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Abstract
Oxide spinels (OSs) have been identified as perspective functional materials in
various fields of applications including water treatment, degradation of dyes,
hyperthermia, and drug delivery and as antibacterial agent. In recent years,
extensive researches are devoted to the synthesis and properties of spinel nano-
oxide systems to fulfill the essential requirement of better chemical and thermal
stabilities with enhanced catalytic and photocatalytic. In this chapter, the appli-
cations of OSs (ferrites, aluminates, chromites) as heterogeneous catalysts in
different inorganic processes and as photocatalysts in many chemical processes
such as decomposition, oxidation, reduction, and construction are described. The
catalytic properties of OSs crucially depend on the distribution of cations among
the octahedral and tetrahedral sites in the spinel structure and accordingly the
corresponding physical properties. In particular, the most interesting feature of
spinel ferrites is the magnetic property for the removal of catalyst from the
reaction medium by means of a magnet without loss of catalytic or photocatalytic
activities. These compounds have well-established catalytic characteristics for
many reactions including carbon monoxide oxidation, catalytic decomposition of
greenhouse gases (CO2, N2O, CH4), catalytic combustion (oxidation) of soot, and
the growth of the CNTs. Through this chapter, we hope to provide the readers
with a distinct perspective of the present and future of this field.

Keywords
Catalyst · Active center · Mössbauer spectroscopy · Photocatalysis · Spinel ·
Ferrite · Soot · Dye · Catalytic activity

Introduction

The oxide spinels of general formula AB2O4, where A and B are divalent and
trivalent metallic cations, respectively, are widely used as magnetic materials
[1–6], catalysts and photocatalysts [7–9], adsorbents [10], biosensors systems [11,
12 ], contrast agents in magnetic resonance imaging (MRI) [13], antimicrobial
systems [14], cancer treatment [15], drug delivery [16], and so on. Ferrospinels
have been very often used as cores for various catalytic shells [17]. Such catalysts
have advantages, as they could be easily magnetically separated from the reaction
system. Core-shell nanomaterials are found to possess better catalytic activity due to
the presence of different effects (ligand, ensemble, and geometric). Magnetically
separable ferrite nanoparticles can also be used as Fenton catalysts for the removal of
several types of pollutants.

The oxide spinels have tunable physical and chemical properties and thus can be
synthesized in any specific size and geometry depending on their desired application.
In the spinel-type compounds, divalent and trivalent ions can occupy octahedral and
tetrahedral sites within the crystal lattice. The possibility of the presence of metal
cations in tetrahedral and octahedral positions leads to the surface heterogeneity and
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often influences the catalytic activity. The results reported by many recent studies
indicate that in catalysis, the activity of oxide catalysts depends on many factors such
as the method of synthesis and precursors. Also, it was found that mixed oxide
systems used in many catalytic reactions are more active than their separate com-
ponents. Many reports have shown correlation between structural parameters (cat-
ions present in octahedral and tetrahedral sites) and the catalytic activity of spinel
compounds. Jacobs et al. [18] established that, in oxide spinels, the catalytic activity
was mainly due to octahedral cations.

Many researches showed that heterogeneous catalytic reactions occurred at the
active sites of spinel catalyst surface [19]. The catalytic activity and selectivity of
catalyst depend on the nature of atom’s active centers, method of catalyst prepara-
tion, chemical composition and cationic distribution between crystal sub-lattice, etc.
[20]. This chapter provides the readers with in-depth information about different
oxide spinel compounds which have well-established catalytic characteristics for
many reactions.

Structure and Physicochemical Properties of Spinel Compounds

Oxide spinels as non-noble nanocatalysts used in various catalysis fields, including
photocatalysis, have been recently widely investigated due to their low cost, high
reactivity, and low toxicity. Among them, Fe-based catalysts are very popular.
Mössbauer spectroscopy is a powerful technique that gives information about ferric
or ferrous ions taking part in the catalysis process and investigates the possibility
of any correlation between catalytic behavior and the coordination structure of
catalysts, which are highly desirable for clarifying the involved mechanisms [21,
22 ]. The knowledge of the local electronic structure, identifying the active site,
determining the crystal phase, and tracking the oxidation state and environment
change of various Fe-based catalysts with the application of Mössbauer technique, is
of great importance for the further development in these catalysis fields [21].

57Fe Mössbauer spectroscopy as a nuclear probe technique in solids is based on
the nuclear resonant absorption and emission of gamma rays which provides deep
insight on the atomistic nature of different materials (ca. spinel ferrites). This
resonance effect was discovered in 1958 by Professor Rudolf Mössbauer, who
received the Nobel Prize in Physics in 1961. Since the early days of Mössbauer
spectroscopy (MS), a vast amount of work on spinel ferrites has been published. As
early as the first decade of Mössbauer, 1961–1970, the first Mössbauer measure-
ments on the spinel ferrite γ-Fe2O3 were carried out by Bauminger et al. [23] and
Kelly et al. [24]. For CuFe2O4, the first results were reported by Evan et al. [25].

Fortunately, on 1968, an interesting review article was published by Evans [26]
on the magnetic hyperfine interactions in some spinel ferrites. He claimed that finer
details of 57Fe data in ferritic spinels can be explained by the super transferred
hyperfine interaction mechanisms. The Fe3+-O2� distance is substantially different
for A and B sites in the spinels, and the number of magnetic neighbors is also
different for the two sites being 6 for B site and 12 for the A site. These two factors
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alone would lead to the required difference in the influence of a given ion on the A-
site and B-site fields. For many material scientists, there is an increase need for a
better understanding of this Mössbauer spectroscopy (MOS) and its underlying
principles. This chapter contains some elementary notes of MOS in characterizing
the spectrum of iron in spinel ferrite in the level of nanoscale. Figure 1 shows the unit
cell of normal spinel ferrite MeFe2O4 (Me is divalent metal cation).

The crystal structure of spinel ferrites is fairly formulated as (Me1–xFex)
[MexFe2–x]O4, where parentheses enclose cations in tetrahedral (A) coordination
and square brackets denote octahedral [B] cation sites [27], while x represents the
degree of inversion which is meant either the fraction of (A) sites occupied by Fe3+

cations or the fraction of [B] sites occupied by Me2+ cations. It is widely appreciated
that the degree of inversion in spinel ferrites gives rise to important consequences in
their properties. Therefore, the study of the local structure of these compounds is of
primary importance.

It is worth to mention here that many interesting literature papers on spinel ferrites
which are dealing with the determination of cations in both lattice sites (A) and [B].
For instance, Dalet et al. [28] and Abbas et al. [29] reported that the distribution of
cations in spinel ferrites is determined by the total energy of the lattice, whose
parameter depends on some other factors, such as the size of ions (ionic radius),
coulomb interactions between charges of these ions and the limited space between
the repulsive forces, effects of polarization, and ordering of cations. Depending upon
the nature (magnetic and nonmagnetic) as well as the distribution of cations among
sub-lattices, spinel ferrites may exhibit different magnetic properties such as ferri-,
antiferri-, ferro-, and antiferromagnetic. Moreover, Sepelak and Becker [30] con-
firmed and supported also this fact. They also reported that the cation distribution in
spinel ferrites upon which many physical and chemical properties depend is in fact a
complex function of processing parameters. For example, some spinel systems
exhibit a temperature-dependent of cation distribution. This is in particular the
case when there is only a slight difference between the lattice energies of the possible
configurations. The structure will essentially be normal if the metal ions Me2+

occupy only tetrahedral sites then x = 0. If they occupy only octahedral sites, then
the structure will become inverse ferrite, i.e., x = 1 at low temperatures, depending

Fig. 1 Two octants of
the spinel unit cell showing A-
ions in the tetrahedral
sites and B-ions in the
octahedral sites
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on the configuration with lowest energy, and the cations tend to randomize among
(A) and [B] sites with increasing temperature (the value of x= 2/3 corresponds to the
completely random distribution of cations with maximum configurationally
entropy). A rapid cooling of a spinel can quench in the high-temperature states.
Thus, if the cation reordering is slow, the high-temperature disordering of cations
may be preserved at lower temperature.

Studies dealing with pressure-induced structural transformations in spinels have
shown that in addition to the temperature, an applied high pressure also may lead to a
change in cation distribution. A spinel at high pressures exhibits a considerable
degree of cation disordering in the anion framework. The pressure-induced
disordering of cations may be preserved upon abrupt release of pressure, i.e., the
recovered spinel may exhibit cation rearrangements, which is different from that in
the initial untreated state. Similarly, irradiation of spinel with high-energy electrons,
ions or neutrons, and gamma rays as well tends to randomize cation distribution on
(A) and [B] lattice sites.

Naik et al. [31] noticed that high gamma radiations are known to produce
irreversible changes in structural parameters and cation distribution which in turn
induce modifications in electrical and magnetic properties of the material exposed to
the radiation. These changes are a quantitative function of dose absorbed or given to
the material. They were notified that 57Fe Mössbauer spectroscopy as a nuclear
probe technique for solid-state applications (e.g., electronic structures, bond prop-
erties, and magnetism) is very suitable for the investigation of the magnetic state,
local symmetry, and charge states of Fe ions in iron containing substances among the
spinel ferrites. The authors investigated structural, physical, and magnetic properties
of gamma-irradiated MnxZn1�xFe2O4 nanoparticles using Mössbauer spectroscopy.
Reduction of lattice constant, decrease in particle size, and increase in X-ray density
were observed as direct consequences of gamma exposure. It was concluded also
that cation distribution is greatly affected by gamma irradiation where Fe concen-
tration in tetrahedral A site in gamma-irradiated samples is higher than Fe concen-
tration at tetrahedral site in as-prepared samples. The observed increase in saturation
magnetization after gamma irradiation is attributed to the rearrangement of cations at
tetrahedral (A) and octahedral [B] sites in the lattice.

