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Metal oxides have an important role in a lot of chemical and physical areas.

They have attracted many research interests thanks to their physicochemical

properties; they have many applications in catalysis [1,2], gas sensing [3],

transistors [4], microelectronics [5,6], energy storage and conversion

[7,8], environmental decontamination [9], ceramic fabrication [10,11], bio-

medicine [12–14], and biosensors [15,16]. For example, metal oxides are

considered as excellent catalysts because of their acidic and basic properties,

which allow to be used as supports for highly dispersed metal catalysts or as

precursors of a metal phase [17]. Transition metal oxides (TMOs) can play a

key role in numerous reactions as selective oxidation, dehydration, photo-

catalysis, or electrocatalysis [18–20]. More particularly, TMOs can interact

with surfaces of an appropriate carrier to develop monolayer structure of

these oxides.

Metal oxide nanostructures can exhibit unique physical and chemical

properties due to their limited size that influences basic properties in any

material. There are a large variety of metal oxide nanoobjects such as nano-

particles, nanowires, nanotubes, and nanoporous structures [21–27].
If gas-phase processes are successfully employed for the low-cost produc-

tion of large amounts of nanopowders [28–30], liquid-phase syntheses

are more flexible to control the structure, composition, and morphology

of the nanomaterials. Liquid-phase ways include coprecipitation, sol-gel

processes, hydrothermal methods, template synthesis, or biomimetic

approaches [31].

Metal oxides exhibit fascinating electronic and magnetic properties

(Table 1.1). For example, some oxides as RuO2 or ReO3 are metallic,

whereas BaTiO3 is an insulator. The magnetic properties of metal oxides

include ferro-, ferri-, or antiferromagnetic behavior. Some oxides possess
3
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Table 1.1 Some examples of metal oxide nanoparticles and their applications
Kind of oxide Properties Applications References

Bi2O3 Optoelectronic

material,

semiconductor with

photocatalytic

activity

Water treatment [32]

Co3O4 Optical, magnetic, and

electrochemical

properties

Energy storage [33–35]

CuO, Cu2O Optical, electronic

material

Antimicrobial agent [35,36]

Fe2O3,

Fe3O4

Magnetic properties Biomedical

applications—drug

delivery, hyperthermia,

magnetic resonance

imaging (MRI)

[37–40]

Sb2O3 Semiconductor

material

Chemical catalysis [41]

SiO2 Biocompatible

properties

Biomedical applications,

cosmetics

[42–44]

TiO2 Electronic properties Environmental,

biomedical

applications,

photocatalysis

[43,45]

CeO2 Electronic properties Antioxidant effects,

biomedical applications

[46,47]

UO2 Electronic properties Nuclear applications [48,49]

ZnO Electronic properties Decontamination of

hydrogen sulfide gas

[50]

ZrO2 Electro-optical,

piezoelectric, and

dielectric material

Catalysis applications [51,52]

SnO2 Optical and electronic

properties

Biomedical applications [53]
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switchable orientation states as in ferroelectrics (titanates, niobates, or tanta-

lates). Other fascinating classes of materials within the metal oxide family are

the cuprate superconductors, the manganites showing colossal magnetore-

sistance or multiferroics combining ferroelectricity and ferromagnetism

within the same material (BiFeO3 or BiMnO3) [54].



5Metal Oxide Particles and Their Prospects for Applications
The other most widely used nanoparticles are TiO2 (titania), ZrO2 (zir-

conia), CeO2 (ceria), or Fe2O3 and Fe3O4 (magnetic iron oxides). These

materials present catalytic, antioxidant, and bacterial activities; good stabil-

ity; and biocompatibility. They are used for numerous biomedical applica-

tions such as therapeutic and diagnostic agents, components in medical

implants or drug delivery [55–60]. For example, titania with a biocompatible

surface for cells and their proliferation is often used in medical implants

[61,62]; magnetic iron oxides are reported for cell labeling, magnetic reso-

nance imaging (MRI), and targeted drug delivery [63,64]; ceria is known for

its catalytic and antioxidant activity [65–67].
Many reviews on the synthesis, characterization, and applications of metal

oxides have been published [68–70]. Preparation of uniform nanoparticles

with different controlled shapes has been described [71–78]. The physico-

chemical properties of the nanosystems can be tuned by changing the nature

of the precursor or solvent or the experimental conditions. A stabilizer can be

used during the synthesis of the nanoparticles (in situ synthesis or one-pot syn-

thesis) or added to the already formed particles using adsorption, chemical

grafting, or ligand exchange (postsynthesis). They are usually large molecules

with functional groups that can be chemically or physically adsorbed on the

particle surface, such as polysaccharides, polyvinyl alcohol, polyacrylamides,

silica, or gold layer onto the particle surface (Fig. 1.1).

A lot of biomedical applications need surface modification with fluoro-

phores and biological vectors (as peptides, organic mimetics, antibodies, or

proteins) for targeted molecular imaging. Different strategies have been

developed to obtain nanostructures with multiple functions on the surface

(Fig. 1.2): drug carrier, biovectors, imaging probes, and molecules to

enhance biocompatibility or to improve intracellular behavior [79].

