whereas each O atom is situated at the center of four Cu atoms in the 
shape of a distorted tetrahedron. The lattice parameters of a CuO unit cell are a = 
4.6837 Å, b = 3.4226 Å, c = 5.1288 Å. There are a substantial number of publi-
cations on theoretical study related to ground state properties, whereas the intrinsic 
defects have never been explored much. Nolan and Elliott [65] have investigated the 
defects in the simple antiferromagnetic configuration and conventional monoclinic 
cell. However, study on the experimentally observed ground state has not been done. 

Aleksandar Zivkovic et al. [63] studied the dependence of growth condition on the 
defect’s formation and the nature of (p type or n type) CuO semiconductor. CuO can 
either show p-type (O-rich/Cu-poor conditions) nature or n-type (Cu-rich/O-poor 
conditions) nature by varying the growth conditions. To analyze the intrinsic defects 
in CuO, they have considered a 2 × 3 × 2 supercell (antiferromagnetic in nature) 
which ensures minimal interaction between introduced defects with an assumption 
that these defects are situated at least 10 Å apart in each crystallographic direction 
for calculation. They have obtained the result that the formation energy of defects 
shows similar trends between HSE and DFT + U despite the fact that it depends 
on the growth environment. The most favorable neutral defects are Cui and VO, 
under Cu-rich growth environments, whereas p-type defects such as VCu, OCu, and 
Oi are favored under O-rich conditions over all n-type defects. Undoped CuO with 
high performance and conductivity can be created with different formation energies 
through distinct growth conditions [63]. 

The defect states formed within the bandgap of CuO are far from the CB and 
VB edges. While considering the device fabrication these defects are unfavorable 
for the proper working of devices which rely on electronic excitation through photon 
absorption. Because these states will act as centers for recombination rather than 
helping in the increment of carrier concentration. VO and Cui with formation ener-
gies around 1 eV are the major intrinsic donors in the Cu rich environment. However, 
VO functions as a deep donor, having a transition level at about 0.69 eV above the 
valence band maximum (VBM). The low carrier mobility (~0.48–1.73) cm2 s−1 V−1 

observed in n-type CuO is due to the recombination centers formed due to VO [19]. 
On the contrary, Cui, even though required less energy than VO, leads to neutral 
defects having ionization level situated in the VBM, therefore does not effectively 
compensate for the charge in CuO. VCu is the majority defect in a Cu-rich environ-
ment. Its energy level is too high to make up for the most apparent donor impurities. 
Acceptor defects outweigh the intrinsic impurities under O-rich conditions. Oi, along 
with the OCu and VCu, is the lowest energy acceptor and is observed to form up to 
1 eV. These are not offset by any other defects throughout the full range of elec-
tronic band gap, making the material exclusively p-type. When used as an acceptor, 
VCu exhibits a relatively shallow transition at 0.17 eV above the VBM and a deeper 
transition at 0.28 eV lower than the conduction band minimum (CBM). OCu exhibits 
two deep acceptor levels, one at 0.49 eV and another at 1.07 eV above the VBM. 
As a result, the Oi’s transition level is observed to be at 1.14 eV above the VBM,



208 S. Datta et al.

which restricts the otherwise strong conductivity which could be predicted, given 
the extremely low energy required in the defect formation. 

Apart from the above-mentioned theoretical studies there are numerous exper-
imental studies on the various defects related properties of CuO. Doping in CuO 
with various elements can create different types of defects in CuO lattice which can 
lead to modification of the properties exhibited by CuO. In case of La doped CuO, 
photoluminescence spectra clearly indicated increased peak intensities associated 
with defects as a result of doping and annealing without any change in peak position. 
According to positron studies, it is mostly caused by mismatch in the lattice and 
difference in oxidation state between Cu2+ and La3+ ions in correlation with positron 
studies. More quenching sites for non-radiative transition were created by the defects 
in La doped CuO [66]. By increasing the Fe doping content, Fe-doped CuO nanotubes 
(NT) showed a considerable blue shift in the band gap as compared to the un-doped 
CuO NTs. This could happen because of the Burstein-Moss Shift. The crystallinity 
of the CuO NTs can be increased by increasing the Fe content which in turn helps 
to remove the deep trap levels as proved by the steady-state photoluminescence 
studies [67]. In case of Li doped CuO, Zgair et al. [68] suggest that un-doped CuO 
showed the strongest intensity whereas with increase in Li doping concentration, it 
decreases. The near band gap emission (NBE) peak in the PL spectra corresponds to 
red emission as it is observed in the visible region at around 690 nm (1.797 eV). This 
can be explained by defects like copper interstitials (Cui) in the samples. Also, in 
another case the interchange of Li+ with Cu2+ ions within CuO transforms the synthe-
sized material from flakes-like morphology to flower-like morphology as reported 
by Siddiqui et al. [69]. Such structural modification causes changes in the optical 
properties due to annihilation of the parent phase. As the Li content increases, the 
band gap is observed to decrease and hence the green-yellow emission in PL spectra 
was much improved when Li was substituted in place of Cu, which is favorable 
for optoelectronic applications. Manoharan et al. [70] reports that green emission is 
associated with the PL peak at 546 nm and can be caused due to defects like copper 
interstitials. Comparing the pure and Mn/Nd co-doped CuO, it is observed that no 
new emissions are created because of doping but the intensities of the prominent 
peaks show a considerable change. Also, a small red shift is observed in the PL 
peak towards higher wavelengths with the co-doping of Mn and Nd. This red shift 
is indicative of changes of the defect states in terms of electronic hybridisation due 
to the presence of Mn and Nd. Hence, this is a nice example of modifications of 
the electronic clouds in the presence of impurities, even for the imperfections of the 
lattice. PL bands for the powders are not due to the band gap emission, but can be 
attributed to various structural defects, such as oxygen vacancy, which generally acts 
as deep defect donors in semiconductor oxide, and would induce the formation of 
new energy levels in the band gap present in the prepared pure and Co-doped CuO 
nanostructures. The green emission bands are reported at 489 nm (2.54 eV), 525 nm 
(2.37 eV) and 585–625 nm (1.99 eV) for deep level defects of CuO [71]. 

There is intensive study on the defect’s formation in another oxide of Cu, cuprous 
oxide Cu2O which is a competent phase during the formation of CuO. Wright et al. 
[72] studied the energetics of VCu in Cu2O using density-functional theory (DFT)
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Table 2 Cu defects 
formation energies values 
under Cu-rich conditions 

Reported work VCu (eV) V split Cu (eV) 

Wright et al. [72] 0.92 1.66 

Raebiger et al. [73] 0.30 0.31 

David et al. [74] 1.15 1.14 

Persson et al. [75] 0.7 1.0 

Nolan et al. [65] 0.41 1.24 

Table 3 Cu defects 
formation energies values 
under O-rich conditions 

Reported work Oi(octa) (eV) Oi(tetra) (eV) 

Wright et al. [72] 2.07 1.97 

Soon et al. [76] 1.36 1.65 

David et al. [74] 1.94 1.87 

Raebiger et al. [73] 1.3 1.8 

and the local density approximation (LDA). A “simple” copper vacancy (VCu) is  
a type of vacancy in which one Cu is removed leaving tri-coordinated oxygens. 
There is another type of defect related to cations, where a “split” vacancy geometry, 
(V splitCu), can be defined as a situation where the remaining Cu moves toward the 
vacancy site, to achieve tetrahedral coordination. The “split” V splitCu, changes the 
six-coordinated Cu states to an anomalous four coordinated Cu state, by moving 
the remaining Cu ion toward the Cu-vacancy site. This transforms the octahedral 
coordination of Cu to a tetrahedral coordination. There are several other theoretical 
reports on this aspect. DFT-generalized gradient approximation (GGA) and DFT-
GGA + U techniques were used by Nolan and Elliott, who reported that VCu is more 
favorable than V splitCu [54, 63, 64]. The Oi can occupy octahedral interstitials (Oi(oct)) 
or tetrahedral interstitials (Oi(tetra)) and their corresponding formation energies will 
also vary. The formation energies of the VCu and V splitCu defects and interstitial 
defects Oi(oct) and Oi(tetra) defects in Cu2O reported in literature are tabulated in 
Tables 2, and 3. 

5.2 Properties and Applications of CuO 

Depending on the various properties such as size, surface characteristics, optical and 
magnetic properties, CuO nanoparticles may be utilized in a variety of applications. 
The synthesis technique plays a key role for regulating all these and consequently 
their biological properties. Doping materials in semiconductors are used in several 
of these applications, such as: catalysts, chemical sensors, photo detectors, antimi-
crobial agents, and suitable material for semiconductor resistive gas sensing appli-
cations due to its surface conductivity. CuO has been widely used in photovoltaic 
applications. CuO thin films are potential materials for solar dye-sensitized cells
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and light-emitting diodes. In the search for a clean and economical energy source, 
CuO is receiving growing interest from the scientific community. CuO can be used 
as an absorber in solar cells for direct solar energy transformation into electricity 
[55, 59, 61, 77–80]. 

6 Nickel Oxide (NiO) 

NiO is naturally found in its mineralogical form known as bunsenite which is very 
rare. Nickel oxide nanoparticles appear in green powder form. It is a wide bandgap 
semiconductor (3.5–4 eV) with p type behaviour [81]. The high durability and 
the good chemical stability of NiO leads to the application in solar cells and UV 
photo-detectors. Also, the unique optical and magnetic properties find applications 
as electrochromic devices, anti-ferromagnetic layers, and chemical sensors [82]. 

NiO nano powders are black in color and have a cubic structure (Fig. 11) with 
Fm 3 m symmetry. The structure of NiO is like that of NaCl or rock-salt structure 
with Ni2+ and O2− occupying the octahedral sites of the crystal lattice. Nickel atoms 
are located at the corners and at the face centers of the cube, while oxygen atoms 
are located at the center of the cube and at the edge centers, following the typical 
fcc-packed structure. The structural properties reveal that NiO nanoparticles have 
single phase face centered cubic structure with negligible strain and without any 
detectable impurity phases. Defects present in the crystal structure leads to non-
stoichiometric nickel oxide which shows p-type semiconductor behaviour. Hence, 
NiO like many other binary metal oxides, is frequently non-stoichiometric, which 
means that the Ni:O ratio is not always 1:1 which can be due to the presence of excess 
oxygen atoms and vacancies in the nickel structure. This non-stoichiometry in NiO 
is accompanied by a color change. The stoichiometrically correct NiO is green while 
the non-stoichiometric NiO is black. It is a unique 3d transition-metal monoxide, 
which crystallizes in the rock salt structure with much higher symmetry in contrast 
to CuO or CoO. This reveals that the electronic structure NiO is fundamentally 
different from CuO or CoO.

It has four formula units per unit cell. Both Ni2+ and O2− ions are octahedrally 
coordinated. Ni2+ ions are six-fold coordinated with six O2− ions situated at the 
corners of an octahedral shape. The Ni2+ and O2− ions occupy 4b (0, 1/2, 0) and 
4e (0, y, 1/4) Wykoff’s sites, respectively. The unit cell parameters are a = b = c 
= 4.178 Å, α = β = γ = 90° with volume = 72.92 Å. The Ni–O, bond distance is 
2.0842 Å [35, 83]. 

6.1 Defects in NiO 

NiO has both direct and indirect bandgap energies of values ~3.5 eV which is 
suggested by Density Functional Theory (DFT). The band gap is understood in
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Fig. 11 NiO cubic structure 
arrangement (Red Ball = 
“O”, Blue Ball = “Ni”)

terms of the difference between the energy states of maxima of valence band and 
minima of conduction band. The experimental values of band gap are in the range of 
3.5–4.0 eV. It hints at theoretical and experimental agreement in some cases. There 
are several reports that native defects in semiconductors play an important role in 
modification of electronic and optical properties. Literature suggests comparative 
studies of these native defects such as: Ni-rich NiO with O vacancies (NiO:VO), and 
oxygen-rich NiO with Ni vacancies (NiO:VNi). The theoretical calculations result 
that defect-induced gap states in NiO are present in form: NiO:VO are majority Ni-
3d states, whereas both Ni-3d and O-2p states present in NiO:VNi. In comparison 
with NiO and NiO:VO samples, the absorption spectra of NiO:VNi shows the signif-
icant defects below 3.0 eV. The enhancement of sub-gap absorptions in NiO:VNi 

is due to the gap states in the electronic density of states. The optical constants of 
NiO:VNi shows significant deviation from NiO:VO at similar vacancy concentra-
tion while correlating native vacancy defects and optoelectronic properties. There 
are several reports for the defects formation energies calculated theoretically using 
GGA + U calculations [16, 35, 84, 85]. The experimental as well as theoretical 
studies supported Fermi energies up to 4 eV and band gap energies of NiO for both 
O-rich and Ni-rich limits. The Ni vacancies dominate in both conditions (O-rich and 
Ni-rich), which is consistent with the observed p-type behaviour and Ni deficiency 
in NiO. 

These results are in agreement with the previous results using GGA + U calcu-
lations which demonstrate unstable interstitial defects. However, for the majority 
of EF, Ni vacancies are the lowest energy defects. On the other hand, VO domi-
nates at low EF (Ni-rich (O-poor)) limits. This denotes the defect formation energies 
are significantly influenced by the band’s widening from GGA + U calculations. 
The defects such as VO and Ni interstitials reduced the formation energies at the 
VB maxima while the defects such as Oi and Ni vacancies increased the formation 
energies, and vice versa. From the GGA + U calculations, the vacancies of Ni and 
O at the NiO (001) surface have a large increase in the energy for a Ni vacancy 
(1.9 eV) and a small reduction in energy for an VO (0.07 eV) were found. It suggests 
that across a wider range of EF in the Ni-rich limit, VO’s have the lowest energy
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defect than Ni vacancies. The authors claim that in this scenario, a DLE associated 
to green emission ~520 nm (2.38 eV) along with a weak near band edge emission 
in the UV range at ~333–357 nm (3.47–3.72 eV) dominates the luminescence of the 
NiO nanoparticles. The green emission is related to structural defects, such as O/Ni 
vacancies and interstitials, whereas the UV emission is caused by exciton recombina-
tion in close proximity to near band-edge transitions in NiO. The possible transition 
of trapped electrons at the Ni interstitial to the valence band is responsible for the 
violet emission to occur at ~2.97 eV. The radiative recombination of electrons from 
the doubly ionized Ni vacancies to the holes in the valence band causes the blue 
luminescence peak at ~2.70 eV. In view of this, different authors have reported that 
various synthesis routes, post treatments, and different types of dopants can be used to 
modify the structural defects in NiO that may lead to photoluminescence. Although 
Ni vacancies are responsible for the near-IR emission, they are also involved in the 
transitions of 3d energy levels (2–2.5 eV). The PL spectrum involves high energy 
emissions which are mainly due to the near band edge emissions and d–d charge 
transfer excitons in NiO. As a result, NiO’s inherent low intensity can therefore be 
overcome to functionalize it for the luminescent devices, and the luminescence from 
NiO can be controlled by modifying it using doping elements. NiO microstructures 
have a broad luminescence spectrum that includes emissions in the near-IR (1.46 eV), 
the visible (2–2.5 eV) and the UV region (3.5 and 4.5 eV) [16, 85–87]. 

Gandhi et al. [88] reported that decreasing the particle size leads to decrease in the 
UV emission band. This leads to the ionic Ni–O and covalent Ni–Ni bond weakening 
through electron density calculations. This is another way in a nanostructure system 
to control the UV emission band by modifying the strength of Ni–O and Ni–Ni 
bonds. 

The photogenerated holes from the deep level V 2+ 
O states and electrons in shallow 

levels at 2.37 eV just below the conducting band results in a green band emission 
spectrum. This seemingly anomalous phenomenon in the visible region shows weak 
violet, blue, orange, and strong green band emissions as a result of defects. These can 
be attributed to nickel interstitials, nickel vacancies, oxygen interstitials, and oxygen 
vacancies, respectively, in the deep level emission [88]. Another study by Ramesh 
et al. reports NiO nanocrystals having N and/or Fe doping can result in structural 
changes such as the incorporation of cationic impurities and surface vacancies as 
additional defects. Instead of the presence of defect states such as oxygen vacancies, 
N and/or Fe-doped nanocrystals show a decrease in the PL strength mainly due to 
increase in cation vacancies and surface related defects, which serves as an alterna-
tive non-radiative pathway to PL emission [38, 39]. However, a few cation vacancies 
in the N doped nanocrystals results in a partial drop in the luminescence intensity 
[89]. The recombination rate of photoinduced electron–hole pairs will increase with 
the increase of PL intensity of NiO nanoparticles. The holes localized at deep traps 
have low oxidizing potential and easily react with physically adsorbed substances. 
The stoichiometry of NiO may change with the heat treatment VNi, Oi, in NiO lattice 
leads to two wide emission peaks at 420 nm (2.95 eV) and 440 nm (2.82 eV) and a 
strong—broad peak at 460 nm (2.70 eV) in violet emission band. These peaks give 
the confirmation of such defects in NiO lattice. The charge transfer between Ni+2
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and Ni+3 can lead to VNi. The PL emission band at 460 nm results from the surface 
oxygen vacancies of NiO nanoparticles [90]. It has also been reported that Mg doped 
NiO exhibit bands in the visible (at ∼410, 438, 457 and 490 nm) and UV (at ∼362, 
376, 385 and 390 nm) regions. The distinct feature of near band edge emission is the 
UV region band. Out of the several UV bands, the band located at 362 nm is asso-
ciated with the excitonic recombination and its improvement in intensity as doping 
concentration of Mg increases. This might imply that Mg is substituted successfully 
in NiO. The reduction in defect density along with subsequent quality improvement 
of the nanostructure can be because of the increased intensity of UV emission in NiO 
with Mg doping. The presence of trapped electrons at Ni interstitial to the valence 
band was suggested by the violet emission bands in the samples at 410 and 438 nm. 
The recombination of electrons from Ni2+ vacancy to the holes in the valence band 
may have been the cause of the blue emission band with low intensity at ∼457 and 
∼490 nm [91]. 

Bhatt et al.  [92] reports that the Li+ concentration in NiO in Li doped NiO caused 
the formation of numerous shoulder peaks at wavelengths of around 402 and 422 nm 
(violet emission), 452 nm (blue emission) and 508 nm (green emission). The tran-
sition of trapped electrons at Ni interstitial to the valence band is the most probable 
cause of the violet emission peaks and subsequently, blue emission is due to the 
recombination of electrons from the Ni2+ vacancy and the holes. Another important 
factor in modifying the electronic structure of parent oxide materials is the size of the 
dopant. Numerous factors can modify the defect states of NiO, which has a signif-
icant impact on the luminescence and consequently optoelectronic properties. The 
dominant point defects in NiO are observed to be Nickel vacancies. From a thermo-
dynamic approach. As a result, the radiative emissions promoted for the presence 
of Ni vacancies should dominate the optical properties of NiO. However, the pres-
ence of OV and Oi defects are promoted through controlled experimental conditions 
[61, 80, 93–96]. 

6.2 Properties and Applications 

NiO is an anti-ferromagnetic material with a cubic structure and a band gap of ~3.5– 
4.0 eV which can be adjusted by reducing the size/charge compensation of dopants 
by doping. Hence NiO finds applications as anti-ferromagnetic materials, elec-
trochromic display materials and chemical sensors, p-type transparent conducting 
films, high-TC superconductors, and giant magneto resistance compounds. NiO 
nanoparticles are widely employed in Li-ion batteries, supercapacitors, field emis-
sions, photocatalysis, gas/biosensors, optoelectronics, and photodetectors [83, 84, 
93, 94, 97–100]. These properties show the uniqueness of NiO among all transition 
metal oxides and have attracted a great deal of scientific attention. However, there are 
numerous competing theories regarding the origin of ferromagnetism even at room 
temperature. The magnetic and other properties of NiO can be tailored by adjusting 
the synthesis route, annealing temperature and processing conditions. Therefore,
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Table 4 Summary of Tr and Tf calculated from the response cycles for self-powered NiO/MAPI 
heterojunction 

Probing wavelength (nm) Tr (ms) Tf (ms) 

290 ± 5 (UV) 452 ± 10 363 ± 10 
450 ± 5 (Blue) 345 ± 10 290 ± 10 
540 ± 5 (Green) 332 ± 10 319 ± 10 
640 ± 5 (Red) 369 ± 10 320 ± 10 

variation in synthesis methods could be responsible for conflicting reports on the 
magnetic properties of NiO. Also, NiO layered with perovskite material can show 
broadband photo sensing applications by Sen et al. [101] has been published. The 
response and recovery time in ms of self-powered photo-sensor is tabulated showing 
the sensing performance of NiO based device [101] (Table 4). 

7 Perovskites Metal Oxides (ABO3) 

Perovskite are compounds having the structure ABO3 where A stands for alkaline-
earth or rare-earth metal cation which occupies the 12-fold coordinated cube-
octahedral cages of the oxygen sublattice, and B signifies a transition-metal cation 
surrounded by six oxygen atoms in an octahedral coordination. A schematic of the 
perovskite ABO3 crystal structure is shown in Fig. 12. The perovskite structure 
shows distortions as a result of difference in the ionic radii of different sites which 
is expressed in terms of the tolerance factor. The fascinating features, such as ferro-
electricity, magnetism, superconductivity, ionic conductivity, etc., are governed by 
the corresponding local coordination environments and partially occupied d-orbitals. 
These are extremely sensitive to the defects in the lattice structure, compositions, 
surface, interface, and grain boundaries of the perovskites.

The defects mentioned in the simple oxides like anion defects OV , Oi, and cation 
defects Av, Ai, Bv, Bi plays a major role in the properties exhibited by these oxides. 
These defects modify the regular periodicity of the crystal lattice, and more impor-
tantly add extra energy levels into the band gap, changing the physical properties and 
electronic structure of perovskite MOs. Due to the strong correlation between crystal 
structure and electronic properties novel functionalities can be explored by tuning 
the defects in the parent lattice. The impurity cations added to the perovskite will 
have a site preference according to their charge and ionic radii, large cations replace 
larger ions and vice versa. Though the concentration of defects in the perovskite 
is usually very low, the effect of defects on the properties will be notable. These 
defects can be point defects, charged defects, defect dipoles, and ordered defect 
dipoles. The defect dipole creation in the perovskite lattice affects the oxidation 
states of neighbouring cations or leads to the formation of ionic vacancies. These 
changes will bring ferroelectricity, magnetism, and conductivity in nonmagnetic/
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Fig. 12 ABO3 perovskite 
structure

non ferroelectric/insulator materials. Reduction of the mobility of oxygen vacancies, 
enhancement of the breakdown field strength with the moderation of leakage current 
will occur with the formation of defect dipoles between dopants and oxygen vacan-
cies. Coupling between defects, coupling of defects and other parameters like strain, 
surface, interfaces, external fields will also lead to the modification of the properties. 
For instance, while interfaces can offer a favorable site for defect formation, strain 
can modify the formation energies of defect dipoles and alter their spatial orienta-
tions. These will lead to the existence of new phenomena which are not present in 
the uncoupled systems of defects and strain/surface, etc. [102]. Regarding magnetic 
properties, it has been reported that VO, BO6 octahedral distortions, misfit dislo-
cations and grain boundaries are efficient ways to modify the magnetism in these 
perovskite materials. Because of the unique interaction between spin, charge, orbital, 
and lattice degrees of freedom in perovskite manganites, Ln1−xAxMnO3 (Ln = La, 
Pr, Bi; A = Ba, Sr, Ca) there has been a great deal of attention. Defects can also result 
in charge compensation, act as scattering sites to influence the transport properties 
like conductivity and mobility, and even cause lattice distortions and induce strain. 

8 Conclusion 

For application of metal oxides in the various technological fields, in-depth knowl-
edge about the defects is very important for exact implementation of the device. In the 
case of MO photo (electro) catalysts, that needs high concentrations of charged point 
defects that are electronically active. In photovoltaic materials, defects are consid-
ered as detrimental apart from some selected dopants and should be eliminated to 
minimize the charge recombination. However, defects can have an active role in 
the stabilization of charge separation. It also mediates rate limiting catalytic steps. 
The strong correlation of structure and electronic properties of these materials can 
be used to make novel functionalities by changing the defects in them. Tuning the
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defect by doping impurities with different oxidation states and ionic radii, different 
synthesis techniques and thermal treatment will cause the modifications of the prop-
erties exhibited by these MOs. We hope this chapter gave an overview of the defects 
in MOs in a detailed way to the reader. 
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Metal Oxide Nanostructures 
as an Electron Transport Layer 
for Dye-Sensitized Solar Cells 

Siddan Gouthaman and K. R. Justin Thomas 

Abstract The optical features of metal oxide nanoparticles include the capacity to 
absorb light sources and emit photons. Metal oxide-dye nanocomposites combine 
these unique properties with processability morphologies and have numerous appli-
cations in solar cells, light-emitting diodes, transistors, optoelectronic packaging, and 
coatings. It contains a diverse spectrum of sophisticated research and novel concepts. 
Different metal oxides have been used to make other photovoltaic generation devices 
that can convert solar energy continuously and efficiently. The relevance of MO-NPs 
as an electron transport layer (ETL) in dye-sensitized solar cells is discussed in this 
chapter (DSSCs). The fact that these metal oxide materials are easy to get without 
breakdown and are chemically stable is a good sign. Under normal conditions, they 
can give you diverse options for designing and making the device. The physical, 
chemical, and electrical properties of metal oxides make DSSC devices work better 
and stay stable for longer. Optimizing the preparation parameters for metal oxides is a 
new, reliable, and all-encompassing way to make metal oxide-based flexible DSSCs 
that work well. The first section of this chapter provides readers with an introduction 
to DSSC technology and its workings. The second section discusses potential ETL 
materials based on metal oxides and how they may be utilized for device efficiency by 
using novel methodologies, modifying the structure of morphologies, and designing 
the topology. Then it discusses how ETL based on titanium dioxide (TiO2) is remark-
ably interesting and could be changed to show how important TiO2 and other metals 
oxidize to DSSCs. Hence, experts are still looking to cut costs by improving opera-
tional efficiency, lowering the cost of precursors, and streamlining processes, which 
results in greener and cleaner technologies. The achievement of DSSCs with an effi-
ciency of 10–24% provides optimism that roll-to-roll devices made of organic and 
inorganic materials may be manufactured. Here, we examine the current state of these 
potential approaches and their prospects for the future. In addition, we explore the 
opportunity of a new alternative to fossil fuels that may be employed economically 
to augment the existing PV solar cells.
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1 Introduction 

The global energy crisis and climate change are two of the most important and 
related scientific problems of our time. Population and economic expansion result 
in an ever-increasing need for energy. This is especially true for electricity, the most 
utilized kind of energy. Also, the quantity of greenhouse gases emitting into the air 
is very worrying. The price of non-renewable fossil fuels is rising, and geopolit-
ical restrictions show how important it is to find other ways to make energy. That 
indicates that the current energy trends are alarming for the economy and the envi-
ronment. According to the 2014 energy-technology views of the international energy 
agency (IEA), the contemporary method of producing electricity might have disas-
trous consequences if it continues. By 2050, energy demand could rise by 70%, and 
CO2 emissions could increase by 60% [1] (Fig. 1). Solar radiation is the most preva-
lent and environmentally sound renewable energy, capable of providing 1.4 × 105 
TW (Terawatt) times the daily energy requirements of the entire planet. Hassanien 
and colleagues [2] say that only 3.6 × 104 TW of energy can be used now [2]. The 
volume of solar radiation striking the globe in one hour equals the power utilized by 
all human and industrial activities in one year [3]. It might help satisfy the world’s 
energy needs. 

On the other hand, one of the most significant critical challenges for our civi-
lization is finding techniques to get energy that does not harm the environment 
and can repeatedly use green protocols. Appropriate and reliable renewable power 
sources and accompanying energy conversion techniques and systems must be devel-
oped to address the issues mentioned. Undoubtedly, there is a growing aware-
ness of the significance of producing solar energy and power conversion technology. 
According to the IEA, global photovoltaic (PV) capacity has increased by an average 
of 40% per year since 2000. Solar energy production systems have been growing 
recently, and it is expected that they will meet 5% of the world’s electricity needs by 
2030 and 11% by 2050. This will prevent the yearly release of 2.3 gigatonnes (Gt) 
of carbon dioxide [4].

The transformation of solar energy into electricity is projected to become the 
primary energy source by 2050 (Fig. 2), providing that efforts to minimize carbon 
emissions and replace fossil fuels in the energy infrastructure continue. In other 
words, if we keep progressing toward a carbon-free energy system, solar power will be 
the primary energy source by 2050. There are three applications for turning light into 
energy: Photovoltaics (PV) directly turns sunlight into electricity. Concentrating solar 
power systems (CSP) use the sun’s radiation heat energies [5]. Solar thermal collec-
tors (SHC) use the sun’s radiation heat energy [6]. There are established and emerging 
technologies in the portfolio of photovoltaic applications. Edmond Becquerel first 
documented such an effect in 1839 and utilized a contact with a silver halide as a
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Fig. 1 Global renewable energy generation projection 2010–2050

semiconductor [7]. Then, solid-state photocells using selenium were introduced in 
1877 [8]. 

Numerous novel technologies have been developed to convert renewable incident 
solar energy to electricity. These technologies are the most passable wind, thermal, 
and geothermal substitutes. Solar cells, or photovoltaic cells, are the most efficient 
for converting light energy into electrical potential [9, 10]. Their potential to meet the 
world’s current energy requirements has generated considerable attention. It could 
help in remote areas where extending the power grid infrastructure is impossible for

Fig. 2 Global fuel power generation, including renewables 2010–2050 
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practical or logistical reasons. It is simpler to set up, install, and run without emitting 
hazardous greenhouse gases [5]. 

Additionally, PV may decrease the need for fossil fuels. Consequenly, renewable 
PV energy sources may reduce COx, NOx, and SOx emissions [6]. The DSSCs and 
their inventors earned several honors and many awards, including the Balzan prize 
in 2009 and the Millennium technology prize in 2010 [11]. Solar intelligent energy 
networks can be built using smart and mini-grids, simplifying generation, demand, 
and supply. 

1.1 Emerging Photovoltaics First and Second Generation 

All photovoltaic and semiconductor devices work on the same idea as the photo-
electric effect. The PV technologies, or solar cells, are usually put into three 
groups (Table 1), as shown in Fig. 3. PV systems use first-generation solar cells 
and single-crystalline silicon (Si) and have dominated the market for the last half-
century. Based on the Shockley-Queisser limit, these single-junction devices have 
a photoconversion efficiency limit of 33%, one-third of the 95% Carnot limit for 
turning sunlight into electricity [12]. The rear and front PV cell contacts are screen-
printed. Silicon-based solar cells have the best photoconversion efficiency (PCE) of 
25% productivity on a laboratory scale, whereas commercial PV or solar cells have 
22%. Still, making this technology is expensive [13], and because it is so rigid, it is 
a significant threat to Si-PC. Si does not absorb light well (absorption coefficient of 
100 cm−1), so it takes several hundred microns to absorb enough light.

Single-crystalline Si-based solar or PV cells have been most prevalent because 
they have a wide range of spectral absorption, are more efficient, and have mobile 
carriers with a high charge. Silicon solar cells are easy to maintain and run, but this 
method requires expensive equipment and installation, which makes it hard to make 
them cheaply. Photons created at short wavelengths squander their energy as heat, 
and the energy payback period (EPP) is around two to three years. So, Si-PV cell 
technology needs new materials and methods to lower costs and improve efficiency so 
more people can use it [14]. Second-generation solar cells (SGSCs) use less material 
and cover a large area. Direct bandgap light-harvesting semiconductors have an 
excellent absorption coefficient and can absorb sunlight with less than one-millimetre 
thickness. Thin-film technology-based solar cells successively deposit thin films of 
1–10 μm thick film in a vacuum on diverse materials (e.g., polymer, metal, glass, 
etc.) across vast regions with incorporated module production by forming the layers 
for interconnectivity [15]. Materials from the III–V Periodic table include GaAs, 
GaAlAs, GaInAsP, InP, InAs, and InSb. These materials and alloys were easy to make, 
so monolithic multilayer tandems with solar cells that work at different wavelengths 
could be made. The SGSCs, made from heterojunctions of two other semiconductors, 
are a popular alternative to silicon solar cells due to their scalability in large-scale 
production. This combination can use the solar spectrum to make a device that 
works well and is very efficient. Like first-generation PV or solar cells, their elevated
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Fig. 3 Different generations of PV technology

temperature and energy remedies augment fabrication or production costs. They are 
constructed from amorphous silicon, copper indium gallium selenide (CIGS), and 
cadmium telluride (CdTe). This kind of SGSC thin film is hard to make because the 
deposition process is complicated; controlling stoichiometry and common structural 
flaws is hard. SGSCs have poor charge transport as a limiting factor. Their distinct 
morphology and scare elements (shown in Fig. 3) are other demerit features of these 
types of cells [16]. These things make it hard to put photovoltaics of the second 
generation on the market and force researchers to investigate PV technologies of the 
third generation. 

1.2 Third Generation 

Third-generation solar (or) PV cells are based on novel concepts, including up/down 
conversion, multiple excitons, multijunction, and hot carrier collection. Researchers 
have begun working on third-generation or highly emerging photovoltaic-solar cells 
to address issues with first- and second-generation photovoltaic-solar cells. This was 
made possible by a lot of research and development in materials science. Four types of 
new photovoltaics are dye-sensitized solar or PV cells (DSSC), bulk heterojunction 
solar cells (BHJ), quantum dot solar cells (QDSSC), and perovskite (or) CZTS solar 
cells, and these are all types of organic thin-film PV cells. This new photovoltaics
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have many benefits, such as straightforward processes, low-cost (or) cost-effective 
materials, great portability, and printing solar cells on non-flexible (or) flexible semi-
conducting materials [17]. Sensitizer DSSC uses inorganic, organic, and organic dye 
molecules. Sensitizers’ most significant challenge is making technology work better 
and be more stable while making it easy and cheap to fabricate the device [18]. Due 
to the tuneable bandgap, inorganic quantum dots provide benefits over dye molecules 
in quantum dot solar cells. Still, it was not easy difficult quantum dots sensitive and 
choose electrolytes that did not break them down [15]. Donor materials are conju-
gated conductive polymers and accept consequently are carbon derivatives like C60 
in BHJ. Moisture and ambient light may reduce BHJ’s effectiveness. 

CZTS solar cells are 12.6% efficient, perovskite solar cells are 25.2% efficient, 
and both are being studied. In this regard, these polymer-solar photovoltaic cells 
are less effective than DSSCs. Hybrid solar cells, this type of photovoltaic cell is 
a mixed state of the first, second, and third generations. It uses each generation of 
solar cells’ best parts to improve operating performance, consistency, and price effec-
tiveness. Perovskite/Si-tandem (monolithic), perovskite/CIGS-tandem (monolithic), 
perovskite/DSSC, etc., are examples of hybrid solar cells. People are extremely inter-
ested in DSSCs because they are easy to make, cheap to make, good for the environ-
ment, and can be made in massive quantities. Third-generation PV cells (DSSC) are 
almost ready for the market and could be built on flexible or rigid semi-conducting 
substrates [20].

Table 1 Sorted a list of solar cells based on their current efficiency [19] 

Type of generation Type of solar cell Efficiency (%) 

First-generation Single-crystalline-solar cell 26.1 

Multi-crystalline-solar cell 23.3 

Single-junction gallium-arsenide-solar cell 27.8 

Second-generation Amorphous-silicon-solar cell 14.0 

Cadmium-telluride 22.1 

Copper-indium-gallium di-selenide 23.4 

Third-generation Dye-sensitized-solar cell 12.3 

Organic-solar cell 17.4 

Perovskite-solar cell 25.2 

Quantum-dot-solar cell 16.6 

Hybrid-solar cell Perovskite/Si-tandem (Monolithic) 29.1 

Perovskite/CIGS-tandem (Monolithic) 24.2 
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1.3 Current Research in DSSCs 

The PCE of DSSCs has grown on or after 7–14% [21, 22] (Fig. 4), and DSSCs are 
the only type of organic molecules-based competent solar cell used in more than 
one commercial setting, such as a facility in Switzerland that can make 2000 kWh 
of electricity per year [23]. After DSSCs were found in the late 1960s, scientists 
thought natural dyes that give off light could generate power in electrochemical 
cells. In this continuing experiment, the University of California at Berkeley used 
chlorophyll in spinach (a photosynthetic method) to test this theory. In 1972, the 
same group developed the first chlorophyll-sensitized zinc oxide (ZnO-electrode)-
based solar cell. First, the electrons from excited organic-dye molecules are hooked 
on large-band gaps in semiconducting substrates, turning light (photons) into electric 
powers [23, 24]. Numerous studies have been conducted on ZnO single crystals [25]. 
These DSSCs were not particularly good because the single layer of dye molecules 
could only absorb up to 1% of the sunlight. So, light harvesting efficiency (LHE) 
could be raised by making the electrode of fine oxide powder as porous as possible. 
DSSCs in 1991 showed unexpectedly superior efficiency of around 7%, given that 
affordable TiO2 was employed for the bulk of the photovoltaic solar cells. These 
are also called Gratzel cells and were first made by Brian O’Regan and Michael 
Gratzel at UC Berkeley in 1988. Scientists at the solar-cell technology at Ecole 
Polytechnique Fédèrale de Lausanne (EPFL) continued to work on them until 1991 
[26]. Brian O’Regan. Michael Gratzel made a 10-μm-thick, high-surface-area, opti-
cally high-transparent TiO2 nanocomposite thin film covered with a charge transfer 
organic dye with favourable spectrum properties for light harvesting at a high rate 
of device harvesting (46% of incident-solar-energy flow). Its efficiency at turning 
photons (light) into electricity (power) was above 80%, and its efficiency at turning 
incident photons into current (IPCE) was 7.1–7.9% in simulated solar light and 12% 
in diffuse daylight. With a large-short circuit current density (JSC) of higher than 
12 mA cm−2, excellent stability (five million turns without falling apart), and a low 
price, it could be used in real life. Gratzel et al. developed in 1993 that the efficiency of 
cells was 9.6%. In 1997, the national renewable energy laboratory (NREL) achieved 
10% efficiency [27]. The reactive functional groups such as COOH, PO3H2, and 
B(OH)2 are frequently utilized to make sensitizers that adhere stably to the semicon-
ductor substrate [26]. There are many ways to improve power conversion efficiencies 
(PCE), including using bright panchromatic dyes or multi-dye analogs to absorb more 
light, nanostructured metal oxides, and compact blocking layers to make it easier 
to inject and collect photo generated charge carriers [28]. Because photosensitive 
dyes make photoelectrons on their own and a semiconductor. Consequently, more 
efficiency may be attained. The DSSC’s photovoltaic electrodes (photoanode and 
counter-electrode) are made of semiconductor material and are crucial to its work. 
However, we still do not understand how electrons move from one place to another. 
It is difficult for DSSCs to convert light energy into electrical energy because of their 
poor light-harvesting performance, electron-hole recombination, dark current, slug-
gish electron transfer rate, and high counter-electrode interface resistance. Choosing
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suitable electrode materials may prevent these issues. The development of DSSCs 
has moved slowly, but in early 2015, it was said that they were stable for an extended 
period and had the highest calculated efficiency of 14.3% [29] (Fig. 4). The most 
widely used conventionally commercialized modules are made of monocrystalline, 
multi-crystalline, and amorphous crystalline silicon, which account for about 90% 
of the global market share. Several important things happened simultaneously as the 
price dropped to $1 per W because silicon PV production increased [30]. Significant 
research institutes and groups have been set up worldwide throughout the preceding 
decades, and 181,895 academic papers have been published. IDTechEX thinks that 
the market for DSSCs used in wireless sensors, portable electronics, automobiles, 
and mobile devices will reach $130 million by 2023 and $6.9 billion by 2031 for 
printed and electronic materials [31]. Nevertheless, the low power conversion effi-
ciency (PCE) of DSSC technology still makes it hard for businesses to use it more. 
To reach the energy (TW) goal, “smart” nanostructured materials must convert solar 
energy more efficiently and have better electrical, morphological, and optical prop-
erties to boost the PCE of DSSC. This may be done by balancing the efficiencies 
of new materials with their manufacturing costs and choosing improved solar cell 
technologies. This chapter will discuss how vital metal oxide nanostructures are as 
electron transport layer (ETL) materials in DSSCs, also called third-generation solar 
cells. Brief literature reviews, properties (morphologies, optical, electrical, and elec-
tronic), and the most recent research advances and trends about the development and 
comparison of different metal oxide nanoparticles (MO-NPs) and their uses in photo-
voltaic solar cells cover a wide range of new advancements and studies in DSSCs 
fields. This work will give researchers a plan for improving material engineering to 
improve DSSCs. 
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2 Dye-Sensitized Solar Cells (DSSCs) 

Compared to silicon-based solar cells, DSSCs have unique topologies and operating 
procedures, and the following part will describe the construction and operation of 
DSSCs. Figure 5 illustrates each component’s standard structure and placement in 
DSSCs [32]. A glass substrate coated with platinum is placed in direct contact (face-
to-face) with the working electrode to create the counter electrode. The 40 μm gap  
between these two electrodes is loaded with a conducting substance that serves as 
an electrolyte, either liquid or solid. The purpose of each part is described below: 

(i) In a traditional DSSC substrate, the nanocrystalline layer must be transparent 
so that the active solar material can soak up sunlight. On top of the trans-
parent conducting oxide, the anode (as semiconductor metal oxide) and cathode 
(metal as a catalyst) semiconducting organic materials may also be placed 
(TCO). Since it also works as a current collector, it must conduct electricity 
well. The conductivity and transmittance of the substrate also affect the overall 
performance of DSSCs. According to reports, transmittance must be at least 
80%. 

(ii) A mesoporous photoanode in its paste form and a photoanode composed of 
semiconducting metal oxide offer a high surface area for more dye adsorp-
tion. PCE is based on the semiconductor material’s shape, size, porosity, 
conductivity, and crystallinity.
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(iii) The DSSC covalent link is formed between a dye sensitizer and a metal oxide 
semiconductor. This is an essential part of DSSCs, which absorb and ener-
gize sunlight. Two kinds of photosensitizers are (a) metal sensitizers that use 
ruthenium and (b) organic sensitizers that do not use any metal in DSCs, dye 
molecules that stick to the oxide act as “antennas” that catch photons. So, while 
DSCs were being made, much research was done on organic dyes to increase 
the extinction coefficient and broaden the optical absorption spectrum. 

(iv) To revive the dye after oxidizing, a salt solution containing an electrolyte with 
a redox couple was injected between the electrodes. 

(v) A thin catalyst layer is put over a highly transparent, conductive glass substrate 
to form the counter-electrode (CE). 

2.1 DSSC Charge Transfer Mechanisms and Kinetics 

Figure 6 is a clear representation of an energy level diagram that shows how DSSCs 
work [33]. The following factors must be considered while selecting the contact 
substances, working electrode (photoanode), dye, and electrolyte for the DSSC to 
inhibit the reverse transfer process (recombination reaction) and improve perfor-
mance: The following are the operational phases of DSSCs: (i) excitation; the cova-
lent bonds connect the molecular dye materials to the metal-oxide semiconductors, 
and dye (D) molecules inside the DSSC absorb the photon and perform an electronic 
state transition from the ground to the higher-level-excited state (D*). Electrons tend 
to shift from lower to higher energy levels. The electron and hole must be separated 
for the photovoltaic effect to work. This occurs (D+) after light absorbs a light photon 
and creates free-charge carrier pairs. A chemically distinct semiconductor makes a 
heterojunction, the same semiconductor substance, and oppositely polarised carriers 
for a homojunction. (ii) Injection: The highest occupied molecular orbital (HOMO) 
has a low energy level, while the lowest unoccupied molecular orbital (LUMO) has a 
high energy level. (iii) Transportation: Electrons move through the external circuit of 
the semiconductor and reach CE by being trapped and released. Meanwhile, the elec-
trolyte restores the oxidized dye by transporting it to the counter electrode through 
oxidation-reduction processes in redox couples in the outer circuit. (iv) After going 
through a thin transparent layer of mesoporous semiconducting material, they gather 
on a conductive material. The photoanode’s electrons subsequently reach CE through 
an external circuit. (v) Diffusion: At the counter electrode, a reduction process occurs, 
making the electrolyte fresh. (vi) Dye-regeneration: The process happens when the 
redox couple reduces the oxidized dye. This returns the excited dye molecules to their 
normal state and makes them available for photoelectron activation again; thus, the 
DSSC’s operational cycle is finished. In DSSCs, the energy level of each component 
must be in the correct position or molecular orientation for the charge to travel through 
them efficiently; for instance, the LUMO of a dye must have a superior energy level 
than the CB of a semiconductor [34]. Similarly, the HOMO level of the dye must
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be greater than the redox potential of the electrolytes. Also, the metal oxide semi-
conductor’s CB must be better than the redox potential of the electrolyte material. 
Figure 7 depicts the kinetics of several approaches (excitation, injection, and regen-
eration) in DSSCs. All these activities occur on a finite timescale. The arrows show 
how an electron in a dye moves on or after the HOMO state to the LUMO state. The 
arrows indicate the dye’s HOMO-to-LUMO electron transition, which takes 60 ns 
takes or 50 fs, or 1.7 picoseconds, for one electron to go from the dye’s LUMO to 
its semiconductor counterpart. Like how long it takes to bring back together injected 
electrons and oxidized dye, it takes 10 μs to get back together injected electrons and 
electrolytes in a semiconductor substrate. In contrast, the regeneration of the sensi-
tizer by electrolytes substant takes only ten nanoseconds. So, it is essential to quickly 
regenerate the sensitizer and electrolyte to keep the device stable and get a high PCE. 
However, charge recombination causes kinetic slowdown. Recombination happens 
at the photoanode electrode’s PE/dye and PE/electrolyte interfaces. Lowering it can 
lower the dark current. Electrolyte-solid contact occurs faster than electron escape, 
redox, or cation capture [35]. The minimum energy required for silicon to absorb 
light is 1.1 eV, as is the band gap for the valence-to-conduction. In the visible and 
near-infrared spectra, photons with wavelengths shorter than 1.13 μm are absorbed 
by it. Narrower band gap materials absorb more photons and give a larger current. 

Recent research has focused on developing and changing the MOS structure, passi-
vating photoanode surfaces, enlightening counter-electrode topology, changing dye 
molecular engineering, and optimizing and changing electrolytes to increase light 
absorption, scattering, charge transport, and interface energy by stopping charge-
recombination. Researchers have recently made a practical thin tunneling barrier 
effect for DSSC by putting DNA double-helix fragments at the TiO2 interface. This 
effect reduces charge recombination and enhances electron injection. In the following 
sections, these enhancements are examined in further depth [36]. Transparent conduc-
tive oxide (TCO) glass is the most critical aspect of DSSC construction in material
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Fig. 7 Electron transport kinetics in the DSSC

selection and substrate (DOS) characteristics. The two most common TCO materials 
in DSSCs are (i) fluorine-doped tin oxide (FTO), SnO2: F, and (ii) indium-doped tin-
oxide (ITO), SnO2: In. FTO and ITO have sheet resistances of 18 Ohm/cm2 and 8.5 
O/cm2, and they let through 75% and 80% of the visible light spectrum, respectively. 
Due to its temperature resistance and conductivity, FTO is widely used in DSSC 
manufacture. TCO was created by covering glass substrates with TiO2 and CTO 
using magnetron sputtering. The new CTO has an optical transmittance of 90% and 
a sheet resistance of 15 Ohm/cm2. Plastic substrates are popular because they are 
cheap and flexible, and plastic’s fragility limits its use. DSSCs use transparent FTO/ 
ITO-dipped polymer films such as polyethylene terephthalate (PET) as glass compo-
nents. This film is cheap and adaptable. Stainless steel, tungsten, and titanium are 
alternate substrates. Opaque metal substrates reduce cell efficiency. DSSC substrates 
should be: DSSC substrates must (a) allow incident light to pass through. (b) a low, 
continuous sheet resistance that permits electron flow. (c) MOS’s good conduction 
transfers electrons to the external circuit. (d) High-optical transmittance reduces light 
contemplation and absorption. (e) that strengthens the device. 

2.2 Photoanode Electrode (PE) Material for DSSCs 

The most crucial aspect of DSSC construction is material selection for optimizing 
its performance. The photoanode also acts as a place to collect electrons, and the 
whole device’s performance depends on the size, shape, topology, and band gap of 
the PE substance. As a result, it must have the following crucial characteristics and 
a large surface area for high dye adsorption: The PE’s conduction band should make 
it easy for the dye to send many electrons to the semiconductor. PE should have the 
right size of pores for dyes to move through them quickly and for them to be resistant
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to photo corrosion. PE must acquire high photon scattering capacity, large surface 
roughness, and better electron acceptor capacity. It is required to adhere effectively to 
conductive substrates. The incremental enhancements to these fundamentals increase 
charge collection efficiency [37]. 

3 Metal Oxide Semiconductor (MOS) 

Since making MOS assemblies for use in solar cells has become a more recent thrust, 
understanding the kinetics and dynamics of electron and hole transfer at interfaces 
is more critical than ever [38]. Research on materials in the modern era has led to a 
wide range of MOS, including elements in group IV. Electronic device developers can 
choose between band gaps and carrier mobilities. Other optoelectronic properties are 
helpful for PV and OLEDS, which are the opposite of photovoltaics. Researchers are 
developing new materials and planning for new buildings to meet the growing energy 
needs. The interior surface area grew significantly with the addition of a mesoporous 
MOS layer. This made it possible to add more dye without changing the way the dye 
and electrolytes interact. This led to a significant rise in PCE and boosted the DSSC 
research field. Thus, a large-area photosensitive cell may be created by contacting 
a MOS with a liquid electrolyte as a cost-effective option for junction formation. 
Strongly bonded MOS have more significant band gaps, limiting their solar photo-
voltaic response. Electrolytes are complex on MOS, so materials with a narrow gap 
that could respond quickly to light over a broad spectrum of wavelengths corrode. In 
the real world, the only inherently stable photoelectrodes are oxides of reactive metals 
with a large band gap, such as titanium dioxide (TiO2). Unfortunately, due to its 3.1 eV 
band gap, this substance only responds to UV light and is insensitive to visible light. 
The first devices with single-crystal had limited optical absorption and PV efficiency 
because a single layer of the sensitizing dye could transfer charge to the substrate. 
The dye was combined with a nanostructured MOS to absorb light better and move 
free-carrier charges. Effective DSSCs and MOS structuring are employed on three 
ascending scales: Mesoporous semiconductor structure, dye molecular engineering, 
the self-assembly of an adsorbent surface monomolecular dye layer on the MOS 
surface, and the manufacturing of mesoporous semiconductors. The monomolecular 
dye layer is more prominent than the substrate by two to three orders of magnitude. 
The dye’s MOS lets it soak up all the light that comes in, which helps it convert solar 
energy well. The quick injection of electrons into a nanostructured MOS with an 
excited dye molecule makes this performance possible. High photoanode roughness 
does not induce charge carrier recombination loss. This allowed the device’s opacity 
and light absorption to compete with solid-state devices. Recombination losses are 
avoided because the charge carriers are kept apart, and electrons enter an n-type 
material with most n-type carriers. After crossing the MOS-electrolyte phase barrier, 
only dye cations or redox electrolytes may absorb back electrons. When electrons 
and holes in a solid MOS lattice occupy the same region, the rate of this operation 
is at its slowest. To move electrons and holes between a photon absorber and the
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external circuit, a wide-range band gap MOS with n-type and p-type contacts is 
used. Designing the engineering has led to sensitive dyes that work well and stay 
stable and MOS substrates that require much development (Table 2). 

Table 2 Different MOS morphologies and their effectiveness [39] 

S. No Metal oxide semiconductor Morphology PCE % References 

1 TiO2 Nano-particle 10.6 Grätzel et al. [40] 

2 Nano-tube 9.1 Lin et al. [41] 

3 Nano-rod 9.5 Lee et al. [42] 

4 Nano-wire 6.2 Lee et al. [39, 43] 

5 Nano-flakes 8.2 Shanmugam et al. [44, 45] 

6 Nano-sphere 8.5 Kim et al. [45] 

7 ZnO Nano-particle 6.6 Saito et al. [46] 

8 Nano-wire 5.7 Barpuzary et al. [47] 

9 Nano-rods 4.7 Rao et al. [48] 

10 3D-Sponge 6.7 Sacco et al. [49] 

11 Nano-sheet 7.1 Lin et al. [50] 

12 Micro-spheres 5.2 Li et al. [51] 

13 SnO2 Nano-crystal 3.2 Birkel et al. [52] 

14 Nano-particles 1.7 Lee et al. [53] 

15 Nano-rod 1.4 Wijeratne et al. [54] 

16 Nano-tubes 1.1 Desai et al.  [55] 

17 Nano-grains 3.0 Lee et al. [53] 

18 Nano-crystals 3.2 Birkel et al. [52] 

19 Micro-spheres 2.9 Basu et al. [56] 

20 Nano-particles 2.9 Wanninayake et al. [57] 

21 Nb2O5 Nano-crystal 5.0 Guo et al. [58] 

22 Nano-porous 4.1 Ou et al. [59] 

23 Nano-tube 3.2 Liu et al. [60] 

24 WO3 Nano-particle 0.8 Zheng et al. [61] 

25 Nano-crystals 0.3 Hara et al. [62] 

26 Nano-tubes 0.8 Hara et al. [63] 

27 Nano-pristine 3.3 Elbohy et al. [64] 

28 Nano-rods 1.5 Yong et al. [65]
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4 The Nanostructured Semiconductor 

In the last 30 years, improvements in nanotechnology and nanoscience have resulted 
in the invention of several nano-morphology and nano topology, such as nanoparti-
cles, nanowires, nanotubes, nanobelts, and their groups, such as oxide aggregates. 
The nano-meter-scale dimensions of its fundamental components are a defining char-
acteristic of nanostructures. This phenomenon, known as the “quantum confinement 
effect,” causes the inner surface area of nanostructured materials to be greater than 
that of bulk materials. Nanostructured metal-oxide nanoparticles have a large surface 
area that can be used for many distinct functions. They also increase the surface/ 
interface recombination events between the dye and the nanostructures, giving elec-
tron scattering a place to start. Nevertheless, the overall performance of the cells is 
harmed by the disordered nanoscale morphology or shape of dye-sensitized devices. 
In this method for nanodevices and nanoelectronics, nanostructures are perfect in 
shape and size, crystallographically perfect, and have no morphological flaws. This 
is because of their unique properties. Nanostructured metal-oxide semiconductors 
have gotten much attention. They have been studied for important or complicated 
uses like electrical, optoelectronic, photovoltaic, photocatalytic, microelectronics, 
gas sensing, energy conversion, and storage. Their success comes from the fact that 
their electrical, optical, and charge-transport properties can be fine-tuned over a broad 
range of values. This lets their functional properties be tailored to applications. The 
area of the metal oxide’s surface, shape, and purity of how well the photoanode 
electrode (PE) and the highly transparent conventional MOS (TiO2) film work. Poor 
light scattering lowers light-harvesting efficiency (LHE) because MOS nanoparticles 
make it hard for light to spread out, and MOS particles are only a few nanometres 
in size. Also, the downward mobility of MOS nanoparticles makes it easier for 
injected electrons, photosensitizers, and electrolytes to recombine their charges. In 
recent years, being able to shape metal-oxide semiconductor substrates at the nano-
scale level has enabled novel approaches to sell them and improved the performance 
of end-user devices. The Fermi level determines how full the bands are. Titanium 
dioxide and other nanostructured metal oxides and composite materials (like ZnO, 
NiO, CeO2, SnO2, WO3, Nb2O5, FeO3, Zn2SnO4, ZnSn2O4, Ag2O–ZnO, Au–TiO2, 
SrTiO3, and CuGaO2) are easy to make and do not cost much to make. Due to their 
exceptional photo-corrosion resistance and superb electronic characteristics, prin-
cipal metal-oxides with band gaps larger than 3 eV (Eg > 3 eV) are typically used 
as PE materials. This list shows how different metal oxides can be, and it goes from 
transition metals to inner-transition metals (lanthanides), from binary to ternary, and 
from p-type to n-type. Doping a semiconductor with exotic atoms or vacancies alters 
the electron distribution and band occupancy [66]. Fermi’s level is placed just above 
the valence band in p-type semiconductors and slightly below the conduction band 
in n-type semiconductors. Transporting charge needs electrons to occupy partially 
filled orbitals. So, n-type substrate conduct electricity by moving electrons in the 
conduction band, while p-type materials do the same by moving holes in the valence 
band. Because of their different chemical potentials, two metal oxide semiconductors
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and an electrolyte solution flow charges, electrons, and electrolytes until equilibrium 
is reached. This results in surplus charge regions and MOS; these ideas are crucial 
for understanding how light quanta are absorbed and how photo-excited charges are 
made and moved [67]. Semiconductors should “do it all” in direct bandgap solar fuels 
without degradation or disintegration from light quanta absorption through charge 
separation, transport, and catalysis. Even though it is important, much trial-and-
error searching for single semiconductors for photoelectrochemical applications has 
failed. When a thick semiconductor absorbs light photons in a heterojunction solar 
cell, the e− and h+ charges may separate inside the semiconductor. Only the selective 
electrode receives an e- or h+ from the metal oxide. At the interface, there is an 
electrolyte with a high Helmholtz capacitance. It is easy to determine the EIS data’s 
meaning based on how the metal oxide works electronically. Notable exceptions 
include studies on other solar cells, where the composition of the metal oxide signifi-
cantly affects the quantity of the interfacial capacitance at low frequencies. It can also 
tell essential things about the structure of the bands, the number of states, the number 
and type of charge carriers, and how well the semiconducting metal-oxide electrode 
conducts electricity. This segment looked at the key features of metal oxide nanopar-
ticles’ size and morphology used to turn solar energy into electricity and the models 
used to determine how their properties affect how well the photoanode performs so 
DSSCs function effectively. In both theoretical and practical aspects, electron flow 
in nanostructured MOS substances or porous materials is an important and useful 
topic. 

MOS nanomaterials are vital to DSSC, DSPEC, and most other solar energy 
devices to make electricity or chemicals. Most of the research has been done on 
using different nanostructures in DSCs to make photoelectrode films. This is because 
MOS nanomaterials-based films can provide an exact surface area. It has been estab-
lished that a film composed of 15 nm nanoparticles with a thickness of 10 μm has an 
internal surface area as superior as 780 cm2 per 1 cm2 of the geometric (or) morpho-
logical surface. Using simple chemical solutions to create nanoparticles is also an 
explanation. Numerous MOS with broadband gaps needs excellent photodecomposi-
tion permanence. Low-light-photon-absorption single-molecule dyes rise; extensive 
surface areas are required to connect many dye molecules. As we have already said, 
this can be done with nano-porous architectures, which increase by over 1000-fold the 
functional oxide surface area on flat, compact films. This porous medium’s electron 
flow influences the performance of DSSC. Recently, Monte Carlo random walk simu-
lations have been used. Two main methods have been used to explain how electrons 
move through nanostructured media with traps: (i) The multi-trapping model says 
that charge carriers move from localized situations to the transport level by trapping 
and releasing electrons. (ii) Hoping model: direct transport of charge carriers between 
localized states. Javadi and Abdi used a Monte Carlo continuous time random walk 
simulation to determine how electrons move in the thick layer and columnar struc-
ture of porous TiO2 [68]. Naser. His colleagues made equations starting with how 
the geometry of nanostructured-morphology solar cells impacts electron flow. They 
could replace high-tech devices, leading to new and better technology uses [69].
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4.1 Binary Metal Oxides 

DSCs were made from photoelectrochemical systems produced in the late 1960s. 
Most active electrodes were constructed of group IV (such as silicon) or III–V semi-
conducting materials, which had small band gaps and absorbed visible light well. 
However, it was found that the small band gap of group IV or III–V semiconducting 
substrate caused a big problem with corrosion on the working electrode when the 
light was shining on it [70]. Moreover, binary-metal oxides have been observed to 
predominate as a photoanode in dye-sensitized solar cells. Gratzel’s research group 
reported a development in PCE in 1991 by using mesoporous TiO2 nanoparticles as a 
photoanode [26]. It has become the most often used semiconducting metal oxide for 
DSSCs because it is more stable and works better than ZnO, SnO2, and other metal 
oxides. In recent years, exciting trends and strategies have emerged for redesigning 
traditional TiO2-based photoelectrodes to improve photovoltaic performance with 
improved molecular dyes that collect (light) photo-harvesters and redox shuttles. 
For the first generation of DSSCs, typically 10–20 mm thick layers of TiO2 were 
used with traditional ruthenium-based sensitizers to get high short-circuit current 
densities (JSC). With this thick TiO2 layer, advanced redox couple-based electrolytes 
have a high diffusion resistance (RD), which makes it harder to get higher. With this 
thick layer of TiO2, advanced redox couple-based electrolytes have an extremely 
high diffusion resistance (RD). They cannot have JSC values that are much higher 
than those obtained with iodide or triiodide-based electrolytes. Even though ZnO and 
SnO2 are more electrically mobile than TiO2, and ZnO has a bandgap (Fig. 8] that is 
the same as TiO2, TiO2 is still an excellent choice because it is chemically stable [71]. 
SnO2 has a significant band gap energy (3.8 eV), and its CB is about 500 mV more 
optimistic than TiO2. Hence, SnO2 has a higher charge injection rate than ZnO and 
TiO2. Despite their benefits, ZnO and SnO2 have inadequate PCE. Several studies 
explain the performance differences between ZnO, TiO2, and SnO2 solar cells. Still, 
as light-harvesting technology has improved, dyes with high absorption coefficients 
have become possible. Due to them, getting the same JSCs by creating sensitive TiO2 

photoelectrodes that are much thinner is now feasible. For this reason, achieving the 
necessary barriers could be advantageous for the DSSCs. TiO2 is one of the most 
discussed nanostructures, undergoing some processes to improve its performance.

In the scientific literature, it is essential to understand heterogeneous electro-
chemistry using electrochemical-impedance spectroscopy (EIS) for TiO2, ZnO, and 
SnO2 for electron transfer (n-type) and NiO and CuGaO2 for hole moving (p-type). 
Several times, a specific interface between a semiconducting metal oxide and an 
electrolyte substrate was studied. In the section on TiO2, due to current research on 
PSCs, there is an additional discussion of metal oxide-based semiconductor inter-
actions. Notably, chemical capacitance (Cμ) can also be called the metal oxide’s 
density of states (DOS), which tells us how the defect/trap states are distributed at 
the semiconducting metal oxide interface. (Cμ) is also affected by the shape and 
doping of metal oxides due to changes in surface area, exposure of surface states, 
conductivity, and the introduction of defects. The density of states in metal oxide
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Fig. 8 Band locations of various MOS used in photoanodes

is one of the best ways to use excitonic solar cells, and they are now a pivotal way 
to make DSSCs work better. Recently, these devices have become popular again, 
leading to photoconversion efficiencies (PCE) in DSSCs and other unheard solar 
cells. 

4.1.1 Nanostructures Based on TiO2 Photoanodes 

Bottom-up fabrication of the photoanode for thick nanorod morphological array 
sheets (up to 30 m) was compact rods was hydrothermally etched to create porous 
rods with a high specific surface. Increased dye loading in the upgraded materials 
system results in a high PCE (7.91% against 6.5% for the typical P25 NP photoanode), 
while TiO2 nanosheets improve electron collecting and specific surface area. In his 
recent review of this material, Prof. Wang predicted the benefits of the unusual shape 
of thin (sub-1 nm), fragile TiO2 sheets. In a composite material, nanosheets and 
NPs of TiO2 scatter light, hold dye, and move electrons quickly. The PCE of the 
improved photoanode was 10.1%, much higher than P25’s 7.1%. The geometry of 
nanotubes is being investigated for DSSCs [72]. Anatase Despite the amorphous 
nature of anodized nanotubes, TiO2 is suitable for DSSCs. Air annealing at 350– 
500 °C changes the material from amorphous to anatase. Most polymeric substrates 
are destroyed by heat damage. Kapton HN is a polyimide that can be heated in a 
controlled way without losing its mechanical properties. When TiO2 nanotubes were 
put on Kapton HN, they changed from amorphous to anatase and formed flexible 
solar cells. At the same time, Kapton HN substrates are colored, meaning the solar 
cell structure must be backlit. The proposed solution’s PCE (3.5%) is the same as 
the PCE (3.58%) of the titanium substrate, but titanium foil is heavier and less flex-
ible than Kapton HN. Therefore, the proposed approach is an excellent, adaptable 
DSSC invention. It also demonstrates how to get a nanotube surface free of debris by
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applying alcohol-based ink with a felt-tip pen to the Ti surface before anodization. 
anodization [73]. For optimal photoanode thickness, a layer 50–90 nm thick improves 
photoconversion efficiency by 15–20% related to the cell short of the blocking layer 
(10–15 microns), and a recent article found that a 5 nm weak layer reduces series 
resistance in the working solar cell, making it more effective. In that article, small 
photoanodes (2.5 μm) were studied. This was a long way below the length over 
which electrons could move, so PCE could only be 3.12%. The results cannot be 
used for thicker photoanodes, where the TiO2 mesoporous network will have more 
electron recombination [74]. The light was used to make solar photons stay longer 
in the photoanode so that electrons could move more quickly in DSSCs. The first 
photoanode used a transparent mesoporous sheet with tiny NPs (about 20 nm). Unab-
sorbed light is lost after passing through the sensitive layer. It was suggested to use 
an impacting PCE, a layer of big particles (200–400 nm) that scatters light inside 
the photoanode and boost photon absorption. Using opaque coatings to control light-
boosted PCE (the “haze idea”), they get 11.1%, where the haze is the ratio of diffuse 
transmission to total transmission. The DSSC-IPCE increases as the haze in the TiO2 

electrode’s near-infrared specific wavelength range worsens [75]. The haze issue is 
that the large particles, effective at scattering visible light, have a smaller surface 
area than the nanoparticles used in photoanodes. So, scientists are trying to build 
structures that scatter visible light while keeping a mesoporous layer’s high specific 
surface area. Caruso and his team developed a mesoporous topology of nanocrys-
talline with nanocrystalline TiO2 with a maximum surface area of 108.0 m2 g−1 

and adjustable pore diameters. Anatase TiO2 nanocrystals made mesoporous beads 
and were compared to Degussa-P25 with TiO2 photoanodes for DSSC functionality, 
and IPCE increased due to the photoanode’s high specific surface and light scat-
tering [76]. L. De Marco has suggested a layered system for light harvesting and 
charge collection that consists of three mesoporous aggregated layers constructed 
of topology-tailored TiO2 anatase nanocrystals generated ad-hoc through proper 
colloidal techniques. The increased effectiveness of this multi-layered DSSC was 
owing to the increase in Jsc, which was caused by a large amount of dye adsorbed 
(2.7 × 10–7 mol cm−2, contrasted to 2.0 × 10–7 mol cm−2 for the source DSSCs). 
Additionally, the approach was far more efficient in collecting the amount. This was 
seen by measuring the length of electron diffusion, which was 30% longer in the 
multi-layered PV cells than in the reference photoanode [77]. To convince people 
about DSSCs based on TiO2, we point out that scientists are trying to advance scien-
tifically relevant stands to shorten the time it takes to make these PV cells. Recently, 
O’Regan and his colleagues showed that an ultrafast sintering technique that utilizes 
near-infrared (NIR) light is reliable. In 12.5 s, they were able to make a functional 
photoanode. Photovoltaic devices fabricated with NIR sintered films can be used 
the same way as those fabricated with traditional sintered films heated for 1800s. 
Researchers showed that heating TiO2 quickly (up to 785 °C) during NIR processing 
did not significantly change the rutile phase or decrease photocurrent [78] (Table 3)
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Table 3 DSSC photovoltaic performance by different morphologies 

S. No Structure of a photoanode based on TiO2 PCE (%) References 

1 Nano-fibers 10.3 Chuangchote et al. [79] 

Nano-fibers 8.80 Joshi et al. [80] 

Nano-fibers 7.00 Yang et al. [81] 

Nano-fibers 8.50 Hwang et al. [82] 

Nano-fibers 7.53 Krysova et al. [83] 

Nano-fibers 6.26 Cao et al. [84] 

2 Nano-wires 9.30 Adachi et al. [85] 

Nano-wires 8.51 Wang et al. [86] 

Nano-wires 3.43 Liu et al. [87] 

Nano-wires 7.34 Lee et al. [88] 

Nano-wires 6.00 Liu et al. [89] 

Nano-wires 5.30 Liu et al. [90] 

3 Hollow-spheres 10.34 Koo et al. [91] 

Hollow-spheres/nano-rods 4.57 Dai et al.  [92] 

Yolk-shell-micro-spheres 11.0 Li et al. [93] 

Hollow-spheres 5.13 Zhang et al. [94] 

Hollow-spheres/nano-particles 7.50 Sun et al. [95] 

Hollo-spheres doped with Nitrogen 8.08 Cui et al.  [96] 

4 Nano-tubes (L = 3.6 μm, T = 17 nm, D = 
46 nm) 

4.70 Paulose et al. [97] 

Nano-tubes (L = 6.0 μm, T = 20 nm, D = 
110 nm) 

4.24 Paulose et al. [98] 

Nano-tubes (L = 5.7 μm, T = 8 nm, D = 
30 nm) 

3.00 Zhu et al. [99] 

Nano-tubes (L = 20.0 μm, T = 24 nm, D 
= 132 nm) 

6.89 Shankar et al. [100] 

Nano-tubes (L = 5.0 μm, T = 20 nm, D = 
100 nm) 

4.80 Bwana et al. [101] 

4.1.2 Zinc Oxide Nanostructures (ZnO) 

The semiconductor is built on ZnO nanostructures with a 3.37 eV gap and a compre-
hensive energy band gap. It has been studied for a long time because of its interesting 
optoelectronic properties and well-known polymorphism. It is hard to explain how 
this exciting and versatile material is made, its shapes, and what it could be used 
for. As was already said, the focus is on DSSC anodes with what are said to be new 
ZnO structures, and ZnO photoanodes for XSCs have come back in the last three 
years. Several articles aim to improve ZnO-based DSSCs, and hierarchical ZnO 
structures are commonly used. Particle assemblies are currently a superb option 
for high-performance ZnO-DSSCs [102]. Another important thing is how well the
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excited dye sends electrons into the ZnO conduction band. Anta and his team chose 
this as their top priority, which means that this critical process has been studied, and 
this observation is actual and needs to be looked at immediately. In 2001, Hagfeldt 
published a fascinating study about how electrons move into and out of N719-ZnO 
nanostructures. Previous research has shown varied findings, and Hagfeldt’s work 
is particularly intriguing. The ultrafast electron injection (300 fs) and recombina-
tion (injected electrons and oxidized dye) equal to TiO2 systems were shown using 
femto-nanosecond spectroscopy. These results indicate that ZnO-based DSSCs with 
titania-like performance may be optimized for cell shape and manufacturing. The 
TiO2-based electrodes’ dye absorption is better. However, ZnO’s acidic dye-induced 
environment needs ruthenium compounds from the start, and dye aggregation in ZnO 
porous films lowers injection efficiency and IPCE by blocking photon absorption by 
dye linked to the metal oxide. Solar light conversion efficiency needs to be improved 
through DSSC research, and dye loading time is significant for devices that use 
the common N710 dye to get the most photocurrent [103]. As photoanodes, most 
DSSC articles use different shapes of ZnO, and many micro- and nano-ZnO struc-
tures have been studied. Anta and his colleagues carefully looked at papers published 
before 2011, and in 2012 they showed problems with the DSSC ZnO anode. Photo-
chemists found that ZnO could eat dye and get an irreversible charge from the dye 
molecules if the electrode had an electrochemical gradient [104]. Due to enhanced 
electron transport through single-crystal electrodes, 1D designs are also prevalent. 
Due to problems with dye absorption that make light harvesting and photocurrent less 
effective, 1D ZnO nanostructure photoanodes are only sometimes found in scientific 
papers. In 2011, Pauporté and his team used electrochemical deposition without a 
template to make ZnO nanowires and nanoparticles that could be used as anodes in 
DSSCs with D149 indoline fluorescent dye added to make them sensitive. A hybrid 
network of ZnO NWs loaded with ZnO NPs has a PCE of 4.08%, and it is exciting to 
compare the two similar structures in this research. The h2-ZnO photoanode had the 
same structure as the h1-ZnO photocathode, except there were ZnO NPs between 
the nanowires. Photoanodes with equal thicknesses behaved differently due to an 
increase in PCE caused by increases in Jsc (5.4–9.04 mA cm−2) and FF (60–66%). 
As anticipated, increasing surface area and dye loading increased photogenerated 
charges, enhancing JSC. Nevertheless, device R shunt modification may improve FF, 
and nanoparticles increase electron lifetime (20–23 ms), suggesting their significance 
in charge transport channels. The same research group described a co-sensitization 
technique for ZnO photoanodes with excellent PCE. 