Deraz et al. [32] announced further that the distribution of cations depends on the
method of preparation of spinel ferrites as well as the processing parameters therein
such as the thermal history of the sample and the composition. The authors were
interested to find out the cation arrangements of CuFe2O4 through the formula:
(Fe1�xCux)A[Cu1�xFe1+x]BO4. The parameter of inversion x is equal to 0 for inverse
spinel and to 1 when the spinel is normal. Cu2+ cations can be migrated from
octahedral (B sub-lattice) to tetrahedral places (A sub-lattice). When the spinel is
synthesized using classical ceramics technology (high-temperature treatment of
initial oxides of the metal cations) with strict stoichiometry (x = 1), it has a
tetragonal structure of hausmannite type. A number of methods have been devoted
to study cation distribution, namely, Bertuat, Furuhashi Monte Carlo, and R-factor
methods. R-factor method has been used by Rana et al. [33] for the determination of
cation distribution in Cu1�xZnxFe2O4 ferrites prepared by standard solid-state
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reaction technique. The cation distribution in the studied samples was calculated
using a computer program developed on the basis of R-factor method. In this
method, the best structure is selected so that the value of residual function R is
minimized. Several expressions for the residual function, R, are proposed, and two
of these are:

R1 ¼
P

hkl I
hkl
obs � Ihklcal

�� ��P
hklI

hkl
obs

and R2 ¼
P

hkl

ffiffiffiffiffiffiffi
Ihklobs

q
�

ffiffiffiffiffiffiffi
Ihklcal

q���
���

P
hkl

ffiffiffiffiffiffiffiffi
Ihkl:obs

q

where Ihklobs and I
hkl
cal are the observed and calculated intensities for hkl reflections. The

program was run for 10–100 iterations until the minimum value of the residual
function R was obtained. The inversion parameter (α), oxygen positional parameter
(u), and residual factors for each concentration of CuZn ferrites were calculated. The
values of these three parameters are listed in Table 1, and cation distribution for
Cu1�xZnxFe2O4 ferrites is presented in Table 2.

Based on the data obtained from Table 2, they reported that Zn ions which have
the strong preference for tetrahedral (A) site substituted for Cu ions having strong
preference for octahedral [B] site, more and more Fe3+ ions will start migrating from
(A) to [B], which results in an increase of magnetization of [B] site and reduction in
magnetization of (A) site. This reduces the B-B interactions, and the A-B interaction
starts increasing up to 50% contents of zinc because of the antiparallel arrangement
of magnetic moments of (A) and [B] sites. With further substitution, a normal spinel
ZnFe2O4 would be produced, but above 75% maximum anti-parallelism, the
diminishing number of FeA ions and the FeB ions cannot be maintained against the
increasing antiparallel interaction with B-ions lattice.

Heiba et al. [34] pointed out that huge number of publications addressed to the
substitutions of nonmagnetic ions at Fe sites in Cu and/or Ni ferrite systems, viz.,
NiFe2-xCdxO4 and NiAlxFe2-xO4. Most of these results confirmed that the cation
distribution among (A) and [B] lattice sites depends on material’s preparation.
Lakhani et al. [35] studied the compositional dependence of structure parameters
and X-ray Debye temperature for CuAlxFe2-xO4, 0 � x �0.6 using the Rietveld
analysis. Precise knowledge of the cation distribution over the crystallographic sites
in magnetic oxides is crucial for understanding their physical properties.

Table 1 Inversion parameter (a), oxygen positional parameter (u), residual function (R) for
Cu1�xZnxFe2O4 ferrites [33]

Concentration (x) (α) (u) (R)

0 0.25 0.32 0.03

0.25 0.2 0.32 0.09

0.5 0.2 0.32 0.09

0.75 0.2 0.32 0.07

1 0.2 0.32 0.04

6 T. Tatarchuk et al.



The details on how to use Mössbauer spectroscopy to find out the cation distribu-
tion are given below for two recent contributions that have been carried out by the
author and his co-workers. For instance, Heiba et al. [36] studied the cation distribu-
tion and the dielectric properties of NiFe1-xGaxO4 ferrites, 0� x�1. The system was
prepared by citrate method in order to adopt the type of cation distribution by means

Table 2 Cation distribution in Cu1�xZnxFe2O4 ferrites [33]

Concentration (x)

Tetrahedral (A) Octahedral [B]

Cu2+ Zn2+ Fe3+ Cu2+ Zn2+ Fe3+

Cation distribution

0 0.25 0 0.75 0.75 0 1.25

0.25 0.15 0.2 0.65 0.6 0.05 1.35

0.5 0.10 0.4 0.5 0.4 0.1 1.5

0.75 0.05 0.6 0.35 0.2 0.15 1.65

1 0 1 0 0 0 2

x=0.8 x=1.0

x=0.4 x=0.6

x=0.0

–10 –5 0

Velocity (mm/s)

C
ou

nt
s 

(a
.u

.)

Velocity (mm/s)

5 10 –10 –5 0 5 10

x=0.2

Fig. 2 Mössbauer spectra of
nanocrystalline NiFe1–xGaxO4

ferrites, 0 � x �0.1 taken at
20 K (Reprinted from [36],
Copyright (2014), with
permission from Elsevier)
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of low-temperature Mössbauer spectroscopy. Figure 2 shows the Mössbauer spectra
of NiFe1-xGaxO4 ferrite samples measured at 20 K. A summary of the hyperfine
interaction parameters is given in Table 3. The Mössbauer spectrum of NiFe2O4

(x = 0) was fitted by two superimposed sextets ascribing the tetrahedral (A) and
octahedral [B] sites. This result confirms the ferromagnetic nature of the compound
NiFe2O4 [36]. It is well known also that NiFe2O4 has an inverse structure type, i.e.,
Fe3+ ions are equally distributed between tetrahedral (A) and octahedral [B] sites as
(Fe3+)tet[Ni

2+,Fe3+]octO4. The spectra for x �0.4 was fitted with five sextets, two
assigned for (A) and three for [B] sites in consistent with the Yafet-Kittel model
developed based on the extended Neel’s model. It was shown that (A) and [B] sub-
lattices may be subdivided into sub-lattices in such a way that the vector resultant of
the magnetic moments of the sub-lattices are aligned in such directions that will
influence the effective magnetism. On the other hand, introducing Ga3+ to replace Fe3
+ will change the cationic distribution between (A) and [B] sites. Consequently,
precise estimation of the cation distribution in NiFe1-xGaxO4 samples is crucial for
understanding their physical (electric or magnetic) properties. In principle, the

Table 3 Mössbauer hyperfine parameters at 20 K for NiFe2-xGaxO4 0 � x �1 [36]

x δFe (mm/s) Δ(mm/s) Hef (T) A(%) Site

0.0 0.27 0.02 50.7 0.42 A

0.38 0.03 54.5 0.58 B

0.2 0.29 0.00 50.3 0.44 A

0.37 0.04 54.0 0.56 B

0.4 0.25 0.08 50.5 0.25 A0

0.27 0.10 46.5 0.11 A1

0.36 0.04 54.5 0.24 B0

0.37 0.03 52.3 0.23 B1

0.36 �0.09 48.9 0.17 B2

0.6 0.28 0.03 49.6 0.17 A0

0.26 0.06 45.7 0.25 A1

0.38 0.05 53.8 0.11 B0

0.37 0.02 51.7 0.24 B1

0.35 �0.06 48.0 0.23 B2

– – – 0.17 B3

0.8 0.32 �0.02 48.6 0.23 A0

0.30 �0.07 46.6 0.14 A1

0.38 0.03 52.8 0.25 B0

0.31 0.05 50.4 0.21 B1

0.35 �0.03 44.3 0.17 B2

1 0.36 0.01 49.1 0.24 A0

0.34 0.00 46.3 0.26 A1

0.41 0.07 53.6 0.16 B0

0.35 0.05 51.3 0.17 B1

0.34 0.03 42.3 0.17 B2
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inversion parameter varies based on five factors: (i) temperature, (ii) the electrostatic
contribution to the lattice energy, (iii) cationic radii, (iv) cationic charge, and (v)
crystal field effects. Since X-ray diffraction is unable to distinguish between the atoms
closed together in periodic table, like Ga and Fe, the values of Fe occupancies in both
(A) and [B] sites obtained from theMössbauer data analysis (see Table 4) are used and
fixed during Rietveld refinements. Additionally, the intensity of the peak relative area
is able to provide information on cation distributions in NiFe1-xGaxO4 samples. The
degree of cation inversion could be estimated from the line area ratio utilized during
the fitting:

IA

IB
¼ fA

fB
∙

y

2� y
(1)

where IA and IB represent the intensity between (A) and [B] sites, respectively, and y
is inversion parameter. Ratio of the fractions (fA/fB) is equivalent to 0.94 at room
temperature and 1 at low temperatures. Table 4 shows the Mössbauer estimation of
the ionic distribution in NiFe1-xGaxO4 ferrite samples. It can be noticed that the
inversion parameter deceases with the increase of Ga content, indicating partial
inversion and the system at x �0.6 is slowly transforms into a normal spinel.

Catalytic Activity of the Oxide Spinels (OSs)

Spinels as Catalysts for Soot Combustion

Diesel (DI) engines have become popular worldwide due to their higher thermal
efficiency and lower fuel consumption than gasoline engines [37]. But diesel engine
exhaust emissions consist of the products of combustion including particulate matter
(soot), nitrogen, water, carbon monoxide, nitrogen and sulfur oxides, and polycyclic
aromatic hydrocarbons (PAH). The conceptual model of DI combustion process and
formation soot and NOx are shown in Fig. 3.