Coated nanoobjects can modify the behavior of the bare nanoparticles in

a biological media. In fact, the interaction with proteins, cells, or tissues

depends of the surface chemistry [80–87]. Thus, potential zeta, nature of

the coating, particle composition, aggregation, shape, and size can change

the in vivo behavior: cellular uptake, toxicity, biodistribution, clearance,

etc. [57,85,88–91].
The characterization of the modified surface nanoparticles can be per-

formed by various techniques as zeta potential (particle charge surface),

dynamic light scattering (particle size distribution), transmission electron

microscopy (size of the crystal), X-ray diffraction (composition of the core),

FTIR spectroscopy, TOF-SIMS, and XPS (the presence of functional

groups) [8].
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Interactions between nanoparticles and proteins can occur on the nano-

particle surface; protein can cover the particle and form a protein corona

[92–94]. The composition of this protein corona can influence the transport

and the biodistribution of the particles. Metal oxide nanoparticles (TiO2,

SiO2, and ZnO) can be bound to different plasma proteins [95].

A method to avoid this protein adsorption is to coat the nanoobjects with

a polyethylene glycol (PEG) derivative; this polymer layer creates a protec-

tive shell around nanoparticles. Metal oxides present excellent magnetic and

photoluminescent properties.
1.1 MAGNETIC METAL OXIDES

The magnetic properties are determined by the orientation and the number

of the electron spins. In the case of TMOs, the individual electrons are

strongly correlated in their motion, and the spin of an ion is characterized

by one global atomic spin. The atomic spins of neighboring ions may also

be strongly correlated to form a spin sublattice. Following the magnitude,

the orientation, and the number of spin sublattices, metal oxides possess dif-

ferent magnetic fields and different responses when an external magnetic

field is applied (Table 1.2) [96].

There are different types of magnetism: dia-, para-, antiferro-, ferri-, and

superparamagnetism. The behavior of small oxide nanoparticles differs from

the bulk behavior due to the large contribution from atoms on the surface.

The surface atoms may have different atomic spins than the bulk ions if they

are in a different oxidation state. The magnetic susceptibilities of some anti-

ferromagnetic oxides as Fe2O3, NiO, or CoO have been measured at dif-

ferent temperatures for different crystal sizes [97–102]. For small sizes (less

than 14 nm), the magnetic susceptibility increases, and it decreases with

increasing temperatures. This is a typical behavior for superparamagnetic

particles.

Some properties of magnetic metal oxide nanoparticles are suitable for

sensor applications. Magnetic responses, as coercivity changes, are based

on fundamental properties of magnetic metal oxide nanoparticles

[103–107]. In the case of magnetostrictive sensor, changes in position are

monitored. The principal advantage of this system is the absence of physical

contact.

Magnetic metal oxide nanoparticles are of great interest in biomedicine

due to the ability to manipulate the particles with an external magnetic field

[108–110]. The ability to control the delivery of drugs using a magnetic field



Table 1.2 Room-temperature magnetic properties of some transition metal oxides [96]
Magnetic
properties Diamagnetic Paramagnetic Antiferromagnetic Ferrimagnetic

Metal

oxides

Sc2O3 Ti2O3 Cr2O3 Mn3O4

Y2O3 VO MnO Fe3O4

TiO2 VO2 Mn2O3 γ-Fe2O3

V2O5 NdO2 MnO2

CrO3 FeO

Nd2O3 α-Fe2O3

AgO CoO

HgO NiO

Ta2O5 V2O3
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has generated a lot of interest. Other applications of these magnetic nano-

particles include cell separations/extractions and cell/drug manipulations

via magnetic fields.

MRI is another area in biomedicine that has benefited from the applica-

tion of magnetic metal oxide nanoparticles. MRI is a powerful noninvasive

tool used in medicine but suffers from low signal sensitivity. The use of con-

trast agents helps in this but suffers from their own drawbacks. The most

common contrast agents used are paramagnetic materials that utilize T1

relaxation (called spin-lattice relaxation time, it is related to the mechanism

by which the component of the magnetization vector along the direction of

the static magnetic field reaches thermodynamic equilibrium with its sur-

roundings). Superparamagnetic metal oxides, such as Fe3O4, effects T2

relaxation times (called spin-spin relaxation time, it is related to the time

of relaxation of protons interfering with each other) by altering local mag-

netic fields surrounding protons.

A third interesting application of metal oxide nanoparticles is hyperther-

mia treatment, using a magnetic field to heat up magnetic nanoparticles.

Localized heating in specific locations can be achieved through the use of

an alternating magnetic field and magnetic nanoparticles. The nanoparticles

heat up due to reversal of magnetic spins within the nanoparticles or physical

rotation of the nanoparticles in a viscous solution. Magnetic hyperthermia is

being investigated for its application into the treatment of cancer treatment.

A lot of applications of magnetic iron oxide nanoparticles as Fe2O3

or Fe3O4 are known in the biomedical field as (i) cell labeling, (ii) MRI,

(iii) targeted drug delivery, (iv) hyperthermia, and (v) biosensing

[111–113]. Another example is MnO nanoparticles obtained by thermal
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decomposition of Mn oleate complex and encapsulated in a polyethylene

glycol-phospholipid shell [114]. These nanoobjects gave a bright signal in

T1-weighted MR images.