4.1.3 Tin Dioxide Nanostructures (SnO2) 

Tin dioxide (SnO2) is one of several binary metal oxides that can be used as a semi-
conducting mesoporous photoanode in DSSCs because it has essential properties. 
In photovoltaic panels, hierarchical nanomorphology and nanostructures composed 
of single-crystalline 1D building blocks such as SnO2 nanowires (NWs), nanorods 
(NRs), and nanotubes (NTs) are employed to boost current density by providing
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direct paths for photo-generated electrons [105]. These materials’ energy bandgap 
(3.8 eV) is more significant than TiO2’s (3.2 eV), and SnO2-coated thin films are 
typically quite transparent (>80% transmission). The CB of SnO2 is 0.4 eV lower 
than TiO2 and is suitable for low-LUMO sensitizers. The cassiterite rutile phase is 
the most stable of the SnO2 polymorphs. Its conducting band edge (CB) is positioned 
appropriately for PV solar cells, and cassiterite is the sole SnO2 polymorph utilized 
in PV-solar cells; thus, we will address it [106]. In this study, the shift in Voc was 
related to the distinction between the two materials’ bulk Fermi values. The best find-
ings were obtained when nanowires (NWs) were coated with nanoparticles (NPs) 
(PCE = 2.1%). Electrodes comprised of NWs that were branched and interconnected 
performed better. Voc values for DSSC devices with SnO2 NPs range from 250 to 
400 mV, which makes the devices less efficient. Other shapes for nanostructures 
have been thought of as a solution. Due to their smaller surface area, NW-based 
cells showed a higher Voc (0.52 vs. 0.35 V) but a lower Jsc (5.7 vs. 11 mA cm−2) 
[107]. The nanoflower-morphology established mesoporous layer had an excellent 
surface area of 40 m2 g−1, double that of the nanofiber-based sheet (19 m2 g−1). 
Nanostructures made ranged from NWs to multiparous nanofibers topology. The 
most recent electrodes produced had the same surface area as profitable TiO2 parti-
cles P25 (78 and 100 m2 g−1). These electrodes possessed the greatest JSC reported 
for SnO2-based DSSC (18 mA cm−2); however, the PCE (4.3% of the solar cells) 
remained constrained by a low Voc (0.51 V) owing to the oxide’s low CB energy 
level. JSC’s active surface area and scattering effect increase with the number of shells 
used (from 12.54 mA/cm2 with one shell to 17.62 mA/cm2 with five shells). For both 
types of cells, the CB edge moved by 200 mV, increasing the open-circuit voltage. 
VOC for liquid and solid electrolyte DSSCs rises from 0.45 to 0.67 V because electron 
lifetimes improve by 2–10%. 

4.1.4 Niobium Pentoxide Nanostructures (Nb2O5) 

Nb2O5 is an n-type transition-metal oxide semiconductor with a bandgap of 3.2– 
4.0 eV, and the conduction band edge of this metal oxide is −4 eV higher than TiO2 

[108]. Theoretically, this compound could get a higher Voc and photo conversion 
efficiency. From a structural perspective, Nb2O5 is made of several polymorphs 
or topologies. Pseudohexagonal H–Nb2O5, orthorhombic O–Nb2O5, tetragonal T– 
Nb2O5, and monoclinic M–Nb2O5 are the most prevalent [109]. The H phase, which 
is the least stable and efficient, may change into the M phase when heat is applied. 
Later Nb2O5 was used to create DSSC devices, with most published papers ignoring 
the crystallinity of Nb2O5 polymorph topologies. While making Nb2O5 films with 
varying degrees of transparency and roughness, the pH and medium are altered. 
Using a complex ruthenium dye to sensitize the film, they observed a photovoltaic 
effect with a Voc of 0.4 V and an IPCE of 40%. These Nb2O5 mesoporous thin films 
were sensitized with a ruthenium-based dye until 1999 when such current density and 
FF photoconversion performance of the corresponding DSSCs reached 2.2% (Jsc = 
4.9 mA cm−2, Voc  = 0.65 V, FF = 66%). The performance of Nb2O5 electrodes
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is constrained by the difficulties of generating a high-surface area. Hence, several 
research institutes have produced unique nano-structural morphologies to improve 
this quality. Varying the sintering temperature enabled us to modify the effective 
surface area and pore volume of the hierarchical thin-porous films (19 m2 g−1) at  
400 °C (3.5–16.8 nm, 26 m2 g−1) and at 500 °C (6 nm, 25 m2 g−1). Even though 
the scientists found that these nanobelts work better than the standard Nb2O5 NPs 
they used to compare, the photoconversion efficiency was still only 1.42% [58]. Ou 
et al. [59] made nano-porous networks with holes that crossed each other. Placing 
these networks vertically makes electrons live longer and move faster. When these 
improvements are added to a higher VOC, the photoconversion efficiency rises to 
4.10%. The same research team demonstrated that choosing anodization electrolytes 
might alter the performance of photovoltaics [110]. In 2012, Zhang et al. utilized a 
material with a significant active surface area of 104 m2 g−1, comparable to typical 
TiO2 nanoparticles. Consequently, the JSC of the PV-solar cells from these fabricated 
materials achieved 15.0 mA cm2, and the PCE was near 6.8% [111]. In 2016, highly 
ordered single-crystalline nanowires W arrays were used to build superstructures that 
increased the active high-surface area to 121.5 m2 g−1. A layer of NWs develops over 
the FTO substrate and functions as a blocking layer. Due to their nanoscale size, NWs 
can function as a thin light-scattering layer. The photoconversion’s effectiveness was 
lower (6.4%) than in their earlier study [112]. 

4.1.5 Indium Oxide Nanostructures (In2O3) 

In2O3 is a high bandgap material, having direct and indirect bandgaps of 3.6 and 
2.6 eV, respectively. In thin film form, In2O3 is transparent in the visible spectrum. 
This oxide’s 80-atom unit cell makes it hard to determine how it conducts elec-
tricity. However, the fact that In2O3 is hydrophilic makes the solid–liquid interface 
bigger and makes it a better transport layer. In2O3-based DSSCs exhibit worse PCE 
performance compared to TiO2-based DSSCs. Sayama et al. [113] made In2O3 nano-
materials as nanoparticle morphologies with a 100–500 nm diameter, decreasing the 
electrode’s surface area. The performance was inadequate because of a lower dye 
loading than other oxides [113]. To determine how injection works in In2O3-based 
photoanodes, Furube et al. and Guo et al. examined the injection and recombina-
tion kinetics at the fluorescent dye-metal oxide interface. In2O3, unlike TiO2, has 
two electron injections, one that happens quickly (<250 fs) and one that happens 
slowly (8.7 ps). The sp-type of In2O3 CBs has a 200-fold lower density of states 
than the d-type TiO2 CBs [114]. Mori et al. later showed that the low FF often found 
with In2O3-based photoanodes are caused by current transients that depend on the 
potential. Also, they showed that indium oxide’s electrons live longer, giving it a 
better CB value than titanium oxide (compared to NHE) [115]. Sharma et al. used 
electrodeposition, instead of doctor blades or screen printing, to make mesoporous 
films. For 250 s at 65 °C, indium chloride with a citric acid precursor was deposited 
on the ITO substrate at three mA cm−2. Air annealing for one h at 300 °C produced 
a mesh-like nanosphere film of 330 nm diameter of 20–30 nm aggregated spheres.
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Hierarchically built nanostructure-based DSSCs have a 0.5% efficiency because the 
FF and JSC are minimal (40% and 0.74 mA cm−2, respectively) [116]. The higher 
CB of In2O3 compared to TiO2 (compared to NHE) lowers Voc, so Kong et al. made 
lanthanide-embedded indium-oxide to fix this problem. The inverse opal structural 
morphologies of the mesoporous thin film made it better at absorbing light, and struc-
tures doped with thulium and ytterbium had Voc rates of 0.42 and 0.46 V, respectively, 
compared to 0.35 V for undoped In2O3. This study has the best power conversion 
efficiency for indium oxide photoanodes at 0.96 [117]. 

4.1.6 Tungsten Oxide Nanostructures (WO3) 

The bandgap of tungsten (VI) oxide (WO3) is between 2.5 and −2.8 eV at 
room temperature (RT), and it is a semiconducting transition-metal oxide with a 
bandgap that can be tuned. They can make these metal oxide nanoparticles using 
solution-based colloidal, electrochemical, or chemical vapor deposition methods. 
Hydrothermal growth in alkaline metal sulfates makes oriented WO3 NWs like 
other metal oxides, and in 1998, DSSC photoanodes made from WO3 became 
customary [118]. But before 2010, there was no record of any new work, prob-
ably because it needed to be more remarkably effective. Zheng et al. found that the 
WO3 surface’s acidity hampers dye grafting. Photoanodes were made from WO3 

NPs with orthorhombic and monoclinic phases. A ruthenium-based dye was used 
to make the photoanodes sensitized, and 12 μm is the best thickness for solar cells 
with a PCE of 0.75%. WO3’s higher CB edge level (vs. NHE) than TiO2 reduced 
PV-solar cell Voc due to poor dye coverage on the JSC and FF also affects recom-
bination. The film was treated with TiCl4, such as TiO2, SnO2, or ZnO, to fix this  
problem. VOC and JSC increased, resulting in a 1.46% productivity boost [61]. Yong 
et al. also used spherical particles of WO3 to form nanorods after 30 min of heat 
treatment in the air; W18O49 NRs yielded monoclinic phase WO3 NRs at 500 °C. 
Despite the oxide nanostructure modification, NPs performed similarly [65]. Rashad 
et al. recently used WO3 hierarchical nanostructures to increase DSSC performance. 
Hydrothermal synthesis produced a pure orthorhombic-phase flower-like structure. 
A wider bandgap increases Voc to 0.65 V without annealing, which improves perfor-
mance. This nanostructure reduces recombination with the redox pair in the elec-
trolyte, which improves FF by up to 70% for WO3 that has been annealed at 300 °C. 
The best WO3-based DSSC photoconversion efficiency was 3.2% [119]. 

5 Ternary Oxides 

As was said in the previous paragraphs, most research on replacing TiO2 in DSSCs 
has been done on binary oxides. On the other hand, multi-cation oxides have yet to 
be studied as much, but this approach has become more popular in the last few 
decades [120]. Compared with ordinary binary oxides, multi-cation oxides give
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additional opportunities to modify the materials’ chemical and physical characteris-
tics by varying their compositions. SrTiO3 and Zn2SnO4 are the most investigated 
ternary oxides for DSSCs. Changing the relative element ratio is one of their best 
features because it lets the work function, bandgap energy, and electrical resistivity 
vary. DSSC applications of multi-cation- oxides are intriguing, given their abundant 
availability [121]. 

5.1 Zinc Tin Oxide Nanostructures (ZnSnO3) 

Zinc stannate has two oxides, ZnSnO3 and Zn2SnO4, with different Zn-to-Sn ratios 
and crystallographic structures [122]. The crystal structure of Zn2SnO4 is cubic 
spinel, while that of ZnSnO3 is orthorhombic and unstable at high temperatures. 
The material studied the most is Zn2SnO4, which has a great bandgap of 3.3–3.8 eV 
and a straight forbidden transition [123]. DSSCs may benefit from this metal oxide 
material in several ways: first, its CB energy level position is equal to −4.1 eV, which 
also is further optimistic than TiO2 anatase; furthermore, zinc-tin oxide has much 
higher conduction capabilities than TiO2, with expected electron mobility of 10–15 
cm2 V−1 s−1 [124]. Another essential benefit of this oxide is that it is more durable 
and has better corrosion resistance than ZnO because it is stable in a more compre-
hensive pH range, from 3.15 to 14. Finally, various techniques can quickly make this 
oxide, including spray pyrolysis, sputtering, and hydrothermal synthesis. Reports say 
that NPs, NWs, and nanobelts, among other shapes, could be used in photovoltaics 
[125]. In the first work, since the Hagfeldt group showed their first work in 2007 on 
Zn2SnO4 as a DSSC photoanode, N719 was used to make hydrothermal zinc stan-
nate NPs with a 27 nm diameter that was sensitized. Even though Zn2SnO4’s higher 
positive CB edge level gave it a better Voc, the PV-solar cells’ PCE was near 1%, 
drastically less than TiO2 NPs’. Both oxides behaved differently due to reduced injec-
tion efficiency and current density. Several teams investigated the effect of Zn2SnO4 

NP morphology on electrode preparation in 2012. Chen and his team made meso-
porous thin films with NWs instead of spherical NPs. The NWs were made through 
chemical vapor deposition [126]. Finding the right conditions for making Zn2SnO4 

nanostructures so that the SnO2 phase does not form hard. After seeing the best 
reagent ratio, growth temperature, and oxygen flow rate, periodic rhombohedral 
Zn2SnO4 NWs were made and sensitized with N719 to make PV-solar cells with a 
PCE of 2.8%, noting that the Voc is high at 0.74 V, NW-based Zn2SnO4 photoan-
odes have rapid direct transport mechanisms in the crystalline morphologies and a 
delayed percolation transport process that involves NW active-surface states. This 
study found that NW transport properties could be improved by passivation [127]. 
Nanostructure engineering and hierarchical Zn2SnO4 electrodes have kept pace since 
2012, and electrodes are made using electro-spinning or template-assisted hydro-
thermal synthesis. Choi et al. electro-spun Zn(OAc)2 and Sn(OAc)4 as building scaf-
folds in PVAc to create a Zn2SnO4 photoanode and improve fiber adhesion to FTO. 
450 °C calcination produces amorphous and porous nanofibers with NPs of less than
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5 nm. The nanofiber network had 124 m2 g−1, like TiO2 NP electrodes, and DSSCs 
with only organic dyes on nanofiber-based electrodes had 3.7% PCE [128]. Wang 
et al. hydrothermally synthesized hierarchical Zn2SnO4 NSs with NH4F to increase 
electrode-specific area, and NSs-based working electrodes had 108.1 m2 g−1. These 
electrodes surpass the reference system, which contains these NPs, according to 
electrochemical and optical measurements regarding electron transport rate, rate of 
recombination, and light scattering characteristics. These parameters increased PCE 
by 4.8 and 5.4% after TiCl4 curing. The same research group developed the template-
assisted formulation of hierarchical macro-porous nanostructures made of Zn2SnO4 

NPs to make electrodes with precise surfaces near 100 m2 g−1. By adjusting the 
size of the electrode particle, PCE may reach 6.1% [129]. In 2015, hierarchically 
structured Zn2SnO4 NPs-in-beads were found, and 20 nm NPs were embedded in 
submicron-sized beads by electro-spraying a colloidal suspension of amphiphilic 
Zn2SnO4 NPs. The Zn2SnO4 beads’ exceptional nano-structural-topology improved 
dye adsorption when sensitized with organic dyes. Organic dyes improved charge 
recombination lifetime, molar absorbability, light scattering from electrodes, elec-
trolyte penetration, and molar absorbability. Optimized DSSCs had a 6.3% PCE, a 
Voc of 0.71 V, a Jsc of 12.2 mA/cm2, and an FF of 0.72; this is the ternary metal 
oxide electrodes’ highest PCE [130]. 

5.2 Strontium Titanium Oxide Nanostructures (SrTiO3) 

Strontium titanate has a more noticeable conduction band edge than TiO2, like zinc-
stannate. In 1999, Burnside et al. reported the initial DSSC use of mesoporous 
SrTiO3 [131]. Nano-crystalline SrTiO3 with perovskite structural morphologies are 
produced by treating nano-crystalline TiO2 and strontium hydroxide with water at 
elevated temperatures. This work’s photoanode has a surface area of 85 m2 g−1, with 
a bi-modal dispersion of tiny sphere-shaped particles (10–15 nm) and larger cubic-
three-dimensional particles (40–60 nm). The electrode can absorb dye and scatter 
light well with this distribution. If their Voc was more significant than ordered meso-
porous TiO2-constructed DSSC (0.79 and 0.69 V), their efficacy was restricted to 
1.8% (against 6.0% for the reference devices) caused by the minimal current and dye 
absorption at the electrode. The longer Ti–Ti gap in SrTiO3 compared to TiO2 may 
make it harder for the dye to stick to the surface [132]. They got 620 nm spherical 
particles with sponge-like mesoporous shapes with 42 nm pores, and photocon-
version remained low at 0.51% due to cell efficiency. Hao’s group doped SrTiO3 

with holmium or samarium cations to create a cascade-free charge carriers’ injec-
tion. Despite the improvement, photoconversion efficiency was still low, and DSSCs 
needed a higher CB to increase Voc. Even though N719-sensitized SrTiO3 photoan-
odes show injection from higher states, a dye’s LUMO level might not be enough to 
send enough energy [133]. Yang and his team changed the number of electrolytes to 
change SrTiO3’s flat-band properties. The flat band potential increased when tetra-
butylammonium perchloride and acetylacetone were added to the propionitrile-based
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electrolyte. This increased the photocurrent by making it easier for electrons to move 
from the dye (N3) to the SrTiO3, and Voc was also affected [134]. Although this 
method improves performance, it loses the main benefit of perovskite-type polycrys-
talline SrTiO3, CaTiO3, and BaTiO3, which are ternary oxides based on semiconduc-
tors [135]. DSSCs with SrTiO3 photoanodes have a more excellent Voc than DSSCs 
with TiO2 photoanodes Voc. Nevertheless, photocurrents are reduced due to insuf-
ficient dye loading and an energy mismatch at the Fermi level of the photoanode. 
Due to the inappropriate NP shape, the same group tried MgTiO3, MgTi2O5, and 
Mg2TiO4; these oxides performed less than 1% [136]. 

5.3 Barium Stannate Oxide Nanostructures (BaSnO3) 

The scientists reported a 3.1 eV gap comparable to TiO2 but with a conduction 
band edge (CB) that moved by 0.9 eV and shifted a more positive value. Thus, the 
irregular distribution of particle sizes resulted in low Jsc and FF, but the position 
of the CB edge influenced Voc., the photoconversion effectiveness was 1.42%. Guo 
and his colleagues created barium stannate (BaSnO3)’s perovskite structure using 
hydrothermal, co-precipitation, and solid-state techniques. During manufacture, the 
size and surface area of the particles fluctuate, resulting in varying quantities of 
dye. The photovoltaic characteristics of PV-DSSCs with a co-precipitated BaSnO3 

photoanode (with the greatest dye absorption) achieved 1.1% of PCE [137]. Li and 
his colleagues started with polycrystalline BaSnO3 and used a solid-state reaction to 
make porous BaSnO3 hollow structures with a BaCO3 core and a SnO2 shell [138]. 
Unfortunately, DSSCs with open designs were inefficient, with a PCE of 0.12%. 
Using BaSnO3 electrodes, Shin et al. considerably increased the effectiveness of 
photoconversion by 4.5%. TiCl4 curing, known to reduce recombination and increase 
charge absorption, also made photoconversion 6.2% more efficient [139]. 

6 Composites 

Nanocomposites made from metal oxide semiconductors have high specific surface 
areas of ordered mesoporous nanoparticle thin films, the fast electron transport of 
crystalline nanowires, and their ability to scatter light. At all photoanode thick-
nesses, NWs outperform NPs owing to an optimal ratio [140] The finest NP-only 
photoanode had a PCE of 6.8%, while the most fantastic device got a PCE of 8.6%. 
The optimal device employs a 13 μm photoanode, whereas the NP film employs a ten 
μm photoanode. As expected, single-crystal nanowires make it easier for electrons to 
move through a composite network by making it longer for electrons to move through 
the web. By putting together NPs and NWs that were the same as the photoanode, 
other research groups were able to confirm the results. Using nanocomposites to alter 
the band arrangement inside the photoelectrode to increase its charge-collecting
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characteristics and prevent recombination is an inventive method for enhancing 
photoanode performance. Although pure TiO2 has certain favorable characteristics 
for the ideal PE, the efficiency of DSSCs, including TiO2, is inadequate for high-
performance operations. In contrast, synthesizing diverse TiO2 morphologies needs 
a complicated and intricate procedure. Low and Lai [139] found that the length, 
width, and thickness of nanotubes and nanorods depended on how the reaction went. 
So, nanocomposites made of a carbon-based substrate and TiO2 could create highly 
efficient DSSCs without complicated manufacturing processes [141]. Nanoparticles 
can be shaped like rods or wires but have a “core-shell” structure. Recent research 
by Karlsson [140] shows that electrons can be kept in the SnO2 nucleus of a core-
shell SnO2–TiO2 nanoparticle configuration. The electron confinement showed that 
the PV-solar cell could keep its photovoltage for more than 500 s, even in complete 
darkness. The outcome was a rise in the short-circuit current, electron lifetime, and 
free-circuit ability. This increased the best device’s ability to convert light into elec-
tricity from 0.7 to 3.5% [142]. The ability to quickly fabricate parallax-oriented ZnO 
microrod morphologies and distribute TiO2 nanoparticle topologies within the low-
density array led to a composite thin film in which the TiO2 nanoparticles may behave 
as a concretely large, highly surface porous film. On the other hand, ZnO micro-rods 
may collect electrons to decrease charge recombination rapidly. Electrochemical 
impedance spectra revealed increased electron lifetime, effective diffusion length, 
and electron collection efficiency. The hybrid system minimized charge recombi-
nation compared to the typical mesoporous TiO2 nanoparticle layer. Due to this, 
photoconversion performance might increase from 6.6 to 7.8%. This demonstrates 
that rapid mobility in ZnO crystalline forms may enhance PCE [143]. To discover 
what makes ZnO and TiO2 different in DSSCs, Gratzel and his colleagues looked at 
how electrons moved through thin ZnO and TiO2 made by atomic layer implantation 
on a porous, hierarchical insulating framework. Doing so addressed the form differ-
ences that made comparing ZnO and TiO2 photoanodes difficult in prior studies. 
Under ideal circumstances, ZnO and TiO2 have similar photovoltaic (PV) efficien-
cies. However, their capacity to transfer electrons differs significantly. TiO2 has a 
lower recombination process, a larger dye loading, and the ability to inject electrons 
rapidly than ZnO [144]. Recent research has found an elegant way to turn rare earth 
metal submicron particles into multi-shell structures. The TiO2 nanoparticles of size 
20 nm absorb standard N719 dye. The upconverting core changes near-infrared light 
into visible light, which lets it absorb the N719 dye’s upconverted radiation. As a 
passivating film, the SiO2 layer stops the rare-earth crystal from being able to trap 
electrons. This solves the problem of making the core and TiO2 shell work together 
electrically while keeping the rare earth metal’s ability to change energy. It was 
possible to get a PCE as superior as 8.65%, which is better than the PCE of the 
reference cell, which was only 7.80% without the upconverting multishell structures 
[145]. To get the most out of the effect, the position of where the down-converter 
emits and where the light harvester takes in the light must be well matched. People 
have thought of many ways to set up the cell, like putting the front surface layer of 
the PV cell or putting nano-structures that change the charge in the opposite direction 
inside the TiO2 anode. Before the UV rays are taken away from the front glass, the
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main benefit of the front film is that it changes them into less harmful forms. Hosseini 
et al. [144] say that the biggest problem is that the light produced in an isotropic way 
spreads out. This light can be collected better if the down-converting particles are 
close to the dye in the photoanode. In all designs, the IPCE was improved by the 
down-converting layer, which can take in transmitted light and send it out at around 
500 nm, close to where the direct dye in the DSSC can absorb the lightest [146]. 

7 P-Type Semiconductors 

Most perovskite and sensitized solar cells have electrodes made of TiO2 and other 
n-type electron acceptors. The second generation of these PV cells is built on an 
inverted design that uses p-type materials as the framework for moving holes. For 
tandem-sensitized PV cells to work, the way the photo absorber sends holes into the 
PV cell must be fundamentally different. The first instance of a functioning p-type 
cell was described in 1999, and it only functioned 0.0076% of the time. Since then, 
much progress has been made, but p-type DSSCs have received far less attention, 
and their efficiencies continue to lag those of typical n-type PV cells. The fact that 
p-type materials may perform better is one of their biggest problems. Compared 
to standard n-type oxides like TiO2 and ZnO, substances with p-type conductivity, 
a broad gap, high conductivity, and resistance to photo-corrosion are considered 
rare. NiO is made in hundreds of tons annually, and the transition metal oxide has 
been studied the most. It is the most used and investigated of these compounds. 
Most of the nickel oxide is used to make nickel salts. Nickel oxide can also be used 
as a flexible hydrogenation catalyst. Electrochromic devices, memory, and, more 
recently, supercapacitors are further utilized for NiO [147]. Nickel oxide is often 
nonstoichiometric, just like other binary metal oxides. Stoichiometric NiO is green, 
but nonstoichiometric NiO is usually black in color. Its electrical characteristics still 
need to be determined since their levels can change depending on how it was made 
and measured. Consequently, the high bandgap of NiO is 3.4–4.3 eV (with 3.6 eV 
presenting the most typical value), but the optimum of its valence band is between 
4.2 and 5.8 eV. The conductivity of NiO ranges between 10–12 and 10–15 S cm−1, 
and its Fermi level is often believed to be 0.4 eV or above the valence band [148]. 
Ni(OH)2 was synthesized using nickel salts and additives as precursors. Ni(OH)2 
films were created in one or more steps using hydrothermal and solvothermal tech-
niques. Organic (co-polymers) or inorganic (granules) templates may improve film 
porosity and homogeneity. Lastly, mesoporous films can be made by making NiO 
NPs outside the film and then spin-coating or screen-printing them onto the film. This 
is followed by a sintering phase, like how TiO2 is usually deposited. NiO’s struc-
ture, chemical state, and doping fluctuate throughout manufacturing, which affects 
its optoelectronic capabilities [149]. Due to the variable quantities of voltage in the 
gap and the metallic NiO, the hue and opacity of the NiO-coated film vary based on 
the manufacturing process. Traditionally, the first experimental studies employing 
p-type metal oxides focused on DSSCs. NiO is a common material for sensitive
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PV cells, but it has two major problems: a high rate of geminate recombination and 
limited hole mobility. When a charge is injected from a dye’s highest occupied molec-
ular orbital (HOMO) into the valence band of nickel oxide, the injected hole may 
mix with excited electrons in the reduced dye’s lowest unoccupied molecular orbital 
(LUMO). NiO’s low hole mobility worsens recombination by sticking injected holes 
to the oxide interface. This makes it more likely that fewer dye molecules will interact 
with them on their way to the collecting electrode. Most research has been done to 
find ways to fix these weak spots and make new, healthy cells. Standard techniques 
to reduce the negative impacts of recombination include.

• While spatially separating the excited dye’s electron and hole,
• Adjusting the redox electrolyte.
• Accelerating the injected hole’s delivery to the collecting electrode by increasing 

the NiO’s mobility. 

So, cobalt poly-pyridyl complexes are good alternatives to redox electrolytes 
because they absorb less light and have a much higher redox potential than iodide 
pairs. NiO electrodes and similar complexes were used to raise Voc to 0.35 V. Other 
electrolytes raised Voc even more. Diaminoethane-cobalt organometallic complexes 
in NiO-based p-DSSCs produced a remarkable 0.71 V potential. The phosphonic 
and carboxylic acid attachment structural characteristics give the highest open-circuit 
voltage for dyes bound to mesoporous NiO through monodentate binding mode. This 
means that new ways to make dyes bind in this way could improve cell performance 
[150]. As previously stated, NiO is an electrochromic substance that absorbs photons 
without producing electricity. This lowers the sensitized electrode’s light-gathering 
efficiency and the solar cell’s performance. (i) change the nanostructure of meso-
porous NiO to make it less dense and better at absorbing light, or (ii) make dyes with 
a higher absorption coefficient [151]. 

8 Future Trends in Technological Development 

Since the cost of making DSSCs is about the same as making other thin-film photo-
voltaic technology, they are almost ready to be sold to the public. In 2014, the inter-
national demand for DSSC technology was estimated at around $49.6 million, and 
between 2015 and 2022, it is anticipated to rise at a CAGR of more than 12 percent 
Module/PV cell production prices and related economics influence the DSSC market 
[152]. Kalowekamo et al. looked at how much it costs to make DSSC and compared 
it to how much it costs to make the two previous versions of solar cells before 
it [153]. DSSC is anticipated to cost between $0.50 and $1.00/W, with a perfor-
mance of 5–15% [18]. The DSSC is more cost-effective than photovoltaic organic 
solar cells, Si solar cells, and perovskite PV solar cells. Australia, Israel, Japan, 
Sweden, Switzerland, the United Kingdom, and the United States are among the 
countries that have worked on this solar technology. These brands include Dynamo, 
Dyesol, G24 Power, Konarka, SHARP, Solaronix, and 3G Solar. The first time DSSC
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Fig. 9 The prevalence rate and advancement of DSSC technology

devices were used for business, they were attached to backpacks as portable solar 
chargers. In 2014, research on the market showed that portable charging devices 
were the most popular type of application. They made up 33.0% of the industry’s 
revenue share and are expected to grow. Campillo and Foster [154] say that it gives 
off the most incredible energy in light indoor settings, which makes it suitable for 
portable devices [154]. The recent invention of a solar-powered, battery-free portable 
keyboard reduces expenses and time. But the main goal of this technology will be to 
build PV into building systems (also called building-integrated PV or construction-
applied PV). The value of building-integrated PV and building-applied PV will be 
more than $30 million [155]. It is projected that the need for energy consumption in 
residential areas, such as solar panels on roofs and water heating, would boost the 
expansion of the DSSC business [155]. DSSC technology is anticipated to expand in 
building-integrated or architecture photovoltaics, automotive, portable, or compact 
charging, embedded electronics, etc (Fig. 9). Figure 9 shows that DSSC has been 
chosen as one of the most useful applications for the next few years, even though it 
still needs to be developed for industrial or commercial use [155, 156]. 

9 Conclusions 

PV devices utilize solar energy for electricity with no negative environmental conse-
quences. Many studies on DSSC were conducted in the 1990s because changing 
power is scientifically interesting and important in science and engineering. Even
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though it does not work as well as other solar cells, DSSC is a desirable alter-
native because it can adapt to different lighting conditions, be used with a flex-
ible substrate, and come in assorted colors. In DSSCs, n-type semiconductors are 
employed as photoanodes or working electrodes, while p-type semiconductors are 
utilized as photoactive cathodes or counter electrodes, according to this chapter. In 
n-type semiconductors, improving particle size improves performance significantly. 
In their ground-breaking work on mesoscopic PV solar cells in 1991, O’Regan and 
Gratzel used different dyes, electrolytes, and device topologies that made the cells 
much more efficient and stable. Sensitized cells are nearing commercialization and 
are a viable strategy for constructing PV modules (BIPV), and TiO2 is the most used 
and researched electrode for this sort of cell. In addition, other wide-band-gap metal 
oxide semiconductors offer inherent benefits. 

Due to how easy and flexible it is to make photoanodes, using them can make a 
substantial difference in how well and stable mesoscopic solar cells work. This is 
due to the flexibility of materials’ components or chemical compositions and opto-
electronic properties. This chapter looked at the different morphologies of binary 
and ternary metal oxide nanomaterials that could be used as photoanodes in DSSCs 
and, by extension, PV solar cells. According to reports, semiconductors can make 
effective photoanodes due to their band gap, morphology, composition, and doping. 
Several research institutes and groups worked together to explain nanostructures and 
their shapes (0D, 1D, 2D, and 3D of ordered mesoporous nanomaterials) and how 
doping affects the performance of DSSCs (mostly TiO2 and ZnO). The development 
of manufacturing and nano structuration techniques to regulate their composition and 
shape is a rich research topic with the potential to advance the efficiency, process-
ability, and cost of solar energy conversion systems. Also, research on metal oxides 
could help store energy, make sensors, and produce highly sustainable microelec-
tronic systems. Many tasks need to require more concentration and effort (Fig. 10). 
Other methods, such as core-shell layer-by-layer construction in MOS, up-and-down 
switchover materials, thin-layer passivation, and large surface area manipulation, are 
diverse ways to increase absorption capacity and slow recombination. New materials 
could quickly soak up near-infrared light, improve photothermal stability, and slow 
down dye decor. Using stabilizing chemicals, they investigate and use less volatile, 
quasi-state, and solid-state electrolytes. As DSSC technology has advanced, their 
study on interfacial contact has received less attention. As a result, interfacial inter-
actions may improve the performance of DSSC. Some DSSC manufacturing tech-
niques, such as screen printing, electrophoretic deposition, and roll-to-roll forming, 
might be expedited to manufacture more items. For optimal encapsulation, it may be 
necessary to investigate more effective materials and techniques. 
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Engineering of the Metal Oxides 
Nanostructures for Solar Energy 
Harvesting 

Lokanath Mohapatra and Ajay Kumar Kushwaha 

Abstract Semiconducting metal oxides have been utilized in various roles such 
as electron transport layer, hole transport layer, and active layer in solar cell. The 
capability of photo charge generation, separation, and recombination is governed by 
the quality of the metal oxide layer and eventually affect the solar cell efficiency. 
It is suggested that the materials used for charge transfer should have resistant to 
light, moisture, and heat to maintain long-term stability. Metal oxides are ideally 
designed charge transport materials due to its several favorable properties. Consid-
ering the technological significance of metal-oxides, various materials engineering 
concepts have been developed to improve the quality of metal oxide layers and 
the performance of solar cell. This chapter discusses application of metal oxides in 
solar cell in different roles. The important materials engineering concepts (improve-
ment in crystalline properties, size morphological, doping, defect and formation of 
heterostructures) towards improvement in solar energy harvesting are also presented. 

Keywords Solar cells · Photovoltaics · Photoconductivity · Efficiency · Defects ·
Surface properties · Electron transport · Nanomaterials · Thin films ·
Nanostructures 

1 Introduction 

The increasing population and energy demand accelerates the use of fossil fuels. This 
use of fossil fuel becoming the major source of carbon and greenhouse emission 
which causes several environmental challenges such as global warming, climate
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change. It is very necessary to use the green energy sources to overcome these 
challenges. The solar energy is the limitless green energy source. Solar energy can 
be utilized by converting it into electrical energy by using solar cell and in current 
time this is the most effective way to use the solar energy. Solar energy harvesting is a 
sustainable method to produce renewable energy. Within an hour, the energy received 
on the earth from the sun is more than the entire energy used by the planet in a year. 
Solar cells convert the solar energy into electricity which is more acceptable form of 
energy that can be used for a variety of purposes in the modern world [1]. Although 
there are several technologies for harvesting of solar energy, however, solar cell has 
proven its excellency in this domain. 

The fabrication of solar cell required a variety of materials. Among them, metal 
oxide semiconductors stand out as a class of relatively affordable, eco-friendly 
materials with a wide variety of characteristics suitable for solar cell application. 
Numerous techniques have been demonstrated to control and modify the charac-
teristics of metal oxide semiconductors. There are various solar cell technologies, 
organic solar cells (OPVs), perovskite solar cells, dye-sensitized solar cells (DSSCs) 
and quantum dot solar cells utilizing metal oxides. In dye-sensitized solar cells, metal 
oxides act as an active material to load dyes while in perovskite solar cells metal oxide 
act as an active layer as well as charge transporting layer. The active layer facilitates 
the electrons and holes generation where the charge transport layer allows one type 
of charge carrier to move and bloke the other type of charge carrier [2]. The material 
suitability as an electron or hole transport layer depends on the band alignment of 
metal oxide and the types of charge carriers present. Metal oxides must have lower 
valence band maximums and conduction band minimums than the absorber mate-
rial to be employed as electron transport layer. The valence band maximums and 
conduction band minimums should be higher than the absorber material for the hole 
transport layer [3]. The efficiency of the solar cell changes depending on these band 
positions and the misalignment in the band position leads to the to charge carrier 
recombination in the charge transport layer. 

To achieve the desire properties such as higher charge carrier mobility, proper band 
position, efficient charge carrier separation, lower inter facial trap state, the tuning 
of metal oxides properties is an important task. The engineering of the metal oxide 
nanostructures/thin film is crucial toward controlling these properties to develop 
more efficient solar energy harvesting devices. This chapter discuss on the role of 
metal oxides in solar cell and various strategies to control the properties of metal 
oxides nanostructures to improve of the solar light harvesting performance.
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2 Metal Oxides in Solar Cell 

2.1 Metal Oxides as an Electron Transporting Layer 

There are several features on semiconducting metal-oxides that offers the suitability 
for electron transport in solar cell (Fig. 1a). The electron transport layer (ETL) act as 
channel for electro flow by decreasing the potential energy barrier. This layer collect 
the electron generated in the active layer and transfer them to the electrode before 
recombination. The electron transport layer work as a link between active materials 
and electrode to transport the electron and blocks the transfer of the hole (Fig. 1b, c). 
There are several essential properties are required in electron transport layers such as 
(i) high transparency to visible light so that energy photon can reach to active layer, 
(ii) favorable energy level alignment for electron movement from active materials to 
electrode and (iii) high electrical conductivity with high electron mobility to improve 
charge separation capability [4–6]. Following oxide materials are commonly inves-
tigated as electron transport layers in solar cells, which includes TiO2, ZnO, WO3, 
Zn2SnO4, SiO2, CeO2, Nb2O5, SrSnO3, metal oxides binary and ternary etc. [7, 8]. 
TiO2 is the most comprehensively investigated metal oxide semiconductor for solar 
cells due to suitable band edge positions for generation and transportation of charge 
carriers. However, high number of trap states and lower electron mobility are major 
issues with TiO2 material. The TiO2 also requires high temperature heat treatment 
to achieve the crystallization [9].

Zinc oxide (ZnO) is another semiconductor metal oxide with has shown favor-
able properties as electron transport materials. The ZnO films deposited using 
wet-chemical approach at low temperature offers surface with nanostructured 
morphology for solar light harvesting applications [10, 11]. Tin oxide (SnO2) is  
another potential electron transport layers used in solar cell due to high transparency 
in the visible and near infrared regions. The low temperature method has been 
proposed to develop the SnO2 layer which has shown PCE of 13.0% with highly 
stable performance. The SnO2 has lesser oxygen vacancies hence more stable than 
TiO2 and resulted much lower degradation of perovskite solar cell [12]. Zinc tin 
oxide (Zn2SnO4) is also demonstrated as transparent conducting layer for solar cell 
applications. Zn2SnO4 has a wide bandgap approximate 3.8 eV with reasonably good 
mobility 10–30 cm2Vs−1 [13, 14]. 

Apart from these a various other metal oxides are investigated for efficient electron 
transport layer. Binary ZnO is also a promising alternative for the TiO2. As ZnO  
has higher electron mobility and the outstanding transmittance of the visible light 
[15]. Also, ZnO can be crystalized at lower heating temperature which will help to 
reduce the cost of the solar cell. Various morphology such as nanorod, nanosheets 
nanoparticle, nanoplate of ZnO was being investigated. But ZnO still have challenges 
like poor chemical stability and charge recombination at interface limits it potential 
utilization in perovskite solar cell [16]. 

The nanostructuring of electron transfer layer helpful to enhancing the effi-
ciency of the solar cell. So far, various morphology with different composition of
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Fig. 1 Schematic digram of a metal oxide electrontransfer layer fabrcaition and properties, [Li 
et al., Rare Metals 40, 2730 (2021)] [8], b charge transfer process in typical solar-cell based on the 
metaloxide electrontransfer layer, c facters effect the metaloxide electrontransfer layere [Li et al., 
Rare Metals 40, 2730 (2021)] [8]

metal oxides has being synthesized and utilized to improve the electron transfer. In 
perovskite solar cell in was observed that the ZnO nanorod provide the direct path 
for the charge transfer and improve the efficiency of the solar cell [17]. Apart from 
this, the rough surface of ZnO improves the loading of the perovskite and improves 
the efficiency of the device [18]. Elemental doping is also an alternative way to tune 
the electronic properties of metal oxides. The doping will help to adjust energy level 
alignment and improved electron mobility to improve the efficiency which is disused 
in upcoming section [19]. Surface modification is another way to engineering the 
metal oxides for the electron transfer layer. The Surface modification can be achieved 
via coating self-assembled monolayer (SAM). The functional hydrophobicity and 
high electric dipole of SAM will help to accelerates the charge extraction from the 
perovskite layer in the perovskite solar cell [20]. Additionally, SAM also passivate 
the various defect sites (oxygen-vacancy defects, surface defects, and ionic defects)
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of perovskite reduce the charge linkage and defect site recombination and enhance 
the efficiency of the device [21]. 

The performance of Electron transport layer can be improved by the Nanostruc-
turing, Element doping, Surface modification and Multi-layer ETLs. If we discuss 
about the nanostructuring so far various nanostructure such as nanodisk, nanorod, 
nanoplate, nanosheets of metal oxides is being used for the ETLs. For example, 
Mahmood et al. synthesized ZnO nanodisks and nanowells using a low-temperature 
hydrothermal technique and in comparison to ZnO nanodisks the nanowell device 
shown the maximum PCE of 16.65% [22]. Moreover, studies on various metal oxide 
nanostructures have been conducted. To act as the ETL, Fe2O3 nano islands were 
also in situ deposited on the compact Fe2O3 layers by Luo et al. Perovskite solar 
cell based on Fe2O3 nanoislands displayed exceptional PCE of 18.2%, thanks to 
their acceptable light transmission, improved charge extraction, and reduced charge 
recombination [23]. The best PCE, measuring 20.22% with a Voc of 1.19 V, was 
achieved by the device using Nb2O5 nanoparticles [24]. The Nb2O5 ETL energy 
bands are well aligned with perovskite, which enhances charge extraction at the 
interface and lowers the energy barrier for electron injection. Liu et al. synthesized 
Zn2SnO4 nanoparticles by the Hydrothermal process and the PCE of 17.7% was 
achieved in perovskite solar cell [25]. The studies show that Zn2SnO4 emphasize the 
electron transfer and injecting between ELT and Perovskite layer. Also the rescued 
Zn2SnO4 nanorod are deposited on FTO substrate using the spray pyrolysis tech-
nique by Tavakoli et al. device based on Zn2SnO4 nanorod shown a PCE of 18.24% 
[26]. metal oxides with Core–shell structure has also been explored widely as ETLs. 
Core-shell ZnO@SnO2 nano particle synthesized by Li et al. in which SnO2 shell 
cover the core ZnO. The Perovskite solar cell with CPRE cell ETL displayed a PCE of 
14.35%. This high PCE is observed due to higher electron mobility of SnO2 compared 
to pristine one and well-matched energy level alignment of ZnO and SnO2 for effi-
cient electron injection [27]. Zhong et al. deposited ZnO@TiO2 nanorod and it was 
observed that the ZnO@TiO2 has PCE of 8.14 and bare ZnO has the PEC of 5.41%. 
Improved ETL/perovskite interface contact and reduced charge recombination is the 
main reason for this 50.46% PCE improvement [28]. 

Elemental doping is also proposed to change the band alignment and improve the 
charge carrier mobility for the efficient ELT layer. Tseng et al. have reported Al doped 
ZnO using RF sputtering technique, doping of Al improved the photoconversion 
efficiency of a perovskite solar cell from 15.1 to 17.6%. This enhancement in the 
PCE is obtained due to improve electrical conductivity and better band alignment of 
Al doped ZnO film with the perovskite layer [29]. Zheng et al. studied the effect of 
I doping on the ZnO nanopillar for formation of ETL which rendered more than 7% 
increase in the PCE of the perovskite solar cell. The presence of I regulate the crystal 
growth of ZnO which helps to form the compact nanopillar structure and reduced 
aspect-ratio [30]. The Li doping in ZnO also improved the solar cell efficiency. The Cs 
doped ZnO has resulted an improved PCE by 4.7% due to the reduction of ZnO trap 
density [31]. Azmi et al. have synthesized pure ZnO, Li-doped ZnO, Na-doped ZnO, 
K-doped ZnO as ETL for perovskite solar cell which has shown the PCE of 16.10, 
17.80, 18.90, 19.90% and this improvement in the PCE due to the decrease in surface
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defect concentration and surface hydroxyl group. Potassium (K) doping on ZnO 
significantly increase the fermi energy level, leading to an improved internal electric 
field, which was conducive to charge extraction in the devices [32]. α-Fe2O3 was used 
as ETL and effect of doping in the ETL properties was reported by Guo et al., they 
synthesized Ni-doped α-Fe2O3 for the perovskite solar cell. The improved electron 
mobility and downshift lower conduction band after Ni doping in α-Fe2O3 enhance 
the electron transfer between ETL and perovskite [33]. Xiaoqin et al. reported Zn 
doping in Nb2O5 by solution-combustion method. The best efficiency of 17.7% was 
attained by PSCs based on the Zn–Nb2O5 ETL [34]. 

2.2 Metal Oxides as Hole Transporting Layer 

Several metal oxides have been proposed as excellent hole transport layer (HTL) 
materials for solar cell. The hole transport layer is mainly used in organic, quantum 
dots, dye sensitized, perovskite solar cells. The hole transport materials should have, 
(i) energy level such as, it forms an ohmic contact with active layer to easily extract 
the hole. (ii) p-type semiconducting nature, lowest electrons mobility. (iii) high hole 
conductivity to improve the charge separation capability. (iv) transparent to visible 
light for effective photon transmission to active layer [35]. It is also required to have 
facile materials processing at low-temperature with large-area deposition possibility 
for solar cells. The metal oxides such as MoOx, WO3, and V2O5 have high work 
function but are n-type semiconductor so unable to block the electron transport 
leading to higher recombination. Therefore, mostly p-type metal oxides such as 
NiOx, NixCo3−xO4, and CuOx, WO3, V2O5, MoOx are examined (Fig. 2) [36]. 

Earth abundant copper-based oxides (CuOx) are demonstrated as one of the candi-
dates for hole transport layer in solar cell devices. An in situ low-temperature method 
for synthesis of cuprous oxide (Cu2O) and copper oxide (CuO) is reported by the

Fig. 2 Schematic representation of different layer of solar cell with various oxide materials used 
for electron and hole transfer layer 



Engineering of the Metal Oxides Nanostructures for Solar Energy … 269

Ding et al., demonstrated as hole transport layer with 13.35% and 12.16% efficien-
cies of solar cell, respectively. The solution deposited coper oxide film has shown 
uniform and stable surface with optically transparent for the visible light [37]. Nickel 
oxide (NiOx) is another candidate which has demonstrated good potential for hole 
transport layer due to superior thermal and chemical stability. It has been reported 
that NiOx based solar cell has shown improved charge extraction and larger charge 
career lifetime. Molybdenum oxide (MoOx) thin films have also been used as either 
an interlayer or buffer to improve hole injection and hole extraction capability. It is 
reported that the combination of MoOx/Al in perovskite solar cell as HTL has shown 
better results in comparison to only silver-based layer [38]. 

Another P-type Inorganic semiconductors NiOx also have been widely studied for 
the HTL in organic and dye sensitized solar cell devices. The transparency, tunable 
work function, better hole mobility and stability of NiOx make it an efficient material 
for HTL [39]. The NiOx has potential to replace the (PEDOT: PSS). The replacement 
of PEDOT:PSS with NiOx in polymer bulk heterojunction solar cells improved the 
efficiency of the device [40]. NiOx also has been utilized in the in the Perovskite 
solar cell. Jeng et al. for the first time utilized the NiOx in the hybrid perovskite solar 
cell and able to achieve the efficiency of 7.8% due to the batter band alignment of 
the interlayer of NiOx with the valence band of CH3NH3PbI3 perovskite [41]. Later 
on NiOx synthesized by the different method sputtering, electrodeposition, sol–gel 
process, and pulsed laser deposition, are utilized for the CH3NH3PbI3 perovskite to 
improve the efficiency of the device. NiOx thin film developed by Low-temperature 
sputtering techniqu has shown enhanced photoconversion efficiency of 11.6% is 
reported by Wang et al. [42]. Park et al. able to achieve the efficiency of 17.3% 
by using the pulse laser deposited NiOx nanostructure with (111) orientation as a 
HTL in perovskite solar cell [43]. The NiOx has lower conductivity which limits and 
hinder the further improvement in the efficiency. Low conductivity of HTL reduces 
hole extraction and increases recombination of charge carriers. Doping is an efficient 
way to improve the conductivity. Report shows that the Cu and Cs doped NiOx has 
shown the perovskite solar cell efficiency of 20.26% and 19.35% respectively. The 
alternation of Ni ion with the Cu and Cs helps to improve the hole mobility, carrier 
concentration, hole extraction and lower the recombination of carrier [44, 45]. 

Nanostructuring is an efficient way to enhance the Solar cell performance by 
improving the HTL efficiency. Kwon et al. synthesized precrystallized NiO nanopar-
ticles by the simple solution process to use in HTL for the Perovskite solar cell. The 
solar cell with 45 nm tick NiO HTL has shown the Higher Photo conversion effi-
ciency of 15.4% [46]. Whereas, Yin et al. studied Nanoforest Architecture of NiO 
was grown by Hydrothermal method for HTL in the Perovskite solar cell. The device 
has the optimal PCE of 18.77%. mesoporous structure of Nanoforest Architecture has 
provided a highly conductive pathway for rapid hole extraction and reduces charge 
recombination at perovskite and HTL interface [47]. Furthermore, by adjusting the 
length and branch growth of the NiO nanoforest improved photo capturing could be 
accomplished. Mesoporous NiO nanosheet deposited by the hydrothermal method is 
also investigated for HTL and 12.19% PCE was observed with an improved stability 
in the perovskite solar cell [48].
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Doping in metal oxides has shown increased electrical conductivity. The dopant 
ions typically featured distinctive structural and electrical features that easily merged 
into HTL. The doping in oxide HTL is regard as a crucial approach to augment the 
solar cell performance. Copper is one of the most common dopant elements of NiOx 

HTL. The Cu can easily occupy the Ni site and by including the proper amount of 
Cu, the crystallinity, transmittance, and conductivity of NiOx can be altered. The 
addition of Cu as a dopant change the native defect which is responsible for the 
increase in conductivity or hole density in NiOx [49]. Jae et al. fabricated Cu-doped 
NiOx films by the sol-gel method and utilized as HTL in the Perovskite solar cell and 
the highest PCE of 15.52% is achieved [50]. The monovalent alkali metals lithium 
(Li+) has ionic radius (0.76), which is closer to Ni2+ (0.69) due to which lithium 
(Li+) is used as dopants for NiOx in order to boost the electrical conductivity. The 
addition of Li+ improved the concentration of Ni3+ and decrease in resistivity of NiOx 

at the same time. Qiu et al. used pulsed laser deposition (PLD) technique to deposit 
Li doped NiO for the HTL. After Li-doping the perovskite solar cell with structure 
of ITO/Li:NiO/MAPbI3–xClx/PCBM/Ag has shown highest PCE of 15.51% with 
enhanced stability [51]. Besides, Park et al. also deposited Li in NiO by spin-coating 
process for HTL and PCE was improved from 12.15 to 14.66% [52]. Hu et al. have 
reported the Co-doped NiOx as a HTL in the perovskite solar cell [53]. Djurišic et al. 
investigated the Cesium (Cs+) doped NiO as HTL for the perovskite solar cell. The 
best efficiency of Cs doped NiOx devices was 19.35%. The enhanced performance in 
devices with Cs doped NiOx is endorsed to a important progress in the hole extraction 
and optimized band level compared to undoped NiOx [44]. Wei et al. reported Ag-
doped NiOx films as a HTL and fabricated ITO/Ag:NiOx/MAPbI3/PCBM/BCP/Ag 
structure which has PCE of 16.86% [54]. Similarly, the doping of magnesium Zinc 
iron on NiOx is reported to use as HTL. Liu et al. synthesized doubles element 
doped NiOx films with Li, Cu dopant as a HTL by solution process method. The 
device prepared by using Li, Cu co-doped NiOx HTL has shown the maximum PCE 
of 14.53% [55]. Qin et al. has deposited the Cu doped CrOx by the RF sputtering 
technique to use in the HTL which improve the PCE from 9.27 to 10.99%. This 
enhancement in the device performance is observed due to efficient hole injection 
with lower charge recombination from perovskite layer to HTL [56]. 

2.3 Metal Oxides as Active Layer 

The semiconducting metal oxides are also utilized as light harvesting materials in 
excitonic solar cells. The few examples are cited below. Dye-sensitized solar cell 
(DSSC) is a photo electrochemical cell where porous metal oxide electrode with dye 
molecules is serving as the active layer for harvesting of solar photon. The detailed 
working principle of DSSC is shown in Fig. 3. In DSSC photo excited electron of 
dye goes into the conduction band of semiconductor material. Then the oxidized dye 
reduces by the electron given by the electrolyte. The injected electron travels through
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Fig. 3 Structure and operating mechanism of a dye-sensitized solar cell [Zhang et al., Physical 
Chemistry Chemical Physics, 14, 14982, (2012)] [60] 

the semiconductor material to the back contact and travel to external circuit. This 
electron goes to the electrolyte by the counter electrode form the external circuit. 

Photoanode is most important part of the DSSC. The selection of the photoanode 
is very crucial for the Efficient DSSC so the material properties, morphology needs 
to be select carefully. The key characters for the efficient photoanode are mentioned 
bellow: 

1. Large surface area to enhance the dye absorption ability. 
2. Photoanode should have high electron mobility for efficient extraction of electron 

form dye to external circuit. 
3. For diffusion of dye and electrolyte the photoanode should have optimized Pore 

size. 
4. Photoanode needs to be corrosion resistance. 
5. For dye to function effectively, the photoanode needs to be able to absorb and 

scatter sunlight effectively. 

Various n-type metal oxides such as TiO2, ZnO, Nb2O5, SrTiO3, and SnO2 and 
composites have been investigated for DSSC as photoelectrode materials. The wide 
bandgap of metal oxide semiconductors (Eg-3 eV) offers suitability for charge 
transfer. The metal oxide only harvests the UV light while dye molecule harvests the 
visible light of the solar energy. To improve the performance of DSSC, high amount 
of dye loading is required which can be achieved by developing high surface metal 
oxide layer [57–60]. Currently the DSSC also facing various kind of problems such
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as light scattering capability, charge recombination, interfacial contact, dye pickup, 
cost effective production of photoanode and Dye/electrolyte sealing which limits it 
performance and commercialization. To overcome this problem, the engineering of 
metal oxide photoanode is important. If we see the influence of morphology different 
Morphology of TiO2 photoanode is investigated by the scientist. The Mesoporous 
photoanode mostly have the improving surface area and light scattering ability Cao 
et al. reported that the mesoporous TiO2 based DSSC of give an improved light 
absorption and have best Photo conversion efficiency of 10.5%. Whereas the lower 
charge conductivity of the mesoporous structure can be overcome by the nanorod 
structure [61]. Adachi et al. studied the anatase TiO2 nanowires for the DSSC and 
able archive the PCE of 9.3% [62]. The low active surface area of the nanowires also 
limits the efficiency of DSSC. Hollow sphere structure of TiO2 are also studied to 
improve the light scattering and the Hollow sphere TiO2 based DSSC revealed an 
efficiency of 8.3% [63]. 

The mechanism of quantum dots solar cell (QDSC) is similar to DSSCs, herein 
in place of dye the narrow-band-gap semiconductor quantum dots (QDs) are used as 
photosensitizer. Figure 4 shows the Quantum dots solar cell structure and detailed 
working principle in which metal oxide semiconductor work as photoanode and 
quantum dots as sensitizer [64]. Upon light irradiation The QD absorbs the light and 
generates exciton and the electron transfer to the CB of QDs then it jumps to mental 
oxide to anode to the external circuit. Meanwhile, the oxidized QDs are regenerated 
by reduced species in the electrolyte, while the oxidized species reduced by the 
electrons from the external circuit under the catalysis of cathode. 

Mostly narrow band gap QDs are preferred for QDSC. The material should have 
the following key features for efficient QDSC.

Fig. 4 Structure and operating mechanism of a quantum dots solar cell [Cao et al., J Phys Chem 
Lett, 6, 1869, (2015)] [64] 
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1. Suitable band alignment between the QD and the ETL is quite essential for the 
efficient charge transfer and extraction. 

2. Good electron mobility of the material is also required for faster extraction of 
electron from the QDs to substrate. 

3. High surface area of the metal oxide is required to get appropriate quantity QD 
loading for efficient photo absorption. 

4. Simple preparation method high chemical stability, and low toxicity are also 
necessary for the commercialization. 

TiO2 and ZnO are the most widely studied material for the QDSC. TiO2 nanos-
tructure is most suitable for QDSC due to its distinguishing advantages, including 
noble chemical stability, less costly, and nontoxicity. TiO2 nanoparticle with meso-
porous structure are the most frequently used material in QDSCs due to the large 
surface area. Fan Xu et al. prepared Hybrid TiO2 hollow sphere-nanowire for the 
QDSC and able to achieve the PCE of 6.01%. Hybrid structure of photoanode has a 
significantly large specific surface area along with keeping sufficient room for effec-
tive electrolyte penetration. Besides, the improved light scattering capability leads to 
an improvement in utilization of light efficiency and due to which improved PCE is 
observed [65]. ZnO has the High electron mobility and suitable band alignment took 
the attention of researcher. Tian et al. synthesized a bilayer photoelectrode consist of 
ZnO nanoparticle film and ZnO microsphere (MS) by solution process followed by 
surface modification for QDSC. The QDSC with ZnO NPs/MSs has a PCE of 5.01% 
were as the ZnO NP QDSC has PCE of 1.66%. Using MSs as the top layer, it was 
possible to get more effective light scattering to the improved photo current [66]. 
Seol et al. grown ZnO nanowire using the SILAR method for QDSC then get the 
maximum PCE 4.15% [67]. Apart from these two material SnO2, ZrO2, Zn2SnO4, 
NiO are also investigate for the QDSC. The PCE of QDSC with this material are still 
lag far behind. 

3 Engineering of Metal Oxide Nanostructures to Improve 
the Solar Light Harvesting 

Several strategies have been reported to control the properties of metal oxide nanos-
tructures to make them more appropriate for solar light harvesting applications. The 
tuning of morphology, size, shape, development of heterostructures, doping, defect 
control surface modification and other process are effectively introduced to improve 
the charge extraction and mobility, chemical stability, defect control, efficiency of 
the device as shown in Fig. 5.
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Fig. 5 Schematic representation of deferent engineering process to control the properties of metal 
oxide nanostructures 

3.1 Morphologically Tailored Metal Oxide Nanostructures 
in Solar Cell Applications 

One factor influencing the photo carrier dynamics of the active layers and conse-
quently the solar cell performance that is the morphological arrangement of the 
donor–acceptor blends. It is recognized that controlling morphology is a key strategy 
for enhancing phase separation and self-organization. It is known that as materials 
reduce from bulk to nano dimensions, their surface area increases considerably. 
Therefore, materials in their nano form have a benefit over their bulk counterparts in 
terms of demonstrating interesting physical and chemical characteristics. The surface 
activated phenomena are further modified by the nanoscale material shape. The metal 
oxides properties can be tuned as per requirement by developing different morpholo-
gies in nano sized particles. The efficiency of metal oxides as photo-anodes is largely 
dependent on their surface area. 

It has been reported that different morphologies of TiO2 nanostructure offer 
different efficiency of photoconversion in DSSC solar cell. Nanowires morphology 
possess high surface area and light scattering capability leading to improve light 
harvesting capabilities. The TiO2 nanowire deposited by spin coating with regular 
TiO2 nanowires and corn like TiO2 nano has around 1% difference in photoconver-
sion efficiency [68]. The ultra-long anatase TiO2 nanowire prepared by hydrothermal 
technique arrays even improved the performance more than 2% and reach to an effi-
ciency of 9.40% in the DSSC application [69]. Also the ultra-long TiO2 nanowire 
has shown the photoconversion efficiency of 8.05% shown in Fig. 6c [70]. The nano-
spindle morphology of the TiO2 synthesized by hydrothermal technique has shown 
8.43% the efficient DSSC due to its improved dye loading light scattering ability 
[71]. The TiO2 hallow sphere photoanodes has shown 8.30% photocurrent conver-
sion efficiency [63]. A planer morphology of hexagonal TiO2 microplates rendered
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high reflectance of visible light [72]. Along with different morphology such as omni-
directional, densely packed, and 3D hierarchically branched TiO2 nano wires shown 
in Fig. 6 [73], the rice grain morphology in solar cell resulted efficiency of 5.10, 
9.21% [74, 75], star-like TiO2 microstructures has shown the efficiency of 9.56% 
[75], hierarchical coronary TiO2 nanorod arrays has shown the efficiency of 6.54% 
[76] and TiO2 nanoparticle/nanofiber shows the efficiency of 10.30% [77]. These 
reports indicate that the morphology of the TiO2 nanostructures significantly changes 
the solar light harvesting and accordingly variations are notices in the photocurrent 
conversion efficiency (Fig. 6). 

Zinc oxide nanostructures include nanowires, nanorods, tetrapods, nanobelts, 
nanoflowers, nanoparticles, etc. can be achieved by different physical and chem-
ical synthesis technique (Fig. 7). The ZnO nanowire of 13 μm with regular wire and 
nanoforest morphology having the photoconversion efficiency of 0.75 and 2.51% 
for DSSC due to the increasing degree of hierarchy and surface area facilities more

Fig. 6 SEM Images of TiO2 with the different morphologies. a TiO2 nanorod. b Corn-like TiO2 
[Fray et al., Electrochim Acta, 90, 302 920130] [68], c ultra-long anatase TiO2 nanowire [Que, 
Lanfang, et al., Journal of Power Sources 266 (2014)] [70]. d TiO2 nanospindle [Ma, Chao, et al., 
Colloids and Surfaces A: Physicochemical and Engineering Aspects 538 (2018)] [71]. e TiO2 hollow 
spheres [Dadgoster et al., ACS Appl Mater Interfaces, 4, 2964 (2012)] [63, 71]. f star-like TiO2 
microstructures, g rice-shaped TiO2 particles of ∼1 μm [Lekphet, Woranan, et al., Applied Surface 
Science 382 (2016)] [75]. h hierarchical coronary TiO2 nanorod arrays [Wang, Yinglin, et al., Solar 
Energy 180 (2019)] [76]. i TiO2 nanoparticle/nanofiber [Chaungchote et al., Appl Phys Lett, 93, 
033310, (2008)] [77]
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Fig. 7 SEM Images of ZnO with the different morphology. a ZnO nanoforest [Ko et al., Nano Lett, 
11, 666 (2011)] [78]. b ZnO nanorod [Urgessa, Z. N., et al., Journal of Alloys and Compounds 798 
(2019)] [80]. c Hierarchically Structured ZnO Nanorods [Lin et al., Electrochimica Acta, 88, 421 
(2013)] [81]. d Bilayer ZnO nanostructure [Chen, J., et al., Applied Surface Science 255.17 (2009)] 
[83]. e ZnO Nanotips on A Rough Metal Anode [Yang et al., The Journal of Physical Chemistry C, 
113, 20521 (2009)] [84], f network structure of electrospun ZnO nanofiber mats [Kim et al., Appl 
Phys Lett, 91, 163109, (2007)] [85], g nanorods array [Fan et al., The Journal of Physical Chemistry 
C, 117, 16349 (2013)] [86]. h, i ZnO-nanoflower [Appl Phys Lett, 90, 263501 (2007)] [Umar et al., 
Materials Research Bulletin, 47, 2407, (2012)] [87, 88]

dye loading and enhanced photon absorption [78]. The photo current conversion 
efficiency of 0.22% was achieved for the 2 μm long ZnO nanorod after optimizing 
the rod length by hydrothermal growth [79] also report shows that the ZnO nanoroad 
with the length of 1.5 μm has shown the efficiency of 0.8% for the DSSC [80]. ZnO 
nanorod embedded over ZnO film results in a 2.17% photo-conversion efficiency 
[81]. By reducing the electron-collection distance, the ZnO nanorods offered a 1D 
electron-transfer channel and improved charge collection efficiency. Also, hierar-
chical ZnO nanorods achieved a significant photo-conversion efficiency of 4.13% 
[82]. The Bilayer ZnO nanostructure synthesized by chemical bath has shown the 
solar conversion efficiency of 0.45% for QD solar cell [83]. reports show that the 
ZnO nanotips on rough Zn microtip foil shows a photoconversion efficiency of 1.4% 
due to the faster charge conduction [84]. The nanofiber mats morphology shown a 
DSSC efficiency of 1.38% [85] and long ZnO nano wire shown in Fig. 7 has the 
efficiency of 1.63% [86]. The ZnO flower has the 1.9 and 1.38% photoconversion
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efficiency in DSSC [87, 88]. Based on the morphological changes the photocurrent 
conversion efficiency gets changed in ZnO nanostructures. 

3.2 Doped and Defects-Controlled Metal Oxide 
Nanostructures for Solar Cell Applications 

The bandgap of metal oxides can be modified by doping with the appropriate cation 
or anion, which modify their electrical characteristics. The altering the materials 
growth process it has been observed that the band gaps of semiconductor metal 
oxides get altered [89]. Further the bandgap of metal oxides nanostructures can be 
modified by altering the dimensions, shape, alloying, doping, defect control. Cations 
can be added to metal oxide (photo-anode materials) as dopants, which increases 
the dipole moment and alters the interface’s energetics for electron transfer [90]. 
Strontium doped with TiO2 causes a 0.6 eV shift in the conduction band’s nega-
tive direction, or from ECB 4.3 to ECB 3.7 eV [91]. The efficiency of electron-hole 
separation at the interface is improved by the shift of the conduction band in the nega-
tive direction, which also lowers the rate of electron/electrolyte recombination and 
enhances photocurrent. Efficiency of DSSCs is greatly influenced by the injection 
and movement of photo-excited electrons inside the cell. A more effective DSSC 
must have a greater open circuit voltage because of the lower recombination rate 
[90]. 

As previously indicated, the TiO2 and ZnO commonly used as photoanodes only 
absorb UV light due to their bandgap being in the 3.2–3.3 eV region. The goal of 
the researchers is to change their optical absorption such that it absorbs more light 
in the visible range. Different cations and anions are utilized as dopants for TiO2 

to change their photo-conversion efficiencies. TiO2 is reported with various cationic 
dopants and their corresponding photoconversion efficiencies (e.g. W (η ~ 9.10%) 
[92], Nb (η ~ 7.8%)  [93], Ce (η ~ 7.65%) [94], Sc (η ~ 9.6%)  [95], Cr (η ~ 8.4%)  
[96], Sn (η ~ 8.31%) [97], Sb (η ~ 8.13%) [98], V (η ~ 7.8%), Nb (η ~ 8.33%), 
and Ta (η ~ 8.18%) [99]. Similarly, the doping of ZnO with different cations Mg, 
Al, K and Ga are showing the photoconversion efficiency of 4.11, 0.96, 0.01, and 
4.02% respectively [100–103]. The effect of doping amount and type of dopants on 
photocurrent conversion can be seen in Fig. 8.

In addition to cation doping, various investigators have reported the anion doping 
into TiO2. There is evidence that TiO2 absorbs visible light more effectively when 
various anions, including N, B, C, S, and F, are present. Where N- doping improved 
the efficiency from 8.9 to 10.1% [104]. Similarly B, C, S, and F doping improved 
the efficiency of TiO2 DSSC from 3.02, 1.43, 5.56, 4.76 to 3.44, 3.39, 6.91, 5.24 
respectively [105–108]. The redshift of the absorption spectra in anion doped TiO2 

is typically caused by the creation of a non-oxide phase or a new defect level that is 
slightly above the valence band. For ZnO, a significant and consistent improvement 
in efficiency occurs after doping, from 2.30%, 5.08%, 5.60% to 4.50%, 6.25%, and
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Fig. 8 I–V characteristics of different solar cell after doping of cation in ZnO. a Mg-doped [Raj 
et al., The Journal of Physical Chemistry C, 117, 2600 (2013)] [100]; b Al-doped [Tao et al., J 
Power Sources, 214, 159 (2012)] [101]; c K-doped [Bai et al., ChemSusChem, 6, 622 (2013)] [102]; 
d Ga-doped [Kim et al., Nanoscale Res Lett, 7, 11, (2012)] [103]

6.10%, for I, N, and B dopant, respectively [109–111]. There have also been reported 
efforts based on F and B doping in ZnO. 

3.3 Surface Modification of Metal Oxide by Self-assembled 
Monolayers 

Self-assembled monolayers (SAM) are the order arrangement of the organic 
molecules on the surface. Molecule and ligands of SAMs are containing some func-
tional group to have high affinity towards the surface of the material and are mostly 
grown on to the surface by impulsive adsorption of organic molecule on to the surface. 
The chemical composition and properties of the substrate plays a very significant role 
in the deposition of SAMs with regulated intermolecular interactions and layer orien-
tation. The SAM are also classified into amorphous and crystalline depending upon 
the orientation and packing concentration of SAMs. The SAMs is an effective way 
to engineer interface. SAMs usually consist of three groups: an anchoring group that
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chemically bonds molecules to surfaces, a linkage that defines how the molecules are 
arranged, and a functional group that affects surface and interface properties [112]. 

SAMs are most commonly used in the Perovskite solar cell to tune the interface 
between perovskite and HTL or ETL. SAMs reduce the defects on the metal oxide 
surface to get enhance charge extraction and transfer by the HTL and ETL. SAMs 
also proves a hydrophobicity to the Perovskite layer to improve the stability. The 
HTL and ETL used in the perovskite solar cell are mostly metal oxides (TiO2, ZnO,  
NiO, CuO, etc.). The surface of the oxides is mostly having hydroxyl groups which 
react with sulfonic, carboxyl, phosphonic, or silane anchoring groups of the SAMs. 
Afterwards, a dipole moment is get generated at the interface by the anchoring groups 
which change the band alignment. Also, the defect concentration at the surface got 
reduced which reduce the charge recombination at the surface and enhance the charge 
extraction [113]. 

In ETL Surface modification of metal oxide is achieved by the using self-
assembled monolayer (SAM). Which will help to improve interaction of metal oxide 
and perovskite layer and charge transfer between them. Specially the electric dipole 
effect has been widely adopted for the SAM to enhance the solar cell efficiency. The 
high electron dipole and hydrophobic functional group of SAM effects the efficiency 
of the solar cell. Phosphonic, silane, sulfonic, and carboxyl anchoring groups of the 
SAM has the great affinity and bind well to metal oxide ETL [114]. Zhang et al. 
used ionic liquid 1-ethyl-3-methylimidazolium hexafluorophosphate ([EMIM]PF6) 
as an inter-layer between the ZnO ETL and MAPbI3 layer. Device with FTO/ZnO/ 
[EMIM]PF6/MAPbI3/spiro-OMeTAD/Au structure has shown the PCE of 13.50% 
and device without ionic liquid layer is only having PCE of 10.08%. The enhanced 
electron extinction is achieved due to suitable band alignment of SAM and also 
improved long term stability is achieved [115]. Han et al. modified ZnO with Bifunc-
tional 4-picolinic acid interface linker for a higher crystallinity perovskite layer. The 
deposition of Bifunctional 4-picolinic acid SAM improve the interface transfer prop-
erty and device exhibits the highest PCE of 18.90% [116]. Liu et al. used SAM to 
passivate the surface defect of ZnO. 3-(aminopropyl)triethoxysilane [APTES] SAM 
is used to reduce the oxygen defect site by forming strong O–Si bonding. And the 
SAM modified ZnO based Perovskite solar cell have a PCE of 18.34% [117]. 

Surface modification of HTL by the Self assembled monolayer can reduce the 
defect sites at the surface which enhance the charge charier recombination at the inter-
face during the charge transfer from the active layer to HTL. Wang et al. discussed 
the effect of SAM on the NiOx HTL. In this article he engineered the NiOx surface 
by a series of benzoic acid self-assembled and used in the perovskite solar cell as 
a HTL. It was observed that among all 4-bromobenzoic acid SAM effectively done 
the surface passivation resulting in more stable perovskite solar cells with improved 
PCE of 18.4%. This SAM layer reduces the charge carrier recombination, reduce 
the charge transfer resistance between NiOx NPs and perovskite, and alters the HTL 
surface wettability, therefore improving the perovskite crystallization with higher 
stability is obtained [118]. Alghamdi et al. used a 2-(3,6-dimethoxy-9H-carbazol-
9-yl)ethyl]phosphonic acid (MeO-2PACz) self-assembled monolayer to modify the 
surface of NiOx deposited by sputtering technique for the HTL of the Perovskite
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solar cell. The overall efficiency of the device was enhanced from 11.9 to 17.2% 
after the surface modification. This enhancement is noticed due to reduction in 
charge recombination at the interface, and passivation of the defects site in NiOx 

surfaces [119]. Singh et al. reported that the surface modification of NiOx by 4-
cyanophenylphosphonic acid (CNPPA) SAM with electron-withdrawing group can 
improve the PCE of perovskite solar cell form 17.02 to 18.45% [120]. 

3.4 Development of Metal Oxide Heterostructures for Solar 
Cell Applications 

The prime objective for the formation of heterojunction structures to enhance the 
solar light harvesting capability and improve the charge separation [121, 122]. Most 
metal oxides are used with other active materials to develop heterojunction solar cell. 
The heterojunction of different semiconducting material is made to develop hybrid 
solar cell. Most commonly heterojunction solar cell is of two type such as inorganic 
and organic/inorganic hybrid solar cell. In Inorganic solar cell the heterojunction 
is made using different semiconducting material whereas hybrid solar cell are the 
combine two components to convert sunlight into electrical charge. 