Table 4 Refined values of cation occupancies (corresponding to inversion parameter l) obtained
from Rietveld refinements of NiFe2-xGaxO4 0 � x �1 [36]

x 0.0 0.2 0.4 0.6 0.8 1.0

Occupancy factor

CA Ni 0.16 0.24(1) 0.49(3) 0.34(5) 0.49(4)

Fe 0.84 0.59 0.18 0.50 0.44

Ga 0.0 0.17(1) 0.33(3) 0.16(5) 0.07(4)

CB Ni 0.84 1.21 0.51(3) 0.66(5) 0.51(4)

Fe 1.16 0.03(1) 1.42 0.90 0.76

Ga 0.0 0.76 0.07(3) 0.44(5) 0.73(4)

λ estimated from MS 0.84 0.76 0.51 0.66 0.51
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It is well known that soot particulate (mainly carbon nano-particulate) causes air
pollution and is harmful for human health. Out of this, DPF (diesel particulate filter)
is considered as the most popular and efficacious technology for soot elimination
[38]. These filters usually consist of wall-flow monoliths with honeycomb-like
structures with 50% of the channels plugged at the gas entry side and the remaining
channels plugged at the exit. The gas stream enters into the filter through the open
channels and is forced to pass through the porous walls where the soot particles get
stuck. However, the accumulation of soot on the filter’s wall will decrease the
efficiency of DPF. Diesel particulate matter burns when temperatures above
600 �C are attained. This temperature can be reduced to the range 350–450 �C by
using of a fuel catalyst.

Legutko et al. [39] have investigated how potassium (K) precursor nature and
doping level change the catalyst activity of Mn and Fe spinels in the soon oxidation
reaction. The catalysts were prepared by weighing 1 g of commercial spinel Mn3O4

and Fe3O4, 6 and 35 m2/g, respectively, and then adding an appropriate amount of
potassium precursor/salt (KOH, K2CO3, KNO3, CH3COOK, and K2SO4) solution to
achieve the desired alkali loading: 0.2 and 1 wt.% for Mn3O4 and Fe3O4, respec-
tively. For Fe3O4, it was found that alkali doping (0.5 monolayer) enhanced its
catalytic activity (ΔT50% � 80 �C for K2CO3). For Mn3O4 K-doping (9 ML), the
formation of a birnessite (KMn4O8) phase on Mn3O4 core catalyst with a spectacular
increase of the soot oxidation rate (ΔT50% � 150 �C) was observed (Fig. 4a, b).

The same research group [40] has reported about the effect of alkali promotion of
Fe3O4 catalyst in soot combustion. Iron-based catalysts have attracted considerable
attention as soot combustion catalytic materials due to their low price and environ-
mental friendliness. The concentration of alkali metals in the prepared catalysts
varied in the range of 0.1–3.5 wt.%. It was found that the minimum of the work
function, related to the optimum alkali loading, corresponds to the highest soot

Fuel injector

Hot flame
region: NOx
+ smoke

Scale (mm)

0

o

10 20

Liquid Fuel Fuel-Rich Premixed Flame
Initial Soot Formation
Thermal NO Production Zone

Soot Oxidation Zone

Soot Concentration
Low High

Rich Vapor-
Fuel/Air Mixture
Diffusion Flame

Fig. 3 Conceptual model of DI combustion process, soot, and NOx formation (Reprinted from
[37], Copyright (2017), with permission from Royal Society of Chemistry)
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combustion activity. The promotional effect increases in the sequence of the ionic
radii of the alkali elements promoters: Li < Na < K < Cs. The Cs-doped Fe3O4

catalyst decreases the T50% value from700�C for non-catalytic soot combustion to
390 �C (Fig. 5a).

Liu et al. [41] reported about highly efficient catalysts Mn1�xAgxCo2O4 spinel
oxide, prepared via sol-gel method. Soot in the non-catalytic combustion was not
consumed completely until reaction temperature reached above 600 �C.
Mn0.6Ag0.4Co2O4 catalyst displayed the highest catalytic activity for soot combus-
tion among the five selected catalysts, and the lowest temperature of soot combus-
tion, T10, T50, T90, and Tm, is 250 �C, 325 �C, 373 �C, and 334 �C, respectively (Fig.
5a). The reason on the highest catalytic activity is a result of the synergetic effect of
chemisorbed oxygen species (O2�, O�) and metallic silver.

Other different spinel oxides as noble metal-free compounds (CoCr2O4,

MnCr2O4, CoFe2O4, Cu-doped ZnAl2O4, etc.) have been reported as promising
candidate catalysts for diesel soot combustion, due to their good redox properties
and thermochemical stability [42, 43].

Spinels as Catalysts for N2O Decomposition

Nitrous oxide (N2O) is a strong greenhouse gas with a global warming potential
approximately 300 times higher than that of CO2 and also contributes to the
destruction of the stratospheric ozone layer [44]. N2O has been identified as a
contributor to the destruction of ozone in the stratosphere and recognized as a
relatively strong greenhouse gas [45]. It is emitted during agricultural (land cultiva-
tion, biomass burning) and industrial activities (during the combustion of stationary
and mobile fossil fuels and solid waste). The human activities, such as the produc-
tion of adipic acid and nitric acid, are one of the main sources for N2O production.
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Copyright (2014), with permission from Elsevier)
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N2O molecule is quite stable at room temperature and has an estimated lifetime in
the atmosphere of about 150 years [45]. Many researchers make their efforts to
develop catalysts facilitating N2O abatement and catalytic decomposition of N2O
into N2 and O2.

The reaction of N2O decomposition can be described as an adsorption of N2O at
the catalyst’s active centers, usually a transition metal ion, followed by a decompo-
sition giving formation of N2, and a surface oxygen. This surface oxygen can be
desorbed by combination with another oxygen atom or by direct reaction with
another N2O [45]:

Fig. 5 (a) Soot conversion as a function of temperature for optimized alkali (Li-0.2 wt.%, Na-
0.8 wt.%, K-1 wt.%, Cs-2 wt.%)-doped Fe3O4 and reference magnetite. Dotted line corresponds to
the non-catalytic soot combustion (Reprinted from [40], Copyright (2014), with permission from
Elsevier); (b) The CO2 concentration curves for soot combustion over Mn1�xAgxCo2O4 (x= 0, 0.1,
0.2, 0.3, 0.4) catalysts (Reprinted from [41], Copyright (2017), with permission from Elsevier)
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The reaction of N2O with the catalysts active centers is generally envisaged as a
charge donation from the catalyst into the antibonding orbitals of N2O, destabilizing
the N-O bond and leading to its breaking [45].

Nowadays, many catalysts have been reported, including noble metals [46], pure
and metal-doped oxides [47–50], mixed oxides [44, 51, 52], and zeolitic systems
[53–55]. Among them, mixed oxide systems containing Co spinel showed the best
catalytic activity in the decomposition of N2O. The researcher’s efforts are focused
more on the development of more active and stable systems and also on the better
understanding of catalytic mechanism over different catalytic systems.

Abu-Zied et al. [56] have performed direct catalytic decomposition of N2O into
N2 and O2 over CuxCo1-xCo2O4 (x = 0.0 � x � 1.0) spinel oxide catalysts
synthesized by the co-precipitation method followed by calcination at 500 �C. The
catalytic performance was evaluated in an isothermally operated plug-flow reactor. It
appeared that the spinel oxides containing Cu and Co are more active than the
individual oxides, i.e., CuO and Co3O4. It was shown that the presence of Cu ions
enhances the thermal reduction of Co3+ ions, which lead to a weakening of the N-O
bond and increasing the N2O decomposition activity. The Cu0.75Co0.25Co2O4 cata-
lyst shows higher N2O decomposition activity than that of the other catalysts in this
series: 100% decomposition at 500 �C (conditions: 500 ppm N2O in N2; total flow,
200 cm3 min�1; and weight of catalyst, 0.5 g).

Various spinel-type catalysts AB2O4 (where A=Mg, Ca, Mn, Co, Ni, Cu, Cr, Fe,
Zn and B = Cr, Fe, Co) were prepared by solution combustion method by Russo et
al. [57]. Spinel-type oxides containing Co at (B) site were found to provide the best
activity. The half conversion temperature of N2O over MgCo2O4 catalyst was 440 �C
and 470 �C in the absence and presence of oxygen, respectively
(GHSV = 80,000 h�1), due to its greater capability to form surface vacancies,
which was pointed out as the key player in N2O catalytic decomposition.

Partial substitution of the A- and B-cations by other divalent 3D transition metals
(Mg, Cr, Mn, Ni, Cu, Zn, etc.) creates special chemicophysical properties of spinels,
changes their inversion degree, and makes them attractive for catalytic applica-
tions. For example, Yan et al. [58] investigated such substitution. The catalytic
decomposition of N2O to N2 and O2 has been proposed for MxCo1�xCo2O4 (M
= Ni2+ and Mg2+, x = 0.0–0.99) spinel catalysts, prepared by co-precipitation
method. The conversion of N2O reached 100% over the Ni0.74Co0.26Co2O4 and
Mg0.54Co0.46Co2O4 catalysts at 200 �C and 300 �C in the absence and presence of
excess O2 and water steam, respectively.

Catalytic and Photocatalytic Properties of Oxide Spinels 13



Supported oxides are important for practical applications due to their higher
dispersion by combination with the larger specific surface area of the support. A
supported Co3O4/CeO2 catalyst has been investigated by Grzybek et al. [59] for high
deN2O activity, in order to understand the mechanistic role of active phase/support
periphery. A series of Co3O4/CeO2 catalysts with increasing cobalt spinel loading in
the range of 1–20 wt.% was prepared by incipient wetness impregnation of CeO2.
The catalytic tests in deN2O reaction revealed that the 10 wt.% of Co3O4 in supported
system is able to reproduce the activity of bare Co3O4 catalyst. However, it was
found that the catalyst with the lowest content of Co3O4 equal to 1 wt.% exhibits the
highest apparent reaction rate per mass of the spinel active phase (Fig. 6).