Nanoparticles are promising for numerous biomedical applications

thanks to their optical and magnetic properties. For example, semiconductor

nanoparticles are used as fluorescence probes for labeling and optical imaging

of biological tissues [115,116].
1.2 METAL OXIDES WITH PHOTOLUMINESCENCE
PROPERTIES

ZnO, SnO2, and In2O3 metal oxide nanostructures have been studied a lot

for their numerous applications [117–123]. Among them, the wide-bandgap

semiconducting oxide nanoobjects with photoluminescence in blue light

and ultraviolet have an important role in laser printing, information storage,

or nanoscale optoelectronic devices. If the bulk In2O3 cannot emit light at

room temperature [124], the emission spectrum recorded from In2O3 nano-

wires showed a strong photoluminescence peak at 490 nm [125]. Following

the shape of In2O3 nanostructures, different peaks can be observed. For

example, nanowires have peaks centered at 425, 429, 442, and 460 nm

[126], 298 nm [127], or 416 and 435 nm [128]; nanocubes have peaks cen-

tered at 450 nm [129]. These photoluminescence peaks in the visible emis-

sion are attributed to the oxygen vacancies and emission results from the

recombination of a photoexcited hole with an electron occupying the oxy-

gen vacancies [130]. Similar behavior is reported for SnO2 nanosystems. For

SnO2 nanowires, the emission peak is centered at 602 nm, for SnO2 nano-

blades, the peak is centered at 445 nm, and for SnO2 nanoribbons, the emis-

sion is observed at 500 nm [131–133].
For different ZnO nanostructures, different emissions have been also

reported [134–139]. For ZnO, In2O3, SnO2 and many other nanostruc-

tures, such as ZrO2 nanowires, many authors explained that the origin of

strong emission in visible emission is due to oxygen vacancies produced

in the growth of nanomaterial [125–132,134–136,140].
Some articles describing the preparation of rare-earth oxide and their

physicochemical properties have been published [141–143].
In the following parts of this chapter, the different properties of metal

oxide nanoparticles will be highlighted in numerous applications: electron-

ics, catalysis, gas sensing, energy technologies, and finally biomedical appli-

cations as MRI, cancer treatment, and biomedical implant.
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1.3 METAL OXIDES IN ELECTRONICS, CATALYSIS,
GAS SENSORS AND ENERGY TECHNOLOGIES

1.3.1 Metal Oxide in Electronics
Complex metal oxides, exhibiting strong structure-composition-property

relationships, like perovskite (e.g., SrTiO3, SrRuO3, or PbTiO3), show

excellent properties as insulating, ferroelectric behavior, magnetoresistance,

or high-temperature superconductivity [144]. In these materials, charge,

spin, and orbital degrees of freedom couple with dynamic lattice effects pre-

sent a rich base for fundamental and applied researches [145].

Vanadium dioxide, VO2, is one of the most studied correlated electron

systems that exhibits a metal-insulator transition (MIT) near room temper-

ature (�67°C). The phenomenon of MIT phase transition in strongly cor-

related electron systems is one of the focus areas of research in condensed

matter physics [146]. The interest is partly motivated by the potential of

the materials exhibiting an MIT to be used in novel electronics and

electro-optical applications as switches or memory elements [147–150].
There is a considerable interest in understanding the fundamental science

behind the correlated electron behavior responsible for striking material

property changes such as a MIT, high-temperature superconductivity,

and magnetoresistance.

Lu et al. studied magnetic oxide thin-film properties and specially their

utilities in spintronics devices. The term “spintronics” usually refers to the

manipulation, storage, and transfer of information by means of electron spins

in addition to or in place of the electron charge as in conventional electron-

ics. Spintronics promises the possibility of integrating memory and logic into

a single device [151]. Oxides with the same crystal structure can possess very

different physical properties following the constituents and doping; these

oxides can be used as building blocks to construct heterostructures that

can function as magnetic tunnel junctions, spin valves, etc. Oxide spintro-

nics has become an active research area that can find scientific and techno-

logical impact [152]. Recently, many new phenomena including magnetic

ordering have been observed at the interface between two perovskite oxides

mostly on SrTiO3 and LaAlO3 that make it feasible to build interface devices

[153,154].

Multiferroic is used to describe materials that possess two or all three of

the ferroproperties: ferroelectricity, ferro-/ferrimagnetism, and ferroelasti-

city. In a broader sense, it also covers materials with ferro- and antiferropro-

perties or pure antiferroproperties. These materials have been known for
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decades; however, interest in multiferroics has been revitalized in the past

few years largely due to the advancements in both first principle calculations

and experimental techniques, especially in thin-film growth [155]. Multifer-

roic materials play a significant role in developing systems with large mag-

netoelectric coupling where the manipulation of magnetization or

polarization can be achieved by applying an electric or magnetic field,

respectively. This magnetoelectric coupling with an extra degree of freedom

will eventually usher a paradigm shift from conventional electronic devices.

Many have already proposed novel device concepts based on multiferroic

[156–158]. BiFeO3 is the most studied multiferroic materials because of

its room-temperature antiferromagnetism and ferroelectricity (Fig. 1.3)

[159,160].

Ferroelectrics form an important class of materials with giant electrome-

chanical and dielectric response properties, which are crucial in technologies

ranging from microelectromechanical systems to computer memory

devices. Ferroelectrics exhibit a spontaneous electric polarization (electric

dipole moment per unit volume) that can be switched with large enough

external fields to its symmetry equivalent states, in particular to the one with

reversed direction. Fundamentally, the strong coupling of spontaneous

polarization with external stress and electric fields is linked with a structural

(or ferroelectric) phase transition exhibited by ferroelectrics as a function of

temperature, which depends sensitively on applied stress and electric fields.