3.4.1 Inorganic Heterojunction Solar Cell 

ZnO is considered as one of the most widely used material while constructing various 
inorganic heterojunction solar cell, involving thin film solar cells, quantum dot solar 
cells (QDSC), and various multipurpose excitonic solar cells (e.g., in the active 
layer, used as hole transport and electron transport layer in n-type semiconductor). 
During 1970s, Kazmerski et al. constructed a fully inorganic solar cell using the ZnO 
layer along with ZnO:Al (n-type) in CdS: Cu(InGa)Se2 thin film solar cell [123]. In 
between active layer and the cathode, a buffer layer made of ZnO was utilized, and 
the ZnO:Al mixture worked as a top contact. As time goes on, ZnO became widely 
used in bulk heterojunction solar cell as n-type semiconductor component, due to its 
high charge carrier mobility, and the wide band gap of 3.37 eV at room temperature 
[28]. 

The most prevalent heterojunction inorganic solar cell is made of a mixture of lead 
chalcogenides (e.g., PbSe, PbS, PbTe) and zinc oxide. Over the time, PbX has become 
a great material for photovoltaics due to its high dielectric constant and hence, there 
are huge Bhor radii, which produce a noticeable quantum confinement effect [124]. 
The energy level of PbX is advantageous when combined with ZnO because the 
LUMO of PbX can be modified to reduce the energy gap with the conduction band 
of ZnO. Leschikes at el. reported a heterojunction solar cell developed on a planar 
heterojunction between a thin ZnO sheet and a PbSe nanocrystal. The heterojunction 
solar cell using ZnO thin film achieved greater photocurrent density and open circuit
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potential values, with an overall PCE of 1.6%, as compared to Schottky solar cell 
manufactured using comparable PbSe NCs. To increase the efficiency, they replaced 
the planar films with nanostructured film which increased the interfacial area of the 
film and hence it resulted in massive improvements nearly doubling the efficiency to 
that of planar ZnO cells (n = 2.94%) [125]. 

Apart from lead based solar cells, copper-based p-type semiconductors with 
combination of n-type ZnO were started to be used more often as they offer a low cost 
and non-toxic material with high potential solar cells, which holds advantage over Pb 
and Cd based solar cell with can be toxic. In 2018, Zang et al. fabricated a micrometer 
grain sized CuO2/ZnO solar cell with a PCE of 3.17%, however this is still low as 
compared to the theoretical PCE of 20% [126]. While nanoparticles offer a greater 
surface area, still the nonuniform distribution is causing high recombination losses, 
hence they came up with the idea of nanowires or nanotubes which provides high 
interface as well as smooth pathway for transportation of electrons. ZnO nanowires 
(NWs):CdS was inserted into CIGS solar cells in place CuO2 to enhance the perfor-
mance of the solar cell. In the PbS QDs solar cells, ZnO nanowires were used causing 
in a solar cell with photocurrent of over 20 mA/cm2 and PCE ranging up to 4.3% 
[127]. 

The modification of the ZnO surface by TiO2 nanoscale coating reduce the charge 
carrier recombination and enhance the efficiency of the perovskite solar cell. In inor-
ganic bulk heterojunction solar cell ZnO and TiO2 are used with different p-type lead 
chalcogenide (PbS, PbSe) [124], p-type semiconductors (Cu2O [128], Cu2ZnSnS4 
(CZTS) [129], Cu(In,Ga)Se2 [130]) and several others are often being investigated. 
Improve the light collection capacity of QDSCs is possible by depositing various 
quantum dots (QDs) (Al2O3, MgO, TiO2, SnO2 etc.) on ZnO NRs and taking advan-
tage in terms of high extinction coefficient, adjustable bandgap, long lifetime, high 
stability, and simple synthesis. Additionally, ZnO NRs arrays can offer direct elec-
tron transport routes and prevent recombination at grain boundaries, enhancing the 
efficiency of carrier collection [131]. 

3.4.2 Hybrid Organic/Inorganic Heterojunction Solar Cells 

Hybrid solar cell is trusted for mechanical flexibility and low price. Hybrid solar 
cell having two components to convert the sunlight into electrical energy: (i) An 
organic semiconductor composed of a conjugated polymer that can act active photo 
absorbent material and electron donor and (ii) an inorganic semiconductor of a oxide 
and chalcogenide acting as the electron acceptor [132]. ZnO is used to substitute 
the organic material in fully organic solar cell to improve the electron mobility in 
organic hybrid solar cell. Energy production mechanism of the hybrid solar cell is 
similar to the organic solar cell, where light illumination produces excitons generation 
which diffuse donor/acceptor edge within a definite diffused length. The difference 
in donor and acceptor between the HOMO and LUMO creates a driving force that 
allows excitons to be split into two independent free carriers by charge transfer, 
by defeating the excitons binding energy. The positive moves towards cathode and
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Fig. 9 a Schematic diagram of a typical QDSSC device and b I–V characteristics of ZnO and ZnO/ 
N-doped graphene quantum dots heterostructure [136] 

negative charges go to anode by constant charge separation by donor and acceptor 
materials [133]. 

In 2004 first study of ZnO in heterojunction solar cell was reported. Nanocrys-
talline ZnO of diameter ~5 nm was prepared by hydrolysis to fabricate a bulk 
heterojunction hybrid solar cell device along with organic p-type semiconductor 
MDMO-PPV. The forward current density for organic/inorganic hybrid solar cells 
was substantially greater in ZnO:MDMO-PPV than in pristine MDMO-PPV in the 
same configuration, showing that the presence of ZnO nano structure does indeed 
offer a continuous channel for electron transport [134]. Surface modified or core-
shell structure are widely used in the development of metal oxide heterostructures 
[135]. The photoconversion efficiency of 1.6% is achieved for nanocrystalline ZnO/ 
MDMO:PPV hybrid solar cell with 0.71 sun illumination [134]. The photogenerated 
carriers in quantum dot sensitized solar cells are only separated in a small region close 
to the interface, making planar solar cells ineffective for absorbing light and collecting 
photogenerated carriers. ZnO heterostructure developed using the nitrogen-doped 
graphene QDs, has resulted improvement in photo-current conversion efficiency as 
shown in Fig. 9 [136]. 

4 Conclusion 

Metal oxide nanostructures have drawn significant attention towards optoelectronic 
application. The harvesting of solar energy either using solar cell or other elec-
trochemical devices were demonstrated by applying variety of metal oxide nanos-
tructures. It is very interesting to understand the properties of the same materials 
when it changes the morphology, surface, and size. It has been noticed that material 
properties are drastically altered when achieves nano dimension. The control over
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surface defects leads to effective change on photon absorption and emission capa-
bilities. The bandgap can be effectively tuned as per requirement by doping, surface 
alloying, surface modification and heterostructure. All these possibilities have been 
explored with variety of metal oxide nanostructures to develop the efficient photo-
electrode for solar energy harvesting. The engineering of metal oxide nanostructures 
has shown significant control over the performance of solar cell. Numerous efforts 
have been reports and many more are underway to further improve the properties of 
metal oxide nanostructures to make them useful for not only in optoelectronic but 
several other leading applications. 

References 

1. S. Sundaram, D. Benson, T.K. Mallick, Overview of the PV industry and different 
technologies, in Solar Photovoltaic Technology Production (Elsevier, 2016), pp. 7–22 

2. N.K. Elumalai, C. Vijila, R. Jose et al., Metal oxide semiconducting interfacial layers for 
photovoltaic and photocatalytic applications. Mater. Renew. Sustain. Energy 4, 11 (2015) 

3. V.C. Lokhande, C.H. Kim, A.C. Lokhande et al., Metal oxides for perovskite solar cells, 
in Chemically Deposited Nanocrystalline Metal Oxide Thin Films (Springer International 
Publishing, Cham, 2021), pp.197–233 

4. S. Akin, Boosting the efficiency and stability of perovskite solar cells through facile molecular 
engineering approaches 199, 136–142 (2020) 

5. A.E. Shalan, W. Sharmoukh, A.N. Elshazly et al., Dopant-free hole-transporting polymers 
for efficient, stable, and hysteresis-less perovskite solar cells 26, e00226 (2020) 

6. A.H. Zaki, A.E. Shalan, A. El-Shafeay et al., Acceleration of ammonium phosphate hydrolysis 
using TiO2 microspheres as a catalyst for hydrogen production. Nanosc. Adv. 2, 2080–2086 
(2020) 

7. K. Valadi, S. Gharibi, R. Taheri-Ledari et al., Metal oxide electron transport materials for 
perovskite solar cells: a review (2021) 

8. J.X. Song, X.X. Yin, Z.F. Li et al., Low-temperature-processed metal oxide electron transport 
layers for efficient planar perovskite solar cells (2021) 

9. Grätzel M (2003) Dye-sensitized solar cells 4, 145–153 
10. H. Zhou, Y. Shi, K. Wang et al., Low-temperature processed and carbon-based ZnO/CH3NH3 

PbI3/C planar heterojunction perovskite solar cells 119, 4600–4605 (2015) 
11. T. Singh, J. Singh, T. Miyasaka, Role of metal oxide electron-transport layer modification on 

the stability of high performing perovskite solar cells (2016) 
12. J. Song, E. Zheng, J. Bian et al., Low-temperature SnO2-based electron selective contact for 

efficient and stable perovskite solar cells. J. Mater. Chem. A Mater. 3, 10837–10844 (2015) 
13. F. Sadegh, S. Akin, M. Moghadam et al., Highly efficient, stable and hysteresis-less planar 

perovskite solar cell based on chemical bath treated Zn2SnO4 electron transport layer. Nano 
Energy 75, 105038 (2020) 

14. L. Mohapatra, M. Nagaraju, S. Suman et al., Enhancement in photocurrent conversion effi-
ciency via recrystallization of zinc tin hydroxide nanostructures. J. Alloys Compd. 928, 
167127 (2022) 

15. Y. Wang, M. Zhong, W. Wang et al., Effects of ZnSe modification on the perovskite films and 
perovskite solar cells based on ZnO nanorod arrays. Appl. Surf. Sci. 495, 143552 (2019) 

16. Ü. Özgür, A. YaI, C. Liu et al., A comprehensive review of ZnO materials and devices. J. 
Appl. Phys. 98, 041301 (2005) 

17. Y. Xu, P.D. Lund, H. Wang et al., Performance improvement of perovskite solar cells based 
on PCBM-modified ZnO-nanorod arrays. IEEE J. Photovolt. 6, 1530–1536 (2016)



284 L. Mohapatra and A. K. Kushwaha

18. Z. Li, J. Zhang, Y. Xu et al., Improving photovoltaic performance of perovskite solar cells: 
the interfacial modification role of aluminum chloride and ammonia on ZnO nanorods 10, 
1750017 (2017) 

19. F. Khan, J. Hyun Kim, Enhanced charge-transportation properties of low-temperature 
processed Al-doped ZnO and its impact on PV cell parameters of organic-inorganic perovskite 
solar cells. Solid State Electron. 164, 107714 (2020) 

20. Y. Ogomi, A. Morita, S. Tsukamoto et al., CH3 NH3 SnxPb (1 − x ) I 3 perovskite solar cells 
covering up to 1060 nm. J. Phys. Chem. Lett. 5, 1004–1011 (2014) 

21. K. Wojciechowski, S.D. Stranks, A. Abate et al., Heterojunction modification for highly 
efficient organic-inorganic perovskite solar cells. ACS Nano 8, 12701–12709 (2014) 

22. K. Mahmood, A. Khalid, M. Hameed et al., Thin films of nanostructured ZnO used as an 
electron-transporting material for improved performance of perovskite solar cells 124, 824 
(2018) 

23. Q. Luo, H. Chen, Y. Lin et al., Discrete Iron(III) oxide nanoislands for efficient and photostable 
perovskite solar cells. Adv. Funct. Mater. 27, 1702090 (2017) 

24. Z. Wang, J. Lou, X. Zheng et al., Solution processed Nb2O5 electrodes for high efficient 
ultraviolet light stable planar perovskite solar cells. ACS Sustain. Chem. Eng. 7, 7421–7429 
(2019) 

25. X. Liu, C.-C. Chueh, Z. Zhu et al., Highly crystalline Zn2SnO4 nanoparticles as efficient 
electron-transporting layers toward stable inverted and flexible conventional perovskite solar 
cells. J. Mater. Chem. A Mater. 4, 15294–15301 (2016) 

26. M.M. Tavakoli, D. Prochowicz, P. Yadav et al., Zinc stannate nanorod as an electron 
transporting layer for highly efficient and hysteresis-less perovskite solar cells (2018) 

27. Z. Li, R. Wang, J. Xue et al., Core-shell ZnO@SnO2 nanoparticles for efficient inorganic 
perovskite solar cells. J. Am. Chem. Soc. 141, 17610–17616 (2019) 

28. M. Zhong, L. Chai, Y. Wang, Core-shell structure of ZnO@TiO2 nanorod arrays as electron 
transport layer for perovskite solar cell with enhanced efficiency and stability. Appl. Surf. Sci. 
464, 301–310 (2019) 

29. Z.-L. Tseng, C.-H. Chiang, S.-H. Chang et al., Surface engineering of ZnO electron trans-
porting layer via Al doping for high efficiency planar perovskite solar cells. Nano Energy 28, 
311–318 (2016) 

30. Y.-Z. Zheng, E.-F. Zhao, F.-L. Meng et al., Iodine-doped ZnO nanopillar arrays for perovskite 
solar cells with high efficiency up to 18.24%. J. Mater. Chem. A Mater. 5, 12416–12425 
(2017) 

31. Q. An, P. Fassl, Y.J. Hofstetter et al., High performance planar perovskite solar cells by ZnO 
electron transport layer engineering. Nano Energy 39, 400–408 (2017) 

32. R. Azmi, S. Hwang, W. Yin et al., High efficiency low-temperature processed perovskite solar 
cells integrated with alkali metal doped ZnO electron transport layers. ACS Energy Lett. 3, 
1241–1246 (2018) 

33. Y. Guo, T. Liu, N. Wang et al., Ni-doped α-Fe 2 O 3 as electron transporting material for 
planar heterojunction perovskite solar cells with improved efficiency, reduced hysteresis and 
ultraviolet stability. Nano Energy 38, 193–200 (2017) 

34. X. Ye, H. Ling, R. Zhang et al., Low-temperature solution-combustion-processed Zn-Doped 
Nb2O5 as an electron transport layer for efficient and stable perovskite solar cells. J. Power 
Sour. 448, 227419 (2020) 

35. J. Wang, Y.J. Lee, J.W.P. Hsu, Sub-10 nm copper chromium oxide nanocrystals as a solution 
processed p-type hole transport layer for organic photovoltaics. J. Mater. Chem. C Mater. 4, 
3607–3613 (2016) 

36. J. Wang, V. Ibarra, D. Barrera et al., Solution synthesized p-type copper gallium oxide 
nanoplates as hole transport layer for organic photovoltaic devices 6, 1071–1075 (2015) 

37. C. Zuo, L. Ding, Solution-processed Cu2O and CuO as hole transport materials for efficient 
perovskite solar cells 11, 5528–5532 (2015) 

38. R. Singh, P.K. Singh, B. Bhattacharya et al., Review of current progress in inorganic hole-
transport materials for perovskite solar cells (2019)



Engineering of the Metal Oxides Nanostructures for Solar Energy … 285

39. A. Garcia, G.C. Welch, E.L. Ratcliff et al., Improvement of interfacial contacts for new 
small-molecule bulk-heterojunction organic photovoltaics 24, 5368–5373 (2012) 

40. M.D. Irwin, D.B. Buchholz, A.W. Hains et al., p-type semiconducting nickel oxide as an 
efficiency-enhancing anode interfacial layer in polymer bulk-heterojunction solar cells 105, 
2783–2787 (2008) 

41. J.-Y. Jeng, K.-C. Chen, T.-Y. Chiang et al., Nickel oxide electrode interlayer in CH3NH3PbI3 
perovskite/PCBM planar-heterojunction hybrid solar cells 26, 4107–4113 (2014) 

42. K.-C. Wang, P.-S. Shen, M.-H. Li et al., Low-temperature sputtered nickel oxide compact 
thin film as effective electron blocking layer for mesoscopic NiO/CH3NH3PbI3 perovskite 
heterojunction solar cells. ACS Appl. Mater. Interfaces 6, 11851–11858 (2014) 

43. J.H. Park, J. Seo, S. Park et al., Efficient CH3NH3PbI3 perovskite solar cells employing 
nanostructured p-type NiO electrode formed by a pulsed laser deposition 27, 4013–4019 
(2015) 

44. W. Chen, F.-Z. Liu, X.-Y. Feng et al., Cesium doped NiOx as an efficient hole extraction layer 
for inverted planar perovskite solar cells. Adv. Energy Mater. 7, 1700722 (2017) 

45. W. Chen, Y. Wu, J. Fan et al., Understanding the doping effect on NiO: toward high-
performance inverted perovskite solar cells. Adv. Energy Mater. 8, 1703519 (2018) 

46. U. Kwon, B.-G. Kim, D.C. Nguyen et al., Solution-processible crystalline NiO nanoparticles 
for high-performance planar perovskite photovoltaic cells. Sci. Rep. 6, 30759 (2016) 

47. X. Yin, J. Zhai, L. Song et al., Novel NiO nanoforest architecture for efficient inverted 
mesoporous perovskite solar cells. ACS Appl. Mater. Interfaces 11, 44308–44314 (2019) 

48. X. Yin, J. Zhai, T. Wang et al., Mesoporous NiO nanosheet network as efficient hole 
transporting layer for stable inverted perovskite solar cells. Mater. Lett. 231, 101–104 (2018) 

49. L. Zhao, G. Su, W. Liu et al., Optical and electrochemical properties of Cu-doped NiO films 
prepared by electrochemical deposition. Appl. Surf. Sci. 257, 3974–3979 (2011) 

50. J.W. Jung, C.-C. Chueh, A.K.-Y. Jen, A low-temperature, solution-processable, Cu-doped 
nickel oxide hole-transporting layer via the combustion method for high-performance thin-
film perovskite. Sol. Cells 27, 7874–7880 (2015) 

51. Z. Qiu, H. Gong, G. Zheng et al., Enhanced physical properties of pulsed laser deposited NiO 
films via annealing and lithium doping for improving perovskite solar cell efficiency. J. Mater. 
Chem. C Mater. 5, 7084–7094 (2017) 

52. M.-A. Park, I.J. Park, S. Park et al., Enhanced electrical properties of Li-doped NiOx hole 
extraction layer in p – i − n type perovskite solar cells 18, S55–S59 (2018) 

53. Y. Xie, K. Lu, J. Duan et al., Enhancing photovoltaic performance of inverted planar perovskite 
solar cells by cobalt-doped nickel oxide hole transport layer. ACS Appl. Mater. Interfaces 10, 
14153–14159 (2018) 

54. Y. Wei, K. Yao, X. Wang et al., Improving the efficiency and environmental stability of inverted 
planar perovskite solar cells via silver-doped nickel oxide hole-transporting layer. Appl. Surf. 
Sci. 427, 782–790 (2018) 

55. M.-H. Liu, Z.-J. Zhou, P.-P. Zhang et al., p-type Li, Cu-codoped NiOx hole-transporting layer 
for efficient planar perovskite solar cells. Opt. Express 24, A1349 (2016) 

56. P.-L. Qin, H.-W. Lei, X.-L. Zheng et al., Copper-doped chromium oxide hole-transporting 
layer for perovskite solar cells: interface engineering and performance improvement. Adv. 
Mater. Interfaces 3, 1500799 (2016) 

57. M. Grätzel, Solar energy conversion by dye-sensitized photovoltaic cells. Inorg. Chem. 44, 
6841–6851 (2005) 

58. R. Jose, V. Thavasi, S. Ramakrishna, Metal oxides for dye-sensitized. Sol. Cells 92, 289–301 
(2009) 

59. J. Gong, K. Sumathy, Q. Qiao et al., Review on dye-sensitized solar cells (DSSCs): advanced 
techniques and research trends 68, 234–246 (2017) 

60. Q. Zhang, D. Myers, J. Lan et al., Applications of light scattering in dye-sensitized solar cells 
14, 14982 (2012) 

61. K. Cao, J. Lu, H. Li et al., Efficient dye-sensitized solar cells using mesoporous submicrometer 
TiO2 beads. RSC Adv. 5, 62630–62637 (2015)



286 L. Mohapatra and A. K. Kushwaha

62. M. Adachi, Y. Murata, J. Takao et al., Highly efficient dye-sensitized solar cells with a titania 
thin-film electrode composed of a network structure of single-crystal-like TiO2 nanowires 
made by the “oriented attachment” mechanism. J. Am. Chem. Soc. 126, 14943–14949 (2004) 

63. S. Dadgostar, F. Tajabadi, N. Taghavinia, Mesoporous submicrometer TiO2 hollow spheres 
as scatterers in dye-sensitized solar cells. ACS Appl. Mater. Interfaces 4, 2964–2968 (2012) 

64. J. Tian, G. Cao, Control of nanostructures and interfaces of metal oxide semiconductors for 
quantum-dots-sensitized solar cells. J. Phys. Chem. Lett. 6, 1859–1869 (2015) 

65. Y.-F. Xu, W.-Q. Wu, H.-S. Rao et al., CdS/CdSe co-sensitized TiO2 nanowire-coated hollow 
spheres exceeding 6% photovoltaic performance. Nano Energy 11, 621–630 (2015) 

66. J. Tian, L. Lv, X. Wang et al., Microsphere light-scattering layer assembled by ZnO nanosheets 
for the construction of high efficiency (>5%) quantum dots sensitized solar cells 118, 16611– 
16617 (2014) 

67. M. Seol, H. Kim, Y. Tak et al., Novel nanowire array based highly efficient quantum dot 
sensitized solar cell 46, 5521 (2010) 

68. A.M. Bakhshayesh, M.R. Mohammadi, H. Dadar et al., Improved efficiency of dye-sensitized 
solar cells aided by corn-like TiO2 nanowires as the light scattering layer. Electrochim Acta 
90, 302–308 (2013) 

69. W.-Q. Wu, Y.-F. Xu, C.-Y. Su et al., Ultra-long anatase TiO2 nanowire arrays with multi-
layered configuration on FTO glass for high-efficiency dye-sensitized solar cells 7, 644–649 
(2014) 

70. L. Que, Z. Lan, W. Wu et al., High-efficiency dye-sensitized solar cells based on ultra-long 
single crystalline titanium dioxide nanowires. J. Power Sour. 266, 440–447 (2014) 

71. C. Ma, L. Wang, Z. Guo et al., Monodisperse TiO2 microspheres assembled by porous spindles 
for high performance dye-sensitized solar cells. Colloids Surf. A Physicochem. Eng. Asp. 538, 
94–99 (2018) 

72. W. Peng, L. Han, Hexagonal TiO2 microplates with superior light scattering for dye-sensitized 
solar cells. J. Mater. Chem. 22, 20773 (2012) 

73. D. Lee, Y. Rho, F.I. Allen et al., Synthesis of hierarchical TiO2 nanowires with densely-packed 
and omnidirectional branches. Nanoscale 5, 11147 (2013) 

74. A.S. Nair, Y. Shengyuan, Z. Peining et al., Rice grain-shaped TiO2 mesostructures by 
electrospinning for dye-sensitized solar cells 46, 7421 (2010) 

75. W. Lekphet, T.-C. Ke, C. Su et al., Morphology control studies of TiO2 microstructures via 
surfactant-assisted hydrothermal process for dye-sensitized solar cell applications. Appl. Surf. 
Sci. 382, 15–26 (2016) 

76. Y. Wang, P. Cheng, C. Feng et al., High performance flexible dye-sensitized solar cells base 
on multiple functional optimizations 180, 423–428 (2019) 

77. S. Chuangchote, T. Sagawa, S. Yoshikawa, Efficient dye-sensitized solar cells using 
electrospun TiO2 nanofibers as a light harvesting layer. Appl. Phys. Lett. 93, 033310 (2008) 

78. S.H. Ko, D. Lee, H.W. Kang et al., Nanoforest of hydrothermally grown hierarchical ZnO 
nanowires for a high efficiency dye-sensitized solar cell. Nano Lett. 11, 666–671 (2011) 

79. W.K. Tan, Z. Lockman, K. Abdul Razak et al., Enhanced dye-sensitized solar cells perfor-
mance of ZnO nanorod arrays grown by low-temperature hydrothermal reaction. Int. J. Energy 
Res. n/a-n/a (2013) 

80. Z.N. Urgessa, R. Ruess, S.R. Tankio Djiokap et al., Effect of morphology and surface treatment 
on the performance of ZnO nanorod-based dye-sensitized solar cells. J. Alloys Compd. 798, 
249–256 (2019) 

81. L.-Y. Lin, M.-H. Yeh, C.-P. Lee et al., Flexible dye-sensitized solar cells with one-dimensional 
ZnO nanorods as electron collection centers in photoanodes. Electrochim. Acta 88, 421–428 
(2013) 

82. W. Peng, L. Han, Z. Wang, Hierarchically structured ZnO nanorods as an efficient photoanode 
for dye-sensitized solar cells 20, 8483–8487 (2014) 

83. J. Chen, L. Chen, J.L. Song et al., Bilayer ZnO nanostructure fabricated by chemical bath and 
its application in quantum dot sensitized solar cell. Appl. Surf. Sci. 255, 7508–7511 (2009)



Engineering of the Metal Oxides Nanostructures for Solar Energy … 287

84. Z. Yang, T. Xu, Y. Ito et al., Enhanced electron transport in dye-sensitized solar cells using 
short ZnO nanotips on a rough metal anode 113, 20521–20526 (2009) 

85. I.-D. Kim, J.-M. Hong, B.H. Lee et al., Dye-sensitized solar cells using network structure of 
electrospun ZnO nanofiber mats. Appl. Phys. Lett. 91, 163109 (2007) 

86. J. Fan, Y. Hao, C. Munuera et al., Influence of the annealing atmosphere on the performance 
of ZnO nanowire dye-sensitized solar cells 117, 16349–16356 (2013) 

87. C.Y. Jiang, X.W. Sun, G.Q. Lo et al., Improved dye-sensitized solar cells with a ZnO-
nanoflower photoanode. Appl. Phys. Lett. 90, 263501 (2007) 

88. A. Umar, M.S. Akhtar, A. Al-Hajry et al., Hydrothermally grown ZnO nanoflowers for 
environmental remediation and clean energy applications. Mater. Res. Bull. 47, 2407–2414 
(2012) 

89. F. Capasso, Band-gap engineering: from physics and materials to new semiconductor devices. 
Science 235, 172–176 (1979) 

90. D.F. Watson, G.J. Meyer, Cation effects in nanocrystalline solar cells. Coord. Chem. Rev. 
248, 1391–1406 (2004) 

91. Y. Diamant, S.G. Chen, O. Melamed et al., Core-shell nanoporous electrode for dye sensitized 
solar cells: the effect of the SrTiO3 shell on the electronic properties of the TiO2 core. J. Phys. 
Chem. B 107, 1977–1981 (2003) 

92. X. Zhang, F. Liu, Q.-L. Huang et al., Dye-sensitized W-doped TiO2 solar cells with a tunable 
conduction band and suppressed charge recombination 115, 12665–12671 (2011) 

93. X. Lü, X. Mou, J. Wu et al., Improved-performance dye-sensitized solar cells using Nb-doped 
TiO2 electrodes: efficient electron injection and transfer. Adv. Funct. Mater. 20, 509–515 
(2010) 

94. J. Zhang, W. Peng, Z. Chen et al., Effect of cerium doping in the TiO2 photoanode on the 
electron transport of dye-sensitized solar cells 116, 19182–19190 (2012) 

95. A. Latini, C. Cavallo, F.K. Aldibaja et al., Efficiency improvement of DSSC photoanode by 
scandium doping of mesoporous titania beads 117, 25276–25289 (2013) 

96. C. Kim, K.-S. Kim, H.Y. Kim et al., Modification of a TiO2 photoanode by using Cr-doped 
TiO2 with an influence on the photovoltaic efficiency of a dye-sensitized solar cell. J. Mater. 
Chem. 18, 5809 (2008) 

97. Y. Duan, N. Fu, Q. Liu et al., Sn-doped TiO2 photoanode for dye-sensitized solar cells 116, 
8888–8893 (2012) 

98. M. Wang, S. Bai, A. Chen et al., Improved photovoltaic performance of dye-sensitized solar 
cells by Sb-doped TiO2 photoanode. Electrochim. Acta 77, 54–59 (2012) 

99. J. Liu, Y. Duan, X. Zhou et al., Influence of VB group doped TiO2 on photovoltaic performance 
of dye-sensitized solar cells. Appl. Surf. Sci. 277, 231–236 (2013) 

100. C.J. Raj, K. Prabakar, S.N. Karthick et al., Banyan root structured Mg-doped ZnO photoanode 
dye-sensitized solar cells 117, 2600–2607 (2013) 

101. R. Tao, T. Tomita, R.A. Wong et al., Electrochemical and structural analysis of Al-doped ZnO 
nanorod arrays in dye-sensitized solar cells. J. Power Sour. 214, 159–165 (2012) 

102. J. Bai, X. Xu, L. Xu et al., Potassium-doped Zinc Oxide as photocathode material in dye-
sensitized solar cells. Chemsuschem 6, 622–629 (2013) 

103. J.-H. Kim, K.-J. Lee, J.-H. Roh et al., Ga-doped ZnO transparent electrodes with TiO2 blocking 
layer/nanoparticles for dye-sensitized solar cells. Nanosc. Res. Lett. 7, 11 (2012) 

104. W. Guo, L. Wu, Z. Chen et al., Highly efficient dye-sensitized solar cells based on nitrogen-
doped titania with excellent stability. J. Photochem. Photobiol. A Chem. 219, 180–187 (2011) 

105. A. Subramanian, H.-W. Wang, Effects of boron doping in TiO2 nanotubes and the performance 
of dye-sensitized solar cells. Appl. Surf. Sci. 258, 6479–6484 (2012) 

106. N.T. Hieu, S.J. Baik, O.H. Chung et al., Fabrication and characterization of electrospun carbon 
nanotubes/titanium dioxide nanofibers used in anodes of dye-sensitized solar cells. Synth. Met. 
193, 125–131 (2014) 

107. Q. Sun, J. Zhang, P. Wang et al., Sulfur-doped TiO2 nanocrystalline photoanodes for dye-
sensitized solar cells 4, 023104 (2012)



288 L. Mohapatra and A. K. Kushwaha

108. S.I. Noh, K.-N. Bae, H.-J. Ahn et al., Improved efficiency of dye-sensitized solar cells through 
fluorine-doped TiO2 blocking layer. Ceram. Int. 39, 8097–8101 (2013) 

109. H. Tian, L. Hu, C. Zhang et al., Enhanced photovoltaic performance of dye-sensitized solar 
cells using a highly crystallized mesoporous TiO2 electrode modified by boron doping 21, 
863–868 (2011) 

110. Y. Xie, N. Huang, Y. Liu et al., Photoelectrodes modification by N doping for dye-sensitized 
solar cells. Electrochim. Acta 93, 202–206 (2013) 

111. Y.-Z. Zheng, X. Tao, Q. Hou et al., Iodine-doped ZnO nanocrystalline aggregates for improved 
dye-sensitized solar cells 23, 3–5 (2011) 

112. A. Ulman, Formation and structure of self-assembled monolayers. Chem. Rev. 96, 1533–1554 
(1996) 

113. Z. Li, J. Guo, Z. Li et al., Incorporating self-assembled silane-crosslinked carbon dots into 
perovskite solar cells to improve efficiency and stability. J. Mater. Chem. A Mater. 8, 5629– 
5637 (2020) 

114. F. Ambrosio, N. Martsinovich, A. Troisi, What is the best anchoring group for a dye in a 
dye-sensitized solar cell? J. Phys. Chem. Lett. 3, 1531–1535 (2012) 

115. W. Zhang, Z. Ren, Y. Guo et al., Improved the long-term air stability of ZnO-based perovskite 
solar cells prepared under ambient conditions via surface modification of the electron transport 
layer using an ionic liquid. Electrochim. Acta 268, 539–545 (2018) 

116. F. Han, G. Hao, Z. Wan et al., Bifunctional electron transporting layer/perovskite interface 
linker for highly efficient perovskite solar cells. Electrochim. Acta 296, 75–81 (2019) 

117. D. Liu, Y. Wang, Z. She et al., Suppressed decomposition of perovskite film on ZnO via a 
self-assembly monolayer of methoxysilane 2, 1800240 (2018) 

118. Q. Wang, C. Chueh, T. Zhao et al., Effects of self-assembled monolayer modification of 
nickel oxide nanoparticles layer on the performance and application of inverted perovskite 
solar cells. Chemsuschem 10, 3794–3803 (2017) 

119. A.R.M. Alghamdi, M. Yanagida, Y. Shirai et al., Surface passivation of sputtered NiOx using 
a SAM interface layer to enhance the performance of perovskite solar cells. ACS Omega 7, 
12147–12157 (2022) 

120. N. Singh, Y. Tao, Effect of surface modification of nickel oxide hole-transport layer via 
self-assembled monolayers in perovskite solar cells 2, 2390–2399 (2021) 

121. H.S. Jung, J.-K. Lee, M. Nastasi et al., Preparation of nanoporous MgO-coated TiO2 nanopar-
ticles and their application to the electrode of dye-sensitized solar cells 21, 10332–10335 
(2005) 

122. S.S. Kanmani, K. Ramachandran, Synthesis and characterization of TiO2/ZnO core/shell 
nanomaterials for solar cell applications. Renew. Energy 43, 149–156 (2012) 

123. L.L. Kazmerski, F.R. White, G.K. Morgan, Thin-film CuInSe2/CdS heterojunction solar cells. 
Appl. Phys. Lett. 29, 268–270 (1976) 

124. C.K. Miskin, S.D. Deshmukh, V. Vasiraju et al., Lead chalcogenide nanoparticles and their 
size-controlled self-assemblies for thermoelectric and photovoltaic applications. ACS Appl. 
Nano Mater. 2, 1242–1252 (2019) 

125. K.S. Leschkies, T.J. Beatty, M.S. Kang et al., Solar cells based on junctions between colloidal 
PbSe nanocrystals and thin ZnO films. ACS Nano 3, 3638–3648 (2009) 

126. Z. Zang, Efficiency enhancement of ZnO/Cu2O solar cells with well oriented and micrometer 
grain sized Cu2O films. Appl. Phys. Lett. 112, 042106 (2018) 

127. J. Jean, S. Chang, P.R. Brown et al., ZnO nanowire arrays for enhanced photocurrent in PbS 
quantum dot solar cells 25, 2790–2796 (2013) 

128. N.M. Rosas-Laverde, A. Pruna, J. Cembrero et al., Performance of graphene oxide-modified 
electrodeposited ZnO/Cu2O heterojunction solar cells 58, 263–273 (2019) 

129. R.N. Gayen, T. Chakrabarti, Effect of series and shunt resistance on the photovoltaic properties 
of solution-processed zinc oxide nanowire based CZTS solar cell in superstrate configuration. 
Mater. Sci. Semicond. Process. 100, 1–7 (2019) 

130. S. Qiao, J. Liu, G. Fu et al., ZnO nanowire based CIGS solar cell and its efficiency enhancement 
by the piezo-phototronic effect. Nano Energy 49, 508–514 (2018)



Engineering of the Metal Oxides Nanostructures for Solar Energy … 289

131. B. Boro, B. Gogoi, B.M. Rajbongshi et al., Nano-structured TiO2/ZnO nanocomposite for 
dye-sensitized solar cells application: a review 81, 2264–2270 (2018) 

132. M. Halim, Harnessing sun’s energy with quantum dots based next generation solar cell 3, 
22–47(2012) 

133. J. Huang, Z. Yin, Q. Zheng, Applications of ZnO in organic and hybrid solar cells. Energy 
Environ. Sci. 4, 3861 (2011) 

134. W.J.E. Beek, M.M. Wienk, R.A.J. Janssen, Efficient hybrid solar cells from Zinc Oxide 
nanoparticles and a conjugated polymer 16, 1009–1013 (2004) 

135. F. Qiao, K. Sun, H. Chu et al., Design strategies of ZnO heterojunction arrays towards effective 
photovoltaic applications 1, 20210008 (2022) 

136. T. Majumder, S. Dhar, P. Chakraborty et al., Advantages of ZnO nanotaper photoanodes in 
photoelectrochemical cells and graphene quantum dot sensitized solar cell applications 813, 
92–101 (2018)



Metal Oxides for Future Electrochemical 
Energy Storage Devices: Batteries 
and Supercapacitors 

Chetna Madan, Sonu Kumari, and Aditi Halder 

Abstract The focus in the energy supply has been shifted towards renewable energy 
resources and thus storing energy derived from such intermittent sources needs 
rigorous attention. The success of renewable energy usage is largely dependent upon 
energy storage devices. Our energy-intensive society measures its progress in terms 
of per capita energy consumption, with a higher figure indicating more development. 
To keep abreast with the anticipated rise in energy requirements, the surplus energy 
must be stored in environmentally and economically sustainable technology. Elec-
trochemical energy storage devices, considered to be the future of energy storage, 
make use of chemical reactions to reversibly store energy as electric charge. Battery 
energy storage systems (BESS) store the charge from an electrochemical redox reac-
tion thereby contributing to a profound energy storage capacity. Supercapacitors, 
on the other hand, store the charge electrostatically thus being rapid, recurrent, and 
immediate in energy deliverance. This chapter elaborates on the fundamental oper-
ating mechanism of these energy storage devices. The emergence of both these tech-
nologies as viable future energy storage systems depends on the kinetics of electrode 
reactions. Electrode materials are selected based on their performance, abundance, 
and operational safety. Of the wide palate of materials to opt from, transition metal 
oxides serve as an outstanding candidate along with other desirable properties like 
variable electronic configuration, ease of opting for different morphology, porosity, 
and size, synergistic interactions among different metals, chelation, and multiple 
stable oxidation states. A rigorous correlation between the structure, properties, and 
performance of numerous transition metal oxides for storage energy is summarised 
here.
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1 Introduction 

The alarming concerns about environmental pollution, global warming, and clean 
energy security associated with the injudicious utilization of the limited fossil fuel 
reserves have challenged all the nations of the world to collaboratively propose adapt-
able transition schemes. The sustainable development goals laid by the UN encourage 
global participation and facilitation to address the urgent concerns for a harmonious 
and symbiotic life on the planet. The head-strong challenges that require immediate 
and effective actions comprise curtailing carbon emissions, conversion of carbon 
dioxide to value-added commercial products, striving to prevent an average global 
temperature rise and ill effects of climate change on the fragile ecosystem, and finding 
cleaner and more sustainable alternative fuels to propel the energy demands [1]. Tran-
sitioning to renewable energy is going to be a key contributor as the appropriate action 
steps are urgently needed to avoid severe ecological and climate disasters. 

Combustion of fossil fuels to meet our energy requirements and depleting forest 
reserves have led to catastrophic levels of pollutants in the environment that costs the 
lives of nearly 9 million people every year. To limit the rise in global average temper-
atures [2] from anthropogenic activities to only 1.5°, all the nations have agreed 
in the 2021 United Nations Climate Change Conference (COP26) to decarbonize 
their energy sector, achieving net-zero carbon emissions by mid-century and promote 
usages of renewable energy through various economic, social, technical, and tariff 
policies. 

Renewable energy comprises the energy procured from naturally replenishable 
sources, that have no harmful emissions or environmental and climatic effects. The 
common sources of renewable energy include offshore and onshore wind turbines, 
concentrated solar power plants, solar photovoltaics, small and large hydropower 
plants, and geothermal plants, collectively known as wind-water-solar (WWS) tech-
nologies. However, even though the advantages of using renewable energy to meet 
electricity demands seem enticing, they fall behind owing to their inconsistency and 
variable availability. One of the solutions to promote renewable energy could be 
improving their predictability by better forecasting. Another and more reliable way 
to incorporate renewable energy in the electricity sector is to complement it with 
energy storage systems to compensate for the intermittency. 

Energy storage systems (ESS) [3] are indispensable for the growth of the renew-
able energy sector. According to research projections by a Precedence study [4], the 
global market for ESS is going to cross the figure of 435 billion USD by the end 
of this decade. Storing the surplus renewable energy when it is readily available or 
cheap and using it later to manage the peak demand helps restore the lag created by 
its intermittent nature. According to the Indian Power System Operation Corpora-
tion (POSOCO)-National Load Dispatch Centre, the demand for energy increases 
by roughly 20% every fiscal year summer. Achieving the mammoth task of inte-
grating 500 GW of renewable energy in India’s energy sector by 2030 has already 
led to various incentives and obligations, thus expanding the scope for future energy 
storage technologies [5]. The expedited interest in e-vehicles and hybrid vehicles by
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governments across the globe to cut down their carbon dioxide emissions also creates 
new horizons for the growth of renewable energy complemented by ESS technolo-
gies. Energy storage systems [6] that are widely being explored for assisting renew-
able energy adoption include pumped hydro energy storage (PHES) and compressed 
air energy storage (CAES); based on potential energy storage, flywheels; based on 
kinetic energy storage, supercapacitors, and batteries; based on electrical energy 
storage. Owing to a large installation capital, site-specific procurement, re-allocation 
challenges, and serious environmental implications due to a large set-up requirement 
pumped hydro storage although attractive for large-scale grid stabilization, face reper-
cussions. Flywheel energy storage technology suffers poor energy density and critical 
self-discharge and standby losses thus limiting its long-term energy storage. 

Electrochemical energy storage (EES) devices constitute storing of energy as elec-
trical charges mediated via chemical reactions. Battery technology uses the stored 
chemical potential of a redox reaction occurring at its electrodes and converts it into 
electrical energy when needed. The terminals of a battery, namely the cathode and 
anode are separated by ionically conducting electrolytes. Depending on the nature 
of the materials employed as the electrodes, the potential a battery can deliver, its 
cyclability, and its lifetime is determined. Hence, the selection of electrode mate-
rials is the key criterion in governing the overall performance of a battery. Also, 
the battery energy storage systems (BESS) provide the freedom of modulating the 
capacity by giving the option of stacking as per the requirement, thus being compat-
ible with the operation site and facilitating maintenance. Of the numerous battery 
chemistries being researched and evaluated at different readiness levels, many are 
being successfully transferred for commercial applications. 

In comparison to a conventional capacitor, a supercapacitor has a substantially 
larger capacitance. Supercapacitors can either store electrical energy by electrostatic 
separation of charges on the electrodes across a dielectric medium or through the 
Faradaic process. The formation of an electrochemical double layer of separated 
charges at the electrode–electrolyte interface decides the electrochemical storage of 
energy. Hence, supercapacitors are very quick in delivering high-power electricity 
for a brief time, giving them a high-power density. The well-known Ragone plot 
in Fig. 1 organizes the electrical energy storage devices in a comparative layout in 
terms of their energy density versus power density. A high-energy device being able 
to store a larger amount of energy per unit mass of the active material is ideal for 
a steady withdrawal of energy over a defined period, for example, batteries. On the 
other hand, a high-power density device such as a supercapacitor would be preferred 
in applications where an instant inflow of a large amount of energy is needed at once 
to support an energy-intensive application.

The evaluation of the performance of an EES device depends on the parameters 
like specific capacity, energy, power density, cyclic life, and durability, for which the 
materials used as the electrodes and electrolytes have a critical role. Hence, a thorough 
evaluation of the materials to be employed for various applications in electrical energy 
storage devices is significant to enhance their performance, lifespan, and safety. 

Metal oxides have been a key player in the progression of energy storage tech-
nologies (ESTs). Due to their versatile properties such as multiple oxidized/reduced
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Fig. 1 Ragone Plot for 
various energy storage/ 
conversion devices showing 
approximate area according 
to their energy densities 
versus power densities

states, band gap lying in the semiconducting region, optimum binding energies with 
the intermediates involved in various electrochemical redox reactions, layered crys-
tallographic structure, large surface area, and porous morphology, and feasible intro-
duction of numerous types of defects, metal oxides give enormous grounds to explore. 
This chapter is dedicated to compiling the resourcefulness of metal oxides in different 
electrochemical energy storage applications. 

2 Supercapacitors as Electrochemical Energy Storage 
Systems 

2.1 Introduction and Basic Principles 

It is desirable to have an electrochemical system that can store energy and at the same 
time deliver considerable energy density and significant power density on top of 
prolonged recycling duration. Battery-capacitor combination devices are intriguing 
due to their potential use in future electric vehicles, smart electric grids, and even 
tiny electronic/optoelectronic devices, among other things. High performance, low 
cost, safety, and environmental responsibility need proper design and production of 
battery-capacitor combo devices. A supercapacitor is a type of capacitor that bridges 
the gap between a regular capacitor and a battery. An electrochemical device that 
stores charges is titled as a capacitor. By the electrostatic field created between the 
metal plates in capacitors, direct electrochemical energy storage is viable. The type 
of dielectric and electrode material used in a capacitor defines its application. The 
dielectric substance is responsible for storing the majority of the energy. Capacitance 
is the terminology for the measurement of charge storage at a given voltage and can 
be denoted by the formula below in Eqs. (1) and (2):
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Capacitance = Q/V (1) 

Capacitance = εAd (2) 

Q Total charge stored on conducting plate 
V Applied voltage to the capacitor 
ε Electrostatic constant or permittivity of the dielectric medium 
A Area of one conducting plate 
d Distance between two conducting plates. 

Ceramic, polymer films, or aluminum oxide are commonly employed as dielec-
tric media in capacitors to separate conducting plates, which are where we store 
our charge. Activated carbon is utilized as a physical barrier between the plates or 
electrodes; permitting the establishment of a double electric field when such mate-
rial is electrically charged, which functions as a dielectric. Supercapacitors have 
unique benefits over capacitors, such as greater energy storage and higher energy 
density. When compared to batteries, supercapacitors feature lower internal resis-
tance, allowing for higher power density and lower equivalent series resistance 
(ESR). 

2.2 The Evolution of the Supercapacitor Over Time 

It took 150 years for a concept conceived in the 1800s to become a reality and another 
20 years before commercial availability. Throughout the last decade, research toward 
clean and renewable energy sources have exploded due to the dramatic advancement 
in the globe’s energy requirements and the associated issues of traditional sources of 
energy on the environment. Because new energy forms are intermittent or regionally 
constrained, better energy storage systems, like supercapacitors, are urgently required 
for successful storage. Nanotechnology has created novel materials and structures 
for effective energy storage, which has opened up new frontiers. 

2.3 Classification of Supercapacitors 

Based on energy storage and release mechanisms, the classification of supercapac-
itors leads to three such types; EDLC (electrochemical Double Layer Capacitor), 
pseudo-capacitor, and hybrid supercapacitors. And since the charge separation occurs 
when an electrode and an electrolyte come into contact electrochemically, EDLC 
stores energy at the nanoscale. Non-faradaic redox is involved, which means there 
are no chemical oxidation-reduction reactions or electron transfer processes taking 
place. Because only physical charge transfer occurs, cycle life is increased, resulting
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in a reasonably long cycle life. Pseudo capacitors, on the other hand, uses metal 
oxides/metal-doped carbons/conductive polymers; all are employed as high-energy 
electrode materials to bring out faradaic redox processes. Compared to EDLC, it 
has a higher energy density but shorter life cycles. Because it is made up of EDLC 
and pseudo-capacitor components, hybrid SC has properties of both. Asymmetric, 
composite, and hybrid SC are the three types of hybrid SC. In composite elec-
trodes, either metal oxides or conducting polymers are combined with carbon-based 
materials to construct an electrode that possesses the ability to hold the charge in both 
ways physically as well as chemically. With its large surface area, carbon promotes 
contact between both the material and the electrolyte. Increased capacitance through 
composite electrodes is caused by the faradic reaction and pseudocapacitive material. 
At the current time, two prevalent types of composites are binary; two different elec-
trode materials, and ternary in which three different electrode materials are used in 
making electrodes. Asymmetric hybrids are comprised of EDLC; non-faradaic and 
pseudo capacitors; faradaic electrodes. Conducting polymer/metal oxide; as posi-
tive electrode while carbon-based electrode as a negative counterpart. A battery-type 
hybrid, like asymmetric hybrids, combines two different electrodes, however at this 
moment one is a supercapacitor-electrode and another is a battery-electrode. Hence, 
a single cell has characteristic features of both batteries and supercapacitors. The 
different categories of supercapacitors are depicted in Fig. 2. 

Fig. 2 Depending on construction and operation, classification of supercapacitors
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2.4 What Makes Transition Metal Oxide a Potential 
Electrode Material for Supercapacitors? 

Three types of materials could be identified as supercapacitor electrodes: transi-
tion metal oxides, conductive polymers, and materials made of carbon. Widely, 
carbonous materials are utilized for the making of electrodes in EDLCs. Their char-
acter traits include high specific surface area and controllable pore-size distribution 
as well as superior electrical conductivity [7]. Carbon-based materials have high 
power densities but a lower value of energy densities; resulting from their charge 
storage method which limits the overall performance of EDLCs [8, 9]. Graphene, 
carbon nanotubes, and carbon nanofibers just are a couple of the carbonous materials 
which have been studied as potential electrode materials. The lower specific capac-
itance of carbon-based materials, however, restricts the ability of EDLCs [10], and 
their high cost limits their use [11]. Conductive polymers have strong conductivity 
and are pseudocapacitive, but their stability is low, making them easily detachable 
from the substrate [12, 13]. For instance, polyaniline has a slow charge and discharge 
rate and poor charge/discharge process stability [14]. TMOs have superior chemical 
stability over conductive polymers and higher specific capacitance (100–2000 F/g), 
energy density, and energy density compared to carbon materials [15–17]. 

2.5 Concentrating Supercapacitor Energy Density 

When we compare supercapacitors’ energy densities with batteries; they aren’t all that 
high (20 vs. 30–200 Wh/kg), and striving to improve supercapacitors’ energy density 
remains a challenging and time-consuming research project. Advanced manufac-
turing methods and technologies can boost the storage capacity of supercapacitors, 
but it is crucial and difficult too; to find new electrolytes or electrode-active mate-
rials that offer better corresponding electrochemical performance over the long term. 
The lower energy density of supercapacitors resulting their larger size and conse-
quently portability issues arose. In essence, expanding the accessible surface area 
of active materials in double-layer capacitors; and also, by widening the opera-
tional voltage window can improve the energy densities of supercapacitors. The 
development of novel materials with enormous surface areas and organic electrolytes 
which suitably can sustain a wide-ranging voltage window is the theme of an esca-
lating volume of research. If these issues are adequately resolved, supercapacitor 
energy densities could be nearly comparable to batteries. 

2.5.1 High-Specific Area 

Due to greater interactions between electrolytes and active electrode materials, elec-
trode materials having a wide surface area can improve electrochemical performance.
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Increased interactions also lead to an increase in faradaic reactions at the interfaces, 
which increases the contribution of the pseudocapacitive component to the total 
capacitance value. Expanding active material surface area through porosity could also 
strengthen many critical SC variables. This is because as porousness (permeability) 
of active material increases the diffusibility of electrons and ions through into elec-
trodes, which ultimately lowers internal resistance and controls changes in volume 
during charge–discharge cycles; further, the cycling life would be improved. Several 
different dimensions and morphologies of metallic oxide materials, which would 
include nanoparticles, nanorods, nanoflower, nanowires, nanosheets, and nanotubes, 
could be developed by using various techniques. The structural, physical, and chem-
ical features of each morphology are distinctive. Due to its superior electrochem-
ical performance, eco-friendliness, and inexpensive price, like nickel oxide seems 
to be a viable electrode material for pseudocapacitors. As opposed to their bulk 
counterparts, nanostructured materials have distinctive and interesting features that 
are well recognized. Therefore, supercapacitor electrode materials having nano-
scale crystalline particle size will have large specific surface areas, which produce 
high electro-chemical activities plus superior capacitive performance. According to 
Zheng et al. [18], post-heating at 300 °C was employed to produce nanoflake-like 
NiO using the hydrothermal synthesis method. The morphology of NiO particles 
shows distributed sandwich and shaggy cauliflower-shaped micaceous nanoflakes as 
displayed in Fig. 3a. The NiO nanoflakes have a thickness of 20 nm and a width of 
50–80 nm. In an alkaline electrolyte solution, the supercapacitor properties of the 
NiO sample were investigated. The NiO produced through heat treatment after the 
hydrothermal process at 140 °C displays good capacitive performance. The value 
of specific capacitance for prepared NiO was about 137.7 F/g @ current density 
of 0.2 A/g, which is about four times greater than NiO synthesized by directly 
calcining Ni(NO3)2. 6H2O at 550 °C temperature [19]. The cauliflower-like nano-
flake structure within NiO increases the effective surface area facilitating faradaic 
redox reactions and simultaneously improving pseudo-capacitance as well as tremen-
dous cyclability and retained capacitance up to 91.6% after 1000 cycles of charging 
and discharging. According to an electrochemical impedance spectroscopy investi-
gation, it has low internal resistance is 0.2 V, lower than the NiO electrode made via 
molten salt synthesis [20], indicating the main reason was mass transfer constraint. 
As depicted in Fig. 4a, the NiO samples’ curve shapes show that their capacitance 
properties are substantially different from those of electric double-layer capacitance 
where the form is typically extremely similar to an ideal rectangular shape. It suggests 
that the pseudocapacitive capacitance, which would be based on the redox mecha-
nism, is the primary cause of the capacity of NiO electrodes and other metal oxides. 
Due to sample 1’s shaggy surface and large specific surface area for quick, reversible 
Faradaic reactions, the redox current intensity provided by sample 1 is noticeably 
higher than that of sample 2.

Besides, it is known that this surface Faradaic redox reaction [Ni2+/Ni3+], takes 
place in an alkaline solution at the surface of NiO as indicated below in Eq. (3) [23] 

[NiO] + (OH)−� [NiOOH] + (e)− (3)
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Fig. 3 SEM images showing the nanoflake-like morphology of NiO, a sample 1 and b sample 2, 
c CV for NiO electrodes (samples 1,2) sample 1 has a greater surface area accessible to faradaic 
redox reactions than sample 2, it exhibits a greater current density [14]. Reproduced from Ref. [18] 
with permission from Elsevier, Copyright 2009. d SEM images showing samples of IrO2 undergo 
annealing at different temperatures; as-deposited IrO2 annealed @ 200 °C; forming nanofibers IrO2 
having small buds; indicating the presence of polymeric content, at 300 °C showing reduced buds 
probably because of evaporation of polymer content, for 400 °C, buds get completely disappeared, 
and at 500 °C, quality of IrO2 nanofibers get damaged and aggregation occurs. Reproduced from 
Ref. [21] with permission from Elsevier, Copyright 2021. e SEM image of as-spun nanofibers with 
a diameter in the range of 200 to 300 nm. Reproduced from Ref. [22] with permission from Elsevier, 
Copyright 2015 

Fig. 4 a CV scans for the AC and LMO-rGO electrodes in 0.5 M Li2SO4; in aqueous solution 
@ 10 mV/s scan rate. The electrodes with AC and LMO-rGO have potential windows of −1.0 to 
0 V and 0 to 1.1 V, respectively. b The CV curve of an asymmetric device (AC/LMO-rGO) with an 
increased working voltage window of up to 2 V. c CVs of the asymmetric device at various scan 
rates from 10 to 150 mV/s; the shape of the CV curves is not significantly changed as the scan rate 
increases from 10 to 150 mV/s, demonstrating the AC//LMO-rGO device’s good rate capability as 
well as reversibility. Reproduced from Ref. [34] with permission from Springer Nature, Copyright 
2017
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This also indicates that the electrochemical redox process for NiO in a superca-
pacitor is not a simple adsorption/desorption process of OH ions. In another research 
work, nanorods of RuO2 were deposited over carbon nanofibers using the electro-
spinning method through precipitation and recrystallization methods. This results in 
an increase in large surface area with electrochemically active functional sites at the 
mesopores leading to better performance. RuO2-carbon nanofibers that have been 
annealed at 220 °C used as electrode material with KOH aqueous electrolyte have 
good capacitance capabilities (188 F/g at value 1 mA/cm2 current density), as well 
as with improved energy density valued (22–15) Wh/kg and power density from 400 
W/kg to 4000 W/kg. At 1 mA/cm2 discharge current density, the capacitance value 
for RuO2. Carbon nanofibers maintained approximately 93% of their initial value; 
after the 3000 cycles. To achieve a lower value for internal resistance and promotion 
of ion-diffusion and charge-storage in the majority of amorphous materials, a bigger 
mesopore volume with low-dimensional RuO2 nano-rods at carbon nanofibers is 
advantageous [24]. The electrospinning method is used to generate iridium oxide 
(IrO2) nanofibers [21], and the annealing temperature is optimized to produce high-
quality IrO2 nanofibers. The four different annealing temperatures 200, 300, 400, and 
500 °C resulted in a hollow nanofibrous shape with about 45 nm diameter on average 
as shown in their SEM image in Fig. 3d. With a 2.1 nm average pore size; the surface 
area measured was 80 m2/g for a sample that was annealed at 400 °C, so it can be 
deduced that the nanofibers that were created had higher porosity. The sample also 
had a maximum specific capacitance of 705 F/g at 1 mA/cm2, which was caused by 
the fully developed morphology. Owing to the such hollowness of nanofibers, which 
contributes to their higher surface area, electrolyte’s permeability may be improved 
as well as the likelihood of efficient ion and electron transport in the electrode, which 
would result in good electrochemical performance [21]. The contact area between 
both electrolyte ions and that of the electrode surface could be enhanced by using 
1D nanofibers to increase both the surface area and ion transport pathways [25]. The 
supercapacitors’ ability to store charge is significantly influenced by the porosity of 
such nanofibers [26, 27]. Due to their large surface area, mesopores can improve 
electrolyte ion transit, while micropores can help boost the electrochemical double-
layer capacitance. As an illustration in Fig. 3e, MnOx nanofibers with pores that are 
10–30 nm in size offer excellent electrolyte diffusion [22]. 

2.5.2 Boosting the Working Potential 

The challenge for the field of SCs is to create devices having high energy density but 
not at the cost of their high-power densities or long-cycle lives. 

E = 1/2
(
CV2

)
(4) 

E = Energy Density, C = Capacitance, and V = Operating Potential Window.
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Equation 4 conclusion shows that; one option to boost an SC’s energy density 
is to do so by developing more effective electrode materials. The specific capaci-
tance of a cell can be enhanced by creating high surface area, high conductivity, and 
porous, and lightweight electrode materials; which will increase the system’s overall 
capacitance. Increasing the electrolyte’s operating potential window is another way 
to boost energy density, provided the electrode materials stay stable well within the 
working potential range. It is more effective to increase the working cell voltage 
than the capacitance of such active materials because the energy density is propor-
tional to the square of the operating potential window. Despite having large working 
potential windows, ionic liquids lie from 3.5 to 4.0 V; and range from 2.5 to 2.7 V 
in the case of organic electrolytes, have some drawbacks, such as limited ionic-
conductivity, higher cost, flammability, high viscosity, corrosiveness, sensitive for 
humidity, safety, and disposal risks [28, 29]. The creation of a green storage system 
depending on neutral aqueous electrolytes is thus urgently required on a global scale 
to establish a secure and consistent energy supply. Aqueous electrolytes’ operating 
cell voltage must be increased above their thermodynamic limit of 1.3 V to meet the 
continuously rising demand for green and sustainable energy. This requires the devel-
opment of improved electrode material. When it comes to aqueous electrolytes, this 
thermodynamically controlled operating cell voltage can be increased by switching 
from such a symmetric to an asymmetric configuration. The typical operating poten-
tial window for a symmetric supercapacitor in an aqueous electrolyte is less than 1 V. 
Asymmetric supercapacitors may often fully utilize their two distinct electrodes and 
would display two distinct operational potential-window in that same electrolyte only. 
Due to that expansion of the working voltage window, the device’s energy density 
may also be greatly enhanced. The electrochemical oxidation/reduction potential and 
the active material work function are intimately related, therefore the asymmetric 
supercapacitor’s operation voltage can be raised by simply selecting metallic oxide 
active material with a significant difference in their work function [30]. To increase 
the operational potential window of a cell, an asymmetric arrangement makes use 
of the two electrodes’ distinct potential windows [31]. Weijie Liu et al. [32] due 
to the large work function difference of two electrode materials (MnO2 and V2O5), 
the device fabricated worked at a wider operational potential window of 2.0 V and 
excellent electrochemical performances owning due to a larger work function differ-
ence of electrodic materials MnO2 and V2O5. A higher areal capacitance of 0.613 F/ 
cm2@ 1.5 mA/cm2 discharge current density was exhibited, and the energy density 
of 0.340 mWh/cm2 at 1.5 mW/cm2 power density was obtained. This device showed 
good flexibility, that it could withstand the bend testing and drive LED even under 
severe bending positions. The device was also found quite stable even after 5000 
cycles at such a higher current density of 30 mA/cm2. The device can function over 
a wide potential range from 0 to 2.0 V and could maintain a similar shape in the 
potential range of 0–0.8 V. In general, supercapacitors with a large potential window 
have high power densities. In comparison to conventional symmetric supercapaci-
tors, asymmetrical supercapacitors have this significant benefit and are one of the 
key components in meeting application demand. CV curves exhibit good symmetry 
and nearly rectangular forms; at 100 mV/s comparatively higher one, indicating that



302 C. Madan et al.

the device also exhibits strong capacitive performance. With a significantly wider 
operating potential window from −0.8 to 0.8 V; versus SCE; 0.5 M Na2SO4 aqueous 
solution as an electrolyte, Song Z. et al. synthesized Fe2O3/GA composite using 
the hydrothermal method, the yielded specific-capacitance valued 81.3 F/g @ 1 A/g 
[33]. The asymmetric AC/LMO-rGO aqueous supercapacitor was created by Azari 
et al. [34] as shown by the CV scans in Fig. 4a–c and has a 2.0 V extended poten-
tial window. Its specific energy and power are comparable to those of commercial 
lead-acid batteries. The exceptional super-capability of LMO-rGO nanocomposite 
is because of their synergistic effect involving graphene & LiMn2O4 (LMO). The 
capacitance value of LMO (positive electrode) raised from 162.5 to 268.75 F/g @ 1 
A/g on nano-compositing. 

The nanocomposite’s superior architecture, high specific surface area, outstanding 
electrical conductivity, and improved ion transport routes, which allow for quick 
electron & lithium-ion transfer well within nanocomposite, are what account for 
the device’s increase in capacitance. Combination with an activated carbon (AC) 
electrode; the device exhibits a higher hydrogen evolution overpotential and with 
the outstanding capacitive properties of the LMO-rGO nanocomposite plus high 
oxygen evolution overpotential effectively increases the operating voltage range of 
the device to 2.0 V. With just a 5% drop of capacitance across 6000 cycles at 0.74 A/ 
g current density value, these nanocomposite demonstrating good cycling stability 
as well. The findings demonstrate that the synthesized nanocomposite is a suitable 
active component for the production of asymmetric supercapacitors exhibiting high 
energy & high-power densities, with potential applications in high-energy devices 
found in the real world. 

2.6 Improvements in Cyclic Stability 

Cyclic stability is without a doubt the most crucial factor for the practical form of 
supercapacitors. Cyclic-stability of a supercapacitor is defined as the rate of capac-
itance retention of such electrode materials/devices given standard and realistic test 
circumstances, following a specific amount of working time or a specific number of 
charging and discharging cycles. Although other components like the electrolyte, and 
separator are also significant, the electrode materials serve as the primary compo-
nent that determines the cyclic stability of supercapacitors. The selection of mate-
rials and their energy storage mechanism is directly impacting the cyclability of 
active materials. Cyclic stability of electrode materials exhibiting EDLCs behavior 
(such as carbon electrode materials) often falls under type I, which is primarily 
because the electrode material does not experience chemical charge transfer reac-
tions and phase changes throughout the charge and discharge process. In other words, 
charge storage is accomplished via the physical process involving reversible ion 
adsorption and desorption just on the electrode/electrolyte interface. As a result, 
during extended cycles, the capacitance rarely diminishes. Battery-type and pseudo-
capacitance cyclic stability Supercapacitor electrode materials, like metal nitrides,
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metal oxides/hydroxides, and metal carbides, primarily fall under type II, which is 
due to the material’s self-activation, an obvious increase in specific capacitance rela-
tive to initial specific capacitance, and constant retention rate of greater than 100%. 
The capacitance-retention rate falls to its original capacitance or is significantly less 
than 100% after the self-activation stage. During the charge/discharge process, the 
conductive-polymer electrode material readily triggers the collapsing of the material 
structure, resulting in a capacitance retention rate that is less than 100%; these are 
categorized as type III materials. 

The test conditions for stability assessment should be given careful consideration, 
together with other performance indicators such as mass load, electrolyte compo-
sition, potential window, scanning rate, test temperature, and others as enlisted in 
Fig. 5. The test parameters, including the potential window and current density/ 
scanning rate, have a significant impact on the cyclic stability of electrode materials. 
For instance, a material used for electrodes exhibits higher specific capacitance at 
low current densities while exhibiting extremely lower values at high current densi-
ties. The electrode material undergoes its electrochemical reaction more effectively 
at low current densities and scanning rates, and as a result, the electrode material 
exhibits a higher value of specific capacitance. Metal oxides as electrode materials 
are debatable because they exhibit both pseudocapacitive as well as battery-type 
characteristics during the charge/discharge process. The cyclic stability of metal 
oxides varies based on the type of material. To take MnO2 as a reference, it is well 
known that the pseudo-capacitance, that is a reversible redox transition induced by 
either proton exchange or cation exchange or both in the electrolytes, and Mn(III)/ 
Mn(II), Mn(IV)/Mn(III), and Mn(VI)/Mn(IV) caused by the transition accounts for 
the majority of such capacitance of manganese oxide. Equation (5) describes the 
unique mechanism [28, 35]. 

MnO(OC)β + δC + δe � MnOα − β(OC)β + δ (5)

Alkali metal cations (Li+, Na+, and K+) and protons are represented by the symbol 
C+ in the electrolyte, while MnO(OC)β &MnOα − β(OC)β + δ MnO(OC) designate 
MnO2.nH2O in High and low oxidation states respectively. We can see from Eq. (5) 
that the redox process involves both cations and electrons. As a result, for MnO2 

with weak conductivity, the redox reaction rate is significantly smaller than that of 
the electron transport rate whenever the current density or scanning rate is high. As 
a result, there are fewer materials available to supply this capacitance, which causes 
a quick decline to a value that is less than the capacitance. As described in the study 
of Bag et al., if the current density or scanning rate is employed to evaluate the cyclic 
stability, the phenomena that the capacitance value is very little and the cyclability is 
very superior would exist [36]. However, if the cycle performance is examined with a 
lower current density/scanning rate, according to the findings of Xia and colleagues 
[37], it shows far worse stability for MnO2 as compared to Bag’s and Huang’s results. 
Oxides; other than MnO2, similarly experiencing comparable circumstances. The 
Ni–Co–O@CFP exhibits excellent electrochemical performance, however, it may 
be much better if it showed a rate capability of 20 A/g before being tested for cyclic
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Fig. 5 Variables that affect 
the supercapacitors cyclic 
stability

stability, or tested for cyclic stability at 10 A/g. As metal oxides generally have poor 
conductivity, this phenomenon can also be seen in widely used metal oxides, such 
as V2O5, Fe2O3, and Fe3O4. Because of this, the main goal of describing the cyclic 
stability of pseudocapacitive metal oxides is to make sure that the current density/ 
scanning rate employed can essentially trigger the redox reaction of all electrode 
materials. Supercapacitors’ cycle life is influenced by a variety of factors. Due to 
this, many scientists are working to enhance the cyclic stability of electrode mate-
rials by modifying the materials’ composition, microstructure, and preparation of 
composite materials. Creating heterojunction nanocomposites of the electrode mate-
rial can increase the cyclic stability of the electrode material. It is possible to create 
V2O5@PPy nanocomposites with outstanding cycle stability by utilizing the syner-
gies between V2O5 and PPy. Only 17.5% of the capacitance is attenuated [38] after  
2000 cycles (Fig. 6a). In one more recent research, VN@VO2 is created by depositing 
a single oxide-layer (VO2) just on the surface of VN, which exhibited 1000 cycle of 
charge and discharge @ 1 A/g current density [39], with an 85% capacitance reten-
tion rate. Because microstructure and morphology directly affect the electrolyte ions’ 
adsorption on the electrode material (primarily in electric DL supercapacitors) and 
diffusion, they became crucial for determining its cyclic stability (mainly in the case 
of pseudocapacitive supercapacitors). Generally speaking, innovative microstructure 
and shape could create favorable conditions that help enhance quick electrochemical 
processes, such as high specific surface area, optimized pore size distribution, and so 
forth. Numerous studies have shown that creating specific microscopic morphologies 
of the electrode material, such as spherical nanoparticles, hollow structures, porous 
structures, layered structures, etc., has improved the cyclic stability of supercapaci-
tors. One of the fundamental elements that govern the physical/chemical/mechanical
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properties of solid metals is crystal structure. As a result, altering the crystal struc-
ture is observed to play a key role in improving cyclic stability. Due to the varying 
crystal structures of MnO2, they have tunnels or intermediate layers with gaps of 
different sizes. The intercalation/deintercalation of protons/cations in MnO2 is what 
gives MnO2 electrode materials their capacitance characteristics. The only crystal 
structures that can display great cyclic stability are those that have enough space to 
incorporate these ions. Because the small tunnel in β-MnO2 cannot accommodate 
cations throughout charging-discharging cycles, there is almost no specific capaci-
tance, making it not a good material for capacitor applications. Despite having strong 
cyclability, it has no significance. The specific capacitance is still quite big even 
though the cyclability of α-MnO2 and δ-MnO2 has reduced as depicted in Fig. 6b–d. 
They are excellent potential supercapacitor electrode materials because of their huge 
interlayer spacing and big tunnel size [40]. The strategy of coating and encapsulating 
has a primary purpose that, in addition to employing the coating to shield the struc-
ture of the electrode materials to increase their cycle stability, is that the synergy 
between two materials will indeed help to the ultra-long cyclability.

The enhancement of the cyclic durability of electrode materials can be accom-
plished by adding “impurity atoms, ions, or nanoparticles” in addition to control-
ling the microstructure and morphology. The following factors play a major role 
in how these impurity materials affect cyclic stability. (i) The bulk material may 
structurally deform due to the presence of impurity materials, and/or charge density 
may change. (ii) Impurity substances operate as “catalysts” in the electrode process, 
efficiently accelerating it and reducing the dissolution of electrode components in 
the electrolyte, enhancing cyclic stability. Introduction of gold nanoparticles done 
to nano Co3O4 bulk (AuNP/nano-Co3O4) to lower the internal resistance of charge 
transfer. The specific capacitance of the gold nanoparticle-decorated nano-Co3O4 

is higher (681 F/g) than that of the pure Co3O4 (368 F/g), as well as the capac-
itive retention rate of AuNP/nano Co3O4 & nano Co3O4 was 83.1% and 79.8%, 
respectively, after 13000 cycles. This is a result of the addition of Au nanoparticles, 
which increased the conductivity of the active material; also decreasing its charge’s 
diffusion length during charging and discharging, further boosting the cycle stability 
[41]. In recent years, combining two metal oxides to create composite nanostructures 
has emerged as a new research avenue and a hotspot in the field of supercapacitors. 
Nickel, cobalt, and manganese-based binary oxides are the most prevalent binary 
oxide-based electrode material. It has been suggested that adding cobalt compounds 
to nickel oxide (nickel hydroxide) can enhance the material’s electronic conduc-
tivity. The material’s electrochemically active sites are improved by the addition of 
nickel and cobalt oxide (cobalt-hydroxide) [42]. Because of its benefits of having 
higher electron conductivity, low diffusion barrier to protons/ions, and simple elec-
trolyte penetration, NiCo2O4 (NCO) has emerged as a potential hybrid supercapacitor 
electrode material. However, NCO electrode materials have always had issues with 
cyclic robustness and multiplier characteristics, and numerous researchers have been 
striving to fix these issues. Mesoporous NCO nanowires synthesized on carbon fiber 
textiles, according to Zhang et al. [43] showed high capacitance, great multiplier 
performance, and good cyclic stability as the flexible electrodes in supercapacitors.
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Fig. 6 a Comparison of cycling performance of V2O5@PPy, a synergic effect between V2O5 
and PPy providing higher cyclability than pure V2O5 electrodes. Reproduced from Ref. [38] with 
permission from American Chemical Society, Copyright 2018. b Specific capacitance values of 
different crystallographic forms MnO2, c Variation in specific capacitance value observed at various 
current densities, d Comparison of cyclic stability of different forms of MnO2. Reproduced from 
Ref. [40] with permission from American Chemical Society, Copyright 2008

3 Batteries as Electrochemical Energy Storage Systems 

3.1 Introduction and Basic Principle 

Batteries store electric energy from the electrochemical reactions taking place at 
their two electrodes [44]. The transfer of electrons takes place through the external 
circuit powering the load. The materials ideal for the anode (which is the negative 
electrode) should release electrons for the load, get oxidized readily, and be capable 
of continuous reversible ion exchange with the electrolyte, while a cathode (positive 
electrode) material should accept electrons from the load and get reduced favorably 
and facilitate mercurial intercalation of ions [45]. The potential of a battery is ascer-
tained by calculating the difference between the chemical potential of the cathode 
and anode and is given by the following Eq. (6):
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E◦ 
cell = E◦ 

cathode − E◦ 
anode (6) 

From Gibb’s free energy change between the reactants and products and the 
faradic capacity of charge transferred, the value of cell potential can be determined 
from Eq. (7): 

E◦ = −� G/nF (7) 

The electrolyte becomes the medium of reversible ion transfer and should have a 
high transference number. 