Another supported catalytic system has been reported by Grzybek et al. [60]. A
series of monolithic catalysts with 0.3 wt.% loading of (Co,Zn)Co2O4 spinel active
phase dispersed on bare and ceria and zincite washcoated cordierite substrates were
prepared by impregnation method: (Co,Zn)Co2O4/cordierite, (Co,Zn)Co2O4/ZnO/
cordierite, and (Co,Zn)Co2O4/CeO2/cordierite (Fig. 7). The catalytic deN2O activity
of catalysts was investigated using model gas mixture (2000 ppm N2O/N2) and tail
gases (1400 � 50 ppm N2O, 900 � 100 ppm NOx, 0.8 � 0.2 vol.% H2O,
2.0 � 0.2 vol.% O2) of the nitric acid pilot plant. The catalytic tests revealed that
the monolithic catalysts exhibit high catalytic deN2O activity, reaching X > 96% at
400 �C (model gas) and 450 �C (tail gases) for the best (Co,Zn)Co2O4/CeO2/
cordierite system (Fig. 8). It was also found that the specific reaction rate per
Co3O4 weight loading for the monolithic catalysts is even two orders of magnitude
higher than in the case of the optimized bulk spinel phase.
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Fig. 6 Conversion curves for N2O decomposition reaction over the Co3O4/CeO2 catalysts
(Reprinted from [59], Copyright (2016), with permission from Elsevier)
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Spinels as Catalysts for CO Oxidation

Carbon monoxide (CO) is a detrimental air pollutant that gives rise to harmful health
and environmental effects. It not only affects human beings but also vegetation and
indirectly increases global warming. It is a toxic gas that can effectively convert a
large fraction of hemoglobin in human blood to carboxyhemoglobin if the level in
atmosphere is around 100 ppm. Exhaust gases are neutralized using catalysts based
on platinum metals with low initial working temperatures (473–628 K). However,
the high cost of noble metal catalysts imposes the need for developing other catalytic
systems that do not contain platinum family metals. During recent years, research
has been carried out on mixed oxides of transition metals, of the type AIIBIII

2O4

with spinel structure, which are active, thermally stable, and more resistant toward
catalyst poisoning [61, 62]. Among them are Co3O4 [63], Co3O4/TiO2 [64],
CuFe2O4 [65], CuCr2O4 [66, 67], CoAlFe nonstoichiometric spinel-type oxides
[68], etc. It was shown that Co3O4 with a spinel structure containing Co3+ in an
octahedral coordination and Co2+ in tetrahedral coordination is a very active oxide
catalyst for the oxidation of CO.

The series of CoAlFe mixed oxides with nonstoichiometric spinel structure
derived from hydrotalcites were prepared by Lv et al. [68]. Compared with the
binary oxides and Co3O4, Co-Al-Fe ternary oxides displayed much larger catalytic

Fig. 7 The representative images of monolithic system: (Co,Zn)Co2O4/CeO2/cordierite (Reprinted
from [60], Copyright (2015), with permission from Elsevier)

Fig. 8 Comparison of
the deN2O activity of the
monolithic catalysts (a)
(Co,Zn)Co2O4/cordierite,
(b) (Co,Zn)Co2O4/ZnO/
cordierite, and (c) (Co,Zn)
Co2O4/CeO2/cordierite in
model gas mixture (2000 ppm
N2O/N2, V = 0.5 L/min)
(Reprinted from [60],
Copyright (2015), with
permission from Elsevier)
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activity for CO oxidation with complete CO conversion at 80 �C (Fig. 9). The effect
of Fe doping into the cobalt-based spinels improved low-temperature reducibility
due to the enhanced surface area. It was proved that according to the in situ FTIR
analysis, CO adsorbed on the catalyst surface reacted with surface lattice oxygen to
form CO2.

Cu-Cr mixed oxides catalysts with various Cu-Cr molar ratios were prepared
using the hydrothermal method by Mobini et al. [66]. The activity of the catalysts
was measured in the temperature range of 50–400 �C on the CO oxidation reaction.
For catalyst with ratio Cu:Cr= 1:2 (CuCr2O4), the smallest particle size (22 nm) and
the highest surface area (46.9 m2/g) were observed. It was confirmed that CuCr2O4

spinel phase has higher activity than CuO phase for CO oxidation due to the fact that
CuCr2O4 spinel phase can generate surface oxygen easier than CuO or Cu on the
surface and the reaction is more progressed over CuCr2O4 phase. For CO oxidation
at 250 �C, the Cu/Cr = 1:2 sample showed that the highest CO reaction rate of
72.6	10�6 mol/(g.s) and CO oxidation activity (T50% and T90%) were calculated as
110 and 114 �C, respectively, (Fig. 10a).

Mobini et al. [67] have reported about CuCr2O4 catalysts synthesized by hydro-
thermal method with the use of cetyltrimethyl ammonium bromide (CTAB) as
surfactant. The samples were annealed at different temperatures (160, 180, and
200 �C) for 11 h, and the resulting precipitate was calcined at various temperatures
(400, 500, 600, and 700 �C) for 4 h. The CuCr2O4 prepared under a hydrothermal
temperature of 180 �C possessed the highest specific surface area and better catalytic
performance. The increase in calcination temperature from 400 �C to 700 �C led to
an important decrease in BET area from 54.6 to 16.7 m2 g�1 and an increase in
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Fig. 9 Efficiency of the catalytic oxidation of CO over CoAlFe-500 (Reprinted from [68],
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Fig. 10 (a) CO conversion as a function of reaction temperature over the nanocrystalline copper-
chromium catalyst (reaction conditions: 10% CO and 20% O2 balanced with Ar,
GHSV = 60,000 ml/g.h, pretreated in oxidative atmosphere) (Reprinted from [66], Copyright
(2017), with permission from Elsevier); (b) CO conversion of the CuCr2O4 catalysts prepared
under different calcination temperatures. Preparation conditions, pH = 12, aging time = 4 h, and
autoclave temperature = 180 �C for 11 h; reaction conditions, GHSV = 60,000 mL/h.gcat and CO/
O2 feed ratio = 0.1 (Reprinted from [67], Copyright (2017), with permission from Elsevier)
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crystal size from 7.9 to 23.9 nm (Fig. 10b). The best catalytic performance was
obtained for the sample calcined at 500 �C, which had both appropriate crystalline
phase and high surface area.

The catalytic activity of Zn-substituted lithium ferrites ZnyLi0.5–0.5yFe2.5–0.5yO4

(where 0.0 � y � 1.0 with step 0.1) in the CO oxidation was investigated by
Tatarchuk [62] and the new antistructural modeling was proposed for the catalysis
explanation. According to the antistructural model [69], the interaction of CO with
oxygen on the surface of a ferrite-containing catalyst was studied. The first step in
the process is the adsorption of gaseous O2 and CO on the surface active centers Li00В
and Fe •A , respectively, in the lithium ferrite case:
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A combination of this both reactions favors the route of CO oxidation over ferrite-
containing catalyst, and the catalyst returned to its initial state:
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For zinc ferrite, the adsorption of gaseous O2 and CO will be on the crystal lattice
own defects (cationic and anionic vacancies), which acts as active centers:
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Catalytic Activities OS in the Other Processes

Heterogeneous catalytic hydrogenation of gaseous carbon dioxide (CO2) to meth-
anol (CH3OH) was investigated by Matej Huš et al. [70] on Cu/ZnAl2O4 spinel-type
heterogeneous catalysts. The density functional theory (DFT) calculations were
carried out to assess the thermodynamics and to elucidate the pathway leading to
the formation of methanol from CO2 on realistic spinel-type trimetallic material Cu/
ZnAl2O4. The catalyst Cu/ZnO/Al2O3 was synthesized via co-precipitation at a
constant pH (~8) and a constant temperature (60 �C). The catalyst was modeled as
ZnAl2O4 in a spinel structure with active cluster Cu3Zn3 on its (110) plane, deposited
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in the most favorable position (Fig. 11). The results demonstrate that Cu and Zn
synergy is crucial for CO2 hydrogenation to CH3OH, which is proposed to form
through HCOO, H2COO, H2COOH, CH2O, and CH3O species.

Ghosh et al. [71] have designed a catalyst composed of CuO, mesoporous TiO2,
and CoFe2O4 nanoparticles and investigated its catalytic activity toward reduction
of 4-nitrophenol and a herbicide “trifluralin” in the presence of excess of NaBH4.
The novel nanocatalyst offered easy magnetic separation after the catalysis reaction
and excellent reusability. It was observed that the time required for complete
reduction of 4-NP was only 5 min (Fig. 12a) and the rate of the reaction was
0.72 min�1. The catalytic reduction reaction occurred via relaying of electrons
from BH4

� donor to the acceptor 4-NP. The catalyst can also be reused for several
times without any significant decrease of its activity (Fig. 12b).

Zinc aluminate spinel (ZnAl2O4) is widely used in many catalytic applications
including cracking, dehydration of saturated alcohols, synthesis of methanol, and
other alcohols in addition to acting as a support for catalysis. Sr-doped ZnAl2O4

nanomaterials with spinel structure were prepared by Kumar et al. [72] through
modified sol-gel method using ethylenediamine followed by sintering at 900 �C.
Higher activity was obtained for the conversion of benzyl alcohol to benzaldehyde
for 0.3 molar percentage Sr(II)-added zinc aluminate in the presence of H2O2 as
oxidant in acetonitrile medium. Among the prepared nanomaterials, the sample with
molar ratio of Zn:Sr:Al = 0.7:0.3:2 is found to have 99% selectivity toward the
oxidation of all the alcohols (butanol, hexanol, heptanol, octanol, cyclohexanol, 1-
phenyl ethanol, and 4-methyl benzyl alcohol) in the [72].

CuAl2O4 spinel prepared by modified sol-gel technique as catalyst for the oxi-
dation of benzyl alcohol to benzaldehyde has been reported by Kumar et al. [73].
The addition of ethylenediamine during the preparation procedure enhances its
catalytic properties: the conversion of benzyl alcohol reaches a maximum 100%
under the following reaction conditions: catalyst, 1 g; acetonitrile, 10 mmol; H2O2,
10 mmol; temperature, 80 �C; and time, 10 h.