The coupling between the polarization and stress facilitates their use as sen-

sors and actuators, and the dielectric coupling and switchability of polariza-

tion facilitate their use in memory devices. Some examples of perovskite

ferroelectrics are KNbO3, BaTiO3, PbTiO3, and BiAlO3. These materials

are ferroelectric above room temperature and become paraelectric above

a ferroelectric transition temperature [161–163].
Very recently, Yu et al. have summarized the different optoelectronic

applications of metal oxides. They have compared the traditional inorganic

semiconductors as silicon and the metal oxides in terms of electronic struc-

ture, charge transport mechanisms, defect states, thin-film processing, and

optoelectronic properties [164].
1.3.2 Metal Oxides as Catalysts
Metal oxides are used as catalysts for industrial chemical synthesis thanks to

their ability to participate in acid-base and redox reactions [165,166]. For

example, TMOs, such as MnO or Mn3O4, are used extensively in industry
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for the selective oxidation of hydrocarbons. Since the site of the oxidation

reactions occurs at surface oxygens, metal oxide nanoparticles, with an

increased ratio of surface area to volume, becomemore efficient. If the metal

oxide were immobilized on a magnetic core, collection and separation of the

catalyst from the reactional mixture become more efficient with a magnetic

field [167].

Recycling catalysts is of particular interest, especially if the catalyst is

expensive. Immobilization of catalysts onmicrometer material has been used

for many years now and allows for the separation of the catalyst from product

via a filtration process. A way to improve this separation efficiency is to use

magnetic nanoparticles. Again, due to their high surface area, the loading of

catalysts is much higher and allows for easier access to the catalysts’ active

sites. Another advantage of the use of magnetic nanoparticle catalyst supports

is the ability to “turn off” a reaction by moving the catalysts out of the reac-

tion with an applied magnetic field. This also allows for the easy recovery of

the catalyst at the end of the reaction.

Themost active metal oxide catalysts for complete oxidation for a variety

of reactions are oxides of Ag, V, Mn, Fe, CO, Cu, or Ni [168–171]. CuO is

also known to be an effective catalyst of oxidation [172,173] and is consid-

ered as a substitute for noble metal catalysts in emission control applications

due to its high activity tolerance to sulfur [174]. Among the TMOs, Mn

oxides are recognized as being very active for total oxidation of CO

[175,176]. They are considered as nontoxic for the environment [177]

and possess the necessary electron-mobile environment for optimal surface

redox catalysts. In fact, Mn oxide can present Mn atoms with different oxi-

dation states [178]. Commercial catalysts based onMn oxides are also used in

self-cleaning oven walls [179].

Recently, Asano et al. have reported that metal oxide-supported

Pt-MoOx catalysts are effective for hydrogenation of 2-furancarboxylic acid

to valeric acid in water solvent. These catalytic systems allowed the hydro-

genation of 2,5-furandicarboxylic acid (Fig. 1.4) [180].
1.3.3 Metal Oxides in Gas Sensing
A gas sensor can be defined as a device giving information about the com-

position of the ambient atmosphere. Upon interaction with chemical species

(adsorption, chemical reaction, or charge transfer), the physiological prop-

erties of the metal oxide layer are modified. These changes are translated into

electric signals.
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Semiconductor oxide-based gas sensors are classified according to the

direction of the conductance change due to the exposure to reducing gases

as n-type (conductance increases, e.g., In2O3, ZnO, or SnO2) or p-type

(conductance decreases, e.g., Cr2O3 or CuO). This classification is related

to the conductivity type of the oxides, which is determined by the nature

of the dominant charge carriers at the surface, that is, electrons or holes.

Based on the electronic structure, metal oxide semiconductor (MOS) ele-

ments like Cr2O3, ZnO, SnO2, Mn2O3, Co3O4, NiO, CuO, SrO,

In2O3, WO3, TiO2, V2O3, Fe2O3, GeO2, Nb2O5, MoO3, Ta2O5,

La2O3, CeO2, and Nd2O3 are suitable for detecting reducing or oxidizing

gases through conductive measurements.

Only TMOswith d0 and d10 electronic configurations find their real gas-

sensing application. The d0 configuration is found in binary TMOs such as

TiO2 and V2O5, while d10 configuration is found in post-TMOs, such as

ZnO and SnO2. Among different materials studied for gas-sensing applica-

tions, SnO2 and ZnO are the most extensively studied compared with other

metal oxides. Their use as a gas sensor, in which the surface conductivity

changes in response to adsorbed gases, made them an ideal candidate in

the field of surface science.

There are different types of gas sensors: (i) capacitance-based gas sensors,

based on a change in dielectric constant of films between the electrodes as a

function of the gas concentration; (ii) acoustic-wave-based gas sensors, based

on using piezoelectric material that has one or more transducers on its sur-

face; (iii) calorimetric gas sensors, based on change in temperature on cata-

lytic surfaces; (iv) optical gas sensors, based on an absorbance on exposure to

http://dx.doi.org/10.1021/acssuschemeng.6b01640
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the analyte; and (v) electrochemical gas sensors, based on the measurement

of the concentration of a target gas by oxidizing or reducing the target gas at

an electrode and measuring the resulting current.