A major difference between a capacitor and a battery in storing electrical energy 
lies in the way the ions are arranged inside them. The capacitors store electricity 
by the charged ions residing at the electrode–electrolyte interface (electrochemical 
double layer), whereas the batteries store electrical energy as the charged ions reside 
inside the whole electrode itself (Faradic reactions). This gives batteries a higher 
capacity than capacitors, while capacitors exhibit faster charge–discharge because 
of the absence of hindered kinetics from Faradic reactions. A rechargeable battery 
is also known as a secondary battery and functions on the electrochemical reactions 
taking place at the electrodes and electrolyte interface. Depending on the chemistry 
of the electrode–electrolyte interface, and the size of the battery, its voltage, capacity, 
and energy density may vary [46]. 

3.2 Historical Overview 

The battery is an age-old technology [47] invented to power electrical needs and is 
still undergoing new research every day. Dating back to the 19th century, Alessandro 
Volta’s observation regarding the conduction of electrical charge by fluids (elec-
trolytes) lead to the inception of stacked voltaic cells where silver and zinc metal sepa-
rated by electrolyte-soaked paper were used. It became evident that higher voltage 
could be achieved by a combination of metals having a greater difference in their 
redox potentials. This ignited the interest of scientists worldwide and several new 
combinations began to be explored to acquire electricity from the combination of 
chemicals. Leclanchè in 1866, developed a battery where zinc anode and manganese-
dioxide cathode were used along with ammonium chloride electrolyte. The first 
rechargeable lead-acid battery system, used to date, was invented by the French 
physician Plantè in 1859. In 1899, the invention of the Ni–Cd cell by Swedish scien-
tist Waldmar Jungner made use of nickel and cadmium at the two terminals using 
KOH as the electrolyte. The developments in battery chemistry kept the scenario 
competitive as new systems having better voltage and discharge properties kept 
emerging with time as depicted by the timeline in Fig. 7. The primary alkaline 
battery invented by Canadian scientist Lew Urr evolved in 1959. The breakthrough 
battery technology involving lithium metal on the anode changed the world. Lithium-
ion battery technology proposed by Whittingham in 1974 used TiS2 as the cathode,
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Fig. 7 Timeline of battery development 

while Goodenough et al. used LiCoO2 as the cathode and graphite as the anode. The 
battery market is largely dominated by lithium-based batteries these days whether in 
portable consumer electronics, electric vehicles, or grid ancillary services. However, 
more innovative and environmentally friendly battery technologies (as discussed in 
a further section) are being explored because of the dynamic interest in shifting our 
energy sector to non-fossil fuel sources. 

3.3 Need for Battery Energy Storage 

There is a global surge in shifting the source away from fossil fuels to meet our energy 
needs. The rise in average earth temperature, increasing ocean acidification, abrupt 
changes in weather patterns, and frequent floods and forest fires have all pushed 
the agenda of adopting clean and sustainably-sourced energy. The thriving interest 
in harnessing renewable solar and wind energy has caused the decentralization of 
the energy source. The discontinuity in renewable energy generation arising due to 
diurnal and seasonal fluctuations renders it unreliable and unsuitable for the power 
grid. However, this intermittency must be balanced with adequate energy storage 
systems where battery energy storage gains a huge credit. Battery energy storage 
systems (BESS) like lithium-ion batteries, and lead-acid batteries attached to renew-
able sources of energy store the surplus energy and can either be utilized in the peak 
hours of demand or when the prices of electricity are higher, it can sell energy or 
feed into the grid. For providing ancillary services to the grid [48] when an event 
of destabilization or fluctuation occurs BESS plays a moderator role. Also largely 
sourced energy from renewable sources when fed into the grid may suffer from more 
fluctuations owing to weather disturbances, and must be stabilized by employing 
BESS [49] at the generator and distributors end to maintain the grid. For a greater 
adoption of e-vehicles, the automobile industry demands reliable and cost-effective 
batteries that can compete with the internal combustion engine’s performance in 
terms of cost, maintenance, refilling or recharging time, and lifetime, and poses no 
serious environmental implications. Therefore, the coming decade sees a huge rise 
in the development and demand for BESS [50].
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Fig. 8 Schematic illustration of different predominant battery energy storage systems: a Lead-acid 
battery, b Sodium-sulfur battery, c redox-flow battery. Reproduced from Ref. [56] with permission 
from Springer Nature, Copyright 2011, d Li-ion battery. Reproduced from Ref. [57] with permission 
from Elsevier, Copyright 2020, and e zinc-air battery. Reproduced from Ref. [58] with permission 
from Elsevier, Copyright 2021 

3.4 Types of Battery-Chemistry 

Battery systems can be classified based on the different materials used on the elec-
trodes and electrolytes, and various battery chemistries as summarized in Fig. 8. 
Thus, different systems exhibit varying energy densities, specific capacities, oper-
ating voltage, cyclability, charge–discharge ability, lifespan, and cost and therefore 
are suited for different applications. 

3.5 Lead-Acid Battery 

This battery system is one of the oldest functional battery technologies and uses 
spongy lead as the anode, lead dioxide serves as the cathode, and dilute sulfuric 
acid functions as the electrolyte. They have a 70–80% efficiency and only 30 Wh/ 
kg of energy density and are widely used in automobiles, and DC back-ups. During 
discharge, there is a production of lead sulfate which grow larger and is difficult 
to reverse on over-discharging. Also, the loss of water due to the generation of 
hydrogen on the cathode requires periodic replenishment. These batteries require 
more maintenance and the use of lead, and corrosive acid makes these batteries less 
attractive from an environmental point of view. A schematic of lead-acid batteries is 
shown in Fig. 8a.
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3.6 Nickel-Based Battery 

There are several nickel battery chemistries in this class such as nickel-zinc, nickel– 
cadmium, nickel–iron, and nickel-metal hydride where nickel hydroxide comprises 
the positive electrode and aqueous potassium hydroxide is the electrolyte. The anode 
materials vary according to the type of battery. Even though Ni–Cd batteries have 
excellent performance results of their high energy density, efficiency, and cyclic life, 
the use of Cd is discouraged due to its toxic nature. Ni–MH batteries have a good 
power density, durability, and safety making them valuable for e-vehicle applications, 
however, they suffer a high self-discharge and hydrogen evolution during charging 
[51]. 

3.7 Sodium-Sulfur Battery 

This system has a very high energy density (120 Wh/kg) and power density (120 W/ 
kg), and also has an optimum cyclic life and low self-discharge. The anode contains 
molten sodium and the cathode contains molten sulfur separated by an alumina 
ceramic electrolyte [52] as illustrated by the diagrammatic representation in Fig. 8b. 
This battery wields the potential to be used in mini-grid applications, however, is 
inhibited due to its high cost. 

3.8 Flow Battery 

This is a relatively new and promising technology that stores the electrolyte, known 
as the anolyte and catholyte in separate tanks. The electrolytes are released in the 
reaction tank by the controlling pumps as per the operation demand. This battery is 
unique as it utilizes redox reactions occurring between the two electrolytes rather 
than commonly occurring reactions between electrode and electrolyte and gives 
high energy and power density, cyclability, longer lifetime, low temperature, and 
maintenance-free operation [53]. Vanadium redox flow batteries and zinc-bromide 
batteries are the best examples of emerging flow battery technology. Figure 8c illus-
trates a prototype typical flow battery cell configuration with all the mentioned 
components. 

3.9 Lithium Battery 

This cutting-edge technology shook the world and is the most widely adopted battery 
in portable electronics and electric vehicles due to its high energy density, cyclic life,
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and low self-discharge [54]. The reversible exchange of Li ions between the graphite-
based-Li intercalated anode and layered oxide cathode across the Li-containing 
organic electrolyte, as shown in Fig. 8d gives the battery a high operating voltage. 
The high cost of lithium and the requirement of a battery management system to 
tackle internal heat up and failure, over-charging, or discharging are some issues that 
require immediate attention. 

3.10 Metal-Air Battery 

Rechargeable metal-air batteries [55] as shown in Fig. 8e employ metals like 
aluminum, iron, zinc, magnesium, etc., and are recently gaining popularity because of 
their appreciable energy density, low cost, and non-toxicity. Metal-air batteries, a type 
of flow battery make use of metal in the form of sheets or nano-powder coating at the 
anode while oxygen from ambient air is reduced by a suitable electrocatalyst during 
discharging at the cathode. The electrolyte used is typically a highly-concentrated 
alkali in aqueous form or an anion exchange membrane in a solid state. Such batteries 
have a high utility in a diverse array of applications, from grid storage to portable 
electronics. 

3.11 Metal Oxides for Battery Energy Storage 

The abundance and properties such as high mechanical and chemical stability, and 
tuneable combinations of electronic arrangement, make metal oxides attractive candi-
dates for a multitude of electrochemical reactions [59]. The processing and fabrica-
tion of metal oxides are usually facile and require minimal use of harsh chemicals and 
stringent reaction conditions [60]. Metal oxides contribute to heterogeneous catalysis 
[61] due to their electrical and ionic conductivity, large surface area, layered struc-
ture, and active site participation. The electronic behavior, adsorption energy, and 
catalytic activity of the metal oxides can be tuned easily by simple strategies like the 
introduction of dopants or lattice defects. In their study, Sun et al. [62] proposed that 
substitutional doping of copper in IrO2 (Cu0.3Ir0.7Oδ) leads to an improved oxygen 
evolution catalysis owing to the increased Jahn-Teller effect in CuO6 octahedra and 
partial oxygen defects in the lattice of IrO6 octahedra, thus breaking the degeneracy 
and manipulating the electronic occupancy of t2g and eg orbitals and by affecting the 
intermediate adsorption energies too. Huang et al. [63] reported that with increasing 
entropy, the electronic states of a multi-metal oxide get tuned and lead to superior 
OER activity as a result of modified adsorption energy of the intermediates on the 
diverse active metal binding sites. Conclusively, the adsorption energies of metal 
oxides with the involved oxygenated intermediates (O*, *OO, *OH) are governed 
by the optimum coupling strength [64, 65] between the valence states of the interme-
diate with the d-band states of the transition metal and are significant for designing the
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electrocatalyst. Such structural and electronic features of the metal oxide make them 
enticing as electrocatalysts in electrochemical applications because of the facilitated 
intermediate adsorption, enhanced charge transfer dynamics [66, 67], and convenient 
desorption of the product. Thereby improving the overall kinetics of an otherwise 
hindered and slow electrochemical reaction. 

Metal oxides prove their relevance as electrocatalysts owing to their numerous 
properties discussed below that make their application in energy storage applications 
promising. The versatile properties of metal oxide make them eligible to be utilized 
as the cathode, anode, or electrolyte for certain types of BESS [68]. This section 
discusses the most enticing qualities of metal oxides that make them suitable for 
different roles of different types of batteries. 

3.11.1 Metal-Oxides Have Optimal Intermediate Binding Energy 

In any catalysis reaction, the binding of the reactant or intermediates with the 
catalyst surface site is a crucial step in determining the overall dynamics of the 
catalysis. Therefore, the binding energy of the intermediates at the catalyst surface 
plays a crucial determinant of the activity by contributing to the required energy for 
catalyzing a target reaction. According to the famous Sabatier’s principle [69], the 
binding energy between the surface of the catalyst and the reacting intermediate must 
not be too weak to permit complete adsorption. Also, it must not be too strong to 
prevent the diffusion of the formed product away and regenerate the catalyst surface 
again for more catalytic cycles and have a higher turnover number. Plots correlating 
the intrinsic adsorption and electronic behavior to the activity of a catalyst are termed 
Volcano Plots. The volcano plots are useful to identify the nature of the binding energy 
of a particular metal oxide with the reaction intermediates, usually the most suitable 
ones being near the top of the peak [70]. Figure 9a illustrates a Volcano plot between 
the adsorption-free energies difference versus the overpotential for OER of different 
types of metal oxide systems. Metal oxides that are not easily oxidized are not very 
active towards OER because the intermediates adsorb weakly. Likewise, the metal 
oxides which get easily oxidized are also not very active catalytically because of the 
strong adsorption of the intermediates [71]. These curves indicate a higher activity 
for oxides with less stability. The uncoordinated surface sites at metal oxides usually 
behave as the key descriptor in the activity of OER. A highly unsaturated site gives 
better catalytic activity for weak binding oxides (left side) while for strong binding 
oxides, the activity decreases (right), as shown in Fig. 9b. In reversible air-breathing 
batteries like lithium-air [72], zinc-air [73], and other metal-air systems [74, 75], 
the use of a metal oxide-based catalyst to catalyze the sluggish kinetics of oxygen 
redox reactions has been well evaluated using various bifunctional catalysts. Such 
a bifunctional metal-oxide electrocatalyst has the optimal binding energy with the 
intermediates at its active sites [71, 76, 77] to facilitate the fundamentally inverse 
oxygen evolution reaction (OER) as well as oxygen reduction reaction (ORR) at the 
cathode during charging and discharging respectively [78–80].
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Fig. 9 a Volcano plot representing the binding energy relation with the corresponding over potential 
of different metal oxides as a crucial parameter in designing a metal oxide electrocatalyst. b The 
relation of uncoordinated sites on metal oxide surface with the activity in terms of overpotential 
requirements. Reproduced from Ref. [70] with permission from Springer Nature, Copyright 2022 

3.11.2 Metal-Oxide with a Layered Structure as Host 

Some metal oxides with high oxidization states of metals tend to exist in the 
layered structure by sharing the edge or vertex in an octahedral geometry. For 
example, various redox-active oxides like delta-MnO2, orthorhombic V2O5, mono-
clinic WO3·2H2O, etc., exhibit layered structures. They usually have a wide interlayer 
spacing, thus allowing the intercalation of various guest ions such as cations, anions, 
or water molecules [81]. Battery chemistries like sodium-ion [82] and lithium-ion 
[83] require host materials at the electrodes to be a layered structure that can reversibly 
intercalate sodium and lithium ions respectively. The layered structure of metal 
oxides with the general formula LiMO2 and NaxMO2 where M denotes Mn, Co, 
Fe Ni, Ti, Cr, V, and their different stoichiometric combinations allow the facile 
intercalation and extraction of ions thus working efficiently as the cathode of such 
metal-ion batteries [84]. The NaxMO2 comprises sheets of MO6 octahedra having a 
2D transport channel for facilitated Na+ ion interchange. The commonly occurring 
phases P2 and O3, are based on the Na+ ion environment and the number of oxygen 
atoms stacked in sequence [85] as shown in Fig. 10a, b. If the Na+ ion is at trigonal 
prismatic sites then it’s denoted by P, while for octahedral sites it is denoted by O and 
the number represents the repetition of transition metal layers within the unit cell. 
Advanced studies have also demonstrated the applicability of the formation of binary 
or tertiary NaxMO2 compounds such as Na0.3Fe0.5Co0.5O2, P2–Na2/3Ni1/3Mn2/3O2 

have been found to exhibit better capacity retention and performance. Similarly for 
a lithium-ion battery, the layered metal oxides like LiMO2 where M could be Co, 
Mn, or Ni, the metal ions occupy octahedral sites between the layers of cubic close-
packed oxygen ions with interstitial layers of Li. At the time of charging, Li ions get 
extracted from the layered LiMO2, resulting in non-stoichiometric Li1−xMO2 where 
the charge is compensated by the variable oxidation state of the transition metal, 
usually within the potential range of 3.5–4 V versus Li+/Li. The cathode of the 
three metals (Ni, Co, Mn) in a stoichiometric composition of Li Ni1/3Co1/3Mn1/3O2
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Fig. 10 Structural representation of P2 and O3-type layered metal oxides used as the cathode 
of sodium-ion batteries where a denotes P2-type layered structure while, b represents O3-type 
layered structure. Reproduced from ref. [85] with permission from Elsevier, Copyright 2016. c– 
f Structural schematic diagrams of intercalation cathodes of lithium-ion batteries corresponding 
to layered (LiCoO2), spinel (LiMn2O4), olivine (LiFePO4), and tavorite (LiFeSO4F) respectively. 
g The discharge profiles of different metal oxides. Reproduced from Ref. [88] with permission from 
Elsevier, Copyright 2015 

has found commercial applications due to its high capacity [86]. Tin oxide (SnO2) is  
prominently used as the anode material for sodium-ion and lithium-ion batteries [87]. 
Several different types of metal oxides, spinels, layered, olivine, etc., can serve as the 
host cathode for lithium-ion batteries as shown in Fig. 10c–f. This intercalation-type 
cathode [88] wields a specific capacity of 100–200 mAh/g and an average voltage 
between 3 and 5 V versus Li/Li+, Fig. 10g. The layered structure of metal oxides 
capable of intercalating ions also emerged as an electrocatalyst for metal-air battery 
operations. As reported by Mathur et al. the doping of cobalt in 2D δ-MnO2 caused 
an electronic rearrangement and led to superior bifunctional oxygen evolution and 
reduction reactivity utilized for zinc-air battery [89]. 

3.11.3 Metal-Oxide Exhibiting Variable Oxidation States 

The ability to exist in multiple oxidation states attributed to the variable electronic 
arrangement of the d-band bestows transition metal oxide a high intrinsic catalytic 
activity. Different features of metal oxides arise from the metal existing in variable 
oxidation states. For instance, manganese exhibiting oxidation states from +2 to  +
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7 exists as different oxides like MnO [90], Mn3O4 [91], Mn2O3 [92], and MnO2 

[93] that have their peculiar catalytic activity owing to a difference in the electronic 
arrangement in d-bands, phase, morphology, crystal structure, and porosity. As shown 
in Fig. 11a, in a study, Yang et al. synthesized an epitaxial layer of Mn3O4 on 
MnO by the oxidation of the latter which resulted in improved porosity and charge 
storage thus a better capacitance [90]. Transition metal oxides can also perform as 
bifunctional catalysts due to different phases of oxides co-existing in a catalyst system 
as heterogeneous interfaces as the metal can adopt variable oxidation states. This is 
proposed in our previous study [94] wherein different oxides of iron, FeO, Fe2O3, 

and Fe3O4, co-existing in a catalyst as heterogeneous interfaces were responsible for 
bifunctional oxygen electrocatalytic activity. The bifunctional oxygen activity of a 
perovskite oxide was demonstrated to be enhanced by creating oxygen vacancy as 
proved by Lee et al. [95] With the introduction of oxygen vacancy and the partial 
reduction of cobalt +4 into  +3 oxidation state, there occurs a rise in d band center, 
thus decreasing band gap between metal d band and oxygen p band centers and 
favoring charge transfer dynamics. 

Fig. 11 a Different oxidation states exhibiting manganese oxides forming a composite catalyst for 
energy storage application. Reproduced from Ref. [90] with permission from Elsevier, Copyright 
2015. b The surface reconstruction of nickel nanoparticles in an acidic environment, giving rise to 
the catalytic site, a heterojunction between oxidized nickel and metallic nickel. Reproduced from 
Ref. [96] with permission from Royal Society of Chemistry, Copyright 2020. c Vanadium exhibits 
four different oxidation states that make its use feasible in a redox flow battery with vanadium 
oxide ions VO2+ and VO2 

+ showing V+4 and V+5. Reproduced from Ref. [99] with permission 
from IntechOpen, Copyright 2010
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It is a well-observed fact that metal nanoparticles have the tendency of forming 
oxides/oxyhydroxides by getting their outer surface oxidized during certain exper-
imental or operational conditions. The emerging heterojunction between different 
oxidation states of the transition metal creates a difference in the energy band and 
thus affects the electron transfer properties. The phenomenon of surface reconstruc-
tion generates the highly oxidized catalytically active site in the metal oxide catalysts 
The synergistic interaction at the heterojunction of metal in a lower oxidation state 
with its higher oxidation state, is identified to be the zone of activity for many elec-
trocatalytic applications. As shown by our study, the layer of nickel oxide formed 
on nickel nanoparticles during acid leaching synthesis results in enhanced catalytic 
activity towards oxygen evolution [96–98], Fig. 11b. 

Another, energy storage application, which is the redox flow battery, Fig. 11c, is 
in principle based on the four different oxides of vanadium in +2, +3, +4, and +5 
oxidation states as already described earlier. The reversible oxidation and reduction of 
vanadium oxide ions VO2+ and VO2 

+ where vanadium exists in +4 and +5 oxidation 
states [45] and V2+ and V3+ proves the utility of different metal oxides in different 
oxidation states towards the energy storage applications. 

3.11.4 Crystal Structures: Polymorphs & Mixed Metal Oxides: Spinel, 
and Perovskite 

Metal oxides have the unique feature to acquire different crystallographic arrange-
ments owing to the variety of oxidation states they can adopt, atomic radii, and 
defect sites the metal ion may occupy. Spinel metal oxides with a general formula 
AxByO4 where x + y = 3 and A is a divalent cation (Ni2+, Co2+, Fe2+, Mn2+, etc.) 
while B is a trivalent cation (Fe3+, Al3+, Mn3+, and Co3+) [100] occupy the tetra-
hedral and octahedral sites respectively in the lattice and have remarkable oxygen 
electrocatalytic performance, thus making them the choice of electrocatalyst for zinc-
air battery application [101]. The hopping mechanism of electron transfer in spinel 
oxides [102] makes conductivity very efficient due to low activation energies between 
different oxidation states cations. In a study by Zhao et al., the surface engineering of 
active metal sites in spinel nanosheets of nickel cobalt oxide (NiCo2O4) by thermal 
annealing at different temperatures resulted in optimum surface configuration, as 
shown in Fig.  12a, b which is desirable for excellent bifunctional catalytic activity 
in zinc-air batteries [80].

The Perovskite-type metal oxides [103, 104] have the general formula ABO3 

where divalent A cation belongs to a rare-earth metal class (La2+, Bi2+, etc.) or 
alkaline-earth metal class (Ca2+, Ba  2+, Sr2+etc.), the B4+ cation belongs to transition 
metal class (Ti, W, Co, Mn, Fe, Ni, Cr, etc.) [105]. These perovskite oxides can opt 
for a mechanism known as the lattice oxygen mediated (LOM) mechanism where 
they make use of the lattice oxygen for the catalysis of oxygen evolution reactions 
[106]. This occurs when the oxygen p band is higher in energy than the metal d 
band, the electron transfer occurs from the p band to the d band, suggesting a higher
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Fig. 12 a Spinel oxide NiCoO4 prepared in different sintering conditions having different oxygen 
bifunctional activity shown in (b). Reproduced from Ref. [80] with permission from American 
Chemical Society, Copyright 2019. The most predominant and stable polymorphs of TiO2 rutile 
(c) and anatase d have different catalytic activity derived from a difference in the crystal structure. 
Reproduced from Ref. [112] with permission from American Chemical Society, Copyright 2022. 
e Different polymorphs of MnO2 arise from the various bonding patterns and exhibit unique struc-
tural, electronic, and catalytic features. Reproduced from Ref. [113] with permission from Elsevier, 
Copyright 2022

covalency [107]. This mechanism is energetically less demanding due to the non-
existing scaling relation between the catalyst surface and intermediates M-OH and 
M-OOH [108, 109]. 

Mixed metal oxides (Ax B1−x (OH)y) have a synergistic charge transfer between 
two or more metallic sites that influences the local electron density and governs the 
interaction with the catalytic intermediates. Ni–Fe oxide, regarded as one of the most 
suitable OER catalysts [110], has a synergistic interaction between the conductive 
nickel oxide and the site of catalytic activity FeOOH. Similarly, for Ni–Fe–Co mixed 
metal oxide [111], it is proved by X-ray absorption spectroscopy (XAS) that Co 
facilitates the formation of conductive NiOOH from Ni(OH)2 which activates Fe 
sites by shrinking the Fe–OH/OOH bonds and reducing the intermediate adsorption 
energy. 

Certain metal oxides like TiO2, MnO2, etc., may also exist as different stable 
polymorphs depending on the synthesis and persisting temperature conditions. These 
polymorphs differ from each other by distinct crystallographic features. The rutile 
and anatase polymorphs of TiO2 as  shown in Fig.  12c, d is different based on the 
voids titanium occupies and the sharing of edges in TiO6 octahedra [112]. 

MnO2 exists in various structural polymorphs namely Hollandite-α, Pyrolusite-β, 
Intergrowth-γ, Birnessite-δ, and defective spinel-λ structure as illustrated in Fig. 12e 
owing to the myriad of bonding patterns between Mn+4 and O bipyramids. These
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polymorphs exhibit diverse electrochemical properties and suitability for different 
electrocatalytic applications. The spinel-type MnO2 has a layered structure [113] 
with the capability to act as a host for intercalating Li, Na, or Mg thus suggesting it is 
an attractive cathode for metal-ion batteries. Another study highlights the syner-
gism between composite made of alpha and delta MnO2. The composite being 
photocatalytically and electrochemically active performs exceptionally well in a 
photochemically recharged zinc-air battery [114]. 

3.11.5 Mixed Metal Oxides/Hydroxides 

Metal oxides may get hydrolyzed in aqueous conditions to form metal hydroxides that 
exhibit large spaces between the interlayered structure, good electrochemical activity, 
easier ion transport, and low cost which makes them an attractive candidate for 
numerous electrocatalytic applications against the expensive Pt and Ru-based cata-
lyst [115]. In a study [116], different electrochemical routes to synthesize Ni(OH)2 
nanoparticles supported on carbon nanotubes were explored to conclude that the 
disordered δ-Ni(OH)2 formed by direct approach of coprecipitation performed better 
towards methanol/ethanol oxidation for direct alcohol-based fuel cells as compared 
to the more ordered and thermodynamically stable β-Ni(OH)2 synthesized indirectly 
via electrodeposition and potential cycling in alkaline conditions. Metal hydroxides 
act as a precursor to the oxidized and catalytically active MOOH species. Another 
class of metal hydroxides is the layered double hydroxides (LDHs) formed as a 
result of coprecipitation of M3+ ions and divalent hydroxides [117], having the 
general formula: MII 

1−xNIII 
x (OH)2 A

n− 
x/n . yH2O, where MII could be Ni2+, Co2+, 

Mg2+ etc., NIII could be Fe3+, Al3+, Mn3+ etc., A denotes a suitable anion like 
carbonate, nitrate, halide, chalcogenide, etc. The layered structure of these mixed 
metal hydroxides intercalates anions and water molecules in between the layers to 
balance charge and also empowers LDHs with exceptional catalytic activity. The 
unique structural features of LDH present many tuneable properties as per applica-
tion [118]. The anions between the layers can be exchanged to modify the interlayer 
spacing. This can also be used to exfoliate the LDH via sonication or dispersion into 
unilamellar sheets with almost molecular-level thickness. Also, this approach can be 
used to create super-lattice composites and heterojunctions which create a specific 
electronic arrangement. The morphology and crystal structure of LDHs can be opti-
mized to regulate the exposed surface, interface, and thus catalytic performance. 
Doping of heteroatoms and defect engineering in the LDH also contributes to opti-
mizing the local electronic arrangement and catalytic behavior. In a work by Ma et al. 
[119], a bifunctional electrocatalyst was synthesized by exfoliating a Ni–Fe LDH 
and creating its superlattice nanocomposite with graphene, as shown in Fig. 13a. 
Figure 13b represents the formation of layer-by-layer self-assembly of Ni–Fe LDH 
and Ni–Al LDH with MoS2 [120] as confirmed by HR-TEM imaging in Fig. 13c, 
resulted in strong synergistic electronic interactions between them and enhanced the
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Fig. 13 a A schematic representation of forming a superlattice composite between molecular level 
thick LDH nanosheets with graphene oxide nanosheets to produce a bifunctional electrocatalyst for 
water electrolysis. Reproduced from Ref. [119] with permission from American Chemical Society, 
Copyright 2015. b The formation of layer-by-layer self-assembly of Ni–Fe LDH and Ni–Al LDH 
with MoS2 and its confirmation given by the lattice fringes obtained from the HR-TEM (c). The 
bifunctional performance of such fabricated electrocatalysts for overall water splitting is given for 
d Ni–Al LDH with MoS2. e Ni–Fe LDH with MoS2 and f their electrochemical stability study 
at a fixed current density. Reproduced from Ref. [120] with permission from American Chemical 
Society, Copyright 2018 

intermediate adsorption for OER and HER. The exceptional water splitting perfor-
mance Fig. 13d–f of these electrocatalysts has created a result of interfacial electron 
coupling through the hetero-layers of the nanohybrid. 

3.11.6 Defects in Metal Oxide 

Defect engineering is a crucial strategy for impacting the electronic behavior of a 
metal oxide. The generation of defects also manipulates the intermediate adsorption 
energy for electrocatalytic interface reactions. Strategic incorporation of defects has 
been found to activate the metal oxide toward advanced performance in lithium-ion 
batteries [121, 122]. The nascent low-coordinated or free sites evolved due to defect 
creation participation as the active site thus increasing the intrinsic catalytic activity. 
Metal oxides have several structural features like layered structure to intercalate 
anions, variable oxidation states to balance the charge in the case of a metal vacancy 
defect, or substitution of cation, which stabilizes them after the defect generation 
[123]. In perovskite oxide materials the partial substitution of the A site or B site 
generates significant defects that influence the activity of the catalyst. The creation 
of oxygen vacancy has been many times found to alter the electronic properties of a
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compound making it catalytically more active [124]. Various studies have focussed 
their attention on evolving the catalytic properties of metal oxides using different 
defect-creation strategies like atomic vacancies, creating hetero-interfaces, substi-
tutional doping, etc. [125, 126]. It was found that the creation of a ternary form 
NiCo2O4 from the octahedral spinel structured Co3O4 by the inclusion of Ni atoms 
improved the activity and corrosion resistance [127]. In another study, oxygen defects 
created in NiCo2O4 play an important role in expediting the bifunctional activity of 
oxygen electrocatalysis employed in zinc-air batteries. This occurs due to the favor-
able adsorption of oxygen intermediates from the oxygen defect sites which are easily 
fabricated in NiCo2O4 nanosheets by annealing and etching. Figure 14a shows  the  
uniform distribution of Ni, Co, and O in the HR-TEM elemental mapping despite 
the structural defects arising from oxygen deficiency. The same is confirmed by O1s 
spectra from XPS in Fig. 14b where an additional peak deconvoluted as a defect site 
of lower oxygen coordination appears at 530.5 eV. Figure 14c depicts the bifunc-
tional activity of OER and OER on the NiCo2O4 nanosheet electrocatalyst with and 
without the defects, clearly indicating the improvement in performance with defects 
[128]. Doping of heteroatom with different oxidation states and atomic radius brings 
defects and lattice strain in the host metal oxide structure. It can also modulate the 
electron occupancy as happened when Rao et al. doped vanadium in spinel Co3O4. 
The occupancy of eg orbital changed from zero to 1.01and the spin-modified cata-
lyst was found to have improved bifunctional activity towards OER and ORR and 
performed exceptionally well in zinc-air battery [129]. Figure 14d shows the TEM 
elemental mapping of vanadium-doped Co3O4 nanorod with uniformly doped vana-
dium. The test set-up for an aqueous zinc-air battery which was used in this study 
is demonstrated in Fig. 14e, while the comparative polarization curve and power 
density plot is shown in Fig. 14f. Certainly, the performance of V-Co3O4 is enhanced 
by doping vanadium. This is also confirmed in Fig. 14g by its high specific capacity 
at  a 5 mA cm−2 current density.

3.11.7 Activation of Catalytically Active Facet/Site of Metal Oxide: 
Surface Reconstruction 

With the help of in-situ characterization techniques [130] it has been identified 
that the reaction conditions subjected are responsible for activating the catalyti-
cally active site or phase or emergence of other active facets by oxidation, surface 
restructuring, or other processes. It is a well-understood phenomenon that certain 
metal compounds such as metal nitrides, phosphides, sulfides, etc. when immersed 
in an alkaline medium and subjected to anodic conditions, evolve into their corre-
sponding oxides and oxyhydroxide species which are believed to be the actual active 
site for the ongoing electrocatalytic reaction. This is especially observed for nickel, 
cobalt, and iron-based catalysts to convert into their respective oxides for catalyzing 
oxygen evolution reactions during the performance of a battery reinforcing the supe-
rior catalytic behavior of metal oxides as electrocatalysts. Similarly, certain high-
energy facets of metal oxide are shown to have better catalytic activity than others.
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Fig. 14 a TEM elemental mapping of oxygen defect containing NiCo2O4 nanosheets showing the 
uniform distribution of each element. b High-resolution O 1 s spectra of this catalyst indicate the 
presence of oxygen defect. c Comparison of bifunctional OER and ORR activity of the catalyst 
with undefective and standard Pt/C catalyst. The minimum difference in the potential values indi-
cates better bifunctional catalytic performance. Reproduced from Ref. [128] with permission from 
American Chemical Society, Copyright 2022. d TEM elemental mapping of V-Co3O4 confirms 
the uniform doping of vanadium, e the diagram of the setup used for the aqueous zinc-air battery 
performance evaluation of V-Co3O4. f Galvanostatic polarization curves and power density curves 
of the catalyst in comparison to the standard catalyst. g Specific capacity of V-Co3O4 proves its 
enhanced zinc-air battery performance. Reproduced from Ref. [129] with permission from American 
Chemical Society, Copyright 2021

For instance, the anatase crystal of TiO2 exists most predominantly in {101} facet 
however the reconstruction into a more reactive {001} facet is more electrochemi-
cally active [131]. In a study by Nien-Chu Lai et al., they demonstrated that the growth 
of the high-energy facet of Cr2O3 (110) exhibits better bonding with intermediates 
owing to the presence of uncoordinated sites and thus gives a higher OER catalytic 
activity in a rechargeable Li–O2 battery [132]. Surface atomic structure engineering 
on one-dimensional cobalt oxide CoO nanorods having oxygen vacancies on the 
oxygen-terminated {111} nano facets exhibit enhanced electron transfer and inter-
mediate binding energies, thus giving a bifunctional oxygen electrocatalytic activity 
[133]. Acid leaching is also known as a method to modify the surface and restruc-
tures the active site. For, a nickel-nickel oxide core-shell nanoparticle encapsulated 
within graphitic rings, acid leaching favors the emergence of the active NiO {110} 
facet and thereby improves the OER activity [96]. One more advantage of using 
metal oxides as the electrocatalyst is that it offers a variety of active sites differing 
in performance or catalytic nature. Sometimes the surface facet is less active than 
the edges, as discovered in a theoretical study by Yi Cui’s group. The stable (0001) 
surface of lithium cobalt oxide (LCO) is less active as compared to the nonpolar 
(1120) and polar (0112) surfaces for the OER activity. Further acid etching on LCO 
creates more active edge sites and improves the catalytic performance [134]. Surface 
engineering of Co3O4 into different morphologies revealed that polyhedron facet 
{112} performs better as OER and ORR catalyst compared to the nanocube and
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nano truncated octahedron having dominant {001} and {111} facets, thus being an 
outstanding performing catalyst in zinc-air battery [135]. 

3.11.8 Metal Oxides with a Suitable Band Gap 

The fundamental difference between the energy levels valence band and conduction 
band of particular metal oxides gives it unique semi-conducting properties. The 
ideal band gap spanning from near UV-Vis-near IR of the electromagnetic spectrum 
receives the ability of optical transmission in metal oxides making them suitable for 
photovoltaic, photochemical, and photoelectrochemical catalytic applications. The 
properties concerning the band gap can be optimized by engineering the structure 
and monitoring defects. Transparent conducting oxides (TCO) like tin-doped indium 
oxide (ITO, Sn–In2O3) have a high photon transmitting capability in the visible 
range and good conductivity. These semiconductors have a wide bandgap and a high 
concentration of free electrons or holes in their conduction or valence bands and are 
dominantly n-type. The combined effect of the layered structure and optimum band 
gap gives a diverse utility to metal oxides like MoO3, TiO2, and MnO2 in various 
energy storage applications [136]. Transition metal oxides are also observed to show 
quantum transport behavior modified by substitutional doping with another element 
[137, 138]. Modifications in the band gap can be performed by doping hetero atom 
and creating oxygen vacancy and other structural defects to enhance visible light 
activity [139]. 

The emerging technology of photoelectrochemically chargeable zinc-air battery 
comprises a zinc electrode and a photon-sensitized metal oxide-based catalyst. The 
charging of such batteries takes place when placed in ambient sunlight, along with 
necessary external biasing [140]. Some heterojunctions formed by metal oxides like 
Fe2O3 (band gap 1.9–2.2 eV) combined with metal oxyhydroxides like NiOOH 
exhibit excellent oxygen evolution reactions for lithium-air batteries [141]. The 
heterojunction of TiO2 and V2O5 behaves as optimum photoelectrode for lithium-ion 
battery [142]. The oxide V2O5 can act as an excellent photoelectrode itself owing to 
its bandgap thus being ambient for zinc-ion and lithium-ion battery purposes [143, 
144]. Similarly, the composite of α- and δ-MnO2 having unique crystallographic 
orientation and phases was shown to be highly responsive towards visible-light-
driven charging/discharging of zinc-air battery [114]. The photoelectrode designed 
using α-Fe2O3 requires a reduced charging potential by approx. 0.5–0.8 V under the 
irradiation of sunlight [143]. Another group developed a BiVO4 and V2O5 hetero-
junction photoelectrode that reduced the charging voltage to 1.2 V under visible-light 
illumination [144].
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4 Conclusion 

This chapter summarises the distinctive features of metal oxide that make them an 
attractive candidate for different roles in energy storage devices. Here the two energy 
storage technologies discussed at length include supercapacitors and different battery 
chemistries. The layered structure of metal oxides allows it to become a host for the 
reversible intercalation of ions in lithium and sodium-ion batteries. The variety of 
structural polymorphs that metal oxides can exhibit and the specific catalytic activity 
of different facets of a crystal structure further justify the suitability of metal oxides 
in different energy storage applications. With the possibility to survive in different 
oxidation states, the transition metal oxides can give rise to simultaneous oxides at 
heterogeneous interfaces, stabilize doping and vacancy defects, and have an instinc-
tive conversion to the catalytically active metastable states. While the optimum 
bandgap makes them ideal semiconductors for photon-enhanced charge transfer 
performance. Metal oxides offer innumerable structural and electronic features with 
convenient tunability which enables their widespread acceptance for feasible energy 
storage. 
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Graphene/Metal Oxide-Based 
Nanocomposite for Electrochemical 
Sensors 

Ahmet Aykaç and İzel Ok 

Abstract In recent years, nanotechnological developments have brought revolu-
tionary changes and developments to our lives. Among them, the preparation and 
applications of new generation nanocomposites have been one of the most inter-
esting topics. In this context, nanocomposites prepared from graphene and its deriva-
tives and metal oxides have received great attention. Graphene is an allotrope of 
carbon consisting of a single layer of atoms in a two-dimensional (2D) honey-
comb lattice nanostructure. The Nobel Prize in Physics 2010 was jointly awarded 
to Andre Geim and Konstantin Novoselov for groundbreaking experiments on the 
2D material graphene. Since then, graphene has been widely used in many fields 
such as solar cells, batteries, biosensors, filtration systems, and drug delivery 
systems due to its unique properties, including excellent lightness, durability, electro-
chemical, photochemical, thermal and electrical conductivity. The use of graphene 
with many materials, such as glass, metals, and metal oxides (MO), metal oxide 
nanostructures (MONS) either enhances the existing superior properties or adds 
new ones. In particular, there has been a significant increase in the number of 
studies in graphene/MONS-based nanocomposites in recent years. Nanocomposites 
of graphene and MONS have more advanced properties than MONS and graphene 
matrices, because nanocomposites are developed by combining the superior proper-
ties of these two different structures, and some missing properties can be eliminated 
and/or improved. This chapter covers recent trends in the synthesis of graphene/ 
MONS-based nanocomposites and their applications for electrochemical sensing 
platforms. First, a brief introduction on the properties, synthesis strategies, and appli-
cations of graphene is given. Next, a detailed review of the fabrication and sensor 
applications of graphene/MONS-based nanocomposites is presented. Finally, some
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outstanding research on the use of carbonaceous/MONS-based nanocomposites in 
electrochemical sensor platforms is presented. 

Keywords Graphene · Carbonaceous materials · Metal oxides ·
Nanocomposites · Electrochemical performance · Electrochemical sensors 

1 Introduction 

Carbon (C) is one of the most well-known elements since ancient times, that 
belonging to 4A group. C is the fourth most abundant element in nature after hydrogen 
(H2), helium (He), and oxygen (O2) and it is the second most abundant element in the 
human body after O2 by weight. The four electrons in the valence orbital of C allow 
forming covalent chemical bonds. C can form not only organic compounds but also 
inorganic compounds as well. Atoms of C can be bonded together in various ways 
to form several C allotropes such as diamond, fullerenes, amorphous C, graphite, 
graphene, etc. [1]. 

Recently, carbonaceous-based materials have risen to prominence with their struc-
tural and electronic properties. Among these materials, especially graphene, is one 
of the most studied materials in fields such as physics, nanoscience and nanotech-
nology, chemistry, and material science. Graphene is a single layer, two-dimensional 
(2D), sp2-hybridized C atoms with a honeycomb structure that is one of the most 
well-known allotropes, along with carbon nanotubes (CNTs), fullerenes, graphite, 
and diamond as can be seen in Fig. 1 [2]. Although graphene is defined as a single 
layer 2D material, considering its morphological characteristics, it can be classified 
into two layers (bi-layer graphene) (BG), few-layer graphene (number of layers ≤ 
10) (FG) and graphite nano- and micro-platelets. Graphene and its derivatives are 
distinguished from other carbonaceous-based materials by its extraordinary optical, 
magnetic, mechanical, electrical and thermal properties, as well as its enormous 
special surface area [3]. Depending on the application area, graphene can be clas-
sified into graphite oxide, graphene oxide (GO), reduced graphene oxide (rGO), 
graphene nanoplatelets (GNPs), graphene nanosheets (GNSs), graphene quantum 
dots (GQDs), and graphene nanoribbons (GNRs) [4]. Detailed information on the 
properties of graphene and its derivatives will be detailed in Sect. 2.1. Graphene and 
its derivatives are synthesized by various methods.

These methods differ according to the physical and chemical synthesis condi-
tions, the types of auxiliary materials used, the synthesis time, costs and the quality 
of the synthesized product. The most commonly used methods in the synthesis 
of graphene and its derivatives are mechanical and chemical exfoliation, chem-
ical synthesis, pyrolysis, epitaxial growth, and chemical vapor deposition (CVD). 
Characterization processes play key roles to determine the quality of the sample 
by evaluating the number of layers, defects and morphology. Raman spectroscopy, 
optical microscopy, atomic force spectroscopy (AFM), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD) are
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Fig. 1 Allotropes of carbons as graphene, fullerene, carbon nanotubes, graphite, and diamond

commonly performed methods for the characterization of graphene and its deriva-
tives in terms of morphology, quality, and structure [5]. Raman spectroscopy is the 
most preferred characterization method for the identification of graphene and its 
derivatives. In this characterization method, characteristic peaks defining graphene 
are accepted as D band (~1360 cm−1), G band (~1580 cm−1), and 2D band (~2700 
cm−1) [5]. Synthesis methods and types of characterization of graphene and its 
derivatives will be discussed under Sect. 2.2. 

Apart from graphene and its derivatives from carbonaceous-based materials, 
various nanocomposite materials are obtained with other carbonaceous-based mate-
rials. The obtained nanocomposites are used in fields such as materials science, 
medicine, biomedical engineering, physics, environment, electrical energy, sensors, 
etc. due to their superior properties. Particularly, nanocomposites formed with 
different metal nanoparticles (NP), metal oxide nanostructures (MONS) and some 
polymers have attracted great attention. Recently, carbonaceous/MONS-based 
nanocomposite materials have been preferred especially in the production of 
nanobiosensor and electrochemical sensor electrodes. 

MONS present good catalytic activity, switchable magnetic, conductive, chem-
ical, and electronic properties, large surface area, and ion/electron transport path 
shortening capabilities [6]. Although they present extraordinary features compare 
to their bulk materials, there are some difficulties in the control of the surface area, 
pore distribution, and porosity that limited their usage in applications [7]. Therefore, 
nanocomposites generated with MONS and carbonaceous materials with superior 
electronic and mechanical properties including graphene and its derivatives, activated 
carbon (AC), carbon nanospheres, mesoporous carbon, CNTs, carbon nanofibers 
(CNF), and hierarchical porous graphite carbon (HPGC) are preferred in many appli-
cations, especially as electrode in electrochemical sensor studies [8]. Section 3.1 
includes a detailed review of the types, and properties of carbonaceous/MONS-based 
nanocomposite materials. 

Sensor applications, particularly electrochemical sensor studies, are one of the 
most common applications for carbonaceous/MONS-based nanocomposite. Sensors 
are devices that detect changes in a sample and produce meaningful output. If a
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chemical reaction occurs between the sensor and the sample during this recogni-
tion process, such sensors are called chemical sensors. Chemical sensors consist of 
three main components: a receptor that recognizes the target compound (analyte), a 
transducer in the receptor part that converts chemical information into a measurable 
signal, and an electronic system usually combined with a transducer [9]. Electro-
chemical sensors, which are a sub-branch of chemical sensors, can measure by elec-
trochemical interaction between the target analyte and the electrode [10]. Section 4.2 
contains detailed explanations of electrochemical sensors and their designs. The 
choice of electrode type and electrolyte used during the measurement of electro-
chemical sensors, chemical and physical properties of electrode surfaces, and applied 
potential affect the operating performance of the sensor [11]. For example, the surface 
area, electrical conductivity, catalytic performance, selectivity or sensitivity of the 
electrodes can be increased by modifications on the electrode [12]. In this context, 
due to the synergistic effects such as increased conductivity, fast electron transfer, 
high catalytic activity, large surface area, homogeneous distribution, sensitivity, and 
selectivity between carbonaceous/MONS-based nanocomposites might improve the 
performance of electrodes in electroanalytical applications. Application areas of 
graphene-based materials are discussed in Sect. 2.3, additionally, some applications 
of carbonaceous/MONS-based nanocomposites are given in Sect. 3.3, and lastly, 
electrochemical sensor applications of carbonaceous/MONS-based nanocomposites 
are detailed under Sect. 4.3. 

2 Graphene and Its Derivatives 

The graphene journey, which is thought to have started with the discovery of pencil by 
Italian scientists in the 1560 s, gained momentum with the discovery of graphene by 
Geim and Novoselov [13] in 2004. Graphene, consisting of a honeycomb monolayer, 
2D, sp2-hybridized C atoms, is considered the “mother of all graphite forms” [2]. On 
the other hand, although graphene is defined as a single-layer, 2D material, consid-
ering its morphological properties, it can be classified as two-layer graphene (bilayer 
graphene) (BG), several-layer graphene (layer number ≤ 10) (FG) and graphite [3]. 
Studies are continuing on obtaining different graphene derivatives such as graphite 
oxide, GO, rGO, GNPs, GNSs, GQDs, and GNRs as illustrated in Fig. 2 with various 
modifications in order to improve the above-mentioned properties of graphene.

GO, one of the most important derivatives of graphene has a 2D structure like 
graphene and exhibits similar properties. Moreover, it is also covalently functional-
ized with many O2-containing functional groups such as epoxy, hydroxyl, carbonyl, 
and carboxyl groups at the edges and basal planes of the sheet [14–16]. The presence 
of these functional groups enables GO to be easily processed in dispersions, have 
hydrophilic qualities, and exhibit highly effective mechanical, colloidal or optical 
properties. GO has extraordinary stability and it readily disperses in water owing to 
the ionized O2-containing functional groups [17]. Different reduction techniques can 
be used to convert GO to rGO. rGO is usually considered a bridge between graphene
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Fig. 2 Presentation of most popular graphene derivatives

and GO. rGO exhibits graphene-like properties including reasonably strong conduc-
tivity and it is simple to create needed quantities of rGO from affordable GO thanks 
to its conversion methods [18]. GNPs are a form of carbon that ranges in thickness 
from 0.34 to 100 nm and it is composed of graphite under certain conditions. GNPs 
exhibit attractive properties in terms of lightweight, high aspect ratio, electrical and 
thermal conductivity, mechanical strength, low cost, and planar structure [19, 20]. 
Nanocomposites can be made by combining GNPs with glass fibers, polymers, or 
another matrix and GNPs can improve the mechanical properties of diverse nanocom-
posites due to the strong interfacial interaction of nanoplates with matrices [21] GNS 
is a carbonaceous-based material with a 2D sheet structure consisting of a few layers 
sp2-hybridized carbon lattices, exhibiting high electrical conductivity, outstanding 
catalytic properties, large surface area, and corrosion resistance [22]. GQDs are 
usually derived from graphene and/or GO. In general, GQDs have properties such as 
low toxicity, highly soluble in a variety of solvents, large surface area, stable photolu-
minescence, adjustable physical properties, and chemical stability [23–25]. Another 
type of graphene is GNRs, which are a semi-1D form of graphene with an ultrathin 
width. GNRs are made by unzipping or exfoliating the walls of multi-walled carbon 
nanotubes (MWCNTs) [26]. Due to its non-traditional metal-free magnetic config-
uration, zigzag graphene nanoribbons (ZGNRs) stand out among the large spectrum 
of atomically accurate graphene edges created via surface synthesis. Regardless of 
width, ZGNRs have magnetic moments linked ferromagnetically along the edge and 
antiferromagnetically linked across it [27].
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2.1 Properties of Graphene and Its Derivatives 

Graphene is a material that has received great attention due to its unique properties 
since the day it was discovered. Some of the these remarkable features are good 
electrical conductivity, lightness, thinness, good thermal conductivity (5000 W/mK) 
[28] high electron mobility at room temperature, hall effect [29], large surface area 
(2630 m2/g) [30], high modulus of elasticity (21 TPa) and intrinsic strength (130 
GPa) [4, 31]. In addition, graphene has unique electronic properties such as linearly 
distributed Dirac particles, transport energy gap, and simply the light absorption 
coefficient, thanks to its electronic band structure and sp2-hybridization, as indicated 
in the literature [2, 32]. The main properties which are used to identify graphene and 
its derivatives summarized in Table 1.

2.2 Synthesis and Characterizations 

Graphene was isolated from graphite by using the exfoliation method by Geim and 
Novoselov in 2004, and its widespread use began exactly after this date. However, 
several layers of graphite were synthesized on a single crystal platinum surface by 
decomposition methods by Lang et al. in 1975. Since the characterization techniques 
at that time were not sufficient, this synthesis could not be defined as graphene 
synthesis [33]. In another study, Lu et al. [34] produced monoatomic monolayer 
graphene from several layers by mechanical friction of highly ordered pyrolytic 
graphite (HOPG) with AFM tips [34]. 

Although the synthesis of graphene and its derivatives has been described many 
times in the literature, studies on cost-effective, environmentally-friendly, fast, and 
practical synthesis methods are still under investigation. Synthesis of the graphene 
and its derivatives can be divided into two main categories; top-down approach and 
bottom-up approach as pointed out in Fig. 3. The top-down approach has a design 
that can also be described as reverse engineering and is based on obtaining small 
materials from bulk materials. The synthesis of the graphene and its derivatives 
with top-down approach include mechanical exfoliation, chemical exfoliation, and 
chemical synthesis. The bottom-up approach is also known as the self-assembly 
method. It is the creation of larger structures by combining simple and small units in 
an appropriate way. The bottom-up method includes pyrolysis, epitaxial growth, and 
chemical vapor deposition (CVD) which is the most popular method for producing 
large-scale graphene. If the process is carried out in a resistive heating furnace, it is 
known as thermal CVD; if the process includes plasma assisted growth, it is known 
as plasma enhanced CVD (PECVD) [32]. The CVD method and other commonly 
used synthesis methods are discussed in detail below with their advantages and 
disadvantages.



Graphene/Metal Oxide-Based Nanocomposite for Electrochemical … 337

Ta
bl

e 
1 

T
he
 m

os
t c
om

m
on
 p
ro
pe
rt
ie
s 
of
 g
ra
ph
en
e 
an
d 
its
 d
er
iv
at
iv
es
 

Pr
op
er
tie
s

G
ra
ph
en
e

G
ra
ph
en
e 
ox
id
e 

(G
O
) 

R
ed
uc
ed
 g
ra
ph
en
e 

ox
id
e 
(r
G
O
) 

G
ra
ph
en
e 

na
no

pl
at
el
es
 

(G
N
Ps
) 

G
ra
ph
en
e 

na
no
sh
ee
ts
 (
G
N
S)
 

G
ra
ph
en
e 
qu
an
tu
m
 

do
ts
 (
G
Q
D
s)
 

G
ra
ph
en
e 

na
no
ri
bb
on
s 

(G
N
R
s)
 

E
le
ct
ri
ca
l

✓
✓

✓
✓

✓
✓

✓
 

C
on

du
ct
iv
ity

✓
✓

✓
✓

✓
✓

✓
 

L
ar
ge
 s
ur
fa
ce
 

ar
ea
 

✓
✓

✓
✓

✓
✓

✓
 

M
ec
ha
ni
ca
l 

St
re
ng

th
 

✓
✓

✓
✓

✓
✓

✓
 

H
yd

ro
ph

ili
ci
ty

X
✓

✓
X

X
✓

X
 

C
at
al
yt
ic
 a
ct
iv
ity

✓
✓

✓
✓

✓
✓

✓
 

Ph
ot
ol
um

 in
 

es
ce
nc
e 

V
✓

✓
X

X
✓

X



338 A. Aykaç and İ. Ok

Fig. 3 Basic illustration of bottom-up and top-down synthesis of graphene 

2.2.1 Mechanical and Chemical Exfoliation 

Mechanical exfoliation is the first recognized and simplest method for graphene 
synthesis. In this technique, a piece of graphite is subjected to repeated strip exfoli-
ation and then transferred to a substrate. Graphene sheets of varying thickness can 
be obtained by mechanical exfoliation or by peeling layers from graphite materials 
such as highly ordered pyrolytic graphite (HOPG), single-crystalline graphite, or 
natural graphite [30, 32]. In this method, the adhesive tape is pressed onto a HOPG 
surface so that the top few layers are attached to the tape, then the tape containing 
crystals of the layered material is pressed to a preferred surface and after peeling, the 
bottom layer is left on the substrate [35]. Optical microscopy, Raman spectroscopy, 
and AFM are commonly used to characterize graphene flakes generated using this 
technique. It is feasible to produce high-quality crystals using this procedure, one of 
the disadvantages of this technique is only suitable for laboratory experimentation 
and prototyping so it is not suitable for large-scale production [30, 32]. 

In addition to mechanical exfoliation, another commonly preferred method for 
graphene synthesis is chemical exfoliation. In this method, the Van der Waals inter-
actions between the graphite layers are reduced through oxidation or with solvent 
treatments, and then the layers are separated by sonication resulting in obtaining 
graphene. Alkali metals such as potassium (K), cesium (Cs) and sodium–potassium 
alloy (NaK), hydrazine hydrate (N2H4), methanesulfonic acid (CH4O3S), and ionic 
solvents are the most commonly used reducing solvents to weaken the bonds between 
the layers [36]. The schematic illustration of the mechanical and chemical exfoliation 
methods are given the Fig. 4.

2.2.2 Chemical Synthesis 

Chemical synthesis is another approach for the production of graphene by using 
chemical reduction of GO and sonication. In chemical reduction of GO, phenyl 
hydrazine (C6H8N2), hydroxylamine (H3NO), glucose (C6H12O6), ascorbic acid 
(C6H8O6), hydroquinone (C6H6O2), sodium borohydride (NaBH4), N2H4 alkaline 
solutions and pyrrole are used as reducing agents [32]. Production of GO, can be 
carried out by oxidation of graphite using oxidants including concentrated sulfuric 
acid (H2SO4), nitric acid (HNO3) and potassium permanganate (KMnO4), Brodie
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Fig. 4 The schematic representation of the mechanical and chemical exfoliation methods. 
a mechanical exfoliation, and b chemical exfoliation

method [37], Staudenmaier method [38], and Hummers method [39]. As graphite is 
converted into GO, the interlayer spacing increases due to oxidation using reducing 
agents and sonication, resulting in different layer suspensions. Brodie et al. demon-
strated the synthesis of GO by adding potassium chlorate (KClO3) to a graphite  
slurry in the presence of HNO3. However, the process had some drawbacks including 
several steps, consumption of time, and production of harmful chemical vapors. 
Alternatively, Staudenmaier et al. succeeded in producing highly oxidized GO in 
a one-step process by incorporating concentrated H2SO4 into the process. Further-
more, Hummers et al. created a new method used today. In this method, as an acid 
instead of using the HNO3 the reaction is performed in the presence of sodium nitrite 
(NaNO3), concentrated H2SO4 and KMnO4 [40]. Throughout the time, Marcano 
et al. modified further Hummer’s method resulting in obtaining the method which 
is the most widely used nowadays. This method employed a larger amount of the 
KMnO4, the exclusion of NaNO3, and a 9:1 reaction mixture of H2SO4/H3PO4. As  
a result of the enhanced approach, a better oxidation efficiency and a higher amount 
of hydrophilic oxidized graphene were obtained [41, 42].
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2.2.3 Pyrolysis of Graphene 

Graphene pyrolysis method is one of the bottom-up methods performed by the inter-
action of the solvent material with the precursor material. This method is performed 
in a 1:1 molar ratio of ethanol (C2H5OH) and Na under high pressure in a sealed 
vessel, and the graphene layers are separated from each other using the pyrolysis 
of sodium ethoxide (C2H5ONa) under sonication. The graphene sheets produced 
can have dimensions up to 10 μm. It is an advantage that it has low cost and allows 
the production of high-purity functionalized graphene at relatively low temperatures, 
while the fact that the produced graphene has many defects is one of the disadvantages 
[32, 43]. 

2.2.4 Epitaxial Growth of Graphene on Silicon Carbide Surface 

This method is performed by epitaxial thermal synthesis of graphene on the surface 
of single-crystalline silicon carbide (SiC). Epitaxy is the deposition of a single crys-
talline film, also called an epitaxial film, on a single crystal substrate. If the epitaxial 
film and substrate are made of the same material, a homoepitaxial layer is formed, 
and if it consists of different materials, a heteroepitaxial layer is formed. In graphene 
synthesis, a single graphite layer or graphene heteroepitaxial layer is formed on 
the SiC surface [40]. This method was first used in 1975 by Bommel et al. The 
epitaxial growth of graphene on SiC is preferred due to its scalability, best electronic 
properties, and the production of high-quality graphene. 

2.2.5 Chemical Vapor Deposition 

The chemical vapor deposition (CVD) method is one of the most preferred methods 
for preparing high-quality, single-layer graphene. In this method, large-area samples 
can be produced by exposing the metal to various hydrocarbon precursors at high 
temperatures [30]. Critical factors such as catalyst, precursor, flow rate, temperature, 
pressure, and time play crucial role in the production of graphene by the CVD method. 
During the CVD process, graphene growth on metal can be summarized in four steps. 
These; (i) precursor gas is adsorbed and catalytically decomposed, (ii) decomposed 
carbon species diffuse and dissolve on the surface of the bulk metal, (iii) these carbon 
atoms are separated on the metal surface, (iv) surface nucleation and growth produce 
graphene [44]. 

The CVD method is classified into several type depending of the precursor, desired 
product thickness, and structure. Among them, thermal CVD and plasma-enhanced 
CVD (PECVD) are the most prevalent types of CVD to produce graphene. Thermal 
CVD technique for graphene production is the process of flowing different hydro-
carbons such as methane (CH4), ethylene (C2H4), acetylene (C2H2), and benzene 
(C6H6) gaseous or hydrogen (H) and argon (Ar) as precursor into a quartz tube 
containing substrates such as nickel (Ni), copper (Cu), palladium (Pd), iridium (Ir),
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Fig. 5 A representative figure of CVD mechanism for production of graphene 

and ruthenium (Ru) at certain rates in a furnace at high temperatures as represented 
in Fig. 5. Among these substrates, Cu and Ni are the most preferred metals [30, 32]. 

Cu is one of the most commonly used materials in the thermal CVD amplification 
technique. Li et al. used thermal catalytic decomposition of CH4 on a metal surface 
using polycrystalline Cu foils to generate the first CVD growth of uniform and large-
area graphene [45]. The reason why Cu substrate is preferred in CVD process is that 
Cu allows for the synthesis of single-layer graphene, while graphene synthesized on 
other metals has an inhomogeneous and multi-layered structure. During synthesis 
processes, it is possible to obtain high quality graphene films by controlling the 
nucleation of the carbon atom and the growth of the graphene nucleus by changes in 
production parameters such as temperature, pressure, gas flow etc. [46]. However, 
since the growth of graphene on Cu is limited to the surface, the smoothness of the 
Cu surface plays an important role in covering the entire surface of the substrate 
[47]. Cu surface can be chemically and mechanically polished to reduce surface 
roughness and contamination [48]. Since Cu has some disadvantages such as surface 
roughness and sublimation, Ni substrate is used as another alternative in the synthesis 
of graphene by CVD method. In these processes, Ni substrates such as Ni foil, 
polycrystalline Ni thin film and Ni foam are used as an alternative substrate for 
the growth of graphene and its derivatives. In this approach, different cooling rates 
affect the separation behavior, thickness and quality of graphene films [32, 49]. For 
example, the homogeneity of graphene layers is affected by the Ni orientation used 
as the substrate. When a Ni substrate is exposed to high temperature hydrocarbon 
gases, the hydrocarbon gases decompose and the released C atoms are incorporated 
into the Ni stack through catalytic boosting. Since the solubility of C decreases with 
cooling, excess C atoms diffuse onto the surface of the Ni substrate and start to form 
graphene layers [50]. The problem encountered in Ni synthesis is that the produced 
graphene usually contains many wrinkles and folds and is time-consuming [32]. The 
differences between the synthesis methods using these two different substrates can be 
thought of as the fact that C has a higher solubility in Ni (>0.1% atomic). Due to the 
high solubility of carbon in Ni and graphene layers (single and multi-layers) growth 
is limited to the micron’s region. Cu has a lower C solubility (0.001% atomic), so that 
Cu is the best substrate for the growth of mainly monolayer [46]. On the other hand,
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in the PECVD process, graphene thin film deposits are generated on the surface of 
the substrate as a result of the reaction with gases in the presence of plasma in a 
vacuum chamber. As a plasma source, the PECVD system employs radio frequency 
(RF), microwave (MW), and inductive coupling that electric currents created by 
electromagnetic induction [32, 40]. Titanium (Ti), silicon dioxide (SiO2), silicon 
(Si), aluminum oxide (Al2O3), niobium (Nb), molybdenum (Mo), chromium (Cr), 
zirconium (Zr), tungsten (W), tantalum (Ta), and 304 stainless steel are all employed 
in the PECVD process [51]. Graphene synthesis with PECVD is more suitable for 
large-scale industrial applications, due to the low temperature and quick deposition 
time. In addition, the technique allows the formation of catalyst-free graphene [52]. 

The morphology, crystallinity, shape, and size of the resulting product may be 
controlled by adjusting the CVD process parameters [43, 53]. CVD method allows 
obtaining high quality and yield products for large-scale practical applications. 
However, the CVD process has some drawbacks such as complexity, difficulties 
in transferring graphene between substrates, and high energy requirement for a 
particular method [54]. Synthesized graphene and its derivatives using the aforemen-
tioned methods can be thoroughly characterized using the numerous characterization 
techniques available thanks to today’s advanced technology. Raman spectroscopy, 
optical microscopy, AFM, SEM, TEM, HRTEM, and XRD are among the most 
preferred microscopic and spectroscopic characterization techniques to determine 
the morphology, structure, quality, and layer numbers of graphene and its derivatives. 

Raman spectroscopy: Raman spectroscopy is a frequently used method for char-
acterization of graphene and its derivatives. The measurement is based on sending a 
monochromatic light source (laser) to the sample and detecting the change in energy 
of the light. The interactions between the vibrational energies of the molecules in 
the sample and the first electromagnetic wave cause changes in the energy level, 
and the materials are characterized according to these molecular vibrations [55]. The 
characteristic peaks of graphene are referred to as the D band (~1360 cm−1), G band 
(~1580 cm−1), and 2D band (~2700 cm−1) [5]. 

Optical Microscopy: This technique is a practical, fast and cheaper method 
compared to other characterization techniques. In particular, it provides basic infor-
mation about graphene whose surface has been functionalized by using the contrast 
difference between the graphene layers and the substrate. In addition, the size and 
shape of the graphene structure might able to be observed by using this technique 
[40]. 

Scanning electron microscopy (SEM): SEM is a high-magnification method used 
to examine the shape and surface morphology of graphene [56]. As in optical 
microscopy, a contrast difference is used between the graphene layers and the 
substrate, and an image is created by focusing the intense electron beam on the 
sample [40]. SEM also may provide information about whether the substrates used 
for graphene and its derivatives have been removed or not. 

Atomic force spectroscopy (AFM): This method is used to characterize the topog-
raphy of graphene in terms of the number of layers by scanning it with a probe. The 
working principle of AFM is to detect the surface by scanning line by line on the 
surface using a sharp tip of a micro-machined probe.
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Transmission electron microscopy (TEM): TEM is used to analyze the properties of 
graphene such as atomic structure, gap defects, grain boundaries, and layer stacking. 
The working principle of TEM is that when an electron beam passes through a sample, 
an image is formed as a result of the interaction of electrons with the material. 
HRTEM, a sub-technique of TEM, provides extra information about the material 
such as the thickness, morphology and lattice arrangement of the material [57]. 

X-Ray Diffraction (XRD): The XRD technique provides information about the 
crystal structure of materials, the crystal or grain size of metal matrices, and the 
chemical composition of materials [55]. The XRD model of graphene shows three 
significant diffraction peaks at 26.5°, 54.6°, and 87° attributed to the (002), (006), 
and (006) indices of graphite. The peak at 26.4° is evidence of the high crystallinity 
of several-layer graphene [5, 58]. 

2.3 Applications of Graphene-Based Nanomaterials 

New features have been added to the existing superior properties of graphene as a 
consequence, graphene derivatives more actively been used in many fields such as 
energy storage and conversion, sensors, catalysis chemistry, biomedical applications, 
etc. Some of the applications of graphene and its derivatives are given in light of 
scientific aspects under this section. 

Lithium-ion batteries (LIBs), super capacitors, solar cells, photocatalytic activity, 
environmental remediation, electrochemical sensors are among the areas where 
graphene and its derivatives are widely used. The increasing world population has 
brought with it many environmental problems. At the beginning of these problems, 
global warming, decrease in underground water resources, unsustainable human-
induced pollution in lakes, seas and oceans, and the increase in the need for energy 
have become extremely critical. Scientists continue working intensively to find the 
solution for environmental problems. At this point, environmentalist approaches have 
come to the fore and the orientation to alternative energy sources (solar cells, wind 
energy etc.) has increased. One of the most fundamental problems of developed 
alternative energy sources is the problem of energy storage. In order to solve this 
problem, energy storage and conversion devices with high energy and power density 
are being developed. 

LIBs are widely used in energy storage and portable electronic device appli-
cations, and their performance is greatly influenced by the physical and chemical 
properties of the cathode and anode materials. Graphene is one of the most preferred 
materials for improving the performance of LIBs due to its large specific surface 
areas, high conductivity and suitable pore sizes [59]. In a study, sulphur-doped 
graphene nanosheets (S-GNS) were investigated for their use as anode material in 
LIBs. According to the study, as the electrical conductivity increase, the speed of 
S-GNS increased compared to GNS. The initial discharge and charge profiles of 
S-GNS have large specific capacities of ∼1700 and 870 mA h g−1 at current density 
of 374 mA g−1 (1C) respectively. Also, the reversible capacity of S-GNS is two and
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three times that of GNS at current densities of 372 mA g−1 (1C) and 11,160 mA g−1 

(30C), respectively. Furthermore, even after 500 cycles at a high current density 
of 1488 mA g−1 (4C), the S-GNS maintained good cyclic stability [60]. Superca-
pacitors are other energy storage devices with high power density and short charge/ 
discharge times. Supercapacitor electrodes consists of two units as support and active 
units, and the support unit is responsible for ion transfer in the electrolyte. There-
fore, the support unit materials should have a large surface area as well as electrical 
conductivity, such as graphene and its derivatives [61]. Cao et al. investigated the 
effect of oxygen functional groups on graphene and different annealing temperatures 
used during graphene synthesis on capacitive performance. In the study, the specific 
capacitances of graphene at different annealing temperatures such as 200 °C, 400 °C 
and 800 °C are 201, 153 and 34 Fg−1, respectively. In addition, the study pointed 
out that the specific capacitance decreases when the oxygenated species decreases, 
and that the oxygen functional groups affect the electrochemical activity [62]. Solar 
cells are electrical devices that use the photovoltaic effect to convert sunlight energy 
directly into electricity. Solar cells are divided into two as dye-sensitized solar cells 
(DSSC), and Perovskite solar cells (PSCs) [63]. The electrodes used in the design of 
solar cell batteries should have high electrical conductivity and a large surface area. 
Therefore, graphene-based materials are good candidate for solar cells applications. 
One study evaluated the effect of graphene thickness on perovskite/graphene solar 
cells due to changes in the number of graphene layers. According to the study, the 
graphene/peroxide solar cell consisting of seven layers of graphene showed the best 
performance with a conversion efficiency of 9.4% [64]. 

In terms of photocatalytic applications, efforts to prevent environmental pollu-
tion by minimizing the damage caused by dyestuffs, heavy, and toxic chemicals 
are continuing rapidly. One of these studies was performed by using boron-doped 
graphene nanostrips (BGNRs) produced by Xing et al. for the photodegradation of 
Rhodamine B. B-GNRs with high conductivity were effective in the degradation of 
Rhodamine B with their photocatalytic activities [65]. 

Graphene-based materials are also widely used in sensor technologies, apart from 
supercapacitor applications, photocatalytic activity, and new generation biomedical 
materials. These sensors are widely used in the detection of analytes such as glucose, 
cholesterol, dopamine, and uric acid, in the detection of heavy metals, and in the 
detection of preservatives/additives in foods. In addition, with the rapid develop-
ment of modern industry, the effect of toxic heavy metal ions such as Pb2+ and Cd2+ 

heavy metal ions on environmental pollution are increasing. These ions are absorbed 
by simple microorganisms and join the food chain, accumulate over time in the 
metabolic cycle, and become harmful in more advanced organisms. Therefore, the 
detection of these heavy metals is crucial in terms of environment and water remedi-
ation [66]. In a study, a polyglycine modified graphene paste electrode (PGMGPE) 
has been developed for the detection of Hg (II) and Pb (II) ions, which are heavy 
metal ions. The PGMGPE electrode showed good sensitivity, selectivity, as well 
as stability retaining 85% of the initial current even after 25 cycles. Moreover, the 
electrode showed a relative standard deviation of 2.85% for the analyte considered a
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reasonable reproducibility [67]. In another heavy metal detection study, directly thio-
lated graphene (G-SH) thin film was formed on a glassy carbon electrode (GCE) and 
used for the detection of Hg (II) ion. The study indicated that both fast and sensitive 
measurements were achieved by increasing the adhesion surface of graphene, and the 
G-SH concentration on the electrode and sample pH were playing a role in the perfor-
mance of the electrode [68]. Graphene derivatives modified electrochemical sensors 
are not only used for the detection of environmentally hazardous chemicals but also 
have been designed for the determination of different types of drugs/ingredients and 
food additives. In that aspect, a study presented the detection of acetaminophen (AP) 
by using phosphorus-doped graphene (P-rGO) based GCE (P-rGO/GCE). Owing to 
the conductive and electrochemical properties of graphene, the electrode exhibited 
an excellent electrocatalytic activity for the AP and a detection limit of 0.36 μM 
(S/N = 3) in the range of 1.5–120 μM [69]. Moreover, the GO-based electrochem-
ical sensor developed by Qian et al. exhibited a wide linear range, selective and 
sensitive performance in naproxen detection. This is because the oxygen content of 
GO facilitates the catalytic oxidation of naproxen [70]. Oghli et al. synthesized a 
polyoxometalate/rGO modified pencil graphite electrode (PGE) for trace detection 
of paroxetine[71]. Another nano platform for the drug detection have been designed 
based on decoration of Au nanoparticles on rGO for the detection of nitrazepam, and 
the prepared sensor exhibited wide linear range (0.5 μM–400 μM), low LOD, very 
good sensitivity and high stability [72]. A study was conducted on the detection of 
hydrazine as food additive. In this study, laser-induced flexible graphene was used as 
the sensing electrode. These graphene electrodes were produced by laser processing 
of polyimide films, and they concluded that the sensor presented good repeatability 
(500 cycles), sensitivity (up to 115% at 0.5 mM hydrazine), and selectivity (limit of 
detection (LOD) of 70 μM) for hydrazine detection [73]. 