Recently, it was found that cobalt salt could be used as catalysts in the hydrolysis
of NaBH4 to produce clean H2 gas [74, 75]. Tomboc et al. [76] reported about spinel
Co3O4 macrocube catalyst for H2 generation from NaBH4 (Fig. 13a). A high H2

generation rate of 1497.55 mlH2 min�1 gcat�1 was obtained from the hydrolysis

Fig. 11 Active cluster Cu3Zn3 on top of 110 plane of ZnAl2O4 support. Left, three unit cells in
perspective; right, top view of a single unit cell. Cu atoms are shown in bronze, Zn in purple, Al in
gray, and O in red (Reprinted from [70], Copyright (2017), with permission from Elsevier)
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of 2 wt % NaBH4 solution with 0.02 g catalyst at 25 �C. This new Co3O4 macrocube
catalyst was obtained by using a novel chitosan/urea template and exhibited super
catalytic activity toward the hydrolysis of alkaline NaBH4 solution for H2 generation
and shown stable activity during five cycles (Fig. 13b).

The catalytic activity of ferrites can be evaluated in the fabrication of carbon
nanotubes (CNTs). For example, Akbarnejad et al. [77] investigated the catalytic
activity of some spinel ferrite nanocrystal Ni/Co ferrites (NixCo1�xFe2O4 with x= 0,
0.2, 0.4, 0.6), Ni/Zn ferrites (ZnyNi1�yFe2O4 with y = 0.3, 0.5, 0.7, 1), and copper
ferrite (CuFe2O4) on the growth of CNTs. The CNTs were grown by the catalytic
chemical vapor deposition (CVD) method from acetylene (C2H2) as carbon source
and with using of 0.05 g of catalyst. The growth temperatures were selected equal to
the calcination temperatures. It was found that the catalytic activity is higher for
Ni0.6Co0.4Fe2O4 sample among the Ni/Co ferrites and for Zn0.5Ni0.5Fe2O4 sample
among the Ni/Zn ferrites due to higher catalytic activity of Ni compared to Co and
Zn and due to the structural isotropy.

Fig. 12 (a) Time-dependent
UV-vis spectral changes of the
reaction mixtures of 4-NP and
NaBH4 catalyzed by
CuO@mTiO2@CF; (b)
reduction of 4-NP in the
presence of NaBH4 and
CuO@mTiO2@CF catalyst
and magnetic separation of
CuO@mTiO2@CF catalyst
by applying a magnet
externally after completion of
reaction (Reprinted from [71],
Copyright (2017), with
permission from Springer)

20 T. Tatarchuk et al.



Zampiva et al. [78] reported about MgFe2O4 which has also been used as a
catalyst in the production of carbon structures such as CNTs. The multi-walled
carbon nanotubes (MWNTs) were synthesized by CVD using Mg ferrite as catalyst
to produce 3D carbon macrostructures. MgFe2O4 obtained by sol-gel auto-
combustion method with glycine as fuel and annealed at 1100 �C presented a distinct
higher MWNT production compared to the other samples annealed at lower
and higher temperatures. Raman spectra (Fig. 14a) reveal typical MWNT character-
istics D, G, and G bands at 1342 cm�1, 1572 cm�1, and 2738 cm�1, respectively [62,
63]. The MWNT quality and quantity are measured by the (ID/IG) ratio (Fig. 14a),

Fig. 13 Co3O4 macrocube catalyst: (a) SEM images of Co3O4 macrocube catalyst calcined at
temperature: 700 C; (b) recycling performance of Co3O4 macrocube catalyst with chitosan/urea
template (Reprinted from [76], Copyright (2017), with permission from Elsevier)
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Fig. 14 3D CNT macrostructure synthesis catalyzed by MgFe2O4 nanoparticles: (a) Raman spec-
troscopy of the MWNT samples obtained with using MgFe2O4 as catalyst (CNT0 = as-prepared
MgFe2O4; CNT1=MgFe2O4 (500 �C); CNT2=MgFe2O4 (700 �C); CNT3=MgFe2O4 (900 �C);
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while the G band specifies the MWNT purity degree. It was shown that only the
CNT4 (MgFe2O4-1100 �C; with the highest graphitization degree) had sufficient
production to generate a well-defined 3D macrostructure (Fig. 14b, c).

According to the generally accepted growth mechanism of CNTs, the CNT
diameter is determined by the size of the catalytic nanoparticle. This is why
spinels are expected to give well-spaced single-walled carbon nanotubes (SWNTs)
and multi-walled carbon nanotubes (MWNTs) of controllable diameters within
a 20 nm range [79]. NiAl2O4, CoAl2O4, and ZnFe2O4 were investigated for the
growth of SWNTs and MWNTs and few-layer graphene (FLG) by Memon et al.
[79]. Low-temperature growth of CNTs at 500 �C occurs for NiAl2O4 and CoAl2O4,
whereas a high growth temperature of 750 �C is required for ZnFe2O4.

Photocatalytic Activity and Mechanisms of Oxide Spinels

Photocatalysis procedure includes series of chemical reactions that have tremendous
effect on the surroundings [80]. These reactions occur between materials (catalysts)
and medium with the aid of irradiation that is usually in the range of ultraviolet and
visible light. Such irradiation causes excitations of the atoms of the medium causing
a yield of electrons (e-) and hole (hþ) pairs which are involved in further chemical
reactions that form radical oxygen species (ROS) [81]. These radicals are known to
have the most influence in the surroundings such as degradation of dyes [82] and
acids [83] as well as antibacterial effect [84]. Moreover, the (e�/hþ) pairs can cause
several reactions and produce H2 which is considered as an excellent resource of
energy [85]. There are many factors affecting the efficiency of the photocatalysis
including the power of the irradiation [86], the chemical [87] and physical [88]
nature of the medium, and the choice of catalyst material [89].

Many materials are subjected to photocatalysis experiment [90]. The choice of
these materials depends on the morphology and characteristics of the materials [91].
For an efficient photocatalysis procedure, large surface area is required because of its
major effect on the surroundings [92]. The optical properties are very important too,
as a good irradiation absorber is required to have an adequate band gap energy to
efficiently absorb radiation [93]. Also, heterogeneous structure is essential to provide
higher rate of ions production, usually semiconductors are used [94]. The addition of
dopant and noble metals has shown an incredible effect on the photocatalyst activity
[95]. Considering all of the above, nanoparticles (NPs), in particular oxides, emerged
as excellent candidates for photocatalysis [96] owning to the unique controllable
structure [97] and enhanced surface area [98] as well as enhanced optical properties

�

Fig. 14 (continued) CNT4 = MgFe2O4 (1100 �C); CNT5 = MgFe2O4 (1200 �C)). The (ID/IG)
ratio is presented in the box; (b) histogram of the diameter distribution of MWNTs in the sample
CNT4, at the left side, TEM images of the produced MWNTs with MgFe2O4 as catalyst;
(c) resulting 3D CNT macrostructure (Reprinted from [78], Copyright (2017), with permission
from Elsevier)
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[99]. Herein, we discuss the recent studies involving oxide NPs in photocatalytic
reactions for the degradation of dyes, degradation of acids, hydrogen production, and
antibacterial activity. These studies include in-depth characterization (morphological
and optical properties) of NPs using several techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), energy-dispersive X-ray
spectroscopy (EDS), and diffuse reflectance spectroscopy (DRS). Characterization
was directly associated to the performance of the examined samples as efficient
photocatalysts.

Degradation of Dyes

Dyes are known as one of the most chemical compounds used in industry [100] and
found excessively in wastewater causing dangerous consequences to the nature
surroundings [101]. Therefore, wastewater treatment attempts to clear these pollut-
ant dyes from water through degradation that can be achieved as a result of
photocatalytic reactions [82, 102–115]. Table 5 shows the most used dyes in
photocatalysis experiments. The efficiency of the degradation can be estimated by
the following simple equation:

Effeciency %ð Þ ¼ C0 � C

C0


 100

where C0 and C are the concentrations of the dye in the water before and after
photocatalysis process, respectively.

Oxides spinel NPs are considered as excellent candidates for photocatalysis,
because transition metal spinel structure provided yield of ions at their octahedral
sites that exchange with the tetrahedral sites which enhances photocatalytic activity.
CuCo2O4 prepared through hydrothermal method reveal flowerlike nanorods (Fig.
15a), with a BETsurface area of 30.13 m2/g. A complete degradation of MO dye was
achieved within 240 min (Fig. 15b) under simulated solar light irradiation [102].
Photochemical measurements confirmed the high charge separation and hence
efficient photocatalytic activity [102].

Visible light was applied to assess the catalytic activity of ZnFe2O4 NPs synthe-
sized by chemical route [103]. Cubic spinel structure was confirmed by XRD with
crystallite size ranging from 15 to 30 nm. TEM showed spherical agglomerated
grains (Fig. 16a). The prepared NPs were then applied as a photocatalyst for the
degradation of Orange II dye in different experimental parameters varying in pH of
the medium (3,6,7.9), power of the visible light source (35, 70, 150, and 250W), and
the concentration of the catalyst (0.1, 0.2, 0.3, 0.4, 0.5, 1 g/L). It was observed that
the efficiency of the degradation was the highest at pH 6 (94.9%) and then drops to
71.5% with more alkaline medium (pH 9). This was explained by the reaction
of H2O groups and OH-radicals in alkaline medium that affect negatively the
generation of ROS and hence lower the rate of photocatalytic activity [103].
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Moreover, as the power increased from 35 to 250 W, the efficiency of the photo-
catalysis raised dramatically from 71.2% to 94.9% (Fig. 16b). This is due to the
increase of the ionization rate and hence more (e�/h+) pairs are generated. The effect
of the concentration of ZnFe2O4 powder was confirmed too, as increasing the
concentration from 0.1 to 0.5 g/L raised dramatically the efficiency from 40.7% to
94.9%, respectively. This verifies the major effect of ZnFe2O4 as an efficient
photocatalyst for the degradation of Orange II dye [103].