Many researches on metal oxide gas sensors have been published

[181–199]. Manymetal oxides are suitable for detecting combustible, reduc-

ing, or oxidizing gases by conductive measurements. The following oxides

show a gas response in their conductivity: Cr2O3, Mn2O3, Co3O4, NiO,

CuO, SrO, In2O3, WO3, TiO2, V2O3, Fe2O3, GeO2, Nb2O5, MoO3,

Ta2O5, La2O3, CeO2, and Nd2O3 [200].

The range of electronic structures of oxides are so wide that metal oxides

were divided into the following two categories [180,201]:

(1) TMOs (Fe2O3, NiO, Cr2O3, etc.)

(2) Non-TMOs, which include pre-TMOs (Al2O3, etc.) or post-TMOs

(ZnO, SnO2, etc.)

Gas sensors based on the MOSs have been used to detect numerous gases as

CO2, CO, NO2, CH4, ethanol, LPG. They have been studied due to their

advantages: low cost, simplicity, small size, and high compatibility with

microelectronic processing [202]. They have many applications in different

areas such as in environment, home safety, and industry [203,204].

Various morphologies of MOS nanostructures (wirelike, belt-like,

rodlike, or tetrapods) have been investigated for gas-sensing applications.

One-dimensional nanostructures such as nanowires, nanobelts, and nano-

needles have gained a lot of interest for nanodevice design and fabrication

[205,206].

The fundamental mechanism of gas sensing based on MOS depends on

the reaction between reactive chemical species (O�, O2�, H+, or OH�), the
sensor surface and the gas molecules (reducing/oxidizing gas) to be detected

[207]. Thus, it is important to understand the surface reactions between

semiconductor surface and target gas for improving the sensing characteris-

tics. Typically, the important parameters in sensor development are sensitiv-

ity, selectivity, and stability [208–210].
A lot of MOS are based on SnO2, TiO2, WO3, In2O3, ZnO, or Fe2O3.

Noble metals such as Au, Pt, Pd, and Ag on the surface of MOS can act as a

catalyst to modify surface reactions of MOS toward sensing gas and result in

high sensitivity.

Resistive chemical sensors are devices in which the electric transport

properties of the MOS sensing layer are modified by contact with reducing

or oxidizing gases. The gas-sensing efficiency of MOS changes between

bulk and nanostructured forms. In fact, the same material with different sizes
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and shapes shows different electric [211,212], sensing [213–215], or catalytic
behaviors [216]. Graf et al. presented a fully integrated gas sensor microsys-

temwith a micro hot plate and an analog and digital circuitry on a single chip

[217]. The micro hot plate is coated with a nanocrystalline SnO2 thick film

(Fig. 1.5). Traces of CO in very low concentration (subparts-per-million

range) are detectable.
1.3.4 Metal Oxide in Energy Technologies
Renewable energy, as solar energy, is very important for our society due to

the increasing demand. Solar cells allow to transform solar energy into elec-

tric energy. Silicon-based solar cells are currently the dominant technology,

with high power conversion efficiency (PCE) and stability, but they are rel-

atively expensive. Organic-inorganic hybrid perovskite solar cells (PSCs) are

the most promising next-generation photovoltaic technologies due to their

high PCE, low cost, and easy fabrication [218].

A fine morphological distribution of two types of materials (electron

donor and electron acceptor) within one layer is essential for good device

performance. The advantage of hybrid organic solar cells (OSCs) is the sta-

bility and controllability of the morphology of the active layer. The mor-

phology of ZnO-polymer hybrid solar cells is for a large part controlled

by choosing the hydrophilicity of the polymer [219]. When this polymer

is functionalized with ester functions, increasing the hydrophilicity, the

ZnO shows a much finer distribution across the layer. In thin active layers,

the finer morphology leads to an enhancement of device performance.
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Increasing effort is being applied to develop multifunctional solar cells

that integrate new capabilities for creating various or neutral colors in a

desired manner, thereby opening up the possibility of numerous applica-

tions, including building-integrated photovoltaic (BIPV) systems, photon

energy conversions, tandem cells, wearable electronics, and energy-saving

colored display technologies [220–237]. Lee et al. have summarized recent

works on PSCs with neutral-colored and multicolored semitransparency for

BIPVs and tandem solar cells [238].

In photovoltaics, MOS serves as a scaffold layer for loading dyes in dye-

sensitized solar cells (DSSCs) and organic-inorganic hybrid perovskites in

PSCs and electron and hole transport layers in DSSC and OSCs. The func-

tion of scaffold in DSSC is to facilitate charge separation and charge trans-

port, whereas that of the transport layers is to conduct one type of charge

carrier block to the other type [239]. Therefore, tailoring their properties

is inevitable to develop high-performing photovoltaic devices using them.

On the other hand, the electrochemical properties of theMOS such as band-

edge energies determine their success as photocatalysts.

Wang et al. developed a self-assembly approach to prepare metal oxide-

graphene nanocomposites with well-controlled nanostructures [240]. This

class of layered nanocomposites contains stable, ordered, alternating layers

of nanocrystalline metal oxide and graphene-graphene stacks (Fig. 1.6).