3 Carbonaceous/Metal Oxides-Based Nanocomposites 

Composite material is known as the combination of two or more materials with 
different physical and chemical properties. Composite material exhibits an improved 
performance with new features by incorporating the properties of all raw mate-
rials from which it is obtained. For example, composite materials become stronger, 
lighter, or electrically resistant. Composites are classified according to the matrix 
type, size, and reinforcement elements used. Different composites can be obtained 
by using various reinforcement elements in different matrix types. Materials such 
as fiber reinforcement, sheet reinforcement, and particle reinforcement can be used, 
and polymeric, ceramic, or metallic composites can be produced depending on the 
matrix used. If one of the materials used in composites is one-dimensional (1D), two-
dimensional (2D), or three-dimensional (3D) and smaller than 100 nm, these compos-
ites are defined as nanocomposites. Nanocomposites can be classified into three main 
classes; metal matrix nanocomposites, ceramic matrix nanocomposites, and polymer
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matrix nanocomposites. Especially, during the last two decades, composite mate-
rials functionalized with various nanostructures for the preparation of nanocomposite 
materials with superior properties have been one of the most studied subjects. Metallic 
nanostructures (spherical, cubic, ribbon-like, flower-like, rod, wire, etc.), polymeric 
nanomaterials, hybrid nanoclusters, carbonaceous-based nanostructures, and metal 
oxide-based nanoparticles (MONP) are among the most widely used nanostructures 
for the production of nanocomposites. 

MO are compounds formed by the reaction of metals with oxygen. MO nanostruc-
tures (MONS) is formed by synthesizing MO compounds at the nanoscale. MONS 
have hierarchical porous structures, a large surface area, ion/electron transport path 
shortening abilities, highly conductive networks, sensitivity to surface modifica-
tions by adding hydroxyl groups (−OH), and the ability to form nanocomposites by 
combining with various materials. Furthermore, these MONS present superparam-
agnetic activity, good conductivity, sensitivity, and high catalytic activity. As a result, 
copper oxide (CuO), zinc oxide (ZnO), Al2O3, magnesium oxide (MgO), zirconium 
dioxide (ZrO2), titanium dioxide (TiO2), cerium oxide (CeO2), etc. MONS are used in 
various fields such as material science, chemistry, medicine, pharmaceutical science, 
sensor technology, optics, electronics, and energy [6, 74]. 

Despite the many advantages mentioned above, MONS can be inadequate in 
applications. The main reason for this is that it can be difficult to control the surface 
area, pore distribution, and porosity in MONS, which can affect their performance in 
applications [7]. Therefore, research to obtain nanocomposites with more advanced 
properties by combining MONS with other materials has gained popularity in recent 
years. In this context, graphene and its derivatives, AC, carbon nanospheres, meso-
porous carbon, CNTs, CNFs, and HPGC have a synergistic effect with MONS since 
they have strong corrosion resistance, long cycle life, good electrical conductivity, 
and chemical stability. Especially in sensor applications, there are many studies in 
which nanocomposite structures of MONP and carbonaceous-based materials are 
used for the electrode systems in the sensor [7, 8, 75]. In the developed nanocom-
posite electrodes, carbonaceous nanostructures provide several advantages to MONS 
such as preventing the agglomeration of MONS, providing physical support to 
MONS, and facilitate the ion/electron transfer as illustrated in Fig. 6. The compo-
sition, microstructure, electrode porosity, pore size distribution, electrical conduc-
tivity, specific surface area, and physical properties of carbonaceous/MONS-based 
nanocomposites influence the electrode performance resulting in the performance of 
the application [7].

Nanocomposites created using graphene have excellent catalytic, magnetic and 
optoelectronic capabilities due to the electrical conductivity provided by the unique 
sp2 hybridization of C bonds in graphene [76]. Besides graphene, CNTs are among 
the most frequently utilized carbonaceous materials, and their nanocomposite struc-
ture with MONS is of interest [77]. Another carbonaceous material is 3D porous 
carbons, which can be classified as macroporous, mesoporous and microporous. 
These structures are used as a matrix for the accommodation of active particles, 
owing to their properties such as adjustable pore size, high pore volume and surface 
area [78, 79].
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Fig. 6 Illustrative 
representation of different 
dimension 
carbonaceous-based 
nanomaterial contributions 
on their nanocomposites

3.1 Classification and Properties of Carbonaceous/Metal 
Oxides-Based Nanocomposites 

Since carbonaceous-based materials belong to a large family, it would be useful and 
practical to classify these materials according to their dimension and to examine the 
final carbonaceous/MO-based nanocomposite materials obtained. In this content, 
the nanocomposites of ZnO, TiO2, CuO etc. MONS with 0D, 1D, 2D and 3D 
carbonaceous-based materials are discussed. 

Zero dimensional (OD) carbonaceous/MONS-based nanocomposite: Activated 
carbon (AC), one of the 0D carbons, is a material produced by the carbonization 
process, usually from carbon-rich sources such as wood, lignite and coconut shells. 
AC is employed in adsorption, catalysis, energy storage and supercapacitor appli-
cations owing to its porous structures, electronic conductivity, large surface area 
and highly reactive surface function [80–82]. Furthermore, mesoporous carbon is 
also preferred in the development of nanocomposite electrodes due to its large 
specific surface area and adjustable pore size. These carbons have a hierarchical pore 
structure that includes macropores (>50 nm), mesopores (2–50 nm), and nanopores 
(<2 nm) [83]. Cell performance is dependent on ion transport in the electrolyte 
and access of ions at the electrode. In this transport, nanopores have a minor role 
while mesopores facilitate the mass transfer of ions on the electrode surface [7, 84]. 
Carbon nanospheres are another type of 0D carbonaceous nanomaterial, and the 
expanded hollow carbon spheres are high graphite, which provides good electronic 
conductivity. 1D dimensional carbonaceous/MONS-based nanocomposites are more 
preferred than 0D derivatives. 

One dimensional (1D) carbonaceous/MONS-based nanocomposite: In contrast 
to 0D carbonaceous based materials, 1D carbonaceous nanostructures facilitate ion/ 
electron transport. Due to the reduced contact resistance between neighboring NPs,
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1D nanostructures have superior charge carrying abilities than their 0D NP coun-
terparts. CNTs or CNFs with a relatively large surface area, that are widely used as 
a member of 1D carbonaceous nanostructures, serve as a scaffold for the MONS 
in order to increase mechanical properties of pure MONS [7]. CNTs, the most 
common carbonaceous-based material among 1D carbonaceous nanostructures, are 
hollow tubular materials with nano-scale diameters and lengths. CNTs are classified 
as single-walled (SWCNTs) or multi-walled (MWCNTs) based on the number of 
layers formed by cylindrically rolling graphene sheets. The chemical bonding of 
CNTs is composed entirely of sp2 hybridized bonds which bonds stable than the sp3 

hybridized bonds that found in diamond. Similarly, sp2 hybridized bonds exist in 
graphene. This sp2 hybridization provide CNTs with the unique strength and elec-
trical properties [85]. SWCNTs can be metallic or semiconductor whereas MWCNTs 
are always metallic each layer in MWCNTs may have different properties and there 
are connections between layers. The size, alignment and number of CNTwalls can 
vary depending on the rolling process, which affects the electrical, mechanical and 
thermal properties of the materials [85, 86]. Therefore, the method to be followed 
in CNTs synthesis and the final product to be obtained at the end of the synthesis 
are determined according to the application areas and objective of the usage. For 
example, metallic SWCNTs can be used as interconnect materials, whereas semi-
conductor SWCNTs are preferred to produce nanoelectronic devices [77]. CNTs and/ 
or their nanocomposites with MONS are widely used in, biomedical applications, 
catalytic applications, electronics, energy storage, and sensors as electrodes due to 
their unique properties such as switchable conductivity, electronics, optoelectronics, 
porous texture, and flexibility. The reasons for the usage of CNTs as electrodes 
are their mesoporous structure, accelerate charge transfer during the oxidation and 
reduction of reagents and accelerate the diffusion of components in the environ-
ment [87]. There are two different approaches during the synthesis of CNTs with 
MONS. These are; (i) in-situ approach in which simultaneous growth of CNTs and 
MONS is achieved; and (ii) ex-situ or post-growth decoration approach performed 
in a separate step following synthesis of the CNTs. In the in-situ approach, one of the 
hybrid components is produced in the presence of the other, or both components are 
synthesized simultaneously. As a result, during manufacturing process, one compo-
nent can affect the size, crystal structure or morphology of the other, providing the 
hybrid material to acquire new properties. On the other hand, in the ex-situ approach, 
the two components are produced separately in the desired size, crystal structure and 
morphology. These materials are then modified with appropriate functional groups or 
binding molecules and joined via such as covalent bonding, π–π stacking, hydrogen 
bonds, electrostatic forces, and hydrophobic interaction [77, 88]. The advantages of 
CNT/MONS-based nanocomposites, which demonstrate more advanced properties 
in the form of nanocomposite structures, make them more attractive in applica-
tions. Because in CNT/MONS-based nanocomposite structures, (i) low electrical 
conductivity of MONS can be compensated by CNTs providing a facilitated elec-
tron transport channel, (ii) the large specific surface area of CNTs can increase the 
contact area between electrolyte and electrode, (iii) CNTs with improved mechan-
ical toughness than pure MONS can serve as a carbon scaffold for MONS. Some
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of the examples of studied CNTs/MONS-based nanocomposites are ZnO/CNTs, 
nickel oxide/CNTs (NiO/CNTs), vanadium (V) oxide/MWCNTs (V2O5/MWCNTs), 
manganese dioxide/CNTs (MnO2/CNTs). Detailed examples of CNTs/MONS-based 
nanocomposite applications are given in the following sections [79]. 

In addition to CNTs, CNFs are also recognized as another type of 1D carbonaceous 
nanomaterial. These materials are sp2 hybridized linear filaments and typical aspect 
ratios higher than 100:1. CNFs have a more complex structure than CNTs because 
unlike CNTs, these materials consist of an arrangement of graphene structures found 
as stacked cones. The orientation of these carbon layers in their structures affects the 
mechanical properties of CNFs [89, 90]. CNFs can be synthesized by the appropriate 
combination of electrospinning of organic polymers and thermal post-treatment. 
In the electrospinning process, electrospun polymer nanofibers are produced first, 
followed by stabilization and carbonization. Finally, thermal after treatment is carried 
out in an atmosphere containing inert Ar or nitrogen (N) gas [91]. They are frequently 
preferred in fields such as biomedical, sensor, textile, and electrical applications 
due to their excellent mechanical, physical and chemical properties including good 
thermal conductivity, corrosion resistance, high strength, large specific surface area, 
chemical stability, electrical conductivity, porosity, light weight, surface roughness, 
and tendency to surface modifications [90, 92]. 

Two dimensional (2D) carbonaceous/MONS-based nanocomposite: Due to their 
high electrical conductivity, large surface area, and relatively facile functionaliza-
tion features, 2D carbonaceous based nanomaterials such as graphene, GO and rGO 
are suitable for modification with MONS and to be obtained in nanocomposite 
forms [93]. These nanocomposites are used as electrodes in electrochemical sensors, 
catalytic and photocatalytic applications as well as in the field of energy storage 
[94–96]. The most common MONS used for preparation of nanocomposite with 2D 
carbonaceous-based materials include ZnO, MnO2, CuO, CeO2, TiO2, ZrO2, NiO,  
molybdenum trioxide (MoO3), trimanganese tetraoxide (Mn3O4), palladium dioxide 
(PdO2), ruthenium (IV) oxide (RuO2) cobalt oxide (Co3O4), iron(III) oxide (Fe2O3), 
and iron(II,III) oxide (Fe3O4) [97]. 

Three dimensional (3D) carbonaceous/MONS-based nanocomposite: Another 
type of carbonaceous-based material is 3D porous carbon structures such as diamond, 
GO, graphite, etc. These structures have larger surface areas due to their pores which 
provides to increase the efficiency of the electrode by loading as much active mate-
rial as possible onto the electrode. Furthermore, in order to further improve the 
efficiency of the electrode, these carbon structures are used in nanocomposite with 
MONS, creating a synergetic effect with the properties of MONS [5, 78, 79].
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3.2 Preparation of Graphene/Metal Oxide-Based 
Nanocomposites 

Since graphene-based materials and their combinations with MONS are of great 
interest any different synthesis methods are developed depending on the appli-
cation area of these materials or the type and quality of the final product to be 
obtained. The most widely used methods for forming nanocomposites of graphene-
based materials with MONS are hydrothermal/solvothermal synthesis, chemical 
reduction, microwave (MW) assisted synthetic approaches, and electrochemical 
synthetic approaches. During the synthesis of graphene and its derivatives/MONS-
based nanocomposites, the graphene, GO or rGO surfaces are modified with 
hydrophilic and oxygen-containing functional groups such as epoxides, hydroxides, 
and carboxylic groups to promote them to be more active in chemical reactions with 
metal ions. Afterwards, the nanocomposite material formed by final annealing is 
stabilized to obtain a sandwich-like structure [98]. 

3.2.1 Solvothermal and Hydrothermal Synthetic Approaches 

Solvothermal and hydrothermal synthetic approaches are the most common methods 
used for the development of graphene-based nanocomposites. These reactions occur 
at high temperatures, typically between 100 and 200 °C, followed by purification 
(usually with water) and drying to obtain the final product [99]. In that aspect, Song 
et al. synthesized CuO/GO nanocomposite by hydrothermal synthesis that the reac-
tion carried out at different temperatures (120, 150, and 180 °C) for 10 h in order 
to modify and improve the properties of the GCE used for non-enzymatic glucose 
detection. According to the study, the efficiency of the reaction carried out at 120 °C 
was higher, and GO prevents aggregation of CuO NPs and improves their sensing 
properties due to its electroactive surface area. In addition, the performance improved 
GCE had a detection limit of 0.69 μM (S/N  = 3) in glucose detection, a sensitivity 
of 262.52 μA mM−1 cm−2, and a linear range from 2.79 μM to 2.03 mM under a 
working potential of +0.7. All this means that the sensor using the modified elec-
trode has high stability, good repeatability, and excellent selectivity [100]. The strong 
electrolytic water used in the hydrothermal synthesis reaction has a high diffusion 
coefficient and dielectric constant. This facilitates the removal of oxygen-containing 
groups by dehydration. The method is environmentally friendly and has a simple 
installation. In addition, the degree of reduction desired in the reaction and the prop-
erties of the hybrid material can be controlled by adjusting the temperature and 
pressure of the reaction. On the other hand, a possible disadvantage of the method 
is the significant energy consumption [99].
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3.2.2 Chemical Reduction Approach 

The chemical reduction method is a method that uses different chemicals such as 
sodium hydroxide (NaOH), ammonium hydroxide (NH4OH), N2H4, and diethylene 
glycol (DEG) as reducing agents [101]. In this method, the reduction degree and 
other properties can be adjusted by using different reducing agents. Furthermore, 
this method does not require high energy consumption. One of the disadvantages 
of this method is that in some cases the resulting product cannot be easily puri-
fied from reducing agents [99]. A study that performed by using chemical reduction 
to produce europium oxide nanoparticles (EuNs) on rGO and obtaining EuN/rGO 
nanocomposite structure carried out by Naderi et al. During the synthesis, they grad-
ually added a 32% NH4OH aqueous solution to a solution of Eu(NO3)3 · 6H2O in an  
ultrasonic bath, then to this solution GO suspension was added under sonication and 
allowed the NPs to bind to the GO layers. Then GO was converted to rGO by adding 
N2H4 and as a result they obtained the EuN–rGO nanocomposite structure [101]. 

3.2.3 Microwave-Assisted Synthesis Approach 

MW-assisted synthesis method is another method used to produce graphene/MONS-
based nanocomposite structures with homogeneous distribution, and high purity. 
MW is electromagnetic radiation with a frequency range of 0.3–300 GHz and a 
wavelength range of 1 mm–1 m. Because MWs travel at the speed of light, breaking a 
chemical bond requires less energy. As a result, MWs have no effect on the framework 
of the chemical molecule [102]. In contrary to the traditional heating method, in 
MW heating, materials are heated directly through dielectric loss, resulting in rapid 
heating. Moreover, due to the different dielectric constants of the reactants and the 
solvent, MW can be used to achieve selective dielectric heating. In this type of 
heating, a significant increase in the transfer of energy directly to the reactants is 
achieved, resulting in a sudden increase in the internal temperature. As a result, MW 
can facilitate the nucleation of NPs and shorten the synthesis time [76, 103]. The 
reaction time is greatly reduced with this method due to the lower activation energy 
barrier. Moreover, because the reaction time is reduced, the probability of unwanted 
by-products is reduced, the purity of the obtained product, the reproducibility of 
the system and the ease of optimization are increased [102]. Regarding the use 
of MW-assisted synthesis approaches in the synthesis of graphene/MONS-based 
materials, Foroughi et al. synthesized the graphene/CuO nanocomposite structure on 
GCE to detect glucose. In the experimental part, the solution prepared by mixing the 
certain chemicals was sonicated to create a homogeneous solution, and then placed 
in a household microwave oven and treated for 10 min. Then, the obtained product 
was annealed at 500 °C for 5 h to remove impurities. In the study, it was noted 
that graphene/CuO nanocomposite improves the glucose sensing performance of the 
GCE [104].
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3.2.4 Electrochemical Approach 

The electrochemical approach is another method used in the synthesis of graphene/ 
MONS-based nanocomposites. This method is a simple, fast, low-cost, stable, repro-
ducible and environmentally friendly approach using ionic liquid electrolytes or 
aqueous surfactants and an electric current to achieve oxidation or reduction, inter-
calation, and exfoliation in a piece of graphite. The size, shape, and yield of materials 
produced by the electrochemical approach can be easily controlled by modifying the 
electrochemical cell design and conditions, such as the molarity of the electrolytes, 
the pH of the electrolytic solution, the power supply voltage, and the electrolysis 
time [105–108]. In a study on graphene/MONS-based nanocomposite was synthe-
sized by Nanakkal et al. The graphene/ZnO nanocomposite structure was produced 
in three steps by using the electrochemical synthesis method. The first step was 
the synthesis of graphene by electrolysis, the second step was the modification of 
the synthesized graphene sheets, and the final step was the functionalization of the 
modified graphene sheets with ZnO NPs. In the experiment using sodium chloride 
(NaCl) as the electrolytic, a suitable constant DC voltage was applied to two fresh 
graphite rod electrodes immersed in the electrolytic solution. After that, it was modi-
fied with H2SO4 to roughen the graphene-coated electrode surfaces. In the final 
step, the graphene-deposited graphite rod served as the cathode and zinc sulphate 
(ZnSO4) solution was used as the electrolyte, and a graphene/ZnO nanocomposite 
was obtained by depositing ZnO NPs on graphene sheets by electrolysis. Next, the 
synthesized graphene/ZnO sample was annealed at 500 °C. It was stated that the 
graphene/ZnO nanocomposite structure obtained in the study showed more advanced 
photocatalytic activity than ZnO [107]. 

3.3 Applications of Carbonaceous/Metal Oxides-Based 
Nanocomposites 

In recent years, there has been a great interest in producing nanocomposites of largely 
carbonaceous-based materials with MONS and using them for different applications 
as depicted in Fig. 7. This section contains studies of the uses of carbonaceous/ 
MONS-based nanocomposites in energy storage, solar cell and catalytic applications, 
particularly in electrochemical sensors.

Carbonaceous-based materials and nanocomposite materials obtained from 
MONS are used in many areas. Among these studies, regarding photocatalytic and 
energy storage applications, Liu et al. synthesized the nanocomposite material from 
nitrogen-doped MWCNT and V2O5 (V2O5@N/CNTs) to be used as the positive 
electrode of a lithium-sulfur battery. The capacity retention rate of the material with 
improved performance has been determined as 60%. The initial charge capacity of 
the material reached 1,453 mAh g−1 at rate of 0.1 C, and the high discharge specific 
capacity was determined as 538 mAh g−1 even after 200 charge/discharge cycles
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Fig. 7 Schematic 
illustration of applications of 
carbonaceous/MONS-based 
materials

at rate of 0.5 C. It also exhibited a specific discharge capacity of 492 mAh g−1 

even after 400 charge and discharge cycles at rate of 1.0C [109]. In a study based on 
catalytic activity, TiO2 and ZnO were deposited as single and multilayer on MWCNT, 
yielding CNT–TiO2, CNT–ZnO, CNT–TiO2–ZnO and CNT–ZnO–TiO2 core/shell 
nanocomposites produced to evaluate the catalytic activity of methyl orange. Struc-
tures in which ZnO is the outer layer (CNT–ZnO and CNT–TiO2–ZnO) showed the 
most effective catalytic activity in the decomposition of methyl orange. Samples 
containing multi-layered oxide (CNT–ZnO–TiO2 and CNT–TiO2–ZnO) exhibited 
lower catalytic activity than CNTs containing single-layer oxide due to higher average 
densities and lower surface areas [110]. 

Carbonaceous/MONS-based nanocomposites have been widely used in sensor 
applications recently. Some of the studies conducted in this area are reviewed. Yue 
et al. synthesized graphene/ZnO nanorods onto GCE to create an electrochemical 
sensor for the simultaneous detection of sulfamethoxazole (SMX) and trimethoprim 
(TMP) antibiotics. A synergistic effect occurred between ZnO preventing agglomer-
ation of graphene and graphene increasing the conductivity of semiconductor ZnO. 
The result demonstrated excellent electrocatalytic performance against SMX and 
TMP. In addition, the repeatability and stability of the electrode were measured in 
the study, the electrode was stored at 4 °C for 21 days and then their response to 
SMX and TMP was compared. The relative standard deviations for both antibiotics 
on the electrodes were observed as 4.9 and 4.7%, respectively, and it was noted that 
the electrode had good stability and repeatability [111]. Among the various semicon-
ductor oxides, ZrO2 is used in sensor applications due to its good catalytic property 
but is supplemented by carbonaceous-based materials due to its low conductivity. 
In a study, GQDs@ZrO2 hybrid nanostructures were used as sensing electrodes for 
the electrochemical measurement of Ochratoxin A (OTA). The GQDs@ZrO2 hybrid 
prevented GQD restacking, and improved sensor performance by providing high 
active sites, enhanced hydrophilicity, and high electron transport rate. In the study, it 
was stated that the BSA/anti-OTA/GQDs@ZrO2/ITO immunosensor has a detection 
range of 1–20 ng/mL, a sensitivity of 5.62 μA mL/ng cm2, and a detection limit of
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0.38 ng/mL [112]. Tungsten trioxide (WO3), on the other hand, is an n-type semi-
conductor with a tunable wide energy band gap (2.4–3.6 eV). It is preferred in sensor 
technology because of its features such as low toxicity and low cost, high stability 
in acidic environment and improving the electrochemical performance of materials. 
GCE decorated with WO3/graphene synthesized by Ansari et al. was used for detec-
tion of the antianginal drug Ranolazine (RZ). Owing to WO3 NP and graphene, the 
electrical conductivity and surface area of the electrode increased, which improved 
the electrocatalytic performance of the electrode, resulting in two linear ranges for 
RZ determination between 0.2–1.4 and 1.4–14 μM with the low detection limit of 
0.13 μM [113]. MnO2 is also preferred with carbonaceous-based materials in elec-
trochemical applications. In a study, AuNPs/MnO2/graphene/CNT hybrid structure 
using graphene and CNT as carbonaceous-based materials were synthesized and used 
for H2O2 determination. In this structure, MnO2 NPs had excellent electrocatalytic 
activities against H2O2, while Au NPs were preferred because they both increased 
electrical conductivity and improved supportive sensing performance against H2O2. 
In the study, the hybrid nanostructures exhibited excellent electrocatalytic activity 
against H2O2 with ultrahigh detection sensitivity of 452 μA mM−1 cm−2 and low 
detection limit of 0.1 μM (S/N  = 3) [114]. 

4 Electrochemical Sensors 

Living organisms use their sense organs to interact with the environment in their 
daily lives. They process the information coming from their environment through 
intermediary organs or tissues such as eyes, nose, tongue, skin and respond with 
their subsequent movements. One of the basic questions to be asked, is there a tech-
nological equivalent to these perception and reaction capabilities of living systems? 
Yes indeed! Sensors. 

Sensors are devices that detect environmental changes and process them electri-
cally, optically, biologically or chemically to produce measurable results. Sensors are 
generally classified according to their operating mechanism (active/passive sensors or 
absolute/relative sensors), the type of interaction used during the measurement (phys-
ical, chemical or biological sensors), and the dimensions of the measured substance 
(microsensors, nanosensors, etc.). 

Chemical sensors are sensors that use chemical reactions to detect and measure a 
target substance. The best examples of natural chemical sensors are the tongue and 
nose, which collaborate in taste detection, owing to their highly flexible and sensitive 
sensing capabilities. The tongue can detect different tastes such as salty, sour, bitter, 
and sweet by chemical analysis of the substances whereas the nose, which is another 
natural chemical sensor, can detect and distinguish thousands of different odors. All 
biological odor detection systems are based on a relatively small number of distin-
guishable sensors. The odor recognition system is based on pattern matching of the 
response of different chemical sensors in the nose to various odors [115, 116]. Chem-
ical sensors consist of a recognition element (receiver), a transducer on the receiver
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part that converts chemical information into a measurable signal, and an electronic 
system that can reflect this signal [9]. Chemical sensors can be classified as elec-
trochemical sensors, optical chemical sensors, and calorimetric sensors according 
to the working principle of the transducer. Electrochemical sensors are devices that 
measure the interactions between the target analyte and the electrode by electro-
chemical methods with the help of electrodes in solutions called electrolytes [10]. 
The efficiency of electrochemical sensors can vary depending on the electrode type 
and electrolyte used, the chemical and physical properties of the electrode surfaces, 
and the applied potential [11]. The reliability of the sensors is directly proportional to 
the precision, measurability and reproducibility of the results obtained. It is important 
to consider the following sensor characteristics in a successful sensor design. 

Sensitivity: One of the most important characteristics of a sensor is sensitivity 
which is usually defined as the ratio of the change in output to the change in input. 
The sensitivity of an ideal sensor is constant throughout its dynamic range [117]. 

Linearity: Linearity is a measure of how close the characteristic curve of the sensor 
is to a straight line. Ideally, the characteristic curve is expected to follow a straight 
line [10]. 

Repeatability: Repeatability is the ability of the sensor to produce the same output 
when exposed to a given measured variable multiple times at different times and under 
the same conditions [117]. 

Resolution: The resolution of a sensor is the minimum increase in stimulus it can 
respond to. For example, on a sensor with a resolution of 0.01 °C, this means that a 
temperature increase of 0.01 °C produces an easily measurable output [116]. 

Measuring Range (Dynamic Range): The measuring range of the sensor is the 
range of measured values for a sensor response [116, 117]. 

Accuracy: Detection and operating errors in the sensor are parameters that define 
the accuracy of the device [116]. 

Selectivity: Selectivity means that the sensor responds only to the relevant 
measurement [117]. 

Response Time: Response time is the time it takes for the sensor to reach 90% 
of the steady state value after the measurand has been entered. Recovery time is the 
time it takes for the sensor to remain within 10% of its value before being exposed 
to the measurand [117]. 

Hysteresis (Delay): Hysteresis is the name given to the deviation of the sensor 
output at any point when approached from the ascending or descending direction 
[116]. 

Drift: Drift is considered as deviations in the output signal. Drift changes the slope 
of the static sensitivity curve and causes the sensor to lose sensitivity [118]. 

It is possible to modify the sensor electrodes to improve the sensor properties 
described above, especially the catalytic performance, sensitivity, analyte selectivity 
and diffusion kinetics of the sensor [12]. Different methods and materials are used 
for the modification of electrodes. Nanocomposites made of carbonaceous-based 
materials with MONS are frequently preferred in the production of modified elec-
trodes due to their properties such as large surface area, high conductivity and fast 
heterogeneous electron transfer.
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4.1 Classifications of Sensors 

Although sensor classifications are represented in different ways in many different 
sources, it is possible to divide sensors into several classes. Sensors are generally 
classified based on their working mechanism (active/passive sensors or absolute/ 
relative sensors), type of interaction used during measurement (physical, chemical, 
or biological sensors), and dimensions of the measured substance (microsensors, 
nanosensors, etc.). One of the basic classification of sensors is given with examples 
for each sensor derivatives in Fig. 8. 

4.1.1 Electrochemical Sensors 

Analytical chemistry, one of the oldest fields of chemistry, is the science that studies 
the chemical structure and components of a particular substance. In analytical chem-
istry, various instrumental techniques are used to study the structure and components 
of chemicals. Thanks to advanced technology, practical sensors that are sensitive 
to sample detection began to be developed, and thus chemical sensors emerged. 
Chemical sensors can be briefly defined as sensors that transform chemical changes 
between the target substance (analyte) and the recognition element into meaningful

Fig. 8 A fundamental classifications of sensors 
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Fig. 9 Schematic 
illustration of basic chemical 
sensors 

and measurable results. In their simplest design, chemical sensors consist of a recog-
nition element (receptor), a transducer that converts chemical information into a 
measurable signal in the receptor part, and an electronic system that can reflect this 
signal, as shown in Fig. 9. The working mechanism of a chemical sensor is based on 
the fact that the target substance given to the sensor interacts with the recognition 
elements of the sensor through chemical reactions and gives an output as a result 
of this reaction. An ideal chemical sensor should respond quickly and operate for a 
long time, be inexpensive and specific, that is, it should respond to only one analyte, 
or at least be selective towards a group of analytes [9, 119]. Chemical sensors can 
be classified as electrochemical sensors, optical chemical sensors and calorimetric 
sensors according to the working principle of the transducer. 

Electrochemical sensors are devices that use electrodes in the electrolyte solutions 
to measure the interactions between the target analyte and the electrode, the electrical 
properties of the target analyte, or the effect of the analyte on the electrical properties 
of another material. These sensors and supporting electronic sensors are generally 
simple in design and the resulting products are frequently used in demanding appli-
cations [10]. The efficiency of electrochemical sensors is affected by the type of 
electrode and electrolyte used, the chemical and physical properties of the electrode 
surfaces, the applied potential, and the modifications applied to the electrode surface 
nanomaterials [11]. As a result of the electrode modifications, more interaction is 
achieved by increasing the surface area resulting in increasing the catalytic perfor-
mance, and properties such as selectivity, sensitivity, and diffusion kinetics against 
the analyte can be improved owing to immobilized functional groups and additives 
[12]. Electrochemical sensors are generally divided into two groups as potentiometric 
sensors and voltammetric/amperometric sensors [10]. 

Potentiometric Chemical Sensors: A potentiometric sensor is a type of chemical 
sensor that might be used the determination of the concentration of some components 
of the analyte. The determination of the analyte concentration occurs by measuring 
the variation potential difference between working and reference electrodes under 
the conditions of no current flow. The signal of general potentiometric sensors is 
based on the Nernst equation. The Nernst equation is an equation often used by elec-
trochemists. The equation is a thermodynamic relationship that allows the reduction 
potential of a reaction to be calculated from the number of electrons involved in
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the redox reaction, chemical activities, standard electrode potential, and constant 
temperature. The Nernst equation can be used to determine the cell potential of a 
cell under non-standard conditions. The Nernst equation is given below in Eq. 1 [10, 
120]. 

E = Eθ −
(
RT 

nF

)
ln Q (1) 

where; 

Q stands for reaction quotient 
R Universal gas content 
n Amount in mol of electrons transferred 
F Faraday constant 
T Temperature in K. 

The working principle of the potentiometric sensor is based on the change of 
electric potential at the surface of a solid material immersed in a solution where 
redox reactions take place. Due to the charge separation at the surface, a potential 
difference occurs between the surface of the solid and the solution. However, this 
contact potential cannot be measured directly. Therefore, the electrochemical cell is 
created using electrodes and the potential between the two electrodes can be directly 
measured. In this type of sensor, it is critical that the potential is ion-specific and that 
the electrodes are selective towards solutions. These are called ion-specific electrodes 
(ISEs) or membranes. Also, the potential can vary depending on the number and 
concentration of ions in the solution [116]. In order to increase selectivity in such 
sensors, electrodes can be coated with conductive or large surface area nanomaterials 
or ionic liquids can be applied during the process [121]. ISEs are widely used in 
potentiometric sensors. It has polymeric membranes containing selective carriers 
(ionophores) and is widely used for the direct determination of various inorganic 
and organic ions in medical, environmental and industrial analysis. Compared to 
other analytical techniques, ISEs have attractive features such as being portable, 
user-friendly, low energy consumption and low cost [122, 123]. In addition to the 
ISEs, the ion-selective membrane is also an important potentiometric ion sensor 
component. This membrane determines the reference to which the sensor responds 
to the ion of interest in the presence of various other ionic components in the sample 
[10]. 

Voltammetric/Amperometric Sensors: The working mechanism of voltammetric/ 
amperometric sensors is based on the application of an increasing and/or decreasing 
potential to the cell until oxidation and/or reduction of the substance to be analyzed 
occurs and a sharp rise and/or decrease in the current peaks. The height of the peak 
current is directly proportional to the concentration of the electroactive material. 
Since the main operating feature of these sensors is based on the transfer of electrons 
from the analyte, changes in the concentration of the analyte and the redox reaction 
affect the current. Selectivity and sensitivity are important factors in these sensors, 
and the electrodes are modified with various materials to improve these properties
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[121]. In these sensors, the electrochemical cell consists of two electrodes immersed 
in a suitable electrolyte. Sometimes, however, there are more complex systems in 
which a three-electrode cell is used, with one of the electrodes acting as a reference 
electrode. The working electrode is the electrode where the reaction of interest occurs, 
while the reference electrode (e.g. silver/silver chloride (Ag/AgCl), mercury/mercury 
chloride (Hg/Hg2Cl2)) provides a stable potential compared to the working electrode. 
An inert conductive material (e.g. Pt, graphite) is often used as an auxiliary electrode 
[119]. Amperometric sensors are required to have a high electrical conductivity. 
Therefore, conductive materials such as carbon-based materials are used as scaffolds 
both to immobilize active molecules and to hold the active molecules in monolayers 
close to the electrode surface. 

4.2 Functionalization of Working Electrodes 
for Electrochemical Sensor 

Electrochemical sensors are built of three main components: an analyte (sample), 
a receptor, and a transducer. Electrochemical sensors employ special electrodes to 
detect chemical reactions or charge transfer caused by the reaction. The electrodes 
act as the transducer that will either oxidase or reduce the analyte of interest. As a 
result, the current is produced and converted into meaningful data [124]. 

Electrochemical sensors use special electrodes where a chemical reaction occurs 
or charge transfer by the reaction occurs. The most fundamental rule for an electro-
chemical sensor is that it always requires a closed circuit, meaning that an electric 
current (DC or AC) must be present to make a measurement. Since the flow of electric 
current requires a closed loop, electrochemical sensors may contain two-electrode-
based systems, three-electrodes-based system, and screen-printed electrode (SPE) 
system. In three electrode system, there are a working electrode (WE), reference 
electrode (RE), and counter electrode (CE) whereas two-electrode systems consist 
of a WE and CE, as shown in Fig. 10 [125]. The WE can be produced from many 
different materials such as Ag, Au, Pt, glassy carbon (GC), boron-doped, diamond, 
etc. Depending on the redox reaction, reduction or oxidation may occur so the WE is 
called the cathode or anode, respectively. The CE is often called as auxiliary electrode 
which is produced from inert materials such as Ag, Au, Pt, etc. The RE should main-
tain a constant potential with respect to the analyte, regardless of its concentration 
or type. Ideally, the RE should not cause any chemical change in the analyte and the 
analyte should not alter the reference electrode. Commonly used REs are fabricated 
from Ag/AgCl, normal hydrogen electrode (NHE), and standard hydrogen electrode 
(SHE) [10].

In order to increase the performance of the WE, this electrode is functionalized 
in several ways. Modification of WE are usually carried out by using carbonaceous-
based materials that increase electrical conductivity, facilitate the adhesion of the
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Fig. 10 Illustration of two, three electrodes and SPE electrode systems with WE, CE and RE

substance to be detected, allow specific recognition and enable strong signal trans-
mission. Güneş et al. developed a heterostructured nanocomposite (HNC) electrode 
modified with graphene foam/hematite (GF/α-Fe2O3) nanowire arrays for use in 
glucose detection. Graphene foams grown on Ni foam by CVD method improved 
the electrochemical performance of the electrodes by increasing the electron transfer 
rate, providing a large surface area and high charge transfer capacity. This sensor, in 
which the electrode whose surface area increased after modification, showed high 
sensitivity and selectivity against glucose, and the LOD and sensitivity of the sensor 
were calculated as 71.6 μM and 20.03 μAmM−1 cm−2, respectively, according to 
the active surface area of the electrode [5]. Aykaç et al. modified the ultra-micro 
electrodes (UME) using ZnO-nanowire (ZnO NW) coated carbon fiber (CF). In the 
study, ZnO NWs were grown by hydrothermal method on CFs. The UME, which 
was then covered with the ZnONW/CF structure, was integrated with a metal oxide– 
semiconductor field-effect transistor (MOSFET) for the construction of an EGFET 
pH-microsensor. In this study, ZnONW/CF was used to fabricate a pH sensitive UME 
by inserting it in two a glass micropipette using a micro manipulator. pH of the real 
samples from 5 to 12 were recorded. The sensitivity has been found 47.4 mW/pH 
[126]. 

4.3 Carbonaceous/Metal Oxides-Based Nanocomposites 
for Electrochemical Sensors 

Electrochemical sensors developed with the incorporation of carbonaceous/MONS-
based nanocomposites gained great interest of scientists recently. These sensors are 
used for detection of different analytes in many application areas. One of these appli-
cation areas is pharmaceutical technology. Supraja et al. developed heterogeneous 
electrodes with MWCNT/ZnO nanocomposite structure for atrazine (ATZ) detec-
tion. Thanks to the high conductivity of the nanocomposite structure, 33% increased
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surface area compared to pure ZnO, and low band gap, the sensitivity, and LOD 
of the sensor as 21.61 (KΩ μg−1 mL−1) cm−2 and 5.368 zM for a wide detection 
range of 10 zM–1 μM were recorded. As a result, it was stated that MWCNT/ZnO 
nanocomposite structure showed higher conductivity than pure ZnO nanofibers [87]. 
Yang et al. conducted a study considering that dopamine (DA) and uric acid (UA) are 
difficult to detect due to their similar peak potentials. In this study, ZnO nanofibers 
were sequentially synthesized on the CF surface using magnetron sputtering and 
in situ hydrothermal methods. As a result, distinguishing oxidation potential peaks 
of DA and UA was achieved. The electrode with improved performance showed high 
sensitivity and selectivity. The results showed a linear range of 6–20 μM and a LOD  
~0.402 μM for DA detection [127]. In another study, SPCEs surfaces were modi-
fied with MWCNT-sponge (MWCNT-Spng), MWCNT-Spng-AuNPs, and graphene, 
respectively, and their performance for dopamine (DA) detection was evaluated. 
According to the study, the modified electrodes showed an improvement in both LOD 
and sensitivity compared to bare SPCE. Among the modified electrodes, MWCNT-
Spng-AuNPs/SPCE showed the highest performance, and the LOD and sensitivity 
were calculated as 4.96 μM and 526 μA/mM cm2, respectively [128]. Selvi et al. 
synthesized graphene/WO3 nanocomposite structure was coated on SPCE and used 
for the electrochemical detection of nitrofurantoin (NTF). Gr/WO3/SPCE electrode 
with increased electrocatalytic activity has exhibited against NFT with a lower detec-
tion limit (0.002 μM), good linear response range (0.01–234 μM), and acceptable 
sensitivity (2.18 μAμM−1 cm−2) [129]. 

Electrochemical sensors for the detection of food additives and contaminants are 
used to maintain higher safety and quality standards in processed food and bever-
ages. These sensors perform very effectively for the detection of food contami-
nants such as hydrazine, bisphenol A, and some commonly used preservatives such 
as caffeine, ascorbic acid, sulfites and nitrites [130]. In a related study, m-Fe3O4/ 
GO structure was obtained using mesoporous magnetite NP (m-Fe3O4) and GO by 
solvothermal synthesis, and then integrated on GCE and used for electrochemical 
detection of hydrazine (HDZ). The electrocatalytic activity of the electrochemical 
sensor improved with the increased surface area due to the high electron transfer rate, 
and the porous structure of both GO and Fe3O4 NPs. m-Fe3O4/GO/GCE had high 
sensitivity, low LOD and wide linear detection range compared to GO/GCE. The 
LOD, sensitivity, and linear detection range values for the new GCE were 59 nM, 27 
μA μM−1 cm−2, and 1–4400 μM were recorded, respectively [131]. 

Electrochemical sensors, which are also frequently preferred for the detec-
tion of heavy metal ions, show further improved performance by using carbona-
ceous/MONS-based nanocomposites. A selective Hg2+ sensor was designed by 
preparing CuO/poly(methyl methacrylate) (PMMA) and various carbonaceous-
based nanofillers (CuO/PMMA/SWCNT, CuO/PMMA/MWCNT and CuO/PMMA/ 
G) as triple nanocomposites. Owing to nanofillers, the thermal properties of PMMA 
have improved and CuO/PMMA/SWCNT had highest response to Hg2+ ions in 
a buffer medium (phosphate type) compared to other nanofillers. In addition, the 
sensor using CuO/PMMA/SWCNT showed good repeatability, fast response time, 
good linearity, and good stability [132].
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5 Conclusion 

Environmental pollution and climate change, the growing demand for energy and 
food as the world’s population grows, and the pollution of a limited number of clean 
water resources are among the most important problems facing humanity. Fortu-
nately, scientists are making great efforts to identify, prevent, and solve these prob-
lems. One of the most concrete recent examples of scientific developments in society, 
as we all know, is the unique efforts of scientists during the COVID-19 pandemic 
that started at the end of 2019. In particular, the development of rapid diagnostic 
kits made it possible to diagnose patients in a short time, which helped to isolate 
them and ultimately prevent the disease from becoming much more devastating. 
In addition, vaccines developed in a very short time gave hope for an end to the 
pandemic and helped prevent the transmission of the disease. Vaccines have made 
a very positive contribution to protecting the elderly population and immunocom-
promised against the SARS-Cov19 virus. Taking all this into account, the need for 
simple, fast, practical, cheap and reliable sensors is growing every day, especially 
for the rapid diagnosis in medicine, for detecting harmful additives in food, for the 
improvement of polluted clean water, for use in the pharmaceutical industry and 
many other fields. Although research in this field is progressing in many different 
areas, the most prominent of these studies have focused on the producing nanocom-
posites from carbonaceous-based materials, particularly graphene and its deriva-
tives, and producing production of electrodes from these nanocomposites. Graphene 
has been modified with many different materials and methods in order to achieve 
superior physical and chemical properties of 2D graphene and its derivatives with 
different properties and/or to have a suitable design. Among these modifications, the 
preparation of nanocomposites of graphene and its derivatives with MONS and their 
widespread use, especially in sensor technologies, has been one of the most common 
subjects of study in recent research. In this chapter, not only the use of graphene/ 
MONS-based nanocomposites as electrochemical sensors but also carbonaceous/ 
MONS-based nanocomposites are presented, accompanied by some of the most 
comprehensive, detailed and most recent scientific papers in the field. We have 
discussed some fascinating applications of these nanocomposites in the field of elec-
trochemical sensors. In this context, the chapter started with a fundamental introduc-
tion, followed by a section on graphene and its derivatives, a section on carbonaceous/ 
MONS-based nanocomposites, and finally completed with a section on electrochem-
ical sensors. It should be noted that although the most fundamental and recent studies 
are covered in this chapter, the studies on the subject are not limited to these, but are 
broader and more comprehensive.
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thermal properties of epoxy composites. Carbon N. Y. 49, 793–803 (2011). https://doi.org/ 
10.1016/j.carbon.2010.10.014 

21. S.K. Tiwari, S. Sahoo, N. Wang, A. Huczko, Graphene research and their outputs: status 
and prospect. J. Sci. Adv. Mater. Dev. 5, 10–29 (2020). https://doi.org/10.1016/j.jsamd.2020. 
01.006 

22. X. Duan, C. Zhao, W. Liu, X. Zhao, L. Chang, Fabrication of a novel PbO2 electrode with a 
graphene nanosheet interlayer for electrochemical oxidation of 2-chlorophenol. Electrochim. 
Acta 240, 424–436 (2017). https://doi.org/10.1016/j.electacta.2017.04.114 

23. M. Li, T. Chen, J.J. Gooding, J. Liu, Review of carbon and graphene quantum dots for sensing. 
ACS Sens. 4, 1732–1748 (2019). https://doi.org/10.1021/acssensors.9b00514 

24. M. Bacon, S.J. Bradley, T. Nann, Graphene quantum dots. Part. Part. Syst. Charact. 31, 415– 
428 (2014). https://doi.org/10.1002/ppsc.201300252 

25. X.T. Zheng, A. Ananthanarayanan, K.Q. Luo, P. Chen, Glowing graphene quantum dots and 
carbon dots: properties, syntheses, and biological applications. Small 11, 1620–1636 (2015). 
https://doi.org/10.1002/smll.201402648 

26. J. Liu, B.-W. Li, Y.-Z. Tan, A. Giannakopoulos, C. Sanchez-Sanchez, D. Beljonne, P. Ruffieux, 
R. Fasel, X. Feng, K. Müllen, Toward cove-edged low band gap graphene nanoribbons. J. Am. 
Chem. Soc. 137, 6097–6103 (2015). https://doi.org/10.1021/jacs.5b03017 

27. M. Pizzochero, G.B. Barin, K. Cernevics, S. Wang, P. Ruffieux, R. Fasel, O.V. Yazyev, Edge 
disorder in bottom-up zigzag graphene nanoribbons: implications for magnetism and quantum 
electronic transport. J. Phys. Chem. Lett. 12, 4692–4696 (2021). https://doi.org/10.1021/acs. 
jpclett.1c00921 

28. A.A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, C.N. Lau, Superior 
thermal conductivity of single-layer graphene. Nano Lett. 8, 902–907 (2008). https://doi.org/ 
10.1021/nl0731872 

29. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. Katsnelson, I.V. Grigorieva, S.V. 
Dubonos, A.A. Firsov, Two-dimensional gas of massless Dirac fermions in graphene. Nature 
438, 197–200 (2005). https://doi.org/10.1038/nature04233 

30. D.G. Papageorgiou, I.A. Kinloch, R.J. Young, Mechanical properties of graphene and 
graphene-based nanocomposites. Prog. Mater. Sci. 90, 75–127 (2017). https://doi.org/10. 
1016/j.pmatsci.2017.07.004 

31. C. Lee, X. Wei, J.W. Kysar, J. Hone, Measurement of the elastic properties and intrinsic 
strength of monolayer graphene. Science (80) 321, 385–388 (2008). https://doi.org/10.1126/ 
science.1157996 

32. M.S.A. Bhuyan, M.N. Uddin, M.M. Islam, F.A. Bipasha, S.S. Hossain, Synthesis of graphene. 
Int. Nano Lett. 6, 65–83 (2016). https://doi.org/10.1007/s40089-015-0176-1 

33. B. Lang, A LEED study of the deposition of carbon on platinum crystal surfaces. Surf. Sci. 
53, 317–329 (1975). https://doi.org/10.1016/0039-6028(75)90132-6 

34. X. Lu, M. Yu, H. Huang, R.S. Ruoff, Tailoring graphite with the goal of achieving single 
sheets. Nanotechnology 10, 269 (1999). https://doi.org/10.1088/0957-4484/10/3/308 

35. V.M. Freire Soler, Fabrication and characterization of macroscopic graphene layers on metallic 
substrates (2014) 

36. F. Farjadian, S. Abbaspour, M.A.A. Sadatlu, S. Mirkiani, A. Ghasemi, M. Hoseini-
Ghahfarokhi, N. Mozaffari, M. Karimi, M.R. Hamblin, Recent developments in graphene 
and graphene oxide: properties, synthesis, and modifications: a review. ChemistrySelect 5, 
10200–10219 (2020). https://doi.org/10.1002/slct.202002501 

37. B.C. Brodie, Sur le poids atomique du graphite. Ann. Chim. Phys. 59, e472 (1860) 
38. L. Staudenmaier, Verfahren zur darstellung der graphitsäure. Berichte Der Dtsch. Chem. 

Gesellschaft. 31, 1481–1487 (1898). https://doi.org/10.1002/cber.18980310237 
39. W.S. Hummers Jr., R.E. Offeman, Preparation of graphitic oxide. J. Am. Chem. Soc. 80, 1339 

(1958). https://doi.org/10.1021/ja01539a017 
40. A. Adetayo, D. Runsewe, Synthesis and fabrication of graphene and graphene oxide: a review. 

Open J. Compos. Mater. 9, 207 (2019). https://doi.org/10.4236/ojcm.2019.92012

https://doi.org/10.1016/j.carbon.2010.10.014
https://doi.org/10.1016/j.carbon.2010.10.014
https://doi.org/10.1016/j.jsamd.2020.01.006
https://doi.org/10.1016/j.jsamd.2020.01.006
https://doi.org/10.1016/j.electacta.2017.04.114
https://doi.org/10.1021/acssensors.9b00514
https://doi.org/10.1002/ppsc.201300252
https://doi.org/10.1002/smll.201402648
https://doi.org/10.1021/jacs.5b03017
https://doi.org/10.1021/acs.jpclett.1c00921
https://doi.org/10.1021/acs.jpclett.1c00921
https://doi.org/10.1021/nl0731872
https://doi.org/10.1021/nl0731872
https://doi.org/10.1038/nature04233
https://doi.org/10.1016/j.pmatsci.2017.07.004
https://doi.org/10.1016/j.pmatsci.2017.07.004
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1007/s40089-015-0176-1
https://doi.org/10.1016/0039-6028(75)90132-6
https://doi.org/10.1088/0957-4484/10/3/308
https://doi.org/10.1002/slct.202002501
https://doi.org/10.1002/cber.18980310237
https://doi.org/10.1021/ja01539a017
https://doi.org/10.4236/ojcm.2019.92012


Graphene/Metal Oxide-Based Nanocomposite for Electrochemical … 365

41. D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L.B. Alemany, 
W. Lu, J.M. Tour, Improved synthesis of graphene oxide. ACS Nano 4, 4806–4814 (2010). 
https://doi.org/10.1021/nn1006368 

42. Z. Sun, D.K. James, J.M. Tour, Graphene chemistry: synthesis and manipulation. J. Phys. 
Chem. Lett. 2, 2425–2432 (2011). https://doi.org/10.1021/jz201000a 

43. W. Choi, J. Lee, Graphene: synthesis and applications (CRC press, 2019). https://doi.org/10. 
1201/b11259 

44. K.A.I. Yan, L.E.I. Fu, H. Peng, Z. Liu, Designed CVD growth of graphene via process 
engineering. Acc. Chem. Res. 46, 2263–2274 (2013). https://doi.org/10.1021/ar400057n 

45. X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. Tutuc, 
Large-area synthesis of high-quality and uniform graphene films on copper foils. Science (80) 
324, 1312–1314 (2009). https://doi.org/10.1126/science.1171245 

46. N. Tajima, T. Kaneko, J. Nara, T. Ohno, A first principles study on the CVD graphene growth 
on copper surfaces: a carbon atom incorporation to graphene edges. Surf. Sci. 653, 123–129 
(2016). https://doi.org/10.1016/j.susc.2016.06.012 

47. H. Kim, C. Mattevi, M.R. Calvo, J.C. Oberg, L. Artiglia, S. Agnoli, C.F. Hirjibehedin, M. 
Chhowalla, E. Saiz, Activation energy paths for graphene nucleation and growth on Cu. ACS 
Nano 6, 3614–3623 (2012). https://doi.org/10.1021/nn3008965 
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50. S.J. Chae, F. Güneş, K.K. Kim, E.S. Kim, G.H. Han, S.M. Kim, H. Shin, S. Yoon, J. Choi, 
M.H. Park, Synthesis of large-area graphene layers on poly-nickel substrate by chemical vapor 
deposition: wrinkle formation. Adv. Mater. 21, 2328–2333 (2009). https://doi.org/10.1117/ 
12.828039 

51. J. Wang, M. Zhu, R.A. Outlaw, X. Zhao, D.M. Manos, B.C. Holloway, Synthesis of 
carbon nanosheets by inductively coupled radio-frequency plasma enhanced chemical vapor 
deposition. Carbon N. Y. 42, 2867–2872 (2004). https://doi.org/10.1016/J.CARBON.2004. 
06.035 

52. N.G. Shang, P. Papakonstantinou, M. McMullan, M. Chu, A. Stamboulis, A. Potenza, S.S. 
Dhesi, H. Marchetto, Catalyst-free efficient growth, orientation and biosensing properties of 
multilayer graphene nanoflake films with sharp edge planes. Adv. Funct. Mater. 18, 3506–3514 
(2008). https://doi.org/10.1002/adfm.200800951 

53. T. Zhang, L. Fu, Controllable chemical vapor deposition growth of two-dimensional 
heterostructures. Chem 4, 671–689 (2018). https://doi.org/10.1016/j.chempr.2017.12.006 
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Metal Oxide Nanostructures-Based 
Electronics 

Manoj Dey, Nikhilesh Maity, and Abhishek K. Singh 

Abstract Metal oxide nanostructures have garnered significant attention in recent 
years due to their unique physical, chemical, and electrical properties. One of the 
inherent advantages of oxide nanostructures is their high surface area-to-volume 
ratios, which enable improved charge carrier transport and device performance. 
In this chapter, we provide an overview of metal oxide nanostructures and their 
potential applications in solar cells, displays, water splitting and cleaning, memory 
devices, bioelectronics, etc. We cover the synthesis and characterization of these 
materials, in addition to their advantages over traditional nanostructures. The chapter 
also discusses the challenges of metal oxide nanostructures in micro- and nano-
electronics, along with future research goals. Overall, this chapter provides a compre-
hensive overview of the current state of the field and the potential of metal oxide 
nanostructures for advancing electronics technology. 

Keywords Metal oxides · Nanostructures ·Modern electronics · Electronics 
devices · Quantum effects · Field-effect transistors · CMOS technology 

1 Introduction 

According to Moore’s law, the density of transistors in an integrated circuit becomes 
two-fold in two years, leading to a corresponding increase in processing power and 
a decrease in cost per transistor [1]. However, as transistors continue to shrink, it is 
becoming increasingly difficult and expensive to manufacture them, and there are
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concerns that Moore’s Law may be reaching its limit. Achieving multi-functionality 
and diversity in electronic devices is the long-term future goal. Therefore, it is timely 
to investigate the possibility of emerging new materials and even new methods in 
building electronic devices. In this aspect, metal oxide (MO) nanostructures possess 
both novel quantum effects and excellent semiconductor properties that make them 
promising materials for electronics [2]. Moreover, MO nanostructures are deemed a 
major element in the development and building of many nanoelectronics devices due 
to their extraordinary electrical, physical, and chemical properties [3]. MO nanos-
tructures have also gained significant attention due to their potential to solve various 
global issues, particularly in the biomedical and environmental fields [4]. Recent 
developments in these areas include the use of MO nanostructures in drug delivery 
systems, gas sensors, and improved medical diagnostic accuracy [5]. Additionally, 
MO nanostructures have also been used in personal care products [6], energy storage 
[7], and paint & coating industries [8]. These nanostructures exhibit excellent optical 
and electrical properties, are capable of being transparent, can be applied to large 
areas, and possess a high level of mechanical flexibility. Additionally, the properties 
of MO nanostructures can be tailored to meet the demands of different applica-
tions by adjusting their morphology. With environmental concerns at the forefront 
of research, it is essential to prioritize low-cost, sustainable materials and methods 
that can still provide high integration and performance levels. In this regard, non-
critical metal oxides like ZnO and TiO2 have demonstrated their ability to meet the 
requirements of multi-functionality while being environmentally friendly [9]. MO 
nanostructures possess a wide range of exotic and innovative quantum properties, 
including ferroelectricity, piezoelectricity, thermoelectricity, and magnetostriction 
[2]. These properties make MO nanostructures suitable for various applications, 
such as data storage, actuators, biosensors, wearable electronics, displays, and smart 
windows [2]. Despite having many advantages, MO nanostructures also have several 
limitations that restrict their use in modern nano- and micro-electronics. In recent 
years, researchers have focused on developing novel methods to synthesize MO 
nanostructures, and using computational methods to study their microstructures and 
predict macro-level properties [4, 10]. A deeper understanding of the relationship 
between microstructure and exotic properties can lead to improved performance and 
functionalities in modern electronic devices. This can also open up the possibility of 
designing and fabricating MO nanostructures to meet specific electronic applications. 

In this chapter, we will discuss recent advancements in the fabrication, anal-
ysis, and potential applications of MO nanostructures from both a structural and 
application perspective in modern electronic devices. We arrange this chapter as 
follows. In Sect. 2, we will explore several state-of-the-art synthesis and character-
ization methods for fabricating oxide nanostructures of different dimensions. The 
exotic properties of oxide nanostructures which make them potential for modern 
electronics, will be discussed in Sect. 3. In the subsequent Sect. 4, we will review 
various classes of oxide nanostructures and their applications in electronic devices. 
Finally, we will discuss several challenges and future directions of electronics in the 
concluding section. These discussions will serve as a foundation for developing new 
MO nanostructures with improved performance for electronic device applications.



Metal Oxide Nanostructures-Based Electronics 373

Additionally, this chapter will provide a platform for translating scientific discoveries 
into practical multi-functionalities. 

2 Synthesis and Fabrication 

Device fabrication from metal oxide nanostructures is greatly dependent on their 
dimensionality, composition, morphology, and uniformity of nanostructures. There-
fore, different top-down and bottom-up approaches (see Fig. 1) have been developed 
to control the growth mechanism over the years. The top-down process starts with 
macroscopic structures and incorporates external control of nanostructure produc-
tion. This method utilizes state-of-the-art milling and nanolithography techniques 
to insert or eliminate thin layers from bulk materials. In contrast, the bottom-up 
approach involves reducing materials components to the atomic level and then 
utilizing physical forces to make self-assembly into larger, stable structures. By orga-
nizing atomic or molecular components hierarchically, complex nanostructures are 
formed. For instance, semiconducting oxide nanostructures synthesis in nanowires 
morphology using chemical vapor deposition (CVD). These experimental techniques 
offer control over atomic and electronic structures, particle size, microstructures, 
morphology, and dimensionality. The state-of-the-art synthesis methods and char-
acterization techniques are discussed below for fabricating different dimensional 
metal-oxide nanostructures. 

Fig. 1 Top-down and 
bottom-up approaches for 
the synthesis of metal oxide 
nanostructures
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2.1 0D Nanostructures 

Zero-dimensional (0D) metal-oxide nanostructures include nanoparticles, nanoclus-
ters, and quantum dots with particle sizes within a few nanometers. Device fabrication 
from 0D nanostructures is advantageous owing to the large surface-to-volume ratio 
and a low surface area between nanoparticle and surface. Depending upon the prepa-
ration technique, nanoparticles can be characterized with different morphologies, 
such as cube, sphere, octahedron, decahedron, etc. Solvothermal, liquid-phase reduc-
tion, and electrochemical deposition techniques are commonly used for 0D nanos-
tructure characterization. The solvothermal method uses solvent under moderate 
to high temperature and pressure to facilitate the heterogeneous reaction. Water is 
a widely used solvent, especially for metal-oxide nanostructure characterization, 
then this method is termed “hydrothermal synthesis”. By controlling the growth 
temperature, concentration, and reaction time, different morphological 0D nanos-
tructures can be characterized by hydrothermal methods. After the arrival of the 
atoms, nanostructure growth happens in three steps, 

(i) surface diffusion, (ii) nucleation, and (iii) layer-by-layer deposition. The 
hydrothermal method is a simple and cost-effective method for nanostructure charac-
terization. This method is successfully implemented to characterize ZnO quantum-
dots and nanocrystals [11], Fe3O4 nanocrystals [12]. Metal-oxide nanoparticles can 
also be directly obtained in liquid-phase reduction by using different soluble precur-
sors in a solvent. Noble metal loaded metal-oxide nanostructures (such as Pt/TiO2), 
which are very good catalysts, can be synthesized by liquid-phase reduction tech-
niques [13]. Electrochemical deposition uses an electrode possessing a solid-liquid-
gas triphase. Aqueous solution can trap gas pockets while exposing the liquid surface 
to a solid/gas interface. This electrode helps to create locally high interface pH value 
independent of bulk conditions, thus, beneficial for depositing metal-oxides in robust 
electrolytes [14]. Pure phase of Cu2O [14] and ZnO [15] in the 0D nanostructured 
form are synthesized by using this method. 

2.2 1D Nanostructures 

Metal-oxide nanostructure with the morphology of nanowires, nanotubes, nanofibers, 
and nanobelts have received much attention due to its capability of surface func-
tionalization for tailoring superior properties and device applications. Liquid-phase 
growth and vapor-phase growth are very important methods for 1D metal-oxide 
nanostructure synthesis. The liquid-phase deposition technique relies on the chem-
ical equilibrium of the metal-oxide and metal-fluoro complexes. Therefore, uniform 
1D nanostructures with large surface areas and complex morphologies are fabricated 
on different substrates. Moreover, the multi-component 1D nanostructure can also 
be synthesized as it uses a homogeneous liquid-phase. This process is also known as 
a template-based synthesis process, as 1D nanostructures can be grown as templates
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in confined spaces. CoFe2O4 nanowires [16], Ni nanopillar in TiO2 surface [17], 
and VO2 nanotube arrays [18] are successfully synthesized using the liquid phase 
technique in the sol-gel template. In general, vapor-phase growth can be classified 
into physical and chemical deposition processes. Physical vapor deposition (PVD) 
includes vacuum evaporation and sputtering, in which bulk metal-oxide sublimate 
into vapor and further condensate into nanostructures. In chemical vapor deposition 
(CVD), on the other hand, vapor-solid chemical reaction takes place in the vicinity 
of pre-heated substrate surface. Therefore, the preferable growth of nanostructures 
can be achieved by controlling the flow rate and precursor partial pressure. CVD is 
the most widely used technique for the growth of semiconductor nanowires such as 
Ga2O3 [19], Fe2O3 [20], SnO2 [21], In2O3 [22], MgO [23], SiO2 [24]. 

2.3 2D Nanostructures 

Two-dimensional (2D) nanostructures have gained significant attention owing to 
their intrinsic layered atomic structures and electron confinement. 2D nanostruc-
tures play a crucial role in improving the efficiency of surface-enhanced processes, 
including catalysis and sensing. Pulsed laser deposition (PLD) and magnetic sput-
tering are the widely used methods for the preparation of 2D metal oxide nanostruc-
tures. A high-energy laser pulse is shot in a rotating target material consisting of the 
desired substrate in preheated or room temperature conditions in the PLD method. 
The plasma created by the laser ablation process on the substrate then adiabatically 
expands on the vacuum chamber and further condensates as a thin film. PLD is used to 
prepare high-quality thin film for device application, especially for gas sensing [25]. 
Magnetron sputtering processes use high-energy particles to bombard target mate-
rial, which then eject atoms or molecules. The ejected atoms or molecules are then 
deposited on the substrate to create superlattices or nanofilms. Magnetron sputtering 
produces high-purity uniform thin films over a large area due to the high deposition 
rate and ability to sputter metal, alloy, or compound. These processes are generally 
termed top-down approaches (as shown in Fig. 1). WO3 [26], TiO2 [27], and ZnO 
[28] nanofilms are examples of metal oxide nanostructures produced by PLD method. 
Another widely used thin film deposition technique known as atomic layer deposition 
(ALD) involves sequentially exposing a substrate to a number of gas-phase chem-
ical precursors. These precursors interact with the substrate’s surface to create a thin 
coating of the desired substance. ALD is a thin film deposition technique that is highly 
reliable and controlled, and it is frequently used to create 2D nanostructures. Atomic 
layer deposition (ALD) is commonly used to fabricate high-k gate dielectrics (like 
Al2O3, HfO2, and ZrO2 [29]). Molecular beam epitaxy (MBE) whereas uses a beam 
of atoms or molecules to deposit thin films of a material onto a substrate in a vacuum 
chamber. The beam is directed onto the substrate using magnetic or electric fields, 
allowing precise control over the film thickness and composition. As a result, MBE 
is an excellent choice for creating heterostructures, heterointerfaces, and complex 
oxide films of high quality [30]. Recently, Lithography and self-assembly techniques
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are also becoming famous, especially for the fabrication of chemical and biomedical 
oxide nanostructured materials [31]. 

3 Unique Properties of Metal Oxide Nanostructures 

MO nanostructures have a number of unique properties that make them interesting 
for a wide range of applications, including electronics. Some of the key properties 
(shown in Fig. 2) of MO nanostructures include: 

High surface area: One of the most important properties of oxide nanostructures 
is their large surface area, which is responsible for many of their distinct character-
istics and prospective uses. The high surface area makes oxide nanostructures ideal 
for catalytic and other surface-based applications, as they provide a large number of 
active sites for chemical reactions to occur [32]. Furthermore, the high surface area 
of oxide nanostructures can contribute to their high stability and chemical resistance 
by allowing for strong chemical bonding on the surface. 

Quantum effects: The electronic characteristics of nanostructures vary signifi-
cantly from their bulk phase when the crystal size is equivalent to the de Broglie 
wavelength of electrons because of the quantum confinement effect [33]. When the 
dimension is lowered, the inter-band transition and carrier mobility are impacted, 
as is the bandgap of the nanostructure. In general, the band gap widens and has an 
inverse relationship with the dimension of nanostructures in diverse morphologies 
such as nanowires, nanofibres, quantum dots, etc.

Fig. 2 Schematic representation of several exotic properties of metal-oxide nanostructures 
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Electrical and Magnetic properties: The electrical and magnetic characteristics 
of oxide nanostructures highly depend on their size and structural morphologies, 
and they differ significantly from their bulk counterparts. Oxide nanostructures have 
distinct electrical characteristics that can be used in a wide range of applications. 
Some oxide nanostructures, for example, have a high dielectric constant, making 
them suitable as insulating materials in electronics. Others have low resistance and 
are suitable for use as conducting materials. The specific electrical properties of an 
oxide nanostructure depend on its specific chemical composition, size, shape, and 
surface properties. Similar to this, certain oxides—like iron oxide (magnetite), for 
example—can be used to make magnetic nanostructures since they are inherently 
magnetic. Other oxides—like alumina (aluminum oxide), can be made magnetic by 
adding magnetic impurities or by subjecting them to a magnetic field, even if they 
are not magnetic by nature [34]. This provides a lot of flexibility when designing 
devices for specific electronic applications. 

Thermal conductivity: Due to their distinctive physical and chemical characteris-
tics, oxide nanostructures exhibit exceptional thermal conductivity. At the nanoscale, 
oxide materials have a greater surface area-to-volume ratio, which can help with 
phonon scattering and the transmission of heat [35]. Strong covalent bonds are 
another factor in the heat conduction of many oxide materials. Many different appli-
cations, including the creation of electrical devices and heat management systems, 
frequently employ these materials. 

Mechanical properties: Oxide nanostructures have high strength and stiffness, 
fracture toughness, and low ductility due to their small size, high surface area, and 
strong covalent bonding [36]. The mechanical properties of oxide nanostructures 
make them suitable for use in electronic devices that require structural stability, wear 
resistance, and hardness. However, their low ductility and brittle-ductile transition 
temperature may limit their use in certain applications. 

These characteristics have made oxide nanostructured materials beneficial for 
a variety of applications, significantly improving the performances of numerous 
technologies. The following discussion will provide detail about various oxide 
nanostructures, their characteristics, and their uses in electronic technologies. 

4 Applications of Metal Oxide Nanostructures 
in Electronics 

4.1 Graphene Oxide Based Electronics 

Graphene, a single-layer or few-layer carbon allotrope, has emerged as a subject of 
intense research and technological interest due to its extraordinary physical and 
chemical properties [37]. As a conducting semimetal, graphene has revolution-
ized electronics, sensing, and energy storage devices. The single or few layer thick 
graphite oxide and its reduced form i.e., graphene oxide (GO) and reduced graphene



378 M. Dey et al.

Fig. 3 Properties of graphene oxide and reduced graphene oxide and their applications in modern 
electronics 

oxide (rGO) has also been explored as emerging materials for electronic applications 
because of their unparalleled advantages over graphene [38, 39]. The GO in pris-
tine form shows low electrical conductivity leading to insulating or semi-conductive 
behavior depending on the degree of oxidation. However, it can be reduced to form 
conductive reduced graphene oxide (rGO) using various methods. The exotic proper-
ties and applications of graphene oxide and reduced graphene oxide nanostructures 
are depicted in Fig. 3. Chemical reduction, hydrothermal, plasma, and microwave 
methods are widely used synthesis techniques for GO and rGO synthesis. 

By controlling the degree of oxidation or introducing defects or dopants into the 
material, GO can also be modified to become a conductor, which makes GO, along 
with rGO, promising materials for use in transistors [40], sensors [41], and energy 
storage devices [42]. Additionally, the excellent mechanical properties, including 
high tensile strength and flexibility [43] of GO and rGO make them ideal materials 
for use in flexible electronics, such as wearable devices and flexible displays [44]. 
The chemical stability and biocompatibility of GO are suitable for use in a variety 
of applications, including drug delivery systems [45] and bioelectronics [46]. The 
GO can also serve as transparent conductor in electronic devices such as touch 
screens [47] and solar cells [48]. However, the large-scale production of high-quality 
graphene derivatives remains a technological challenge. The complexity and expense 
of synthesizing and purifying graphite, along with controlling the degree of oxidation, 
composition, and size, are obstacles to the widespread industrialization of graphene 
oxide-based nanostructure electronics.
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4.2 Ferroelectric Oxide Nanostructures 

Ferroelectric oxide nanostructures, possessing the ability to switch between two 
thermodynamically stable electrical states of opposing ionic polarization, have been 
utilized in a wide range of electronic devices such as sensors, actuators, flash drives, 
and solid-state drives [49]. High dielectric constant of ferroelectric oxide nanos-
tructures enables them to store a large amount of electrical charge. Ferroelectric 
oxide nanostructures generally include perovskites (such as BaTiO3, SrTiO3, BiFeO3, 
PbZrxTi1−xO3) and layered perovskites (Bi4La4Ti3O12, SrBi2Ta2O9) materials [49]. 
These materials can be synthesized in the form of thin films, nanoparticles, or other 
nanostructures through various techniques, including pulsed laser deposition, sol-
gel processing, and chemical vapor deposition [51]. Due to their ease of incorpo-
ration into nanostructures, ferroelectric materials allow the integration in ultrahigh 
nanoscale nonvolatile memory devices (NVMDs) such as nonvolatile ferroelectric 
field effect transistor (FeFET) [52] (see Fig.  4). 

In addition to their practical applications, ferroelectric oxide nanostructures are 
also intriguing to researchers studying fundamental phenomena such as ferroelec-
tricity and ferromagnetism at the nanoscale. The ability to fabricate and study 
these materials at the nanoscale has opened up new possibilities for understanding 
and exploiting their unique properties. However, a number of intrinsic difficulties, 
including fatigue, endurance, and charge retention time, restrict the deployment of 
ferroelectric nanostructures [53, 54].

Fig. 4 Applications of 
Ferroelectric metal oxide 
nanostructures in FeFET. 
Reprinted from Ref. [50], 
with the permission of AIP 
Publishing 
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4.3 Piezotronics 

Piezoelectric semiconductor in low-dimensional nanostructure morphology 
possesses exceptional mechanical properties and can be incorporated into flexible 
devices that are capable of withstanding significant strain. The interplay between 
semiconducting property and piezoelectricity leads to the emergence of unique device 
characteristics. One of the distinctive features of the piezoelectric oxide nanostruc-
ture is its reversibility; materials that show the direct piezoelectric effect when stress 
is applied also display the reverse piezoelectric effect (generate stress, when an elec-
tric field is applied) [55]. Zinc oxide (ZnO), lead zirconate titanate (Pb(Zr,Ti)O3 or 
PZT), or barium titanate (BaTiO3) have attracted significant attention due to their 
unique piezoelectric properties at the nanoscale [56, 57]. 

The extreme sensitivity to mechanical deformation of piezoelectric oxide nanos-
tructures can create a substantial electric charge in response to modest quantities of 
applied stress, which is one of their key benefits. As a result, they are used in a variety 
of sensors and actuators, such as pressure sensors [59], acceleration sensors [60], and 
strain gauges [61] (see Fig.  5). In addition to their high sensitivity, piezoelectric oxide 
nanostructures also have high piezoelectric coefficient. Therefore, a larger electric 
charge can be generated in comparison to other piezoelectric materials, making them 
suitable for use in high-voltage applications [62]. 

Piezoelectric oxide nanostructures can be used in energy harvesting devices, such 
as piezoelectric generators [63], which can convert mechanical energy from sources 
such as vibrations or pressure changes into electrical energy. Piezoelectric oxide in 
microfiber morphologies offers a fascinating approach for converting mechanical 
energy into chemical energy through water splitting, a process known as piezo-
electric catalysis [64]. This technology holds enormous potential for cutting-edge 
environmental remediation efforts, making it an area of great interest and excitement. 

The strain-sensitive properties of piezoelectric materials have an impact on their 
performance in electrical devices. Few oxide-based piezoelectric devices have low

Fig. 5 Metal oxide 
nanostructures in 
piezotronics. Reprinted from 
Ref. [58], Copyright 2021, 
with permission from 
Elsevier 
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output voltage, which affects overall power generation. Some piezoelectric materials 
are also unstable at high temperatures or humidity, and the synthesis and processing 
of them can be costly, limiting their usage in specific applications. Therefore, further 
study is required to fully understand their potential and to create scalable and cost-
effective ways for synthesizing and integrating them into practical applications. 