Oxides are well known by their unique shapes and smaller size resulting in higher
surface area and hence potential candidates for photocatalytic applications. Flower-
like Co3O4 NPs synthesized by subsequent thermal treatment showed high photo-
catalytic activity for the degradation of different dyes RhB under UV-vis light. TEM
showed nanoflowers with pore size around 7.6 nm. Degradation studies showed that
the proposed Co3O4 NPs were the most efficient with RhB as 100% of the dye was
degraded in 60 min [104].

Also, a facile hydrothermal route was applied to form 3D ZnCo2O4 marigold
flower used as catalyst for the degradation of MB dye under visible light source.
SEM showed flower-shaped NPs with sizes in the range 3–5 μm with petals having
much smaller sizes in the range 40–50 nm [82].

Oval-shaped agglomerated SrFe2O4 NPs were prepared by ultrasonic assisted sol-
gel were investigated for the degradation of MB dye under visible light. The rugby-
shaped NPs have grain size ranging from 20 to 30 nm (Fig. 17a). The efficiency of
photocatalysis reached 78% in 180 min. This degradation was further improved by
combining the spinel oxide with reduced graphene oxide (RGO) resulting in much
higher efficiency of 98.41% (Fig. 17b). However, the reproducibility of the catalytic
reaction was found to be affected with repeated cycles, as the degradation decreases
from 98.41% to 81.75% after 4 h (four cycles). This was probably due to some
byproducts that reduce the generation of ROS, especially that the crystal structure
was confirmed to be stable during these four cycles [105].

Table 5 Typical types of dyes found in waste water and are applied in photocatalysis and
degradations experiments

Congo red Methyl orange Rhodamine B Methylene Blue Orange II

CR MO RhB MB Orange II
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Reduced graphene oxide (RGO) was also combined with ZnFe2O4 in different
ratios of RGO (0.2, 0.4, 0.6, and 0.8) (Fig. 18a). The maximum photocatalytic
activity was achieved with the ratio of 0.4, while, when different pH mediums
were examined (1, 3, 7, and 9), the maximum RhB degradation activity was found
at pH = 1. At low pH, the oxidation process is enhanced which in turns increase the
formation of ROS [106]. The stability of the reaction was studied too showing a
sharp decrease in the degradation efficiency within five cycles (Fig. 18b) [106].

Composites containing spinel oxides with other materials showed excellent
photocatalysis activity for the degradation of MO dye. Coupled g-C3N4 and
ZnAl2O4 prepared by conventional calcination method resulted in pure high crys-
talline gC3N4/Al2O4 composite as confirmed by XRD. SEM and TEM showed a
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typical aggregated morphology with larger particle size (200–500 nm). This combi-
nation resulted in efficient degradation of MO dye under visible light (94% in 2 h)
when compared with g-C3N4 (70%) and ZnAl2O4 (10%) separately. This confirmed
the role of heterogeneous medium in increasing (e�/h+) pairs resulting in enhanced
generation of ROS that cause the degradation of the dye. Cycling tests of MO dye
degradation showed good reproducibility as the degradation efficiency reduced very
slightly with time [107].

The great benefit due to the combination of graphene and spinel is also confirmed
for rGO/MgFe2O4 composites prepared through hydrothermal process resulting in
enhanced photocatalysis activity for the degradation of MB dye under visible light.

Fig. 16 (a) Typical TEM images at high magnification of fresh ZnFe2O4 powders; (b) decolori-
zation of Orange II under effect of different visible light power (Reprinted from [103], Copyright
(2016), with permission from Elsevier)

Fig. 17 (a) SEM of SrFe2O4 combined with RGO. (b) Photocatalytic degradation of MB with
different catalysts (Reprinted from [105], Copyright (2016), with permission from Elsevier)
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XRD and FTIR confirmed the formation of pure cubic spinel phase of MgFe2O4,
while Raman spectroscopy confirmed the purity of the prepared composites with
complete reduction of graphite oxide into graphene. Uniform spherical-shaped
grains were observed by SEM, while magnetic measurements revealed a ferromag-
netic behavior. UV-visible spectra showed good absorbance in the visible light
region, and accordingly, photocatalysis experiments indicated significant enhance-
ment of the degradation efficiency of MB dye (100% in 25 min) compared with
MgFe2O4 alone (25% in 25 min). This shows the importance of combining
an excellent light absorber such as MgFe2O4 with rGO that plays an important
role in increasing charge (e�/h+) separation (inhibiting recombination) which boosts
the photocatalytic activity [108].

Fig. 18 (a) The microstructure and photocatalytic mechanism diagram of ZnFe2O4 with RGO
photocatalyst; (b) the photodegradation of RhB behavior for five cycles with ZnFe2O4 with RGO
ration of 0.2 (Reprinted from [106], Copyright (2016), with permission from Elsevier)
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Another nanocomposite consisting of core-shell CuFe2O4@C3N4 with different
mass ratios (1:1, 1:2, 1:3, 2:1, and 3:1) was prepared through self-assembly method.
g-C3N4 (graphitic carbon nitride) and CuFe2O4 phases were confirmed by XRD
analysis, while the purity of the chemical composition was confirmed through FTIR.
Optical properties (absorption) studied using UV-vis DRS showed absorption in UV-
vis light region of 200–800 nm. FESEM images confirmed the core-shell nanostruc-
ture (Fig. 19a) of 50–60-nm-sized CuFe2O4 NPs coated with 5–7 nm shell of g-C3N4

film. Photocatalysis experiment for Orange II degradation showed that the highest
degradation rate (98% in 120 min) was achieved with (2:1). The effect of medium
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Fig. 19 (a) HRTEM images with CuFe2O4@C3N4; (b) temperature effects for the photocatalytic
degradation of Orange II over CuFe2O4@C3N4 (Reprinted from [109], Copyright (2015), with
permission from Elsevier)
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temperature and pH were investigated too. It was found that the temperature of the
solution affects the degradation efficiency as the highest temperature (65 �C) resulted
the best degradation efficiency (98% in 120 min) among other tested temperatures
(15, 25, 35, 45, and 55 �C) (Fig. 19b). This was due to the excess of energy at higher
temperatures that enhance ROS generation. It was also observed that the degradation
efficiency increases at certain pH (8.75 and 9.12). This was explained by the
presence of HCO3

� and Cl� ions at the mentioned pH which lead to further
production of radicals that play a major role in the oxidation process during the
degradation of Orange II dye [109].

Spinel oxide NPs were also combined with noble metals such as Au and Ag to
achieve surface plasmon resonance (SPR) effect that causes the accumulation of ions
on the surface of particles and hence strengthening the photocatalytic activity. Co3O4

thin films were synthesized through chemical route and coated with Au NPs with
spin coating processing. XRD confirmed pure Au/Co3O4 composites loosely
agglomerated of 50–100 nm were noticed in SEM images (Fig. 20a). The degrada-
tion of Congo red (CR) dye was investigated using different percentage of Au
coating (x = 0, 5, 10, 20, 30, 40, 50, and 60% mol) under visible light irradiation.
It was revealed that the maximum degradation occurred at 40% mol of Au. The
degradation efficiency (C/C0) was shown to increase gradually from 48% at 5% mol
of Au to 81% at 40% mol of Au. Further increase of Au percentage resulted in
noticeable decrease in CR degradation efficiency (Fig. 20b). Absorption spectra
showed that the maximum SPR peak is correlated with 40% Au (Fig. 20c). As SPR
effect was found to increase with the amount of Au distributed uniformly around
the spinel oxide Co3O4. However, for the highest Au loading, an increase of particle
aggregation was noticed, hence reducing the uniformity and active sites (surface
area) of Au which diminish the SPR effect and hence the degradation efficiency
[110].

Other work attempted combining SPR effect with heterogeneous composite
resulting in high-efficient degradation process. Ag-ZnFe2O4 were loaded in different
amount of reduced grapheme oxide (rGO) (20, 40, 80, and 100 mg) through
microwave-assisted self-assembly precipitation method. The degradation process
was performed by varying several experimental parameters. In terms of grapheme
oxide amount, the maximum degradation rate was achieved with rGo 80 and 100 mg
reaching 100% degradation efficiency of MB in only 30 min. Other dyes (MO and
RhB) were tested too with 80 mg rGo samples giving efficiencies of 70% and 95%,
respectively, in 30 min. The as-obtained results showed that the photocatalysis
activity is the most efficient with MB dyes. Also, UV irradiation showed better
degradation than visible light. This confirms that the type of irradiation influences
the excitation rate and hence the photocatalytic activity. Reusability tests indicated
an excellent stability of the degradation process of MB dye as no change was noticed
over five cycles [111].

Furthermore, a recent study showed how spinel ferrite CoFe2O4 could
actually improve the photocatalytic activity of AgBr NPs for the degradation of
MO dye [112]. CoFe2O4 NPs were synthesized through hydrothermal method and
then combined with AgBr through facile precipitation-deposition method with
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different weights of CoFe2O4 to AgBr (5, 10, and 20%). XRD patterns showed sharp
peaks of all samples indicating the purity and crystallite phase stability. Micro-
spheres of (0.1–0.6 μm) of AgBr were formed with CoFe2O4 NPs having sizes in
the range 20–60 nm distributed through the microspheres (Fig. 21a). Photocatalytic
experiments under visible light revealed that increasing the content of CoFe2O4 NPs
on the surface of AgBr microspheres from 5% to 20% increased the removal of MO
dye from 80% to 90% in 40 min, respectively (Fig. 21b). It was also proved that the
degradation of MO dye is much more efficient with less initial concentrations of
MO. The pH influence was confirmed too, as the best efficiency was achieved with
pH 4 indicating that the degradation of MO is more efficient in an acidic condition as
it has an anionic configuration. In general, for an efficient degradation, the pH of the
medium should be appropriate with the chemical nature of the chosen dye in order to

Fig. 20 (a) SEM top view image of Au/Co3O4. (b) Degradation rate of CR calculated from its
absorption intensity variation. (c) Optical absorption spectra of Co3O4 and Au/Co3O4 thin films
with various Au contents (Reprinted from [110], Copyright (2013), with permission from Elsevier)
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create higher yield of radicals in the medium that are the main cause of degradation
[112]. This study further investigated the pH and dye relation as the prepared 20%
CoFe2O4 NPs were used as a photocatalyst for the degradation of other dyes (RhB
and MB) under different pH values. It was shown that the degradation behavior of
the three tested dyes is different for the same pH. At pH 7, 92% of RhB were

Fig. 21 (a) SEM image of CoFe2O4 with 10% Ag Br. (b) Photodegradation of MO (10 mg/L) by
the different catalysts at pH 7 (the inset is the photos of MO solutions after photocatalytic
degradation by the 20%CoFe2O4/AgBr composite) (Reprinted from [112], Copyright (2017),
with permission from Elsevier)
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degraded in 20 min, whereas only 26% of MB was removed in 60 min and 90% of
MO in 40 min. By only changing the pH to 10, MB degradation reached 80% in
60 min [112].