The graphene materials can also be incorporated into hexagonal nanostruc-

tures to form high-surface-area, conductive porous networks for energy

storage. SnO2-graphene nanocomposite films displayed near theoretical spe-

cific energy density for Li ion insertion/extraction without significant

charge/discharge degradation.
1.4 METAL OXIDES IN BIOMEDICAL APPLICATIONS

1.4.1 MRI and Cancer Treatment
MRI is based on the same principle than the one used in chemical nuclear

magnetic resonance (NMR) analysis and is one of the most useful diagnostic

imaging techniques thanks to its excellent spatial resolution and noninvasive

nature. For improved imaging quality including sensitivity, resolution, tis-

sue, or organ specificity, contrast agents are generally required. Considerable

attention has been given to develop various nanosized contrast agents, since

conventional low-molecular-weight agents (like Gd-DTPA and

Gd-DOTA derivatives) possess disadvantages such as rapid excretion

[241], relatively low contrast efficiency [242], potential renal toxicity



Fig. 1.6 Schematic illustrations of the ternary self-assembly approach to ordered metal
oxide-graphene nanocomposites. Graphene or graphene stacks, which are used as the
substrate instead of graphite. Adsorption of surfactant hemimicelles on the surfaces of
the graphene or graphene stacks causes its dispersion in surfactant micelles in an
aqueous solution (A), the self-assembly of anionic sulfonate surfactant on the
graphene surface with oppositely charged metal cation species and the transition
into the lamella mesophase toward the formation of SnO2-graphene
nanocomposites, where hydrophobic graphenes are sandwiched in the hydrophobic
domains of the anionic surfactant (B), metal oxide-graphene layered nanocomposites
composed of alternating layers of metal oxide nanocrystals and graphene/graphene
stacks after crystallization of metal oxide and removal of the surfactant (C), self-
assembled hexagonal nanostructure of metal oxide precursor (e.g., silicate) with
nonionic surfactants (e.g., Pluronic P123) on graphene stacks (D). Reprinted with
permission from M. Graf, Diego B.S. Taschini, C. Hagleitner, A. Hierlemann, H. Baltes,
Metal oxide-based monolithic complementary metal oxide semiconductor gas sensor
microsystem, Anal. Chem. 6 (2004) 4437–4445. Copyright 2010, American Chemical Society.
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[243], and the lack of specificity to target disease or cancerous tissues [244].

MRI is highly useful for diagnosis and therapy monitoring [245]. The latter

provide an excellent soft-tissue contrast, which enables the noninvasive and

highly accurate detection of, that is, tumors and inflammation sites.
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The parameters that define the efficiency of as an MRI contrast agent are

the longitudinal (r1) and transversal (r2) relaxivities. These proton relaxivities

give the efficacy of magnetic nanoparticles to increase the longitudinal (R1)

or transversal (R2) relaxation rate of water protons induced by one millimo-

lar of iron (Eq. 1.1):

Robs
i ¼ 1

Tobs
i

¼ 1

Tdia
i

+ ri �C i¼ 1 or 2ð Þ (1.1)

where Ri
obs is the global relaxation rate of the system (s�1), Ti

obs is the
global relaxation time of the system, Ti
dia is the relaxation time of the system

before the addition of the contrast agent (s), C is the iron concentration of

the superparamagnetic compound (mmol L�1), and ri is the relaxivity.

The evolution of longitudinal relaxivity as a function of external mag-

netic field is shown by nuclear magnetic resonance dispersion (NMRD)

profiles [40] (Fig. 1.7).
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The fitting of the NMRD profiles by adequate theories gives informa-

tion about the nanocrystals, their average radius r, their specific magnetiza-

tion Ms, their anisotropy energy Ea, and their N�eel relaxation time τN.
Different methods can be used to determine nanoparticle characteristics.

The size of the particle core can be determined by TEM images. It provides

details on the size distribution and the shape. XRD can be performed to

obtain the crystalline structure of the particles. In a diffraction pattern, the

intensity can be used to quantify the proportion of iron oxide formed in

a mixture by comparing experimental peak and reference peak intensities

[246]. The crystal size can be calculated also from the line broadening from

the XRD pattern using the Scherrer formula [247]. Dynamic light scattering

(DLS) is a common technique to obtain the hydrodynamic sphere of nano-

particles. Additionally, magnetometry and relaxivity properties recorded

over a wide range of magnetic fields can be used to determine the mean crys-

tal size, among numerous other parameters. Other physicochemical tech-

niques, such as atomic-force microscopy (AFM), thermogravimetric

analysis (TGA), differential scanning calorimetry (DSC), X-ray photoelec-

tron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR),

secondary ion mass spectra (SSIMS and TOF-SIMS), conductometry,

potentiometry, and solid-state NMR, have been used to investigate the sur-

face properties of coated IONPs. It is worth noting that some of these tech-

niques are used to describe the nature and strength of the bonding between

the iron oxide surface and the coating, while others are used to understand

the coating influence on the nanoparticle magnetic properties.

The blood half-life, opsonization, biokinetics, and biodistribution of

nanoparticles are determined by the surface chemical nature and the particle

size. To be used in the biomedical field, there are some requirements as

hydrophilicity and biocompatibility, furtivity, colloidal stability in water

and protein-rich physiological media, and a hydrodynamic size<100 nm.