4.4 Magnetic Oxide Nanostructures 

In recent years, magnetic oxide nanostructures have gained considerable attention 
owing to their distinctive nanoscale properties (such as superparamagnetism, shape 
anisotropy, high magnetic moment, etc.) and potential applications in diverse fields 
like data storage [65] and sensing [66]. The emergence of state-of-the-art synthesis 
techniques like sputtering, electrodeposition, superconducting quantum interference 
device (SQUID), and lithography enables the production of oxide nanostructures in 
diverse shapes and sizes [67]. 

Traditional data storage technologies, such as hard disk drives, rely on the 
magnetic properties of materials to store and retrieve data. However, the size of 
these devices is limited by the minimum size of the magnetic domains that can be 
used to store data [69]. By using magnetic oxide nanostructures, it is possible to 
create smaller, and more efficient data storage devices. 

Another potential application of magnetic oxide nanostructures is in drug delivery 
(see Fig. 6). These nanostructures may be tailored to certain cells or tissues in the body 
by functionalizing them with particular chemicals or medications. The effectiveness 
of drugs may be increased, and adverse effects may be decreased with this tailored 
distribution. In drug delivery systems, superparamagnetic iron oxide nanoparticles 
(SPIONs) are a key component and may be effective MFH agents (magnetic fluid 
hyperthermia) [70, 71].

Magnetic oxide nanostructures have a wide range of potential applications, 
however, there are challenges that must be overcome before their full potential can 
be realized. For instance, creating homogeneous, high-quality nanostructures is diffi-
cult. The characteristics of these materials at the nanoscale and how they might be 
modified for particular applications also need to be better understood. 

4.5 Transparent Electronics 

Transparent conductive oxide (TCO) nanostructures are ideal conductive materials 
that exhibit low electromagnetic wave absorption while maintaining high trans-
parency across a broad range of the visible spectrum. These nanostructures are typi-
cally composed of materials such as indium tin oxide (ITO) [72], aluminum-doped 
zinc oxide (AZO) [73], or tin dioxide (SnO2) [74]. Among them, ITO is widely used 
in transparent conductive nanostructures owing to its ability to be deposited in a thin
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Fig. 6 Magnetic nanoparticles for various biomedical applications. Reprinted with permission from 
Ref. [68]. Copyright 2021 American Chemical Society

film, besides its electrical conductivity and transparency [72]. While ITO or AZO 
can be doped n-type, achieving p-type conductivity is very hard in these materials 
due to heavy hole masses. Thanks to the delafossites (ternary oxide CuxAyOz, which 
constitute Cu and any other one metal A) and mayenite cage structure type transparent 
conducting oxides, which typically show p-type semiconducting properties [76]. The 
ability to transmit a high percentage of visible light makes TCO nanostructures ideal 
for use in transparent electronic devices [77]. In addition, TCO nanostructures are 
cost-effective alternative to traditional transparent electrodes owing to their relatively 
easy fabrication [78]. The high transparency with extensive electrical conductivity 
makes them useful for various electronic devices, including touch screens [79], LED 
displays [80], solar cells [81], and smart windows [82]. TCO nanostructures are also 
being explored in flexible electronics and wearable devices [79] (see Fig. 7). However, 
TCO nanostructures are not as conductive as metals such as copper or silver, which 
can limit their use in specific applications. In addition, TCO nanostructures can be 
brittle and prone to cracking, affecting their long-term durability.
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Fig. 7 Schematic representations of transparent conducting oxide nanostructures in modern elec-
tronic applications. Reproduced from Ref. [75] with permission from the Royal Society of 
Chemistry 

4.6 Oxide Nanostructures as Photocatalyst 

Heterogeneous photocatalysis offers the ability to directly transform solar energy 
into efficient chemical energy, thus providing environment-friendly solutions [83] 
(see Fig. 8). Due to the ability of charge carrier creation and separation in stimu-
lated phase with adequate energy, oxide nanostructures are potential in electronics. 
Photocatalytic oxide nanostructures have an advantage in using visible light effi-
ciently for photocatalysis, unlike most metal oxides that can only absorb ultraviolet 
(UV) light. By creating metal oxides in nanostructure form, their light absorption 
can be extended to the visible spectrum, enabling them to use more solar energy. In 
addition to their ability to absorb light, photocatalytic oxide nanostructures also have 
a large surface area, which allows them to catalyze chemical reactions efficiently. 
For example, in water purification applications, the large surface area of the nanos-
tructures allows them to effectively remove contaminants from water by catalyzing 
their breakdown into harmless byproducts. The efficient photocatalyst should have 
an adequate bandgap with suitable morphology besides a large surface area. Transi-
tion metal-based oxide nanostructures like titanium dioxide (TiO2) [85], zinc oxide 
(ZnO) [86], or tungsten oxide (WO3) [87] have been widely studied for their potential
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Fig. 8 Applications of photocatalytic TiO2-based nanostructured materials. Reprinted with permis-
sion from Ref. [84], which is licensed under a Creative Commons Attribution 4.0 International 
License. Licensee MDPI, Basel, Switzerland © 2020 

use in a variety of applications, including water purification, air pollution control, 
and energy conversion. 

The stability of photocatalytic oxide nanostructures is a major challenge as they 
can degrade over time, and their synthesis is difficult as it requires precise control 
over their size and shape. Moreover, the presence of dopants and defects signifi-
cantly affects the conductivity and charge carrier mobility in oxide nanostructured 
photocatalyst and hence the solar-to-hydrogen conversion efficiency. Changing the 
layer number [88], hetero-structuring [89], varying nanowire diameter [33], and 
introducing strain [90] in nanostructures are proposed as efficient strategies for engi-
neering defect transition level and hence the device performance. However, oxide 
nanostructures are susceptible to persistent localized polarons and defects [91], which 
can have poor charge transport properties [92]. 

4.7 Thermoelectric Oxide Nanostructures 

Thermoelectric (TE) materials have the ability to convert heat into electricity, or 
vice versa, to help overcome global warming and climate change issues with effi-
cient energy utilization and suppression of CO2 emissions from fossil fuels. Until 
now, bismuth chalcogenides (Bi2Te3, Bi2Se3) [94, 95] and lead telluride (PbTe, 
PbTexSe1−x) [96] based nanostructured materials are widely used for waste heat 
recovery and temperature sensing due to their high electrical conductivity (σ ) and 
Seebeck coefficient (S) with low thermal conductivity (κ) resulting in a higher 
figure of merit (ZT = S2σ T/κ) for energy conversion. However, these materials 
are composed of toxic, naturally rare, heavy elements easily oxidizable in air, which 
restricts the deployment of thermoelectric materials for extensive applications. In
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contrast, thermoelectric oxide nanostructures are composed of nontoxic, naturally 
abundant, comparatively light, and cheap elements, thus having the potential for 
thermoelectric applications [97]. Spinel oxides [98], and oxychalcogenides [99] 
based oxide nanostructured are proposed as potential thermoelectric materials due 
to ultralow thermal conductivity and anharmonic phonon scattering. 

In addition to their high ZT, thermoelectric oxide nanostructures have good 
stability and durability, making them suitable for long-term applications. Because of 
that, these materials are realized in thermoelectric generators [100] and solar thermal 
energy generation [51] (see Fig.  9). They are also compatible with a wide range of 
fabrication techniques, which allows them to be easily integrated into various devices. 

Despite their potential, the low electrical conductivity of thermoelectric oxide 
nanostructures can limit their efficiency [101]. While p-type thermoelectric materials 
have been fabricated mostly Co-based oxides (NaxCoO2 [102] and Ca3Co2O5 [103]), 
achieving n-type TE materials is still challenging [104]. Additionally, synthesizing 
thermoelectric oxide nanostructures is difficult, as it requires precise control over the 
size and shape of the nanostructures. Several design principles, such as rattling [105], 
chemical bond hierarchy [99], decoupling atomic contributions [98], and isovalent 
substitutions have been developed to achieve low thermal conductivity with high 
ZT. However, a manual search for potential TE with state-of-the-art theoretical and 
experimental techniques is time-consuming and resource-extensive. In this aspect, a 
high-throughput search of TE materials combined with machine learning [106, 107]

Fig. 9 Schematic depiction 
of thermoelectric generators 
(TEGs), which converts 
waste heat into electrical 
power. Reprinted with 
permission from Ref. [93], 
which is licensed under a 
Creative Commons 
Attribution 4.0 International 
License 
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has been demonstrated as an efficient approach for accelerated search of viable TE 
materials, including oxide-based nanostructured materials. 

4.8 Oxygen-Deficient Metal Oxide Nanostructures 

Metal oxide nanostructures are widely employed in a variety of applications, ranging 
from energy devices to bio-electronics, due to the benefits over ordinary nanostruc-
tures outlined in earlier sections. Although each metal oxide has its own restrictions 
for particular applications, generally, the low electrical conductivity of metal oxides 
has been a permanent barrier to their use as electrode materials [108]. As a conse-
quence, oxygen-deficient nanostructures are a class of materials that has attracted 
substantial interest in recent years due to their ability to modify and fundamen-
tally enhance their electrical characteristics by the controlled insertion of oxygen 
vacancies into metal oxides. 

These nanostructures are highly reactive and have a high surface area, which is 
often several times larger than that of bulk materials making them suitable for various 
electronic applications [110] (see Fig. 10). In addition to their high surface area, 
oxygen-deficient metal oxide nanostructures also exhibit a range of other interesting 
properties. For example, they can show enhanced electrical conductivity, magnetic 
properties, and chemical stability compared to their bulk counterparts [111]. These 
properties make oxygen deficient metal oxide nanostructures attractive for use in 
energy storage and harvesting devices, gas sensors, catalysts, and fuel cells [2]. 

Fig. 10 Applications of 
oxygen-deficient metal oxide 
nanostructures 
semiconductors for energy 
and environmental catalysis. 
Reprinted from Ref. [109], 
Copyright 2021, with 
permission from Elsevier
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One of the most widely studied oxygen-deficient metal oxide nanostructures is 
cerium dioxide (CeO2), also known as cerium oxide or ceria. Ceria has a cubic 
crystal structure and is a good electrical conductor, making it useful in a variety of 
applications, such as catalysts [112] and gas sensors [113]. It is also a good oxygen 
storage material and can be used to remove pollutants from exhaust gases [114]. 
Another important oxygen-deficient metal oxide nanostructure is titanium dioxide 
(TiO2), which has a variety of applications in areas such as photocatalysis, solar cells, 
and coatings [115]. Because of their superior pseudocapacitances, oxygen-deficient 
metal oxide nanostructures like as manganese oxide (MnO2), cobalt oxide (Co3O4), 
and nickel oxide (NiO) have also been explored for supercapacitors [116]. 

Although oxygen-deficient metal oxide nanostructures have promising potential 
applications, their synthesis and investigation are ongoing areas of research that 
present many challenges. One of the primary obstacles is the difficulty in controlling 
the amount of oxygen deficiency in these materials, which can greatly affect their 
properties. Additionally, there is a need for additional research to comprehensively 
understand the mechanisms underlying their unique properties and to optimize their 
manufacturing and processing techniques. 

5 Challenges 

Metal oxides in nanoarchitecture and hierarchical structure have widespread appli-
cations in micro to nanoelectronics, as discussed in the preceding section. Here, 
we summarize several general challenges and limitations of using metal oxide 
nanostructures in electronics: 

Synthesis and processing: Metal oxide nanostructures with desirable characteris-
tics and in a reproducible manner can be difficult to synthesize and process. The most 
significant challenge is the cost-effective production of oxide nanostructures. High-
quality defect-free nanomaterials are often created using specialized equipment and, 
under extreme circumstances, restricting their large-scale manufacture. Controlled 
production of nanomaterials remains a challenging task. More concentrated efforts 
are needed to create novel synthesis methods that overcome the difficulties associated 
with traditional methods. 

Stability: The chemical composition and structure of the oxide, external variables 
(such as temperature, humidity, and pressure), and the existence of defects or impu-
rities all influence the stability of oxide nanostructures. Oxide nanostructures with 
high crystalline perfection are often more stable than those with defects or impurities. 
This is due to the fact that defects or impurities can serve as nucleation sites for struc-
tural alterations or degradation, resulting in the creation of unstable phases or the 
disintegration of the oxide. External circumstances can potentially affect the stability 
of oxide nanostructures. High temperatures can cause new phases to develop or the 
oxide to decompose. In the same way, the presence of moisture or other contaminants 
can cause instability. Overall, the stability of oxide nanostructures is a complicated
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and multidimensional topic, and the stability of each single oxide nanostructure will 
rely on its specific circumstances and features. 

Conductivity: Majority of oxide nanostructures have poor conductivity. Due to 
the high surface-to-volume ratio of nanostructures, surface atoms can behave as 
scattering centers, obstructing electron pathways and reducing the conductivity of the 
material. The conductivity of oxide nanostructures is further hindered by impurities 
and the quantum size effect. Therefore, a future research objective should be to 
discover strategies to improve the conductivity by lowering the scattering centers. 

Compatibility with existing technology: The successful integration of oxide 
nanostructures in electrical devices is one of the most complex challenges in oxide 
nanostructure research. It has been shown that nanostructure doping, contact resis-
tance, and surface passivation are plausible approaches to achieving accurate and 
repeatable positioning of those nanostructures. Despite significant progress in these 
fields, a comprehensive strategy that addresses all of these challenges at once and 
builds a solid technical foundation for oxide nanostructure integration is still lacking, 
at least not in a fashion that is consistent with low-cost and large-area processing. 

Toxicity: Some metal oxide nanostructures, like those containing certain transition 
metals (like Co-based), can be toxic to humans and the environment, which can be 
a concern when using these materials in electronic devices. Potential risks might 
arise from oxide nanostructure bio-accumulation. The toxic effects of metal oxide 
nanostructures can be facilitated by a number of factors, including exposure, size, 
dissolution, etc. As a result, future research should concentrate on reducing oxide 
nanostructures’ toxicity before incorporating them into electronic systems. 

Limited fundamental understanding: The importance of oxide nanostructures 
in electronic applications is growing at a rapid pace because of various advantages. 
However, there is still a limited fundamental understanding of the exotic properties 
and behavior of metal oxide nanostructures, which can make it challenging to design 
and optimize their use in electronics. 

Therefore, by combining advanced experimental techniques, theoretical anal-
ysis, and data-driven approaches that span from understanding at the atomic level 
to device fabrication, we can achieve the long-term goal of creating diverse and 
multi-functional electronics that are also sustainable. 

6 Future of Electronics: CMOS Technology and Beyond 

The shrinking of devices owing to advancements in silicon lithography makes the 
future of electronics exciting yet challenging. While transistors approach closer to the 
atomic scale and production prices rise, the need for alternate methods has become 
more essential. Investment in computer architecture and fundamental sciences, such 
as materials science, is necessary in this circumstance to investigate potential replace-
ment materials and alternative device physics to enable continuous technological 
advancement.
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Metal oxide nanostructures have demonstrated great potential in various electronic 
applications, as discussed in Sect. 4. In transparent electronics, several metal oxide 
in nanostructure morphology can serve as a replacement for expensive and fragile 
indium tin oxide as transparent conductive materials. MO nanostructures have also 
proven to be useful in energy storage applications, such as lithium-ion batteries and 
supercapacitors, owing to high specific capacitance and good cycling stability. Due to 
their great sensitivity, selectivity, and rapid response time, MO nanowires have been 
employed in sensing applications such as gas sensors, biosensors, and environmental 
sensors. The interplay of electronic and thermal properties makes them promising for 
thermoelectric applications, which can be tuned by controlling their size, shape, and 
doping. MO nanostructures have a bright future in various fields, and their potential 
for commercial applications is vast. Further research and development in this area will 
undoubtedly lead to the development of novel materials and devices with improved 
performance and functionality. 

The current complementary metal oxide semiconductor (CMOS) technology has 
been the backbone of the electronics industry for several decades. By combining p-
type and n-type MOS transistors on a single integrated circuit, CMOS technology has 
effectively resolved the drawbacks associated with the use of separate p-MOS and n-
MOS circuits. This innovative approach allows for more versatile circuit designs and 
significantly reduces circuit noise and complexity, making it an attractive option for 
a wide range of electronic applications. With CMOS, high-performance circuits can 
be developed, that are not only efficient but also highly reliable and cost-effective. 
CMOS has undergone significant advancements over the years to increase the density 
of transistors on a single chip, which has led to the development of more powerful 
and efficient processors and other digital devices. However, to overcome the chal-
lenges of data movement costs and other limitations, new computing architectures 
and advanced packaging technologies, such as monolithic three-dimensional inte-
gration and photonic co-packaging, are being explored. The development of FinFET 
technology is also seen as a viable option for continuing to scale CMOS beyond its 
current limits. 

Looking beyond CMOS, there are three axial-pathways that can shape the future 
of electronics (depicted in Fig. 11). The first axial-pathway involves the exploration 
of new materials and devices such as carbon nanotubes, graphene, and other two-
dimensional materials that have unique electronic properties and have the potential 
to outperform traditional materials like silicon. The second axial-pathway is focused 
on developing a new model of computation, such as quantum computing, which 
has the potential to solve problems beyond the capability of classical computing. 
Moreover, neuromorphic computing emulates the structure and function of the human 
brain, leading to more energy-efficient devices that can perform complex tasks with 
greater accuracy. Further, artificial intelligence-driven machine learning and deep 
learning along with the Internet of Things (IoT) are developing with great promises 
for the advancement of future electronics. The third axial pathway focuses on creating 
more energy-efficient and re-configurable architectures, such as the development of 
system-on-chip with 3D stacking. In the search for a CMOS replacement, the scalable 
development of new transistors is a crucial area of research. Promising candidates
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Fig. 11 Three promising avenues for development and progression of future electronic technologies 

such as tunnel field-effect transistors, spintronic devices, and nanoelectromechanical 
systems (NEMS) are being explored to push the limits of electronics beyond what is 
currently possible. 

The future of electronics is bright, with many exciting developments on the 
horizon. By investing in architecture and the exploration of the three axial path-
ways, we can push the boundaries of what is possible in electronics and continue to 
develop smaller, more powerful, and energy-efficient devices that will transform our 
lives in numerous ways. 

7 Conclusions 

In summary, this chapter provides an overview of metal-oxide nanostructures, 
including their synthesis, characterization, and potential applications in modern elec-
tronic devices. It highlights the benefits of using MO nanostructures over traditional 
nanostructures while acknowledging the challenges that still need to be overcome. 
The chapter also discusses three pathways based on future research goals in the
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field, such as improving the properties and performance of oxide nanostructures, 
developing new synthesis and characterization techniques along with efficient archi-
tecture development. Overall, the chapter emphasized the importance of metal-oxide 
nanostructures in progressing the future of electronic applications. 
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Metal Oxide Based Thermoelectric 
Materials 

Olena Okhay and Alexander Tkach 

Abstract The energy demands of the mankind are exponentially rising and the 
worldwide research is focused on the clean and sustainable energy sources during 
the last years. As one of the possible ways to enable the transformation from a fossil 
fuel based to a low-carbon socio-economical epoch is the harvesting of unused heat 
in automotive exhaustion, industrial processes and home heating, etc. Thermoelec-
tric (TE) generators can convert the heat to electrical energy thanks to Seebeck effect 
when electricity appears between cold and hot ends of usually semiconductor mate-
rials. To be interesting for potential commercial use in TE generators the materials 
need to be of high figure of merit (ZT ), possessing high electrical conductivity and 
Seebeck coefficient together with low thermal conductivity. In addition to high-ZT 
chalcogenide- and skutterudite-type heavy-metal-based alloys, including rare-earth 
and expensive elements, metal oxide TE materials have advantages of low cost, 
environment friendly manufacturing and chemical stability at high temperatures. 
However, since they exhibit rather low electrical and high thermal conductivity 
compared to traditional TE materials, numerous studies have been done to opti-
mise the TE oxide response by doping, nanostructuring, etc. Here, reports on most 
studied p- and n-type semiconductor metal oxides as well as the newest research on 
the enhancement of their TE performance by different methods are reviewed. 
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1 Introduction 

In view of the current climate change problem, thermoelectric (TE) energy conver-
sion is considered as particularly attractive for harvesting electricity from solar heat 
or for recovering waste heat [1–4]. The use of waste heat as source of electrical 
energy in vehicles is also an attractive option for automotive manufacturers, who 
actively pursue this technology to implement thermoelectric generators (TEGs) in 
car exhaust systems [5]. Moreover, it can significantly reduce the CO2 content in 
industrial production processes. Furthermore, silent, reliable, and versatile TEGs 
without moving parts [6] can be used to power portable electronic devices as addi-
tional sources of energy. Thus, TEGs hold a tantalizing promise of greater energy 
efficiency by providing a robust and clean option for waste heat recovery and its 
conversion into useful electrical energy through the Seebeck effect [7–10]. In addi-
tion, their size can be easily varied, since TEGs consist of TE modules (called also 
as thermocouples or pairs), which include n- and p-type semiconductors connected 
electrically in series and thermally in parallel [11–13] (see Fig. 1). 

In n-type or donor-doped semiconductors, the majority of charge carriers are 
the negatively charged electrons. In p-type or acceptor-doped semiconductors, the 
majority of charge carriers are the positively charged holes, which can be considered 
as a lack of electrons at their position in atomic lattice. When p-type and n-type 
materials are connected in a manner shown in Fig. 1a, b temperature gradient (the 
difference in temperature levels) is created on the two sides of the generator, the main 
charge carriers present at the hot end would be at a high energy level as compared 
to those present at the cool end side. This means that the hot charge carriers will 
tend to move towards the cool end under the temperature gradient and create a 
potential difference between the two ends. The creation of potential difference due 
to temperature gradient defined as Seebeck effect is thus used in TEGs.

Fig. 1 Thermoelectric generator a and its module, b showing the direction of charge flow on 
cooling and power generation [13] 
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In general, the efficiency of a TE device for generation of electricity is given by 
η [14]: 

η = energy provided to the load 

heat energy absorbed at hot junction 
(1) 

The maximum efficiency of TEG is: 

ηmax = 
Th − Tc 

Th 

√
1 + ZT  − 1 √
1 + ZT  + Tc Th 

(2) 

where Th and Tc are source temperature and sink temperature, respectively. ZT is 
called a dimensionless figure of merit of TE material at the absolute temperature T: 

ZT  = 
σ × S2 × T 

k
= 

PF  × T 
k 

(3) 

where S is Seebeck coefficient (also called thermopower), σ is electrical conductivity, 
and k is thermal conductivity. The ability of a material to produce useful electrical 
power under a given temperature difference is quantified by its power factor, PF (PF 
= σ × S2). 

Accordingly, efficient TE materials should possess a great Seebeck coefficient, 
S, and a high electrical conductivity, σ , but a low thermal conductivity, κ. Then, 
a high voltage related to the Seebeck coefficient can be generated by TE material 
placed in a temperature gradient. The electrical conductivity should be high to help 
the charge transport to the material ends, reducing the internal resistivity, ρ = 1/ 
σ , of the material. Thermal conductivity of material should be low to create a large 
temperature difference between the ends of the TE material. For semiconductor 
materials, the total κ consists of lattice component κL and electronic component κe, 
namely κ = κL + κe [15]. In majority of the cases, the lattice related mechanism is 
the dominant one. However, σ is directly proportional to the carrier concentration, 
n, but  S, being proportional to n−2/3, according to the Pisarenko relation for doped 
semiconductors [16], depends on the carrier concentration in the opposite way [17]. 
Moreover, there is a direct relationship between σ and the electronic contribution to 
thermal conductivity κe = Lσ T, according to the Wiedemann-Franz law, where L is 
the Lorenz number [15]. Thus, an enhancement of the conversion efficiency is a 
major challenge for the implementation of TE energy conversion. Moreover, TE 
materials should also be stable under operating conditions, having as well long life 
cycles, great cost efficiency, and compatibility with existing technologies. Currently, 
chalcogenides [18], skutterudites [19] and metal oxides [20] are the most widely 
studied TE materials [7]. 

At the same time, different TE materials have high ZT at different operating 
temperatures, since each ZT component has its own relationship with temperature. 
Thus, currently TE materials are divided into three groups, which are: low temper-
ature (<500 K), e.g. Bi2Te3; middle temperature (500–800 K), e.g. PbTe; and high
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temperature (>800 K), e.g. SiGe [21]. However, it can be noticed that majority of 
these materials are typically scarce and expensive. More importantly, some of them 
contain toxic heavy metals and are readily to cause environmental pollution. Thus, a 
search for TE materials, which are environmentally friendly and have high efficiency, 
becomes a hot topic in recent investigations. 

Nowadays, both p- and n-type thermoelectrics can show a high value of ZT that 
strongly depends on the material properties, such as stoichiometry/doping level, 
charge carrier concentration, and prevailing scattering mechanisms, as well as on 
processing methods/conditions [12, 22]. The top ZT values up to ~2.8 at 773 K [23] 
and ~2.6 at 923 K [24] were reported for n-type Br-doped and p-type nanostructured 
chalcogenide SnSe, respectively. ZT up to ~2.2 at 915 K for n-type PbTe [25] and 
~1.9 at 320 K for n-type Bi0.5Sb1.5Te were also reported [26]. All these systems 
belong to the family of chalcogenide TE materials. However, typically ZT values 
reported for other chalcogenides such as Bi2Te3 and Sb2Te3 [19], or for skutterudites 
such as CoSb-family materials [20], or for metal oxides is lower (<1.8) [27]. Among 
them, metal oxide TE materials possess a considerably smaller figure of merit so far, 
but they are more high-T stable, robust and cost-effective than heavy metal alloys 
[28–30]. However, since metal oxides are usually wide band gap semiconductors, 
their electrical resistivity is rather high that results in low PF and ZT. 

Trying to achieve a general and ambitious goal of TE research to produce a 
material with ZT > 3, different methods such as increasing electrical conductivity 
and Seebeck coefficient or decreasing thermal conductivity by addition of different 
dopants [31] as well as 2D materials such as graphene [32] and reduced graphene 
oxide (rGO) [33] are the main directions of the reported research works. 

2 P-Type Metal Oxide Thermoelectrics 

2.1 Layered Cobalt Oxides 

After the first report by Terasaki et al. about the high Seebeck coefficient of 
~100 mV K−1 at 300 K obtained for NaCo2O4 (Na0.5CoO2) [34], different types 
of cobalt oxide materials with layered crystal structures were studied for the possible 
TE application (see Fig. 2 [35]). In particular, an in-plane thermal conductivity for 
Bi2Sr3Co2O9, Ca3Co4O9 and NaCo2O4 were measured below room temperature by 
Satake et al. [35]. It was reported that the charge reservoir block (the block other than 
the CoO2 block) dominates the thermal conduction, while a nano-block integration 
concept is effective for material design. Moreover, at temperature below 300 K the 
thermal conductivity of Bi2Sr3Co2O9 and Ca3Co4O9 was found to be lower than that 
of layered cobalt oxides with Na (see Fig. 2).
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Fig. 2 Crystal structure of the layered cobalt oxides with the corresponding in-plane thermal 
conductivities of layered cobalt oxides: a NaxCoO2, b Bi2−xPbxSr2Co2Oy (x = 0, 0.4 and 0.6), 
c Ca3Co4O9. Open and solid symbols represent a- and  b-axis thermal conductivity, respectively. 
Reprinted from [35] with the permission of AIP Publishing 

2.1.1 NaCo2O4 

NaxCoO2 consists of the layers of Na-ions plane and CoO2 plane along the c-axis, 
with a hexagonal layered crystal structure. In these materials the electrons and holes 
are transported by passing through the CoO2 layer and phonons use the path through 
Na+ layer as shown in Fig. 2. Such a layered structure results in “phonon glass 
electronic crystals” properties, which are very promising for TE applications due to 
high electrical conductivity and low thermal conductivity [36]. High PF value of 
14 × 10–4 W m−1 K−2 at 300 K reported for Na0.85CoO2 [37] led to in-depth study 
of this material for TE power generation. Moreover, in the range of Na content in 
NaxCoO2 crystals of 0.6 < x < 1 the critical doping x ∼ 0.85 was reported to result 
in Z value at 80 K ∼40 times higher than that for crystals with x ≤ 0.71 [37]. 

Concerning ceramic NaCo2O4, Erdal et al. reported rather low ZT values of 6 
× 10–7 and 4 × 10–5 at 300 K for ceramics obtained using powders prepared by 
sol-gel and electrospinning processes, respectively [38]. That was related to the 
polycrystalline and fiber ceramic microstructure. Moreover, a formation of Na-poor 
second phases leading to a degradation of NaCo2O4 above 900–950 °C due to the 
volatile nature of Na and the slow densification kinetics is rather common. Therefore,
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Jakubczyk et al. studied NaCo2O4 ceramics produced at 950 and 1000 °C using Na-
rich pre-treated sol-gel synthesized powder mixture with 2 wt.% NaOH [39]. While 
insufficient to compensate for Na loss at processing temperatures of 1000 °C and 
above, at the lower temperature it is able to enhance densification and facilitate 
the formation of complex crystal structures yielding low thermal conductivity (0.66 
Wm−1 K−1) coupled with high electrical conductivity (3.8 × 103 S·m−1) and Seebeck 
coefficient (34.9 mV K−1). The resultant room-temperature PF and ZT were 6.19 × 
10–6 W m−1 K−2 and 0.0026, respectively [39]. 

Increase of electrical conductivity and Seebeck coefficient was observed after the 
incorporation of Ca on Na site [40] as well as Cu on Co site  [41]. It leads to increase 
of the power factor from 1.3 × 10–3 W m−1 K−2 for NaCo2O4 to 3.6 × 10–3 W 
m−1 K−2 for Na0.7Ca0.3Co2O4 at 573 K [40] and from 0.4 × 10–3 W m−1 K−2 for 
NaCo2O4 to 3.08 × 10−3 W m−1 K−2 for Na(Co0.9Cu0.1)2O4 at 1073 K [41]. 

The substitution for Co by Ti, Rh, Pd in NaCo2O4 ceramics prepared by 
hot pressing was studied by Kurosaki et al. [42]. The thermal conductivities of 
NaCo1.9M0.1O4 (M = Ti, Rh, Pd) were found to be lower than that of NaCo2O4 

over the whole studied temperature range. Due to that, ZT of NaCo1.9Rh0.1O4 

(~0.033 at 723 K) is higher than that of NaCo2O4 (~0.018 at 723 K) as shown 
in Fig. 3a. The highest ZT = 0.045 at 723 K among studied materials was reported 
for NaCo1.9Pd0.1O4 (see Fig. 3a) due to reduction of the electrical resistivity by 
palladium substitution. At the same time, the electrical resistivity of NaCo2O4 and 
NaCo1.9M0.1O4 (M = Rh and Pd) increased slightly with temperature presenting 
a typical metallic behavior. For NaCo1.9Ti0.1O4, the electrical resistivity decreased 
with increasing temperature showing a semiconducting behavior and resulting in 
very low ZT [42]. 

Fig. 3 Temperature dependence of the dimensionless figure of merit for NaCo2O4 and 
NaCo1.9M0.1O4 (M = Ti, Rh, Pd) (a). Reprinted from [42]. Copyright 2001, with permission from 
Elsevier. Room-temperature figure of merit (ZT ) of CNF/NaCo2O4-based composite nanofiber 
webs fabricated named as TMx-y, where x and y denote the content of NaCo2O4 nanofibers by 
wt.% and the calcination/carbonization temperatures of 700–800 °C, respectively (b) [44]
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In addition to the mentioned above replacement of Co by Ti, Rh and Pd, incor-
poration of Ni and Ni–B on Co site in NaCo2O4 ceramics prepared using powders 
synthesized by electrospinning technique was also reported [43]. However, presented 
values of ZT at 300 K as 4.25 × 10–5 (undoped), 5.3 × 10–6 (NaCo1.9Ni0.1O4), 8.6 
× 10–5 (NaCo1.7Ni0.3O4) and 9 × 10–6 (NaCo1.6Ni0.3B0.1O4) were rather low and 
inconsistent [43]. 

Furthermore, carbon-based materials can also enhance the TE performance of 
NaCo2O4 as was reported by Ryu et al. based on the study of composite nanofiber 
webs, fabricated by dual-electrospinning of polyacrylonitrile (PAN) and sodium 
cobalt oxide (NaCo2O4), heat-treated for simultaneous carbonation and calcination 
[44]. PAN derived carbon nanofiber (CNF) and NaCo2O4-based ceramic nanofiber 
webs have shown Seebeck coefficient increasing with NaCo2O4 content from 15 
to 45 wt.%. The increase was from ~26.77 to ~73.28 μV K−1 and from ~14.83 to 
~40.56 μV K−1 for webs fabricated at 700 and 800 °C, respectively. On the other 
hand, the electrical conductivity of the composite nanofiber webs increased with the 
decrement of the relative content of NaCo2O4 nanofibers as well as the increment 
of the heat-treatment temperature, and the highest electrical conductivity of 1.23 S 
cm−1 was obtained for the samples with 15 wt.% NaCo2O4 in the contrast to 0.2 S 
cm−1 reported for composites with 45 wt.% NaCo2O4 (both samples were prepared 
at 800 °C) [44]. 

Owing to different contributions of NaCo2O4 nanofibers and CNFs to the Seebeck 
coefficient, electrical conductivity and thermal conductivity, a maximum power 
factor of ~5.79 μW m−1 K−2 and a figure of merit of ~0.01 were attained at room 
temperature for CNF/NaCo2O4-based composite nanofiber webs fabricated at 45 
wt.% input composition of NaCo2O4 and at heat treatment temperature of 700 °C 
(see Fig. 3b) [44]. 

Significant suppression of the grain growth as well as formation of many new grain 
boundaries and interfaces to reduce thermal conductivity were reported by Zhang 
et al. after addition of SiC nanoparticles to NaCo2O4 [45]. Moreover, the electrical 
conductivity and Seebeck coefficient were increased in the composites with 0.2 vol.% 
nano-SiC resulting in the maximum ZT of 0.122 at 650 °C, which is approximately 
twice higher than that of pristine NaCo2O4 [45]. 

2.1.2 Bi2Sr3Co2O9 

High Seebeck coefficient of ~300 mV K−1 at 973 K, electrical resistivity of ~3 mΩ cm 
and low thermal conductivity of ~2 W m−1 K−1 were reported for single-crystalline 
whiskers of Bi2Sr2Co2Oy [46]. The resulting dimensionless TE figure of merit ZT 
was more than 1.1 as shown in Fig. 4 [46]. The power factor of ~0.13 mW m−1 K−2 

at ~923 K was reported for ceramic Bi2Sr2Co2Oy [47]. Moreover, when Na was 
added to the ceramics on Sr site the grain density increased and electrical resistivity 
decreased without significant modification of Seebeck coefficient. Thus, the power 
factor of Bi2Sr2−xNaxCo2Oy reached the maximum value of 0.21 mW m−1 K−2 at 
923 K for x = 0.075 [47].
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Fig. 4 ZT vs T plot for 
Bi2Sr2Co2Oy 
single-crystalline whisker 
(a). Reprinted from [46] with 
the permission of AIP 
Publishing. For comparison, 
ZT is plotted for p-b-Zn4Sb3 
(b) [48]; p-TeAgGeSb 
(p-TAGS) (c) [49]; 
p-CeFe4Sb12 (d) [50]; 
p-Si-Ge alloy (e) [51] under 
vacuum or Ar atmosphere 

2.1.3 Ca3Co4O9 

Single crystals of (Ca2CoO3)0.7CoO2 with a Ca3Co4O9 (Co349) structure grown by 
modified strontium chloride flux technique presented plate-like single crystals with 
relatively large 5 × 10 × 0.05 mm3 size and with ZT of ~0.45 at elevated temperature 
of ~800 K (see Fig. 5a) [52]. Moreover, obtaining S of ~240 μV K−1 and ρ of ~2.3 
× 10–5 Ω m, as well as extrapolating k to ~3 W m−1 K−1 at 973 K, Shikano et al. 
reported rather high ZT of ~0.87 at 973 K [52]. 

In contrast, polycrystalline [Ca2CoO3.34]0.614[CoO2], also known as Ca3Co4O9, 
that was measured by Miyazaki et al. up to 300 K has shown Seebeck coefficient at

Fig. 5 Temperature dependence of figure of merit ZT for (Ca2CoO3)0.7CoO2 single crystal 
(shaded symbol shows evaluation from extrapolated value of thermal conductivity k) (a). Reprinted 
from [52] with the permission of AIP Publishing and for polycrystalline Ca2.7Bi0.3Co4O9 and 
Ca2.4Bi0.3Na0.3Co4O9 (b). Reprinted from [56] with the permission of AIP Publishing 
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300 K of ~133 μV K−1, electrical resistivity of 15 mΩ·cm, thermal conductivity of 
9.8 mW·cm−1 K−1 that resulted in rather low ZT 300 = 3.5 × 10−2 [53]. 

Madre et al. analyzed the influence of the preparation process on the thermoelectric 
properties of Ca3Co4O9 ceramics produced by a directional melt-grown method using 
the laser floating zone technique [54]. Among 24, 48, 72 and 96 h durations of the 
annealing process at 900 °C, the optimum time of 72 h was determined to get the 
maximum power factor of ~0.42 mW m−1 K−2 [54]. 

At the same time Santos et al. compared 74–78% dense Ca3Co4O9 ceramics 
obtained by the cold sintering process at ~150 °C with no, 6 or 24 h further heat 
treatment at 900 °C and 58% dense ceramics prepared by the conventional sintering 
at 900 °C for 6 h [55]. The highest ZT at 873 K was 0.12 for ceramics prepared by 
cold sintering process with 24 h heat treatment, while the lowest one was 0.03 for 
conventionally sintered ceramics. 

To increase ZT, polycrystalline Bi-, Na- or Bi–Na-substituted Ca3Co4O9 were 
also prepared using a hot-pressing technique and their TE properties were carefully 
studied in air from room temperature to 1000 K [56]. The substitutions of Bi3+ or 
Na+ for Ca2+, as well as Bi3+ and Na+ double substitution, cause both the electrical 
conductivity and thermoelectric power to increase simultaneously. In addition, Xu 
et al. reported that the double substitution of Bi and Na on Ca site is an effective 
method to decrease the thermal conductivity leading to high value of ZT ~0.32 at 
1000 K (see Fig. 5b) [56]. 

2.2 La2CuO4 

Materials based on La2CuO4 were reported as possible thermoelectrics, although Cu-
site doping was not found to enhance the power factor of La2CuO4, when the electrical 
conductivity and thermoelectric power were measured between 300 and 1173 K for 
solid solutions of La2Cu0.9M0.lO4 (M = Mn, Fe, Co and Ni) prepared by polymeric 
precursor synthesis [57]. Room temperature ZT of polycrystalline La2CuO4 was 
reported to reach 0.007 [58]. Further, La2AgxCuO4 ceramics synthesized by solid 
state reaction method were studied by Zhu et al. in the temperature range 10–380 K 
[58]. The resistivity and Seebeck coefficient of these samples tend to decrease, while 
the thermal conductivity first decreases and then increases with Ag content varying 
from 0 to 15 mol.%. Consequently, La2CuO4 ceramics with the addition of 5 mol.% 
Ag presented the maximum ZT value of 0.018 at 308 K that is about twice higher 
than that for undoped La2CuO4 as shown in Fig. 6a [58].

At the same time, substituting La by Sr as well as Ba and Pb can lead to increase 
of ZT as it was reported by Liu et al. and can be seen in Fig. 6b for  La2−xSrxCuO4 

ceramics [59]. Moreover, in that work Liu et al. reported that Ba has even better doping 
effect than Sr and Pb, and presents an optimal carrier concentration of ∼1020 cm−3. 
Correspondingly, La1.95Ba0.05CuO4 showed a maximum average ZT ∼0.03 over the
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Fig. 6 Temperature dependence of ZT for La2AgxCuO4 (a). Reprinted from [58]. Copyright 2015, 
with permission from Elsevier and La2−xSrxCuO4 (b) [59] ceramics

entire temperature range of 300–923 K that was slightly higher than that reported 
for La1.95Pb0.05CuO4 or La1.95Sr0.05CuO4 and ~5 times higher than ZT of La2CuO4 

[59]. 

3 N-Type Metal Oxide Thermoelectrics 

3.1 Simple Oxides 

3.1.1 MnO2 

A giant value of Seebeck coefficient higher than 20 mV K−1 was measured by 
Song et al. on MnO2 powder, suggesting MnO2 as one of the best TE materials 
[60]. However, as it was shown by Kumar et al., many factors such as the carrier 
concentration, electrical conductivity type (n- or p-) as well as phase (α- or β-) of  
MnO2, direction of the measurements, etc. can play significant role on the value of ZT 
[61]. At the same time, Kumar et al. reported the maximum ZT of 0.001 at 300 K for 
the α-MnO2 sample with n-type conduction in the system with a Seebeck coefficient 
of ~160 μVK−1, an electrical conductivity of ~42 S m−1 and a thermal conductivity 
of 0.65 W m−1 K−1 synthesized by the hydrothermal route [61]. ZT value was also 
reported to increase with the temperature above 100 K [61]. An order of magnitude 
higher ZT ~0.01 at 300 K was theoretically predicted and reported for α-MnO2 with 
electron carrier concentration of 1018 cm−3 by Chepkoech et al. [62]. 

An enhanced value of the power factor up to 161.4 μW m−1 K−2 was reported 
for MnO2 with increased electrical conductivity and Seebeck coefficient by addition 
of conductive polymer polypyrrole (PPy) [63].
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In addition, Hedden et al. suggested that TE properties of β-MnO2 depend heavily 
on particle size distribution and particle morphology that can be varied by ground 
time [64]. It was also shown that thermal conductivity can increase with density of 
the powder compact. The highest ZT ~3.28 × 10–4 at 293 K and PF ~5.76 × 10–7 
W m−1 K−2 were reported by Hedden et al. for a high density compact pressed with 
particles of 140 μm average size [64]. Some of the TE properties such as Seebeck 
coefficient or electrical conductivity or thermal conductivity of MnO2 in α [61], β 
[60, 65, 66], or γ [67–69] phases were reported in the literature, although without 
many details or essential comparative analysis. 

3.1.2 TiO2 

Typical ZT of pristine TiO2 ranges from ~0.013 at 873 K [70] to ~0.016 at 800 K 
[71] depending on the preparation method and conditions. For nonstoichiometric 
TiO2−x prepared by spark plasma sintering (SPS), addition of Cu powder resulted 
in a decrease of the electrical resistivity and Seebeck coefficient of the composites 
together with strong increase of the thermal conductivity. As a result of these varia-
tions, the greatest ZT value ~0.03 at 873 K was obtained for Cu/TiO2−x composite 
with Cu volume fraction of 12% (see Fig. 7) [70]. 

An increase of ZT from 3.0 × 10–4 to 6.4 × 10–2 at 1050 K was also reported by 
Nam et al. after addition of 4 wt.% reduced graphene oxide (rGO) to TiO2 due to 
enhancement in electrical conductivity and the reduction in thermal conductivity [72]. 
Significant increase of ZT from 0.016 to 0.24 was observed for SPS nanocomposite 
of TiO2 with 0.75 wt.% polyparaphenylene (PPP) [71]. However, the highest ZT 
values were reported for the nonstoichiometric TiO2−x [73] and Tix(O, N)2x−1 [74]. 

The lattice defect engineering was sufficiently achieved by Liu et al. for the 
fabrication of multi-scale hierarchical nonstoichiometric TiO2−x by high pressure 
and high temperature (HPHT) reactive sintering with appropriate ratio of coarse Ti 
to nanosized TiO2 [73]. Lower electrical resistivity, Seebeck coefficient and thermal

Fig. 7 ZT of Cu/TiO2−x 
composites with different 
volume fractions of Cu 
powder as a function of 
measurement temperature. 
Reprinted from [70]. 
Copyright 2013, with 
permission from Elsevier 
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Fig. 8 The temperature dependence of electrical resistivity (a), Seebeck coefficient (b), power 
factor (c) and thermoelectric figure of merit (d) for TiO2−x (x = 0.24, 0.20, 0.16) [73] 

conductivity but the highest ZT up to 0.33 at 700 °C (see Fig. 8) were reported for 
the most reduced TiO1.76 composition in comparison with that of TiO1.80 and TiO1.84 

[73]. 
TiO2 with oxygen defects and Magneli phase Tix(O,N)2x−1 controlled by the solid-

state reaction of TiO2 and TiN were also investigated by Mikami et al. [74]. The 
introduction of oxygen deficiency as electron doping resulted in a significant reduc-
tion of electrical resistivity (see Fig. 9a). The nanometer-scale periodic planar defect 
structure of the Magneli phase contributed to the strong enhancement of phonon 
scattering, resulting in a large reduction of κ (see Fig. 9c). The estimated ZT value 
reached 0.4 at 1150 K in the sample mainly consisting of the Ti7O13 Magneli phase 
(see Fig. 9d) [74].

3.1.3 ZnO 

ZT < 0.005 can be found in the literature for the pure ZnO (see Fig. 10a) [75], 
although it was possible to be increased by different additives or doping elements. 
Single walled carbon nanotubes (SWCNTs) were found to have less influence on ZnO 
TE performance than graphene (see Fig. 10) although the addition of either of these
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Fig. 9 Temperature dependence of electrical resistivity (a), Seebeck coefficient (b), thermal 
conductivity (c) and thermoelectric figure of merit ZT (d) of Tix(O,N)2x−1 [74]. In d above 600 K, 
the k value at 550 K was used for the estimation (marked with open symbols)

low-dimensional carbon materials lead to intrinsically strong transport anisotropy 
observed in the in-plane and cross-sectional measurement directions [75].

Among doped ZnO, the influence of Ni [76], Ga [77], or In [78] doping on 
ZnO TE performance was studied. Colder et al. reported that Zn1−xNixO materials 
with x increasing until the solubility limit of Ni in the wurtzite structure x = 0.03 
have significant rise in both electrical conductivity and Seebeck coefficient [76]. 
The highest power factor of 0.6 mW m−1 K−2 and ZT ~0.09 were reported for 
Zn0.97Ni0.03O at 1000 K [76]. Ga-doped ZnO ceramics presented the highest ZT 
~0.025 at 800 °C for a composition with 2 mol.% Ga and the following increase of 
Ga content lead to decrease of ZT. An introduction of dopants with low concentration 
increased both electron and point defect concentrations, resulting in significantly 
increased electrical conductivity with reduced thermal conductivity [77]. Jood et al. 
reported very low thermal conductivity ~3 W m−1 K−1 and high ZT ~0.45 at 1000 K 
measured for In-doped ZnO (see Fig. 11) [78]. These authors also reported high
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Fig. 10 Figure of merit ZT for SWCNT/ZnO (a) and G/ZnO nanocomposites (b). Reprinted from 
[75] with permission from RSC Publishing. Also shown are the data for pure ZnO for comparison. 
The open and filled symbols represent the measuring directions that are perpendicular and parallel 
to the sample pressing direction (PD), respectively

Seebeck coefficient for Bi-doped ZnO, however due to Bi segregation, grain growth 
and defect complexing, ZT was unfavorable for increasing [78]. 

One of the most studied today ZnO-based systems is (Zn1−xAlx)O (AZO) that 
is characterized by strong increase of the electrical conductivity with Al content 
(showing metallic behavior). The highest values of ZT for AZO were obtained for 
Al content x = 0.02 [79, 80] or 0.03 [81–83] among other studied concentrations. 
Tsubota et al. reported ZT ~0.30 attained on (Zn0.98Al0.02)O at 1000 °C in contrast 
to ZT < 0.025 obtained for pure ZnO at 800 °C (see Fig. 12a) that was explained 
by the highest carrier mobility (see Fig. 12b) and hence to the highest electrical 
conductivity of this material among other studied ones [79]. Slightly higher ZT value 
up to 0.36 at 1073 K was reported by Zhang for (Zn0.98Al0.02)O composite prepared 
via hydrothermal synthesis and spark plasma sintering [80].

Al-doped ZnO ceramics synthesized via double emulsion method followed by 
compaction by SPS processing have shown significant decrease of the grain size 
with Al concentration (see Fig. 12c) [81]. The significantly enhanced electrical 
conductivity and strikingly reduced lattice thermal conductivity were reported for

Fig. 11 Seebeck coefficient and electrical conductivity (a), power factor and thermal conductivity 
(b) and  ZT c for nanobulk ZnO pellets with 0.5 at.% In doping. Reprinted from [78] with permission 
from RSC Publishing 
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Fig. 12 The dimensionless figures of merit of Zn1-xAlxO as a function of temperature for x = 
0 (o), 0.02 (●), 0.05 (Δ) (a) and its Hall mobility at room temperature as a function of x (b). 
Reprinted from [79] with permission from RSC Publishing. Cross-sectional SEM micrographs of 
sintered Zn1−xAlxO samples with the nominal composition for x = 0.00 (c, d), 0.01 (e, f), 0.03 
(g, h), showing a systematic reduction in grain size with Al-content and the presence of ZnAl2O4 
precipitates [81]. Temperature dependence of figure of merit ZT of ZnO and Al-doped ZnO (i). 
Reprinted from [83] with permission from IOP Science

these ceramics. ZTmax ∼ 0.13 at 750 K for 3 at. % Al-doped ZnO and ZTmax ∼ 
0.075 at 750 K for the undoped ZnO were reported by Virtudazo et al. [81]. ZT 
~0.28 was reported for Zn1−xAlxO with x = 0.03 made using powder synthesized 
by hydrothermal method (see Fig. 12d) [83]. The particle size of these samples 
decreased with increasing Al concentration, although Seebeck coefficient did not 
vary significantly in opposite to the electrical resistivity that decreased significantly 
for higher Al content [83]. 

In addition, Han et al. reported that γ -Al2O3 precursor promoted the Al donor 
doping in ZnO compared with α-Al2O3, more effectively shrinking the unit cell 
volume and increasing the electrical conductivity for 2% Al-doped ZnO. As a result, 
Zn0.98Al0.02O ceramics prepared by SPS at 1173 K for 5 min using powders calcined 
at 1173 K showed a ZT value of 0.17 at 1173 K for γ -Al2O3 doping precursor, which 
is 27% higher than that for the α-Al2O3 doping precursor (see Fig. 13a) [84].
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Fig. 13 Temperature dependence for ZT of 2% Al-doped ZnO ceramics prepared using a/γ -Al2O3 
doping precursors (the inset shows ZT values at 1173 K as a function of the calcination temperature) 
(a). Reprinted from [84]. Copyright 2013, with permission from Elsevier and for Al-850 (open 
circles), Al-900 (filled stars), BM-900 (filled squares) samples (b). Reprinted from [85]. Copyright 
2013, with permission from Elsevier. The gray values in (b) for samples Al-850 and Al-900 are 
from extrapolation of the resistivity to 800 °C 

Regarding the SPS temperature effect Sondergaard et al. reported an increase in 
ZT at 800 °C from 0.2 to 0.3 for Zn0.98Al0.02O ceramics sintered at 850 and 900 °C, 
respectively (see Fig. 13b) [85]. Both these values were much higher than ~0.01 for 
undoped ZnO ceramics sintered at 900 °C [85]. 

Significant enhancement in Seebeck coefficient was achieved by dually Al 
and Ga doping ZnO that resulted in ZT ~0.47 at 1000 K and 0.65 at 1247 K 
for Zn0.96Al0.02Ga0.02O [86]. In addition, the thermal conductivity was drastically 
decreased by the dual doping, while the decrease in the electrical conductivity was 
relatively small [86]. 

The effect of co-doping with transition metals (Fe, Ni, and Sm) on the thermoelec-
tric properties of Al-doped ZnO ceramics was studied by Yamaguchi et al. [87]. Only 
Ni-co-doped AZO showed significant enhancement in electron density and hence in 
the electrical conductivity, while the thermal conductivity was decreased after Ni or 
Sm co-doping of AZO. As a result, the highest ZT of 0.126 at 1073 K was obtained 
for Ni-co-doped AZO, being superior to that of conventional AZO by a factor of 1.5 
[87]. 

Similar to pure ZnO, Al-doped ZnO was also modified by CNT [88] and reduced 
graphene oxide (RGO) [89, 90]. Addition of rather low amount of 0.1 wt.% CNT 
to AZO lead to increase of ZT from 0.02 to 0.08 at 873 K [88]. At the same time, 
addition of 1.5 wt.% rGO to AZO powder resulted in ZT of 0.28 at 900 °C in 
comparison to 0.035 for pristine AZO (see Fig. 14a) [89]. Al-doped ZnO quantum 
dots (QDs) significantly changed ZT after RGO addition: from <0.1 to 0.52 at 1100 K 
as can be seen in Fig. 14b [90]. Al doping was mainly reported to give a rise in 
electrical conductivity, reducing the thermal conductivity and Seebeck coefficients. 
However, RGO inclusion not only increased the overall electrical conductivity but 
also enhanced the Seebeck coefficient through energy filtering in comparison to bare
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Fig. 14 Temperature-dependent dimensionless ZT for AZO and AZO/rGO composites in the range 
of 25–900 °C (a). Reprinted with permission from [89]. Copyright 2015, American Chemical 
Society and for undoped ZnO, Al-doped ZnO (AZO), RGO-encapsulated ZnO (GZO), and RGO-
encapsulated Al-doped ZnO (AGZO) samples (b). Reprinted with permission from [90]. Copyright 
2021, American Chemical Society. The inset in (b) shows the magnified view of the low ZT values 
of the samples 

Al-doped ZnO. A simultaneous drop in thermal conductivity of this composite is 
attributed to the selective phonon scattering by point defects and interfaces [90]. 

3.2 Double Oxides 

3.2.1 CaMnO3 

CaMnO3 with perovskite structure demonstrates temperature dependent electrical 
resistivity (from ~6000 mΩ·cm at ~320 K to ~1000 mΩ·cm at ~420 K) and Seebeck 
coefficient (from ~−405 μV K−1 at ~320 K to ~−380 μV K−1 at ~420 K) [91]. 
Many different doping elements such as Bi [92, 93], Gd [94], Sm [93, 95], Yb [93], 
Dy [93], co-doping by Dy with La/Nd/Sm [96], or Dy with Yb [97] or Pr with  
Yb [98] were incorporated on Ca site to modify the TE properties of CaMnO3. 
Both the electrical resistivity and absolute value of the Seebeck coefficient decrease 
with increasing Bi doping level in Ca1−xBixMnO3 indicated an increase in carrier 
concentration with Bi content [92]. The maximum power factor of 4.67 × 10–4 W 
m−1 K−2 at 423 K that is four times larger than that of the undoped CaMnO3 was 
achieved for Ca0.97Bi0.03MnO3. The lowest thermal conductivity of 1.4 W m−1 K−1 

was obtained at 973 K for the same composition (x = 0.03). The maximum obtained 
ZT value was ~0.25 at 973 K for x = 0.03 as can be seen in Fig. 15a [92].

The electrical conductivity of Gd-doped CaMnO3 ceramics prepared using 50– 
70 nm nanopowders obtained by co-precipitation route was found be lower than 
that of ceramics prepared from 200 to 400 nm fine-grained powders made by solid-
state reaction. However, ceramics prepared by the co-precipitation method have also
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Fig. 15 Temperature dependence of figure of merit for Ca1−xBixMnO3 (0 ≤ x ≤ 0.10) (a). 
Reprinted from [92]. Copyright 2015, with permission from Elsevier; for Ca1−2xDyxYbxMnO3 
ceramics (x = 0, 0.02, 0.03, 0.04, 0.06 and 0.10) (b). Reprinted from [97]. Copyright 2014, with 
permission from Elsevier; and for Ca1−2xPrxYbxMnO3 with different Pr and Yb contents (x = 0, 
0.01, 0.02, 0.03, 0.04 and 0.05) [98]

much lower thermal conductivity values of 1.3–1.5 W m−1 K−1 than that of 2.0–2.4 
W m−1 K−1 for ceramics prepared by the solid-state reaction [94], although κ values 
of the fine-grained ceramics are still relatively low due to the enhancement of grain 
boundary scattering. Thus, the highest dimensionless figure of merit ZT = 0.24 was 
obtained at 973 K in the air for nanopowder Ca0.96Gd0.04MnO3, while fine-grained 
ceramics showed ZT of 0.16 [94]. 

Among M = Yb, Dy, Sm and Bi substituting for Ca in Ca1−xMxMnO3 system the 
highest power factor of 165 μWm−1 K−2 at 400 °C was reported for Ca0.9Yb0.1MnO3 

[93]. At the same time, Zhu et al. reported ZT of 0.2 at 973 K for CaMnO3 with 2% 
Dy and 2% La co-doping on Ca site (Ca0.96Dy0.02La0.02MnO3) [96]. Both reported 
ceramics of co-doped Ca1−2xDyxYbxMnO3 (0 ≤ x ≤ 0.10) synthesized by solid state 
reaction [97] and Ca1−2xPrxYbxMnO3 (0 ≤ x ≤ 0.05) synthesized by co-precipitation 
method [98] presented significantly enhanced ZT ~0.27 for x = 0.02 at 1073 K (see 
Fig. 15b) and 0.24 for x = 0.04 at 973 K (see Fig. 15c), respectively. 

Besides Ca-site substitution, the incorporation of Nb [99] or W [100] on Mn site 
in CaMnO3 was also studied, and increased Seebeck coefficient was reported for 
Nb doping [99]. However, although more carriers were introduced when Nb-doping 
content increases, both the electrical conductivity and absolute Seebeck coefficient 
decrease in heavily Nb-doped CaMnO3 [99]. Moreover, W acted as an electron 
donor together with the oxygen vacancies formed in the high temperature region 
that resulted in ZT of 0.25 at 1225 K for CaMn1-xWxO3-δ ceramics with x = 0.04 in 
comparison to ~0.15 for x = 0 [100]. 

Simultaneous co-doping by Bi on Ca site and Nb on Mn site was reported by Park 
et al. [101], but Ca1−xBixMn1−yNbyO3 (0 ≤ x = y ≤ 0.1) presented ZT just of ~0.1 
at 873 K due to the electrical conductivity decrease as the temperature increased, 
indicating metallic behavior, although Seebeck coefficient increased with increasing 
temperature [101].
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3.2.2 SrTiO3 

Thermoelectric properties of bulk SrTiO3 (STO) were studied since 1964, when 
Seebeck coefficient up to 800 μV K−1 was reported [102]. However, due to high 
thermal conductivity ZT value of pure STO is found to be below 0.008 at 760 K, 
although that can be increased up to 0.1 by oxygen deficiency and RGO addition 
[103] besides doping. 

The substitution for Sr by La was studied by Okuda et al. on Sr1–1.5xLaxTiO3 single 
crystals with x ≤ 0.1 that presented ZT value of ~0.1 at 300 K [104]. The optimal La 
doping content x = 0.08 as well as the maximum ZT of 0.22 at 800 K were reported 
by Zhang et al. for Sr1–1.5xLaxTiO3 ceramics prepared by SPS during 30 min at 
1573 K [105]. At the same time Kikuchi et al. prepared Sr0.92La0.08TiO3±δ ceramics 
by combustion synthesis with post-spark plasma sintering at 1300 °C, finding that the 
5-min-sintered ceramics result in ZT of 0.37 at 1045 K as presented in Fig. 16a [106]. 
Park et al. reported the same ZT of ~0.37 at lower 973 K for similar Sr0.91La0.09TiO3±δ 
ceramics prepared by SPS at 1400 °C during 5 min. using hydrothermally obtained 
powder [107]. Moreover, such nanostructured bulk La-doped SrTiO3 ceramics exhib-
ited almost the same ZT before and after the heat treatment at 973 K for 24 h [107]. 
The highest ZT value for single La-doped STO was reported by Lu et al. to reach 
0.41 at 973 K in the case of Sr1–1.5xLaxTiO3±δ ceramics with x = 0.15 (see Fig. 16b), 
conventionally sintered in a flowing 5%H2–95%N2 gas at 1500 °C for 6 h [108].

Furthermore, the room-temperature ZT of 0.42 was reported for 
Sr0.900La0.067TiO3±δ ceramics modified by addition of 0.6 wt.% of reduced 
graphene oxide (rGO) sheets, whereas ZT at 1023 K was increased from 0.12 for 
monophasic ceramics to 0.36 for those with graphene nano-inclusions (see Fig. 16c) 
[110], although rGO itself is not the best TE material [33, 112]. 

In addition to Sr substitution by La, Kovalevsky et al. reported that among STO 
ceramics doped with 10 at.% of trivalent ions on the Sr site in Sr0.9M0.1TiO3−δ (M 
= La, Ce, Pr, Nd, Sm, Gd, Dy, Y), conventionally sintered in air at 1700 °C for 
10 h and further reduced in a 10%H2–90%N2 atmosphere at 1500 °C for 10 h, the 
Sr0.90Dy0.10TiO3±δ composition reveals the highest ZT value of 0.41 at 1073 K and 
0.42 around 1200 K (see Fig. 16d) [111]. 

A slightly lower ZT of 0.35 but at much lower temperature of 773 K was measured 
by Dehkordi et al. in Sr0.85Pr0.15TiO3±δ using spark plasma sintering at 1400–1500 °C 
for 5 min [113]. The results were explained by incomplete solid solubility of 15% 
Pr in STO, and thereby Pr-rich grain boundaries [114]. 

Thus, the highest ZT values which could be obtained by single Sr site doping in 
STO, are only in the order of 0.35–0.41 at temperatures of 970–1100 K [106–108, 
111] mainly due to the relatively high thermal conductivity. 

Moreover, there were several reports on the fact that the electrical conductivity 
of donor-doped SrTiO3 is sensitive to Sr content, and that the Sr deficient compo-
sitions sintered in reduced atmospheres have a much higher electrical conductivity, 
thereby enhancing TE performance compared to their stoichiometric counterparts 
[108, 115–118].
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Fig. 16 Temperature dependence of ZT for Sr0.92La0.08TiO3 prepared at various holding times 
(1–30 min.) during sintering (a). Reprinted from [106]. Copyright 2010, with permission from 
Elsevier, in comparison with ZT data for Nb-doped SrTiO3 reported by Ohta et al. [109] and  for La-
doped SrTiO3 reported by Zhang et al. [105]. Temperature dependence of ZT for Sr1−1.5xLaxTiO3-δ 
ceramics (x ≤ 0.30) at 1773 K for 6 h (b) [108]. Temperature dependence of ZT for La-doped 
SrTiO3 (LSTO) and the nanocomposites with different amount of graphene (0.05–1 g) as a function 
of temperature (c). Reprinted with permission from [110]. Copyright 2015, American Chemical 
Society. Temperature dependence of ZT for Sr0.9M0.1TiO3−δ (M = La, Ce,  Pr, Nd,  Sm, Gd,  Dy, Y)  
(d). Reprinted from [111] with permission from RSC Publishing

In parallel to Sr-site substitution, incorporation of doping elements onto Nb site 
was also widely studied. In 2006 Ohta et al. reported a ZT value of 0.35 at 1000 K for 
~20 μm-grain-size SrTi0.80Nb0.20O3±δ ceramics hot pressed at 36 MPa and 1400 °C 
for 2 h in an Ar atmosphere, although on cooling toward room temperature ZT 
diminished below 0.01 [109]. 

ZT values up to 0.36 at 970 K were obtained by Tkach et al. for SrTi0.80Nb0.20O3±δ 
ceramics, conventionally sintered in air at 1450 °C and further in 10%H2–90%N2 

at 1400 °C [119]. Such values are observed only when the ceramics were prepared 
from centrifuged powders having an average particle size of 270 nm, while for the 
ceramics prepared from powders with 800 nm average particle size ZT just reached 
0.14 at 970 K (see Fig. 17a). Corresponding enhancement of the TE performance
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was explained as a result of a bimodal grain size distribution due to abnormal grain 
growth [119]. 

ZT ~0.29 at 1160 K was reported by Okhay et al. for nonstoiciometric STO with 
2% of Sr vacancy (rGO:Sr0.98Ti0.90Nb0.10O3±δ , designed in Fig. 17b as nSTN10 + 
rGO) ceramics obtained from the sol–gel prepared powder and modified by addition

Fig. 17 Figure of merit ZT for SrTi0.8Nb0.2O3±δ (STN20) ceramics produced from fine-(solid 
circles) and coarse-(open squares) particle-sized powders versus temperature (a). Reprinted with 
permission from [119] Copyright 2018, American Chemical Society, in comparison to ZT for 
ceramics with identical composition from Ohta et al. [109], Kovalevsky et al. [115], Zhang et al. 
[29], Wang et al. [120], and Jeric et al. [121]. Temperature dependence of figure of merit ZT of stoi-
chiometric SrTi1−xNbxO3±δ (STNx) and 2% Sr deficient Sr0.98Ti1−xNbxO3±δ (nSTNx) ceramics 
with Nb content x = 10 and 15% and their composites with rGO (b). Reprinted from [118]. Copyright 
2018, with permission from Elsevier. Temperature dependence of ZT and thermoelectric compat-
ibility factors (inset) for Nb-doped STO samples with different Nb concentrations (c). Reprinted 
from [29] with permission of RSC Publishing, in comparison to ZT for La-doped SrTiO3 reported 
by Kikuchi et al. [106] and Park et al. [107]. Temperature dependence of ZT values for SrTiO3 
doped with 10 mol.% Nb (Nb10) or with 10 mol.% La (La10), SrTiO3 co-doped with 5 mol.% 
La and 5 mol.% Nb (La5Nb5), with 5 mol.% La and 10 mol.% Nb (La5Nb10), with 10 mol.% La 
and 10 mol.% Nb (La10Nb10), with 10 mol.% La and 5 mol.% Nb (La10Nb5), with 10 mol.% La 
and 20 mol.% Nb (La10Nb20) (d). Reprinted from [122]. Copyright 2017, with permission from 
Elsevier 
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of 0.6 wt.% of RGO sheets as nano-inclusions [118], indicating that RGO helps to 
obtain the TE performance of materials in its best-quality state [33]. 

Furthermore, Zhang et al. reported that TE performance of Nb-doped STO can be 
enhanced up to a ZT of 0.4 at 1100 K for SrTi0.90Nb0.10O3±δ ceramics (see Fig. 17c 
and its comparison there with La-doped SrTiO3 reported by Kikuchi et al. [106] and 
Park et al. [107]), using the hydrothermal method for nano-powder fabrication, and 
muffle furnace sintering at 1300 °C for 5 h within a bed of carbon powder [29]. Using 
the same preparation method, ZT values of 0.6 at 1000 K and 0.65 at 1100 K were 
reported by Wang et al. for double site doped Sr0.90La0.10Ti0.90Nb0.10O3±δ ceramics 
(see Fig. 17d) [122]. 

Recently, ZT ~1.42 at 1050 K was reported for SrTi0.85Nb0.15O3±δ with 0.5 wt.% 
graphite composite [123], although that high value could not be repeated by anybody 
else, achieving ZT of 0.68 at 980 K for La0.07Sr0.93Ti0.93Nb0.07O3 with 1 wt.% graphite 
composite [124] in the best case. 

On the other hand, ZT values of Nb-doped STO were reported to be enhanced by 
nano-inclusions of yttria stabilised zirconia [125], and those of La and Nb co-doped 
STO by Cu or Fe metallic nano-inclusions [126]. In addition, doping effect of Ta 
on Ti site in STO ceramics was found to be comparable to TE performance of Nb-
doped STO, particularly in case of the Sr deficient composition Sr0.95Ti0.90Ta0.10O3±δ , 
yielding the ZT values just of 0.3 at 1000 K and 0.37 at 1230 K as was studied by 
Yaremchenko et al. [117]. 

Similar to crystals and ceramics, an obvious effect of doping as well as influence 
of the oxygen vacancies on the TE properties of metal oxides can be seen on SrTiO3 

thin films as was also discussed in the literature [109, 127, 128]. 
Ohta et al. compared the TE properties of SrTiO3 doped by 20% Nb ceramics 

with the average grain size ~20 μm with that of polycrystalline film with the average 
grain size ~200 nm and single-crystalline epitaxial film of the same composition 
[109]. The carrier concentration and Seebeck coefficient of ceramics and both films 
were similar, but Hall mobility of the polycrystalline film was found to be rather 
small <<10–1 cm2 V−1 s−1 at 300 K in comparison to that of the epitaxial film 
and ceramics (~3 cm2 V−1 s−1). However, after heating above 700 °C it drastically 
increased and exhibited a similar value to that of the epitaxial film and ceramics. As 
a result, no effect of grain size / boundaries on the figure of merit of 20%-Nb-doped 
STO ceramics as well as both films was found by Ohta et al. at 1000 K where ZT of 
~0.35 was reported irrespective of the grain size and microstructure [109]. 

Regarding other STO-based films for TE applications, Kozuka et al. demonstrated 
that carrier density increased with Nb content while the electron mobility decreased in 
SrTiO3 films prepared at 1200–1300 °C by pulsed laser deposition (PLD) on SrTiO3 

substrates using an ultrahigh vacuum chamber with an infrared laser heating system 
(see Fig. 18) [127]. Oxygen vacancies were reported to enhance the low temper-
ature charge mobility of STO thin films. As can be seen in Fig. 18, the electron 
mobility of SrTiO3 thin film is strongly dependent on the temperature and signifi-
cantly decrease with the temperature increase in the contrast to carrier density that 
in almost independent on the temperature [127].
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Fig. 18 Carrier density (a) and electron mobility (b) of SrTiO3 thin films versus temperature for 
five dopant concentrations, estimated from the Hall effect. Reprinted from [127] with the permission 
of AIP Publishing 

The incorporation of Nb on Ti site in SrTiO3 films deposited by PLD was reported 
to increase both the electrical conductivity and Seebeck coefficient (see Fig. 19a, 
b, respectively) similar to ceramics [128]. By using 3ω method for the obtained 
films with the thickness 300 ± 10 nm the total cross-plane thermal conductivity of 
SrTi0.88Nb0.12O3 was found to be 3.1 W m−1 K−1 at 300 K and the figure of merit 
was estimated as ZT ~0.29 at 1000 K (see Fig. 19c). Moreover, Seebeck coefficient 
was reported to decrease in absolute value with carrier concentration due to increase 
in carrier effective mass m*/m0 (m0 is free electron mass) of the films (see Fig. 19d) 
[128].

4 Conclusions 

Thus, according to the literature review, different approaches can be considered to 
enhance the TE performance of oxide materials: 

– (i) creating lattice defects such as vacancies can involve phonon scattering within 
the unit cell. Complex crystal structures can be used to separate the electron-
crystal from the phonon glass. Here the goal is to achieve a phonon glass without 
disrupting the crystallinity of the electron-transport region. 

– (ii) grain boundary engineering involving nano-inclusions. This approach lies in 
the phonon scattering at interfaces, via the use of multiphase composites mixed at 
the nanometre scale and to suppress the grain boundary resistivity as in the case 
of metallic and graphene-derived nano-inclusions. 

– (iii) decrease of the grain size that approaching quantum confinement results in 
the disruption of the phonon paths, contributing to a decrease of the thermal 
diffusivity of the material. Indeed, reducing the grain size and nano-structuring 
has been theoretically reported to lower the value of the thermal conductivity. 
An increase in the number of such interfaces, as grain boundaries, will increase
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Fig. 19 High temperature electrical conductivity of STO and Nb-doped STO films, measured in Ar/ 
H2 ambient (the solid symbols correspond to films grown in Ar, while the open symbols correspond 
to films grown in oxygen (a). Seebeck coefficient of STO and Nb-doped STO films as a function of 
temperature. The solid symbols correspond to films grown in Ar, while the open symbols correspond 
to films grown in oxygen (b). Estimated high temperature ZT of Nb-doped STO films grown in Ar 
(c). Dependence of Seebeck coefficient and carrier effective mass on carrier density of the films 
(d). Reprinted with permission from [128]. Copyright 2013 American Chemical Society

the phonon scattering in the polycrystalline structure, leading to a decrease of κ. 
Additionally, the reduction of the grain size will increase the scattering of the 
phonons with shorter mean free paths at the grain boundaries, creating a wider 
range of scattered phonons. However, it can be also problematic, since reducing the 
grain size leads to an increase in the electrical resistivity, which is not favourable 
for enhancing the ZT values. To overcome such dual effect of grain size, high-
performance TE ceramics may need to be a combination of coarse and fine grains 
in an individual material. 
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Memristors and Resistive Switching 
in Metal Oxides 

Charu Singh and Nirat Ray 

Abstract The term memristor, derived from the words memory and resistor, refers 
to a memristor’s desirable ability to remember its history. The memristor was the 
fourth fundamental passive electronic element, following the resistor, capacitor, and 
inductor, and was theoretically predicted by Leon Chua in 1971. Despite numerous 
publications in the field, the memristor remains a “mysterious” electronic element 
that is not yet in widespread use. One important reason for this is a lack of under-
standing of the physical phenomena that govern the occurrence of the switching 
effect. Metal oxides such as HfOx, TaOx, and TiOx have shown promise in memris-
tive applications. In this chapter, we review the working mechanisms and models 
of resistive switching memristors, as well as an overview of the metal oxides that 
are used. We investigate the various emerging applications of memristors, such as 
resistive switching memory (RRAM), analogue and digital logic circuit applications, 
and neuromorphic applications. 