A recent study introduced a nanocomposite of Ag/AgBr/NiFe2O4 synthesized
through hydrothermal route as an efficient photocatalyst for RhB degradation under
visible light. The crystalline structure of the composite was confirmed by XRD
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analysis, while the elemental composition was determined by XPS (Fig. 22a).
Photocatalysis experiment showed a degradation efficiency of 89% in only 6 min
(Fig. 22b). The change of pH showed a dramatic effect on the degradation process of
RhB; the degradation ability of the composite is enhanced with increasing pH value.
This was correlated to the cationic nature of RhB as it could be easily absorbed at pH
7 and 10. The degradation efficiency was found to be higher for the mixed composite
giving a k value of 0.0402 min�1 higher than Ag/AgBr (0.0348 min�1) and NiFe2O4

(0.0015 min�1) [113].
Zr-doped NiCo-ferrite (ZrxCo0.8�xNi0.2�xFe2O4) and graphene nanocomposites

were prepared through co-precipitation method followed by annealing at 750 �C for
6.5 h. Pure cubic spinel phase was confirmed by XRD with an average grain size of
100 nm. The composite of mixed spinels showed an excellent degradation of MB
(100% in 35 min) under visible light at x = 0.06 [91].

Spinel oxides were also mixed with other oxides in order to achieve high-
performance photocatalytic activity by creating heterogeneous medium. A compos-
ite of SnO2/Zn2SnO4 was prepared through hydrothermal method forming rod and
flakelike nanoparticles showed high photocatalysis activity, reaching a degradation
rate of almost 99% of MO dye in 30 [114].

Moreover, heterogeneous structure of two spinel oxides has a remarkable photo-
catalysis performance for the degradation of dyes. A mixed composite of Co3O4 and
Ag3PO4 which are p-type and n-type semiconductors, respectively, were prepared
through precipitation method. SEM images revealed unique 3D smooth surface
tetrapod microcrystals of Ag3PO4 where Co3O4 NPs were attached to their surface
(Fig. 23a). Such structure provides a high surface area (5.104 m2/g) which is
essential for a successful photocatalytic process. A schematic diagram of the photo-
catalysis process is illustrated in Fig. 23b showing the role of Ag molecules in SPR
effect that further enhances the activity of the photocatalyst. Applying the prepared
samples of 2% wt Co3O4/Ag3PO4 as a photocatalyst under visible light for the
degradation of MB dye has shown excellent results as 100% of the MB dye was
degraded in 12 min only in comparison with 24 min for Ag3PO4 alone. Though
Ag3PO4 is considered as a good photocatalyst due to the presence of Ag particles
that cause SPR effect, adding the cubic spinel Co3O4 on its surface would further
increase the surface area and also create a heterogamous structure that enhance
absorption of light as well as separation of electrons and holes which indeed enhance
photocatalysis. It was also found that the photocatalytic efficiency is greatly depen-
dent on the amount of Co3O4 as 2% was found to be the optimum content percentage
(Fig. 23c). Higher contents (3% wt) resulted in less efficient activity. This was
explained by the “shielding effect” where higher amounts of Co3O4 NPs start
covering the absorption active sites on Co3PO4 liming the absorption of irradiated
light and hence reducing the efficiency of the process [115].

Degradation of Acids

Most of chemical compounds used in daily life contain dangerous acids that end
their path in wastewater causing side effects on health and environment. Oxide NPs
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emerged as a good solution of destruction these acids remnants in wastewater. The
degradation of acids through photocatalysis by oxide NPs is considered as a good
water treatment method, so water can be reused in wider applications such as
cleaning and agriculture [116].

Ternary zinc oxides including ZnAl2O4, ZnFe2O4, and Zn2SnO4 prepared by
different synthesis routes were examined for the degradation of phenol molecules
through photocatalysis process under solar irradiation XRD confirmed the formation
of spinels with cubic structure, having crystallite size 7.3, 15.79, and 17.1 nm for
ZnAl2O4, ZnFe2O4, and Zn2SnO4, respectively. FTIR verified the bonding between
the active sites (octahedral and tetrahedral), while isotherm adsorption-desorption
technique gave the specific areas 158.10, 58.96, and 42.91 m2/g for ZnAl2O4,
ZnFe2O4, and Zn2SnO4, respectively, in agreement with the crystallite size change
(as smallest particles result in larger specific area). This is a very important factor that
influences the efficiency of the photocatalytic process. When applying only sunlight,
without catalyst, no considerable degradation of phenol was observed, while a
noticeable degradation was found when the prepared samples were introduced as
photocatalyst confirming the major effect of NPs in the photocatalysis process and
giving the maximum efficiency of 100% in 240 min for Zn2SnO4 [117].

ZnCo2O4-doped ZrO2 NPs prepared by hydrothermal co-precipitation and sub-
jected to calcinations under various temperatures (250–550 �C) were applied in
photocatalysis for the degradation of 2-chlorophenol acid in wastewater. The results
showed that the prepared ZnCo2O4 NPs own relatively high surface area (262.3 m2/
g), which even increased with ZrO2 doping to 534 m2/g after calcination at 350 �C.
However, with higher calcination temperatures, the surface area decreases to
439.5 m2/g at 550 �C. XRD showed a pure crystalline spinel phase with clear crystal
growth with calcinations temperature (from 16 to 47 nm), which explains the
decrease in surface area. SEM images confirmed the crystal growth too. Adsorption
experiment performed in dark showed a maximum adsorption of 14% with samples
calcined at 350 �C. On the other hand, the photocatalysis experiment showed
enhanced efficiency in the degradation of the 2-chlorophenol acid for all prepared
samples under visible light and medium pH of 5. The sample calcined at 350 �C
caused the maximum degradation of 70% in 180 min. It was also shown that
increasing the amount of catalyst from 0.5 to 1 g will increase the degradation to
from 45% to 70% in 180 min. In addition, when the medium is more acidic (pH= 3),
the degradation increased rapidly to 90% in 90 min [118].

A combination of Cu2O and Co3O4 NPs was found to be effective in the
degradation of phenol as well as MB dye. Heterogeneous disoriented nanorods of
Co3O4 of around 450 nm diameter were decorated with different amounts of Cu2O
quantum dots (7, 5, and 3 wt %) (Fig. 24a). The degradation of phenol was examined
under various conditions in potassium monopersulfate triple PMS medium. Light
experiment showed no degradation of phenol as well as introducing Co3O4 NPs. It is
important to mention here that Co3O4 NPs have a considerable effect in the degra-
dation of MB dye, much more that in phenol which was almost nil. Interestingly, the
degradation efficiency of phenol increased considerably when the prepared mixed
composite of Cu2O/Co3O4 were used (Fig. 24b). This was also found to be affected
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by the amount of Cu2O; it increased from 70% to 100% in 30 min, when the amount
increased 3–7 wt%, respectively. Experiments were performed in another medium
too (H2O2) giving similar results of maximum degradation efficiency for 7% wt
CuO2/Co3O4. With both systems (PMS and H2O2), the prepared nanocomposites
showed great reproducibility over five cycles. This was further confirmed by SEM
as images taken for the 7% wt Cu2O/Co3O4 catalyst after the photocatalysis
process were very similar to those taken after, showing the large stability of the
composites [119].

Hydrogen Production

One of the important outcomes of photocatalytic reactions is the production of
hydrogen (H2), usually, under solar spectrum, which is considered as an effective,
reproducible, and clean way to generate energy [120]. For an efficient H2 production
by photocatalysis, a heterogeneous catalysis is required to provide high photosensi-
tization and large catalysis active sites for high electrons production [120]. During
photocatalysis chemical reactions, oxidation process creates electrons that are
responsible of coupling protons H+ (reduction) to get hydrogen atoms (H2) [121].

Ferrites of NiFe2-xMnxO4 (x = 0.0, 0.4, 0.6, 0.8, 1.2, 1.6, and 2.0) have been
prepared by sol-gel route, with a cubic structure confirmed by XRD and TEM (Fig.
25a). The crystallite size from XRD was found to decrease (from 38 to 31 nm) for
small Ni content (x <0.4) and then increased gradually (31–63 nm) for higher Ni
content (x = 0.4–2.0). This was confirmed by TEM too, as the agglomerated cubic
grains were seen to increase in size from with Mn content. Therefore, the surface
area was found to be decreased from 36 to 18 m2/g (x = 0.4–2.0), while the
calculated energy band gap was found to decrease from 1.56 to 1.09 eV
(x = 0.4–2.0). All prepared samples were tested for H2 production. The effect of
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surface area was the dominant factor in this study, as the maximum H2 evolution was
obtained with the sample with smallest crystallite size (31 nm) and the largest surface
(36 m2/g) with x = 0.4 (Fig. 25b). Its energy band gap of 1.53 eV is relatively large
compared with the smallest value of 1.09 eV for x= 2. The effect of medium pH was
confirmed in this study as H2 evolution was found to be enhanced in basic medium
(pH = 9.4) as oxidation process is promoted and hence more H2 [122].