NPs shape, structure, composition, synthesis method, and coating play a

crucial role in the nontoxicity, biocompatibility, stability, reticuloendothe-

lial system (RES) escape, internalization by cancer cells, andMRI properties

of iron oxide nanoparticles [248,249].

Most iron oxide nanoparticles usually used in preclinical or clinical tests

are coated with a dextran derivative (Endorem, Revovist) [250]. Surface

coating and size affect the efficiency of the magnetic nanoparticles [251].

The relaxation rates increase with the size of the nanoparticles, and the

thickness coating decreases the relaxivity [252,253]. The magnetism can

be modified by adding doping atoms; Fe2+ is replaced by transition metals

as Mn2+, Ni2+, or Co2+ [254].
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An example of theranostic nanoparticles is mesoporous silica matrix

loaded with magnetic iron oxide nanoobjects and drugs and having a phos-

phonate coating; these nanosystems can cross the cellular membrane and can

be internalized by pancreatic cancer cells. The use of an external magnetic

field allows to control the locations of the nanoparticles [255].

Treatment of cancer via hyperthermia by tissue heating at 42–45°C, in
conjunction with radiation and chemotherapy, has resulted in synergistic

effects to increase the efficacy of conventional treatments and has allowed

to reduce toxic side effects [256]. In magnetically mediated hyperthermia

(MMH), the heating of tissue is generated by magnetic nanoparticles in

the presence of an alternating magnetic field (AMF) [257]. Iron oxide nano-

particles are able to passively and actively target tumors and, upon activation

by an external alternating magnetic field, generate heat via multiple possible

loss mechanisms: hysteresis, N�eel paramagnetic switching, and friction from

Brownian rotation [258]. Grafting the nanoparticle surface with active tar-

geting ligands has shown an improve tumor targeting and retention of the

magnetic nanoparticles [259–261].
Magnetic nanoparticles with unique physicochemical properties have

been used in a wide range of applications [262–266]. Clinical applications
include imaging of the liver, gastrointestinal tract, metastatic lymph nodes,

atherosclerosis, kidney diseases, and brain tumors [254,267–269].
Surface functionalized nanoparticles are used for in vivo imaging or cell

labeling. Surface modification of the magnetic core with polyethylene glycol

(PEG) makes the nanoparticles useful for biological systems with high col-

loidal stability [270,271]. Moreover, versatile surface functionalization with

antibodies [272], aptamers [273], peptides [274], and small molecules [275]

allows to target different receptors overexpressed on cells. These nanopar-

ticles can be followed by multimodal imaging and also be used for therapy.

Among the many types of magnetic nanoparticles, superparamagnetic iron

oxides are the most used in MRI.

Yang et al. prepared iron oxide nanoparticles coated with HER2/neu

antibody conjugated poly(amino acid) derivatives (PAION-Ab) for molec-

ular MR imaging of breast cancer SKBR-3 cells (Fig. 1.8) [276]. The bio-

compatible poly(amino acid)-coated iron oxide nanoparticles showed no

cytotoxicity. The antibody was grafted via glutaraldehyde cross-linking,

and the hydrodynamic size of the antibody-grafted nanoparticles was about

31 nm. The T2 relaxivity was 246 mM�1 s�1 greater than that of the com-

mercial products. T2-weighted images of SKBR-3 breast cancer cells that

overexpressed HER2/neu receptors showed enhanced signal intensities

(Fig. 1.9).



Fig. 1.8 HER2/neu antibody conjugated poly(amino acid)-coated iron oxide nanoparticles for breast cancer cell imaging. Reprinted with
permission from H.-M. Yang, C. Woo Park, M.-A. Woo, M. Il Kim, Y. Min Jo, H. Gyu Park, J.-D. Kim, HER2/neu antibody conjugated poly(amino
acid)-coated iron oxide nanoparticles for breast cancer MR imaging, Biomacromolecules 11 (2010) 2866–2872. Copyright 2010, American
Chemical Society.
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1.4.2 Antibacterial Properties
Effective inhibition against a wide range of bacteria is well known for several

nanosystems, for example, Fe3O4, TiO2, CuO, and ZnO. These oxides pos-

sess greater durability, lower toxicity, and higher stability and selectivity in

comparison with classical organic antibacterial agents. Nanoparticles with a

diameter less than 20 nm are generally more efficient than larger one. In fact,

small nanoparticles can penetrate into bacterial cells and may release toxic

metal ions upon dissolution [277].

Metal oxide nanoparticles with varying physicochemical characteristics

can exhibit different antibacterial mechanisms and effects. Oxide nanopar-

ticles with a combination of two or three metals can be developed for



Table 1.3 Some examples of mixed metal oxide nanoparticles tested for their
antibacterial activity [278]
Metal oxide nanoparticle Bacterial strain tested References

Zn/Fe oxide Staphylococcus aureus, Escherichia coli [279]

Zn/Mg oxide E. coli, Bacillus subtilis [280]

ZnO/Au E. coli, S. aureus [281]

TiO2/Ag S. aureus [282]

Fe3O4/Ag S. aureus [283]
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efficient elimination of various bacterial strains, even those highly resistant to

traditional treatments (Table 1.3) [278].

Guo et al. [284] have reported that when ZnO nanoparticles are doped

with Ta, their bactericidal activity is higher than that of pure nano-ZnO

systems.