Keywords Resistive switching · Memory · Hysteresis · MIM junction 

1 Introduction and Motivation 

The term “memristor” is derived from the words “memory” and “resistor” and it 
accurately describes a device’s ability to remember its history. The memristor was 
theoretically predicted by Leon Chua in 1971 [1], and research into the subject is 
still ongoing today. A memristor is often a two-terminal device whose resistance is 
affected by both the amplitude and polarity of the voltage given to it, as well as the 
duration for which the voltage was applied. Figure 1a illustrates a typical current– 
voltage characteristic highlighting the hypothetical memristor’s behaviour. Unlike 
a linear plot observed for a resistor, the plots, which resemble bow ties, maps the
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Fig. 1 a A typical I-V characteristics of the memristor. b The four elements of the circuit model 
explained by Chua. Reprinted with permission from [3] © 2008 Springer Nature 

switching behaviour of the device. The memristor begins in a high resistance state, 
and the current increases as the applied voltage increases. The resistance decreases 
as the applied voltage increases, causing the slope of the current–voltage character-
istics to change. This process continues until a maximum is reached. If the voltage 
is reduced beyond this maximum, the current decreases slowly as the resistance 
decreases, resulting in an on-switching loop [2]. When a negative voltage is applied, 
an off-switching loop is observed. The bottom line is that the applied voltage changes 
the resistance of the memristor. 

The resistor, inductor, and capacitor are the three most common passive elements 
in a circuit. The memristor is the family’s fourth member. Figure 1b depicts the entire 
circuit model, including all four elements. Chua [1] considered four fundamental 
variables in a circuit in his original proposal of memristors: electric current I, voltage 
V, charge q, and magnetic flux, φ. The three basic components of a two-terminal 
circuit; a resistor with resistance R (dV = R di), a capacitor with capacitance C (dq 
= CdV), and an inductor with inductance L (d= L di)—are defined by the relationship 
between these fundamental variables. The missing relationship between the charge q 
and flux φ, can be used to define the memristance, M, such that dφ = M dq. Thus, the 
relationship between charge and flux (d = M dq) could be used to find the “missing” 
element [3]. In cases where M is a constant, the memristance is the same as the 
resistance. However, if M is a function of q, resulting in a nonlinear circuit element, 
the situation becomes more interesting. This device’s current voltage characteristics 
are generally a frequency-dependent Lissajous figure, and the non-linear properties 
of memristors cannot be defined by any relation of resistive, capacitive and inductive 
components [3]. 

An interesting analogy for memristive behaviour is with water flow in a pipe [4]. 
Here the flow of water is analogous to the flow of electric charge. The pipe provides 
resistance to flow of water based on the diameter of the pipe. The memristor can 
then be thought of as a pipe that can change the diameter of the pipe with respect
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to the amount and the direction of water flowing through it. Further, the memristor 
also remembers the diameter corresponding to the last water flow event, and if the 
water flow is abruptly stopped, the diameter of the pipe is sustained until the water 
is turned back on. 

Memristors gained much interest of the researchers worldwide as an alternative for 
non-volatile memory devices with over hundreds of research papers in the late 1960s. 
While the phenomenon was interesting, a lack of explanation about the origin and the 
underlying mechanism stalled research in the area. It was only after the year 2008, 
that it again came to the forefront as Hewlett-Packard provided an explanation of the 
hysteresis behaviour and implemented a circuit model based on the mathematical 
equations described by Chua. The structure was a crossbar array; essentially a mesh 
of perpendicular wires, with every wire crossing connected by a switch. The switch 
here was made with a 40 nm cube of TiO2. The cube consisted an insulating top layer 
of stoichiometric TiO2 and a metallic conductive layer of non-stoichiometric TiO2−x. 
The conducting behaviour in the metallic non-stoichometric layer was attributed to 
oxygen vacancies, and the idea was to open and close the switches by playing with 
oxygen stoichometry and thereby form a connection between the vertical and hori-
zontal wires, by applying a voltage. This could also be thought of as a data storage 
system, with an open switch representing 0 and a closed switch representing 1. 
When the memristor experiences the positive volatge, it repels the (positive) oxygen 
deficiencies in the TiO2−x layer of the upper metallic part and sends them into the 
insulating TiO2 layer below [5]. This shifts down the boundary between the two mate-
rial, such that the percentage of conducting TiO2−x increases and thereby increasing 
the conductivity of the entire memristor switch. If the positive voltage is increased, 
conductive also increases. On the other hand, if a negative voltage is applied voltage 
on the switch, it attracts the positively charged oxygen bubbles such that they get 
pulled out of the TiO2. This results in increasing the amount of resistive (insulating) 
TiO2, thereby making the entire switch a resistive switch. Thus, an increased nega-
tive voltage will result in lesser conducting switch or a more resistive switch [6]. 
The switch is memristive because when the voltage is turned off, from a positive or 
negative value, the oxygen vacancies stay frozen, and so does the boundary between 
the two TiO2 layers. The switch essentially remembers how much voltage was last 
applied. Since then, the memristors took the hot seat in the academia for memory 
devices and the research continues to replace the current existing silicon based non-
volatile devices by resistive random-access memory (RRAM) devices. Moreover, 
silicon-based memory devices have almost reached to its limit of scalability hence 
the speed. Nonetheless, with technology engulfing almost every aspect of our lives 
and increased dependency on artificial intelligence, the demand for data storage 
needs to be fulfilled in a much faster and economical way without compromising the 
reliability. Along with data storage, data processing is another aspect which decides 
the speed and functioning of the memory. This leads to the ‘in-memory’ concept 
where data storage and data processing occur simultaneously unlike the present Von-
Newman architecture which consumes power and by default have delay issue due 
to separate data processing of data and its storage. In the mid-1980s, Carver Mead,
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a Caltech professor proposed a brain mimicking memory concept termed as neuro-
morphic memory [7] which could function like a human brain (recognition, analysis, 
association). Such a concept would serve with faster processing, increased density 
of data storage capacity with low power consumption. In this regard, memristor was 
seen as a potential candidate to serve as the building blocks of neuromorphic memory 
or neuromorphic computing. It could serve as the synapse of the brain which controls 
the flow of charge between neurons and hence, form a complex neural network for 
computing. It sounds interesting but still a through grasp of underlying principle and 
charge transport mechanism is needed and becomes essential for memristive devices 
to explore and utilize its full potential to be deployed into a memory technology. 

Nonetheless, we define the memristors as an emerging and promising element 
which could update our existing technology by far. It needs deeper insight into 
several aspects of its functioning from its conduction mechanisms to modelling into 
a memory device, structural and materials aspects, etc. Throughout the years, the 
study of memristors moved from micro regime to nano regime which not only serves 
to scale the memristive technology but also a stage for intrusive study. This chapter 
will try to cover some of the important aspects in this area such that the readers could 
well acquaint themselves with the memristors. 

2 Mechanism of Resistive Switching 

The heart of memristive devices lies in the ability of the device to show multiple values 
of resistances and switching between them; also known as resistive switching (RS). 
Several mechanisms have been identified for change of resistance, and memristors 
have been classified based on active switching region and geometry into filament 
type, barrier type, and bulk type. We discuss each of these in detail. 

2.1 Filament Type Resistors 

The TiO2 based memristive switch discussed earlier is an example of filament type 
switching. In filament type memristors, the repeated formation and rupture of conduc-
tive filaments (CFs) causes switching when an external electric field is applied [8, 
9]. A memristive system ideally has a high resistance (HRS) and a low resistance 
state (LRS). While the current flows uniformly in the layer in HRS, it is limited in 
the LRS and follows a local path within the insulating layer. There have been many 
reports of filamentary conducting paths in literature, and it was seen that the filament 
type can vary drastically from one material to another, such as filaments of metallic 
nano-bridges [10], conductive channels made of oxygen vacancies [11], and disloca-
tions [12]. In the case of oxides, the drift of oxygen vacancies leads to the formation 
of the conducting filament in the presence of strong electric fields. Following the 
development of the oxygen vacancy filament, the LRS would then be independent
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of the device area, whereas the resistance would scale with size in the case of the 
HRS [13]. Thus, the size of the conducting filament would determine the device’s 
scaling limit. The size of the device was then advised to be roughly double that of 
the filament as a rule of thumb [14]. Valence-change memory (VCM) or anion-based 
memory are the terms used to describe the devices that are controlled by oxygen ion 
migration’s effects on the valence change of the metals in metal oxides, which results 
in the development of conductive filament (CF) [15]. VCM filamentary switching 
includes devices made of HfOx, TaOx, TiOx, etc. [2, 16]. 

Another type of filament is formed by a redox reaction, which results in metallic 
filaments. The RRAM, mediated by the redox reaction formed filament, is defined 
as electrochemical metallization (ECM) cell forming a conducting bridge [8]. A 
solid electrolyte thin film, a metal electrode (electrochemically active such as Ag, 
Cu, or Ni), and another metal electrode that must be electrochemically inert such as 
Pt, Au, W, or Ir make up the ECM cell. Under the applied voltage, the ECM cell 
undergoes a redox reaction in which the active metal is oxidised at the interface, 
as represented by M → Mn+ + ne−, where Mn+ represents the metal cation. The 
mobile metal cations then move through the solid electrolyte layer towards the inert 
electrode and are reduced at the cathode, which is represented as Mn+ + ne− →M .  
Such cation movement and reduction results in the accumulation of metal atoms at 
the cathode, forming a metal protrusion that grows and reaches the anode, forming 
a highly conductive filament and switching the device to a LRS. A negative voltage, 
on the other hand, will reset the device into HRS by causing dissolution of the film at 
the weakest point of the conducting filament (thinnest part of the CF near the anode). 
The CF’s break point becomes the starting point for the next cycle. Repetition of the 
preceding procedure causes the device to switch between high and low resistance 
states in a reproducible manner. 

Another possible way to form the CF in a memristor device, could be initiated 
by the dielectric breakdown of the insulating layer. Possibly, voltage could lead 
to partial dielectric breakdown such discharge filament modifies the material due 
to Joule heating. If a limit is set for the current (compliance current), then, a weak 
conductive filament is formed having its resistance controlled. The so formed filament 
possibly comprises of the transported electrode metal into the insulator, carbon from 
residual organics or decomposed insulator material such as sub-oxides [15]. 

Dislocations may also be used to drive resistive switching. Here, the conducting 
filament is formed by the dislocations within the material and dislocations cause 
current crowding induced localized heating. SrTiO3 has been extensively explored 
for the study of dislocation initiated resistive switching [17]. It has been seen that 
the dislocations related with the formation of slip lines are caused by the plastic 
deformation of the device, induced by the stress from thermal gradients, created by 
the high-power dissipation [18]. Dislocation formations are generally impacted by 
the size of device, current compliance levels, and concentration of vacancy [17]. 
The advantage of dislocation-based resistive switching is that dislocations can be 
scaled down to the size of a single dislocation and switched as a result of the scaling 
process [18]. However, these defects could result in uncontrollable ion transport 
which will then require transistors for neural analog computing without which the
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device would be impractical for resistive switching [19]. In this regard, SiGe was 
explored to incorporate defect selective CF formation such that by confining the 
filaments in dislocations gives exceptionally low temporal variation [19]. This low 
variation allows to have a pattern which becomes feasible to study and recognize 
when dealing with neuromorphic networks [19] discussed later in the chapter. 

2.1.1 Ex-Situ and In-Situ Observation of Filaments 

The conducting filament can be observed either during the real-time operation of 
memristors under practical conditions (‘in-situ’ observation) or during external 
conditioning to form the conducting filament (‘ex-situ’ observation). Scanning 
tunnelling electron microscopy was used to observe the electroforming process in 
Au/VO2/Ge vertical devices, where the morphology and structural changes were 
observed and confirmed that the conducting filament was formed with V5O9. It was  
clearly demonstrated that oxygen deficiency is critical in oxides for the formation of 
conducting filament [20]. Because of its unrivalled spatial resolution, in-situ TEM 
is a highly preferred technique for capturing the dynamic evolution of morphology 
and moving paths at a nanometer scale; thus, the system can directly map the struc-
tural changes and transition during resistive switching [21]. Most in situ techniques 
can characterise the ion migration region and its morphological evolution while 
also characterising the device switching. Correlating their electric behaviour and 
morphological changes allows us to infer the variation in memristive parameters 
[22]. 

Atom probe tomography (APT) is another technique used to analyze the compo-
sition and structure of materials at the atomic scale by measuring the positions and 
identities of individual atoms within a sample, using the principle of selectively 
ionizing and detecting the atoms by a combination of a high-voltage electric field 
and a time-of-flight mass spectrometer. Atom probe tomography (APT) analysis 
of Ag/TiO2/Pt devices revealed a three-dimensional elemental distribution map of 
CFs and revealed that the conduction path was formed due to doping/removal of 
mobile Ag ions rather than the connection/disconnection of the filament [23]. The 
combination of electron energy loss spectroscopy (EELS) and transmission electron 
microscopy (TEM) could be used to observe oxygen evolution in the switching layer 
[24]. The ability to visualise morphological changes in memristors aids in charac-
terising their functions and, as a result, is critical in the development of switching 
characteristics [15]. 

A non-invasive optical microscopy technique has been used to examine the move-
ment of oxygen vacancies within the TiN/SrTiO3/AuNP with strontium titanate 
(SrTiO3) as the switching material. The morphological changes within the switching 
material can be well tracked by the information provided by the optical spectrum of 
the plasmonic hotspot in the junction where it shows the creation and destruction 
of conductive channels between the electrodes [25]. Scanning transmission X-ray 
microscopy (STXM) in situ with TEM enables non-destructive study of formation 
of conduction filaments in Pt/HfO2/Hf/Pt device with ring-like feature [26]. The main
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focus of in-situ investigations has been to capture the filament rupture and forma-
tion. Other stages in the process, more specifically ion migration during pre- and 
post-rupture formation remain largely unexplored [22]. Ex-situ techniques could be 
used to shed light on these aspects. 

Ex situ transmission electron microscopy (TEM), while being a destructive tech-
nique, enables high-resolution visualization of filaments and metal clusters and also 
provides morphology of the switching material before and after the switching [15]. 
These studies have helped underline the dynamics of filament growth such as geom-
etry and apparently the origin of the filament. It is worthy to mention that geometry of 
the filament is pivotal in the operation of resistive memories as it helps to identify the 
thinnest part of the filament, which is the hotspot for the dissolution and recreation, 
during SET/RESET process [15]. Figure 2 shows the before and after pictures of the 
conductive filaments of Ag formed in a SiO2 based memristor using transmissions 
electron microscopy technique [27]. Nonetheless, ex-situ characterization may also 
miss the significant filaments regions which could hinder the understanding of the 
complete filament growth process which is the crucial part for the materials research. 

Fig. 2 a Transmission electron micrograph of a SiO2-based planar device fabricated on a silicon 
nitride membrane. Inset shows a schematic of the device. b Transmission electron micrograph of 
the same device after filament formation. c Transmission electron micrograph of the same device 
after filament rupture. d Current as a function of time during the forming process and e rupture 
process at an applied voltage of 8 V. Reprinted with permission from [27] © 2012 Springer Nature
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2.2 Barrier Type Memristors 

Barrier type memristors differ from filament type memristors in the way they function 
and the internal structure of the device. Barrier type memristors experience interfa-
cial switching due to the modulation of the charge transport barrier at the electrode/ 
switching layer [28]. The height of the barrier at the interface, as an example, could 
govern the electrical characteristics [9]. The memristance of barrier type memristors 
is area dependent, unlike filamentary memristors, because the entire area participates 
in the switching phenomenon. Another distinguishing feature is that, unlike conduc-
tive filament based switching, the resistance changes uniformly and gradually due 
to interface effects of barrier memristors [29]. As a result, this RRAM type is more 
suitable for analog applications. 

While several models have been proposed to explain the switching mechanism, the 
most commonly used example is the change in the Schottky contact at the metal-oxide 
interface [29]. A Schottky barrier gives rise to a high contact resistance due to the 
formation of a space-charge layer in which the majority carriers are strongly depleted 
[30]. Another possibility is the activation of ions within the active layer such that there 
is a change in the interface characteristics leading to change of resistance. This was 
demonstrated in Nb-doped SrTiO3 where the resistance was inversely proportional to 
the area. Thus, the scaling limit in barrier type memristors are area dependent [31]. 
Such uniform switching is reported in perovskite oxides, such as Bismuth Ferrite 
(BiFeO3) and Praseodymium Calcium manganite (Pr1−xCaxMgO3) [32, 33]. High 
resistance retention time was observed in a double barrier memristor devised with 
Nb/Al/Al2O3/NbxOy/Au where NbxOy is the ultra-thin memristive layer lying in 
between the Al2O3 tunnel barrier and a Schottky-like contact. Diffusion of oxygen 
and modifications of the electronic interface states locally, caused resistive switching 
within the NbxOy layer, which influenced the properties at the interface of the Au 
(Schottky) contact and also the Al2O3 tunnel barrier, respectively [28]. Another 
emerging candidate for interfacial memristors is Strontium ferrite, SrFeOx, having a  
wide range of oxygen non-stoichiometry and easy transition between insulating and 
metallic (perovskite) phase because of lower energy difference between the phases 
and also lower energy for oxygen vacancy formation [34]. 

2.3 Mathematical Modelling of Resistive Switching 

There are two primary equations governing the description of a memristive systems, 
and these equations provide a comprehensive understanding of how a memristive 
system works. The first equation is the memristor version of the Ohm’s law, v = 
M(x, i )i , where v and i are the voltage and current in the circuit, w can be a set of 
state variables, and M(x, i ) is the memristance. This equation is significant because 
it highlights an important characteristic of memristive systems, and that is that no 
current flows through the memristive system when the voltage drop across it is zero.
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Fig. 3 Schematic 
illustrating the doped (red) 
and undoped (orange) 
regions in a device of width 
D, as described within the 
linear model 

The second equation is the state equation, dw 
dt  = f (w, i ). In this equation the function 

f can in general be an explicit function of time. This equation describes how the 
state of the system changes over time, based on the current flowing through it and 
the internal state variables of the system. The mathematical models for memristive 
behavior may further be classified into linear, non-linear, and exponential. 

2.3.1 Linear Ion Drift Model 

The linear drift model [35] begins with the assumption that a device of width D, 
consists of two regions; one side of width w being doped with (typically oxygen) 
ions and the other being undoped, as shown in Fig. 3. Here, the doped region will have 
low resistance RON, and correlate with the ON state, while the undoped will have 
high resistance, ROFF for the OFF state [35]. The size of the doped region changes 
with applied voltage, and this in turn modifies the resistance of the memristor, and 
the memristance can be expressed as M(x) = RONx + ROFF(1 − x). 

The memristor version of Ohm’s law and the state equation can now be expressed 
as: 

v =
(
RON 

w(t) 
D 

+ ROFF

(
1 − 

w(t) 
D

))
· i (t) 

dw 
dt  

= μV 
RON 

D 
i (t) 

where μV is the average velocity of ions. 

2.3.2 Nonlinear Model 

The first level of non-linearity can be added to the models by using window functions 
to the linear ion drift model. The state variable w, must be zero at the bounds, namely 
0 and D. There have been several suggested window functions that vary depending 
on the device structure. The window function f (w) = 1 − (2w − 1)2 p , proposed 
in the Joglekar model [36], has a control parameter p that is a positive integer. The
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non-linearity of the model is likewise controlled by this control parameter. Another 
window function, developed by Biolek [37], uses a current dependant step function, 
f (w) = 1 − (w − stp(−i ))2 p , where stp(i) is equal to 1 for i ≥ 0 and 0 for i < 0. 

2.3.3 Exponential Model 

Experimental current–voltage characteristics of memristive devices often show non-
linearity, and the addition of a simple window function to the linear drift model is not 
sufficient to explain the experimental observations. Non-linear effects may become 
particularly dominant at large electric fields, and over thin junctions. Wang et al. [5] 
fitted experimentally measured IV characteristics using: 

i (t) = w(t)n βsinh(αv(t)) + χ
[
exp(γ v(t)) − 1

]

where α, β, γ and χ represents fitting constants, and n is a free parameter. In the 
OFF-state, the current voltage characteristic resembles that of a diode, and this is the 
origin of the exponential term in the equation. In the ON-state the curve follows a 
tunneling process and that is descripted by the hyperbolic function. The state equation 
is modeled by the nonlinear equation: 

ẇ = asinh(bv) f (w, i ) 

where f (w, i ) is an appropriate window function. 

2.3.4 Other Models 

A more accurate physical model for asymmetric switching characteristics was 
proposed by Simmons tunnel barrier model where a resistor isn’t alone but in 
series with an electron tunnel barrier [38]. The state variable x can be differentiated 
considering it as the oxygen drift velocity and may be presented by: 

dx(t) 
dt  

= 

⎧⎨ 

⎩ 

Coff sinh
(

i 
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)
exp

[
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]
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A modification in the Simmons model is captured by Threshold adaptive 
memristor model (TEAM) [39] 

dx(t) 
dt  

= 
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Any change in the tunnel barrier width leads to memristive changes, which change 
exponentially, resulting in a current–voltage relationship given by: 

v(t) = Rone
(

λ 
xoff 

−xon
)
(x−xon) i (t). 

The memristor practically acts like a resistor within high frequencies for inversely 
related flux and frequency [35]. 

2.4 First Principles Calculations 

Mathematical models can be used to understand mechanical motion, time evolution, 
and error estimation in complex dynamical systems. However, these models may 
not always be solvable, necessitating the use of numerical solutions. Further, these 
may be inadequate for understanding the mechanism due to the random formation 
of conducting filaments. Therefore, it is crucial to conduct theoretical calculations 
at the atomic scale to study the physical mechanism of the memristors. To obtain 
the ground state electronic properties and the transition energies of the stable states, 
first-principles (or ab initio) calculations, based on quantum mechanical principles, 
are generally used [36]. 

There are a few aspects that may easily be understood using ab-initio calculations. 
The formation energy of various neutral or charged defects in the material which 
acts as the active layer of the memristor. The study of low concentrations of defects 
becomes challenging as the calculations will require a large number of atoms. Once 
created and optimized, the contribution of the defect states to the density of states 
and electrical conductivity can be explored. Another aspect that can be understood 
are the barrier heights for migration through the material [35]. 

However, most ab-initio calculations would require large supercells to capture the 
basic physics, and while these enable direct simulation of systems without the intro-
duction of model-related parameters, they end up being computationally very inten-
sive. For simple dynamics investigations, such as the migration of a single oxygen 
atom, charging and discharging [36], and resistance volatility [38], the calculations 
are extremely effective. While these calculations are simple for single crystals, they 
become more difficult when dealing with polycrystalline, amorphous, or disordered 
structures. Figure 4a–e depicts a graphical representation of different first principles 
strategies [31].
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Fig. 4 Summary of strategies employed to understand memristive behaviour using first principles 
calculations. a Oxygen vacancy properties. b Electron localization functions showing the formation 
of conducting filament in TiO2 as Ti atoms overlap and form a delocalized electron distribution. 
The rupture in the filament is caused by the disruption of charge distribution by oxygen vacancies. 
Three distinct charge states (neutral, 1+, and 2+) are considered here. c Grain boundary models 
in HfO2. d Iso-surface chart of the partial charge density related with the defect states for Ta2O5, 
with a–d separately representing a single interstitial Cu, direct path Cu, defective path Cu, and 
deformed path Cu at 0.04 e Å−3, respectively. e Schematic flow for switching processes: a-LRS, 
b-HRS (vacancies movement toward electrodes), c-HRS (vacancies scattered into the insulating 
matrix) and d-HRS (vacancies recombination with O interstitials in the matrix). Reprinted with 
permission from [35] © 2013 Royal Society of Chemistry 

3 Materials and Devices 

3.1 Overview of Metal Oxides Used for Memristive 
Applications 

Metal oxides are the heart of the memristors which serve the active layer. Oxide based 
insulators have simple atomic structure, enhanced thermal stability, CMOS compat-
ibility with optimal switching characteristics [40]. Initially, studies were done on 
Ti based oxides and then extensive research followed to study switching mecha-
nisms in wide variety of simple binary transition metal oxides like ZnO, NiO, MnO, 
CuO to perovskites e.g. SrTiO3, Ba1−xSrxTiO3, SrZrOy, and BiFeO3 and transparent 
conducting oxides, such as indium tin oxide (ITO) and SnO2 [40]. The fundamental 
mechanism in these oxides is the oxygen anion species migration under an external 
electric field [40]. Rapid diffusion channels are created by grain boundaries existing 
inside the germanium-oxide GeOx for ion movement [41]. 

High Entropy Oxides (with offering high dielectric constant [42]) have emerged 
as the super oxides for memristive applications, offering tunability of migration of 
oxygen vacancy through enhanced lattice distortion and poor diffusion effects [43]. 
Homogeneous distribution of oxygen vacancies [44] occurs to maintain the charge
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neutrality when elements with different charge valences are mixed [45]. Zr, Hf, Nb, 
Ta, Mo, and W based oxides are high entropy oxides and their memristors devices 
show forming-free operation, gradual conductance modulation, low device and cycle 
variability, long retention (~103 s) and high endurance (~70,000 cycles) [46]. 

Oxides could be differentiated based on polarity of switching as of unipolar, 
bipolar and both. Oxides such as TiOx, ZrOx, MoOx, AlOx, and HfO2 can show 
atypical co-existent bipolar and unipolar resistive switching. The device shows 
bipolar switching mode most probably at low current and unipolar switching mode 
is achieved usually at high current accompanied by Joule heating [40]. Certain low 
resistance oxides such as ITO could be used to improve switching characteristics 
(retention time, resistance range, and switching speed [47] if used as a thin buffer 
layer between electrode and the main oxide layer. Capping layer promotes the diffu-
sivity of oxygen species or vacancy carriers because the affinity of the capping 
material towards oxygen anions could dictate the extent of vacancy migration and 
hence dictates the speed at which conductive filaments are formed [48]. Ti and Al 
have been reported to enhance the switching process owing to its oxygen affinity. 
Capping layer of Ti in HfOx forms TiOx/HfOx bi-layer and thereby increased the 
resistance change [49] and also improved the overall switching process [40]. 

3.2 Solution Processed Memristors 

Integration of organic solutions and oxides for electrical switching and memris-
tive behaviour was emphasized five decades ago [50]. Ever since, the researchers 
have been working to obtain the synergistic effect of oxides with organic solutions 
or polymers. Solution based memristors offer a low-cost synthesis route, and may 
easily integrated with flexible substrates, thereby paving the way for flexible ReRAM 
devices. 

Spin coating has been widely used thin-film fabrication techniques for fabricating 
network of memristors to form artificial synaptic devices (discussed in the next 
section). Simple fabrication of large-scale film is possible with controllable thick-
ness in ambient condition. Film thickness is dependent on the solution viscosity, 
spin coating speed, and solvent volatilization speed [51]. TiO2 layer of 60 nm 
was deposited by spinning a titanium isopropoxide solution on the flexible plastic 
substrate to get a 2 mm × 2 mm Al/TiO2/Al [52]. Gel-form TiO2 structure contains 
defects due to amorphous state and thus these memristors can switch without under-
going forming process [53]. Changing the aluminium electrode with the gold elec-
trode as the anode causes oxygen evolution and electrode deformation [53]. Also, 
an interplay with the electrode could lead to both unipolar and bipolar switching 
[53]. With spin coated aluminium nitrate nonahydrate (Al(NO3)3·9H2O), AlOx layer 
is obtained to get Ni/AlOx/Pt and TiN/AlOx/Pt RRAM devices which show bipolar 
resistive switching with operation voltages as low as 1 V and larger than 103 ON/ 
OFF ratio. On annealing Ni/AlOx/Pt RRAM devices offered better stability at lower 
voltages. Apparently, such variation in Ni and TiN as top electrode might be related
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to the work function difference between the top and bottom electrode [51]. Stacked 
layers of Ag/GaOx/AlOx/ITO memristive device could perform with voltage as low 
as ±0.6 V, showed ON/OFF ratio of ~2 × 104, >2  × 104 s retention time and >1000 
endurance cycles [54]. 

Other spin coated active layers are tantalum oxide (TaOx) [55], SnO2 [56], and 
NiO [57] with electrodes such as gold, silver, platinum, ITO (where the ITO layer 
acts as current limiting resistor) [58]. Introducing quantum dot (QD) based solution 
processed memristors, allows another layer of complexity. Citric acid quantum dot 
(CA QD)-PVP composite film was used as the active layer with Ag-Nanowires as 
electrodes for flexible, water soluble memristors which showed unipolar resistive 
switching [59]. A memristor with CdSe/ZnS QDs in the polymethyl methacrylate 
(PMMA) matrix showed ON/OFF ratio of ratio of 104 and a retention time over 
104 s, with endurance of 400 cycles. The device showed extra trap states after the 
HRS/LRS switch cycles which degraded the performance and invoking the need for 
surface stabilization. QDs due to their relatively small bandgap, are effective charge 
trappers, when embedded in the polymer [60]. Another advantage of QD was seen 
in MgO-graphene oxide quantum dots (MgO-GO-QDs) based memristor, developed 
with Al as top electrode and ITO as bottom electrode on a polyethylene terephthalate 
(PET) flexible substrate. Here, the introduction of GO-QDs enhanced the switching 
characteristics and lowered the power consumption. Interconnected NWs offers MIM 
junction by forming core-shell structure of metal being the core and an insulating 
layer over it. The insulating layer could either be a metal oxide (same metal or 
different) or polymer like for example PVP such that the interconnection of NWs 
form MIM structure. ReRAM using single NW includes Au–NiO–Au (NiO NW 
250 nm diameter) [28] and Ni–Ag2Se–Ni NWs (200 nm diameter) showed bipolar 
switching. ZnO NW memristor with Ag electrodes form a conducting filament of 
Ag atoms [21]. On the other hand, biocompatible and biodegradable materials based 
memristive devices can be easily prepared by simple drop cast method [51]. Ag/a– 
TiO2/Ag memristor was fabricated with fully inkjet printing process forming a dense 
network to be used for brain mimicking computing (neuromorphic computing) [61]. 
A glucose-based RRAM device was fabricated on thin-polyimide (PI) film as well as 
on glass and rice paper substrates with a Mg electrode. It exhibits non-volatile bipolar 
resistive switching behaviour and has perceived its way towards biocompatibility for 
the implantable bioelectronic devices [62]. Flexible conductors devised using metal 
nanowires, conducting polymers, graphene and carbon nanotubes serve as potential 
substitutes for metal and metal oxides using solution processes [59]. 

4 Applications of Memristors 

Memristors have potential to be the first in line for the future alternatives to the present 
CMOS technology. Better scalability, high density, low power consumption are the 
benefits offered by the memristor based technology. There are several applications
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that can utilize memristor technology are memory, analog/digital, or neuromorphic 
circuits [63]. 

4.1 Resistive Switching Random Access Memory (RRAM) 

Random access memory (RAM) can be volatile or non-volatile. When the power 
supply is removed, volatile memory loses data, whereas non-volatile memory retains 
data. As we move toward a digital age, the need to store data has increased dramati-
cally, and a new class of memory is being investigated with the ambition of combining 
the switching speeds observed in volatile memory with non-volatility. An ideal 
memory device has a lower operating voltage (>1 V), a longer cycling endurance 
((>1017 cycles), a longer data retention time (>10 years), a lower energy consump-
tion (fJ/bit), and superior scalability (10 nm) [64]. Resistive random access memory 
(RRAM), which uses resistive switching mechanisms, appears to be a promising 
technology in these aspects. 

RRAM device performance can be measured using key performance metrics such 
as endurance and retention. Endurance is calculated by counting the number of times 
an RRAM device can be switched between high and low resistance states, as each 
switching event may potentially degrade the memory. RRAM endurance is typically 
measured by performing a series of current–voltage sweeps and noting the resistance 
of the ON and OFF states as a function of sweep number. There are RRAM devices 
with excellent performance characteristics, such as a 30 nm cell size HfOx-based 
RRAM with a retention time of approximately 105 s [65], and the device array 
stability can be improved further by layering the bottom electrode with Al2O3. The  
stability of the ON and OFF states as a function of time, which also relates to the non-
volatility of the memory, is used to calculate retention in an RRAM device. This can 
be measured experimentally by applying a small constant voltage and measuring the 
current as a function of time. Because switching occurs in the active layer, obtaining 
a long retention time in the OFF state is typically difficult. Retention is high in the ON 
state as this is the device’s natural state [66]. HfOx-based RRAM have shown a cycle 
endurance of 107 cycles [65]. It was discovered that the pulse width and amplitude had 
a significant impact on the endurance of TaOx-based RRAM; for example, increasing 
the pulse width and amplitude degraded endurance performance, as seen in the Ta/ 
Ta2O5/TiN RRAM structure [67]. However, another cause of endurance deterioration 
is the reaction of oxygen ions with the TiN electrode. This can be solved by reducing 
the oxygen reaction by shrinking the Ta2O5 layer to 3 nm, which increases the 
endurance to 109 switching cycles with a pulse width of 5 ns [68]. 

Ta2O5 was studied for large-scale array performance and showed endurance of 105 

cycles [69] and low power consumption as the cell current for LRS falls below 50 μA. 
Higher endurance of >109 cycles have been reported in different types of RRAM cells 
like NiO which is a unipolar device and bipolar devices like tantalum oxide (TaOx)-
based switching mediums [70]. Also, tantalum oxide-based RRAM devices seem to 
be exhibiting the retention time of ten years as well. Several RRAM devices based
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on metal oxides are mentioned in Table 1 for the comparison. The biggest challenge 
with RRAM technologies, however, is the poor uniformity of various device charac-
teristics, and this is also a limiting factor for scaling up of manufacturing. The devices 
are prone not only to cycle to cycle variations but also device to device fluctuations 
stemming from the random nature of filament rupture and formation. 

In previous sections, we have discussed the memristors and their underlying mech-
anisms, which are the principles behind RRAM devices. The sandwiched metal– 
metal oxide-metal structure of memristors makes them simple and robust. With the 
increasing dependence of our modern lives on technology, there is a growing demand 
for high connectivity, fast processing, and memory storage. However, current tech-
nology struggles to keep up with these demands due to limitations such as low 
endurance and high voltage requirements, as well as the approaching scalability limit 
of silicon-based memory technology. In contrast, the scalability limit of memristors 
is dependent on the filament length or atomic redox reaction, making RRAM an 
attractive option as a new generation of low power consuming CMOS compatible 
ultra-fast, and highly scalable non-volatile memory devices (Fig. 5).

In terms of architecture, RRAM can be configured in a crossbar layout or inte-
grated with CMOS technology using one memristor and one transistor, also known 
as the 1R–1 T architecture [82]. A MOS transistor (1 T) is connected in series with a 
memristor (1R) in the 1 T–1R cell architecture, so that all the drains of the transistor 
cells in the same column are connected to the bit lines, with the bottom electrode 
of the memristor connected to the drain. Similarly, all of the transistor’s gates are 
connected to the same line, which is then connected to the metal word line. Transistor 
sources are thus connected to the power supply line, allowing memristor devices to 
be accessed via the top electrode and the source terminal, as well as by using the gate

Table 1 Examples of metal-oxide based RRAM devices with performance characteristics 

S. No Device Endurance Retention References 

1. Ideal RRAM >1017 cycles >10 years [64] 

2. NiO 1012 cycles 2 × 107 s [71] 

3. TaOx 109 cycles =10 years [72] 

4. MgO/CoOx 108 cycles >102 s [73] 

5. HfOx 5 × 107 cycles 105 s [65] 

6. Cu doped SiO2 107 cycles 5 × 104 s [74] 

7. TiOx /HfO2 >106 cycles 10 years [75] 

8. WSiOx 105 cycles 105 s [76] 

9. GdOx 105 cycles 3 × 104 s [77] 

10. TiO2 104 cycles 104 s [78] 

11. HfLaOx 104 cycles 104 s [79] 

12. AlOx 104 cycles 105 s [80] 

13. ZrO2 103 cycles 104 s [81] 



Memristors and Resistive Switching in Metal Oxides 447

Fig. 5 Useful device and 
performance characteristics 
of the Resistive Random 
Access Memory RRAM

to control the transistor’s ON and OFF states. In this manner, if a voltage is selec-
tively applied on the word line and current is read on the bit line, then any cell can be 
read [82]. The feature of compliance current is associated with the transistor, where 
the gate could be used to control the current that passes from the memristor, thus 
acting as an access point for controlling the memristors. During the Set operation 
in 1R–1T memory configuration in TiN/Al:HfO2/Ti/TiN memristor device, stacked 
with NMOS transistor, the compliance current was changed from a single high resis-
tance state to three different low resistance states and vice versa [83]. The use of a 
transistor also helps with the issue of sneak path current in memristors based memory 
arrays. Apparently, the low current finds an alternate path to the other memristors in 
the array, resulting in faulty memory function because the detected current no longer 
reflects the correct resistance state of the memristors. 

Although the 1R–1 T structure is simple, it is space-consuming because the 
connection with the transistor increases the effective structure area of the memory 
devices. Crossbar structures are prominent in terms of scalability because no tran-
sistor is attached. A typical crossbar memory array system has parallelly running 
metal lines that are perpendicular to each other and are referred to as word lines and 
bit lines, respectively. Thus, at the intersections of word and bit lines, two-terminal 
memristor devices are formed [84].
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4.2 Analog and Digital Circuits 

The resistance change in the memristors can be either ‘gradual’ or ‘abrupt’. Based 
on such resistive switching behaviour, it can be categorized as ‘ana-log’ for gradual 
behavior and’digital’ for abrupt circuits. The differences in the behaviour of the resis-
tive switching could manipulate its usefulness in the applications. Analog memristors 
lays the foundation of neural networks, while digital memristors involve the on-chip 
logic operations. Also, the digital memristors are used during the initialization proce-
dure required to operate memristor arrays [85]. This complexity can be reduced by 
the single memristor device which could operate both analog and digital modes to 
switch to digital mode, it involves the random rupture/formation of the filaments 
leading to high variability and low reliability in the devices [86]. Digital memristors 
can run between multiple limited resistance states because of which it has poten-
tial to achieve high-density, low-power storage [85]. The transition from digital to 
analog in a rapid fashion could help the device to own better control and functioning. 
Analog switching shares similarities with the adaption in biological synapses of the 
brain and are responsible for the adaption of memory and learning [87]. Hence, these 
memristors acts as artificial synapses which could perform synaptic functions like 
short term plasticity (STP), long term plasticity (LTP) and spike time dependent plas-
ticity (STDP) [88]. The study of these functions could help improve the information 
processing performance of the digital world. It was found that by inserting reduced 
graphene oxide layer between SrTiO3 and FTO, it modulated the switching perfor-
mance of rupture/formation of Ag filaments responsible for the digital switching 
in the device with Ag as the top electrode [86]. Basically, the resistance change at 
the interface under the applied voltage causes the resistive switching from digital 
to analog. A digital–analog integrated memristor was realized using nanoparticles 
and nanowires forming ZnO NPs/CuO NWs heterostructure [85]. Digital circuits 
based on memristors were made as a hybrid CMOS-memristor circuit. This hybrid 
CMOS-memristor circuits have higher density, enhanced performance and reduced 
power dissipation. The memristors are augmented on the top of the CMOS base such 
that there are reduced interconnect wires and has clear advantage in terms of reduced 
area and possibly the higher speed [89]. 

4.3 Neuromorphic Applications 

Neuromorphic memory is a new generation memory that aims to develop circuits that 
compute in the same way as the human brain, integrating memory and processing 
at the same location [14]. However, creating an artificial computer that can function 
similarly to the human brain is a difficult task. When an electrical signal is sent to a 
pre-synaptic neuron, it causes an impulse in the post-synaptic neurons, which causes 
the release of chemicals known as neurotransmitters, resulting in an electrical spike
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known as an action potential [90]. Neuromorphic circuits use the analogue charac-
teristics of memristors to represent synapse whose synaptic weight (represented by 
memristor conductance) can be manipulated by an electrical signal. It is possible to 
imagine the device’s synaptic weight being altered by either electrical signal trans-
mission or a back propagating signal following a training event. These behaviours 
are roughly related to brain functioning, and with extensive research in memristive 
functions, could potentially perform memory, recognition, cognition, analysis [14], 
and other functions to supplement traditional von Neumann architectures. 

Artificial synapses and resistive switching are two key components in neuromor-
phic computing using metal oxides. Artificial synapses can be used to model the 
behavior of biological synapses in a neural network. They can be implemented using 
metal oxides that exhibit memristive behavior, where the resistance of the material 
changes based on the history of applied voltages. This allows the artificial synapses 
to store and recall information based on their resistance state. 

Artificial synapse requires analog resistance changes, synapse weight regulation 
(i.e. strength between both neurons), and workable synaptic plasticities. The resis-
tance change is a change in synaptic weight. There are numerous difficulties associ-
ated with creating a cognitive computing system, such as scale constraints, system 
complexity, and so on. For example, the human brain contains ~1011 neurons and 
1015 synapses, with each neuron having more than 1000 synapse connections to 
other neurons as a result, such a network can be created artificially through the use 
of electronic neurons. A memristor allows you to build an electronic synapse in a 
simple structure that uses very little energy. It could provide a ‘in-memory’ concept in 
which memory and processing occur within the same structure, as opposed to current 
computing systems, and thus reduce power consumption. At the device level, neuro-
morphic capabilities can be attributed broadly to electronic transport mechanisms 
mediated by nanoscale geometric confinement, typically across a metal-insulator-
metal (MIM) junction [8]. Memristors can be used as artificial synapses because of 
their small size, straightforward structure, high compatibility, and ability to simulate 
changes in synaptic weight by varying their resistance values. 

It is worth noting that sneak current has less of an impact on neuromorphic 
computing and machine learning than it does on crossbar arrays of sequential read-
and-write isolated memristors. Because of their self-rectifying behaviour, Pt/TaOy/ 
nanoporousTaOx/Ta memristor synapses can suppress unwanted leakage pathways 
[91]; bilayer cerium oxide memristors are forming-free, have a low voltage (|0.8 V|), 
and are energy-efficient (full on/off switching at 8 pJ with 20 ns pulses, intermediate 
states switching at fJ) [92]. 

5 Conclusions 

In conclusion, this chapter explored the development of memristors from being a 
missing element to an emerging and promising element which could update our 
existing technology. The heart of memristive devices lies in the ability of the device
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to show multiple values of resistances and switching between them; also known 
as resistive switching. Different resistive switching mechanisms including filament 
formation and rupture, and barrier type memristors were explored. Key mathematical 
linear and non-linear models were discussed. The role of first-principles investiga-
tions, particularly in single crystalline materials, to understand memristive behaviour 
was also highlighted. The integration of memristive devices and flexible electronics 
has been made possible with the development of solution processed memristors 
offering a low-cost synthesis route, in addition to the ease of integration with flex-
ible substrates. Memristor technology can be utilized directly for memory devices, 
analog and digital circuits as well as neuromorphic computing. We surveyed the key 
device parameters such as endurance and retention and found promising numbers 
from NiO and TaO based memristors. Furthermore, as current silicon-based memory 
technology approaches the scalability limit, the filament size limit in memristors may 
offer a new route to alternative memory technologies. We believe that memristors, 
with metal oxides as the core component, have potential to be the first in line for the 
future alternatives to the present CMOS technology, offering unique benefits such as 
better scalability, high density and low power consumption. 
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Metal Oxides-Based Photodetectors 
and Sensors 

Savita Chowdhury and Anirban Mitra 

Abstract Recently, metal oxide-based photodetectors and sensors have attracted the 
attention of researchers due to the wide range of applications in modern society. Metal 
oxides have received a significant interest in recent decades due to their versatile and 
remarkable structural, optical, and electronic properties. This chapter discusses the 
parameters of photodetectors, the recent progress on the different types of photode-
tectors such as photoconductor, self-powered, plasmonic etc. Moreover, different 
types of the metal-oxide based sensors have also been reviewed. Consequently, we 
describe the present approaches and future research directions for metal oxide based 
semiconductors for next-generation photodetectors and sensors. 

Keywords Metal oxide · Photodetector · Self-powered · Sensor · Biosensor 

1 Introduction 

Metal oxides and their alloys have garnered considerable attention in recent decades 
due to their diverse and remarkable structural, optical, and electrical characteristics 
[1, 2]. Metal oxides have a variety of functional properties those are determined by 
their crystal structure and, most importantly, the bonding between the metal cation 
and the oxygen atoms. The electronic configuration and oxidation state of the metal 
cation primarily provide exceptional magnetic and attractive transport properties 
[3]. Metal oxide thin films are used for charge creation and recombination as they 
have a high work function and can display good optical transparency in the visible 
region [7]. Transition metal oxides have distinct geometrical, electrical, and magnetic 
properties due to the role of d-orbital electrons in bond formation [4–6]. Because 
of these properties, metal oxide is a particularly appealing candidate for use in a
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wide range of applications, including gas sensing, photocatalysis, solar cells, and 
photodetectors [7]. 

Researchers are presently concentrating their efforts on the development of smart, 
environmentally friendly Internet of Things technology (IoT). According to statis-
tics, the number of sensors used in IoT technology has topped 50 billion, with that 
figure predicted to exceed 200 billion by 2025. As a result, the IoT market’s demand 
for highly efficient sensors is expanding at an unanticipated rate [8, 9]. Photodetec-
tors (PDs), one of these sensors, show great promise for use in future nanodevices. 
Photodetectors (PDs) are optoelectronic devices those detect optical signals using 
electronic processes. They are widely used in a variety of applications, including 
fibre optic communication networks, digital cameras, medical imaging, and scientific 
instruments. The three stages of a typical photodetector operation are: 

1. Generation of charge carriers by incident light 
2. Carrier movement and/or multiplication 
3. Collection of charge carriers to generate the output signal. 

Photodetectors are designed to optimize the performance of each step of operation 
in order to fulfil the demanding requirements of high photoresponse, quick response 
times, and low noise. They should also be small, self-biased, and stable while in oper-
ation, which can perform through the use of optimal materials, improved fabrication 
techniques, and accurate control of device characteristics. 

The human body is equipped with a variety of sensors. We can sense taste, heat, 
light, and pressure. As the name implies, sensors sense or monitor a chemical or phys-
ical quantity. The development of sensors based on metal oxide has been relatively 
moderate. However, given the rising need for security, environmental management, 
health improvement, and other factors, sensors are predicted to play a more significant 
role and develop more quickly soon. 

In this chapter, we have reviewed the recently published papers on metal oxide-
based photodetector and sensors. In this study sections have been organized as 
follows. Section 2 discusses the key parameters of photodetector. In Sect. 3 different 
kinds of photodetector based on metal oxide film have been enlisted. Section 4 
describes the different types of sensors based on metal oxide. The summary of this 
chapter is presented in Sect. 5. 

2 Photodetector Characteristics 

A range of factors can describe the performance of a photodetector. These perfor-
mance traits show how a detector performs. When detecting a wavelength, the 
detector’s reaction should be excellent and the additional noise should be minimal. 
High response speeds are necessary to see fluctuations in the input optical signal. 
The parameters of the photodetectors are outlined in the subsections that follow.
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2.1 Responsivity (R) 

Responsivity of a photodetector is a crucial characteristic for determining its perfor-
mance. It is defined as the ratio of the output photocurrent to the incident optical 
power. The responsivity of a photodetector is affected by a number of parameters, 
including the detector’s material qualities, the wavelength of the incident light, the 
detector’s temperature, and the applied bias voltage. 

The metal oxide material of the detector has properties of reflection and absorption 
that vary with wavelength, and as a result, responsivity varies with wavelength. The 
responsivity may be expressed as: 

R = 
Iph 
Pinc  

(1) 

where Pinc is the optical power of incident light (W), and Iph is the photocurrent (A) 
of the photodetector. The responsivity may also be expressed as: 

R = 
ηλq 

hc 
= 

ηλ(μm) 
1.24 

(A/ W ) (2) 

where λ is the wavelength of incident light, and η is the external quantum efficiency. 
The designer often specifies responsivity, which is a crucial characteristic. The manu-
facturer can determine via responsivity how much output the detector needs for a 
particular application. 

2.2 Quantum Efficiency 

The ratio of an electron production rate to an incidence photon rate is known as 
a photodetector’s quantum efficiency (η). The following equation relates quantum 
efficiency to photodetector responsivity: 

η = 
Iph/q 

Pinc/hv 
= 

Iph 
q 

. 
hv 
Pinc  

(3) 

2.3 Detectivity 

The detectivity (D) of a device is a figure of merit that describes the ability of the 
device to detect weak signals. It is defined as: 

D∗ = R(A/2q Id )
1/2 (4)
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It is important to define the wavelength of the incident radiation, any bias current 
that has been applied to the device, and the detector’s area when the detectivity is 
used to describe the detector. The detectivity of a photodetector refers to its ability 
to detect weak light signals. 

2.4 Response Time 

The viability of a device for a given application will frequently be determined by 
the response time T, which is critical for all detectors. This parameter is explained 
by the time taken by it to respond with respect to a rapid change in the input signal. 
The response time of a photodetector is defined as the time taken by the output 
photocurrent to rise from 10 to 90% or fall from 90 to 10% of its maximum value 
in response to a change in the incident light. It measures how quickly the detector 
responds to the variations in light intensity. The rise and fall times of the detector can 
be so short that they appear as a square wave. This is because the speed of carrier 
transport and recombination processes within the device restrict the photodetector’s 
ability to respond. 

3 Photoconductor 

The photoconductive detector (photoconductor) fundamentally functions as a 
radiation-sensitive resistor and has resistor-like fundamental characteristics. Xu et al. 
fabricated a photoconductive ultraviolet (UV) detector using zinc oxide (ZnO) thin 
film deposited on a quartz substrate by radio frequency (RF) sputtering. The I–V 
curve of the ZnO-based UV photodetector is exhibited in Fig. 1, which offers linear 
nature. The responsivity reported 18 A/W at 5 V applied voltage under exposure 
of 365 nm wavelength light. The device displays a fast response speed with rise 
and decay times of 100 ns and 1.5 μs [10]. Xie et al. studied the photoconduc-
tivity of ZnO NRs at room temperature, which was synthesized through clean room 
technology. They explore how the photoresponse of these rods changes with temper-
ature and the environment by analyzing their spectrum and frequency dependency. 
It can be observed that beyond bandgap light responds quickly but below-bandgap 
light responds slowly, exhibiting clear indications of persistent photoconductivity 
[11]. The photoconductor device based on ZnO single nanowires was studied in air 
and vacuum conditions by Bao and his research group [12]. They observed that the 
photoconductivity of the device was higher in a vacuum compared to air, which was 
explained by the decomposition of ZnO.

Tawfik et al. fabricated cobalt doped CuO and pure films using AC and DC reactive 
magnetron sputtering methods. The doping ratio of the films was controlled by the 
RF power of the AC sputtering technique. Ohmic contacts and increments in the 
conductivity values with doping are observed in I–V measurements. Photoresponse
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Fig. 1 I–V measurement of 
ZnO photodetector under 
dark and illumination of 
365 nm wavelength, 
reprinted with permission 
from [10]

studies have revealed that cobalt-doped CuO films show higher photoresponse than 
pure CuO films [13]. 

Manga et al. fabricated a hybrid TiO2 graphene-based photoconducting matrix 
using a solution-processable technique. The device based on TiO2-graphene shows 
higher photoconductive gain, higher detectivity, and faster response speed than the 
TiO2-based device [14]. The photoconductivity of monocrystalline V2O5 nanowires 
prepared by the physical vapor deposition (PVD) technique has been examined by 
Chen and his research group. They also reported that V2O5 film-based device fabri-
cated by the PVD method shows two times of photoconversion efficiency than the 
device fabricated by the hydrothermal method. The responsivity and gain values of the 
device based on V2O5 (NWs) reported around 7900 AW−1 and 30,000, respectively 
[15]. 

3.1 Metal-Semiconductor-Metal Photodetector 

A photodiode with two Schottky metal contacts placed back-to-back on a coplanar 
surface is referred to as an MSM (Metal-Semiconductor-Metal) photodetector. Metal 
contacts are commonly interdigitated stripes, and the semiconductor material absorbs 
light in the space between the metal contacts. This type of photodetector has the 
advantage of being easy to construct and fabricate, with a simple design. At low 
applied voltages, photocurrent in MSM photodetectors typically increases with 
voltage because of the rise in the depletion area, which improves the device’s 
internal quantum efficiency. However, the photocurrent eventually saturates at higher 
voltages.
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Guo and his research group used the laser molecular beam epitaxy (L-MBE) 
method to fabricate β-Ga2O3 epitaxial thin films. The device displays a clear photore-
sponse to UV light at 254 nm, indicating a potential use in solar-blind photodetec-
tors [16]. β-Ga2O3 film-based photodetectors with interdigitated metal electrodes 
have been constructed using the metalorganic chemical vapor deposition (MOCVD) 
method. At 20 V applied bias, the β-Ga2O3 based photodetector device displayed 
a responsivity value of 17 A/W and a quantum efficiency of almost 8228% [17]. 
Zhang et al. produced a good-quality β-Ga2O3 thin film using N2O as the reaction 
gas to construct a solar-blind photodetector with good performance. The wavelength-
dependent responsivity of the device is shown in Fig. 2a. The responsivity of the 
device is linearly increased with applied bias as shown in the inset of Fig. 2a. The 
device showed a responsivity of 26.1 A/W with rise/fall time of 0.48/0.18 s [18]. 
Using the sol-gel technique, Kokubun et al. reported MSM photodetectors based on 
β-Ga2O3 with a maximum responsivity of 8 × 10−5 A/W [19]. Zn-doped β-Ga2O3 

(ZnGaO) and undoped β-Ga2O3 epitaxial films based on solar-blind photodetectors 
were fabricated and characterized by Alema et al. The peak response of the ZnGaO 
detector, which is significantly greater than that of the β-Ga2O3 device, was 210 A/ 
W at 232 nm [20]. Ga2O3-based photodetector was constructed by Jubu et al. using 
the reducing-ambient CVD process. Figure 2b exhibited the responsivity and detec-
tivity variation with an applied bias for Ga2O3-based MSM device. The measured 
values of responsivity and detectivity for the MSM photodetector are 38.161 A/W 
and 8.3916 × 109 Jones, respectively [21]. 

Sol-gel fabrication was used to fabricate anatase TiO2 MSM photodetectors on a 
Si substrate. At a bias of 5 V, the spectral response of TiO2 MSM photodetectors with 
Au Schottky contact is presented in Fig. 2c. The device’s photoresponse was uniform 
across the cut-off wavelength of 330 nm. The device displayed 1.9 nA and 199 A/ 
W values of dark current and responsivity at 5 V applied bias under the illumination 
of 260 nm wavelength, respectively. However, the device was slow to react, with the 
response and recovery times of 6 s and 15 s, respectively [22]. 

Kong et al. reported a TiO2-based MSM photodetector prepared by the sol-gel 
method, which shows the responsivity value of 889.6 A/W at 5 V bias upon exposure

Fig. 2 a Spectral response of the photodetector at 10 V applied bias. The responsivity vs applied 
voltage is depicted in the inset, reprinted with permission from [18], b Applied bias depen-
dent detectivity and responsivity, reprinted with permission from [21], c Wavelength dependent 
photoresponsivity curve of MSM device based on TiO2, reprinted with permission from [22] 
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of 260 nm wavelength. The spectral-dependent responsivity of the Ni/TiO2/Ni-based 
device at 5 V applied bias is shown in Fig. 3a [23]. Radio frequency (RF) magnetron 
sputtering was used by Shih et al. to fabricate TiO2 MSM photodetectors with oxygen 
plasma modifications. Various O2 plasma treatment times were used to examine the 
responsivities of the TiO2-based MSM photodetectors. The peak responsivities of 
the TiO2-based photodetectors were determined to be 36 A/W, 144 A/W, 153 A/ 
W, and 53 A/W, with O2 plasma modifications of 0 min, 1 min, 2 min, and 3 min, 
respectively. [24]. 

Deniz Caliskan examined the performance of a TiO2-based MSM photodetector 
produced by RF magnetron sputtering, which has a responsivity value of 1.73 A/ 
W at 50 V applied voltage [25]. The wavelength-dependent photoresponse of the 
device is shown in Fig. 3b. The responsivity of the device is decreased below 275 nm 
wavelength, which is explained by the absorption plot shown in the inset of Fig. 3b. 

Zhao et al. prepared a Mg-doped NiO thin film on a quartz substrate via elec-
tron beam evaporation, with a peak response of 0.147 mA/W at 5 V applied voltage

Fig. 3 a The wavelength dependent response of the Ni/TiO2/Ni structure-based photodetector, 
reprinted with permission from [23], b Responsivity plot with wavelength for MSM type photo-
diode. The wavelength dependent absorption of the TiO2 layer is shown in the inset, reprinted with 
permission from [25], c Spectral response of the Au/NiO/Au structure-based UV photodetector at 
5 V applied voltage, reprinted with permission from [26], d wavelength dependent responsivity of 
the device based  on  Mg0.47Zn0.53 O at 5 V applied voltage, reprinted with permission from [27] 
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and 320 nm illumination [28]. Ahmed and his group fabricated an MSM photode-
tector based on NiO/Si heterostructure using RF magnetron sputtering technique. 
The variation in responsivity with spectral region from 300 to 440 nm of Au/NiO/ 
Au structure-based device at 5 V applied bias is shown in Fig. 3c. The maximum 
responsivity and photosensitivity values of the MSM UV device were 4.5 A/W and 
6.4 × 103% under exposure to 365 nm wavelength [26]. 

Zhao et al. demonstrated Mg0.47Zn0.53O thin film based MSM photodetector, 
which was prepared by RF magnetron co-sputtering. With a cutoff at 312 nm under 
a 5 V bias, a maximum responsivity value of 10.5 mA/W under the exposures of 
290 nm wavelength was measured. The spectral-dependent photoresponse of the 
device based on Mg0.47Zn0.53O is shown in Fig. 3d. The detector’s response time 
exhibited a fast component with a response and recovery time of 10 ns and 30 ns, 
respectively [27]. There has been a lot of reported research on doped ZnO that is 
used for UV photodetection, such as Cu-doped ZnO NWs [29], Ga-doped ZnO [30], 
La-doped ZnO NWs [31], and Sb-doped ZnO NWs [32]. 

The fundamental shortcomings of the MSM-based photodetector are the large 
dark current induced by the Schottky-barrier connection. It is difficult to detect 
long-wavelength radiation in low-bandgap materials because the materials create 
a considerable quantity of dark current, resulting in increased noise levels and lower 
sensitivity. The dark current, on the other hand, may be greatly decreased by inserting 
a barrier-enhancement layer. The barrier-enhancement layer works by increasing the 
barrier height, which is the amount of energy required to transport an electron or 
hole over the junction. The inclusion of a layer with a larger energy gap, such as 
GaAs, raises the barrier height significantly. As a result, the dark current has greatly 
decreased, causing significant enhancement in detector performance. The composi-
tion of the barrier-enhancement layer can be graded to avoid carrier entrapment at 
the band-edge discontinuity between the barrier-enhancement layer and the active 
area. This grading smooths the transition between the two materials, lowering the 
possibility of carrier entrapment and enhancing detector performance even more. 

3.2 Schottky Junction-Based Photodetector 

Conventional MSM-based devices frequently display slower photodetection speeds 
in response and recovery periods and greater rates of photogenerated charge carrier 
recombination when exposed to UV light. Schottky junctions created at the junction 
between conductors (metal or other materials) and semiconductors are also used to 
build high-performance photodetectors that can detect radiation with photon ener-
gies below the bandgap of semiconductors through internal photoemission. Schottky 
junction-based UV PDs feature a relatively low dark current, a rapid response, and 
flexible photoresponse performance when driven externally [33, 34]. Schottky PDs 
have many benefits over photoconductive-type PDs, including low dark current value, 
fast response times, high UV-visibility rejection ratio, and perhaps even the ability 
to be self-powered.
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Similarly, Nie et al. fabricated a Schottky junction UV photodetector based on 
a graphene film/ZnO NR array. The photoconductive gain and responsivity of the 
device are obtained as 385 and 113 A/W at −1 V bias, respectively [35]. Zhang and 
the research group demonstrated the construction of high-performance graphene-
ZnO Schottky junction-based UV photodetectors. The responsivity and gain of the 
device have been decreased with reducing bias voltage, which is shown in Fig. 4a. The 
responsivity, detectivity, and gain of the device were calculated to be 3 × 104 A/W, 
4.33 × 1014 cm Hz1/2W−1, and 105, respectively [36]. Through localized Schottky 
effects, Au nanoparticle (NP) decorating of single ZnO nanowire (NW) photode-
tectors (PDs) can effectively increase both photocurrent and photoconductive gain, 
which has been analyzed by Chen and his research group [37]. The excitation power-
dependent photoconductive gain for the ZnO NW and the Au-decorated ZnO NW 
photodetectors are shown in Fig. 4b. 

An Au/β-Ga2O3 nanowire array film-based Schottky photodiode was developed 
using a straightforward thermal partial oxidation technique. The Schottky photodiode

Fig. 4 a Responsivity and gain of the UV photodetector at various applied voltages, reprinted with 
permission from [36], b photoconductive gain dependent on excitation power for the pristine and the 
Au NP-decorated ZnO NW PDs, reprinted with permission from [37], c responsivity and detectivity 
of the Cu/TiO2 Schottky photodetector vary with light intensity, reprinted with permission from 
[39], d responsivity of the device at 0 and −10 V bias. The inset exhibits the responsivity of the 
photodetector under the illumination of 254 nm wavelength as a result of applied bias, reprinted 
with permission from [38] 
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formed of Au/β-Ga2O3 nanowires array film has good rectifying characteristics and a 
low dark current of just 10 pA at an applied bias of 30 V. The wavelength-dependent 
responsivity of the device at 0 V and 10 V reverse bias are shown in Fig. 4d. The 
variation in the responsivity with a reverse bias of the device under exposure of 
254 nm wavelength is exhibited in the inset of Fig. 4d. Photoresponse study revealed 
that device is a suitable solar-blind photodetector with a cutoff edge at about 270 nm 
and can function without bias. The response and recovery time of the device were 
~1 and 64 μs, respectively [38]. 

According to Patel et al., TiO2 based Schottky photodetectors were fabricated 
using the DC sputtering technique. The values of peak responsivity and detectivity 
for devices were determined to be 0.897 A/W and 4.5 × 1012 Jones at −1 V applied 
bias, respectively. The variation in the responsivity with illumination intensity for 
the photodiode is displayed in Fig. 4c. The photodetector also exhibited a very fast 
response, with response/recovery times of 1.12/1.46 ms, [39]. Chang et al. developed 
a TiO2 MIS photodetector by sandwiching a polyvinyl phenol (PVP) layer between 
the electrodes and the TiO2 nanowires. This photodetector exhibits response values 
of 2.46 × 103 A/W under 390 nm at 5 V and detectivity values of 8.86 × 1011 
Jones [40]. Akbari and his colleagues used atomic layer deposition to construct a 
monolayer TiO2 film-based photodetector, which shows a responsivity of 0.352 A/ 
W at 1 V applied voltage with a response time of 30 μs and decay time of 63 μs 
[41]. 

3.3 Homojunction/Heterojunction-Based Photodetector 

Homojunctions are semiconductor interfaces that form between comparable semi-
conductor materials with equivalent bandgaps but different doping concentrations. 
Heterojunctions between different semiconductor materials have widespread appli-
cation in solar cells, photo-electrochemical (PEC) cells, photodetectors, and other 
photovoltaic devices, due to their significant impacts on electronic properties. 
Contrary to homojunction, photogenerated electrons and holes are segregated from 
one another by both internally produced and externally applied electric fields. Built-in 
electric fields at the interface can efficiently separate photogenerated charge carriers 
and regulate carrier transport in photoelectric devices. 

Wang et al. reported a ZnO p–n homojunction-based UV photodetector using 
Sb-doped p-type ZnO nanowire arrays and n-type ZnO thin film using CVD and 
MBE techniques. The variation in photocurrent measurement with wavelength at 
different applied voltages has been displayed in Fig. 5b. Photocurrent measurements 
revealed a very positive response to UV light irradiation [42]. Leung and co-authors 
reported on the fabrication of a ZnO p–n homojunction using the sol-gel method. 
The device showed a high responsivity of 4 A/W when exposed to a wavelength of 
384 nm and an applied voltage of −3 V. The wavelength-dependent photoresponse 
of the device with different applied biases is shown in Fig. 5a [43]. Various UV 
photodetectors based on ZnO have also been described, for example, p–n ZnO NW
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homojunction [44], Cu-doped ZnO/ZnO NRs homojunction [45], p-Mg0.2Zn0.8O/ 
n-ZnO homojunction [46], ZnO microwire p–n homojunction [47], ZnO sheet-like 
nanorod p–n homojunction [48], and ZnO NW p–n homojunction [49]. 

Tsai and co-authors studied NiO/ZnO heterostructure-based UV photodetector. 
The current density versus voltage plot of the NiO/ZnO structure-based device 
in dark and under light illumination conditions is shown in Fig. 5c [50]. ZnO/ 
SnO2 heterojunction-based UV PD was constructed by Tian and co-authors [51]. 
The photodetector showed the highest sensitivity of 5 × 103 when exposed to light 
at 300 nm. The photodetector’s observed response and recovery time were 32.2 s 
and 7.8 s, respectively. A high-performance UV PD using a ZnS/ZnO biaxial NB 
heterostructure was developed by Fang’s group. Due to the built-in electric field, this 
heterostructure demonstrated more effective photodetection characteristics than pure 
ZnO or ZnS nanostructures [52]. This device at 5 V bias exhibited a high respon-
sivity of 5.0 × 105 A/W with rise and decay time of 0.3 and 1.5 s, respectively.

Fig. 5 a Responsivity characteristics at the reverse voltage of 0.1, 1, and 3 V. The inset exhibits 
the PL spectra of the ZnO film under 325 nm excitation, reprinted with permission from [43], 
b photocurrent spectra under different reverse biases, reprinted with permission from [42], c The 
J–V curve of the NiO/ZnO heterojunction measured both in the dark and under 365 nm wavelength 
illumination conditions with the power density of 0.3 mW/cm2, reprinted with permission from 
[50] 
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Therefore, it can be inferred that due to synergistic effects and inbuilt internal elec-
tric fields, junction-based UV photodetectors exhibit greater photodetection behavior 
than their pristine equivalents. Mahesh et al. have studied the photoresponse charac-
teristics of a Cu-doped ZnO/Si heterojunction device. I-V measurements exhibit 
rectifying behavior similar to a diode in dark and light illumination conditions, 
which is displayed in Fig. 6a [53]. The responsivity of the device was 6.2 A/W 
with response/recovery time of 0.14 s/0.11 s, respectively. Heterostructures of ZnO 
with other metal oxide semiconductor materials have been presented, e.g. ZnO/Si 
heterostructure [54], ZnO NWs/p-GaN heterojunction [55], NiO/ZnO p–n junction 
[56], n-Ga:ZnO NRs/p-GaN heterostructure [57], ZnO/GaN heterojunction [58], p-
GaN/n-ZnO NRs heterostructure [59], ZnO NR/graphene heterostructure [60], and 
ZnO NP-graphene core-shell heterostructure [61]. 

A van der Waals interaction demonstrated a mixed-dimensional ultrawide bandgap 
heterojunction consisting of an n-type exfoliated-Ga2O3 nanolayer and a p-type 
diamond substrate [64]. The device showed outstanding photoresponse proper-
ties, including responsivity (12 A/W), photo-to-dark-current ratio (3900), rejection

Fig. 6 a Current–voltage measurement of n-CZO/p-Si heterostructure under dark and white light 
illumination within the voltage range of −4 to  +5 V, reprinted with permission from [53], b spectral 
responsivity curves obtained in the range of 290–700 nm at different reverse voltage such as 0, 5, 
10, 15, 20, 25, and 30 V, reprinted with permission from [62], c responsivity with the wavelength of 
the ITO/H-NiO/IGZO/ITO photodetector at −3 V bias. The inset exhibits the responsivity versus 
the reverse bias plot, reprinted with permission from [63] 
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ratio (8.5 × 103), and quick response/decay characteristics while demonstrating no 
persistent photoconductivity. GaN/Ga2O3 dual-band photodetector fabrication was 
proposed by Weng et al. [65]. Qu et al. employed laser molecular beam epitaxy to 
fabricate β-Ga2O3 thin films on n-type 4H-SiC substrates [66]. When Au/Ti was 
replaced as the top electrode with a single graphene layer, the responsivity value 
improved from 7.14 × 10–4 AW−1 to 0.18 AW−1, and the response time reduced 
from 2.14 to 0.65 s. The deep UV solar-blind photodetector was constructed by Guo 
et al. using laser molecular beam epitaxy to prepare β-Ga2O3 films on Si [67]. The 
responsivity was 370 A/W at −3 V bias under the illumination of 254 nm, and the 
associated external quantum efficiency was more than 1.8 × 105%, which may be 
ascribed to charge carrier multiplication. Furthermore, the response and recovery 
times were 1.79 and 0.27 s, respectively. 

An easy solution procedure was used by Sun et al. to construct a Fe-doped TiO2/ 
n-Si heterostructure-based self-powered UV-visible photodetector [68]. At 0 V, the 
device had a responsivity of 60 mA/W under the irradiation of 600 nm wavelength 
with the light intensity of 0.5 mW/cm2, with rise and fall time of less than 10 ms 
and 15 ms, respectively. Zhang et al. fabricated TiO2 thin films on SrTiO3 (001) 
substrate using the sol-gel technique [69]. The value of responsivity was 46.1 A/W 
at 260 nm with response and decay time of 3.5 ms and 1.4 s, respectively. Then, 
their team created an n-TiO2/p-NiO heterostructure-based UV photodetector, which 
showed an overall performance development (responsivity value was 181.9 AW−1 

with a recovery time was 598 ms at 280 nm) compared to their earlier devices [70]. 
Due to its internal electric field (Ebi) in the dark, the p–n heterojunction can deplete 
the bulk of carriers, potentially reducing device noise and Idark. Liu et al. used radio 
frequency magnetron sputtering to deposit an ultrathin TiO2 layer on the surface of 
a single crystal diamond to create heterojunction photodetectors [71]. The photode-
tector exhibited two peaks of responsivity at about 225 nm (3 mA/W) and 290 nm 
(23.6 mA/W), which were caused by the responses of diamond and TiO2, respec-
tively. Avijit et al. investigated a comparative study of the photodetection behavior of 
TiO2 film grown on chemically textured Si and pristine Si. They obtained maximum 
responsivity (0.22 A/W at −2 V) under UV light for textured-Si/TiO2 compared to 
the pristine-Si/TiO2 (0.11 A/W at −2 V) [72]. 

Avijit and his research group studied TiO2/Si heterojunction-based photodetector, 
in which TiO2 films at various thicknesses were grown on a Si. Photoresponse of 
TiO2/Si device is improved by decreasing the thickness of TiO2 films [73]. 

NiO film has mainly been applied in the fabrication of p–n heterostructure-
based UV photodetectors with some other n-type semiconductors, including Silicon, 
indium gallium zinc oxide, ZnO, and TiO2, due to its p-type nature. Choi et al. 
constructed a p–n heterojunction by evaporating the NiO layer on the Si substrate, 
and the constructed photodetectors had a responsivity of 0.15 AW−1 at 0 V under the 
exposures of a 290 nm wavelength light source. The wavelength-dependent respon-
sivity was displayed at different reverse biases in Fig. 6b [62]. A magnetron sputtering 
technique was used by Li et al. to construct an n-IGZO/p-NiO photodetector which 
exhibited maximum responsivity of 0.016 A/W at 3 V bias under exposure of 370 nm
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wavelength. The responsivity versus wavelength plot for the device based on high 
conductive NiO film at a reverse bias of 3 V is displayed in Fig. 6c [63]. 

The NiO/Si heterostructure-based photodiode prepared by Zhang and his research 
group demonstrated a maximum responsivity of 0.815 A/W at a reverse bias of 
2 V. The p-NiO thin film’s conductivity significantly affected the photodetector’s 
behavior, which could be controlled by adjusting the O2 working pressure during 
NiO film deposition [74]. 

3.4 Self-powered Photodetector 

In a typical photodetector, an external driving force is required to separate and move 
photogenerated charge carriers for photoconduction. Internal heat generated by the 
presence of an external bias voltage in typical photodetectors might result in higher 
power consumption and lower device performance. Nevertheless, junction-based 
photodetectors do not require an external bias voltage and instead rely on the charge 
carrier separation and movement provided by the internal built-in electric field. In a 
p–n junction-based photodetector, for example, the p-type and n-type areas create a 
built-in electric field that separates photo-generated electrons and holes, generating 
a measurable photocurrent. Similarly, the barrier height between the metal and semi-
conductor in a Schottky barrier photodetector provides an internal electric field that 
separates the charge carriers and generates a photocurrent. 

As a result, considerable study has been done on the preparation of self-powered 
photodetectors in the present scientific society. Self-powered photodetectors provide 
various advantages over conventional photodetectors, such as extremely low power 
usage, a decrease in unwanted energy-related issues, and decreased photodetector 
size. Furthermore, self-powered photodetectors exhibit quicker photoconduction 
behavior under light illumination due to photogenerated charge carriers’ rapid 
separation and movement by a built-in electric field. 