Moreover, zinc ferrite with formula A0.2Zn0.8Fe2O4 (A = Co, Ni, and Cu)
prepared by precipitation, followed by annealing with 650 �C for 2 h, was examined
for H2 evolution. XRD peaks confirmed the formation of crystalline pure spinel
phase with crystallite size varying from 12.3 nm for Cu to 27.3 for pure ZnFe2O4.
Hence, BET surface areas varied in accordance to the crystallite size giving maxi-
mum value of 53 m2/g for the smallest crystallite size obtained for Cu0.2Zn0.8Fe2O4.
The band gap varied from 1.78, 1.89, and 2.07 for Co, Ni, and Cu, respectively.
Photocatalysis experiments performed in NaOH electrolyte solution gave the max-
imum H2 evolution for Co (650 μmol/g). This was related to the narrower band gap
(1.78 eV) and the higher electrical conductivity (14.5 
 107 Ω�1 cm�1 at 600 K)
determined for Co0.2Zn0.8Fe2O4, making it the best catalyst among (Ni and Cu)
related spinels, though the latter has much larger surface area and the band gap and
electrical conductivity were found to control the reaction [123].

Oxides of InGaO3(ZnO)m (m = 1, 2, 3, and 4) were modified with different
amounts of CuO and NiO (1, 2, 4, and 10 wt%). XRD analysis showed only peaks
related to InGaO3(ZnO)m phase, with no peaks of CuO and NiO, thereby confirming
their fine distribution in the lattice. Band gap varied from 3.6 to 3 eVat m = 2 and 4,
respectively [124].

Spinels of MAl2O4 (M = Mg, Sr, and Ba) as well as MgAl2O4/Al2O3 composite
prepared by solid-state method were recently applied for H2 production through
photocatalysis procedure coupled with gas chromatographic equipment. XRD con-
firmed the formation of pure phase; meanwhile SEM showed agglomerated grains
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Fig. 25 (a) TEM micrographs of NiFe2�x MnxO4 prepared by sol-gel. (b) Volume of evolved H2

versus illumination time for the NiFe2�xMnxO4 system (0 � x � 2) (Reprinted from [122],
Copyright (2015), with permission from Elsevier)
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Fig. 26 (a) SEM images for MgAl2O4/Al2O3, showing the formation of steps. (b) Illustration of
the electronic band structure for MgAl2O4, SrAl2O4, BaAl2O4, and MgAl2O4/Al2O3. (c) Photo-
catalytic hydrogen production using MgAl2O4, SrAl2O4, BaAl2O4, and MgAl2O4/Al2O3 as photo-
catalysts (Reprinted from [125], Copyright (2017), with permission from Elsevier)
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with size variation with M, giving the largest grain with BsAl2O4 (2 μm). With
the composite MgAl2O4/Al2O3, the grain size dropped to the nanosize sheets of
10–20 nm showing the presence of Al2O3 (Fig. 26a). This would favor the gener-
ation of nanosize particles and hence increases the surface area that is essential for
efficient photocatalysis process because of the increase of the active sites. The band
gap calculated from the absorbance spectra obtained from UV-vis DRS varied in the
range from 3.6 to 4.0 eV for MgAl2O4/Al2O3 and SrAl2O4 (Fig. 26b). Therefore, the
effect of grain size and the band gap was shown clearly in the photocatalysis results.
The maximum H2 production rate was obtained with MgAl2O4/Al2O3 (120 μmol/g
after 2 h) (Fig. 26c), which has the highest surface area and the lowest band gap
[125].

Uniform smooth surface cubic-shaped spinel oxides of CuGa2-xFexO4 (x = 0.8,
0.6, and 0.4) were synthesized by ceramic route and confirmed by SEM and XRD.
The size decreased with x. These samples were applied in photocatalysis experiment
in sulfate medium to measure the H2 evolution under visible light and pH 12. It was
found that the H2 production varied with x too, giving the maximum evolution of
(10,045 mmol/h) with CuGa1.6Fe0.4O4. The H2 is produced through the chemical
reactions occurring through photocatalysis which produces yield of ion pairs (hole
and electrons) [121]. Here the electrons are responsible to reduce the protons to
hydrogen through the following chemical reactions:

H2Sþ OH� !pH¼12
HS� þ H2O

2HS� þ 2hþ ! S2� þ 2Hþ

2Hþ þ 2e� ! H2

Furthermore, CNTs decorated with oxides were found to have good H2 evolution
during photocatalysis. ZnFe2O4 were prepared through hydrothermal route and
hence accompanied with CNTs in different weights of 0, 0.5, 1.0, 3.0, and 5.0 wt
%. TEM showed clearly the distribution of ZnFe2O4 on CNTs (Fig. 27a). Phase
stability and chemical composition were confirmed by XRD and EDS, while Eg was
calculated using UV-vis DRS spectra. Photocatalytic experiments were performed in
methanol solution along with PL measurements confirming carrier separation.
From (Fig. 27a), it can be seen clearly that no H2 evolution was detected with
CNTs only, while combining it with ZFe2O4 gave a considerable H2 evolution that
increased with CNTs giving the maximum evolution (18 μmol of H2) at CNTs 1 wt
%. However, with more CNTs, the evolution started decreasing to 7.5 μ mol at
CNTs 5 wt% (Fig. 27b). This is because at certain CNT amount, the opacity and
light scattering will start disturbing photocatalytic reactions, reducing the amount
of (h+/e�) pairs. Figure 27c illustrates the mechanism of photocatalysis for H2-
production with the presence of CNTs [126].
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Antibacterial Activity

As a result of photocatalysis chemical reactions, beside degradation and energy
generation, some effect was found on bacteria, raising an additional benefit of the
process [127]. ROS generated during photocatalysis reactions can affect the cellular
life and interrupt the bacterial growth and even cause bacterial death [84]. Oxide NPs
have shown to have a considerable antibacterial activity along with photocatalysis
[128]. Beta-silver molybdate (β-Ag2MoO4) was applied as a photocatalyst in three
different mediums, pH = 8.5, PVP, and ethanol under visible light (Fig. 28a). It is
clearly shown from TEM images in Fig. 28a that the morphology of β-Ag2MoO4

crystals was strongly affected by the change of the chemical environment, and hence
the photocatalytic behavior was different too. Antibacterial activity for E. coli was

Fig. 27 (a) TEM image of 1.0 wt% CNTs/ZnFe2O4. (b) Comparison of the photocatalytic H2

production activity over different photocatalysts under the employed conditions of 10 vol%
methanol aqueous solution and 400 W high-pressure Hg lamp irradiation, where MIX is the
physical mixture of CNTs and ZnFe2O4, (c) proposed photocatalytic H2 evolution mechanism for
CNTs/ZnFe2O4 composite under high-pressure Hg lamp irradiation (Reprinted from [126], Copy-
right (2016), with permission from Elsevier)
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examined by determining bacterial growth as well as the bacterial acid concentra-
tions that indicated bacterial death. Bacterial inhibition was found in all mediums
with the maximum inhibition rate related to ethanol medium, indicating that the
medium has big influence on the bacterial death (Fig. 28b). The bacterial inhibition
was explained by the formation of superoxide ion (O2

0), OOH* radicals and hydro-
gen ions (H), which resulted in e� and hþ interactions. This will cause protein
inactivation and consequently cell death. On the other hand, the maximum degra-
dation of RhB dye was related to the pH medium (Fig. 28c). This was related to the
carbon presence during the photocatalysis process that differ between mediums
ranging from 0.06% for pH medium to 0.91% for ethanol medium which accord-
ingly affected the RhB degradation rate [128].

Moreover, spinel NPs of Mn1-xNixFe2O4 (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5)
prepared by microwave combustion method were examined for antibacterial activity
during photocatalysis [129]. Morphology and characterization of the samples were
deeply examined through several techniques showing pure cubic spinel phase
crystals varying in size with x = 0.1 to x = 0.5 from 16 to 72 nm. Owning excellent

Fig. 28 (a) Schematic diagram showing the TEM of β-Ag2MoO4 in three different mediums and
the results of photocatalytic process. (b) Mean values of log10 (CFU/mL) of planktonic cultures of
E. coli exposed to β-Ag2MoO4-Ethanol. Errors bars: standard deviation (c) photocatalysis degra-
dation profiles of RhB with β-Ag2MoO4crystals (Reprinted from [128], Copyright (2017), with
permission from Elsevier)
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optical properties with band gap values ranging from 1.56 to 1.83 eV corresponding
to x = 0 and x = 0.5. The inhibition rate was measured for four different bacteria
species (Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, and E.
coli). The size of the inhibition zone was measured in the bacterial culture under
microscope (Fig. 29). It was found that the maximum inhibition occurs when the
sample of x= 0.5 was applied. This was associated to the morphology of the sample
as the crystallite size was decreasing with increasing the amount of Ni atoms
(increasing x) giving the smallest value of 16 nm for x = 0.5 sample [129].

Conclusions

This chapter summarized the different approaches in the researches devoted to
modify the catalytic properties of different oxide spinels by affecting their surface
structure. The presented data illustrates how the cationic distribution and method of
synthesis of spinel catalysts determine the resulting catalytic properties and

Fig. 29 Zone of inhibition produced by Mn0.5Ni0.5Fe2O4 nanoparticles against the bacterial strains
(a) Staphylococcus aureus, (b) Bacillus subtilis, (c) Pseudomonas aeruginosa, and (d) E. coli
(Reprinted from [129], Copyright (2016), with permission from Elsevier)
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performances. More researches are needed for the developed of novel nano-
composites containing spinel oxides combined with other materials (such as
graphene, zeolites, MOFs), as well as better clarify the mechanisms involved during
photocatalysis process.
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