In another study, He et al. [281] have observed that deposition of small

Au particles (3 nm of diameter) onto the surface of ZnO nanoparticles, even

at a very low ZnO/Aumolar ratio (0.2%), significantly enhanced the photo-

catalytic and antibacterial activity of ZnO nanoobjects.

Different studies suggested that the most important factor that deter-

mines the toxicity of metal oxide nanoparticles is the inherent toxicity of

the metal ions released [285] and the induction of reactive oxygen species

(ROS) generation [286].

Li et al. studied the ROS production kinetics of seven metal oxide nano-

particles (TiO2, ZnO, Al2O3, nSiO2, Fe2O3, CeO2, and CuO) under UV

irradiation (365 nm) [287]. The results showed that different metal oxides

had distinct photogenerated ROS kinetics. TiO2 and ZnO nanoparticles

generated three types of ROS (superoxide radical, hydroxyl radical, and sin-

glet oxygen), whereas other metal oxides generated only one or two types or

did not generate any type of ROS (Fig. 1.10). The ROS generation mech-

anism was investigated by comparing the electronic structures of the metal

oxides with the redox potentials of various ROS generation. To develop a

quantitative relationship between oxidative stress and antibacterial activity of

NPs, they examined the viability of E. coli cells in aqueous suspensions of

NPs under UV irradiation, and a linear correlation was found between the

average concentration of total ROS and the bacterial survival rates.

1.4.3 Biomedical Implant
Bioceramics are important in the biomedical field and are ideal for surgical

implants thanks to their thermal and chemical inertness. They have high



hn
EC

EH (V)
NHE

EV
−

6.0

5.0

4.0

3.0

2.0

1.0

0.0

−1.0

−2.0

−3.0

−4.0

3.3 eV

3.2 eV

9 eV 8.5 eV

2.2 eV
1.7 eV

CuO

ZnO

CeO2

AI2O3
SiO2

TiO2 Fe2O2

3.2 eV

EV

h+

e–

H2O •OH

H2O/•OH

1O2/O2

O2/O2
•–

O2
•–

1O2

O2

O2

Fig. 1.10 Principle of photogenerated reactive oxygen species. Reprinted with
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strength, wear resistance, and durability. They can also stimulate bone

growth and have low friction coefficients. They do not create strong bio-

logically relevant interfaces with bones, but they do promote strong adhe-

sions to bones [288]. Joint/tissue replacement, metal coating to increase

biocompatibility, or resorbable lattice to provide a structure that can be

replaced by the body tissues are the most principal applications of ceramic

biomaterials.

Bioceramics are not exclusively resorbable; they can also be bioactive,

biodegradable, and soluble and are also available as composites with a poly-

mer component and microspheres [289].

Alumina (Al2O3) and zirconia (ZrO2) are the most used metal oxides for

biomedical implant. Alumina is highly inert, even under physiological con-

ditions and has excellent wear resistance and hardness. It is used for dental

applications and functions as vertebrae spacers and extensors [289,290].

The body normally reacts to alumina by forming nonadherent fibers around

the implant [289]. Zirconia is also inert under physiological conditions.

Partially stabilized zirconia (PSZ) has a higher flexural strength, toughness,
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and reliability and lower Young’s modulus. Zirconia is good for long-term

clinical uses [289]. It is widely used in total hip replacement and as a replace-

ment for knees, tendons, ligaments, and teeth [290]. Zirconia-based

bioceramics include yttria-stabilized tetragonal polycrystalline zirconia

(Y-TZP) and zirconia/alumina composites [287,289], but different systems,

as ceria- and magnesia-doped zirconia (Ce-TZP and Mg-PSZ), had also

been introduced. If Y-TZP is preferred for orthopedic implants due to its

high strength. Ce-TZP and Mg-PSZ are competitive with Y-TZP in

toughness and strength.

Tantalum has excellent anticorrosion and biocompatibility properties.

Tantalum oxide (Ta2O5) nanotube films can be produced on tantalum by

controlling the conditions of anodization and annealing. Wang et al. inves-

tigated the influence of Ta2O5 nanotube films on pure tantalum (Fig. 1.11)

[291]. The results showed that Ta2O5 nanotube films have high
Fig. 1.11 Fluorochrome micrography of rBMSCs after incubation for 48 h. rBMSCs on
the nanotube surface (panels C and D) have a more regular arrangement of the actin
cytoskeleton and more obviously have a polygonal and elongated form than on the
untreated tantalum surface (panels A and B). Reprinted with permission from Y. Li, W.
Zhang, J. Niu, Y. Chen, Mechanism of photogenerated reactive oxygen species and
correlation with the antibacterial properties of engineered metal-oxide nanoparticles,
ACS Nano 6(6) (2012) 5164–5173. Copyright 2012, American Chemical Society.
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anticorrosion capability and can increase the protein adsorption to tantalum

and promote the adhesion, proliferation, and differentiation of rabbit bone

mesenchymal stem cells (rBMSCs) and the mRNA expression of osteogenic

gene such as Osterix, ALP, collagen-I, and osteocalcin on tantalum. Ta2O5

nanotube films can improve the anticorrosion, biocompatibility, and

osteoinduction of pure tantalum, which provides the theoretical elaboration

for development of tantalum endosseous implant or implant coating to a cer-

tain extent.
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