3.4.1 Schottky Junction-Based Self-Powered Photodetectors 

The graphene/ZnO:Al NR Schottky junction-based self-biased photodetectors devel-
oped by Duan and coworkers. The use of ZnO:Al NRs as the active layer provides a 
large surface area for light absorption, while the graphene layer acts as a transparent 
electrode, allowing light to pass through and reach the ZnO:Al NRs. These photode-
tectors have potential applications in low-power and self-powered electronics, as 
well as in UV sensing and imaging [75]. Zhang and his research group created an 
Sb-doped ZnO nanobelt ability of self via bridging a Schottky contact with Au and an 
Ohmic contact with Ag [76]. This device demonstrated self-powered photodetection 
performance, with current increasing from 1 to 23 nA without an applied voltage 
when exposed to UV light. High donor impurity density caused by Sb doping in ZnO
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improves the electric field and enhances self-powering behaviour. This photodetector 
demonstrated a significantly quicker photodetection speed of less than 100 ms. 

Asymmetric Schottky junctions have been shown to be effective in enhancing the 
performance of self-driven UV photodetectors. Chen et al. used Au asymmetric elec-
trodes to regulate charge carrier movement and demonstrated devices with various 
electrode width ratios. The device with a width ratio of 20:1 (wide finger: narrow 
finger) showed a responsivity of 20 mA/W, a response time of 710 ns, and a recovery 
time of 4 ms. Additionally, the piezo-phototronic phenomenon of ZnO was coupled 
to enhance self-powered photodetector performance by developing piezo poten-
tials across ZnO that allowed for the separation and movement of photogenerated 
charge carriers. Zhang’s group studied a self-powered photodetector based on a ZnO/ 
Au structure, and its photodetection performance was enhanced by introducing an 
external strain [77]. 

3.4.2 Heterojunction-Based Self-powered Photodetectors 

p-GaN/n-Sn:Ga2O3 heterostructure-based self-driven UV photodetector was 
prepared by growing an Sn-doped Ga2O3 film on the GaN film. The responsivity 
and detectivity at 254 nm are obtained as 3.05 AW−1 and 1.69 × 1013 cm Hz1/2 W−1, 
respectively, without a power supply [78]. 

Zheng et al. presented an economically feasible large-scale heterojunction struc-
ture based on n-TiO2 nano wells and p-NiO mesoporous nanosheets. The hybrid PD 
based on p–n junctions functioned excellently in a self-bias mode, with excellent 
responsivity, significant wavelength selectivity, and good stability [79]. 

The thermal evaporation method was applied to construct V2O5/n-Si 
heterostructure-based photodetector successfully. The responsivity versus wave-
length plot for V2O5/n-Si heterostructures is shown in Fig. 7a, in which the Si surface 
is passivated by H and CH3 groups. The methyl group passivated device exhibited the 
highest responsivity compared to the H-passivated device. The effect of V2O5 thick-
ness and interface passivation on heterojunction-based photodetector performance 
was thoroughly investigated. The photodetector displayed a strong on/off ratio of 1.4 
× 104, a quick response speed of 9.5 s, and a high specific detectivity of 1.34 × 1012 
Jones when illuminated with 650 nm light [80].

Optoelectronic properties of a NiO/Si heterostructure-based photodiode for broad-
band photodetection that was made by employing the PLD technique to deposit a NiO 
thin film over a commercial Si substrate. The wavelength-dependent responsivity of 
the NiO/Si-based device is shown in Fig. 7b. Under 0 V conditions, the photodiode 
shows good responsivity values of 24.6 mA/W with irradiation of 485 nm wavelength, 
respectively. The rise and fall time at 1.695 kHz were calculated to be 0.17 ms and 
0.05 ms, respectively, under 485 nm light [81].
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Fig. 7 a Responsivity with wavelength dependent of the two heterojunctions, reprinted with 
permission from [80], b the wavelength-dependent responsivity at different applied voltages, 
reprinted with permission from [81]

3.5 Plasmonic Based Photodetector 

Venugopal et al. fabricated Ag (nanoisland)/n-Al:ZnO/p-Si heterostructure using 
pulsed laser deposition (PLD) and thermal evaporation. They observed that intro-
ducing Ag in the device exhibited an increment in the current compared to the bare 
Al: ZnO/Si device [82]. Gurpreet et al. fabricated Al:ZnO/Ag(nanoisland)/Cu2O 
heterostructure using a PLD technique. Enhancement in current is observed after 
introducing the Ag nanoisland at the interface of Al: ZnO and Cu2O, which is 
explained by localized surface plasmon resonance [83]. Mitra’s group [84] published 
a comparison study of the self-biased photodetection characteristics of NiO/Si and 
NiO/Ag-NPs/Si heterostructures-based devices. Current–voltage curves measured, 
in the dark and irradiation (UV and AM1.5G), for NiO/Ag-NP/Si heterostructure 
device is shown in Fig. 8a. In comparison to the NiO/Si structure with zero bias, 
we were able to obtain large responsivity (6.58 mAW−1), significant detectivity 
(2.1 × 1010 cmHz1/2W−1), and quick response for the Ag-NPs incorporated NiO/ 
Si heterostructure. Joshna et al. [85] exhibited a self-powered photodetector based 
on p-NiO/n-rGO heterostructure. Current–voltage measurement of the Al:ZnO/Ag/ 
Cu2O and Al:ZnO/Cu2O structures-based solar cells in illumination (1.5 AMU) is 
shown in Fig. 8b, and the wavelength-dependent IPCE curve was displayed in the 
inset of Fig. 8b. Ag NPs incorporated p-NiO/n-rGO heterostructure device demon-
strated a 104-fold increase in photocurrent and a significant improvement in UV 
photoconductivity compared to the pristine NiO/rGO. Ag NPs included devices that 
exhibited improved electrical characteristics, including efficiency, responsivity, and 
a high on/off ratio.

rGO/Si structure-based UV photodetector with incorporated Au nanoparticles 
was constructed [86]. The photoresponse characteristics confirmed that the Au-rGO/ 
Si heterostructure had a considerably larger UV photoresponse activity than rGO/ 
Si. By dissolving the base Ag foil and integrating it to produce Schottky junctions,
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Fig. 8 a Current–voltage curves measured, in the dark and irradiation (UV and AM1.5G), for NiO/ 
Ag-NP/Si heterostructure device, reprinted with permission from [84], b current–voltage measure-
ment of the Al:ZnO/Cu2O and Al:ZnO/Ag/Cu2O heterostructures based solar cells in light expo-
sure (1.5 AMU). The wavelength-dependent IPCE curve was displayed in the inset, reprinted with 
permission from [83]

Ayhan showed the fabrication of Ag-NPs on graphene [87]. The photoresponse of 
the device was 122 mA/W at 550 nm, respectively. The enhanced photoresponse 
was induced by light interaction with the plasmonic Ag-NPs and effective Schottky 
junction formation. 

4 Sensor 

4.1 Thermal Sensor 

Thermal sensors detect temperature changes and transform them into an electrical 
signal that may be measured or displayed. Depending on the type of sensor, these 
sensors operate on different principles such as resistance change, voltage change, or 
infrared radiation detection. 

They are used in a variety of industries, including industrial, medical, and automo-
tive, for temperature monitoring, control, and safety. As the temperature is an essen-
tial characteristic for measuring the different properties of materials, it behaves as a 
suitable temperature sensor due to the various functional properties of ZnO. Figure 9a 
depicts the relationship between sensitivity and operating temperature of as-deposited 
AZO films under a 1000 ppm CO environment [88]. Copper oxides have particular 
importance in the application of temperature sensors [89]. The CuO nanowires-based 
temperature sensing materials exhibit high sensitivity and high current response, and 
they are potentially strong candidate for gas sensors and other electronic devices.
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Fig. 9 The relationship between sensitivity and operating temperature of as-deposited AZO films 
in a 1000 ppm CO environment, reprinted with permission from [88] 

4.2 Chemical Sensor 

Chemical or biological information of a quantitative or qualitative kind is converted 
into an analytically useful signal by a chemical reaction taking place between the 
analyte gas and liquid in a small device known as a chemical sensor. The signal from 
a sensor is frequently electronic and appears as a change in impedance, conductance, 
or voltage as a result of electron exchange. 

4.3 Gas Sensor 

Chemical gas sensors can change their properties based on how the surface interacts 
with the surrounding atmosphere. Metal oxide-based sensors are particularly useful 
in this regard due to their abundance, ease of fabrication, and low cost. These sensors 
operate based on the surface phenomena between the material, the adsorbed air 
oxygen ions, and the target gaseous molecule, which controls the electrical resistance 
of the material. Metal oxide-based sensors have been effectively employed in various 
applications, including safety, climate, security, process monitoring, and medical 
equipment like breath analyzers. 

Metal oxide-based gas sensors offer several advantages, including high sensi-
tivity, selectivity, and stability over time. They can also operate at room temperature, 
making them energy-efficient and suitable for portable applications. As a result, metal
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oxide-based sensors are becoming increasingly popular for various gas-sensing appli-
cations, and ongoing research is focused on further improving their performance and 
extending their applications. 

Gas sensors based on ZnO [90], WO3 nanoparticles [91], TiO2 nanotubes [92], 
SnO2 [93], and In2O3 nanofibers [94] have been reported to react to the gases of 
formaldehyde, NO2, H2S, and CO. Ahn et al. examined ZnO-nanowire based gas 
sensors demonstrating using a NO2 gas. Response versus NO2 concentration curve 
is shown in Fig. 10a, which exhibits linear dependence in the range of 0.5–3 ppm 
and then the indication of slight saturation nature at higher concentrations [95]. 

Researchers are increasingly concentrating on investigating metal oxide 
heterojunction-based high-performance sensors. The hydrothermal approach was 
used to synthesize the ordered mesoporous WO3/ZnO nanocomposites, which 
showed an improved sensor sensitivity of 168.7 to 1 ppm NO2 at 150 °C working 
temperature, nearly 10 times greater than that of the pure WO3 [96]. The sensor 
response of NiO-modified CeO2 nanostructures was studied to be 1570, much more 
than that of pure CeO2. The reaction and recovery time of the NiO-modified CeO2 

sensor were 15 and 19 s, respectively; these times were likewise faster than those of

Fig. 10 a Response versus NO2 concentration curve, which exhibits linear dependence in the 
range of 0.5–3 ppm and then the indication of slight saturation nature at higher concentration, 
reprinted with permission from [95], b sensor signal (R0/Rgas) for all three samples when exposed 
to 100 ppm H2 as a function of the operating temperature in both dry air (left side) and 50% relative 
humidity (right side), reprinted with permission from [104], c at 40% relative humidity, 20 °C 
ambient temperature, and 400 °C operating temperature, the behavior of thick wires (black) and 
nanowires (red) is displayed in relation to acetone concentration, reprinted with permission from 
[105], d Sensor response of the SnO2 nanowire to hydrogen at 200 and 300 °C, in continuous 
operation mode, at varied concentrations of hydrogen diluted in the air from 10 to 1000 ppm, 
reprinted with permission from [106] 
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pure CeO2 (96 and 118 s, respectively) [97]. The sensors based on MoS2/ZnO [98] 
and SnO2–CuO [99] heterojunction showed highly improved performance compared 
to the ZnO and SnO2, respectively. The gas sensing capabilities of ZnO-decorated 
SnO2 hollow spheres for ethanol, synthesized using a two-step hydrothermal process, 
were reported by Lu et al. [100]. At their optimized operating temperature of 225 °C, 
the ZnO-decorated SnO2 hollow spheres were found to have a sensor response of 
34.8 toward 30 ppm ethanol, significantly 5.7 times greater than the bare SnO2. 
The SnO2/SiO2 heterojunction was fabricated using a magnetron sputtering process 
and showed good H2 sensing capability at room temperature [101]. Compared 
to solid nanospheres, hybrid Co3O4/SnO2 core-shell nanospheres fabricated using 
a hydrothermal process showed a measured response of 13.6–100 ppm NH3 at 
200 °C [102]. By combining a hydrothermal procedure with the wet impregnation 
method, CeO2-decorated ZnO nanosheets were fabricated, and they demonstrated 
an improved sensor response for 90–100 ppm ethanol at 310 °C [103]. 

ZnO–SnO2 nanofibers were created by Kim et al. using an electrospinning 
approach to detect CO efficiently [104]. Many researchers reported the improving 
performance of the gas sensor based on following metal oxides-based hetero-
junctions: ZnO/SnO2 heterojunction [107], ZnO/La0.8Sr0.2Co0.5Ni0.5O3 heterojunc-
tion [108], ZnO nanorods/TiO2 nanoparticles [109], Ga2O3-core/ZnO-shell nanorod 
[110], α-MoO3/0D ZnO heterostructure [111], and α-MoO3/Fe2O3 heterostructure 
[112]. Galatsis et al. fabricated α-MoO3–WO3 films by sol-gel technique, which 
exhibits a linear response to O2 concentrations ranging from 10 to 10,000 ppm [113]. 
Acetone might be detected using WO3 and SnO2 composites [114], while NH3 could 
be detected using hydrothermally synthesized ZnO nanoplates modified with WO3 

[115]. 
In comparison to bare MoO3, the CuO nanoparticle-decorated MoO3 nanorods 

showed a higher H2S sensor response of 272 at 270 °C, which was mostly due to the 
formation of heterojunctions [116]. Zhang et al. prepared a PdO-modified flower-
like ZnO structure using a surfactant-free hydrothermal method with an annealing 
process [117]. They reported response of a 35.4–100 ppm ethanol at 320 °C, which 
was 10 times greater than the bare ZnO. Al-doped ZnO/CuO nanocomposites [118] 
and ZnO/Co3O4 composites nanoparticles [119] have been sensitive to ammonia 
and NO2. Yang et al. [120] effectively constructed nano-coaxial Co3O4/TiO2 hetero-
junctions using a standard two-step method. Initially, TiO2 nanotubular arrays were 
fabricated by anodic oxidation and then decorated with Co3O4 synthesized by a 
hydrothermal process. A better sensor response of 40 to 100 ppm ethanol at 260 °C 
with rise and decay time of 1.4 and 7.2 s was shown by the nano-coaxial Co3O4/TiO2 

heterojunction-based sensor. The electrospinning process was used with annealing at 
a working voltage of 15 kV to prepare the SnO2–Co3O4 composite nanofibers [121]. 
Additionally, sensing materials comprised of CuO/ZnO heterostructural nanorods 
[122], CuO-decorated SnO2 nanowires[123], flower-like p-CuO/n-ZnO nanorods 
[124], CuO nanoparticles decorated ZnO flowers [125], NiO@ZnO heterostructured 
nanotubes [126], Co3O4 decorated flower-like SnO2 nanorods [127] and ZnO/NiO 
heterojunction nanofibers [128]. TiO2 composited with ZnO [129], MoS2 [130], 
MoO3 [131], V2O5 [132], and WO3 [133] have also been prepared, demonstrating
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improvement in gas detecting performances for ethanol, alcohol, NO2, and ammonia. 
To construct the high-performance gas sensors, In2O3 composited with WO3 [134], 
Fe2O3 [135], TiO2 [136], and SnO2 [137] were also synthesized. It has been reported 
that an octahedral-like ZnO/CuO composite [138] and SnO2@TiO2 heterostructure 
[139] have improved gas sensing characteristics for acetone, formaldehyde, and 
H2S, respectively. Co3O4 composites with SiO2 [140], In2O3 [141], and TiO2 [142] 
were also synthesized using thermal conversion, hydrothermal, and simple nanoscale 
coordination polymer techniques, respectively and they displayed better gas sensing 
characteristics to those of pure Co3O4. Additionally, TiO2-decorated Co3O4 [143], 
In2O3-decorated CuO [144] and rod-like α-Fe2O3/NiO heterojunction nanocompos-
ites [145] were developed to research their enhanced gas-sensing characteristics. 
Thermal evaporation and sputter deposition techniques were used in combination to 
construct TeO2/CuO core-shell nanorods by Lee et al. [146]. The sensor response for 
TeO2/CuO core-shell nanostructure and TeO2 was obtained to be 4.25 and 2, respec-
tively, for 10 ppm NO2 at 150 °C, which concludes that the core-shell nanostructure 
shows higher response compared to pure TeO2. 

SnO2 is a significant conductance-type semiconductor used for CO and O2 gas 
sensing [106]. The SnO2 nanowires-based hydrogen gas sensor is prepared by the 
self-assembly method. The nanodevices can detect hydrogen as low as 10 ppm with 
great sensitivity. With increasing hydrogen content and operating temperature, the 
sensor response of the SnO2 nanowire improves, which is shown in Fig. 10d [106]. 

Hubner et al. developed SnO2@Pd and Pd@SnO2 core@shell nanocomposites 
to examine the effect of the location of Pd in core@shell nanocomposites on CO 
and H2 sensing performance in dry and humid conditions at different temperatures. 
The sensor signal for samples, when exposed to 100 ppm H2 as a function of the 
operating temperature in both dry air and humidity condition, are shown in Fig. 10b 
[104]. From pure In2O3 powders, In2O3 wires were formed by thermal evaporation 
and condensation, and the contribution of metallic nanoparticles grown on substrates 
before evaporation was examined. In order to customize the density distribution and 
the lateral dimensions of the wires, which are the primary factors governing the 
gas sensing capabilities, it is crucial to choose the substrate seeding appropriately. 
The response of thick wires and nanowires as a function of acetone concentration is 
exhibited in Fig. 10c [105]. 

Wang et al. fabricated a flower-like structure of SnO2, which having a BET surface 
area of 36 m2/g; this material shows good sensor performance for carbon monoxide, 
methane, methanol, and ethanol [147]. The faceted SnO2 polyhedrons self-assembled 
synthesized using a sodium dodecyl sulfate (SDS)-assisted hydrothermal method. 
The as-obtained SnO2 nanopolyhedrons were sensitive to all chemicals at 1 ppm, 
had a rapid response and recovery period, and were highly selective for acetone [148]. 
Lupan et al. investigated the preparation of a single ZnO nanorod-based hydrogen 
sensor using a focused ion beam in-situ lift-out technique [149]. 

Rai et al. reported the shape-controlled synthesis of ZnO and corresponding gas 
sensing properties [150]. Under various substrate temperatures, normal and oblique 
angle sputtering deposition methods were used to construct nano-structured ZnO 
for gas sensing applications [151]. Undoped and Co-doped ZnO nanorod sensors
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have been made using a low-temperature, mass-production approach that is both 
cost-effective and efficient. Fast reaction and excellent sensitivity are displayed by 
ZnO-based nanorod sensors [152]. This research investigated the ethanol detecting 
characteristics of sensors based on undoped and Au-doped ZnO nanowires prepared 
by the oxidation reaction process [153]. 

4.4 Biosensor 

Biosensors play an essential role in environmental processes, food safety, medical 
care, energy-efficient systems, chemical and agricultural sectors. Biosensors have 
been suggested as an effective instrument for quick measurement and analysis since 
continuous onsite monitoring is required and must have versatile and dependable 
properties. Adapting the materials of biosensors for different applications (screening 
techniques, quality control, safety gear, and environmental evaluation) is a significant 
research area with several obstacles to overcome. 

Wang et al. prepared a biosensor based on MoS2/g–C3N4/b-TiO2 heterojunc-
tion to detect miRNA, and the biosensor improved with Au nanoparticles [154]. 
The TiO2-based photoelectrochemical biosensor was developed for detecting heme 
and glucose by Cakiroglu et al. [155] and Rajendran et al. [156], respectively. The 
photocurrent vs. concentration graph for TiO2-based biosensor is shown in Fig. 11a, 
and the linear portion of graph is exhibited in the inset of the figure. A TiO2 film-based 
glucose detector with a 0.7 μM limit of detection (LOD) was functionalized using 
glucose oxidase (GOx). Zhu et al. prepared a polyaniline-TiO2 nanotube composite to 
detect glucose, showing a better LOD value (0.5 μM) than TiO2 film-based glucose 
sensor [157]. TiO2 nanorods are fabricated via a facile method to detect glucose 
sensor, which shows a 0.002 mM LOD value [158]. Liu et al. [159] fabricated bag-
like TiO2 microspheres using hydrothermally to detect H2O2 which functionalized 
with hemoglobin. They reported a LOD value of 10 nM obtained by amperometric 
measurements. Kafi et al. reported a LOD value of 0.08 μM to detect H2O2 obtained 
by amperometry. The GC/TiO2/Hb/CH modified electrodes were prepared by the 
TiO2 nanotube co-immobilized with hemoglobin (Hb) and chitosan (CH). Another 
electrode GC/TiO2/Hb/MB/CH is prepared with TiO2 nanotubes, Hb, CH and methy-
lene blue (MB). The current versus H2O2 concentration plot for all modified elec-
trodes is shown in Fig. 11b [160]. There is also work reported based on TiO2 for 
cholesterol [161, 162] and breast cancer cell detection [163, 164].

SnO2 nanowires-based H2O2 sensor was constructed using the thermal evap-
oration method [165]. The electrospinning technique was also used to produce 
SnO2 nanowires for amperometric glucose detection [166]. SnO2 nanoparticles were 
synthesized by precipitation [167] and microwave irradiation [168], which are used 
for L-cysteine and H2O2 detection, respectively. 

WO3 nanowire-based biosensor was fabricated by a simple casting technique, 
which was functionalized with hemoglobin [169]. The hydrothermal process was 
designed to make WO3 sensors with various geometries: flower-like for aflatoxin B1
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Fig. 11 a The plot of photocurrent with concentration (inset: the linear part of the graph, Error bars 
indicate the standard deviation of repeated 3 measurements), reprinted with permission from [155]. 
b Corresponding calibration plots of the a GC/Hb/CH. b GC/TiO2/Hb/CH. c GC/TiO2/Hb/MB/ 
CH-modified electrode, reprinted with permission from [160], and c Analysis of the miRNA-21 in 
different tumor cells detection, a blank; b 106 cells; c 105 cells; d 104 cells; e 103 cells of MCF-7 
and Hela. Reprinted with permission from [174]

[170], nanorods for bisphenol A [171], and nanocomposite for cardiac biomarker 
Troponin I [172]. Santos et al. [173] fabricated WO3 nanoparticle-based biosensors 
by using the hydrothermal method, which functionalized with cytochrome c nitrite 
reductase. 

ZnO nanostars are fabricated using the chemical bath deposition (CBD) tech-
nique to detect microRNA-21 in cancer cells. The variation in ECL response signal 
with blank and different tumor cells of MCF-7 and Hela, are displayed in Fig. 11c 
[174]. A similar process was used to create ZnO nanoparticles for detecting the 
Zika virus in undiluted urine [175]. The Zika virus is spread by mosquito bites and 
causes headaches, arthralgia, myalgia, and conjunctivitis. The LOD was 1.00 pg/mL. 
Early identification of the Zika virus is possible with this biosensor. Hydrothermally 
produced ZnO nanorods were employed in biosensors for glucose [176], phosphate 
[175], and G Immunoglobulin [176] detection. The biosensor based on ZnO nanorods 
exhibited a detection limit of 1.0 μM for glucose concentration. ZnO nanocone arrays 
were fabricated for dopamine detection using the hydrothermal method [177]. 

5 Conclusions 

Metal oxide-based devices offer distinct properties that make them useful for a 
wide range of applications, including environmental monitoring, defense technology, 
medical analysis, and fire prevention. Metal oxide semiconductors are ideal for use 
in various applications due to their large bandgap, solution processability, affordable, 
and environmental friendliness. Nevertheless, much more study is needed to increase 
the performance of photodetectors and sensors based on metal oxide. One area of 
study is p-type doping, which is difficult in metal oxide but necessary for the creation 
of high-performance devices. Another area of investigation is the improvement of 
material quality, which is crucial for boosting device performance. Device structure 
design is also critical for enhancing the performance of metal oxide-based devices.
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The mechanism of metal oxide-based sensors is complicated and poorly understood, 
involving charge transfers, adsorption and chemisorption stages, and oxygen migra-
tion. The performance of metal oxide-based sensors is significantly influenced by 
surface properties such as topology and crystallinity. The defining properties of a 
sensor are sensitivity, selectivity, reaction time, and stability over time. These factors 
affect the sensor’s performance and are crucial for confirming that the sensor is 
appropriate for the application for which it is designed [177]. For the creation of 
high-performance metal oxide-based sensors that can satisfy the requirements of 
diverse applications, it is essential to improve these properties. 

In summary, this chapter provides a systematic study on the recent advances 
in metal-oxide based photodetector and sensor application. Metal oxides provide 
a broad range of adaptable and outstanding structural, optical, and electrical char-
acteristics that may be used in a range of optoelectronic devices. In this chapter, 
metal-oxide based different kinds of photodetector are discussed in detailed. The 
working mechanism behind the photodetection is also studied. Further, the sensor 
based on metal oxide is covered and studied in detail. These devices based on metal 
oxide have received significant attention in different areas such as defense, medical 
treatments, astronomical observation, etc. due to their availability, large bandgap, 
low-cost fabrication, and stability. There is still a lot of work to be required in the 
development of photodetectors and sensor based on metal oxide, such as to reduce 
the weight, decrease the size, improve the response, rapid reaction time, and so on. 
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Thermo-Optical Properties of Metal 
Oxide Nanoparticles and Their 
Applications 

Victor K. Pustovalov 

Abstract This part presents a comprehensive analysis of previous and recent 
research and advances related to the thermo-optical properties of metal oxide 
nanoparticles. Modern nanotechnologies produce various nanoparticles from 
different oxides with unique properties. Metal oxide nanoparticles have significant 
advantages over other nanoparticles due to their special optical properties and high 
oxide melting and evaporation temperatures, which allows them to be stable in a 
high-temperature surrounding. The thermo-optical properties of oxide nanoparticles 
have recently received significant attention due to their various applications in solar 
energy conversion, laser processing, photocatalytic applications, photothermal ther-
apies. The development of modern high-temperature photonics, photocatalysis, and 
laser technologies in recent years requires the study and use of the optical parame-
ters of metal oxide nanoparticles. The analysis of thermo-optical properties of oxide 
Al2O3, TiO2, NiO, ZnO and other conventional oxide nanoparticles and their depen-
dences on temperature has been carried out. These results can be used for the devel-
opment and application of various optical and laser devices and technologies based 
on the use of thermo-optical properties of metal oxide nanoparticles, as well as for 
high-temperature nanophotonics and nanotechnology. 

Keywords Nanoparticles · Metal oxide · Optical · Properties · Applications 

1 Introduction 

Metal oxide nanoparticles (NPs) are widely used for various purposes, such as hetero-
geneous photocatalysis, laser biotechnology and medicine, photonics, solar energy 
conversion, etc. [1–4]. The synthesis of oxides with desired properties is carried 
out by various synthetic methods, including hydrothermal, calcination, emulsion, 
spray pyrolysis, plasma and inert-atmosphere growth methods to obtain and modify
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numerous compositions, phases, structures [5–8]. In particular, a mechanism has 
been developed for the synthesis of nanomaterials in a spray flame and gas-phase 
synthesis for the production and industrial applications of tailored materials for gas 
sensors, catalytic combustion of CO and CH4, energy storage, catalytic activity for 
selective CO oxidation and H2 production [8]. All these procedures make it possible 
to achieve high productivity and use all oxides in powder form. 

In recent years, the synthesis of nanocolloids based on laser ablation in a liquid 
[9–12] at room temperature and atmospheric pressure has been used as a versatile 
approach to obtaining oxide NPs. This method uses a laser beam directed at a solid 
target immersed in a liquid to generate a dispersion of NPs in the liquid by means 
of laser ablation of the solid surface in the liquid [9–12]. One way is to obtain oxide 
NPs from a bulk oxide target using short wavelengths in the near UV. On the other 
hand, laser ablation synthesis of oxide NPs in a liquid solution is reported, starting 
from a pure metal bulk target. In this case, the matter extracted from the solid target 
collides with liquid solution molecules, water vapor, or gas microbubbles consisting 
of H2, O2, etc. [12]. Therefore, water molecules (H2O) or additives (atmospheric O2) 
will react with the metal, which will promote its oxidation, eventually forming oxide 
structures. Laser irradiation of preliminary prepared metal powder in a liquid is also 
used to obtain metal oxide NPs by laser oxidation [10, 11]. 

2 Processes of Light Interaction with Nanoparticles 

For the use and processing of NPs two main optical sources are used: laser and solar 
radiation. In fact, the production and subsequent control of the size (reduction or 
increase), morphology (shapes) and structure of colloidal NPs are based on a combi-
nation of processes such as NP absorption, heating, oxidation, melting, evaporation, 
etc. under the action of optical and laser radiation. It is worth noted that for the first 
time complex theoretical study of NP heating, melting, evaporation, bubble forma-
tion, etc. was carried out [13]. The influence of the optical properties of NPs on the 
processes of solar and laser interaction with NPs will be briefly considered. 

The absorption of NPs of laser or solar radiation [14] and the release of heat 
are the first and main processes that will determine the dynamics and results of 
all subsequent thermal and other processes with NPs and their surroundings. The 
optical properties of metallic NPs are widely reported in the literature [14–20]. The 
use of thermal laser applications in nanotechnology is based on laser heating of NPs, 
heat transfer to the environment and the initiation and implementation of subsequent 
processes. It is very important to take into account the dependences of the thermo-
optical parameters and properties of NPs on their temperature [21]. The heating of 
NPs by laser or solar radiation has been experimentally and theoretically studied 
[20, 22–28]. The conversion of light into heat and the heating of single NPs, their 
ensembles, and the environment under the action of laser pulses and solar radiation 
were studied [20, 24]. 

Heating of NP by laser radiation can be described by the equation [22, 24]



Thermo-Optical Properties of Metal Oxide Nanoparticles and Their … 489

ρ0c0V0 
dT0 
dt  

= 
1 

4 
I Kabs(r0, λ,  T 0)S0 − JC S0.T0(t = 0) = T∞ (1) 

where S0 = 4πr0 2 and V 0 = 4/3πr0 3 are the NP surface area and volume, c0 is the 
heat capacity and ρ0 is the density of NP material, I is the intensity of radiation with 
wavelength λ, r0 and T 0 are the radius and temperature of NP, JC is the heat flux 
density from NP due to thermal conductivity in a solid or liquid medium, Kabs (r0, λ, 
T 0) is the factor of absorption efficiency of radiation with wavelength λ by a spherical 
particle of radius r0 and with temperature T 0 [14], T∞ is the initial temperature of 
NP and medium, and t is time. 

The analytical solution of Eq. (1) with constant value of Kabs = K ∞ 
abs with 

quasi-stationary heat conduction around NP under laser action has been obtained 
[22, 24] 

T0 = T∞ + 
I K  ∞ 

absr0 
4km

[
1 − exp

(
− 

3kmt 

c0ρ0r2 o

)]
(2) 

Km constant coefficient of thermal conduction. 
The heating of NP by solar radiation is determined by the equation [20] 

ρ0c0V0 
dT0 
dt  

= πr2 0 

λ2∫
λ1 

IS(λ)Kabs(r0, λ,  T0)dλ − JC S0 (3) 

IS(λ) is the intensity of solar radiation in the studied wavelength interval λ2 − λ1. 
The main factor determining NP heating (1–3) and subsequent thermal processes is 

the radiation absorption efficiency factor of Kabs (r0, λ, T0), which will be considered 
here. Laser or solar heating of NPs and the surrounding liquid (water) leads to 
vaporization and steam generation around NPs. Bubble formation is created of water 
vapor (gas oxidants) inside hot surrounding liquids and contributes to the formation 
of oxide NPs. The thresholds of the bubble formation under the laser pulses have 
been experimentally and theoretically determined [29–33]. 

The NP oxidation is the main process of the formation of oxide NPs under the 
action of radiation. The rate of oxidation and the thermochemistry of hydroxide 
formation in water increase in the presence of water vapor [34]. Metals actively react 
with oxygen in the air to produce metal oxides. The processes of high temperature 
oxidation of metal NPs, as a rule, are governed by the following chemical reaction 
involving oxygen O2 molecules and metal M atoms [35]: 

nM + 1/2kO2 = Mn Ok 

n, k are the number of metal atoms and oxygen molecules involved in the chemical 
oxidation reaction. For example, magnesium oxide is formed by the reaction of 
magnesium with oxygen when heated in air:
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2Mg + O2 → 2MgO 

In this case, as for any thermally activated kinetic process, the chemical reaction 
rate K0 strongly depends on temperature, and this dependence of K0 on the oxidation 
temperature can be expressed by the Arrhenius equation [35]: 

K0 = A exp
(

− 
Ea 

RT

)

where A is the pre-exponential factor, Ea is the apparent activation energy, R is the 
universal gas constant, and T is the absolute temperature. The value of T is close to 
the NP temperature T 0 near the NP surface. Characteristic oxidation temperatures 
are experimentally determined as 1300–1700 K in tests for isothermal oxidation 
[36, 37]. 

Some of the obtained oxidized NPs were formed on the bulk surface under the 
action of a laser pulse. The second part of the oxidation of the formed NPs is carried 
out under the action of laser radiation after leaving from the bulk surface. The oxida-
tion rate makes it possible to control the composition and structure of oxide NPs, 
ranging from full oxide NP to core–shell structures where only an outer shell of 
oxide is formed around a pure metal core. In some cases, NPs with a metal core and 
an oxide shell are formed when the concentration of reactive oxygen molecules is 
low enough to avoid complete oxidation of the metallic core [38]. Theoretically, the 
combustion of a particle in air on exposure of laser radiation was considered taking 
into account heating, evaporation of the metal and oxide shell, oxidation according to 
the Arrhenius equation and diffusion of oxidant molecules to the metal core through 
the condensed oxide shell [39]. Chemical oxidizing agents in the solution promote 
the reaction of target atoms with oxygen, as shown by laser ablation of bulk Cu 
in pure water and aqueous solutions, resulting in the formation of Cu2O or CuO  
nanocrystals, respectively [40]. The optical properties of core-shell NPs are approx-
imately equal to pure oxide NPs made from shell materials when the shell thickness 
is greater than the core radius r0 [41]. 

Processing of oxide NPs with laser pulses is accompanied by their melting, fusion 
and spheroidization. Melting, fusion and spheroidization of NPs under the action of 
laser pulses have been theoretically and experimentally studied [42–48]. Nanometer 
and submicron spherical oxide particles can be obtained by laser melting using 
materials with sufficient optical absorption and whose melting temperature is lower 
than evaporation temperature for metallic [42–44] and oxide [45–47] NPs. After NP 
melting due to the absorption of laser radiation, surface stress forces pull the particle 
to a spherical shape. Appropriate choice of laser wavelength and fluence is impor-
tant, and significant NP optical absorption is required to fabricate spherical oxide 
particles. Most experiments on laser melting are carried out by irradiating a colloidal 
suspension of raw particles with a pulsed laser in the frequency mode. The pulsed 
lasers required for melting have nanoseconds or picoseconds pulse width, and their 
pulsed fluences are in the range from 10 to 200 mJ/cm2, depending on the material 
[10, 48]. Various insulating oxides have a band gap larger than 4–5 eV, and shorter
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laser wavelengths are required to provide optical absorption at the level required for 
melting. To melt of oxide NPs from the materials with large band gap, it is necessary 
to use the fluence of about ~1 J/cm2 and a laser wavelength of 355 or 532 nm [10]. 
Laser melting in a liquid can be used to fuse NP aggregates into larger nanospheres 
or to melt micrometric powders into submicron spheres. 

Laser evaporation or fragmentation of NPS in a liquid is carried out under the 
action of intense pulses. The laser beam is focused inside a liquid dispersion of 
nanometric powders for their photoreduction and fragmentation into smaller NPs. A 
significant decrease in the size of colloidal NPs under the action of high-intensity 
laser pulses was studied experimentally and theoretically [48–56]. Significant (“com-
plete”) evaporation, and in some cases fragmentation of NP, is a process of laser 
impact on NP, as a result of which large NP disappeared and many small NPs with 
sizes ~10 times smaller are formed. To explain the disappearance of large NPs under 
laser irradiation, two different terms are used—a significant size reduction due to 
evaporation [50–53] or fragmentation [54, 55], which means one final result of laser 
irradiation and the impossibility in some cases to distinguish between these two 
processes. The formation of small NPs can occur due to the thermal ejection of 
molecules or small clusters from the surface of NPs or the condensation of vapors 
of the NP material (metal) in the environment (water). A significant reduction in the 
size can be considered as thermal evaporation of atoms from the surface of NPs. A 
change in the shape and a significant reduction of NPs occur due to melting and, 
accordingly, evaporation of gold NPs. These results can be interpreted in the frame 
of thermal model of size reduction. As a rule, the evaporation (fragmentation) NP 
by a laser turned out to be an effective method for obtaining small (~10 nm) and 
ultra-small (<3 nm) NPs, starting from the large NPs or microparticles dispersed in 
a liquid. 

3 Optical Properties of Selected Homogeneous Oxide 
Nanoparticles 

The optical absorbing properties of oxide NPs are the main parameters, that determine 
the processes and efficiency of the interaction of NPs with laser and optical radiation, 
and have been actively studied in recent years. These studies have focused on the 
UV, VIS and near IR spectral intervals for laser and optical (solar) sources and their 
applications. The optical data available today from the literature has been provided 
with a focuse on oxide nanostructures and claimed applications. It is possible to 
achieve excellent optical properties of NPs by manipulating of NP plasmon reso-
nance, that should ensure maximum heating of NPs. However, essential information 
is currently limited, and only separate results for various oxide NPs, including pure 
oxide phases, will be presented here. These materials have shown several useful 
properties that are discussed with particular emphasis on photocatalytic, biomedical 
and optical application. We will restrict ourselves to consideration of conventional
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nano-oxides and will not consider the unconventional oxide structures with doped 
materials, non-equilibrium compounds, metal-oxide core–shells, ligands, additives, 
etc. 

Modern nanotechnologies make it possible to obtain various homogeneous and 
other types of NPs from various metals and materials with unique thermo-optical 
properties. The tunable optical properties of oxide NPs, including absorption, scat-
tering, and field enhancement, differ from most other nanostructures due to adaptable 
coupling to the NP structure. The design of NPs with selected and tuned thermo-
optical and plasmonic properties is possible by choosing the materials, structure, 
shape and geometric dimensions of NP. This fact can play a decisive role in increasing 
the efficiency of laser and optical radiation for various applications. Optical proper-
ties are determined using the optical refractive indices of NP oxides for calculation 
within Mie or other theories. Optical refractive indices at the initial temperature are 
presented in various publications [57–62]. 

The main optical parameters that describe the electromagnetic interaction with 
single NP and their optical properties are the efficiency factors of absorption Kabs, 
scattering Ksca, extinction Kext of radiation [14]. It is used the parameter P1, which 
describes the correlation between the absorption and scattering of radiation by NP 
and characterizes their contribution [18]: 

P1 = 
Kabs 

Ksca 
(4) 

The parameter P1 makes it possible to select the spectral intervals in which NP 
absorption dominates scattering, P1 > 1, and this situation can be used for efficient 
absorption of radiation by NPs. The opposite case, when radiation scattering by NP 
prevails over absorption, P1 < 1, is not suitable for thermal applications and can be 
used for efficient radiation scattering. 

It is interesting to compare the optical properties of homogeneous oxide NPs upon 
absorption of solar radiation. NPs of TiO2, NiO oxides were chosen for subsequent 
analysis based on a comparison of their optical properties. Figure 1 shows the depen-
dences of solar irradiance IS, absorption efficiency factor Kabs and parameter P1 for 
homogeneous TiO2, NiO NPs with various NP radii r0 on λ [20]. The refractive 
indices of oxides [61, 62] were used for calculations. TiO2 and NiO NPs have signif-
icant absorption only in the spectral interval 300–500 nm. Their Kabs values sharply 
decrease in the IR spectral interval λ > 700 nm up to ~3–4 orders of magnitude, 
which means almost insignificant absorption of solar radiation by TiO2 and NiO 
NPs in this spectral interval. The optical properties of nanofluid (NF), based on TiO2 

NPs and water, were experimentally and theoretically studied in the spectral range 
250–1100 nm [63].

Figure 2 shows the scattering indicatrixes of radiation with the wavelengths λ = 
300 (UV) nm, 560 (VIS) nm, 1000 (IR) nm for homogeneous TiO2 NPS with various 
radii r0 [20]. The scattering indicatrix shows the relative radiation intensity scattered 
by a NP in the range of scattering angles from 0 to 360°. The indicatrixes for λ = 
300, 560 nm are elongated forward in the direction of radiation propagation. The
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Fig. 1 Dependences of the absorption factor Kabs and parameter P1 of homogeneous TiO2 a, b and 
NiO, c, d NPs with r0 = 50 (dashed, blue), 75 (dashed-dotted, red), 100 (dotted, green), 125 (solid, 
brown) nm and solar irradiance IS (1, solid, orange, a–d) on wavelength λ. Horizontal solid line 
(black) indicates the value P1 = 1. Adopted from [20]

amount of scattered radiation decreases significantly with wavelength increasing, 
especially for small NP sizes. The scattering indicatrixes of radiation for NiO NPs 
with the same wavelengths λ exhibit similar features presented here. The radiation 
absorbed by a NPs is extracted from subsequent optical processes, while scattered 
radiation by NPs propagates further and participates in subsequent acts of absorption 
and scattering by NPs. Preferential scattering of radiation into the rear hemisphere 
is realized for rather small wavelengths (for example, 300, 560 nm) and for all given 
values of the NP radii. During the interaction of IR light with NP, the scattering of 
radiation (1000 nm) will be approximately equally distributed in all directions. These 
data make it possible to understand the distribution of scattered radiation after the 
first collision of a photon with an NP for its subsequent application.

In general, TiO2 and NiO NPs are therefore not suitable for absorption in solar 
thermal applications due to the extremely low absorption in the VIS and IR regions of 
the spectrum and their P1 << 1 parameters. An increase in the radiation wavelength 
leads to a more uniform distribution of scattered radiation in space, with approxi-
mately equal scattering in the rear and frontal directions. This situation will be more 
suitable for the absorption of solar radiation by the NF. TiO2 NPs are used in material 
science, solar cells, photocatalysis, and engineering, as well as, in various industrial 
applications [1–4]. 

Let us briefly present the experimental results on the optical properties of oxide 
NPs. In experimental studies, the structure, morphology and optical properties of 
prepared NPs were studied by various methods used in the publications presented
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Fig. 2 Scattering indicatrixes of radiation with wavelengths λ = 300 (a), 560 (b), 1000 (c) nm for  
TiO2 NPs with r0 = 50 (dotted, purple), 75 (solid, red), 100 (dashed-dotted, green) nm. Radiation 
is propagated from left to right (from180° to 0°). Adopted from [20]

below. The following methods include atomic force microscopy (AFM), X-ray 
diffraction (XRD) spectroscopy, scanning (SEM) and transmission (TEM) electron 
microscopy, photoluminescence (PL) spectrometer, energy dispersive spectroscopy 
(EDS), proton-induced X-ray emission (PIXE) analysis, UV-VIS ultraviolet and 
visible spectroscopy, field emission scanning electron microscope (FESEM), Fourier 
transform infra-red (FTIR) and Raman spectroscopy. 

The optical properties of the synthesized nanocrystalline copper oxide (CuO) 
nanopowder were studied by UV-VIS absorption and photoluminescence spec-
troscopy [64, 65]. X-ray diffraction study shows that the size of the CuO NPs is 
about15 nm, as determined from Debye-Scherrer formula, and the particles are almost 
irregular in shape, with some nanorod-like structures. The thermo-optical properties 
of copper oxide NFs with average NP diameters of less than 40 nm were studied for 
direct absorption of solar radiation in the spectral interval 200–2500 nm [66] (see 
Figs. 3a and 4). The volume fractions of CuO NF samples are equal accordingly C5 

= 12.5, C4 = 25, C3 = 50, C2 = 75, C1 = 100 ppm. CuO NPs are used as a catalyst 
in several oxidation processes, in photoconductive and photothermal applications.

Recently, zinc oxide (ZnO) NPs have attracted the attention of researchers due 
to their optical properties and applications in optoelectronic devices [67–72]. Zinc 
oxide NPs are the semiconductor materials with a band gap of 3.37 eV at room 
temperature. In addition, it is non-toxic, environment friendly and transparent in the 
visible spectrum. Electrical and optical properties are highly dependent on both the 
shape and size of the NPs. ZnO NPs were synthesized by the sol gel method and the 
UV-visible spectrum showed the transparency of NPs in the entire visible range [67]. 
The FTIR analysis confirms the formation of zinc oxide NPs with an average size of 
14.36 nm. The sample absorbs the radiations in the UV range up to 361.75 nm, and 
almost all of the visible spectrum radiations are transmitted by the ZnO nanoparticles. 
The band gap energy is approximately equal 3.3 eV. 

The morphology of zinc oxide NPs with crystal sizes between 19 and 28 nm 
synthesized by the solvothermal method and their optical properties (photolumines-
cence emission spectra) were studied [68]. A study of the optical and morphological 
properties of zinc oxide NPs was made [69]. The absorption spectrum of 4.0 nm ZnO 
particles showed maximum between 300 and 350 nm (4.14 and 3.55 eV) followed 
by a sharp decrease. Structural and optical properties of ZnO NPs were investigated
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Fig. 3 Spectral extinction coefficient for CuO NF samples at different volume fractions (left) and 
SEM image of CuO NPs with an average diameter less than of 40 nm (right). Adopted from [66] 
with the permission from Elsevier (a); UV and VIS spectra (left) and SEM image of ZnO NPs with 
average size of 14.36 nm (right). Adopted from [67] based on Open access condition of journal 
(b). UV-VIS absorption spectrum (left) and TEM images of Al2O3 NPs with an average particle 
size of 19.43 nm (right) (c). Variation of absorbance with wavelength (left) and photomicrographs 
(x40) for (PVA-PEO-MnO2) nanocomposites for 2 wt.% MnO2 NPs (right) (d). Adopted from [73] 
(c) and  [74] (d) on the base of a Creative Commons Attribution 4.0 International License



496 V. K. Pustovalov

Fig. 4 Optical transmittance of TiO2, Al2O3, TiO2–Al2O3 and SiO2, TiO2–SiO2, SiO2–Al2O3 
NPs embedded in low density polyethylene LDPE. The dashed line marks the calculated average 
of the TiO2 and Al2O3 curves (a). Transmittance of NPs embedded in LDPE and the curve of 
net LDPE is given for comparison (a, b). Adopted from [82] on the base of Creative Commons 
Attribution 4.0 International license. Optical transmittances of Al2O3 (c), ZnO (d) NPs  in  water  
(NFs) and several NFs as a function of wavelength for various NPs (e). Adopted from [85] on the  
base of the permission from Elsevier. Transmittance spectra of the CuO NF samples at different 
volume fractions (f). Adopted from [66] on the base of the permission from Elsevier

[70]. The average particle sizes of the prepared samples are 9, 12, 25, 45 nm and 
the morphology of the particles can be observed using TEM analysis. The optical 
properties were studied by using UV-VIS absorption and photoluminescence spec-
troscopy. The optical band gap value of the prepared ZnO NP was ~3.36 eV. It can be 
noted that the absorption peak shifts with decrease in crystallite size. The absorption 
edge of the nanocrystalline ZnO is shifted in blue region compared to the edge of 
the corresponding bulk.
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A review on the influence of processing parameters on the control of the 
morphology and optical properties of sol-gel synthesized ZnO nanoparticles was 
presented [71]. The UV-vis absorption spectra of the samples were recorded in the 
wavelength range from 200 to 800 nm at room temperature, and the data were trans-
formed using the Kubelka-Munk method. The thermal radiating properties of the 
ZnO NFs for the selective absorption of solar radiation were characterized [72]. The 
optical properties of ZnO NPs are the determining factors for successful and effi-
ciency applications in the above-mentioned studies. The absorbing properties and 
TEM, SEM images of various NPs and NFs [66, 67, 73, 77] are  shown in Fig.  3. ZnO  
NPs can be applied in gas sensors, optoelectronic devices, in sunscreen creams, and 
as catalysts for numerous types of organic reactions. 

Alumina (Al2O3) NPs synthesized from leaf extract are stable, good semiconduc-
tors and showed good optical properties with a particle size ranging from 18 to 25 
nm [73]. Using UV-VIS spectroscopy, the energy band gap is 2.55 eV. The UV-VIS 
spectrum was used to study optical properties, and the absorbance was measured by 
varying wavelength of light (Fig. 3c). The sample showed a strong absorption peak at 
230 nm in the UV region. This is associated with photo excitation of electrons from the 
valence band to the conduction band. The effect of adding the aluminum oxide NPs 
with different weight percentages on the absorption spectra of polymer composites 
in the wavelength range 220–800 nm was studied [74]. The results showed that the 
absorption and extinction coefficients, real and imaginary part of dielectric constant 
increased with increasing concentrations of Al2O3 NPs. The change in the optical 
absorption of the PVA-PEG-Al2O3 nanocomposite depending on the wavelength and 
the investigation of the optical properties of alumina NFs with different aggregation 
properties were studied [76]. The optical properties of alumina NFs were studied 
experimentally and theoretically in the spectral range 250–1100 nm [63]. 

Polymer-manganese oxide nanocomposites were prepared with different concen-
trations of the blend and MnO2 NPs which were added to the blend by weight percent-
ages 2, 4 and 6 wt.% [77]. Optical measurements have shown, that the absorption 
and extinction coefficients, real and imaginary dielectric constants of nanocomposites 
increase with increasing concentrations of MnO2 NPs. 

The photothermal efficiency of iron oxide (Fe3O4, Fe2O3) NPs with a variable 
composition, achieved by partial replacement of iron by zinc atoms has been system-
atically studied [75]. A series of zinc ferrites NPs with size of ~12 nm and variable 
composition, ZnxFe(3−x)O4 (x = 0.2, 0.5, 0.8) have been synthesized. Laser radiation 
was used at a wavelength of 800 nm with variable power density (up to 1.4 Wcm−2). 
The efficiency of light-to-heat conversion gradually increases with the iron content, 
which indicates the dominant role of iron related transitions in heating processes. 
The experimental extinction coefficient in the spectral interval 250–1100 nm for 
magnetite NF Fe3O4 with NP sizes of 15 nm was higher than the calculated values 
[19]. 

Nanostructured particles of bismuth oxide (Bi2O3) were synthesized by pulsed 
laser ablation on irradiation of a solid bismuth target in 3% H2O2 solution with 
laser radiation at a wavelength of 355 nm generated by a third harmonic Nd:YAG 
laser [78]. The XRD pattern of the prepared sample was indexed as bismuth oxide
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α-Bi2O3 and the particle size was estimated to be ~4 nm. The UV–visible spectrum 
showed, that the absorption edge was shifted to the blue side, and the band gap of 
the prepared sample was estimated at 3.8 eV. The Raman spectrum exhibited peaks 
at the characteristic bands of α-Bi2O3. 

Nanomaterials based on tungsten oxide (WO3) were synthesized using the modi-
fied method of plasma-arc gas condensation with the aspect ratio from 1.1 for 
equiaxed particles to 12.7 for rods [79]. Tungsten oxide nanomaterials were char-
acterized using TEM, UV-VIS and PL spectroscopes. Compared to NPs, nanorods 
exhibited redshift in the UV-visible spectrum, blue emission in the PL spectrum, and 
good performance in field emission. 

Tellurite glasses based on amorphous TeO2 have a high refractive index and optical 
nonlinearity, which make them attractive for a number of applications [80]. Particles 
have a small exhibit scattering of visible light and potential applications as polymeric 
nanocomposites with linear and nonlinear refractive index and as host matrices for 
rare-earth ions that can act as IR-to-VIS upconverters. 

Figure 4 shows the transmittances of various samples of metal oxides (NFs) 
[66, 82, 85]. 

The cerium oxide (CeO2) NPs were synthesized by the hydroxide mediated 
method in a cubic structure with size ~6.4 nm [81]. The optical absorption spectra 
of cerium oxide NPs were recorded on a UV-VIS spectrophotometer in the range of 
320–600 nm and photoluminescence spectra in the range of 400–540 nm. The absorp-
tion peak observed at 349 nm depends on many factors such as band gap, oxygen 
deficiency, grain size, impurity centers, lattice strain and surface roughness. The 
CeO2 NPs were also obtained by pulsed electron evaporation of ceramic oxide targets 
with vapor condensation in vacuum [84]. It has been established, that cerium oxide 
exhibit catalase-mimic activity, as well as differential cytotoxicity against tumor and 
healthy cell cultures, that is associated with the presence both Ce3+ and Ce4+ ions on 
the nanocrystal surface. CeO2 NPs can be used in the fields of catalysis, gas sensing, 
electrochemistry, biomedical, and materials chemistry. 

Optical absorption measurements were carried out on several water-based NFs 
(Al2O3, CuO, TiO2, ZnO, CeO2, and Fe2O3) in the wavelengths range of 200–1300 
nm [66] depending on the concentration of NPs. For all NFs, volumetric concen-
trations were studied: 0.05, 0.1, 0.5 and 1%. The results showed different optical 
behaviors of the NFs depending on the material and concentration of NPs. The trans-
mittance increased from the visible to the infrared region, and the extinction distance 
increased to values exceeding the typical diameter of a solar receiver, when the NPs 
concentration is too low. The results can be used for the solar absorption devices. 

Of great interest is the use of NPs oxide embedded in polymer films to create 
various devises. The nanocomposite films presented here can be widely used in 
various sectors of various constructions, screen/TV technology, photography, etc. 
A bulk scale process for the production of nanostructured film composites with 
dispersed metal oxide NPs was implemented. The Al2O3, SiO2 and TiO2 NPs were 
processed in such a way that they could be suspended at the optimal size and 
composition [82] (Fig.4e, f). Silica nanopowder with an average particle size of 
12 nm, titanium (IV) oxide anatase-nanopowder with a particle size of <25 nm, and
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aluminum oxide with a particle size of 40–50 nm was used. Transmission and reflec-
tion measurements in the UV, VIS and IR ranges were performed to determine the 
optical properties of the nanostructured films. The optical properties of the films can 
be controlled depending on the concentration, size, shape of the NPs and the types 
of polymers, and the degree of NP dispersion in the polymer matrix. 

Thin films of aluminum oxide Al2O3 NPs were obtained by UV-irradiation and 
by measuring the structural and optical properties [85]. The AFM results showed 
that all films have a grain size of about 25.97–65 nm. The energy of the optical 
band gap was reduced from 5.19 to 4.68 eV by increasing the thickness. Absorbance 
in the wavelength range 200–800 nm increases with thickness. Sensitivity to gas 
is proportional to film thickness, so aluminum oxide NPs are considered good gas 
sensors for NH3 gas. 

A composite of PVA optical polymer and Co3O4 NPs with diameters in the range 
of 30–40 nm was prepared by adding NPs to a 6% PVA solution [86]. Optical proper-
ties of films with thicknesses of hundreds of nanometers were studied. The refractive 
index and absorption coefficient were measured, and two direct band gaps (1.38 and 
2.0 eV) were determined from the absorption spectrum. The nonlinear transmis-
sions of radiation with a wavelength of 523.5 nm with a pulse width of about 10 ns 
through three samples was studied depending on the illuminating fluence. Saturable 
absorption was observed when the films were illuminated with different fluences. The 
transmission of PVA:Co3O4 films decreases with increasing laser fluence, reaches a 
minimum at 600 mJ/cm2, and then increases with increasing fluence due to saturable 
absorption of Co3O4 caused by the band filling effect. Experimental results shown 
that the Co3O4 NP/PVA composite is a promising material for nonlinear optical 
devices in the visible range and has the excellent mechanical and process properties. 

4 Temperature Dependences of the Thermo-Optical 
Properties of Oxide Nanoparticles 

Recent development of modern high-temperature technologies such as laser abla-
tion and processing of NPs (their melting, evaporation, fragmentation, etc.), 
nanomedicine, and NPs applications in solar photo-processes such as photocatalysis, 
absorption and conversion of solar energy using solid nanostructured absorbers, etc. 
are implemented at high NP temperatures of the order of 1000 K and more. For 
the effective implementation of these processes, it is necessary to study and use 
the temperature dependences of the thermo-optical parameters of various oxides, 
dielectrics and materials. 

The effect of temperature on the optical characteristics of NPs determines the 
dynamics and results of high-temperature processes involving NPs under the action of 
intense laser radiation. Establishing the temperature dependence of the optical prop-
erties of metal NPs is of crucial importance for the development of high temperature
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applications in various emerging fields. Optical properties that depend on tempera-
ture can be realized as thermo-optical properties of NPs. To date, there is no broad 
understanding of the temperature dependences of the thermo-optical parameters of 
various materials of NPs and the environment, and significant information on the 
effect of temperature on optical properties of oxide NPs is currently limited. Below 
some results are presented on the dependences of the thermo-optical parameters of 
the selected materials of NPs and surrounding media for the spectral interval ~200 
to 2500 nm. The analysis will be limited to consideration of the currently available 
optical parameters of bulk oxides and the properties of NPs, which are significant 
for thermal processes of intensive laser or optical interactions with NPs. This part 
presents the results on the influence of the temperature dependences of the refractive 
indices of oxides on the optical properties of NPs. 

Publications [87–92] present the results of the temperature dependences of the 
thermo-optical parameters of various oxides, such as Al2O3, SiO2, TiO2, etc. Optical 
refractive n and absorption k indices of TiO2 thin films were studied by spectro-
scopic ellipsometry in the spectral 300–800 nm and in the temperature 293–533 K 
ranges [87]. Thermal expansion and electron–phonon interaction can be introduced 
to explain decrease of the refractive indices with increasing temperature. The results 
of this study can be applied to design and manufacture photonic devices and solar 
cell based on TiO2, used at various temperatures. 

The dependences of the indices n, k of fused silica (quartz) on the wavelength λ 
in the spectral range ~300 to 3000 nm for temperatures T = 299, 744, 1101 K were 
studied [88]. Changes of n, k in the presented ranges can affect the optical properties 
of fused silica. These results agree with the data of [89]. The dependences of the 
refractive n and absorption k indices of alumina Al2O3 on wavelength λ in the range 
T = 300–2300 K were studied [90, 91]. It should be noted that the optical indices of 
both oxides increase with temperature. It should also be noted the work [92] with the 
development of first-principles studies of the temperature dependence of the optical 
properties of rutile TiO2 (Fig. 5).

Measurements of the optical absorption of NPs of oxides ZnO, CeO2, Fe2O3 in 
the temperature range 25–500 C (298–773 K) were experimentally carried out [93, 
94]. The transmission spectra of ZnO, Fe2O3 CeO2 NPs were measured in air in the 
range 20–500 °C. Iron and cerium oxide NPS have a spherical shape with an average 
diameter of ~4.3 nm and ~3.0 nm, respectively. 

The absorption spectra of CeO2 film are shown depending on the temperature of 
the sample in the range 25–500 °C, and an increase in temperature does not change the 
absorption edges in this sample at Fig. 6. The change in the absorption spectra of iron 
oxide (Fe2O3) is seen in the inset of the Fig. 6, where room temperature measurements 
made before (dashed line) and after (continuous line) the annealing process with an 
integrated sphere. The observed red-shift is related to the structural phase transition of 
NPs induced by high temperature. The phase of nanocrystals irreversibly transforms 
into α-Fe2O3 (hematite) at high temperature, which make them more stable. The 
absorption coefficient of CeO2 oxide does not change significantly in this temperature 
range. Measurements of the absorption spectra of Fe2O3 and ZnO [94] showed a more 
significant temperature dependence. Unfortunately, these results can only be used as
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Fig. 5 Dependences of the refractive n index of fused silica SiO2 for temperatures T = 299 (1, 
green), T = 1101 (2, red) K (a) and the refractive n and absorption k indices of alumina Al2O3 for 
T = 300 (1, green), 1700 (2, brown), 2300 (3, red) K (b) on wavelength λ. Adopted from [91]

qualitative ones for application in gas-based or nanostructured solid-based absorbers 
in direct absorption solar power systems. 

Dependence of Kabs on temperature can be presented as [21] 

Kabs = K∞(T0/T∞)b (a) Kabs = K∞ exp[ε0(T0 − T∞)] (b) (5) 

K∞ = Kabs(T0 = T∞), parameters b = const, ε0 = const. Dependence (5b) can 
be used for the oxides (dielectrics) as materials of NPs, and the parameter 1/ε0 
can be possibly considered as material band gaps. There is no dependence of Kabs

Fig. 6 Absorption spectra of CeO2 (left) and Fe2O3 (right) NPs at room temperature and in the 
range 25–500 °C. The absorption spectrum at room temperature was also measured after sample 
cooling (grey line). The absorption spectrum obtained with the integrated sphere at room temperature 
is also shown (dashed line). Inset in Fe2O3: the absorption spectra obtained at room temperature, 
before (dashed line) and after (continuous line) the measurements at high temperature. Adopted 
from [94] with the permission from Elsevier 
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Fig. 7 The dependences of factors Kabs (a) and  Ksca (b) for a wavelength 800 nm on r0 in the 
range r0 = 5–100 nm of spherical Al2O3 NPs for T0 = 300 (1), 700 (2), 1100 (3), 1500 (4), 1900 
(5), 2300 (6) K (a) and  T0 = 300 (1), 1100 (2), 1900 (3), 2300 (4) K (b). Adopted from [21] 

on temperature T0 at b = 0, ε0 = 0. The temperature dependences of the optical 
efficiency factors of aluminum oxide NPs were studied [21]. 

On Fig. 7 shows the calculated dependences of the efficiency factors Kabs and 
Ksca of radiation with a wavelength 800 nm by spherical Al2O3 NPs in air on r0 in 
the range r0 = 5–100 nm on temperature T 0 in the range 300–2300 K. Dependences 
of the optical refraction and absorption indices on temperature for Al2O3 were taken 
from [90]. The significant influence of temperature on the absorbing properties of 
Al2O3 NPs can lead to a change in the dynamics of the interaction processes between 
a laser and NP. The effect of temperature on the values of Ksca is small. Expression 
(5b) with K∞ ≈ 5 × 10–9, ε0 ≈ 2.3 × 10–3 K−1 approximates the dependence Kabs on 
T0 and r0 (Fig. 7a) with a relative deviation of 10–30% and can be used for estima-
tions. Noteworthy is the study of the temperature dependence of the scattering and 
absorption for aluminum oxide [95]. The studies of the temperature dependences of 
the optical properties of metal NPs [96–100] should be noted. Successful applica-
tions in high-temperature nanotechnologies require further studies of the temperature 
dependences of the refractive indices of oxides and the optical properties of oxide 
NPs oxides in a wide temperature range. 

5 Applications of Oxide Nanoparticles Taking into Account 
Their Optical Properties 

The use of metal oxide NPs is associated to their laser processing, applications in 
various types of solar cells and energy conversion, photocatalysis, optoelectronics, 
nanomedicine, light protection, etc. with exceptional properties and functionality. 
These applications are also based on the fact that metal oxide and semiconductors are 
highly stable materials, environmentally friendly, and cheap. The optical properties 
of oxide NPs are the main parameters of NPs that determines the results and efficiency 
of their applications. The applications of oxide NPs in optical and laser technologies 
are briefly considered.
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Laser processing and synthesis of oxide NPs is currently a promising technology. 
Absorption of laser radiation by NP is the main process that will determine all 
subsequent thermal and other processes with NPs. Therefore, especially the optical 
properties of oxide NPs are of importance in their laser processing [9, 10]. Laser 
synthesis of oxides NPs in liquids can be considered as a qualitative method for 
obtaining pure oxide NPs with desired properties and their stabilizing for various 
applications. 

Oxide NPs are now used in real solar absorbers for energy conversion. Solar cells 
can generate charge carriers in a semiconductor that absorbs light and transfer them 
into conductive materials that transmit electricity. The application of metal oxide NPs 
in solar cells is interesting topic, covering a wide variety of research and emerging 
developments. Metal oxide NPs have been used as photoelectrodes in photovoltaics 
solar cells based on dyes [100]. Several metal oxides with a large bandgap range 
are easily tuned and applicable as photo-harvesters [101]. Photovoltaic solar cells 
are the novel energy conversion technology due to their fabrication capability on 
various substrates, high photovoltaic output, excellent transparency, and low cost. 
High performance cells can be fabricated with suitable functionalization of oxides 
NPs, using novel inorganic materials, organic conjugated polymers, etc. [102]. The 
role of NPs of possible metal oxides as an electron transport layer in dye-sensitized 
solar cells was studied [103]. A promising layer based on TiO2 NPs and its ability 
to be modified are studied. 

Stable binary oxide phases with different copper oxidation states are included 
Cu2O (cuprous oxide), CuO (copper oxide), and Cu4O3 (paramelaconite) which 
have been already successfully synthesized. Binary copper oxides are a promising 
class of semiconductors for solar energy applications due to their optical and elec-
trical properties, non-toxicity and elemental content. Copper oxides can be applied 
in photovoltaic cells as absorbers based on the physical properties of mentioned 
above phases, including their optical and electrical parameters, band structures, ther-
modynamics [104]. Optical and structural studies of nanostructured copper oxides 
showed their effectiveness as a perspective solar cell material. UV-vis spectroscopy 
and atomic force microscopy have been used to characterize nano-structure powder-
thin film with increased efficiency [105]. Raman spectroscopic and photolumines-
cence studies showed that multi-phonon scattering can play an important role for this 
improvement. The use of CuO NPs as hybrid heterojunction active layer indicated 
a noticeable improvement in solar cells characteristics [106]. When CuO NPs are 
added, the morphology of the photoactive layer undergoes significant changes. The 
incorporation of CuO NPs increased the power-conversion efficiency and photocur-
rent density of organic solar cells containing inorganic NPs. TiO2 NPs were also 
used to easily produce hybrid solar cells [107]. The effect of surface modification of 
ZnO NPs on the characteristics of hybrid solar cells with a bulk heterojunction was 
studied [108]. 

Metal oxides (MgO, ZnO) NPs were employed as photocatalysts for oxidation 
catalysis [109, 110] and TiO2 NPs for photocatalytic decomposition of pollutants 
[111]. TiO2, WO3, NiO were used in the heterogeneous photocatalytic air and water
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purification. Light-induced generation and migration of the carrier to the nanostruc-
ture surface, and reactive processes at the interfaces are the consequent processes for a 
photocatalytic process. Light-absorption efficiency determine the amount of photo-
generated charge carriers and consequently the photocatalytic efficiency. Among 
binary oxides, TiO2 NPs are the most investigated photocatalysts due to their low 
cost, inertness, and photostability [112]. The photocatalytic activity of TiO2 is deter-
mined by its density of surface hydroxyl groups, surface area, crystal structure and 
adsorption/desorption characteristics. The activity of several titania colloids, modi-
fied by nanosecond pulsed laser irradiation, for photocatalytic water splitting was 
measured [113]. The properties of the NPs were studied and shown that laser irradia-
tion contributes to the observed enhanced photocatalytic activity. The results showed 
an increase in hydrogen production up to three times under UV irradiation and two 
times with visible irradiation compared to the unirradiated titania. Thus, its efficiency 
under visible irradiation is low and it can only absorb UV radiation [114]. 

The optical properties of oxide nanostructures have stimulated their investigation 
and application in photonics and optics and in addition to biophotonics and photo-
catalysis. A strong second-harmonic signal was obtained from ZnO NPs, suggesting 
realization of the nonlinear processes [115]. Size-dependent optical applications of 
oxide particles with their appreciable sub-micrometre size range and monodisper-
sity were examined for ZnO random lasing [116] and using TiO2 for solar cells back 
reflectors [117]. Recently, Al2O3 NPs were studied as a antireflection coating and 
passivating for silicon photodiodes [118]. 

Indium tin oxide (ITO) has two main properties: electrical conductivity and optical 
transparency and can be used as transparent conducting oxides. ITO films exhibit 
good spectral response and anti-reflection properties in the blue visible region. A 
film reflecting near IR range was fabricated by spin coating method using ITO sol 
solution with NP sizes in the range of 15–30 nm. Reflectance on the surface of 
ITO film was determined by near-IR spectrometer [119]. Optimizing of solution-
processed ITO NPs film was used to study efficient transparent heater with oxygen 
vacancy control [120]. High transparency over 96% was achieved by solution-treated 
ITO films in the visible spectral interval (500–730 nm). This material is applied as 
a thin film in polymer-based electronics, photovoltaics, and for glass windows to 
conserve energy both in research and industry. The ITO material can be customized 
for the wide applications by controlling the composition, shape, size, and crystallinity 
of nanostructures, such properties as absorptivity, band gap, conductivity, surface to 
volume ratio can be influenced on the result. The applications of the metallic oxide 
(ZnO, TiO2) NPs as parts of photodetectors, solar-cells, solid-state lightning, and 
transparent conducting layers in optoelectronics were conducted [121]. 

Metal oxide NPs were applied in nanobiomedicine as biomedical materials in 
regenerative medicine, immunotherapy, diagnosis, tissue therapy and wound healing 
and biosensing platforms. One of the most popular imaging and therapeutic agents in 
nanomedicine are superparamagnetic iron oxide NPs [122, 123]. Combined infrared 
optical and magnetic heating of a single nanostructure, using the ability of iron 
magnetic NPs to efficiently generate heat, makes it possible to develop advanced ther-
apeutic procedures. They can combine the synergetic effects between these two heat
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sources which, can be joined with high penetration magnetic imaging. Magnetic iron 
oxide NPs have attracted considerable attention due to their applications, including 
hyperthermia and the use them as contrast agents for magnetic resonance imaging 
due to their nontoxic and biodegradable nature [124]. Current challenges in the use 
of NPs as a contrast agent are presented [125]. 

Titanium dioxide TiO2 NPs are common agents for biomedical applications and in 
tissue engineering, due to its ability to induce cytotoxic effect on melanoma cells and 
cell migration. Such properties are primarily determined by their optical properties. 
In vivo experiments with unmodified TiO2 irradiated with 365 nm light showed 
suppression of tumor growth in mice with glioma [126]. Nitrogen-doped TiO2 NPs 
revealed cytotoxic effect on melanoma cells with UV-induced death of melanoma 
cells due to higher absorption of light [127]. TiO2 NPs triggered the death of bladder 
cancer cells under the action of IR light with a wavelength of 808 nm [128]. It should 
be noted, that TiO2 and ZnO NPs have high optical absorption in the UV spectrum, 
which is important for UV protection in cosmetics and their antibacterial response 
[129]. 

Solar radiation absorption and energy conversion are widely used and applied in 
recent times. The direct absorption of solar energy by NF, determined by its optical 
properties, is a novel method to increase fluid temperature and to lead to higher 
collector efficiency. The direct absorption solar collector with alumina NF was tested 
[130]. The efficiency of a direct absorption collector with Al2O3 NF was experimen-
tally studied and NF has increased the efficiency [131]. The optical properties of NiO, 
Mo2O3 NPs and NFs were studied for direct absorption of solar radiation [132]. The 
collection of solar energy by cobalt oxide Co3O4 NF was studied [133]. The effect 
of water-based TiO2 and ZnO NFs on the characteristics of a flat plate collector was 
studied [132]. Optical absorption measurements were carried out on several water-
based NFs (Al2O3, CuO, TiO2, ZnO, CeO2, and Fe2O3) [85]. These measurements 
are important for evaluating the possibility of using the aforementioned metal-oxide 
NPs in liquid-based NFs for direct absorption flat solar collector. The idea of using 
water-based NFs with metal oxide foams in the direct absorption solar collectors was 
proposed [135] and collector is expected to have improved thermal performance. 

One of the main problems for the peoples of hot countries is the extraction of 
fresh water. The amount of water obtained by solar desalination has been signifi-
cantly increased by adding copper and aluminum oxide NPs [136]. The effects of 
synthesis parameters on the optical properties of CeO2 NPs [27] and particle size on 
the electronic and optical properties of magnesium oxide [97] were studied. On the 
whole, it can be concluded that knowledge of the optical properties of oxide NPs is 
important for the development and implementation of the above technologies.
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6 Conclusions 

A brief review of recent experimental results related to the absorption optical prop-
erties of oxide NPs, their changes under heating, and the use of NPs for collection of 
radiation is presented. This review focuses on the latest results of a study of the optical 
properties of oxide NPs, of course, taking into account the basic works of previous 
years. The dynamics and results of laser action on NPs are determined, primarily, by 
their optical properties. Metal oxide NPs have become significant components for use 
in solar absorbers and cells, photocatalysis, energy conversion, optoelectronic, elec-
tronics, medicine, and cosmetics. Metal oxide NPs with their nanoarchitecture and 
unique properties have proven to be valuable substances for creating various devices 
with excellent properties. The problem with oxide NPs is that the light collection 
efficiency is limited by the oxide large bandgap, and energy can be wasted either 
due to the low energy of the passing photons or as heat from high-energy photons. 
Therefore, multiple excitations, up-conversion of nanostructures and tuning of the 
band gap are of primary importance, which have a direct effect on photon absorption 
and photocurrent generation. 

The significance of the most relevant applications of oxide NPs in high-
temperature laser and optical nanotechnologies is considered, and special attention is 
paid to accounting the temperature dependences of the optical properties of NPs. The 
need to continue research in this promising direction is emphasized in connection 
with the unique possibilities of oxide nanostructured materials and nanocolloids in 
devices and technologies of the future. 
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